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Melikhov Igor Vitalievich
9.11.1932 — 12.10.2024

Igor Vitalyevich Melikhov, a member of the Editorial Board of our journal,
Corresponding Member of the Russian Academy of Sciences, a leading chemist, and Doctor of
Chemical Sciences, has passed away. Melikhov L1.V. is a specialist in the field of physical
chemistry and radiochemistry. In 1955 he graduated from the Chemistry Department of
Lomonosov Moscow State University and since 1956 he worked at this department. In 1968 he
defended his dissertation for the degree of Doctor of Chemical Sciences, in 1984 he was awarded
the academic title of professor, and on 30.05.1997 he was elected a Corresponding Member of
the Russian Academy of Sciences, Department of Physical Chemistry and Technology of
Inorganic Materials, specializing in the chemistry and technology of inorganic substances. Igor
Vitalievich's scientific interests were focused on the kinetics of phase formation and sorption,
nanochemistry and production of functional materials, optimization of technologies for obtaining
dispersed substances with specified properties, radiochemistry and radionuclide diagnostics.

Since 1983, Igor Vitalievich headed the laboratory of heterogeneous processes at the
Chemistry Department of Moscow State University. Since 2006, he has been a chief researcher
at the Chemistry Department of Moscow State University. Melikhov 1.V. was a member of the
scientific councils of the Chemistry Department of Moscow State University and the Institute of
Physical Chemistry and Electrochemistry of the Russian Academy of Sciences, deputy chairman
of the Scientific Council of the Russian Academy of Sciences for the scientific foundations of
chemical technology and a member of the Scientific Council of the Russian Academy of
Sciences for the chemistry of high-purity substances, a member of the editorial boards of the
journals «Achievements of Chemistry», «Theoretical Foundations of Chemical Technology»,
and «Chemical Technology». He taught not only at Moscow State University, but also at the
Sofia, Belgrade, Havana, and Texas Universities.

L.V. Melikhov is the author and co-author of three monographs, a textbook and more than
500 scientific articles, including the monographs «Cocrystallization» (1975) and
«Physicochemical Evolution of Solid Matter» (2006). Igor Vitalievich has been a member of the
Editorial Board of the Journal since its foundation. Igor Vitalievich’s support for the
development of the Journal, especially at the initial stage, was extremely important for the
Journal.

We express our deepest condolences to the family and all those close to Igor Vitalievich.
The memory of Igor Vitalievich Melikhov, as well as his great contribution to world science, will
remain with us forever.
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ABSTRACT We consider the solution of the two-dimensional Neumann problem for the Helmholtz equation in
a complex region composed of a square resonator with large number of smaller square resonators connected
to it through small apertures along one side. The sizes of the apertures and distances between the neighbour
apertures tend to zero. We use the method of matching of asymptotic expansions of solutions. By directing
the number of attached small resonators to infinity, we obtain a problem for the Laplacian in the main square
with energy-dependent boundary condition.
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1. Introduction

Changes of the Laplacian spectrum under small perturbation of the domain is important and widely studied prob-
lem. It is well-known that sufficiently regular perturbation leads to the situation when n—th eigenvalue of the perturbed
operator tends to n—th eigenvalue of the unperturbed operator if the perturbation decreases [1,2]. However, if the pertur-
bation is not so regular the situation becomes more complicated [3,4]. An interesting case takes place if one consider a
domain (resonator) with small coupled resonator or several resonators [5]. This is especially interesting if the number of
coupled resonators tends to infinity simultaneously with the reducing of its sizes. Under these assumptions, the problem
is analogous to homogenization problem [6—15]. This situation was studied from variational point of view in [16]. As
a limiting result, one obtains the problem in main domain with a specific energy-dependent boundary condition (such
conditions are interesting both from mathematical and physical points of view [17]). The result depends on the details of
the limiting procedure (relation between “rooms” and “passages” (resonators and coupling channels)). A particular case
of the problem was considered in [18] in the framework of the operator extensions theory model for coupled resonators.
The role of the coupling windows shape was described in [19]. Numerical results are in [20]. Two close windows were
considered in [21,22] in the framework of the point-like window model. In the present paper, we consider the problem
for the system shown in Fig. 1. We deal with asymptotics of the solution of the boundary problem in respect to two small
parameters: apertures width and distance between neighbour apertures. Matching of asymptotic expansions of solutions
(see, e.g., [23,24] is used.

Recently, an additional interest to the problem was inspired by investigations towards creation of acoustic metamate-
rials, i.e. a form of man-made materials that can be specifically developed to have a sub-wavelength periodic structures
with extraordinary characteristics not found in nature [25]. Physicists try to find such structures using the Helmholtz res-
onators, membrane-type structures, locally resonant and space-coiled structures. The particular question in the field is as
follows: Can one create an unusual boundary condition by a specific geometry of the boundary? For example, physicists
construct different combinations of small acoustic resonators (see, e.g., [26]).

2. The model

We consider the Laplace operator in the two-dimensional domain composed of a square (main resonator) {2~ (the

length of edge equals d) and a chain of NV identical square resonators ", 4 = 1,2, ...N, coupled to one edge of the square

through small apertures of widths 2ad, where a is a dimensionless small parameter (see Fig. 1). In this domain, we deal
with the Laplace operator —A defined on functions from the Sobolev space WZ(Q2), @ = Q- UQf UQT U ..U Qf,

satisfying the Neumann boundary conditions at 92 and the Meixner condition at edge points of the apertures (to ensure

© Popov LY., Trifanova E.S., Bagmutov A.S., Lytaev A.A., 2024
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FI1G. 1. Geometry of the system

the uniqueness of the solution). Correspondingly, in spectral problem one has the Helmholtz equation with the Neumann
boundary conditions:

oY
AYp+E2p=0, —| =0. 1
vEY on lag M
The Green function for the Helmholtz operator for the square having side d) with the Neumann boundary condition has

the form:

G(X, X'k Xrum (T y)Xnm(x y) ’ )
2 71'2n2 m2m?2
n=0m=0 k T az )(5ﬂm +1)

where X = (x,y), X' = (2/,9'), 6m is the Kronecker symbol ((5nm = 1ifn? + m? = 0, else 6,,, = 0),

2
Xnm (T,y) = - cos L?dm: oS sz. 3)
The Green function allows one to transform equation (1) in the main square to the following form:
0
v = [ GEEX DL X @
n

a0~
The analogous presentation is valid for each small coupled resonator.

We will seek the eigenvalue & close to V2r /d. The term corresponding to n = m = 1 in (2) gives a singularity in
respect to the spectral parameter of the Green function. We use the method of matching asymptotic expansions of solu-
tions [23,24]. In the present paper, we deal with the problem containing two small parameters. We consider asymptotic
expansions in small parameter a, that corresponds to the apertures radius and @ — 0. However, at the same time, the
number of resonators attached tends to infinity (N — o0) so that the ¢ (distance between adjacent holes) tends to zero.
We assume that these two small parameters are related in accordance with the following formula:

d
e=zi—mia| =ma’ = =, §€(0,1). 5)
N
Keeping in mind that the integrand in (4) vanishes on the part of the boundary outside the apertures, one can see that

the integral is over apertures only. Correspondingly, one can find the main terms of the asymptotics in a in the following
form which is analogous to that in [23]. Particularly, the solution of equation (1) near i-th aperture has the form:

<k2 - 2;22) ;G (X, (:,0), k), X €7\ S((2:,0),7(a));
w(X) = { Wh(e/a) + i/ b a0l a), X € S((21,0).2r(a); ©
7T2
. <k _ Qd) ;ajmx, (2,0),K), X €07\ S((x,0),7(a)),

where S(X, r) is sphere with center X and radius r, radius 7(a) is chosen in such a way that

ad < r(a) < 2r(a) <e/2.
2 2
The asymptotic expansion for the deviation of k% from TZ is chosen in accordance with the following formula
(a — 0):
B2 st a0 () (7)
d2—7'1n La ToIn"“a+o(ln “a).
Here coefficients 71, 75 are to be determined.
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3. Matching of asymptotic expansions
3.1. Asymptotics of solution for coupled resonators

The asymptotic behavior (when X — (z;,0)) of the Green function for each small coupled resonator is as follows:

G ((,0), (2:,0), k) =

4N? cos(Nmz;/d) cos(Nwz/d) 1
——1 F(X) - =1 =
Pt T anzazry 91 (K) — o]
1 4 cos(mx;/e) cos(mx/e) i 1
:7;1110’ ]f252—2772 +g1 (X)7;1n|£|7 (8)
where X = (z,y), £ = = g; is bounded function. Note that the second term is bounded for small €. Therefore, we
attach it to the function g ( ) and call it g
1 1
GJI\FI(("E’O%(l‘MO)?k):_;lna+g+(X)_;1n|£|7 9)

where g is bounded function.
Taking into account (7), one comes to the following lemma

Lemma 1. The first terms of the asymptotic expansion of the solution (6) in the upper i-th resonator has the form:

2

v (2,0) = <k2 - 2) [—llna+g+(X) - l1n§ = —lam + o(1), (10)
d T T T

where x — x;, a — 0.

3.2. Asymptotics of solution for the main resonator

For the main cavity, if N — oo, then each aperture contracts and, simultaneously, the apertures are getting closer to
each other (correspondingly, the number of coupled resonators increases). Hence, in addition to the asymptotics of the
solution for a — 0, one must also take into account the asymptotics of it for ¢ = |z; — x;_1| — 0. The asymptotics of
the Green function near the i-th hole for X — (z;,0) is analogous to that for the coupled resonators (9). The asymptotic
behavior of the Green function near the hole (when ¢ — 0) depends on the speed of approaching of the holes. Particularly,
for the chosen relation (5) it has a conventional form:

4 cos(mx/d) cos(mx;/d)
4 (k2 — &)

G_((%O),(:Ei,O),k):—%lne—i— —|—h_(;v—xi)—%ln|£|, (11)

where h™ is bounded function depending on (5). For the main resonator, the asymptotic behavior of the solution (6) near
the i-th aperture has the form:

¥ (2,0) =
_ [ﬁ + 46082(”/61)] —a;ln"la [;2 rr <g(X) - 71r1n|§|)] -

T d?

2 N _ )
() 3 [ S 0 ]
Jj=1,j#i

Keeping in mind that x — x;, one comes to the following lemma
Lemma 2. The asymptotics of the solution to (6) in the main resonator has the following form:

b (X) = —ai {—;1 4 dicos (m:i/d)} - i [;2 cos(mzs/d) cos(ma; /d) — 571+] Fo(l).  (13)

J=1,5#i
3.3. Matching
To ensure the consistency of the asymptotic expansions in the both regions (6), the coincidence of the zero-order

terms is necessary. Correspondingly, the matching function v (z/a) can be chosen as a constant. Equating the terms of
order ao, one obtains:

T1

N

4 57’1

i = | = + 7 cos? 7T:Z?z/d:| 15 . o [ cos(mx;/d) cos(mzx;/d) — — - (14)
J=1,5#i
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One has such relation for each aperture. Hence, we obtain the system of linear equations for «;:
4 N 4 0Ty .
2 + 73 Cos (sz/d)} — Z a; Lp cos(mz;/d) cos(mz;/d) — — = =0, i=1,2,.N. (15
j=1,j#i
Let us make designations for the convenience of calculating the determinant of the system. Then we get the following
system of linear equations:

N
a; (cos® 2 — B) + Z o (cos ] cos 'y — §'B8) =0, (16)
Jj=1,j#1i
where 8 = d*r /2n, © = wa; /d, &' = —5/2.
The system (16) has a nontrivial solution if its determinant is zero. Calculation of the determinant (see, e.g., [27,28])
gives one the following relation:

cos’x1 — 3 COST1COSTy COSZLyCOST3 ... COSITyCOSLN
COSToCOST]  COS°Xg — B COSTyCOST3 ... COSTyCOSITN

det =
COSTN COST] COSIN COSTy COSTN COST3 ... COSZan —f3

= BN 11+ 8N 2N —%N +(1+30)8+0(1)| =0, (7

whence we get

N
= ——+o(N N . 18
Then we can get the first coefficient in the expansion (7) for k2.
Lemma 3.
L NSNS (19)
T = d2 (2 — (5) o .

Let us express «; from each equality (15) and substitute the expression to (6). We obtain an expression for ¢ in the
main cavity using (19) and (15):

¥ (x,0) = <k2—>ZG (2,0), k) [d;:l—cosQ (”j)y y
ZNj o (cos w2y /d) cos(ma; /d) — d4fr ):

J=1,57#i

2

_<k2 ) N‘;f: ), (i,0), k) {MN—dw (zi,0) +o(1)| =

%w_(x,O) + %( —90) (k2 - ) ZG ,0), (23,0), k) (v~ (i) + o(1)) -

=1

d
N (20)

Finally for ¢/~ (x) one obtains the following expression:
_ d _ d
Y (z) = 5(2 —0) (k2 - ) ZG (24,0), k) (¢ (2:) + o(1)) - N (21

which presents the integral sum. Performing the limiting transition for N — oo, one obtains the integral equation for the
eigenfunction 1.

Lemma 4. Eigenfunction for the limit problem satisfies the following integral equation:
21

P (X) = %l(z —9) (k2 - d2> /G*(X, X' k) (X"dX'. (22)
r
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4. Conclusion

Taking into account (4), one can determine the boundary condition corresponding to the obtained integral eq. (22).

2

Theorem 4.1. Eigenfunctions of the Laplacian corresponding to eigenvalue close to for the system with many

2
coupled resonators converges to the eigenfunctions of the Laplacian with the following boundary condition on the edge
of the main square:
o d 27?2
A I Y ‘ . 23
-0 (®-2 )], eS

onlaa 2

The dependence of the boundary condition on the spectral parameter correlates with the results of [16]. We considered
the eigenvalue close to one of the eigenvalues of the Neumann Laplacian in the square. Evidently, the same can be made
for any eigenvalue. Square domain was taken for simplicity only. Really, we use only the fact that the part of the boundary
with coupled resonators is straight. The result can be generalized to the case of any smooth boundary.
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ABSTRACT The work is devoted to developing a self-similar solution for a system of nonlinear differential equa-
tions that describe diffusion processes. Various techniques are used to examine the capacity for generating
self-similar solutions that can estimate and predict system behavior under diffusion conditions. The focus is
on developing and applying numerical algorithms, as well as using theoretical tools such as asymptotic anal-
ysis, to obtain more accurate and reliable results. The study’s results can be applied to various scientific and
technical fields, such as physics, chemistry, biology, and engineering, where diffusion processes play an es-
sential role. The development of self-similar solutions for systems of nonlinear differential equations related
to diffusion opens novel opportunities for modeling and analyzing complex systems and enhancing diffusion
processes in various fields.

KEYWORDS nonlinear system, diffusion, self-similar solution, flow, model, algorithm, parabolic differential equa-
tion.

FOR cITATION Muminov S., Agarwal P., Muhamediyeva D. Qualitative properties of the mathematical model of
nonlinear cross-diffusion processes. Nanosystems: Phys. Chem. Math., 2024, 15 (6), 742—748.

1. Introduction

The scientific community is actively studying self-similar solutions of nonlinear differential equations related to
mutual diffusion. Interdiffusion refers to the movement of substances within a medium where components interact through
diffusion flow. Analytical solutions to such systems are complicated due to nonlinearities. Therefore, self-similar methods
are an effective tool for constructing approximate solutions and analysis of such systems.

Various methods for simulating systems of nonlinear differential equations that describe mutual diffusion are ex-
plored. The article is focused on the problem of finding weak solutions and analyzing the asymptotic properties of these
equations. Particular attention is given to the study of regular, unbounded, and finite solutions to gain a more complete
understanding of the system’s behavior. Such models can be applied across various scientific and technical fields where
mutual diffusion is essential. Understanding and modeling interdiffusion are of practical importance in biology, ecology,
chemistry, and physics. The complexity of the analytical solution of systems of nonlinear differential equations describing
mutual diffusion requires the development of effective numerical methods. The self-similar methods are considered as
a practical approach for obtaining approximate solutions with complex interactions between components and diffusion
conditions. This method makes it possible to apply numerical methods to solve the current type of nonlinear differential
equations and provides the ability to simulate diffusion processes. Applying self-similar solutions in the prediction and
analysis of mutual diffusion systems is extensive. They can be used to optimize processes, manage resources, prevent the
spread of harmful substances and diseases, and understand fundamental principles.

Exploring the category of nonlinear differential equations and systems, particularly those that include the desired
function and its derivative in power form, is intriguing in the study of real physical processes. These nonlinearities are
commonly observed in reaction-diffusion, interdiffusion, and biological population problems [1-3].

Finding an analytical solution to nonlinear boundary value problems is challenging. Determining the new properties
of the solution requires a significant energy and time. Their solving faces with several difficulties. The works of A.A.
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Samarsky, V.A. Galaktionov, A.S. Kalashnikov, L.K. Martinson, R. Kershner, G.I. Barenblatt, B.F. Knerr, Chen Xingfu,
Yu.W. Qi, J.S. Guo, I. Kombe, T. Kusano, T. Tanigawa, S.N. Dimov, M.M. Aripov, and A.T. Khaidarov are devoted to the
study of the properties of solving the above problems. Sh.A. Sadullaeva et al. have shown the significance of self-similar
solutions corresponding to specific parameter values [4—18], The critical curves of a degenerate parabolic equation were
studied in the work of M.Aripov and J.Raimbekov [19].

Cross-diffusion processes are significant in many areas of nanoscience, and a deeper study of these processes con-
tributes to the development of advanced technologies. For example, in nanoelectronics, the interdiffusion of atoms and
particles in semiconductors significantly influences electronic devices’ performance characteristics and reliability. Diffu-
sion processes in the field of nanomaterials play a decisive role in the formation of nanostructures of materials and the
optimization of their mechanical, optical, and electrical properties. In nano-optics and plasmonics, the propagation of light
and collective oscillations of electrons in nanostructured materials depends on the diffusion processes, which expands the
possibilities of light control and redirection. In nanomedicine and biomaterials, cross-diffusion in drug delivery systems
ensures efficient distribution of drugs within cells and tissues, increasing treatment effectiveness. In nanocatalysis, the
interdiffusion of reactants on the catalyst surface is a critical factor in controlling the rate and selectivity of chemical
reactions. Also, diffusion processes in nanocomputer technologies affect the ability of nano-sized memory elements to
store and process information. Thus, the study of mutual diffusion processes contributes to a deeper understanding of
the physicochemical behavior of substances at the nanoscale and is also of fundamental importance in developing new
materials and devices.

In article [20], the formation processes of Liesegang structures are studied using the Keller-Rubinow model. Liesegang
structures are periodic layered structures formed by chemical reactions from diffusion and precipitation. The article ex-
amines a mathematical analysis of these processes using the Keller-Rubinow model, and the modeling results clearly
show the main features of the formation of Liesegang structures. The research results are essential in creating nanoscale
structures and understanding their formation mechanisms.

The article [21] examines the characteristics of the oriented ring of neurons based on the FitzHugh-Nagumo model.
The FitzHugh-Nagumo model is widely used for mathematical modeling of neuronal activity dynamics and represents the
transmission processes of nerve impulses. This study analyzes an oriented neuron loop’s steady states and dynamic be-
havior. The article shows the interactions between neurons in the ring, the conditions of signal propagation, and the effect
of these processes on the functional activity of neural networks. The research findings are important for understanding
neurobiological systems and their modeling in artificial intelligence systems.

These articles [20, 21] cover the mathematical and physical approaches needed for modeling and analysis in nan-
otechnology and neurobiology and act as a bridge between theoretical research and experimental practice. This work is
devoted to the study of constructing a self-similar solution to a system of nonlinear differential equations representing
mutual diffusion problems.

2. Methods and models

We consider the following problem in a specified spatial region Q = {(z,t) : x € R, t € (0;T)}

ou 9 ou ou|™
22— ot 2 ) B 2
ot Oz Oz ozx| ’
P (D
ov 0 ov ovl|?
A T it 7u52 )
ot Oz Ox ox| '’
with initial conditions
u(z,0) =ug (), v(z,0) =vy(z), xz €R, 2)
and boundary conditions
u(0,t) = uy(t), v(0,t) =v1(t), 0 <t < T, (3a)
u(1,t) = ua(t), v(1,t) = va(t), 0Kt < T, (3b)

where o1, 02, 51, P2, p1, p2 are real numbers which specified surrounding and front parameters.

The equations of the system characterize the migration of salt or dust taking into account humidity and change in
humidity taking into account the migration of salt or dust, respectively.

We represent the solution of the system (1) in the following form

w(t,z) = (T+t)" (t)w (1,2), 4)

v(t,x) = (T+4)" (t)ws (r,2), (5)
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where 7(t) is function of time. Using equations (4),(5) we find n; and ns:
(p1 —2)(2p2 — p2o2 —2) —2B1(p2 — 2)

_ (
e (2p1 — p1o1 — 2)(2p2 — p2o2 — 2) — 46182
o — (p2 —2)(2p1 — pro1 — 2) — 2B2(p1 — 2)
2 (2p1 —pro1 — 2)(2p2 — pao2 —2) — 46182

We will assume that the functions w1 (x, 7) and ws (x, 7) are representable in the form w1 (z, 7)

f2(&), where £ =
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(6)

= f1(8), wa(z,7) =

\[.
Now system (1) can be represented as
fdfl d o1 dfl P1— B dfl b1 ni
2 — ) — 1 2 1 — .
2de ~ag W ge) T menH ) w1 -
§dfs d ., df P2 s, |df2 |7 n2
_>e 7 22y 1)z 2 - fo.
2 de dg(fQ d ) — (ngo2 + 1) i G| mpop i1 )
Where the functions f; and f5 are chosen in the form
fi=(a+&", fa=(a+8". ®)
Then we find that the parameters of system (7) must satisfy the following conditions
nlom+m—1) = (o +1)77 |71|p1 ©)
Ya(0272 + 72 — 1) = (naon + 1) 7,
(oivi+v—1)>0, i=12
Now, let us calculate the values 7 and 5. We obtain that
oy = (62 —p2a+1)(2 —p1) + B1(2 —p2). _ G =p+ D)2 =p2) + 52— p1)
(01 —=p1+1)(02—p2+1)— PP’ (01 —=p1+1)(02 —p2+1)— PP
The following theorem holds for the upper bound of the solutions obtained.
Theorem. Let
1) g1 > 0 g9 > 0
n 1 n 1
2y as Oy (’“”11+—1+f,)1 I (W;—ﬁpf}l;
(n101 + 1) 2 (TLQO'Q + 1) 2
3) u(t,0) < ug(t,0), v(t,0) <wvy(t0), xz €R.
Then there is a global solution to problem (1)-(3) and the following conditions are valid:
w@,t) < uy(z,t) = (T +8)" f1(8), v(z,t) < vi(z,t) = (T +1)" f2(6). (10)

Proof: To prove the theorem, we use the comparison [1]. We choose the following function as a comparison function

(e 0) = (D" £, o(w,0) = T+ f(6). an
Substituting (11) into system (1), we obtain the following system
g‘i;;l ?(f ‘”%) — (moy+ 1) - % = n10?+ o hi <o, .
T ar 1)
L R Rt el L Ry
e R @ L e R (L.
ety - SR, jé(ffz% - 18 13)

If equality (12) holds, then relation (13) holds.
If the condition o7 > 0;

dfi P n 1
g|df|™ _m T
— (o + 1) - f U (n101 1t 2)f1 <0,
dfz bz n 1
gp|dfe|™ _ma 1.
—(ngoa+1)77 - f s (n202 1 5)f2<0

o9 > 0; in the theorem holds, then, we will have the following system
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Here ¢ = 2,/ — evaluate and expand the first expression
\ o1

P1
pi—1 B1 (=oy)p; a N ny 1
—(nio1+1) 2 aza = — —a1(——+-) <0
( ) < 01) niop +1 2) =

b2
pa—1 B2 (1—o03)py a 1 n9 1
—(ngog+1) 2 a°ra o2 — —a2(———+ =) <0
( 272 ) < 0'2) noos + 1 2)\ ’
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o2 2

—(nio1+1) 7 a o1 a ny 1
P1 < ( + 7)a
012 nioy + 1 2
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1 1
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(n1 g1 —+ 1) plT
As for the second inequality of system (12), if the corresponding operations are carried out

N9 1
Bz | (1—o2)pp—1 | pay ( 7)
an T oo +3 > nzoz+1 p2271 ,
(n202 + 1) 2

it follows that condition 2 in the theorem is valid.
Therefore, according to the hypotheses of the theorem and the principle of comparison, the following relations are
valid: u(t, z) < uy(t, z); v(t,x) < vi(t, z). The theorem is proven.

Thus, it was found that the self-similar solution for system (1) can be represented in the form:
u(@,t) = (T+1)" - 1) = (T+8)" - (a =™, (14)
oo t) = (T 4+ ol6) = (T+7 - (a =)

3. Calculation results

Using self-similar solutions (14) of system (1) - (3), the iteration or sweep method, numerical solutions were found,
the graphs of which are given below. (The graphs presented have a horizontal axis representing the values of the variable
x and a vertical axis intended to represent the values of the functions u and v.)

Graphs of solutions to the mutual diffusion problem: The results of studies of the processes of mutual diffusion
for parameters o1, o2, B1, B2, p1, p2, a are described and graphs are presented for analysing changes in moisture (u)
and the content of salt and dust particles (v) under different conditions.

In Fig. 1, the results for the following values of the parameters are shown: o1 = 4, 0o = 5, 1 = 2.5, B =
2.1, p1 =2.25,p2 =38, a=0.5

In Fig. 2, the parameters indicated are as follows: o1 = 4, 09 = 5, f1 = 2.2, By = 2.1, p; = 287, py =
3.76, a = 3.5

The graphs of v-salt-dust migration for cases in steps are given in different colors.

Under the influence of certain parameters, the movement of moisture and salt (or dust) occurs “almost evenly” over a
“short time interval”. This suggests that the diffusion under consideration is likely rapid. Rapid diffusion is characterized
by concentration gradients becoming uniform over short intervals, which corresponds to the description of significant
acceleration of diffusion processes and minimal concentration variations over time.

In Fig. 3, the diffusion process for the followimg parameter values: o1 = 4, 05 = 5, /1 = 1.7, o = 2.1, p; =
3.1, po = 3.2, a = 0.5 , is shown, where changes in humidity occur almost identically to the migration of salt-dust
particles.

In Fig. 3, the changes in moisture and salt-dust content are shown depending on environmental parameters. It can be
seen that the initial phases of the diffusion processes differ, but later the changes become almost uniform.

In Fig. 4, the diffusion process for the parameter values is presented: o1 = 4, 09 =7, 1 = 2.91, B2 =2.22, p; =
3.8, pa = 2.5, a=2.5.

In Figs. 3 and 4, the results for various values of o5, #5 are shown. It is evident that with an increase in o5, the
process accelerates, and the concentration gradients equalize more quickly.
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FIG. 3. Solutions of the diffusion problem corresponding to the given values of the parameters
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FIG. 4. Solutions of the diffusion problem corresponding to the given values of the parameters

Changes in parameters lead to an acceleration or deceleration of the mutual diffusion processes. At certain values, the
concentration of moisture and salt-dust particles equalizes more quickly, reducing fluctuations. Changes in moisture (u)
and salt-dust content (v) indicate that, depending on environmental parameter values, in some cases, changes in moisture
occur almost identically to the migration of salt-dust particles. In system (1), representing cross-diffusion processes,
under conditions of rapid diffusion, the movement of moisture and salt (or dust) changes almost uniformly over a short
time interval. With the proper selection of parameter values, these changes asymptotically approach an infinitely small
value. This means that due to significant acceleration of diffusion processes, the concentration gradients of moisture and
salt become almost uniform throughout the system, leading to minimal concentration changes over time.

The figures show that, depending on the medium and front parameter values, the diffusion process begins differently
and then changes almost uniformly.

u-moisture change, V-salt-dust content change, in which depending on the change of parameter values, in some cases
it can be seen that the moisture changes almost identically with the salt-dust migration.

In the system (1) representing cross-diffusion processes, under conditions of rapid diffusion, the movement of mois-
ture and salt (or dust) changes almost uniformly over a short time interval. As the parameter values are chosen appro-
priately, these changes asymptotically approach an infinitesimally small amount. This implies that due to the significant
acceleration of the diffusion processes, the concentration gradients of moisture and salt become nearly uniform across the
entire system, leading to minimal variations in concentration over time.

4. Conclusion

The method for developing a self-similar solution for a system of nonlinear differential equations that explain mutual
diffusion processes in a one-dimensional spatial approximation is investigated. The results have clear practical implica-
tions when considering the Cauchy problem for equations with variable coefficients. An approach to approximation of
the solution of a second-order nonlinear problem is described and supported. Based on the impacts of the finiteness of
the disturbances’ propagation speed and spatial localization, asymptotes of regular, finite, and unbounded solutions are
derived. The observed results allow us to build an iterative procedure for the numerical solution of the mutual diffusion
issue to acquire an initial approximation. These mathematical models can be used to solve many practical problems,
including biological population issues, epidemic spread, and numerical modeling of various diffusion processes.
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1. Introduction

A differential equation with piecewise alternately advanced and retarded argument (DEPCA) is represented by the

following equation:
o(t)=f (t,x(t),x (2 [’?D) , (1.1)

where [-] denotes the greatest integer function, and f is continuous on R x R x R. DEPCASs are hybrid equations
that amalgamate features of discrete equations and continuous systems. They bear significant relevance in applications
pertaining to biomedical dynamics and physical phenomena (refer to [1,2] and the associated references [3-7]).

Recent publications [8—17] have investigated particular formulations of the DEPCA. Authors in [18-22] have stream-
lined the problem of n-periodic solvability to a set of n linear equations. Leveraging established properties of linear
systems in algebra, they systematically delineated all conditions necessary for the existence of n-periodic solutions and
furnished explicit formulas for solving these equations.

In 2024, M.I. Muminov and T.A. Radjabov [22] examined the existence conditions for 2-periodic solutions of first
order differential equations with piecewise constant delay:

T'(t) = a(t)T(t) + b(H)T([t]) + f(2)-

The authors developed a method for identifying 2-periodic solutions, thoroughly outlined the existence conditions, and
presented explicit formulas for these solutions.

To the best of our knowledge, only one study has addressed the existence of infinitely many periodic solutions related
to the DEPCA [22]. However, none of the available works have provided clear criteria for determining the existence of
such solutions in differential equations with piecewise alternately advanced and retarded arguments.

In this paper, we examine a non-homogeneous differential equation involving piecewise alternately advanced and
retarded arguments, given by

0 =awo)+ o0 (2|52 ]) a0, e 12)

where the functions a(t), b(t), and g(t) are continuous and nonzero on [1,00). The general case of this problem was
previously examined in [23, 24], where the authors established conditions for solution existence and demonstrated a
Gronwall’s type integral inequality as an application. This note is dedicated to elucidating the conditions necessary for
the existence of 4-periodic solutions to this initial value problem. We present an example that illustrates an equation with
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an infinite number of 4-periodic solutions, thus offering additional insights to complement the uniqueness assertions made
in prior studies focusing on homogeneous cases.

2. Alternately advanced and retarded differential equation

Let us define the solution for DEPCA (1.2). A function y is considered a solution of DEPCA (1.2) on [1, c0) if the
following conditions are met: 1) y is continuous on [1, c0). ii) The derivative () exists at each point ¢ € [1,00), except
possibly at points ¢ = 2n — 1 for n € N, where one-sided derivatives exist. iii) The DEPCA (1.2) is satisfied by y on each
interval (2n — 1,2n + 1) for n € N, and it holds for the right-hand derivative at the points 2n — 1 for n € N.

To determine the solution of DEPCA (1.2), following the approach outlined in [25], we integrate DEPCA (1.2) and
obtain the following result:

t t t

a(s)ds a(r)dr
y(t) = 6{ y(2) + /b(s)y <2 {5;1]> e{ e ds

t

We define

A(25 — 1,25 —2) .
A2j-1,25) 7 T

where t,s € [1,00), A (2] — 1,25) #0,j € N.

Theorem 2.1. If A (2j — 1,25) # 0 for j € N, then y(t) represents the unique solution to DEPCA (1.2) for t > 1 if and
only if y(t) is expressed as

[(t+1)/2] 2k
=V )y)+ Y / U (£, 2% — 1) G(2k — 1, 5)ds
k=1 o1y
[(t+1)/2]-1 2k F1 2.1
+ > / U (t,2k + 1) G(2k + 1, s)ds

k=1 g
+G(t,2[(t+1)/2]).
The demonstration of the theorem closely resembles the proof provided for Theorem 1 in [25] and Theorem 2.1
in [23].
3. 4-periodic solutions

In this section, we present a methodology for identifying 4-periodic solutions of DEPCA (1.2) in scenarios where a(-),
b(+), and g(-) are continuous functions defined on the interval [1, c0) and demonstrate a pattern of 4-periodic behavior.
Integrating DEPCA (1.2), we obtain:

y(t) = A, 2n)y(2n) + G(t,2n), 2n—1<t<2n+1,

t

¢
“a(r)dr
where G(t,2n) = /g(s)e{ ds and n € N. Let y(t) be 4-periodic on [1, 00). The function y(¢) on [1,5) can be

represented as: 2
A(t,2)
) = )\(172) (y(l) —G(I,Z))—FG(t, 2)7 t e [173)’ N
y() M4 o
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This indicates that the expression on the right-hand side of (3.1) is solely dependent on the unknowns y; = y(1) and y3 =
y(3). Utilizing the continuity of y(-), we define y; and ys as y(3) = lim y(¢) for ¢t € [1,3) and y5 = y(5) = lim y(¢)
t—3~ t—5—

fort € [3,5). Given the continuity and periodicity of y(-), it follows that y(1) = y(5). To determine y; = y5 from (3.1),
we obtain the system of equations:

N 20) ~ 9(3) = 30 G(L2) - G(3.2), .
W0 =30 = 300664+ 66, -
Let A denote the determinant of the matrix M, where
A32)
M= [ M2 (5, 4)
A(3,4)

We then obtain the following theorem for the existence of 4-periodic solutions to the DEPCA (1.2).

Theorem 3.1. Let a(-), b(-), and g(-) be 4-periodic continuous functions.

(@) If A # 0, then DEPCA (1.2) possesses a unique 4-periodic solution presented in (3.1), where (y1,ys3) denotes
the exclusive solution of the system (3.2).

(b) If A =0and G(1,2) = G(3,2) = G(3,4) = G(5,4) = 0, then DEPCA (1.2) possesses an infinite number of
4-periodic solutions as detailed below:

A(t,2)
= AL ) G G2, €L,
O‘A((;: 4)) (y(3) — G(3,4)) + G(t,4), te[3,5).

Here, (11, ys3) denotes an eigenvector of M associated with the eigenvalue 0, while « represents a real number.
(©) If A = 0 and the rank M is less than the rank of (M|b), where

A(5,4)
A(3,4)

:<M&®QLQ—GQQ,—

T
ML) G(3,4)+ G(5,4)) ,

then the DEPCA (1.2) does not admit a 4-periodic solution.

Proof. (a) Suppose y(t) represents a 4-periodic solution to DEPCA (1.2). This solution can be described using (3.1),
where (y1, y3) is the solution of (3.2). The solvability of the linear system (3.2) depends on the condition A # 0.
Therefore, it must hold that A # 0. Conversely, if A # 0, DEPCA (3.2) admits a unique solution (y1, y3). It can
be shown that the function y(-), expressed as in (3.1), constitutes the periodic solution to DEPCA (1.2).

(b) The values of G at points (1,2), (3,2), (3,4), and (5,4) are all zero. Consequently, Equation (3.2) simplifies
to a homogeneous form. A non-trivial solution to this equation exists if and only if A equals zero. The pair of
non-zero solutions (y1, y3) represents an eigenvector of M associated with the eigenvalue 0. Thus, (ay1, ays)
constitutes a non-trivial solution to Equation (3.2), where a denotes any non-zero scalar. Consequently, the
4-periodic function

A(t2)
u(t) = §(< ’3( y(l) - GL,2) +6(2), tell.)
)\(3: 1) (y(3) — G(3,4)) + G(t,4), te3,5),

satisfies DEPCA (1.2), where « can take any value.
(c) If A = 0 and the rank M is less than the rank of (M | b), where

A5, 4)
(3, 4)

b(“3”m1m G3,2), —

T
Yo%) G@®+G®40,

then Eq. (3.2) has no solution. Consequently, DEPCA (1.2) does not possess a 4-periodic solution. This concludes
the proof.
]
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4. Illustrative example

In this section, we present a relevant example to illustrate the practical applicability of our theory. We examine the
following scalar equations with piecewise alternately advanced and retarded argument.

t+1
y'(t) = b(t)y (2 [;}) + sin(27t) + cos(2nt), t>1, 4.1)
where
bi(t), te[dk+1,4k+2),
ba(t), te€[dk+2,4k+3),
b(t) = T w2 —4
2—CO3S (it) + m,2 te [4k+3,4]€+4)7
T cos (ﬁt) +1—=,te[dk+4,4k+5),
2 2 T
ot + 8712 — 4872 + 327 +32 . /7 47t — 127% + 2472 — 807 + 96
where by (t) = sin (—t) ,
—2m4 + 1673 — 4072 + 327 2 2mt — 1673 + 4072 — 327
74— 127% + 1672 + 167 — 16 T w2 —4
bo(t) = , (—t)idk NU {0}
2(t) 273 — 1272 + 167 + oz g, Ak € NU{0}

DEPCA (4.1) is a specific instance of DEPCA (1.2) with a = 0 and ¢(t) = sin(2nt) + cos(2nt). It is straightforward to
verify that G(1,2) = G(3,2) = G(3,4) = G(5,4) = 0, and the matrix corresponding to the linear system of equations
involving the variables y; and ys3 is as follows:

32 .

Y (-

M= (A2 L
T A(3,4)

The determinant M is zero and (1, 1) is an eigenvector of M associated with the eigenvalue 0. By Theorem 3.1(b), the
solution of DEPCA

1 + sin(27t) — cos(2nt)

Jere 2y +

Ya(t) = sin(2m 7r_ cos (2T
a(t,4)y(3) + 1+sin(2 1?71- (2 t),

, te[l,3),

t €[3,5),

is a 4-periodic solution for any value of a.
The graphs of y,,(t) for « = 2 and o = —3 are presented in Figs. 1 and 2, respectively.

0.5H /

|

Fig. 1. 4-periodic solution of DEPCA (4.1) when o = 2.
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O_T\VN | \ [* \/v ‘f / \/v

Fig. 2. 4-periodic solution of DEPCA (4.1) when o« = —3.

It is noteworthy that the parameters of the equation in this example adhere to the conditions delineated in the primary
findings of papers [9]. Example 4.1 improves upon the findings of Theorem 4.4 in [9], which assert the uniqueness of the
solution to DEPCA (1.2).

5. Conclusion and perspectives

This article investigates the existence of infinitely many periodic solutions for first-order differential equations in-
volving piecewise alternately advanced and retarded arguments. We have established several theorems that ensure both
the existence and uniqueness of solutions for the DEPCA with these types of arguments. By employing methods inspired
by [22], we have derived sufficient conditions that guarantee the existence of infinitely many periodic solutions under
suitable assumptions. Furthermore, we have provided a variety of numerical examples and simulations to illustrate the
practical applicability of our findings.

Looking forward, several open problems warrant further investigation:

1. Examination of the existence of infinitely many periodic solutions for generalized types of DEPCA with piecewise
alternately advanced and retarded arguments.

2. In-depth study of the asymptotic behavior and the existence of infinitely many periodic solutions for second-order
DEPCA.

3. Comparative analysis of the asymptotic and periodic properties of first-order neutral differential equations with
piecewise alternately advanced and retarded arguments, along with a comparison to equations incorporating lin-
early transformed arguments.
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1. Introduction

According to the definition given in the works of Defay and Prigogine [1, 2], surface phases, as well as phase and
grain boundaries in polycrystalline systems are considered in a number of works as non-autonomous phases [4—46]. Such
a definition has a number of advantages due to its more general nature. In this regard, the present paper employs this
particular terminology.

A large number of both original works and reviews have been and are devoted to the formation and transformation
of solid-phase oxides [46—66]. It should be noted that in the majority of the works on this topic, which have become
classic, the main attention is paid to the influence, which the diffusion of components in bulk (autonomous) phases has on
the processes occurring in the systems based on solid phases [61-66]. However, recent decades have shown an increased
interest in studying the features of phase formation processes in nanopowders [47-61]. The volume fraction of non-
autonomous phases in nanocrystalline systems, including those based on oxide nanocrystals, can be very significant [9].
This, apparently, should be taken into account in experimental studies, when determining the mechanisms and kinetics
of the processes of phase formation and transformation, and when constructing physicochemical models of chemical
and structural transformations in nanocrystalline systems. By now, there are no works that would analyze studies on
the influence of the composition, structure, and properties of the non-autonomous phases on processes in solid-phase
systems and, in the first place, in nanocrystalline systems. Of particular interest is the study of phase formation and phase
transformation processes in materials based on oxide systems, since this is apparently the class of materials most widely
represented in nature and in technology [65-73].

In relation to the listed reasons, this work is aimed at analyzing the results available in the literature, which are
related to the determination of the properties and behavior of non-autonomous phases in polycrystalline systems and their
influence on the course of phase formation processes and structural transformations, mainly in oxide phases.

2. Non-autonomous phases in polycrystals: composition, structure, properties

Conclusions that the composition, structure and surface properties of solid substances differ from their bulk properties
were made on the basis of empirical data already in the works of 19th century scientists [74—76]. The works of Gibbs [77]
theoretically consider some features of the behavior and properties of the surface of substances (interphase regions) from
a thermodynamic standpoint. A detailed thermodynamic description of the regions between bulk (autonomous) phases
as non-autonomous phases was given in [1-3]. These works considered the non-autonomous phases as regions between
the coexisting (bordering on each other) autonomous phases, having a finite thickness, composition and structure, and
changing from one autonomous phase to another.

It was shown in [4,78-80] that such a description of non-autonomous phases is equivalent from the thermodynamic
point of view to such a consideration of surface phases, in which all their ’excessive’ properties are attributed to some

© Almjasheva O.V., 2024
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two-dimensional surface, as was proposed in [1-3]. This statement is absolutely true when the volume fraction of non-
autonomous phases is negligibly small compared to the volume fraction of autonomous phases, i.e. for the case of
macrocrystalline systems. When the particle (crystallite) sizes decrease to nanometer values, the volume fraction of
non-autonomous phases increases sharply [11, 15]. In this case, it is no longer possible to ignore the thickness of non-
autonomous phases. It is especially important to know the sizes and behavioral features of non-autonomous phases when
considering the kinetics of processes in solid-phase systems [15].

The work [81] shows a certain similarity in the behavior of substance at the boundaries of different autonomous
phases and at the boundaries of grains of one phase. That is why further on, as is shown in [81], non-autonomous phases
can be understood as layers of finite thickness also in the autonomous phases contact area and at the boundaries of grains
of the same phase, if these layers have not formed their own autonomous phase.

A detailed analysis of experimental data and the construction of calculation models, carried out in [81], showed
that in the case of high-angle boundaries of grains of the same autonomous phase of variable composition, components
redistribution between the autonomous and non-autonomous phases can be described in the first approximation by a
dependency shown in Fig. 1. This result was obtained assuming that the non-autonomous phases formed at high-angle
boundaries of the autonomous phase grains contain a thin layer of amorphous substance (Fig. 2). Naturally, a dependency
similar to that shown in Fig. 1 cannot be expected in cases with low-angle and special boundaries of grains.

x211 (l ik xvol. )

In
5 (1 - x211 ) xvol.
3 —
1= % 2
| R

F1G. 1. Dependence of the impurity component distribution between the autonomous and non-
autonomous phases [81]

It should be noted that the described effect of components redistribution between the autonomous and non-autonomous
phases in particles based on crystalline autonomous phases can lead to the formation of structures of the core-shell type.
In these structures, the shell appears due to the segregation of some components located on the particles surface in the
non-autonomous phase. This effect is most noticeable when obtaining nanocrystalline particles. To date, a large number
of examples of such structures formation are known [82—87]. A variant of the mechanism for the core-shell nanoparticles
formation is described in [87]. However, apparently, this is only a special case of such nanostructures formation, and this
area will be expanded subsequently.

When different solid autonomous phases are in contact, then the composition of the corresponding non-autonomous
phase at temperatures not much different from the eutectic temperature will be close to the eutectic composition [81]. It
should be noted that this result allows for describing the phenomenon of eutectic melting from positions different from
the traditional ones [88].

Another case where it is convenient to use the term non-autonomous phase’, or more precisely, the 'non-autonomous
state of substance’, is the state of substance under conditions of spatial limitations, when the amount of substance is
insufficient for the formation of an autonomous phase with a composition and structure characteristic of the specified
temperature and pressure. Such states may be exemplified by nanoparticles of certain sizes, thin surface layers, as well
as the substance in micropores, in nanochannels, and in the matrices of composites with inclusions of nanoparticles at a
certain placement density [89-106]. In this case, when the spatial restrictions are chemically inert, a substance, being in
a non-autonomous state, will be unable to change the initially specified composition, but will have a structure different
from that of the autonomous phase of the same composition at the same temperature and pressure.
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FIG. 2. Schematic representation of a 2-D non-autonomous phase (regions II, II’, III) and relaxation
processes in a polycrystalline system [81]. Regions: v; — inside autonomous (I, I'), structured (IL,II")
and amorphized (III) zones of the non-autonomous phase; v; — region coinciding with the amorphized
zone of the 2-D non-autonomous phase; v — two grains in contact with each other together with the
intergranular formation. Processes: A — establishment of the locally equilibrium state in regions v; by
introducing corresponding changes in the structure and composition; B — establishment of the locally
equilibrium thickness of region III without mutual turning of grains; C' — turning and shift of grains
until the crystal sublattices completely coincide — for polycrystals based on one autonomous phase, or
until the energy of translational mismatch is minimized — for systems consisting of different phases

The possibility of a liquid phase appearance at the boundary of solids at a temperature below their melting point
was exemplified by ice already in [74, 75], but the quantitative relationship between the melting temperatures of the
surface and bulk of solids was revealed only after an of experimental series by Tammann et al. [107]. It should be
noted that despite the establishment of a quantitative relationship between the solid phase melting point and the so-
called Tammann temperature (77) in these works (Table 1), the discovered phenomenon was interpreted incorrectly. For
instance, the authors of [107] believed that volume diffusion processes are activated at the Tammann temperature. Only
after a series of similar experiments, it was concluded in [108] that the T value in processes described in [107] determines
the temperature, above which mass transfer is activated at the boundaries of solid phase particles.

TABLE 1. Tammann temperature for different materials

Materials | Tammann temperature | References

Metal ~0.33T

etals 0.33T,, [107]
Oxide ~ 0.57T,,
Metals ~0.3T,, [108]

Based on the analysis of [109], the work [110-112] presents the generalized data on the temperature dependency
of the diffusion in the crystalline (autonomous) phase, on the surface, and at the boundaries of grains, i.e. in non-
autonomous phases. Taking into account the results of [107,108], as well as the dependency of the surface phase thickness
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on temperature [11], these results can be illustrated by Fig. 3. The data presented in Fig. 3 allow concluding that the
substance in the non-autonomous phase is found in the liquid (liquid-like) state at temperatures above 77.
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FI1G. 3. Temperature dependences of the surface phase thickness (a) and the diffusion coefficients of
the substance (b). For case (b), the solid lines are from [81], the dashed line is an extrapolation of the
dependence presented in [81]

By now, a significant number of experimental and theoretical works analyze the transition of non-autonomous phases
to the liquid (liquid-like) state [113—-131]. A detailed thermodynamic analysis of the relationship between the melting
temperatures of autonomous and non-autonomous phases was made in [81]. It was shown in [11] that in cases when
non-autonomous phases contain a thin amorphous layer of substance, the dependency between the melting temperatures
of the autonomous and non-autonomous phases can be represented by the expression

Ty~ + 201, ()
1-— ag
where oy = AHyp /AHp; as = ASgm/ASm; T, — is the autonomous phase melting temperature, K; T, _,, — is the
melting temperature of the non-autonomous phase of the same composition, K; AH,,,, — is the amorphization enthalpy;
AH,, —is the melting enthalpy; AS,,, — is the amorphization entropy; AS,,, — is the melting entropy.

Further on, expression (1) was analyzed in [18] for a number of oxide substances, and the limits of variation of the
non-autonomous phase melting temperature were determined as a function of the autonomous phase melting temperature
for this class of compounds:

Tm,n = ’YTmy (2)
where v — is a dimensionless parameter that takes values from 0.55 to 0.75, but most often 0.65.

A comparison of expression (2) with that for the Tammann temperature given in Table 1 shows their good agreement.
This result once again confirms that in physical sense the empirical dependency of the Tammann temperature on the
substances melting point reflects the dependency of the temperature of the non-autonomous phase transition into the
liquid (liquid-like) state on the melting point of the autonomous phase of the corresponding composition. It should be
noted that, as was analyzed in [81], the temperature of the non-autonomous phase transition into the liquid-like state
depends on the phase structure. For example, in cases of the coherent grain intergrowth, this temperature approaches the
autonomous phase melting point [81].

Another important parameter for the analysis of high-temperature processes in polycrystalline systems is the thickness
of non-autonomous phases. From the mid-20th century to the present, a large number of experimental, theoretical papers
and reviews have been devoted to the problem of determining the thickness and structure of non-autonomous phases. The
works [2,115,116,122,126—-132] can be cited as an example. An important component of these works is the determination
of the dependency of the non-autonomous phase thickness on temperature. The most well-known expressions for the non-
autonomous phase thickness as a function of temperature are presented in Table 2. Among the expressions given in
this Table, it is possible to single out the dependency described in [81], which differs from the others by two factors.
First, this dependency changes at the non-autonomous phase melting point, which was not reflected in other formulas
(Table 2). Second, when approaching the melting point of the solid phase, its thickness does not tend to infinity, as
in other expressions, but remains a finite (albeit large) value. In this case, the crystal sizes decrease, apparently, to
nanometer values. Physically, this means, as was indicated in [81], that the melting of solids can be considered as the
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autonomization of the liquid non-autonomous phase with the transition of the crystalline (autonomous) phase to non-
autonomous nanoclusters in the melt. To confirm the possibility of such a consideration of the melting process, the
work [81] cited [135—-144], in which various experimental data and theoretical calculations allowed making conclusions
that solid (crystalline) clusters are observed in the melt near the melting point. The existence of nanosized solid clusters
above the melting point of the substance, demonstrated in these works, allowed constructing in [145-154] a model of
nanofluid flow in nanochannels, which under certain conditions predicts an unusually high flow rate due to the effect of
solid clusters slipping along the nanochannel walls. Along with that, the cases where the channel dimensions were smaller
than those of the nanoclusters, the effect of sharp deceleration of such liquids flow was described [146].

TABLE 2. Dependence of the thickness of the non-autonomous phase on temperature

Formula References
B
p = T (4]
(T, —T)s
a
hy = ——— 115
? (Tm — T)ﬁ [ ]
hp = &In(~T) [116]
a
h, = T 119
» (To—T)3 [119]
hy, = a i [11]
(Tm -7 + (TmZn _ T)H(Tan - T)B + 5)§

The dependencies of the non-autonomous phase thickness on temperature given in Table 2 describe the equilibrium
(locally equilibrium) value of its thickness. However, the dimensional parameters of the particles of a substance in the
non-autonomous state may turn out to be larger than those described by these expressions. In such cases, this non-
autonomous state can be regarded as metastable, associated with the existence of some spatial or other limitations for
mass transfer, described, for instance, in [155]. These limitations on the amount of substance in the system do not allow
the formation of an autonomous phase, i.e. a solid phase with a structure that it would have at the given temperature and
pressure if the said limitations did not exist. A substance in the metastable non-autonomous state can stably exist in the
amorphous or crystalline state, but its crystalline structure will differ from that of the equilibrium (autonomous) phase.
Similar cases of metastable non-autonomous states of substance have been experimentally discovered and theoretically
described for a large number of oxide compounds and some other substances [94—106]. It should be noted that the
thermodynamic estimate of the particle sizes of a substance in some metastable non-autonomous state may differ from
the actually observed sizes [89, 156]. This is connected not only with the evaluative nature of the calculated data, but also
with the role of kinetic factors, which can play a decisive role at temperatures below the melting point of non-autonomous
phases [156].

Another important characteristic of non-autonomous phases for the analysis of interaction processes in solid polycrys-
talline systems is the viscosity of the liquid (liquid-like) non-autonomous phase. It was shown in [157] that by assuming
that the viscosity of a liquid non-autonomous phase at a certain temperature can be calculated by extrapolating the depen-
dency of the viscosity of the molten autonomous phase of the same composition on a given temperature, it is possible to
obtain a quantitative match between the experimental and calculated data for the rate of particles migration through ice.
Such an approach to predicting the non-autonomous phase viscosity is also corroborated by the temperature dependency
of the diffusion coefficients of the substance in it (Fig. 3), since these values are closely related to each other [158]. Based
on the above-mentioned nature of the dependency of the non-autonomous phase viscosity on temperature, some phe-
nomena that can be observed during the liquid non-autonomous phase flow in polycrystalline systems were theoretically
predicted in [12, 81, 159, 160].

Of considerable interest from the point of view of understanding the structural features of non-autonomous phases are
the results of an experimental study of the nature of the viscous behavior of the surface layer (surface — non-autonomous
phase) of the crystalline phase, given in [126]. It was experimentally shown in this work that the nature of the viscous
behavior of the surface layer at relatively high values of the homologous temperature can only be described if this layer
is imagined as inhomogeneous, consisting of a liquid phase with inclusions of solid particles of very small size. It can
be noted that essentially this result is close to the conclusions made in [81, 138, 139], in which melting was considered as
developing in a rather narrow, but still certain temperature range, as a transition of solid autonomous phase particles to a
non-autonomous state, and of the non-autonomous liquid phase to the autonomous one. Another conclusion, apparently
very important for understanding the features of the liquid-like non-autonomous phase behavior at high temperatures, is
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an experimentally derived conclusion that the thickness of these phases is several times greater compared to the values
presented in conclusions of works [161-164].

So to date many basic questions related to the structure and properties of non-autonomous phases remain open.
Moreover, this applies both to the region of high values of the homologous temperature, and to the region of temperatures
below the melting point of the non-autonomous phase. In the latter case, this is due to the ’frozen’ state of the non-
autonomous phase, which complicates studies of the processes of approaching this state to equilibrium.

3. Solid-phase reactions and sintering of materials

The experimental works of Tammann and co-authors [107] were aimed at determining the temperature of the onset of
active sintering of particles of different composition (777). The further studies, which interpreted the effect discovered in
these works as associated with the transition of phase boundaries and grains (non-autonomous phases) into the liquid-like
state [119], began considering the Tammann temperature (777) as a boundary temperature, upon reaching or exceeding
which any processes of solid particles interaction, including solid-phase reactions, start [61]. Along with that, the mech-
anisms and models of solid-phase chemical reactions, the rate of which was determined by the mass transfer between
components, were described as those limited by the rate of diffusion in the solid phase [61,65]. This situation was appar-
ently due to the fact that the volume fraction of non-autonomous phases in these works was significantly smaller than the
fraction of solid (autonomous) phases. The transition of a non-autonomous phase to the liquid-like state could increase
only the rate of reagent particles agglomeration. This led to a noticeable increase in the contact area of the interacting
particles. In addition, point contacts of solid particles were replaced by areas with a liquid-like interlayer. An increase
in the rate of components diffusion through the liquid-like non-autonomous phase in the case of interaction of relatively
large particles of micron and even submicron sizes could not significantly affect the total mass transfer rate due to the
extremely small proportion of non-autonomous phases in such reaction systems.

The situation changed dramatically when chemical reactions began to take place between nanosized reagent particles.
For example, it was shown in [166—169] that in nanosized layers obtained by molecular layering [169—173], no interaction
between reagents resulting in formation of solid-phase compounds is observed at temperatures below the non-autonomous
phase melting point, and upon reaching this temperature, the synthesis proceeds at such a high rate, which cannot be
described as that limited by solid-phase diffusion. A similar situation is observed in the case of synthesizing solid-phase
compounds from nanosized reagent powders [174—178]. An analysis of the processes of solid-phase compounds synthesis
in oxide compositions consisting of nanosized reagent particles in [179] yields a somewhat paradoxical conclusion that all
solid-phase chemical reactions occurring at a high or simply noticeable rate are liquid-phase to some extent, i.e. a liquid-
like non-autonomous phase must first form in the reaction system for such reactions to start. The role of non-autonomous
phases in the processes of solid particles interaction was considered in more detail in [15]. Numerous examples of the
influence of liquid-like non-autonomous phases on mass transfer in solid-phase systems and on the synthesis of solid-
phase compounds are given in [28-34,36, 180].

Other processes in solid-phase systems that start only after the transition of the non-autonomous phases to the liquid-
like state, as was shown, e.g. in [81, 107, 108], are the processes of sintering and inelastic deformation of ceramics by
the mechanism of high-temperature creep. It should be noted that the role of liquid-like non-autonomous phases can
consist not only in increasing the rate of particles agglomeration due to the facilitation of their sliding relative to each
other due to the appearance of a liquid-like non-autonomous phase, but, as was shown in [9, 10, 12, 81], also by the
transformation-transport mechanism of solid-phase particles interaction. Such interactions are schematically illustrated in
Fig. 4a,b. It was shown in [81] that proceeding from a more general model relationship and variation of the expressions
for the non-autonomous phase viscosity, the transformation-transport mechanism makes it possible to obtain practically
the same dependencies as a set of known models of sintering and inelastic deformation of materials obtained by applying
different mechanisms. The corresponding comparison of models is given in Table 3.

An important role in solid-phase chemical reactions, in the processes of sintering and inelastic deformation of ceram-
ics, can be played by small additives of relatively fusible solid-phase substances, even in cases where they are chemically
inert to other components of the solid-phase system. It was shown in [5,81,182] that such additives get quickly distributed
over the surface of other components at a temperature equal to or higher than the melting point of the non-autonomous
phase based on such additives. This, in turn, promotes agglomeration of particles of the solid-phase system and, as a
consequence, an increase in the rate of solid-phase synthesis and sintering of ceramics.

Another area for which the transition of non-autonomous phases to the liquid-like state is important is the construction
of phase equilibrium diagrams in solid-phase systems. For instance, while the approach to the equilibrium state in oxide
solid-phase systems at high temperatures requires hours, tens or hundreds of hours [185], the process of approaching
equilibrium in the low-temperature region can take a year or more [185], or even geological epochs. In this regard, the
analysis of characteristic values of the diffusion rate in solid phases in [185] resulted in proposing the time criterion
as a criterion for dividing into high-temperature and low-temperature processes. When the time of approaching the
equilibrium state in a solid-phase system is a year and more, then it is proposed to define such systems as low-temperature
ones [185]. However, the above analysis of the role of non-autonomous phases in the behavior of solid-phase systems
allows proposing another criterion for dividing solid-phase processes into high-temperature and low-temperature ones.
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TABLE 3. Parametric dependence of shrinkage during sintering and hot pressing of materials

Average | Mechanical force
Model Time, t | particle | per square of the
radius average particle
. d F
R= 3 radius, f = %
Transformation-transport mechanism (approximation without taking
into account the contribution of dislocation tubes to transport processes)
Asymptotic equation of the initial t! R7! -
stage of sintering [81]
Equation of sintering limited by
mass transfer of a substance through a 3T | B f 5w
liquid non-autonomous phase [81]
n=0.5 £ RS f?
n=1 (Newtonian fluid) t3 R f 3
w2 i | BV I
n=3 t3 RS f g
n— oo t3 R3 f°
Compaction due to redistribution of e R° It
particles in the liquid phase [183]
Volume diffusion
[182] 4049 /098 £0-49
[183] 404 R-08 fFo-40
[184] t2 R7! iz
[182] £0.46 [—0:92 Fo-46
[116] £0.48 [—0.96 Fo-48
Volume diffusion to grain boundaries £0-53 R~1:06 fo-53
and spherical surface of particles [184]
Grain boundaries diffusion
[182] t3 R! f3
[184] t3 R 3
[184] £0.31 /093 F0-32
[116] £0-32 [—096 F0-31
Limited dissolution of the solid phase
in the liquid and diffusion-viscous ts R7! f 3
flow of the liquid phase [183]
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FIG. 4. Schematic representation of the transformation-transport mechanism of solid phase particles interaction

Apparently, it makes more physical sense to use the temperature of the non-autonomous phases transition to the liquid-
like state as such a criterion. The corresponding division of processes in solid-phase systems into high-temperature and
low-temperature ones is schematically shown in Fig. 5. It should be noted that in terms of the real division of solid-phase
systems, the proposed boundary does not differ much from that proposed in [185], but is more justified in physical sense.
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FI1G. 5. Scheme of processes division in solid-phase systems into high-temperature and low-temperature

4. Conclusion

An analysis of the literature data on the nature of processes in oxide solid-phase systems demonstrated that the deci-
sive role in them is played by the behavior of the substance in the non-autonomous state. A particularly great influence
the non-autonomous phases have on the behavior of nanosized systems. The main parameters of the non-autonomous
phases that determine the properties and behavior of the solid-phase, especially nanocrystalline ones, are the composi-
tion of the non-autonomous phases, the temperature of the non-autonomous phase transition to the liquid-like state, the
equilibrium (locally-equilibrium) and metastable thickness of non-autonomous phases, and the viscosity of the liquid-like
non-autonomous phase.

The data available in the literature show that there are still a large number of open questions both on the structure and
properties of the substance in the non-autonomous state, and on the influence of the non-autonomous state on the behavior
and properties of solid-phase systems, which indicates the prospects for further research in this area.
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ABSTRACT The total or partial utilization or recycling of bauxite processing waste (red mud) has the potential
to reduce the harmful effect on the environment while simultaneously extracting the most valuable ingredi-
ent, scandium which is currently underutilized due to its high cost. The new efficient carbonation technology
promises an assured supply of scandium and zirconium at a significantly reduced cost. Here, scandium-
zirconium concentrate, extracted by hydrolysis from leachate after carbonate treatment of red mud, was sub-
jected to sintering by ceramic technology at 1100 °C to produce scandia-stabilised zirconia (ScSZ). The XRD
patterns demonstrate the successful doping of scandium into the zirconia lattice through the hydrolytic precip-
itation method. The ratio between the essential components of the functional ceramics Zr and Sc is approxi-
mately 4, which correlates with the doping level of ScSZ up to Zry 8Scy.201.9.
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1. Introduction

Zirconium oxide and ceramic materials based on it are widely employed in engineering and medicine due to their high
refractory properties, strength, chemical inertness, superionic oxygen conductivity, as well as their biocompatibility and
catalytic activity [1-5]. Yttrium-stabilized zirconia (YSZ) is commonly used material in solid oxide fuel cells (SOFC) for
high temperature applications [6]. Scandia stabilized zirconia (ScSZ) exhibits conductivity that is 1.5 — 3 times superior
to that of YSZ, due to its distinctive crystal structure [7]. At the same time Sc-containing materials are not commonly
used as functional ceramic due to high cost but small additives appear to be effective for the increased ionic conductivity,
structural and thermodynamic stability.

It is known that not only the type and amount of additives the size of the initial powders have a significant impact on
the process of their sintering, and, as a consequence, on the structure and mechanical properties of ceramics [8,9]. Studies
have shown that with the decrease in particle sizes, the physicochemical properties like strength, thermal conductivity,
high-temperature resistance, toughness and specific surface area improve, comparing micron-ZrOs to nano-ZrOs [10,11].
On the other hand, the physical and mechanical properties change significantly depending on the sintering temperature
and the holding time at maximum temperature [12].

At present most widespread methods for preparing initial zirconia particles with a narrow particle size distribution
are emulsion method [13], sol-gel combustion [14], spray-drying and spray-pyrolysis [15], solvothermal synthesis [16]
and other [17]. In many instances, the raw materials are either costly and toxic organometallic compounds or solutions
of inorganic salts utilized for the execution of solvothermal processes with simultaneous or subsequent heat treatment at
selected temperatures. A controlled double-jet precipitation is believed to be a rather simple method enabling to govern
size, shape and porosity of hydrous zirconia particles maintaining a narrow size distribution of zirconia particles after
drying and calcination [18]. A similar relatively simple deposition process of a carbonate-hydrocarbonate solution can be
implemented to produce scandium-containing zirconia from red mud — residue from bauxite processing [19]. However,
industrial raw materials contain impurities of other metals along with the specified elements [20, 21]. Their presence
can be both beneficial to the sintering process and detrimental to the properties of the final material. In this work, the
direct cheap creation of ceramics based on scandium-stabilized zirconia (ScSZ) and the assessment of its thermochemical
properties are of interest.

© Pasechnik L.A., Medyankina I.S., Pereverzev D.I., Chufarov A.Yu., Suntsov A.Yu., 2024
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2. Experimental
2.1. [Extraction of zirconia concentrate

Sc-doped zirconia oxide was produced by hydrolysis of carbonate-hydrocarbonate solution after the carbonation
leaching of red mud derived from an alumina plant located in the Ural region (Russia). The detailed description of car-
bonation processing of red mud with 10 % NaHCO3 solution or using sintering furnaces (7 — 20 % CO-) and precipitation
of Sc—Zr concentrate are provided earlier [19,22]. Supplying of carbon dioxide promotes the synthesis of soluble car-
bonate complexes [Sc(CO3)41°~ and [(ZrTi)(CO3)4]1*~ and starts neutralization processes of alkali from red mud and
alkali resulted from the hydrolysis of aluminates, titanates, etc. The carbonate-bicarbonate filtrate at pH = 8 — 9, separated
from the insoluble mass of carbonized red mud, contains up to 30 — 50 g/m® Sc and 250 — 350 g/m® Zr. Concentrate
from the clarified solution was precipitated by sodium hydroxide at heating and holding for 4 or 24 hours to coagulate the
precipitate. In this work, the hydrolysis of a carbonate-bicarbonate solution was carried out at 90 — 100 °C to pH 12.5 for
24 h. Before control of the chemical composition both initial red mud and Sc—Zr concentrate were further dried at 125 °C
for 24 h (initial moisture content was about 20 — 30 wt %) and comminuted. The respective compositions of initial red
mud and the concentrate obtained from hydrochemical branch of the plant are listed in Table 1.

TABLE 1. The compositions of initial red mud and Sc—Zr concentrate

Component Red mud, % wt. Sc—Zr concentrate, % wt.

Fe,0; 41.0 7.52
Al,Os 15.4 0.94
CaO 9.0 4.09
MgO 0.4 2.17
TiOs 55 8.37
Si0, 75 1.05
Na,O 5.6 5.89
K»0 0.4 0.41
Zr0, 0.04 58.87
Sc,0; 0.012 10.46

2.2. Methods of characterization

The element content in Sc—Zr concentrate after drying at 125 °C was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a spectrometer E1an9000 (PerkinElmer).

In order to obtain polycrystalline powders dried concentrates were thoroughly grinded and mixed up in jasper mortar
then pressed into disk shape bar and annealed at 600, 800, 1000 and 1100 °C in air during 10 — 12 hours. XRD patterns
were collected at room temperature on a Shimadzu XRD-7000 diffractometer using CuK« radiation in the 26 range 10° to
70° with a step of 0.03° and exposition 3 s. Polycrystalline silicon (a = 5.43075(5) A) was used as an external standard.
The PDF2 database (ICDD, USA, Release 2016) was applied for phase analysis and the identification of c-ZrO- (card
No. 00-054-1136). Polythermal dependencies were recorded at temperature scan rate of 10 °C/min up to 800 °C, with
alumina as a standard.

Microstructure was analyzed by means of scanning electron microscopy method with the use of scanning electron
microscope (SEM) VEGA 3 LMH (TESCAN) equipped with energy dispersive analyzer INCA Energy 350/X-max 80
(Oxford Instruments) used for the study of atomic distribution and a scanning electron microscope JEOL-JSM LA 6390
equipped with a JEOL JED-2300 detector.

Thermal expansion was studied on rectangular bar with a section of 5 x 5 mm cut from the sintered sample. Data on
linear elongation was collected using L75 (Linseis) dilatometer at heating mode with the rate 3 °/min in air.

3. Results and discussion

The typical SEM-image of the Sc—Zr concentrate produced directly from red mud shown in Fig. la reveals that
sample consists of homogeneously dispersed very fine near spherical shaped particles with easily crushed micrometer-
sized agglomerates. The results of EDX analysis (Fig. 1b) correlate with the concentrations of elements obtained from
ICP-AES analysis as shown in Table 1.

The pattern of initial Sc—Zr concentrate with a wide hump between 20° and 40° 26 indicates an amorphous nature or
nanocrystalline structure of the sample. Calcination at 200 °C to constant mass shows adsorbed and structured moisture
of about 25 — 30 wt. %, which is typical of amorphous hydroxide phases with a highly developed surface. The thermal
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F1G. 1. SEM images (a) and EDX-analysis (b) of initial Sc—Zr concentrate

behavior of Sc—Zr concentrate after heating at 200 °C is shown in Fig. 2a. The total mass loss is pretty much finished
after annealing at 600 °C. The rest 1 — 2 % of the mass are lost during the further 9 h of annealing from 600 to 800 °C
with the exposition at 800 °C. The calcination of the initial Sc—Zr concentrate for 4 h at 600 °C corresponds to com-
plete decomposition of amorphous hydroxide and carbonate compounds (ScCO30H, TiO(OH)y, ZrO(OH)2, Sc(OH)s,
Ti(OH)4, Zr(OH)4, etc.). From the XRD patterns of calcined samples (Fig. 2b) it is clear that a nanosized composite of
the solid solution based on ¢-ZrO, (cubic) structure (ICDD Card No. 00-054-1136, pr. gr. Fm3m) was obtained [23],
with no apparent diffraction peaks corresponding to the m-ZrO2 (monoclinic) phase. The lattice parameters of the fluorite
structure ¢-ZrO- powders in Table 2 were estimated by the Rietveld refinements. The observed narrowing of the X-ray
lines indicates an increase in the size of zirconia particles doped with scandium ions when samples annealed from 600 to
1100 °C. The average value of the crystallite size (d) was calculated from X-ray line broadening using Scherrer.

TABLE 2. Variation of the lattice parameters and crystallite size of c-ZrO, with the calcination temperature

Lattice parameter
a, A Vv, cm?
600 | 5.04(1) | 128.0(5) 9
800 | 5.058(6) | 129.4(2) 74
1000 | 5.053(3) | 129.0(1) 98
1100 | 5.074(1) | 130.63(3) | >100

T,°C d, nm

Except for orthorombic perovskite CaTiOs, no ScoO3 or other impurities were found by X-ray diffraction. These re-
sults show that scandium was successfully incorporates into the zirconia lattice by the hydrolysis so-precipitation method.
At the same time other components such as iron, alumina and magnesium may also act as dopant in ScSZ for crystal struc-
ture stabilization and created functional properties [24-26]. For example, in a compositions with oxides of aluminum,
chromium and iron, which are not, in the conventional sense, stabilizers of the c-ZrO5 phase, the formation of 100 % of
the cubic phase was establish [27].

For the evaluation of functional properties, the obtained Sc—Zr product was uniaxially pressed and sintered at 1100 °C.
Fig. 3a presents the fractured surface morphology of sintered ScSZ ceramic, which shows that some micro pores were
uniformly distributed in the area of SEM-image. As seen from Fig. 3b in BEC regime, the grain size is 1 — 3 pm for bulk
Sc—Zr product.

Figure 3c demonstrates overall EDS-mapping and partial chemical components of the ceramic samples obtained by
splitting. By analyzing Fig. 3c one can see that the most cations are distributed fairly evenly over the surface. It is
important that this also applies to key components forming ScSZ. It is worth noting that there are some elements form
separate areas, for example, iron and calcium. However, given the low concentration of most components, their presence
in the selected pictures allows us to suggest that the cations are statistically distributed throughout the sample bulk.

Table 3 demonstrates compositions determined from EDX analysis (in % at.). As can be seen main component is
zirconium. It is important to pay attention to the ratio of Zr and Sc as key components of the functional ceramics. This
parameter lies about the value 4 that corresponds to doping state of ScSZ up to Zrg §Scg.201.9. The obtained result is in
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good agreement with XRD data and is strongly supported by work [23] where a formation of cubic fluorite ScSZ in these
doping limits was distinguished as preferable. Accordingly, the applied conditions were found to permit the production of
well-sintered ceramics, thereby facilitating subsequent analysis of functional properties. It is assumed that sum quantity
of oxide components can act as sintering aids for zirconia ceramics (AloO3, CaO, MgO, etc) [28,29], which are used,
either individually or in combination, to optimize the properties of ceramic thermal barrier coatings [30,31].

The change for linear elongations of the studied Sc—Zr ceramics with temperature is represented in Table 4. Addition-
ally, the values of the thermal expansion coefficients for every point k were calculated in accordance with the following
formulae:

1 d(ALy) 1 AL, — ALg
" Ly dT T Lo T.—To
where Lg is the sample length at 20 °C, ALy is the length change at Ty, ALg is the change in length at 20 °C (linear
extrapolated out of the first data point).

and  ageen (k) for(k=1...n),

Aphys (k)

TABLE 3. Chemical composition of sintered Sc—Zr ceramics obtained from EDX analysis (at %)

Element Zr Sc Zr/Sc Na Ti Fe Ca Si Mg Al
Content 352 9.1 389 241 11.0 6.0 52 48 24 20

TABLE 4. Thermal expansion coefficient values of the Sc—Zr ceramic materials

o Ceramic on Zr gS¢.201.9 14Sc_1YSZ (mol %) | 8Sc_1YSZ (wt %)
T,°C . .
Qtecn - 10%, K71 | appys - 10%, K1 bulk material [32] coating [33]
500 10.78 11.91 9.7 10.65
600 10.86 11.98 9.8 10.75
700 11.37 13.11 10.05 10.80
800 11.76 14.53 10.17 10.85
900 11.93 10.55 10.30 10.80

The values of « selected at 500 — 900 °C for comparison with available literature data are provided. It should be
noticed that the value of expansion coefficient is in the best coincidences with Sc doped YSZ ceramics both in the coating
and in the bulk material. Thus, the present impurity components co-precipitated from the carbonate-bicarbonate solution
and the phases formed during sintering did not significantly affect the thermal behavior of Sc—Zr ceramics in the studied
temperature range.

4. Conclusion

Sc—Zr ceramics were obtained by ceramic technology from Sc—Zr concentrate produced by co-precipitation method
after carbonation of red mud pulp. Scandium oxide was not detected as a single phase, but successfully stabilized the
¢-ZrOs structure (pr. gr. Fm3m) by substitution during sintering of Sc—Zr concentrate. Despite the fact that the main mass
loss practically was finished at temperatures above 600 °C the crystallization of scandium-stabilized zirconia continues
up to 1100 °C. Analysis of Sc—Zr ceramic has shown that the scandium distribution along the surface is homogeneous and
the ScoO3 amount regarding zirconia is almost identical to its content in the concentrate. In conclusion, we have shown
that the thermal expansion coefficient values of the ceramic on Zrg §Scg.2O1.9 phase in the temperature range of 500 —
900 °C are much like to the values for materials from co-doped Sc and Y zirconia. The impurities did not significantly
affect the phase composition and thermal behavior of Sc—Zr ceramics obtained by a simple and inexpensive way from the
metallurgical waste.
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lattices were determined and the morphology of the surface of RE titanates was studied.
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1. Introduction

Mixed oxides of composition REsB5O7 (RE=rare-earth elements, B=Ti, Zr, Hf) with pyrochlore structure type
(Fd3m) are characterized by a high melting point and absence of structural phase transitions in a wide temperature range
of existence, with the exception of disordering occurring at temperatures above 1800 °C and transformation into a phase
of defective fluorite (Fm3m) [1-3]. High chemical and thermal stability of these substances, as well as low thermal con-
ductivity, allows them to be considered as materials for thermal barrier coatings [4, 5], solid electrolytes for SOFC [6],
as well as scintillators, phosphors and dielectrics [7, 8]. In addition, pyrochlores are recognized as the most promising
materials for the immobilization of actinides in the nuclear fuel cycle due to their low solubility in acids and water and
resistance to radiation exposure [9—11]. Actinides (3+) are able to replace the rare earth element in the RE position, while
(4+) actinides can be placed in the B position. In any case, the internal decay of radionuclides leads to the transition of the
matrix to an amorphous state as defects accumulate [12], which can lead to the actinides release. Radiation damage mod-
eling and determination of maximum doses are carried out based on the results of irradiation with heavy ion beams [13].
These studies have demonstrated that the effects of radiation depend both on the ratio of the radii of r(RE3T)/r(B4T)
cations, since the probability of amorphization increases with its increase, and on the nature of cation B, since replacing
Ti™* with Zr** increases radiation resistance [14-16].

At the same time, zirconates of “heavy” lanthanides having the structure of defective fluorite, i.e. EryOg - 2ZrOs,
retain their crystalline structure at higher doses of radiation and turn out to be more radiation-resistant materials than
pyrochlores. (Here it should be noted that zirconates and hafnates of “heavy” lanthanides and yttrium are solid solutions
with a wide homogeneity range based on cubic zirconium dioxide and should be represented as (1 — z)RE2O3 - 22ZrOa,
z ~ 0.4 - 1.0, and the writing RE2Zr2O7 adopted in a number of articles for Ln=Tb-Lu and Y, i.e. x = 0.5, is in fact not
correct [17].)

Modeling of defect formation under the action of ionizing radiation confirms the general concept of the relative stabil-
ity of pyrochlores, but does not take into account such phenomena as dynamic annealing, migration and recombination of
defects under the action of radiation, and also does not explain the influence of the size of the RE™ cation and the type of
crystal structure [14]. The influence of the degree of crystallinity of the material is also unknown. The studies carried out
in [16] showed the existence of a critical amorphization temperature 7., above which rapid recrystallization of radiation
damage occurs, and amorphization of the sample is not proceed due to kinetic reasons. An important consequence of the
work [16] results is that the critical temperature of amorphization increases with an increase in the mass of a heavy ion,
creating a larger cascade of damage. Titanates of rare earth elements are convenient objects for studying the effects of
heavy ion beams due to their cubic structure, relatively wide area of homogeneity and satisfactory response to radiation
exposure [18]. In [14], a systematic determination of the amorphization temperature of a number of single-crystal lan-
thanide (Sm-Lu) and yttrium titanates of the pyrochlore structural type was performed under the action of a Kr* beam
with an energy of 1 MeV. It was found that gadolinium titanate (7. = 1120 K) has the highest amorphization temperature,
which decreases both with an increase in the radius of the rare earth element to samarium titanate (7. = 1045 K) and
with a decrease in the radius of RET3 during the transition from gadolinium to lutetium titanate (7, = 480 K). A decrease
in the critical temperature of amorphization means an increase in resistance to radiation damage. From this fact, it was
concluded in [14] that pyrochlores, which are closer to the ideal structure of fluorite, are also more resistant to ion beam
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amorphization. The authors [14] attribute the unusual behavior of T, in a series of titanates not only to a change in RE3"
radius, but also to a change in the nature of the chemical bond, which, as stated, depends on the degree of filling of the
4f electron shell: in gadolinium, it is half filled, and in lutetium it is completely filled. Determination of the enthalpy of
formation of lanthanide titanates and yttrium RE2TisO7 [19] by the measuring of enthalpy of dissolution in oxide melt
showed that with a decrease in the radius of the RE®>" ion, the enthalpy stability of titanates with respect to simple oxides
decreases and correlates with the amorphization temperatures given in [14]. Recently, special attention has been paid to
new materials based on multicomponent solid solutions of oxides for use in extreme conditions, including for the immo-
bilization of radioactive waste, since the introduction of several various cations leads to defects of the crystal lattice that
prevent the accumulation of damage in materials and stop the spread of 1-D defects [20]. An increase in the stability of
such materials is achieved by reducing the Gibbs free energy owing to an increase in the configuration entropy due to an
increase in the number of components of the solid solution. At the same time, varying the number and ratio of components
allows you to control the functional properties of materials, limit grain growth, reduce thermal conductivity due to phonon
scattering, and increase thermal and radiation stability. Traditionally, three- and four-component solid solutions are con-
sidered to be “middle entropy”, and five- and higher — “highentropy” [21]. In [22], the effect of a 3 MeV beam of Au®"
ions on medium- and multicomponent pyrochlores based on gadolinium titanate was studied and it was found that with an
increase in the dose load, the structure of pyrochlore turns into defective fluorite, and then amorphization occurs, and high
entropy pyrochlore (GdDyHoErYb), 5 Ti2O7 showed the minimum tendency to amorphization. Authors concluded that
the greatest influence on depreciation is exerted not by the entropy factor, but by the ratio of the radii of r(RE*")/r(B4T)
cations. The effects of heavy ion beams on the nanocrystalline structures of simple and complex titanates remained out-
side the scope of the studies considered, although nanocrystalline substances are characterized by increased Gibbs energy,
and, therefore, should have a reduced amorphization temperature 7, of relatively well-crystallized oxides, moreover, it
is unknown whether irradiation will lead to amorphization of nanocrystalline matter or, conversely, to recrystallization,
according to at least at the initial stage.

The goal of this study was to develop a method for the synthesis of “high-entropy titanates” for subsequent experi-
ments to study amorphization under the action of a high-energy heavy ion beams conducted within the framework of the
ARIADNA project: applied Research at the NICA complex.

2. Experimental

To carry out such research, it is necessary to determine the optimal method for the synthesis of nanocrystalline
titanates. As is known, during the synthesis of lanthanide zirconates or hafnates by “reverse” deposition followed by
annealing at a high temperature (800 — 1300 °C), a nanoscale fluorite-like phase is formed, and calcination at temperatures
> 1500 °C is required for the complete interaction of the components and the formation of crystalline pyrochlores [17,
23,24]. The method is convenient because it allows you to control the synthesis at all stages — from the synthesis of a
hydroxide precursor of a given composition to the intermediate stages of heat treatment.

The TiOSO4 - xH20O (Sigma-Aldrich 99.99 wt.%), Gd203 (99.998 wt. %), Sm2O3 (99.998 wt. %),
Dy303 (99.998 wt. %) and TbyO3 (99.998 wt. %) LANHIT, Y203 (99.998 wt. %), hydrochloric acid (35 — 38 wt.
% HCI, Os. Ch. qualification) and ammonia solution (25 — 28 wt. % NH4OH) produced by KHIMMED were used
as starting materials for the synthesis of gadolinium titanate-based samples. A simultaneous thermal analysis unit STA
449F1 Jupiter (NETZSCH-Geritebaug GmbH) was used for thermal analysis using the DSC/TG method, and X-ray phase
analysis was performed using a diffractometer D8 Advance (CuKa, A = 1.5418 A, Ni filter, LYNXEYE detector, reflec-
tion geometry) in the angle range 26 = 10° — 80°. The morphology of the samples was studied using a TESCAN AMBER
electron microscope with a Bright Beam non-immersion column and an ultra-high resolution of 1.3 nm at an accelerating
voltage of 1 kV. The data [25] were used to calculate the molar masses of the samples, and average radii of the cations
were estimated using the recommended in [26] values.

3. Results and discussion

Multicomponent oxides based on gadolinium titanate, samarium, terbium and dysprosium, as well as yttrium, were
selected for the research (Table 1), in contrast to the work [22], where additional elements to gadolinium were Dy, Ho,
Er, Yb and Nd. The choice of additional elements in this study, as in [22], is quite arbitrary, however, it must satisfy the
condition 1.46 <r(RE3+)/r(B4+)< 1.78 for the implementation of the Fd3m pyrochlore structure [1]. Low values (<1.46)
are typical for the structural type of defective fluorite Fm3m, and higher values (>1.78) are typical for the monoclinic
perovskite lattice P21.

To carry out the synthesis, titanyl sulfate was dissolved in water, and oxides of rare earths were dissolved in hy-
drochloric acid. The molal concentration of metals in solutions in terms of oxides were determined by the weight method,
precipitating metal hydroxides with an aqueous solution of ammonia, followed by drying and calcination to a tempera-
ture of 1000 °C. The weight method of initial solutions mixing allows you to more accurately obtain the stoichiometric
ratio of metals. (The use of molal concentrations, firstly, is due to the possibility of using more concentrated solutions
due to the fact that the accuracy of weighing significantly exceeds the accuracy of determining volume, and, secondly,
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TABLE 1. Composition of studied specimens, molar mass, middle ionic radius RE3* (CN=8), ratio
of cationic radiir (RE*)/r(B*"), calculated and experimental unit cell parameters of pyrochlore struc-
ture (a) and maximum temperatures of transition in DSC curves

o Molar Mid.dle r(RE13)Y/ Lattice parameter a, A DSC
Composition mass, radius Ti+ tmaxs

g-mol | r(RET3), A r(Ti™) | Calc. from [27] | Experiment | °C

Gd,TizO7 522.2298 1.053 1.74 10.1838(2) 10.185(1) | 838
GdSmTi,O7 515.3398 1.066 1.76 10.2074 10.198(3) | 824
Gdy/3Smy/3Y5,3TioO7 472.0737 1.050 1.74 10.1698 10.169(9) | 813

Gd, /2Sm; /5Y 1 /2Dy1 /2 TiaO7 487.23773 1.044 1.73 10.1607 10.162(7) | 806
Gdy/5Smy5Y5/5Dy2 /5Ty /5 TiaO7 | 494.90628 1.043 1.72 10.1588 10.159(1) | 809

molal concentrations are temperature independent). The prepared solution was added dropwise with intensive stirring to
a concentrated ammonia solution taken in excess. The sediment was washed, centrifuged and dried at 90 °C for 72 hours.
Samples of the obtained substances were studied by DSC/TG analysis to determine the temperature stages of formation
of crystalline pyrochlores from pre-dried hydroxides, Fig. 1.
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Fi1G. 1. DSC/TG curves of dried hydroxide precursors: 1) GdyTixO7, 2) GdSmTiyOr,
3) Gdg/3Smy /3Y 5 /3Ti2O7, 4) Gdy /oSmy /2 Y1 /2Dy1 /2 Ti2O7, 5) Gdg/5Sma /5 Y5 /5Dy2 /5 Tbs /5 TioO7

The common view of the DSC/TG heating curves (Fig. 1) for all 5 samples is similar and can be subdivided into
3 stages: at the first stage of heating (75 — 500 °C), an endothermic effect is observed, which is accompanied by a loss
of mass corresponding to ~ 2.5 — 3 water molecules per mole of the substance. Further heating (the second stage) from
500 to 900 °C is accompanied by dehydroxylation with a loss of ~ 1.5 — 2 HyO, while in the region of 800 — 850 °C
there is a sharp exothermic effect corresponding to the formation of hydroxylated pyrochlore of the probable composition
RE,TizO¢ - 50H, and the temperature of the maximum ¢,,,x of transformation decreases slightly with an increase in the
number of RE-elements (Table 1). The residual hydroxyl group is revealed only at the third stage in the range of ~ 900 —
1000 °C to form compounds of the structural type of pyrochlore RE;TizO7. Unlike the RE;O3-ZrO5 and RE;O3-HfO,
systems, in which, with this synthesis method and these temperatures, a nanoscale metastable phase of the structural type
of disordered fluorite is formed [17,23,24], in the Gd2O3-TiO; system, a fluorite-like phase is not found either in a stable
or metastable state [28]. To determine the sequence of processes occurring during the heating of precursors, samples
of dried precursors were calcinated for 2 hours at 700, 1000 and 1500 °C, and were studied by X-ray diffraction phase
analysis. Fig. 2 shows XRD patterns of the annealed Gd;TioO7 sample. As can be seen, at 700 °C (curve 1), a pattern
typical for the amorphous state of the sample is observed. Calcination of the samples above the component interaction
temperature (1000 °C, curve 2) leads to the formation of a sample of the structural type of pyrochlore, as evidenced by
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the characteristic diffraction reflections 111, 311, 331 and 511. At the same time, the size of the crystallites (according to
the results of the Debye—Scherrer evaluation) is about 35 nm, which corresponds to the range of nanoscales (< 100 nm).
And finally, annealing at 1500 °C (curve 3) leads to a significant change in diffractograms, associated with the formation
of narrower and more pronounced reflexes, which indicates satisfactory crystallization of the sample and on the size of
the crystallites beyond the nanoscale region.
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F1G. 2. XRD patterns of Gd>TioO7 precursor annealed at 1 =700 °C, 2 — 1000 °C, 3 — 1500 °C

Diffraction studies performed for all samples of solid solutions of RE titanates prepared at a temperature of 1000 °C
are shown in Fig. 3. They confirm the formation of single-phase crystalline compounds of the pyrochlore structural
type. It must be note that in the case of multicomponent compounds and solid solutions, it is not possible to use the
Debye—Scherrer approximation to estimate the size of coherent scattering regions due to distortions of the crystal lattice
leading to broadening of diffraction reflections. A comparison of these results with the diffractograms shown in Fig. 4
of samples well crystallized by annealing at 1500 °C indicates a possible nanoscale particle size of specimens obtained
at 1000 °C. It is possible to confirm the size of synthesized samples by conducting scanning electron microscopy (SEM)
studies. Scanning microscopy of the surface of powdered samples annealed at 1000 °C (Fig. 5), even with the maximum
magnification available for these substances of 80,000 does not allow to assess the size of the crystallites due to the
nanoscale state of the samples, whereas after annealing at a temperature of 1500 °C, larger particles (> 100 nm) form a
monolithic (and, probably, gas-tight) surface structure (Fig. 6).
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FI1G. 3. XRD patterns for annealed at 1000 °C RE titanates: 1) Gd;TizO7, 2) GdSmTiyO~,
3) Gda/3Smy/3Y2/3Ti207, 4) Gdy /2Smy /2 Y1 /2Dy1 /2 TiaO7, 5) Gda/5Smy /5 Y2 5Dya /5 Tbs /5 Tiz O7
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FIG. 4. XRD patterns of RE titanates annealed at 1500 °C: 1) GdyTi2O7, 2) GdSmTiyO~,
3) Gd2/38m2/3Y2/3Ti207, 4) Gd1/2Sml/ng/QDyl/gTi207, 5) Gd2/5Sm2/5Y2/5Dy2/5TbQ/5TiQO7

FI1G. 5. Surface morphology of specimens annealed at 1000 °C: a) GdyTi2O7, b) GdSmTiyO~,
¢) Gdz/3Smy/3Y2/3Ti2O7, d) Gdy/2Smy /51 /2Dy;/2Ti2O7, €) Gda/5Smy;5Y2/5Dya/5Thbs /5 TioO7,
x 80 000

4. Conclusions

The sequence of phase transformations during the formation of nanoscale gadolinium titanate based multicomponent
oxides of rare earth elements with a pyrochlore structure was determined as a result of the conducted investigations. The
temperature ranges of separate stages of process of their formation were determined.
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FI1G. 6. Surface morphology of specimens annealed at 1500 °C: a) Gd,Ti2O7, b) GdSmTixO~,
¢) Gdz/35my/3Y2/3Ti207, d) Gd;/2Smy/2Y1/2Dyy/2Ti2O07, €) Gdy/5Smy/5Y2/5Dya/5Tbs /5 TizO7,
%30 000
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ABSTRACT Structural transformations of nanocrystals in the LaPO,~GdPO,—(H>0O) system under hydrother-
mal conditions at 230 °C were studied depending on the duration of isothermal holding (2 hours, 3 days,
and 5 days). It has been shown that a phase with the rhabdophane-like structure, La;_,Gd,.PO4 - nH;O
(0.00< = <1.00), exhibits a weighted average crystallite size of 4—7 nm and crystallizes in the system prior to
hydrothermal treatment. As a result of hydrothermal treatment, samples in the LaPO,—~GdPO,—(H2O) system
are completely transformed into a phase with a monazite structure within five days, with the slowest transfor-
mation observed for gadolinium orthophosphate. It was found that nanoparticles with a rhabdophane structure,
GdPO, - nH->O, possess a single-crystal structure. The thermal analysis data indicated that the samples ob-
tained via the precipitation method contain an X-ray amorphous phase and impurity compounds. The onset
temperature of the structural transformation from rhabdophane to monazite, as well as the number of water
molecules in the rhabdophane-like structure, depends on the chemical composition of the compound, particu-
larly with regard to the isomorphic substitution of lanthanum cations with gadolinium cations.

KEYWORDS solid solution, rhabdophane structure, thermal analysis, structural transformations.
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1. Introduction

Orthophosphates of rare earth elements (REE), represented as REEPOy, include elements ranging from lanthanum to
lutetium, as well as yttrium and scandium. These materials are of significant interest in modern materials science due to
their potential applications in non-carbon energy fields such as catalysis [1-4], immobilization of radioactive waste [5-8],
various types of luminescence [9-13], and thermal barrier coatings [14—17]. Compounds with monazite and xenotime
structures exhibit high chemical and radiation resistance [18-23], a high melting point [24-26], and a diverse chemical
composition [27-31]. In addition to the anhydrous phases with monazite and xenotime structures, REE orthophosphates
can form hydrated structures — rhabdophane and churchite, which are often considered precursor phases to the anhydrous
compounds [32-35]. Compounds with the churchite structure, HREEPO4-2H50, are layered orthophosphates of heavy
rare earth elements (HREE: elements from gadolinium to lutetium and yttrium). In the churchite structure, each layer
comprises a two-dimensional framework of yttrium atoms coordinated to phosphate groups through oxygen atoms, with
water molecules coordinated to the yttrium atoms and located on the outer sides of the layers. The churchite structure
contains two water molecules per formula unit, as confirmed by thermal analysis studies [33,36], and serves as a structural
analogue of gypsum (CaSO4-2H,0) [37,38].

The structure of rhabdophane (REEPO,4 - nH50) is known to contain quasi-one-dimensional channels that include
water molecules. Compounds with the rhabdophane-like structure are typically synthesized in a single step using soft
chemistry methods, such as precipitation [27, 34, 39] and hydrothermal treatment [34,40-43]. Early X-ray structural
analysis indicated that the structure of rhabdophane (REEPO, - nH5O) for REE = La, Ce, and Nd could be described as
having hexagonal symmetry in the space group P6522 (180) [44,45]. However, this description does not account for the
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presence of water molecules within the unit cell. Subsequent analysis [41,46] prompted a revision of the space group
for rhabdophane, changing it from hexagonal P6,22 to monoclinic C2 (5) for the hydrated compound, and to trigonal
P3421 (152) for the anhydrous form [41]. The monoclinic model describing rhabdophane in the space group C?2 contains
channels oriented along the [101] direction, which are formed by the contact between the edges of the REE polyhedra
and POy tetrahedra. This structural description assumes the presence of channels within the unit cell, rather than at
the boundaries, as indicated by the hexagonal model. The determined values for the number of water molecules in the
rhabdophane structure (C2) are n=2/3~0.67 or n =1/2~0.50 per formula unit of the compound, and the crystal chemical
structure resembles CaSO,4-0.5H20 [47]. It should be noted separately that refining the number of water molecules in
the rhabdophane structure using electron diffraction does not yield exact answers regarding their quantity, positional
occupancy, or atomic coordinates.

Electron single-crystal diffraction data for a single crystal of DyPO4 - nH2O with the rhabdophane-like structure
indicate that the hydrated structure can be described using a trigonal lattice of space group P3121, exhibiting an effective
doubling of the unit cell compared to the original Mooney description in [44,45]. Moreover, there is a significant shift
in the ion positions within the unit cell [48]. In the work [41], it is suggested that the channel size of the rhabdophane
structure depends on the ionic radius of the rare earth element (REE) and affects the amount of structurally bound water:
the smaller the ionic radius, the lower the unit cell volume and, consequently, the lower the water content in the structure.
Additionally, the role of water in stabilizing the rhabdophane structure is discussed, with the assumption that water present
in the channels helps stabilize the structure; its loss can lead to a monotropic transition to the monazite structure [42,49].
A primary challenge in describing the structure of rhabdophane arises from the water molecules that are part of the
compound; these molecules are not easily localized within the unit cell, and their locations can vary randomly among
several equivalent positions in the structure [48].

One of the approaches for quantitatively describing the water content in the rhabdophane structure involves thermal
analysis methods such as DTA/DSC/TG. Despite the uncertainties inherent in thermal analysis data — such as the su-
perposition of various stages of mass loss, thermal effects associated with the removal of adsorbed water or water from
structural channels, and the decomposition of reaction by-products and surfactants [S0-53], these methods are widely
applicable in the study of hydrated compounds [33,42,54,55]. Data on the thermal behavior of the rhabdophane structure
are presented in references [42,53,56,57] and pertain to the determination of the thermodynamic characteristics of indi-
vidual compounds, with less frequent studies on phases of variable composition [43,46]. Furthermore, investigating the
rhabdophane structure with variable composition could contribute to developing a unified concept of “the role of water
in hydrated compounds with the rhabdophane-like structure”, which would be valuable for the creation of new functional
materials.

To obtain hydrated phases and investigate the phase formation of complex oxide systems, various soft chemistry
approaches are employed [58]. This group of methods enables phase formation processes to occur at relatively low
temperatures, making it particularly applicable to hydrated compounds and often utilized for the synthesis of nanomateri-
als [59-61].

As a result, the present work aims to study the formation process of nanocrystalline orthophosphates with variable
composition in the LaPO4,~GdPO4—H50 system using soft chemistry methods. Additionally, it seeks to examine the
thermal behavior of the resulting compounds composed of nanocrystalline particles with a rhabdophane-like structure.

2. Materials and methods

For the synthesis of La; _,Gd, PO, - (nH20) samples (z=0.00, 0.20, 0.50, 0.75, 0.85, 1.00), hexahydrate nitrates of
rare earth elements (chemically pure) and ammonium dihydrogen phosphate (chemically pure) were used. Precipitation
was carried out by adding an aqueous solution of NH4H5PO, to an aqueous solution of REE nitrates while continuously
stirring at a temperature of 25+5 °C. The resulting white suspension with a pH of 1 was stirred for 15 minutes.

For synthesis under hydrothermal conditions, the suspension obtained by precipitation was placed in a Teflon ampoule
of a laboratory autoclave (fill factor 0.7) and treated hydrothermally at 230 °C and ~10 MPa, with isothermal holding
times of 2 hours, 3 days, and 5 days.

All samples obtained were washed with distilled water until a pH of 7 was achieved, precipitated by centrifugation
(10,000 rpm), dried at 75-80 °C for 24 hours, and milled in an agate mortar.

SEM images and elemental composition of the samples were obtained using a Tescan Vega 3 SBH scanning electron
microscope (Tescan, Czech Republic) equipped with an Oxford Instruments INCA x-act attachment (Oxford Instruments,
UK). The images of the samples were recorded using secondary electron detectors. Composition analysis was performed
on 4-5 different areas, averaging the obtained values.

The study of the crystal structure and microstructure of the samples was conducted using transmission electron mi-
croscopy (TEM) on a JEM-2100F microscope (JEOL Ltd., Akishima, Tokyo, Japan) operating at an accelerating voltage
of 200 kV.

Diffraction studies were carried out using a DRON-8N X-ray powder diffractometer (Bourevestnik, JSC, Russia)
under Bragg-Brentano geometry conditions and an X-ray tube with a copper anode (K, doublet) equipped with Goebel
parabolic mirrors at the primary beam output. Data collection was performed for the Bragg angle (26) ranging from 10 to
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90° with a step of 0.01° in exposure mode with a shutter speed of 7 s. Phase analysis of the samples was conducted using
PDF-2 and CCDC databases. Full-profile phase analysis was performed using SmartLab Studio II v4.4.241.0 software
(Rigaku Corporation, Japan) using the Rietveld method [62]. The weighted average values of crystallite sizes were
calculated in accordance with the lognormal distribution law for non-overlapping reflections of each phase: reflection
200 was used for the phase with the monazite-like structure and reflection 111 for the phase with the rthabdophane-like
structure.

Differential thermal analysis and thermogravimetry (DTA/TG) was performed using a Shimadzu DTG-60 (Shimadzu,
Japan) with a heating rate of 10 °C/min in air. The first part of the experiment was conducted on all La; _,Gd, PO, -nH;0
samples (2=0.00, 0.20, 0.50, 0.75, 0.85, 1.00) obtained by precipitation, covering a temperature range from 25 to 1000 °C.

In the second part, the samples underwent preliminary heat treatment in a muffle furnace at the same heating rate: for
3 minutes at 300 °C for the LaPO, - nHyO sample and for 10 minutes at 400 °C for the GdPO, - nH>O sample. After
isothermal holding, the samples were removed from the furnace, allowed to cool spontaneously to room temperature,
ground again in an agate mortar, and then examined by X-ray diffraction to determine the phase composition. Following
this procedure, DTA/TG of the samples was conducted at a heating rate of 10 °C/min in dynamic mode over the range
from 25 to 1000 °C, as well as in quasi-static mode from 25 to 500 °C. The temperature steps for the quasi-isothermal
mode were chosen to initiate the dehydration of the rhabdophane-like structure at each temperature step.

3. Results and discussion
3.1. Phase formation in LaPOQ,~GdPO,—H-O system

Based on the results of energy dispersive X-ray, the ratio (La + Gd) : P was found to be approximately 1:1, which
corresponds to the stoichiometry of REE orthophosphate. The experimentally determined molar fraction of gadolinium
orthophosphate () in the compound La; _,Gd,PO4-(nH20) is used to designate the samples. The results of the elemental
analysis, which reflect the content of GdPO, in the system, are presented in Table S1.

The X-ray diffraction patterns of the samples obtained via the precipitation method are shown in Fig. 1. All samples
crystallize in the rhabdophane-like structure (space group C2). The X-ray diffraction patterns for the samples produced
using hydrothermal treatment are presented in figs. S1-S3 in the Supplementary Materials. The results of quantitative
phase analysis for samples synthesized under hydrothermal conditions for 2 hours and 3 days are shown in Fig. 2. After
2 hours of isothermal holding in the hydrothermal fluid, the phase with the rhabdophane-like structure was completely
transformed into the monazite-like structure for the sample with =0.00 (Fig. 2a). Samples containing 0.20 to 0.75 mol. fr.
of GdPO4 transformed into the monazite phase more slowly and exhibited a mixture of phases with both monazite-like and
rhabdophane-like structures. In contrast, samples x=0.85 and z=1.00 retained the rhabdophane structure. As illustrated
in Fig. 2b, increasing the isothermal holding time to three days results in the formation of a wide homogeneity region of
the monazite-like structure based on La; _,Gd, POy, for = from 0.00 to 0.85. Only gadolinium orthophosphate (x=1.00)
contains approximately 19% of the monazite phase. After five days of isothermal holding, all samples crystallized in the
monazite phase.

Fig. 3 illustrates the dependencies of the unit cell volumes of the phases with monazite and rhabdophane structures,
normalized to one formula unit (V/z), for samples obtained through precipitation and hydrothermal treatment. In the
samples obtained via the precipitation method, a phase of variable composition with the rhabdophane-like structure forms
across the entire concentration range (Fig. 3a). As shown in Fig. 3b, after hydrothermal treatment for 2 hours, two solid
solutions: one with the rhabdophane-like structure and another with the monazite-like structure are observed in the system.
Notably, the transformation from the rhabdophane structure to the monazite structure appears to occur without changing
the cation ratio, as indicated by the linear dependence of the V/z parameter for the rhabdophane structure on composition.
The absence of data for the monazite structure in the sample x=0.75 in Fig. 3b is attributed to the small amount of the
monazite phase, which are less than 5% and makes it impossible to determine the precise parameters of the unit cell. After
hydrothermal treatment for 3 and 5 days (Fig. 3c,d), the chemical composition of the monazite-like phase are the same,
indicating complete isomorphic substitution of cations in the LaPO4—GdPO4—(H20) system.

The dependences of the weighted average value of crystallite sizes on the composition are shown in Fig. 4 for the
samples obtained by precipitation and hydrothermal treatment with different durations of isothermal holding. The pre-
cipitation method was used to obtain nanocrystalline powders with an average value of crystallite sizes of 4—7 nm for
La;_,Gd, PO, - nH50 (2=0.00-1.00) with a rhabdophane-like structure (Fig. 4a). As shown in Fig.4b, during the struc-
tural transformation in a hydrothermal fluid after 2hours of isothermal holding, the weighted average values of the crys-
tallite sizes of the monazite structure are about 15 nm and coincide with the weighted average values of the crystallite
sizes of the rhabdophane structure in the two-phase region (x=0.20-0.50). In the La;_,Gd PO, - nH20 (2=0.20-1.00)
samples, a close to exponential nature of the dependence of the weighted average value of the crystallite sizes of the
rhabdophane structure on the concentration of GdPO, in the LaPO4—~GdPO4—H50O system is noted. A similar depen-
dence D(z) was determined in the work devoted to the LaPO4~YPO4—H5O system [34]. Thus, the substitution of La®t
((C.N.=9) 1.216 A) in orthophosphate for REE with a smaller ionic radius Y>* ((C.N.=9) 1.075 A) or Gd** ((C.N.=9)
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1.107 A), leads to a slowdown in the rhabdophane — monazite structural transformation and to an increase in the crystal-
lite sizes of the rhabdophane structure due to recrystallization in a hydrothermal fluid. As shown in Fig. 4c, the weighted
average value of the crystallite sizes of the monazite structure after 3 days of isothermal holding varies from 19£10 nm
for the £=0.00 sample to 145410 nm for the z=1.00 sample. The weighted average value of the crystallite sizes of the
rhabdophane structure in the sample x=1.00 is about 100 nm, which is slightly lower than the value for the monazite
structure in the same sample. This effect is probably associated with the process of transformation of the phase with the
rhabdophane structure into the phase with the monazite structure, when the increase in the crystallite sizes is caused by the
slow rate of structural transformation compared to the samples 0.00< 2 <0.85. The data on the weighted average values
of the crystallite sizes of the samples with the monazite structure obtained after 5 days of isothermal holding are shown
in Fig. 4d, which, within the error, coincide with the crystallite sizes obtained after 3 days of hydrothermal treatment; the
nature of the D(x) dependence remains close to exponential.

Fig. 5 shows images of nanoparticles with the composition z=1.00 obtained by precipitation followed by heat treat-
ment for 5 minutes at 400 °C (Fig. 5a-c) and after hydrothermal treatment for 2 hours (Fig. 5d-f). Their electron diffraction
patterns are shown in Fig. 5g,h. The nanoparticles with the rhabdophane-like structure exhibit a quasi-one-dimensional
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F1G. 3. Dependences of the unit cell volumes, normalized to one formula unit (V/z), on the compo-
sition of the system for phases with rhabdophane-like and monazite-like structures are presented as
follows: a) precipitation, b) hydrothermal treatment for 2 hours, c¢) hydrothermal treatment for 3 days,
d) hydrothermal treatment for 5 days

morphology. The average thickness of nanoparticles obtained by precipitation is 9+2 nm, while after hydrothermal treat-
ment, it is 40+£12 nm. The average thickness of nanoparticles in the samples correlates well with the weighted average
values of crystallite sizes (Fig. 4a,b): D=6%2 nm and D=55+35 nm for the samples before and after hydrothermal
treatment, respectively. The dark-field TEM images (Fig. Sb,e) indicate that the nanoparticles of the samples possess a
single-crystal structure, meeting the Bragg reflection condition. Therefore, it can be concluded that the rhabdophane-like
particles are single crystals. The high-resolution TEM images (Fig. 5c,f) display the average interplanar distances (d),
which coincide within the margin of error with the X-ray diffraction data and are associated with the rhabdophane-like
structure (space group C2 [41,46]). According to the electron diffraction data, the interplanar distances for the samples
with x = 1.00, obtained via the deposition method (Fig. 5g) and after hydrothermal treatment (Fig. Sh), differ slightly: the
interplanar distances in the sample obtained by deposition followed by heat treatment for 5 minutes at 400 °C are smaller
than those in the sample obtained after hydrothermal treatment. Since both samples crystallize in the same rhabdophane-
like structure, the difference in d values may be attributed to the varying water content in the structure.

3.2. DTA/TG studies of samples obtained by precipitation method

Fig. 6a-f presents the DTA/TG data for the entire series of samples with z=0.00—1.00 obtained via the precipitation
method. Based on changes in the slope of the tangent to the TG curve, four steps of mass loss associated with the removal
of water from the samples were identified: the zero step from 25 °C to approximately 125 °C is p presumably related to
the removal of water from the surface of the nanoparticles (adsorbed water), while the first, second, and third steps are
associated with the removal of water from the rhabdophane-like structure. An analysis of the obtained data is presented in
Table S2 and Fig. 7a,b as a function of the number of water molecules (n) in the rhabdophane structure per formula unit
of the compound, as well as a dependence of the temperatures at which mass loss begins for steps 1-3 on the composition
of the compound, expressed in ionic radii of the 9-coordinated REE®*" ion. The studied samples can be divided into two



786

M. O. Enikeeva, K. A. Zhidomorova, D. P. Danilovich, et al.

€ Monazite
a) R b) ® Rhabdophane
SEL 200
175
204 150
15 125
i £
= < 100-
[a) Q
B D S U O S B
50
s] | | IT ]
254
0 T T T T ! 0 T T T T T
0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0
LaPO, X GdPO, LaPO, X GdPO,
¢ Monazite d # Menzzite
C) ® Rhabdophane 200 )
200
175 4 1751
150 1504
125 1254
S £
€ 100 § 1001
Q Q
754 75 4
50 4 50 1
251 25§
0 : ) J 4 , . T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
LaPO, i GdPQO, LaPO, X GdPO,

FI1G. 4. Dependences of the weighted average crystallite sizes on the composition of the system for
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groups: those obtained by precipitation without heat treatment [27,43,53,63,64] and those obtained using hydrothermal
methods [42,43, 65,66]. The mass loss for the La; _,Gd,PO,4 - nH50 x=0.00-1.00 samples is approximately 10%. The
temperature at which the first stage of mass loss begins is close to 125 °C for all samples, and the number of water
molecules leaving the channels of the structure at this stage varies from 0.16 to 0.29, depending on the composition of the
compound. It is worth noting that accurately determining the temperature at which the first stage begins is challenging
due to the superposition of endothermic effects in the range from 25 °C to ~200 °C.

The second step of mass loss is the most clearly distinguished for all samples, which is also evident in the samples
obtained under hydrothermal conditions [40,42,43,65]. The temperature at the onset of the second step shows a linear
dependence on the composition of the compound, increasing from approximately 160 °C for sample x=1.00 to approx-
imately 200 °C for sample x=0.00 (Fig. 7b). During the second step, approximately n=0.47 molecule of water leaves
channels of the structure. Moreover, analysis of data [42] obtained for individual REE orthophosphates with the rhabdo-
phane structure demonstrates a close match between the value of n~0.47 molecule H»O at the second step of mass loss
and the literature data.

The third stage of mass loss in all compounds corresponds to an exothermic effect on the DTA curve. It appears that,
during this step, in addition to the removal of water from the rhabdophane-like structure, the decomposition of impurity
compounds (for example, hydroxides) and the crystallization of the X-ray amorphous phase occur. The temperature
at the onset of the third step of mass loss is related to the second step and follows a linear dependence, exhibiting
lower values when LaPOy is replaced with GdPO4. Based on these data, it was determined that the water content in
the rhabdophane-like structure for samples obtained by precipitation depends on the composition of the compounds and
decreases with a reduction in the ionic radius of the REE. The TG curves show a distinguishable third step [27,43,51,63,
64], associated with the removal of water from the rhabdophane-like structure, in contrast to the samples obtained through
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FI1G. 5. Bright-field, dark-field, and high-resolution TEM images of the 2=1.00 samples are presented
as follows: (a—c) samples obtained by the precipitation, (d—f) samples obtained under hydrothermal
conditions for 2 hours, (g) electron diffraction of the x=1.00 sample obtained by the precipitation, and
(h) electron diffraction of the x=1.00 sample obtained under hydrothermal conditions for 2 hours

hydrothermal treatment. The onset temperature of the exothermic effect, occurring at 7>600 °C, is connected to the
transition of the rhabdophane-like phase to the monazite-like phase. As lanthanum phosphate is substituted by gadolinium
phosphate in the solid solution series La; _,Gd, PO, - nH»0O, the onset transformation temperature increases from 601 °C
to 733 °C, indicating that the thermal stability of GAPO, - nH5O with the rhabdophane-like structure is greater than that of
LaPOy4 - nHO. A similar dependence of the transformation temperature on ionic radius in the rhabdophane-like structure
is noted in references [42,43].

The results of the TG study of samples £=0.00 and x=1.00, which were calcined at 300—400 °C for 5 minutes, in
both dynamic and quasi-isothermal modes, are shown in Fig. 6a,b. Three steps of mass loss are evident on the TG curves
obtained under dynamic heating conditions. At the first stage, n~0.20 water molecules per formula unit are lost for both
samples; at the second stage, n~0.30 water molecules are lost. These values are slightly lower than those for the samples
without heat treatment (Table S2), which is likely due to the absence of impurity compounds in the heat-treated samples.
The third step of mass loss in samples £=0.00 and x=1.00 differs slightly. In this regard, the boundary between the second
and third steps for sample x=1.00 (Fig. 8b) is more distinctly defined than for sample x=0.00 (Fig. 8a). The number of
water molecules released from the rhabdophane-like structure during the heating process in the third stage varies between
the two compounds: n=0.35 for lanthanum orthophosphate (Fig. 8a) and n=0.21 for gadolinium orthophosphate (Fig. 8b).
The total amount of water in the rhabdophane structure is n=0.88 for LaPO, - nH2O and n=0.72 for GAPO4 - nH2O, which
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composition

correlates with the trend presented in Table S2, a decrease in the ionic radius of the REE leads to a reduction in the amount
of water in the structure for samples obtained by the precipitation method.

Quasi-isothermal Quasi-isothermal
a) —— Dynamic b) —— Dynamic

n=0.35

n=0.21

200 400 600 800 1000 2(I)0 4(|)0 6(|)0 8(IJO 10|00
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F1G. 8. DTA/TG data obtained in quasi-isothermal and dynamic modes for samples: a) =0.00, b) x=1.00

When studying the samples with the rhabdophane-like structure at £=0.00 and x=1.00 in quasi-isothermal mode, it
was found that isothermal holding at 200 °C for the x=0.00 sample and at 160 °C for the =1.00 sample results in a sharp
mass loss. This mass loss, when recalculated for the formula unit of the compounds, is approximately 0.30 molecule of
water. After this loss, the mass of the samples reaches a plateau. The obtained values are in good agreement with data
from the dynamic mode. Subsequently, the samples were continuously heated to the temperature at which the third step
of mass loss begins (Table S2): T'=260 °C for the x=0.00 sample and 7'=210 °C for the x=1.00 sample. Increasing the
temperature at a constant rate to these specified values results in a decrease in the mass of the samples with the structure
of rhabdophane-like, while quasi-isothermal holding at the same temperatures does not affect the mass change. Further
heating of the samples to 500 °C after the isothermal stage (7'=260 °C for the £=0.00 sample and T' =210 °C for the
2=1.00) is characterized by a mass loss.

These observations indicate that the third step of mass loss is initiated by an increase in sample temperature and is
associated with the characteristics of the chemical bonding of water molecules in the rhabdophane structure. The number
of water molecules lost per formula unit during the third step is n=0.24 for the =0.00 sample and n=0.17 for the x=1.00
sample. According to the quasi-isothermal TG mode, the total number of water molecules in the rhabdophane structure
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for LaPO, - nH20 and GdPOy - nH50 is n=0.72 and n=0.62, respectively. These values are lower than those determined
in the dynamic heating mode, likely due to incomplete removal of water from the rhabdophane structure, as the water
removal process can extend up to 600-650 °C.

Based on the data obtained from DTA/TG and TEM, it can be inferred that the samples with the rhabdophane-like
structure synthesized by precipitation may contain a different number of water molecules compared to those synthesized
under hydrothermal conditions. This inference is supported by the distinct shapes of the TG curves for the samples
before and after hydrothermal treatment. For the samples obtained through precipitation, at least three stages of mass loss
were identified, which are associated with the removal of water molecules from the channels of structure. In contrast,
compounds with the rhabdophane structure that were synthesized under hydrothermal conditions primarily exhibit two
stages of mass loss. The first of these stages corresponds to the loss of adsorbed water on the surface of nanoparticles. As
mentioned earlier, the samples with the rhabdophane-like structure, LaPO, - nH20O and GdPO, - nH5O, obtained via the
precipitation method can contain at least 0.62 water molecules per formula unit (excluding the adsorbed water), whereas
the hydrothermally synthesized samples contain approximately 0.48—0.50 water molecules (also excluding surface-bound
water). Additionally, TEM studies reveal slight differences in interplanar distances for GAPO, - nH2O samples obtained
by the precipitation method compared to those subjected to hydrothermal treatment. This difference may be related to
structural rearrangements caused by the varying amounts of water incorporated within the structure.

4. Conclusion

It is demonstrated that a continuous series of La;_,Gd,PO4 - nH20 (0.00< 2 <1.00) solid solutions with a
rhabdophane-like structure and crystallite sizes ranging from 4 to 7 nm can be synthesized by precipitation in the LaPO4—
GdPO4-H>0 system. According to TEM data, the average thickness of nanoparticles with the rhabdophane structure
for the sample with x=1.00 correlates well with the weighted average crystallite sizes obtained both before and after
hydrothermal treatment, indicating that these particles exhibit a single-crystal structure.

After hydrothermal treatment at 230 °C for 2 hours, phases containing both monazite-like and rhabdophane-like struc-
tures are formed within the system. In the two-phase region of phase coexistence (0.20< x <0.75), the weighted average
values of the crystallite sizes and the chemical compositions of both phases are found to be consistent. It is noteworthy
that the structural transformation occurs more slowly for compounds with a higher GAPO,4 content. The transformation
from the rhabdophane phase to the monazite phase in the LaPO4~GdPO4—H50O system occurs under hydrothermal con-
ditions at 230 °C over a period of 5 days of isothermal holding. DTA/TG indicates that the samples obtained through the
precipitation method contain approximately 1.5% of an X-ray amorphous phase along with impurity compounds.

Furthermore, it is shown that the onset temperature for the structural transformation from rhabdophane to monazite,
as well as the onset temperature for each stage of mass loss (dehydration of the rhabdophane structure), and the number of
water molecules in the rhabdophane-like structure, are dependent on the chemical composition of the compound. Notably,
the thermal stability of GAPO, - nH2O with the rhabdophane structure is higher than that of LaPO,4 - nHyO (~733 °C
versus ~601 °C). However, the onset temperature for the dehydration of GdPO, - nH2O at the second stage of mass loss
is lower than that of LaPOy - nH20 (~160 °C versus ~200 °C), and the number of water molecules per formula unit is
greater in LaPO, - nH5O (n=0.72) than in GdPO, - nH20 (n=0.62).
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ABSTRACT High phase pure (CdO);_.,(Mn3Oy), (z = 0.0/0.25/0.50/0.75/1.0) nanocrystals (including multi-
phased nanocomposites) were prepared by using a simple microwave-assisted solvothermal method, and
characterized structurally, chemically, optically and electrically by carrying out X-ray diffraction, electron mi-
croscopic (SEM/TEM), energy dispersive X-ray absorption spectral, optical (UV-Vis) absorption spectral and
AC electrical (at various temperatures and frequencies) measurements. Samples prepared exhibit crystalline
nature, high chemical purity, nearly uniform spherical morphology, considerable particle sizes (within 47 nm),
higher optical band gap energies (4.0 — 5.3 eV) and normal dielectric behavior. Studies were made to under-
stand their capability in photocatalytic degradation (evaluated using Methylene Blue (MB) dye under UV-visible
irradiation) and antimicrobial activity against gram positive Bacillus Subtilis (BS), gram negative Escherichia
Coli (EC) and fungal Candida Albicans (CA). Results indicate a higher photocatalytic degradation with MB dye
for the three multi-phased (CdO);_,(Mn30,), nanocomposites (with x = 0.25/0.50/0.75) prepared (with light
of wavelength around 665 nm), and a higher antimicrobial activity with the bacteria (BS and EC) than with the
fungus (CA); however, the phase pure Mn3O,4 (with 2z = 1.0) nanocrystal has been found to be more active with
all the three microbes considered.

KEYWORDS transition metal oxides nanocomposites, microwave-assisted solvothermal method, physicochem-
ical properties, photocatalytic degradation, antimicrobial activity
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1. Introduction

Mn is a complex (but interesting) transition metal that may exist in a variety of oxidation states and can create a
variety of oxides (including MnO, Mn,O3, Mn3O4 and MnOs), which have a wide range of engineering applications.
Cadmium oxide, crystallizing in a cubic rocksalt lattice (with anion centers and octahedral cation), due to its propensity
to develop fault structures brought on by anion vacancies, it is uncommon in that it can be found in a variety of hues. The
transition metal oxides (TMOs) such as cadmium oxide (CdO) and trimanganese tetraoxide (Mn30,4) have been found to
be very interesting and highly useful in many applications when they are in nanocrystalline state. The CdO and Mn3Oy4
nanocrystals (nanoparticles) have been prepared in several ways with different morphologies; the crystallite (particle) size
depends on the methods of preparation [1].

Nanocrystalline CdO (brown in color, an n-type semiconductor) has low electrical resistivity, high mobility and large
refractive index, and has wide range of applications in cadmium plating baths, solar cells, electrodes for storage batteries,
etc; also, it shows interesting photocatalytic degradation with methylene blue (MB) dye and antimicrobial activity [2-7].
There are several methods to prepare CdO nanoparticlessuch as solvothermal method, chemical method, hydrothermal
method, sonochemical method, electrochemical method, microwave combustion method, thermal evaporation method,
etc.; and they have been found to have excellent morphologies like nanocubes, nanoclusters, rhombus, nanowires, nan-
otubes and nanorods [1-7].

Somasundaram et al. [5] have recently reported the hydrothermal synthesis of cubic CdO nanocrystals with crystallite
size of about 40 nm. Christuraj et al. [6] have reported the prepartion of pure and Mn doped CdO nanoparticles, calcined
at 400 °C by co-precipitation method. Very recently, Alaa Munshi ef al. [8] have reported their comparative investigation
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of physicochemical properties of CdO nanoparticles synthesized utilizing urea-assisted auto-combustion and microwave
combustion methods. They have found the phase and crystallite size of CdO nanoparticles modified, indicating the
influence of heat treatment (at 350 °C) and synthesis procedure.

Nanocrystalline Mn3Oy4 (having higher potential than MnO) is a mixed oxide possessing high capacity, low toxicity,
low current density and large surface area; and its spinel structure has Mn?>* and Mn®" ions occupying the tetrahedral
and octahedral sites respectively [9, 10]. Mn3O,4 nanoparticles prepared by microwave assisted method have excellent
performance as supercapacitors [11]. Atique Ullah et al. [12] have successfully synthesized Mn3O4 nanoparticles and
studied the degradation of MB dye using it. Rafi Shaik et al. [13] have obtained the antimicrobial activity against cancer
cells using Mn30, nanoparticles. Kalaiselvan ef al. [14] have shown that the difference in particle sizes has considerable
impact on toxicity, magnetic anisotropy constant and other cubic spinel structure properties, which are the main factors for
biomedical applications. Tiny nanoparticles have peculiar physical and chemical properties than their bulk counterparts;
and many emerging technologies (including solar energy conversion, optical devices, optical imaging and biomedical
detection and therapy) need hybrid nanomaterials with improved optical and electronic properties [15]. Moreover, multi-
phased nanocomposites reveal some interesting charactreistics than mono-phased nanomaterials; CdCO3-Mn30, [15],
Zn0/Iny03 [16], ZnO/CdO/CeO4 [17] and Mn304/Zn0O/Euy03 [18] are examples. Sundar et al. [19] have prepared the
two-component Zn,Cd; _,O (with 2 = 0.0/0.2/0.4/0.6/0.8/1.0) nanocrystals by the microwave-assisted solvothermal
technique (using a domestic microwave oven) and found that the optical bandgap energy changes from 2.24 — 3.06 eV
when z is changed from 0.0 to 1.0; the phase purity occurred after annealing the as-prepared samples at 450 °C for 30 min.
Nallendran et al. [20] have reported the photoconductive and photocatalytic properties of CdO-NiO nanocomposites
synthesized by a cost-effective chemical method.

As nanocrystalline CdO and Mn3O,4 are found to be very interesting, in order to discover new materials, an attempt
has been made to prepare (by using the simple microwave-assisted solvothermal procedure, and easily available chemicals
as precursors and solvent) and characterize (by determining their physicochemical properties using the available standard
techniques) the two-component CdO-Mn3zOy (in different compositions) nanocrystals. As CdO and Mn3Oy4 are not iso-
morphous systems, it may not be possible for us to get lattice mixing sufficiently for the formation of mono-phased solid
solutions with them. However, it is already known that creating a multi-component nanocomposite, whether it be mono
or multi-phased, may result in the development of novel, intriguing features.

Earlier, Deepa and Mahadevan [21] have attempted to prepare the (CdCO3)g.5(Mn3Q0y4)g.5 nanocomposite (using cad-
mium acetate, manganese acetate and urea as the precursors, and ethylene glycol as the solvent) by a simple microwave-
assisted solvothermal method using a domestic microwave oven; they found that the as-prepared sample (understood as
CdCO3-Mn30,) has to be annealed at 300 °C to get the nanocomposite (two-phased) with higher phase purity, reduced
crystallite size and homogeneity. Later, the same authors [15] have reported the synthesis and properties of un-doped and
§2- doped (CdCO3);—,(MnzOy4), nanocomposites (with z = 0.0, 0.25, 0.50, 0.75 and 1.0); the results of their thermal
analysis have shown that when the as-prepared samples are annealed at more than 600 °C, two-phased nanocomposites
(solid solutions) of (CdO);_,(Mn30,), (with z = 0.0, 0.25, 0.50, 0.75 and 1.0) can be prepared with high phase pu-
rity. So, in the present study, the (CdO);_,(Mn3Oy), (with x = 0.0, 0.25, 0.50, 0.75 and 1.0) nanocrystals (including
multi-phased nanocomposites) were prepared by following the method adopted by Deepa and Mahadevan [15] along with
annealing the prepared (As-prepared) samples at 650 °C, and then characterized structurally, chemically, optically and
electrically. Moreover, photocatalytic degradation (evaluated using MB dye under UV-visible light irradiation) and an-
timicrobial activity (against gram positive Bacillus Subtilis, gram negative Escherichia Coli and fungus Candida Albicans)
have been studied for the As-prepared (un-annealed) and annealed samples. The details are reported herein.

2. Experimental techniques
2.1. Materials

Analytical reagent (AR) grade precursors used in the present study arecadmium acetate dihydrate
((CH3CO0O0),Cd-2H20), manganese acetate tetrahydrate ((CHzCOO)2Mn-4H20) and urea (CH4N2O); the solvent uti-
lized was ethylene glycol. All the chemicals considered have beenused without any further purification.

2.2. Sample preparation

Method adopted by Deepa and Mahadevan [15] was used (along with annealing at 650 °C) to synthesise the proposed
(CdO)1_,(Mn304), (with z = 0.0, 0.25, 0.50, 0.75 and 1.0) nanocrystals (a total of 5 samples). To create homogeneous
solution, appropriate composition (x) of cadmium acetate dihydrate and manganese acetate tetrahydrate was dissolved
in ethylene glycol (in a beaker); this solution was combined in a 1:3 molal ratio with urea and dissolved for 30 minutes
with slight heating and strong stirring. The above solution (taken in a borosil bowl with lid) was microwave irradiated for
about 15 — 20 min (till the formation of a colloidal precipitate) utilizing a domestic microwave oven (with 800 W power
and 2.45 GHz frequency).

The resultant colloidal precipitate was cooled, washed with acetone three times, and then several times with double
distilled water to eliminate any remaining organic contaminates, if any. This washed precipitate was filtered with whatman
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filter paper and dried in open air atmosphere to get the As-prepared (un-annealed) sample. Finally, the five un-annealed
samples obtained were annealed at 650 °C for 2 hin a muffle furnace to obtain the proposed (CdO); _,(Mn3Oy), (with
z = 0.0, 0.25, 0.50, 0.75 and 1.0) nanocrystals. By using 2 ton hydraulic pressure, disk shaped pellets of 13 mm diameter
(that were needed for some characterization investigations) were created from the powder samples.

The proposed powder samples prepared can be stored for a long time in self-locked covers. Fig. 1(a) shows a photo-
graph of the five powder samples prepared [Al (z = 0.0, CdO), A2 (z = 0.25, (CdO)y.75(Mn3O0y4)g.25),
A3 (x = 0.5, (CdO)p.5(Mn304)9.5), Ad (z = 0.75, (CdO)(.25(Mn304)¢.75) and AS (x = 1.0, Mn3Oy4]. The As-prepared
samples are represented here as U1, U2, U3, U4 and US5, respectively. The color of the As-prepared samples have been
found to be intensified on annealing at 650 °C.
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F1G. 1. A photograph showing the proposed powder samples prepared (a); The XRD patterns ob-
served for the (CdO);_,(Mn3Oy,), nanocrystals prepared (b); The EDX spectra observed for the
(CdO); —,(Mn30y4), nanocrystals prepared (c)
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2.3. Characterization

All the five (CdO);_,(Mn3Oy4), nanocrystals (A1, A2, A3, A4 and AS) prepared were characterized by determining
their physicochemical properties using the available standard techniques. X-ray diffraction (XRD) patterns were made
for all the five nanocrystals prepared using an XPERT-PRO X-ray diffractometer with monochromated CuKa (A =
1.54060 A) radiation in the 26 range of 20 — 80°, with a scan speed of 2 °/min.

Scanning electron microscopic (SEM) images and energy dispersive X-ray absorption (EDX) spectra were recorded
for all the five nanocrystals prepared using a JEOL SEM model, JISM5600LV scanning electron microscope with EDX
attachment. Transmission electron microscopic (TEM) images were obtained for all the five nanocrystals prepared by
using a JEOL 2011 transmission electron microscope, operating with a voltage of 200 kV; small area electron diffraction
(SAED) pattern was also recorded for the sample A3.

The UV-V is (optical) absorption spectrum were captured in the wavelength range of 200 — 800 nm using a PerkinElmer
UV-visible spectrophotometer (Lambda 35). The dielectric mesurements were carried out (within £2 % accuracy) by the
parallel plate capacitor method [15] on pelletised samples using an LCR meter (Agilent 4284 A) with five various applied
field frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz), and at twelve various temperatures between 40 — 150 °C
(in step of 10 °C).

In order to understand the application potential of the samples prepared, evaluation of photocatalytic degradation
(using MB dye under UV-visible light irradiation, with Xenon lamp) and antimicrobial activity against Bacillus Subtilis
(+ive), Escherichia Coli (—ive) and Candida Albicans (fungal) was carried out for all the five annealed samples (CdO—
Mn3Oy4). The study has been extended to three un-annealed samples (CdCO3—Mn3O4 nanocomposites) also: U2 (z =
0.25, (CdCO3)0.75(Mn304)9.25), U3 (x = 0.5, (CdCO3)0.5(Mn304)g.5) and U4 (z = 0.75, (CdCO3)g.25(Mn304)g.75).

3. Results and discussion
3.1. XRD analysis

Figure 1(b) displays the indexed XRD measurements observed for the (CdO);_,(Mn3Oy,), nanocrystals (Al, A2,
A3, A4 and A5) prepared. All the five patterns contain no peaks related to any impurity (other than peaks related to CdO
and Mn30,), which confirms the high phase purity of the samples prepared. Also, the sharp peaks are an indication of
good crystallinity with reduced strain. The peaks observed for sample A1l at angles 32.84, 38.13, 55.11, 65.74 and 69.08°
(corresponding to the crystal planes (111), (200), (220), (311) and (222), respectively) match well with the JCPDS card
pattern for the CdO [JCPDS card No. 73-2245], and also with that reported earlier for CdO nanowires [22]. Also, the CdO
nanocrystal is found to have the face centered cubic structure with space group Fm3m, and the estimated lattice constant
(a) is found to be 4.699 A. The peaks observed for sample A5 at angles 23.05, 32.85, 38.13, 49.30, 55.03 and 65.73°
(corresponding to the crystal planes (111), (102), (041), (114), (150) and (221), respectively) match well with the JCPDS
card pattern for the Mn3O4 [JCPDS card No. 75-0765]. The Mn3O4 nanocrystal is found to have the orthorhombic
structure with space group Pbcm, and the estimated lattice parameters are found to be: a = 3.042, b = 9.682 and
c=9571A.

The PXRD patterns observed for the samples A2, A3 and A4 contain peaks corresponding to both CdO and Mn30,4
phases, which indicates that these samples are multi-phased (CdO);_,(Mn30,), nanocomposites. Changes observed in
the XRD patterns for these nanocomposites with all of the end members (Al and AS5) indicate that mixing/alloying has
taken place in them (A2, A3 and A4). However, few peaks appearingrelated to XRD of Mn3Oy, in the middle composition
match with that for the body-centered tetragonal phase of Mn3O4[JCPDS card No. 24-0734]; this is in agreement with
that observed by Bousqet—Berthelin and Stuerga [23] for the Mn3O,4 nanoparticles.

The average crystallite/particle size (D) values of the samples were estimated using the Scherrer’s relation:
D = K\/(Bcosf) [28], where \ refers wavelength of X-rays (= 1.54060 A), 6 is the Bragg angle of the major peak(s),
K = 0.9 displays Scherrer’s constant, and £ is the full width (in radian) at half of maximum intensity of the major peak(s).
The estimated D values are 45.2, 41.8, 40.4, 38.6 and 44.7 nm for the samples A1, A2, A3, A4 and AS, respectively. The
D value is found to decrease with the increase in Mn concentration. However, for the MngQOy, the value increases and
becomes nearly equal to that for the CdO. Moreover, when compared with the un-annealed [(CdCO3);_,(Mn30,),]
nanocrystals (the D values vary from 6.6 to 21.0 nm, increasing as the Mn concentration increases) [15], the particle sizes
of the annealed [(CdO);_,(Mn304), ] nanocrystals have increased more significantly along with improved crystallinity.
However, the average crystallite sizes found in the present work compare well with that reported (40 nm) for the cubic
CdO nanocrystals prepared by the hydrothermal method [5].

3.2. EDX spectral analysis

The observed EDX spectra for all the five (CdO);_,(Mn30,), nanocrystals prepared are shown in Fig. 1(c). The
spectrum observed for CdO (A1) shows only Cd and O peaks and the spectrum observed for MnzOy4 (AS) shows only Mn
and O peaks; and the spectra observed for the nanocomposites (A2, A3 and A4) show only Cd, Mn and O peaks. This
shows the higher chemical purity of the nanocrystals prepared, and this result is in agreement with that observed through
XRD analysis; also, formation of mixed nanocomposites is confirmed in the case of A2, A3 and A4 samples. It can be
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seen that, for the mixed nanocomposites, the Cd content decreases nearly in proportion with the increase in = value; that
is, the nanocomposites are properly formed as proposed.

3.3. SEM analysis

Figure 2(a) displays the SEM images obtained for all the five nanocrystals prepared; the SEM images reveal that most
of the nanoparticles are agglomerated with spherical shape of different sizes. The end members (A1l and AS5) are found to
have regular and irregular spherical shapes. The nanocomposites (A2, A3 and A4) exhibit agglomerated spherical shape
and cluster like patterns. In Fig. 2(a), it was observed that the average particle size from the SEM images varies between
40 — 65 nm [24,25]. The average crystallite sizes observed from the XRD analysis for all the five nanocrystals prepared
are found to be nearly two-third of the average particle sizes obtained through SEM analysis.

3.4. TEM and SAED analysis

The TEM imagesobtained for all the nanocrystals prepared (A1, A2, A3, A4 and AS), and the SAED pattern observed
(as an illustration) for the sample A3 are shown respectively in Fig. 2(b,c). The TEM images indicate that the majority
of particles appear to be agglomerated in spherical shape.The average particle sizes of the nanoparticles were found to
be in the range from 50 — 90 nm [26,27]. As with the SEM analysis, these are also found to be nearly two times of that
obtained through XRD analysis. Furthermore, the TEM images observed have given similar results (regarding the shape of
the particles) with that given by the SEM images observed. This shows that the average crystallite sizes obtained through
XRD analysis (more valid for spherical and cubic shaped nanocrystals) can be considered as the average individual particle
sizes.

The SAED pattern corresponding to the thin rings indicate the plane values such as (112), (211) and (325). The se-
lected area electron diffraction (SAED) pattern observed for the sample A3 shows bright diffraction spots, which indicates
a good crystallinity with polycrystalline aggregation [28]; the other samples can also be understood to have (in line with
A3) better and good crystalline nature with polycrystalline aggregation.

3.5. UV-visible absorption spectral analysis

The UV-visible absorption spectra recorded in the present study are displayed in Fig. 3; the sharp and maximum
absorption intensity peak (absorption band) appears in the UV region (within the wavelength range 230 — 310 nm) for
all the five nanocrystals studied. Karthik ef al. [2] have observed the absorption band for the CdO nanoparticle at around
225 nm. The intense absorption peaks observed in the UV region can be attributed mainly to the allowed charge transfer
transitions, 0>~ to Mn** and O?~ to Mn®* [15]. The optical bandgap energy (&) values have been estimated from the
absorption edges using the Planck’s relation: E, = hc/\, where h specifies the Planck’s constant, ¢ refers velocity of
light and A refers wavelength of light (absorption edge). The E, values obtained are 4.0 eV for A1, 4.7 eV for A2, 4.9 eV
for A3, 5.3 eV for A4 and 4.6 eV for A5.

The E, values observed are found to (nearly) depend on the average particle sizes of the samples; as the particle
size increases the F, value decreases [28]. The E; value varies from 4.0 eV (for sample A1) to 5.3 eV (for sample A4);
correspondingly, the D value varies from 45.26 nm (for sample Al) to 38.64 nm (for sample A4), which indicates that
the absorption edge gets blue shifted. Morover, the E, value increases with the rise in Mn content (z) in the case of
nanocomposites (A2, A3 and A4) prepared. For the un-annealed samples [(CdCOs3)1_,(Mn3QOy), ], particularly for the
nanocomposites (with z = 0.25, 0.50 and 0.75), the spectra contain multiple absorption bands and E, values [15]. It
can be understood that the difference in optical absorption properties between the un-annealed [15] and annealed [present
study] samples could be due to the differences in crystallinity, crystallite size, chemical difference, chemical phase purity,
etc.

3.6. Dielectric properties

The dielectric measurements were performed on all the five pelletised samples prepared at twelve various temper-
atures and with five various frequencies by the parallel plate capacitor method. The dielectric constant (¢,) and AC
electrical conductivity (o) values were calculated from the measured capacitance (C) and dielectric loss factor (tan §)
values by using the relations: (1) €, = (C/Cly) and (2) 04 = (€0)(er)(w)(tan d), where Cy is the air capacitance, (€g)
is the permitivity of free space (= 8.85 - 10~ % C*°N~'M~2), w refers the angular frequency (= 27 f), and f implies the
frequency of the applied AC electric field.

The temperature dependences of dielectric constant, dielectric loss factor and AC electrical conductivity observed for
all the five nanocrystals prepared are displayed in Fig. 4(a,b,c), respectively. The values ¢, and tan § values are observed
to increase with increasing temperature, and fall with increasing frequency; the o, value is found to increase with both
temperature and frequency. This shows that all the five nanocrystals studied exhibit a normal dielectric behavior; however,
sample A5 is found to have maximum dielectric constants among all the five samples considered.

The energy that a solid substance has accumulated from an applied AC electric field is known as the €, with increase
of temperature can essentially be due to the temperature dependency of polarizability due to ionic, dipolar, electronic
and space charge contributions; the higher ¢, values found at lower frequencies can be attributed to the space charge,
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FI1G. 2. The SEM images obtained for the (CdO);_,(Mn30y4), nanocrystals prepared (a); The TEM
images observed for all the five (CdO);_,(Mn3Oy,), nanocrystals, and the SAED pattern for the sample
A3 prepared (b,c)
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F1G. 3. The UV-visible absorption spectra observed for the (CdO);_,(Mn3QOy), nanocrystals prepared

crystal grain, crystal grain boundary, ionic, dipolar and electronic contributions to the polarizability [28]. The purity of
the nanomaterials under consideration affects the space charge polarization; and the dielectric loss usually takes place due
to the absorption of current.

Among the nanocomposites prepared, sample A4 has higher values for the dielectric parameters (£, tan ¢ and o,.);
the D value is minimum for this. The dielectric parameters are found not to vary systematically with the mixed compo-
sition (z) in the case of nanocomposites prepared; this results from increased charge carrier and vacancy diffusion along
crystal grain boundaries. It is conceivable that the non-synstematic variation of dielectric properties observed as a result
of mixing may be caused by non-homogeneity between the crystal grains and crystal grain boundary regions as well as
the reduction of movable charges [28].

3.7. Photodegradation of MB dye

The (CdO); —,(Mn30,), samples (A1, A2, A3, A4 and AS) have been investigated with the degradation of Methylene
Blue (MB) dye under UV-visible light irradiation and the outcomes obtained are displayed in Fig. 5(a). The photocat-
alytic activity normally depends on the particle size, optical bandgap energy and particulate surface area of the prepared
samples [29]; and this photocatalysis reaction has been used in many medical and environmental applications [30]. In
the present study, 100 ml of MB dye solution was added with 50 mg of the prepared sample and stirred for 20 min; the
maximum UV-visible light absorption occurred at the wavelength 665 nm and the absorbance decreased as the irradiation
time increased (0, 15, 30, 45, 60, 75 and 90 min are the irradiation times used).

The degradation rate was determined by using the pseudo first order kinetic mode,as expressed in Eq. (1) [31]:

1Og(ct/00) = IOg(At/AO) = _kappta ()
where (Y is the intial concentration of MB dye at time O (min), K.y, is the apparent first order rate constant (considered
to be the degradation rate in min~"! unit), C is the final concentration of MB dye at time ¢ (min) and Aj and A, are the
absorbances at times 0 and ¢ min. The £, values obtained for the samples Al, A2, A3, A4 and AS are 0.019, 0.152,
0.760, 0.981 and 0.044 min~!, respectively. The kapp values observed for the nanocomposites (A2, A3 and A4) are
significantly larger than that observed for the end members (Al and A5); also, for the nanocomposites, the k,p, value is
found to increase with the decrease in x value, which can also be related to the decrease of D value. Karthik ez al. [2] have
found a kp, value of 0.0167 min~?! for the photocatalytic activity of CdO nanoparticle with MB dye degradation under
UV-visible light irradiation; this is in agreement with that found in the present work. Eq. (2) can be used to estimate the
degradation percentages:
Degradation (%) = (Ag — A;/Ag) x 100. 2)
The degradation percentages obtained are 62, 85, 88, 95 and 73 %, respectively, for the samples Al, A2, A3, A4 and
A5 (with A4 having the maximum degrading efficiency). It has been found that the sample (CdO)g 25(Mn3Oy4)o.75 (A4)
reacts as a good photocatalyst and better degrades the MB dye under UV-visible light irradiation. Further, Fig. 5(a) shows
nearly linear variation of log(A;/Ag) with time (¢); the recombination of e "/h™ pairs has given easier responses for the
degradation [5].

Photocatalytic activity of the un-annealed samples [(CdCOj3);_,(Mn3Oy4), nanocomposites, U2, U3 and U4] has
also been studied under UV-visible light irradiation for the degradation of MB dye (0, 10, 25, 40, 55 and 70 min are the
irradiation times used), and the results obtained are shown in Fig. 5(b). The maximum absorbance of MB dyeis found to
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be at 660 nm, and the irradiation time increases with the increasing absorbance. The k,, values obtained are 0.011, 0.013
and 0.015, respectively, for the samples U2, U3 and U4; and the photodegradation percentages obtained for the samples
U2, U3 and U4 are 44, 49 and 65 % (with U4 having the maximum degrading efficiency), respectively. Fig. 5(b) shows
a nearly linear relationship of log(A;/Ap) with time (¢), which is in line with that observed for the samples A1, A2, A3,
A4 and AS.

From the above results, it can be understood that the (CdO);_,(MnzO4), nanocomposites (A2, A3 and A4) exhibit
significantly higher photocatalytic activity (photodegradation percentages are in the range of 85 — 95 % in about 90 min)
than that exhibited by the (CdCO3); —,(Mn30O,), nanocomposites (U2, U3 and U4) (photodegradation percentages are in
the range of 44 — 65 % in about 70 min). The present study indicates that all the three multi-phased (CdO);_,(Mn3Oy4),
nanocomposites preapared (A2, A3 and A4) can very well be used to degrade MB dye irradiated with viible light of
wavelength around 665 nm for about 90 min. Representation of the band structure and a possible mechanism for the
degradation of MB dye over the nanocrystals prepared irradiated with visible light are shown schematically in Fig. 5(c).

On irradiation with light the photogenerated electrons (e~ ) are excited from the valence band (VB) to the conduction
band (CB) in the photocatalytic oxidation process, while the photogenerated holes (h™) remain in the valence band.
During the process of recombination, the CB electrons and the VB holes can be reduced as shown in Eq. (3).

(CdO);—p(Mn304), + hv — (CdO)1 o (Mn304)(ecy + hig)- 3)

Consequently, the photogenerated holes of VB can interact with water molecules and produce hydroxyl radicals
(OH*). Similarly, the photogenerated electrons of CB can also interact with oxygen to produce superoxide radicals
(O2x ™) as shown in Egs. (4) and (5).

h++H;0O — OH* + HT, 4
e—+0y — 03 (5)

The hydroxyl and superoxide radicals are considered to be strong oxidation agents [32]. The anions O5~ do not
further contribute to the oxidation process but respond with H* for producing HO,* and e~ for producing OH* radical.

03~ + H* — HO3, (6)
HO} + e~ — OH, 7
MB dye + (O5~, OH*) — CO3 + H50 (Degradation product). (8)

Therefore, the electrons and hole (e, h™) pairs have fast recombination for the degradation process. In the present study,
the results obtained are found to be highly stable in degradation photocatalytic performance.

3.8. Antimicrobial activity

Investigation on the antimicrobial activities of the annealed samples (A1, A2, A3, A4 and AS5) [(CdO);_,(Mn3Oy),
(with x = 0.0, 0.25, 0.50, 0.75 and 1.0) nanocrystals] (photographs shown in Fig. 6(a)) and the un-annealed samples (U2,
U3 and U4) [(CdO);—,(Mn30y,), (with z = 0.25, 0.50 and 0.75) nanocrystals] (photographs shown in Fig. 6(b)) have
been carried out by the disc diffusion method using Muller Hinton agar against two bacterial pathogens like Gram positive
(Bacillus Subtilis, BS), and Gram negative (Escherichia Coli, EC) and the fungus (Candida Albicans, CA). The annealed
(CdO)1—_,(Mn30,), nanocrystals Al, A2, A3, A4 and A5 are marked as RJ1, RJ2, RJ3, RJ4 and RJS, respectively; the
un-annealed (CdCO3);—,(Mn30,), nanocrystals U2, U3 and U4 are marked as RJ7, RJ8 and RJ9, respectively; The
antimicrobial efficiency of nanomaterials commonly depend on the particular surface area, size and morphology [2].

People are exposed to EC from contaminated water and food items, and EC causes urinary infection and traveller’s
diarrhoea; the BS causes infections such as endocarditis, pneumonia, bacteremia and septicemia. The mechanism of
antimicrobial activity involves the nanocrystal prepared as positively charged and the microbe as negatively charged; the
thin layer of peptidoglycan is EC, and the thick layer of peptidoglycan is BS [33]. The ROS (Reactive Oxygen Species)
penetrates through the cell wall and causes DNA damage and cell death; the great antimicrobial activity of nanomaterials
is based on the oxygen species and high oxygen vacancies [34]. Moreover, the antimicrobial activity depends on the zone
of inhibition [31].

The zones of inhibition (ZOIs) observed with all the three microbes considered (BS, EC and CA) for the annealed
(A1, A2, A3, A4 and A5) and un-annealed (U2, U3 and U4) nanocrystals are shown in Fig. 6(c). Somasundaram et al. [5]
have reported the antimicrobial activity of CdO with ZOIs observed as 9 and 8 mm, respectively, for the microbes BS and
EC. The bacterial activity has been exhibited by the CdO nanocrystal prepared in the present study with ZOIs observed
as 22 and 20 mm respectively for BS and EC. For all the eight nanocrystals considered for the study, in general, the ZOIs
have been found to be higher with the bacteria (ranging from 16 to 22 mm with BS and 15 to 23 mm with EC) than with
the fungus (ranging from 9 to 20 mm with CA); however, the A5 nanocrystal has been found to be more active with all
the three microbes considered (18, 23 and 20 mm with BS, EC and CA, respectively). The activities of A3 and A4 have
been found to be nearly the same as that of U3 and U4; however, the activity of A2 has been found to be significantly
higher than that of U2.
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4. Conclusion

Nanocrystalline (CdO);_,(Mn3Oy,), (with x = 0.0, 0.25, 0.50, 0.75 and 1.0) composites have been successfully
prepared by using a simple, fast and low-cost solvothermal technique (using a microwave oven). XRD analysis has
revealed phase purity for all the five nanocrystals (A1, A2, A3, A4 and AS5) prepared along with revealing the multi-
phased composite nature for the three mixed compositions (A2, A3 and A4); the D values obtained are within 38 and
45 nm. EDX spectra have also revealed the high chemical purity and the existence of Cd, Mn and O components in the
prepared nanocomposites. SEM and TEM images have indicated nearly spherical morphologies with agglomeration, and
SAED pattern shows the polycrystalline nature of the prepared samples. E, values obtiained from UV-visible spectra are
within 4.0 and 5.3 eV; the dielectric measurements at various temperatures and with different frequencies have indicated
a normal dielectric behavior for all the five nanocrystals (A1, A2, A3, A4 and AS) studied.

The (CdO);_,(Mn30y), nanocomposites (A2, A3 and A4) have been found to exhibit significantly higher photocat-
alytic activity than that exhibited by the (CdCOs3);_,(Mn3Oy,), nanocomposites (U2, U3 and U4); results obtained have
indicated that the three multi-phased (CdO);_,(Mn30,), nanocomposites preapared can very well be used to degrade
MB dye irradiated with light of wavelength around 665 nm. The higher zones of inhibition obtained for all the eight
nanocrystals (Al, A2, A3, A4, A5, U2, U3 and U4) studied have indicated a higher antimicrobial activity with the bacte-
ria (BS and EC) than with the fungus (CA); however, the A5 (phase pure Mn30,) nanocrystal has been found to be more
active with all the three microbes considered (BS, EC and CA).

References

[1] Yathisa R.O., Arthoba Nayaka Y., Manjunatha P., Vinay M., Purushotham H.T. Effect of doping on the structural, optical and electrical properties
of Ni?* doped CdO nanoparticles prepared by microwave combustion route. Microchemical J., 2018, 145 (3), P. 630-641.

[2] Karthik K., Dhanuskodi S., Gobinath C., Prabukumar S., Sivaramakrishnan S. Photocatalytic and antibacterial activities of hydrothermally prepared
CdO nanoparticles. J. Mater. Sci.: Mater. Electron., 2017, 28 (15), P. 11420-11429.

[3] Charan Kumar H.C., Rajegowda Shilpa, Sanniaha Ananda. Synthesis of cadmium oxide nanoparticles by electrochemical method: Its pho-
todegradative effects on carboxylic acids and antibacterial behaviours. J. of Nanoscience and Technology, 2019, 5 (5), P. 840-845.

[4] Lokanatha Reddy P., Kalim Deshmukh, Chidambaram K., Basheer Ahamed, Kumar Sadasivumi K., Deepalekshmi Ponnamma, Rajasekhar Lak-
shmipathy, Desagani Dayananda, Khadheer Pasha S.K. Effect of ethylene glycol (PEG) on structural, thermal and photoluminescence properties
of CdO nanoparticles for optoelectronics applications. Materials Today: Proceedings, 2019, 9, P. 175-183.

[5] Somasundaram G., Rajan J., Sangaiya P., Dilip R. Hydrothermal synthesis of CdO nanoparticles for photocatalytic and antimicrobial activities.
Results in Materials, 2019, 4, 100044.

[6] Christuraj P., Dinesh Raja M., Pari S., Satheesh Kumar G., Uma Shankar V. Synthesis of Mn doped CdO nanoparticles by co-precipitation method
for supercapacitor applications. Materials Today: Proceedings, 2020, 50 (17), P. 2679-2682.

[7] Krishnaraj S., Anitha R. Photocatalytic degradation analysis of methylene blue aluminium doped cadmium oxide nanoparticles. J. Advanced
Scientic Research, 2021, 12 (1), P. 75-80.

[8] Munshi A., Prakash T., Ranjith Kumar E., Balamurugan A., Habeebullah T.M., Bawazeer T.M., Abdel-Hafey S.H., El-MetwalyN.M., Indumathi T.
Comparative investigation of physicochemical properties of cadmium oxide nanoparticles. Ceramics International, 2022, 48 (11), P. 4134-4140.

[9] Xinli Hao, Jinzhe Zhao, Yuehong Song and Zhifang Huang. Synthesis and oxidizability study on Mn3O4 nanoparticles. J. of Nano Research, 2017,
48, P. 138-147.

[10] Tanaswini Patra, Jagannath Panda, Tapas Ranjan Sahoo. Synthesis of Mn304 nanoparticles via microwave combustion route for electrochemical
energy storage application. Materials Today: Proceedings, 2021, 41, P. 247-250.

[11] Xiao She, Xinmin Zhang, Jingya Liu, Liang Li, Xianghua Yu, Zhiliang Huang, Songmin Shang. Microwave assisted synthesis of Mn3O4 nanopar-
ticles @ reduced graphene oxide nanocomposites for high performance supercapacitors. Mater. Res. Bulletin, 2015, 70, P. 945-950.

[12] Atique Ullah A.K.M., Fazle Kibria A.K.M., Akter M., Khan M.N.I., Tareq A.R.M., Firoz S.H. Oxidative degradation of methylene blue using
Mn304 nanoparticles. Water Conservation Sci. Eng., 2017, 1 (4), P. 249-256.

[13] Rafi Shaik M., Rabbani Syed, Farooq Adil S., Mufsir Kuniyil, Mujeeb Khan, Algahtani M.S., Shaik J.P., Siddqui M.R.H., Al-Warthan A., Sharaf
M.A.E,, Abdelgawad, Mahrous Awwad E. Mn304 nanoparticles: Synthesis, characterization and their antimicrobial and anticancer activity against
A549 and MCF-7 cell lines. Saudi J. Biological Science, 2021, 28, P. 1196-1202.

[14] Kalaiselvan C.R., Laha S.S., Somvanshi S.B., Tabish T.A., Thorat N.D., Sahu N.K. Manganese ferrite (MnFe2O4) nanostructures for cancer
theranostics. Coord. Chem. Reviews, 2022, 473, 214809.

[15] Deepa G., Mahadevan C.K. Nanocrystalline composites based on CdCOz and MnzOg4: Synthesis and properties. J. of Alloys and Compounds,
2018, 763, P. 935-950.

[16] Zhen-Yu Yuan, Fan Yang, Hong-Min-Zhu, Fan-Li-Meng, Medhat Ibrahim. High-response n-butanol gas sensor based on ZnO/In2O3 heterostruc-
ture. Rare Metals, 2023, 42 (24), P. 198-209.

[17] Ishfag M., Hassan W., Sabir M., Somaily H.H., Hachim S.K., Jawad Kadhim Z., Lafta H.A., Alnassar Y.S., Mahdi Rheima A., Rabia Ejaz
S., Aadil M. Wet-chemical synthesis of ZnO/CdO/CeO2 heterostructure: A novel material for environmental remediation application. Ceramics
International, 2022, 48 (23), P. 34590-34601.

[18] Pranesh Shubha J., Shivappa Savitha H., Farooq Adil S., Mujeeb Khan, Rafe Hatshan M., Kavalli K., Shaik B. Straightforward synthesis of
Mn304/ZnO/EuzO3-based ternary heterostructure nano-photocatalyst and its application for the photodegradation of methyle orange and methy-
lene blue dyes. Molecules, 2021, 26 (15), 4661.

[19] Sundar S.M., Mahadevan C.K., Ramanathan P. On the preparation of ZnO—CdO nanocomposites. Mater. Manuf. Processes, 2007, 22 (3), P. 400-
403.

[20] Nallendran R., Selvan G., Balu A.R. Photoconductive and photocatalytic properties of CdO-NiO nanocomposites synthesized by a cost effective
chemical method. J. Mater. Sci.: Mater. Electron., 2018, 29 (13), P. 11384-11393.

[21] Deepa G., Mahadevan C.K. A facile method to prepare CdO-Mn304 nanocomposites. IOSR J. Applied Physics, 2013, 5 (1), P. 15-18.

[22] Kumar S., Ojha A.K. Synthesis, characterizations and antimicrobial activities of well dispersed ultra-long CdO nanowires. AIP Advances, 2013,
3(5), 052109.



(CdO)1—(Mn304),, (x = 0.0/0.25/0.50/0.75/1.0) nanocrystals... 805

[23] Bousget-Berthelin C., Stuerga D. Flash microwave synthesis of Mn3O4-hausmannite nanoparticles. J. Mater. Sci., 2005, 40 (1), P. 253-255.

[24] Prammitha Rajaram, Ambrose Rejo Jeice, Kumarasamy Jayakumar. Influences of calcination temperature on titanium dioxide nanoparticles syn-
thesized using Averrhoa carambola leaf extract: in vitro antimicrobial activity and UV-lightvcatalyzed degradation of textile wastewater. Biomass
Conversion and Biorefinery, 2023, 14 (17).

[25] Krasilin A.A., Bodalyov LS., Malkov A.A., Khrapova E.K., Maslennikova T.P., Malygin A.A. On an adsorption/photocatalytic performance of
nanotubular Mg3Si2O5(OH)4/TiO2 composite. Nanosystems: Physics, Chemistry, Mathematics, 2018, 9 (3), P. 410-416.

[26] Kurilenko K.A., Petukhov D.I., Garshev A.V., Shlyakhtin O.A. Anionic redox effect on the electrochemical performance of LLNMC—-CeO2—C
nanocomposites. Nanosystems: Physics, Chemistry, Mathematics, 2018, 9 (6), P. 775-782.

[27] Nguyen Anh Tien, Chau Hong Diem, Nguyen Thi Truc Linh, Mittova V.O., Do Tra Huong, Mittova I.Ya. Structural and magnetic properties of
YFe1_5Co,03 (0.1 < = < 0.5) perovskite nanomaterials synthesized by co-precipitation method. Nanosystems: Physics, Chemistry, Mathe-
matics, 2018, 9 (3), P. 424-429.

[28] Raja S., Mahadevan C.K. Nanocrystalline solid slabs of pure and CdS added KCI-KBr for energy storage application: Preparation and properties.
Nano-Structures & Nano-Objects, 2023, 33, 100938.

[29] Prammitha Rajaram, Yesuvadian Samson, Ambrose Rejo Jeice. Synthesis of Cd(OH)2—CdO nanoparticles using veldt grape leaf extract: Enhanced
dye degradation and microbial resistance. BioNanoScience, 2023, 13, P. 1289-1307.

[30] Hosny N.M., Othman E., Dossoki F.LEI. [Cd(Anthranilate)2 JH2O as a precursor of CdO nanoparticles. J. of Molecular Structure, 2019, 1195,
P. 723-732.

[31] Bessy T.C., Bindhu M.R., Johnson J., Shen-Ming Chen, Tse-Wei Chen, Almaary K.S. UV light assisted photocatalytic degradation of textile waste
water by Mgg.g— xZnx Fe204 synthesized by combustion method and in-vitro antimicrobial activities. Environmetal Research, 2022, 204 (1),
111917.

[32] Vasiljevic Z.Z., Dojcinovic M.P., Vujancevic J.D., Jankovic-Castvan 1., Ognjanovic M., Tadic N.B., Stojadinovic S., Brankovic G.O., Nikolic M. V.
Photocatalytic degradation of methylene blue under natural sunlight using iron titanate nanoparticles prepared by modified sol-gel method. Royal
Society Open Science, 2020, 7 (9), 200708.

[33] Aravind M., Amalanathan M., Sony Michael Mary M. Synthesis of TiO2 nanoparticles by chemical and green synthesis methods and their
multifaceted properties. SN Applied Sciences, 2021, 3 (4), 409.

[34] Ancy K., Bindhu M.R., Sunitha Bai J., Gatasheh Mansour K., Atef Hatamleh A., Ilavenil S. Photocatalytic degradation of organic synthetic dyes
and textile dyeing waste water by Al and F co-doped TiO2 nanoparticles. Environmental Research, 2022, 206 (12), 112492.

Submitted 6 June 2024; revised 4 September 2024, accepted 8 November 2024

Information about the authors:

Selvaraj Jebisha — Ph.D. Scholar of M.S. University, Tirunelveli, Department of Physics, Annai Velankanni College,
Tholayavattam-629167, Tamil Nadu, India; ORCID 0009-0002-0394-697X;

Ganesan Deepa — Departmentof Physics, Pioneer Kumaraswamy College, Nagercoil-629003, Tamil Nadu, India; ORCID
0000-0001-9727-8110; gdeepavinod @ymail.com

Jesumarian Johnson — Department of Physics, Annai Velankanni College, Tholayavattam-629167, Tamil Nadu, India;
ORCID 0009-0007-7921-3488,;

Chelliah Kamalakshiammal Mahadevan — CSIR Emeritus Scientist, Department of Physics, Bharathidasan University,
Tiruchirappalli-620024, Tamil Nadu, India; ORCID 0000-0002-3769-4662; mahadevan58 @yahoo.co.in

Conflict of interest: The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Funding: The authors declare that this research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Author contribution:

S. Jebisha: conceptualization, methodology, investigation, data curation, formal analysis, writing — original draft;
G. Deepa: conceptualization, methodology, validation, supervision, writing — original draft, review and editing;
J. Johnson: methodology, supervision;

C. K. Mahadevan: conceptualization, methodology, validation, writing — original draft, review and editing.



NANOSYSTEMS: Anannikov E.S., et al. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2024, 15 (6), 806-813.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2024-15-6-806-813

Synthesis and research of physical and chemical properties of InGaZn,O5 prepared
by nitrate-glycolate gel decomposition method

Egor S. Anannikov!, Timofey A. Markin!, Ibrohimi A. Solizoda!'?*, Gleb M. Zirnik!, Daniil A. Uchaev?,
Alexander S. Chernukha!>3, Svetlana A. Gudkova'2, Denis A. Vinnik"??

!Moscow Institute of Physics and Technology, Dolgoprudny, Russia
2St. Petersburg State University, St. Petersburg, Russia

3South Ural State University, Chelyabinsk, Russia

“Tajik National University, Dushanbe, Tajikistan

Corresponding author: Denis A. Vinnik, vinnik.da@mipt.ru

ABSTRACT Indium-gallium-zinc oxide InGaZn,Os was synthesized by nitrate-glycolate gel decomposition
method using ethylene glycol as a complexing and chelating agent. In this work, SEM, EDS and UV-vis-
diffusion spectra of IGZO were obtained. InGaZn,Os5 optical band gap was found using Kubelka—Munk trans-
formation. The morphology of the particles was examined: at low sintering temperatures many micro-meter
particles are observed, the sample is heterogeneous in crystalline state. At annealing temperatures above
800 °C a single-phase crystalline structure is observed.
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1. Introduction

Research in electronics focuses on several areas. There are fields of semiconductor oxides research due to the potential
for their usage in various devices such as memristors [1] and thin-film field-effect transistors (TFT) [2, 3]. TFT find
the application in the production of modern displays and monitors [4—-6]. At present, oxide semiconductor materials
cannot completely replace silicon, but it is possible to use them as materials for flexible microelectronics, which is a
new development direction for these materials. [7-9]. Among oxides, indium-gallium-zinc oxide (IGZO) is one of the
most widely studied [10-13]. Amorphous indium-gallium-zinc oxide used for thin-film transistors (a-IGZO TFTs) have
garnered significant interest due to their high electron mobility, straightforward fabrication process, cost-effectiveness,
and excellent uniformity [11].

Additionally, IGZO exhibits great optical transparency and in order of magnitude, it can reaches higher than other
materials on/off current ratio about 10® [10], which are advantageous for display technologies and optoelectronic applica-
tions. Its crystallinity also allows for uniform large-area deposition, enhancing scalability and enabling the development
of high-resolution, energy-efficient electronic devices. The unique properties of IGZO make it highly suitable for ap-
plications in hybrid and microelectronic systems, where high-performance and stable materials are essential [4]. Its
compatibility with flexible substrates and potential for integration into low-temperature processing make IGZO a promis-
ing candidate for next-generation electronic devices [5]. First, the single-crystal IGZO-based materials were investigated,
later it was found that IGZO amorphous thin films also have great potentials for flexible electronics [13—15].

The first synthesized compound for TFT production was InGaZn5Og [16], later, studies of IGZO with other con-
centrations began. Later, the most common studies were of the InGaZnO,4 composition (zIn:xGa:xZn = 1:1:1) [17-20].
Further works varied the ion ratio to study the whole concentration triangle [3, 17,21, 22]. Despite this, the system has
not been completely examined yet. For example, in [21], compositions with fixed stoichiometric ratio of Ga and Zn were
studied and the amount of In was varied, while in [23], the amount of Ga was varied with fixed In and Zn [24,25]. At
the same time for the In-Ga—Zn—O system in the amorphous state, it is possible to vary the concentration of each element
separately within a sufficiently wide range. Thus, by changing the concentration of an element, the properties of the de-
vice can also be changed. Unfortunately, this approach is well realizable for the amorphous IGZO only. In the crystalline
state, the IGZO homogeneity area is strongly reduced (even at temperatures around 1350 °C [24, 25] and is limited to
clearly defined chemical compositions (In; _,Ga,O3),,(Zn0O),,, where x # 0, x # 1, at strictly defined n and m.
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In the process of using IGZO thin films in transistors, a large number of evaluation criteria have been obtained,
including stability and degradation characteristics of these semiconductor devices [38—41]. Physical and chemical prop-
erties of IGZO such as charge carrier mobility, grain size, threshold voltage, and other characteristics directly depend on
the method of synthesis and chemical composition of the final product. For example, increasing the content of In in the
oxide increases the mobility of charge carriers [34,35], and varying the amount of Ga leads to a change in the thresh-
old voltage [22]. The synthesis conditions also affect the semiconductor properties. The annealing temperature affects
the charge carriers concentration and mobility, the phase composition and sample morphology of the TFT [3, 18]. As
shown in [36, 37], the electrical and optical properties of IGZO thin films depend on the degree of their crystallinity (or
amorphous state).

One of the main research areas is the creation of thin semiconductor films. A lot of experimental material for obtaining
the TFs and TFTs has been accumulated in [3,17-20,25-27]. Such methods as chemical/physical vapor deposition, pulsed
laser deposition, molecular beam and epitaxy, atomic layer deposition, and magnetron sputtering are successfully applied
to obtain IGZO-films. Recently, new methods of thin film synthesis, including spin-coating [28, 29] and microplotter-
print [30, 31], have been improved. Advantages over classical methods include scalability and cheap implementation [3,
18,32,33].

As described above, IGZO has a huge potential for use in flexible electronics, including using the printing technolo-
gies. IGZO-based printing technology will allow one to expand the potential application area due to the use of thermally
unstable, but extremely cheap and available plastic and paper substrates. To develop this concept, it is necessary to obtain
extremely pure (X-ray clean) IGZO powders for their further use. In this case, there is few works devoted to InGaZn2Os
nanoparticles obtaining [42,43]. Most often, they are obtained by the chelate-nitrate (sol-gel or self-combustion) method
due to easy scaling and cheapness of the process. In our work, an oxide of InGaZn,O5 composition was obtained for the
first time using ethylene glycol as a complexing agent; previously, it was prepared only with polyvinyl alcohol [44]. The
dependence of the morphology of the samples on their sintering temperature was also investigated.

2. Methodology of experimental research

Nitrate-glycolate gel decomposition method was used for InGaZn,Os5 synthesis according previous work [45]. In-
dium nitrate 4.5-aqueous [In(NO3)3 - 4.5H20 (“c.p.”)], gallium nitrate 9-aqueous [Ga(NO3)s - 9H2O (“c.p.”)], zinc nitrate
6-aqueous [Zn(NOs3)s - 6H20 (“c.p.”)], and ethylene glycol (“p.a.”) were used as reagent without further purification.
All metal nitrates used in the synthesis were gravimetrically treated by calcination (800 °C, 12 h), so that the practical
masses of nitrate-hydroxide salts were corrected according to the gravimetric data. The ratio of precursors was selected to
obtain indium-gallium-zinc oxide with the ratio of In:Ga:Zn atoms = 1:1:2 in the product. The reagents were selected on
a FA2204N balance. The solutions were stirred, heated, and evaporated in a magnetic stirrer with heating IKA® C-MAG
HS7. Afterwards, the residual water in the gel was removed by holding it in a muffie furnace (Plavka.Pro PM-5 muffle
furnace) in a ceramic cup. During the holding process, a self-combustion reaction occurred producing a solid substance.
The solution after pouring into a ceramic cup was heated in the furnace from room temperature to 300 °C at a rate of
100 °C/hour, followed by isothermal holding for 6 hours. The samples were cooled to room temperature after passing
through the self-combustion stage. Afterwards, the sample was divided into pieces and sintered in powdered form in
alumina crucibles at temperatures from 400 to 1100 °C in 100 °C increments for 6 hours.

X-ray diffraction (XRD) was performed on a Drawell DW-XRD-2700A powder diffractometer (CuKca, 40 kV, 30 mA;
A = 0.15406 nm, Ni filter) in the range of 26 angles from 5 to 95 ° at a rate of 5 ° per min at room temperature. Powder
XRD pattern was used for lattice parameters calculation using the Jade 6.5 software package (Table 1).

The microstructure of samples was studied by scanning electron microscopy (SEM Jeol JSM-7001F, accelerating
voltage 20 kV). In addition, the elemental composition was investigated and elemental distribution maps were drawn by
EDX-spectroscopy (Oxford INCA X-max 80 EDS spectrometer, 20 kV electron beam energy). Due to the significantly
higher energy value of the indium K-line compared to the K-lines of other elements in the studied samples, the indium
content was calculated by the L-line, and for Zn, Ga and O by the K-line.

The crystal structure of the particles was studied by transmission electron microscopy (Jeol JSM-2100, accelerating
voltage 160 kV). The morphology of the particles and their crystal structure state in the nanometer range were investigated.

Diffuse reflectance spectra were obtained for samples sintered at 500, 700, 900 and 1100 °C in the range from 250
to 800 nm at a recording rate of 1 nm/sec on a Shimadzu UV-2700 UV-Visible spectrophotometer. The background
calibration was performed for pure barium sulfate BaSO, tablet. The sample was also applied to a barium sulfate tablet.
The source of radiation in the near UV diapason was a deuterium lamp and in the near IR region was a tungsten filament
halogen lamp. Switching between the light sources was done automatically when passing through the 320 nm wavelength.
Diffuse reflection spectra were used to determine samples energy gap by the Kubelka—Munk transformation method. In
Tauc-plot for the expression “a(hv)™ — hv” n was equal to 2 for indirect allowed transitions.
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3. Results and discussion

The XRD patterns of InGaZn»Os5 samples annealed at different temperatures are presented in Fig. 1. The vertical
red lines (dashed lines) show the allowed reflexes of InGaZn,O5 [46]. It was observed that at temperatures between 300
and 600 °C, broad maximums of the diffraction pattern are observed, which is responsible for the amorphous structure.
In the range of 700 — 800 °C, the sample is in a weakly crystallized state. At annealing temperatures above 800 °C a
single-phase crystalline structure is observed. No other reflexes (InoO3, ZnO etc.) were observed in the XRD patterns.
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F1G. 1. XRD pattern of InGaZn,Oy samples annealing at 300 — 600 °C (a); 700 — 1100 °C (b). The
dashed diagram shows the InGaZn2Og phase [46]

The cell parameters were calculated only for the samples sintered at 700 — 1100 °C, the results are presented in
Table 1. The given data are in correspondence with those obtained earlier [46].

TABLE 1. Calculated InGaZn,Os lattice constants

No. Sample Unit cell parameters
a, A ¢, A v, A3
Sintering temperature, °C
1 700 3.297£0.001 | 22.58940.007 | 212.724+0.22
2 800 3.297+0.001 | 22.58440.006 | 212.584+0.18
3 900 3.298+0.001 | 22.588+0.005 | 212.8040.13
4 1000 3.298+0.001 | 22.59140.005 | 212.8440.12
5 1100 3.297£0.001 | 22.58740.006 | 212.64+0.14
6 [46] 3.297+0.001 | 22.58740.006 | 212.64+0.14

Figure 2 shows SEM images (in secondary electrons) of the InGaZn,Os samples. Samples sintered at 500 and 700 °C
(Fig. 2(a,b)) show many small particles with sizes 1 — 2 um of abnormal shape. In Fig. 2(c,d), however, individual small
particles become significantly smaller. As the annealing temperature increases, clearly faceted surface areas appear, which
correlates with the XRD results, since the sample sintered at 1100 °C has a high degree of crystallization. At x30000
zoom (Fig. 2(g,h)), it can be seen that the sample is an agglomerate of micro- and nanometer-sized crystallites.

The chemical composition of the samples was calculated using EDX-spectroscopy data. The distribution maps of the
main elements are presented in Fig. 3. Their distribution is homogeneous throughout the sample for all temperatures of
sintering (including 700 and 900 °C). This allows us to state the absence of amorphous regions of impurity phases and,
thus, the presence of the sample in a single-phase state throughout the entire presented temperature range.

The chemical composition was calculated basis on the EDX-data. The relevant brutto formulas are presented in
Table 2. The obtained data indicate the deviation from the specified composition within the error range (1 — 2 %).

Transmission electron microscopy (TEM) images are presented in Fig. 4. It shows InGaZnyO5 sample sintered
at 500 °C. It can be seen that small particles are grouped together either in several pieces (Fig. 4a) or in large clusters
(Fig. 4c). Large agglomerates of particles with different degrees of crystallization in sections are observed — both highly
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FI1G. 2. SEM images of InGaZnsO5 samples sintered at 500 °C (a, ), 700 °C (b, f), 900 °C (c, g),
1100 °C (d, h) with various magnifications. The scale bar is indicated on the micrograph

In Lal Zn Kal

25pm

F1G. 3. SEM-images, multilayer EDX map and individual element map distribution (In — pink, Zn —
green, Ga — blue, O — red) at sintering temperatures: a) 500 °C; b) 1100 °C. The scale bar is 25 pm for
both samples

25um
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TABLE 2. Gross formula for InGaZn,Oj5 obtained at different temperatures

Annealing

500 °C 700 °C 900 °C 1100 °C
temperature

Brutto formula | Ing.98Gag.98Zn2.0405 | Ing.02Gag.97Zn2.0105 | Ing 01Gag.97Zn3 0205 | Iny goGag.98Znz 0205

FIG. 4. TEM images of InGaZn,O5 samples at sintered temperature of 500 °C with different scale bar

crystallized (distinct bands in Fig. 4d) and low-crystallized (Fig. 4b). However, as can be seen, there is no way to calculate
d-spacing because high resolution could not be achieved.

The UV-vis-spectroscopy results of the InGaZnsO5 samples are shown in Fig. 5. The sample does not have absorption
peaks in the visible region. The band gaps calculation is given in Table 3, our results correlate with work published
earlier [47]. InGaZn,Os5 has a rather wide band gap, and it varies within the error during sintering in the temperature
range from 500 to 1000 °C. This explains the fact that the band gap does not depend on the IGZO crystallinity and
morphology.

TABLE 3. Band gap for InGaZn,O5 samples sintered at different temperatures

Annealing temperature, °C | 500 | 700 | 900 | 1100 | [47]
Band gap, eV 3.159 | 3.170 | 3.180 | 3.159 | 3.225

4. Conclusions

The nitrate-glycolate gel decomposition method was successfully applied to synthesize InGaZnsO5 samples. At tem-
peratures from 300 to 600 °C an amorphous structure is observed, at 700 — 800 °C the sample is in a weakly crystallized
state, and at annealing temperatures above 800 °C, a high crystalline structure is observed. The morphology of the sam-
ples is as follows: at low sintering temperatures many micro-meter particles are observed, the sample is heterogeneous in
crystalline state. This is confirmed by TEM images. When the annealing temperature is increased, the particles are orga-
nized into clearly faceted structures. The bandgap width of IGZO is 3.17 eV, which correlates with literature data. The
obtained data indicate that it is possible to obtain InGaZn,Oj5 using the nitrate-glycol method, which creates a scientific
basis for using materials to obtain colloidal solutions (ink) and their use in printing technologies in the field of electronics.
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ABSTRACT Lithium ferrite nanoparticles (Lig 5Fes 504) were synthesized via the solution combustion method
with a substantial deficiency of organic fuel (glycine, f = 0.05), followed by heat treatment of X-ray amorphous
combustion products at temperatures ranging from 500 to 750 °C. Comprehensive characterization was per-
formed using scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), atomic absorption
spectrometry (AAS), powder X-ray diffraction (XRD), and vibrating sample magnetometry (VSM). The results
indicate significant morphological and structural changes in the nanopowders depending on the heat treat-
ment temperature. Average particle sizes ranged from 14.2 to 59.5 nm, while crystallinity varied from 89.4% to
62.8%. Magnetic properties also varied, with coercivity (H.) between 58.4 and 102.4 Oe, residual magnetiza-
tion (M,) from 5.2 to 15.4 emu/g, and saturation magnetization (/) from 35.1 to 60.7 emu/g. These findings
demonstrate that pure lithium ferrite nanoparticles, free from impurity oxide phases, can be produced through
controlled heat treatment of X-ray amorphous combustion products. Furthermore, the magnetic properties
of the nanoparticles are highly sensitive to the specific heat treatment temperature, indicating that thermal
processing conditions play a crucial role in determining their magnetic behavior.

KEYWORDS solution combustion synthesis, lithium ferrite, spinel ferrites, nanocrystals, soft magnetics
ACKNOWLEDGEMENTS The authors of the article express their gratitude to the Institute of Applied Materials
Science of the Joint-Stock Company “Almaz Antej - Obuhovskij zavod” for assistance in conducting the study
of morphology and structure. This work was supported by the Ministry of Science and Higher Education within
the framework of a State Assignment of the loffe Institute, Russian Academy of Sciences, project no. FFUG-
2024-0036.

FOR CITATION Martinson K.D., Popkov V.I. Solution combustion approach to the phase pure nanocrystalline

lithium ferrite (Lig.5Fe2.504) with spinel structure and magnetically soft behavior. Nanosystems: Phys. Chem.
Math., 2024, 15 (6), 814-820.

1. Introduction

Spinel ferrites are a class of oxide materials known for their unique magnetic properties, which arise from their
crystalline structure. These materials are characterized by the general chemical formula AFe,O4, where A represents
metal cations (e.g., Li, Zn, Mn, Mg, Co, Ni), Fe denotes iron cations, and O represents oxygen anions. In ferrites, the
cationic role is typically played by iron ions in conjunction with divalent or trivalent metals, such as zinc, magnesium,
nickel, cobalt, or manganese [1-3].

The spinel crystal structure consists of a cubic close-packed arrangement of oxygen ions, with metal cations occupy-
ing interstitial sites in either tetrahedral or octahedral voids. The distribution of cations within these positions — whether
normal, inverted, or random — profoundly influences the magnetic and electrical properties of the material [4]. In a normal
spinel, A cations occupy tetrahedral sites, while B cations fill octahedral sites. In an inverted spinel, half of the B cations
occupy tetrahedral sites, with the remaining B cations and all A cations positioned in octahedral sites [5].

The magnetic properties of spinel ferrites are primarily due to the interaction between the electron spins of cations
in different coordination environments. These materials typically exhibit ferrimagnetism, where the magnetic moments
of cations on distinct sublattices are oppositely aligned but do not fully cancel each other, resulting in a net magnetic
moment [6]. This makes spinel ferrites invaluable in the production of magnetic cores, transformers, inductors, and
other electronic components [7]. Their applications are wide-ranging and include radio electronics, telecommunications,
and electrical engineering [8]. Frequently, they serve as electromagnetic wave absorbers, filters, antennas, and magnetic
information carriers [9].

Among the various spinel ferrites, lithium ferrite stands out for its practical applications, particularly in microwave
electronics, where it maintains a prominent position [10]. The chemical formula of lithium ferrite is typically expressed
as LiFe5;Og or Lig 5Fes 504, depending on the stoichiometry and ionic distribution within the structure. Lithium ferrite’s
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structure is a variant of the spinel, featuring a cubic close-packed array of oxygen ions, with lithium and iron cations
occupying the intervening spaces. Lithium cations can reside in both tetrahedral and octahedral sites, while iron cations
are distributed between octahedral and tetrahedral sublattices. This distribution significantly influences the functional
properties of lithium ferrite [11].

Lithium ferrite exhibits ferrimagnetic behavior, characterized by high coercivity and remanence. Its magnetic prop-
erties stem from the interaction of the magnetic moments of iron ions, which are not fully compensated due to their
specific distribution within the crystal lattice. Lithium ferrite exhibits high magnetic permeability, especially at elevated
frequencies, making it ideal for microwave (ultra-high frequency) applications, such as telecommunications and radar
systems. High permeability allows the material to efficiently support magnetic fields, reducing energy loss in components
like microwave filters and isolators [12]. Additionally, lithium ferrite’s high electrical resistivity minimizes eddy current
losses during high-frequency operation. Eddy currents, which cause energy dissipation as heat, are suppressed due to the
material’s resistivity and crystal structure, which create barriers to charge movement. This property enhances performance
in devices that require efficient energy transfer and low heat generation, such as transformers and inductors [13].

Because of these properties — high magnetic permeability and low eddy current losses — lithium ferrite is widely
employed in the production of antennas and electromagnetic wave absorbers. These materials enhance antenna perfor-
mance and mitigate electromagnetic interference, which is crucial in densely populated radio frequency environments and
wireless communication systems [14]. Multicomponent lithium ferrites, such as lithium-zinc-manganese and lithium-
zinc-titanium-manganese variants, are widely used in the manufacture of microwave electronic devices [15, 16]. The
advent of nanostructured material production technologies has expanded the applications of lithium ferrite nanopowders
to new fields, such as sensor and detector fabrication [17], lithium-ion batteries [18], and even medical applications [19].

Numerous studies have reported the synthesis of lithium ferrite using various production methods, with the most
common techniques including solid-state synthesis [20], sol-gel methods [21], solution combustion [22], and hydrother-
mal synthesis [23]. In recent years, the sol-gel auto-combustion method [24] and direct solution combustion methods
using different organic fuels (e.g., glycine, urea, citric acid) [25-27] have been explored extensively. However, as several
studies have shown [25,26], including the author’s previous work [27], the direct solution combustion method often fails
to yield pure a-Lig 5Feq 504, with impurity phases such as 3-Lig 5Fes 504 and 7-Lig 5Fes 504 commonly present.

This work builds upon the author’s previous study [27], which employed the direct solution combustion method to
synthesize lithium ferrite nanopowders. In the present study, a two-stage synthesis technique is introduced for the first
time. This approach involves preparing the initial sample using the solution combustion method with a significant defi-
ciency of glycine (f = 0.05), followed by heat treatment in the temperature range of 500-750 °C, with 50 °C increments.
The choice of such a low glycine concentration was made because, under these conditions, the resulting powder is almost
entirely X-ray amorphous.

2. Experimental

The following reagents were used to synthesize the initial X-ray amorphous powder: lithium nitrate (LiNO3-3H>O,
puriss., NevaReactiv), iron nitrate (Fe(NO3)3-9H2O, puriss., NevaReactiv), glycine (CHoNH2COOH, puriss., NevaRe-
activ), nitric acid (HNOs, puriss., NevaReactiv), and distilled water. Lithium and iron nitrates were dissolved in 35 ml
of distilled water with continuous mechanical stirring at 25 °C. After complete dissolution of the salts, 2-3 ml of 5M
nitric acid and glycine were added, with glycine in a ratio of f = 0.05 relative to the stoichiometric amount. Nitric acid
was included to prevent the formation of lithium and iron complex compounds. The synthesis procedure is described in
more detail in [27]. The resulting solution was heated on a ceramic plate until nearly all the water evaporated, reaching the
autoignition point. This process produced significant gas evolution and resulted in a solid brown product. The synthesized
powder was ground mechanically in a mortar and then thermally treated in an air atmosphere for 6 hours at temperatures
ranging from 500 to 750 °C, with 50 °C increments. After heat treatment, the powder was again ground mechanically and
subsequently analyzed.

The chemical composition of the synthesized samples was determined using energy-dispersive spectroscopy (EDS)
for iron (Fe) and oxygen (O), and atomic absorption spectroscopy (AAS) for lithium (Li), employing an Oxford INCA
attachment and a Shimadzu AA-7000 atomic absorption spectrometer, respectively. The powder morphology was charac-
terized by scanning electron microscopy (SEM) on a Tescan Vega 3 SBH microscope, and the average particle size was
calculated from the micrographs using ImageJ software. X-ray diffraction (XRD) analysis was conducted using a Rigaku
SmartLab 3 diffractometer with CuK,; radiation (A = 0.154056 nm) at 40 kV and 30 mA. Diffraction patterns were
collected over a 26 range of 20° to 80°, with a step size of 0.01° and a 3-second exposure time per step. Crystallite size
distribution was evaluated using the fundamental parameter method, and the average crystallite size was estimated using
the Scherrer equation. Unit cell parameters, crystallinity degree, and lattice microstrains were analyzed using Rigaku
SmartLab Studio II software. Magnetic hysteresis loops (M-H) were obtained at room temperature (278 K) using a Lake
Shore 7410 vibrating sample magnetometer (VSM) with an applied field up to 10 kOe. Measurements were conducted
using a standard cell.
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3. Results and Discussion

The morphology of the synthesized powders was investigated using scanning electron microscopy (SEM), as shown
in Fig. 1.

F1G. 1. SEM micrographs of a-Lig sFe2 504 synthesized via thermal treatment of X-ray amorphous
combustion products at 500 °C (a), 550 °C (b), 600 °C (c), 650 °C (d), 700 °C (e), 750 °C ()

The SEM results demonstrate that the morphology of the lithium ferrite nanopowders depends significantly on the heat
treatment temperature. All samples exhibit micron-sized clusters formed by nanoparticles, with the particle size increasing
as the temperature rises. At 500 °C, the clusters appear loosely packed with weakly isolated small particles, and the surface
shows noticeable porosity. Samples treated at 550 °C and 600 °C display similar features, with comparable porosity and
particle size. However, at 650 °C and 700 °C, the clusters become more distinct, with clearer particle boundaries, though
the surface remains loose. The 750 °C sample exhibits the most organized structure, with well-defined particle boundaries
and reduced porosity. Thus, SEM analysis indicates that increasing the heat treatment temperature leads to larger particle
sizes and a reduction in porosity.

To further quantify the particle size, distribution graphs were generated from the SEM images using ImageJ software
(Fig. 2), with all histograms shown on the same scale for comparison. The data reveal that the average particle size
increases steadily with temperature, ranging from 14.24 nm at 500 °C to 59.48 nm at 750 °C. The most significant growth
occurs between 700 °C and 750 °C, where the average particle size nearly doubles, from 25.69 nm to 59.48 nm. The
distributions remain monomodal across all samples, indicating a high degree of homogeneity and suggesting that particle
growth occurred uniformly. This consistent growth points to the presence of an amorphous lithium ferrite phase in the
initial X-ray amorphous powder, allowing direct particle growth without the formation of intermediate oxide phases.
Additionally, the consistent particle growth across all samples suggests that diffusion limitations were similar at each
temperature, preventing significant variations in growth rates and leading to uniform particle size increases.

The elemental composition of the synthesized samples, as determined by energy-dispersive spectroscopy (EDS) and
atomic absorption spectroscopy (AAS), is summarized in Table 1. AAS confirmed the lithium content, while EDS verified
the iron composition. The results indicate that the synthesized powders closely match the theoretical composition, with
deviations of no more than 0.4%. Notably, these deviations increase with temperature, ranging from 0.1% at 500 °C to
0.4% at 750 °C. This increase is likely due to the volatility of lithium at higher temperatures, which can lead to lithium
evaporation during heat treatment [28].

The X-ray diffraction (XRD) patterns of the initial lithium ferrite powder and the heat-treated samples are presented
in Fig. 3a. The initial sample is nearly X-ray amorphous, displaying a single low-intensity amorphous halo around the 35°
region. In contrast, the other samples exhibit clear diffraction peaks corresponding to the crystal planes (220), (311), (222),
(400), (422), (511), and (440) of the crystalline a-Lig 5Fes 504 phase (JCPDS # 38-0259). As the processing temperature
increases, a notable rise in peak intensity is observed, indicating a higher degree of crystallinity in the samples. At lower
temperatures, particularly in the initial state, the diffraction peaks are less intense and more diffuse, which signifies a less
ordered structure. Additionally, peak width decreases with increasing temperature, suggesting an increase in crystallite
size. This observation is further supported by the shape of the crystallite size distribution, which shows a steady increase
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FIG. 2. Particle size distributions of lithium ferrite obtained via thermal treatment of X-ray amorphous
combustion products at 500 °C (a), 550 °C (b), 600 °C (c), 650 °C (d), 700 °C (e), 750 °C (f)

TABLE 1. Elemental composition of synthesized lithium ferrite at different temperature modes

Sample | Li, at. % | Fe, at. %
500 °C 16.8 83.2
550°C 16.8 83.2
600 °C 16.6 83.4
650 °C 16.5 83.5
700 °C 16.5 83.5
750 °C 16.4 83.6
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in size with temperature (Fig. 3b). The crystallite size distribution data obtained using the fundamental parameters method
align well with the visual estimates of average particle size (Fig. 2). The distributions reveal that the crystallite sizes across
all samples are centered between 1342 nm and 50+5 nm. The average crystallite size increases linearly as the processing

temperature rises.

The values of the average crystallite size, degree of crystallinity, lattice parameters, and microstresses, determined
using the Rigaku SmartLab Studio II software package, are shown in Fig. 4a,b. The average crystallite size was calculated
using the Scherrer formula for the main crystallographic directions (220), (311), (400), (422), (511), and (440). It is
evident that as the processing temperature increases from 500 °C to 750 °C, a significant rise in the average crystallite
size is observed, from 10.2 nm to 49.6 nm. These results are consistent with the visual assessment of the average particle
size, obtained from the micrographs (Fig. 2), and the data from the fundamental parameters method (Fig. 3b). The most
pronounced increase in crystallite size occurs between 650 °C and 750 °C, suggesting an intensive crystallite growth
process within this temperature range.

The degree of crystallinity was estimated using an internal standard (a-Si) with the Rietveld method, and it also
increases with temperature. In the range from 500 °C to 650 °C, a moderate increase in the crystalline phase percentage
is observed, but after 650 °C, the growth rate accelerates, reaching nearly 90% crystallinity at 750 °C. This high degree
of crystallinity at elevated temperatures may indirectly reflect improved structural ordering of the lithium ferrite, which
is further confirmed by the temperature dependence of the lattice parameters. These parameters decrease significantly,
reaching values close to those reported in the literature (a =b = c¢ = 8.324(7) A) for the sample annealed at 750 °C [25,27].
Hence, the reduction in lattice parameters within the 500 °C to 750 °C range may be attributed to lattice compression
during crystallite growth and the corresponding increase in crystallinity.
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Microstress values also decrease notably as the temperature rises, with the most significant reduction occurring be-
tween 600 °C and 750 °C. This decline in microstresses may be linked to the relaxation of defects within the lattice at
higher temperatures, coinciding with the increase in crystallinity. Therefore, the observed reduction in lattice parameters
indicates a compaction of the structure, while the decreasing microstresses suggest the relaxation of internal stresses and

defects.
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Figure 5 shows the magnetic hysteresis loops (M-H) and magnetic parameters of the lithium ferrite nanopowders
(Fig. 5a,b). The hysteresis loops exhibit the characteristic shape of ferrimagnetic materials. Notably, as the temperature
increases from 500 °C to 750 °C, a significant change in the loop shape is observed. At 750 °C, the hysteresis loop is the
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widest, indicating higher magnetic performance, with a residual magnetization of 15.4 emu/g, saturation magnetization
of 60.7 emu/g, and coercive force of 102.4 Oe. As the heat treatment temperature decreases, the loop width narrows,
and both saturation magnetization and residual magnetization decline considerably. The lowest values are observed in
the sample treated at 500 °C, where the coercive force, residual magnetization, and saturation magnetization are 58.4 Oe,
5.2 emu/g, and 35.1 emu/g, respectively. This behavior suggests a reduction in magnetic order at lower temperatures,
likely due to thermal fluctuations that disturb magnetic domains [29, 30]. Therefore, the data clearly demonstrate that the
main magnetic parameters of lithium ferrite improve with increasing heat treatment temperature, which corresponds with
the observed increases in both average particle size and degree of crystallinity.

4. Conclusion

This study demonstrates the successful synthesis of the crystalline phase of a-Lig sFes 504 without impurity ox-
ide phases through the heat treatment of X-ray amorphous products derived from solution combustion. The formation of
lithium ferrite begins at 500 °C, and as the processing temperature increases, the average particle size grows from 14.2 nm
to 59.5 nm, while the degree of crystallinity improves from 62.8% to 89.4%. The unit cell parameters change linearly
with temperature, reflecting structural evolution in the samples, with the sample treated at 750 °C showing the closest
match to reference values. Given that this sample also exhibits the lowest percentage of amorphous phase, the 750 °C
temperature regime is deemed optimal for obtaining well-crystallized lithium ferrite. Furthermore, the key magnetic pa-
rameters — coercive force, residual magnetization, and saturation magnetization — also increase linearly with temperature,
corresponding to the rise in both particle size and crystallinity.
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ABSTRACT Typically, intermetallic compounds are prepared by solid-state method at high temperatures. We
propose a simple method to obtain intermetallic compounds by reduction in Ar—H, atmosphere from precursors.
In particular, Co®>" and Fe?" oxidation in hydrothermal conditions grants additional experimental challenge.
Here, we report successful Fe phyllogermanate synthesis for the first time. We identify general patterns of
formation and determine the effect of hydrothermal treatment on phase composition and morphology for the
whole series of phyllogermanates. Formation of phyllogermanates under hydrothermal conditions is studied in
the 100 — 200 °C temperature range in three hydrothermal media: H,O, NaOH, Na,SO;. The latter inhibits the
oxidation of Co®* and Fe?™ during the synthesis. An increase in temperature favors to the formation of phase
described by three-layers unit cell. Heat treatment in an Ar—H, atmosphere allows us to obtain intermetallic
compounds and Me, Ge, alloys, and to establish the temperature regimes of the reduction processes.

KEYWORDS intermetallic compounds, phyllogermanate, hydrothermal synthesis, reduction

ACKNOWLEDGEMENTS The work was financially supported by the Russian Science Foundation (Project No. 23-
22-00245, https://rscf.ru/project/23-22-00245/). Powder X-ray diffraction was performed using the equipment
of the Engineering Centre of St. Petersburg State Technical University (Technical Institute). TEM studies were
performed using equipment of the Federal Joint Research Center “Material science and characterization in
advanced technology” supported by the Ministry of Science and Higher Education of the Russian Federation.

FOR CITATION Khrapova E.K., Ivanova A.A., Kirilenko D.A., Krasilin A.A. Intermetallic compounds obtained
from Me3Ge>O5(0OH)4 (Me = Mg, Ni, Fe, Co) phyllogermanates: synthesis of single-phase precursors. Nanosys-
tems: Phys. Chem. Math., 2024, 15 (6), 821-836.

1. Introduction

Class of 1:1 phyllogermanates is a poorly studied, although they are structural analogues of 1:1 phyllosilicates. These
phyllosilicates have a unique structure consisting of two sublayers, tetrahedral SiO4 and octahedral MeOg. The octahedral
sublayer has a larger size compared to the tetrahedral one, which leads to folding into nanoscrolls. [1,2]. This morphology
is typical for chrysotile. Lizardite is a platy analog of chrysotile. It has a similar structure but does not fold [3]. The
chrysotile structure allows isomorphic substitution in the cation sublattice of Mg?* and Si** by Ni%* [4-7], Co®* [7-9],
Fe?™ [7,10], Fe3 T [11,12], Tt [13], Ge*t [14, 15] with preservation of the scrolled morphology or formation of plates.
Attempts to obtain phyllosilicates with partial or complete replacement of Si*™ by Ge* have been made for several
compounds. MgsGesO5(0OH)4 and NizGeoO5(OH)4 phyllogermanates and are the first phyllogermanates obtained on the
basis of chrysotile. The substitution of Si** by Ge®* led to the formation of hexagonal plates [14]. In another related
group of layered phyllosilicates Al;SizO5(OH),, the substitution of Si** by Ge** led to the folding of kaolinite sheet
into scrolls with halloysite-like structure. It was possible to obtain multi-walled or single-walled nanotubes, as well as
curved nanosheets, by varying the Ge/(Ge+Si) ratio [16]. In another nanotubular phyllosilicate, imogolite Al;SiO3(OH)y,
the Ge/Si ratio affected the diameter of the nanotubes as well as their length [17].

In this work, phyllogermanates with the stoichiometric formula Me3Ge2O5(OH), (Me = Mg, Ni, Fe, Co) were se-
lected for study. The structure of such compounds has not been studied in details. The only one that has been determined
was Mgz Ge,05(OH)4. Only for this compound, it was possible to construct a unit cell. It had six layers with some layers
shifted by 4+b/3, which was also typical for other serpentine compounds, including their polytypes [18]. Co3Ge305(OH),4
also had a layered structure, but the number of layers in the unit cell was limited to three [19]. Such a structure and mor-
phology create a number of advantages that make such compounds perspective in catalysis and adsorption application.
Advantages include the presence of a large number of surface hydroxyl groups, the provision of a redox cycle through
rapid electron transfer, and the control of surface-active centers by changing the number of layers in the particles [20-23].
The most actively studied are cobalt and nickel phyllogermanates, which, in addition to the properties listed, can also be
used as anode materials due to the presence of transition elements in their composition [24,25]. Their electronic [23] and
magnetic [19] properties can potentially ensure their applicability in spintronics [26].
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It is possible to obtain the corresponding orthogermanates or intermetallic compounds based on phyllogermanates.
Although Ge-intermetallic compounds are promising materials for use in semiconductor devices [27, 28] and energy
storage devices [29], as well as in various catalytic processes [29-31]. Intermetallic compounds are obtained by solid-
state methods requiring high temperatures in most cases [31]. The reduction of Ge and transition elements from a single
precursor, in particular phyllogermanates, would allow to obtain intermetallic compounds of a given composition. This
article presents a new simple method for the preparation of Ge-intermetallic compounds, consisting of the reduction of
phyllogermanates in an Ar—Hy atmosphere. The synthesis parameters for the preparation studies of Mg, Ni, Co and, in
particular, Fe phyllogermanates, which were obtained for the first time, are also presented.

2. Experimental
2.1. Samples preparation

M e§+GeQO5(OH)4 (Me = Mg, Ni, Co, Fe) phyllogermanates were obtained by reverse coprecipitation followed
by hydrothermal treatment. The synthesis was carried out in a glove box under an inert argon atmosphere for Co- and
Fe-phyllogermanates. Oxygen-free water was used in the synthesis, obtained by distillation in an inert Ar atmosphere
followed by 2 — 3 cycles of vacuum evacuation. All phyllogermanates were obtained according to the general scheme:
crystalline GeO- (1 g) was dissolved in a 0.3 M NaOH aqueous solution (0.1 L). Then 0.15 M aqueous solution (0.1 L)
of the salt (FeSO4 - TH20, NiCls - 6H20, CoCls - 6H20 or MgCl, - 6H2O) was added dropwise at constant stirring to
obtain a molar ratio Me/Ge = 1.5. The precipitate was then washed by decantation until there was negative reaction for
chloride ions with AgNOg solution in the case of Mg and Ni phyllogermanates. Then the precipitate was ground in an
agate mortar. Washing to remove impurity ions was not performed to minimize sample contact with oxygen for Co- and
Fe phyllogermanates. All samples (0.2 g) placed in 25 mL Teflon crucibles in high-pressure vessels and 20 mL of distilled
water or aqueous solutions of 0.1 M NaOH, 0.1 M NaySO3 were added as hydrothermal medium (HTM). Na;SO3 was
used only for Co- and Fe-phyllogermanates to prevent oxidation during the hydrothermal treatment [9]. The hydrothermal
treatment temperatures for all samples were 100, 150, and 200 °C. The holding time was 72 h, and the estimated pressure
was 2 MPa. The samples were dried in air at a temperature of 80 °C after the hydrothermal treatment.

The samples were reduced in a tube furnace in an Ar—-Hy flow (5 % vol. Hy) at T' = 900 °C for 5 h at a heating rate
of 10 °/min. The samples were cooled together with the furnace in an inert atmosphere.

2.2. Samples characterization

Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab 3 (Japan) with a cobalt anode (A = 1.789 A)
and a K g-filter in the Bragg—Brentano geometry in the range of 5 — 80°, a step of 0.01°, and a shooting rate of 1 °/min.
The cathode heating current was 35 mA and the accelerating voltage was 40 kV. X-ray phase analysis was performed using
the PDF-2 crystallographic database. The lattice parameters were determined in the Rigaku SmartLab Studio II software
package by the direct derivation method [32]. Crystallite size was determined by the WPPF method [33]. Temperature
programmed reduction (TPR) was performed on a Chemosorb (Russia). Samples in the form of tablets (0.03 g) were
placed in quartz crucibles and heated to 7' = 110 °C at a rate of 10 °/min in an inert argon atmosphere until there was
no change in sample mass. The sample was heated to 7' = 950 °C in an Ar-H, atmosphere (10 % vol. Hy) at a rate of
10 °/min.

The elemental analysis of the samples was determined by energy-dispersive spectroscopy (EDS) on a FEI Quanta
200 scanning electron microscope (USA) with an X-ray Si(Li) microanalyzer. The morphology of the samples was also
determined with this microscope. A transmission electron microscope (TEM) JEM 2100-F Jeol (USA) was additionally
used for samples with nano-sized particles. The overage particle size of the basis of 100 particles for each sample was
calculated using the ImageJ program [34].

3. Results and discussion
3.1. Products of hydrothermal treatment

Phyllogermanates, as 1:1 analogues of phyllosilicates, had a similar layered structure. They were characterized by
partial displacement of the layers with an increase in their number in the lattice. To determine the phase composition and
the lattice parameters, one-, two- and three-layer unit cells were constructed based on the three-layer unit cell from [19],
with the second layer shifted by —b/3. The proposed model was a kind of averaging and reflected the general tendency
for the adjacent layers to shift. Based on the processing results, the number of layers in the unit cell could be determined
for each sample, as well as the lattice parameters and crystallite size. The phase composition of phyllogermanate samples
after hydrothermal treatment in the temperature range of 100 — 200 °C in different hydrothermal media is shown in Fig. 1.
Both temperature and hydrothermal media affected the formation of phyllogermanates.
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Mg,Ge,0,(OH), Fe,Ge,0,(OH),

H,O NaOH H,O Na,SO, NaOH
100°C 2L 2L 100°C 3L poor cr. 3L+ 2L 3L
150°C 2L+3L 2L+3L 150°C 3L 3L 3L+ Fe,0,
200°C 2L+3L 2L+ 3L 200°C  Fe,0,+Fe,GeO, 3L+Fe,GeO, Fe,O,+ Fe,GeO,

Ni,Ge,0,(OH), Co,Ge,0,(OH),

H,0 NaOH H,0 Na,SO, NaOH
100°C 1L 1L 100°C 2L+ 3L 2L+ 3L 2L + Co,GeO,
150°C 2L 2L 150°C 2L+ 3L 2L+ 3L 3L + Co,GeO,
200°C  2L+3L 2L +3L 200°C 3L 3L 3L + Co,GeO,

FIG. 1. Phase composition of samples obtained in different hydrothermal media in the 100 — 200 °C
temperature range (L — layer, poor cr. — poor crystalline)

3.1.1. Mg-phyllogermanate. Crystal structure of Mg-phyllogermanate formed at 7' = 100 °C was described by a two-
layer unit cell. The NaOH-HTM sample (Fig. A1, Appendix) possessed higher crystallinity in comparison to the HoO-
HTM sample (Fig. A2, Appendix). Temperature increased up to 150 °C yielded formation of phase described by three-
layer unit cell. More active formation of that phase occurred in the HoO-HTM sample, and it dominated at 7" = 200 °C.
Phase described by two-layer unit cell predominated in the NaOH-HTM sample in the whole temperature range. Lattice
parameters did not change significantly (Fig. A3, Appendix), and the reduced unit cell volume (the cell volume divided
by the number of layers) did not change either with temperature or with hydrothermal medium change (Fig. 2e). Phyl-
logermanate phase formation occurred already at 100 °C, and then only the number of layers increased with increasing
temperature, while the layer structure itself remained mostly unchanged. TEM and SEM micrographs are shown in Fig. 3.
All the particles had platy morphology. The particle shape approached hexagonal, and the plates average size increased
with increase in temperature. The particle size was 9 &= 4 nm in the HoO-HTM sample and 25 + 6 nm in the NaOH-HTM
sample at 7' = 100 °C. Temperature increase up to 150 °C yielded increase in particle sizes to 23 4= 7 and 73 + 30 nm,
respectively, and they grew up to 1.7 + 0.3 um (HoO-HTM) and 1 + 0.2 um (NaOH-HTM) at T = 200 °.

50 b 50 - f -
a Mg,Ge,0,(OH), Ni,Ge,04(OH), € 270]  Mg,Ge,0,00H), 270]  Ni,Ge,0,(OH),
401 B NaOH = 401 B NaOH B NaOH B NaOH
£30] @ mo £ 30 ® HO i B e HO | _. 2404 ® HO0
5 : A L !
] = e
3«20 520 210 210
10 101 —t—3 A
” " 1804 1804
100 150 200 100 150 200 100 150 200 100 150 200
7,°C 7.°C 7,°C T,°C
c 50 d 50 h
Fe,Ge,04(OH), Co,Ge,05(OH), 4 g 270{  Fe,Ge,0,0m), 270{ @\ C0,Ge,04(OH),
401 A Na,SO, ; 404 Z A Na,SO0, A Na,SO,
R
Z30{® NaOH g 304 s w220 B NaOH | . 2401 B NaOH
C e HO_ /7 ] - ® H,0 > ® 10
220, A %201 g, = 2101 . ™ 210{ A <
= ;,. S ~
B NaOH
10- 104 & :
. . 2 180+ ."<; Al 180
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@ 1,°C T.°C 7. °C

FI1G. 2. Crystallite size of samples for all hydrothermal media in the temperature range 100 — 200 °C
for: a) Mg3Geo05(0OH)y; b) NisGeoO5(OH)y; ¢) FesGe2O5(0OH),; ¢) CosGeaO5(0OH),4 and unit cell
volume reduced to one layer for all hydrothermal media in the temperature range 100 — 200 °C for:
) Mg3GeaO5(0OH)4; ) NizGe2O5(0H)y; g) FesGe205(0H)4; h) CozGeaO5(0OH)4

Unusual size dependence could be related with concurrent effect of pH and temperature on the particles aggregation
and components solubility. It is believed that particles growth occurs via two main mechanisms: dissolution/precipitation
(Ostwald ripening) and oriented attachment [35]. The first mechanism involves the gradual growth of large particles due
to the dissolution of small ones. In this point of view, increase in components solubility by rising the pH value would
promote particles growth, that was observed in practice. Breakage of this trend at high temperature occurred, apparently,
because of dramatic increase in both GeOy [36] and Mg(OH)2 solubility, so even the large phyllogermanate particles
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F1G. 3. TEM and SEM micrographs of Mg3zGe2O5(OH), in H,O hydrothermal medium at a) 100 °C
(TEM); b) 150 °C (TEM); ¢) 200 °C (SEM) and in NaOH hydrothermal medium at d) 100 °C (TEM);
e) 150 °C (TEM); f) 200 °C (SEM).

began to dissolve. Therefore, a lot of nuclei appeared in bulk of HTM during the cooling step of the high-pressure vessel,
resulting in decrease of average particle size. This was indirectly confirmed by the EDS data shown in Table 1. A given
Mg/Ge = 1.5 ratio was maintained in the HoO-HTM sample, while the ratio increased to 1.65 due to partial dissolution of
GeOs, in the NaOH-HTM sample.

On the other hand, the particle size and crystallinity may sharply increase because of oriented attachment. Availabil-
ity of related surfaces of adjacent particles is key condition for the attachment. Platy particle morphology facilitates this
process along 00! direction thus yielding thick plates and multi-layer polytypes. However, high pH value could inhibit
the oriented attachment via increase in (-potential (by absolute value) and suspension stability. For example, high con-
centration of alkali (pH = 13) caused decrease in Mg(OH)y (-potential down to —25 mV [37], that might be the case of
the NaOH-HTM sample. As a result, the particles repelled each other and their possibility for the attachment decreased.
The crystallite size shown in Fig. 2a gradually increased from 5 to 20 nm for the NaOH-HTM sample. In the HoO-HTM
sample, a sharp jump in the crystallite size was observed at 7' = 200 °C (40 nm). This was apparently due to the active
formation of phase described by three-layer unit cells and the emergence of preferential directions of oriented attachment.
For phases described by two-layer unit cells, the most intense diffraction maxima corresponded to the 00! and h00 direc-
tions, which were associated with crystallite growth both along and perpendicular to the layers. Texturing also contributed
to the increase in diffraction maxima with 00/ indices. The appearance of the third layer was characterized by an increase
in intensity along the /73 direction, which was also almost perpendicular to the layers in the unit cell.

3.1.2.  Ni-phyllogermanate. Ni-phyllogermanate showed similar trends to Mg-phyllogermanate (Fig. 1). However, Ni-
phyllogermanate was characterized by the formation of phase described by one-layer unit cell at 7 = 100 °C. Phase
described by two-layer unit cell was formed at T = 150 °C, and a slight presence of phase described by tree-layer unit
cell was observed (Fig. A4 and Fig. A5, Appendix). It was possible that Ni-phyllogermanate required higher temperatures
to form phases with multi-layer unit cells, as indicated by the tendency for the number of layers to increase with increase
in temperature, but no dependence on the HTM type was observed. Unit cell volume (Fig. 2f) was significantly different
for the two hydrothermal media only at 7" = 100 °C. The rest of the lattice parameters were also HTM-independent in
the 150 — 200 °C range (Fig. A6, Appendix). The crystallite size in both media gradually increased from 4 to 12 nm
with increase in hydrothermal treatment temperature (Fig. 2b). The particles themselves also had the shape of plates.
The particles of the NaOH-HTM sample were smaller than 7 nm at 77 = 100 °C (Fig. A7a, Appendix). A significant
difference in particle size was observed depending on the HTM type at high temperature. While the average particle size of
the HoO-HTM reached 2 pm and more at 7' = 200 °C (Fig. A7b, Appendix), for individual particles of the NaOH-HTM
sample were almost indistinguishable in the SEM. In addition to the reasons discussed for the Mg-phyllogermanate case
(including high (-potential value of NiO and Ni(OH), [38,39]), greater sensitivity of Ni-containing systems to pH value
should be noted for the case of Mg- and Ni-phyllosilicate nanoscrolls formation [40,41]. Comparing these observations
with our previously published paper [15], in which Ni-phyllogermanate particle sizes reached 0.5 pm independently
on pH, we are once again convinced of the importance of the role of chemical prehistory in the formation and growth
of crystals. Thus, the usage of crystalline compounds mechanical mixtures (Ni(OH)2 and GeO [15]) demanded for
comparatively high temperatures (240 °C) to start recrystallization, and particle sizes were predetermined by the less
soluble compound.
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TABLE 1. Elemental composition of phyllogermanates for all hydrothermal media in the 100 — 200 °C

temperature range

Mg3Ge205(0OH),
HIM T,°C Element content, at.% Mg/Ge
Mg Ge 0]
H20 100 22.7940.21 15.36+£0.15 61.86+0.16 1.48+0.03
150 24.31+£0.21 15.50+0.14 60.19+0.33 1.5740.03
200 24.4140.19 16.52+0.31 59.07+0.47 1.48+0.04
NaOH 100 24.54+0.18 14.844+0.15 60.62+0.29 1.65+0.03
150 25.064+0.16 15.234+0.23 59.714+0.34 1.65+0.04
200 25.36+0.23 15.42+0.11 59.26+0.30 1.64+0.03
Ni;Ge;05(0OH),
HIM T,°C Element content, at.% Ni/Ge
Ni Ge (0]
H-O 100  22.20+0.45 15.4540.04 62.36+0.43 1.44+0.03
150  26.764+0.61 18.40+0.31 54.844+0.33 1.45+0.06
200 29.16+0.35 19.46+0.45 51.3840.67 1.50+0.05
NaOH 100 27.48+0.70 17.30+0.07 55.21+0.73 1.59+0.05
150 24.874+0.96 19.13+0.05 56.00+0.95 1.30+0.05
200 27.08+0.83 19.46+0.11 53.46+0.77 1.3940.05
Co5Si;05(0H),
HTM T,°C Element content, at.% Co/Ge
Co Ge o
H>O 100  26.26+0.76 18.31+0.18 55.43+0.79 1.434+0.06
150 23.73+0.87 18.38+0.12 57.894+0.76 1.29+0.06
200 26.29+0.70 18.144+0.21 55.574+0.59 1.45+0.06
NaOH 100 23.51+6.36 15.90+1.46 60.59+7.18 1.484+0.54
150 24.41+0.90 16.68+0.10 58.91+0.84 1.46+0.06
200 34.39+8.38 14.65+1.11 50.96+7.34 2.35+0.75
Na;SO; 100  22.754+0.69 15.09+0.08 62.16+0.75 1.514+0.05
150  26.32+0.99 17.95+0.18 55.73+0.95 1.47+0.07
200 27.05+£0.94 17.37+£0.39 55.58+1.12 1.56+0.09
Fe3Si> O5(0OH),
HIM T,°C Element content, at.% Fe/Ge
Fe Ge (0]
H->O 100  22.22+0.47 14.824+0.09 62.97+0.41 1.504+0.04
150 22.4140.44 1547+0.14 62.12+0.35 1.45+0.04
200 45.65+5.66 11.99+1.43 42.36+4.25 3.81+0.93
NaOH 100 26.10+1.28 16.55+0.72 57.35+1.02 1.58+0.15
150 27.454+1.37 16.33£0.34 56.22+1.22 1.68+0.12
200 50.16+4.24 10.26+1.27 39.574+3.18 4.89+1.02
Na;SO; 100  22.86+0.73 15.41+0.09 61.73+0.77 1.48+0.06
150  20.2240.77 15.2840.16 64.50+0.84 1.32+0.06
200 27.45+0.81 17.06+£0.07 55.49+0.76 1.6140.05
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3.1.3.  Fe-phyllogermanate. Unlike the previous phyllogermanates, the main obstacle for Fe-phyllogermanate synthesis
is an intensive oxidation of Fe?" to Fe3" during precipitation and hydrothermal treatment. Except paper [42], Fe?"-
phyllosilicates with chrysotile or lizardite structure were not obtained, but Fe-phyllosilicate Fes_5SiO5(OH)4 was ob-
tained with the greenalite structure. The iron in this compound had oxidation states of 2+ and 3+ [43,44]. Previously
obtained Me3Ge2O5(OH), phyllogermanates contained divalent metal ions in the octahedral position, so an important
task was to stabilize iron in the 2+ oxidation state.

In analogy with other phyllogermanates, Fe-phyllogermanates tended to form phase described by three-layer unit
cell in water (Fig. A9, Appendix) because of oriented attachment. Addition of NaOH increased crystallinity (Fig. A8,
Appendix) and inhibited the growth along /73 direction. Increase in temperature resulted in the formation of FesOs3
impurity phase. Moreover, Fe-phyllogermanate dehydroxylated with formation of FeoGeO4 and Fe;O3 in HoO and
NaOH at 200 °C (using of mother liquor as HTM allowed to obtain single-phase FeoGeOy, see Fig. A11, Appendix). The
formation of Fe;O3 and FeoGeO, led to a sharp increase in the Fe/Ge ratio (Table 1) due to the presence in the sample
of well-crystallized particles of volumetric shape, from which the signal was most intense and overlapped the signal from
particles of smaller size. Addition of Na;SOj3 prevented FeoO3 and inhibited FeoGeO,4 formation at 200 °C (Fig. 1 and
Fig. A10, Appendix).

The lattice parameters of Fe-phyllogermanate varied unsystematically (Fig. A12, Appendix), but the unit cell volume
did not change significantly with temperature or HTM (Fig. 2g). The crystallite size was about 5 nm for HoO-HTM
samples at T = 100 °C, while for NaySO3-HTM and NaOH-HTM samples it was 13 and 11 nm, respectively. The
crystallite size increased, reaching about 20 nm at 7' = 150 °C for all HTMs (Fig. 2¢). Only Na;SO3-HTM retained
Fe-phyllogermanate at 7' = 200 °C, the crystallite size was almost 40 nm. Fe-phyllogermanate also had a plate-like
morphology, the largest particle size was also characteristic of the HoO-HTM sample and was about 1 ym at 7' = 150 °C.
The same sizes were observed for particles obtained at 7' = 200 °C in the NagSO3-HTM sample. The particles had a size
of about 0.5 pm and their size did not change with increasing temperature in NaOH-HTM (Fig. A13(a,b), Appendix).

It is worth noting that the morphology of FeoGeO, differed significantly depending on HTM. They were plate-like
particles similar to Fe-phyllogermanate in the HoO-HTM sample (Fig. Al4a, Appendix). The particles joined into flower-
like agglomerates with sizes of 5 ym and larger in the NaOH-HTM sample (Fig. A13c, Appendix), that was probably
due to more active particle growth in NaOH-HTM. And in the mother liquor, isomeric particles were formed (Fig. A14b,
Appendix). The homogeneity of the composition and distribution of the primary particles, the absence of additional
oxidation sources could contribute to this effect.

3.1.4. Co-phyllogermanate. Phases described by two-layer unit cell were formed in all HTMs at T = 100 °C, phases
described by three-layer unit cells began to form in HoO-HTM (Fig. A15, Appendix) and Na;SO3-HTM (Fig. A16,
Appendix) in analogy with previous phyllogermanates. Cobalt orthogermanate CooGeO4 was formed in NaOH-HTM
(Fig. A17, Appendix) at 100 °C, which was present in this HTM at all subsequent processing temperatures (Fig. 1).
Increasing the temperature to 150 °C resulted in more intense formation of phases described by three-layer unit cells,
whereas phases described by two-layer unit cells were practically absent. At 7" = 200 °C only phases described by three-
layer unit cells were observed. Growth was observed in the preferred directions 00!, h00, and 713 in all samples with
three-layer unit cells, similar to Fe-phyllogermanate, but the texturing effect in these directions was stronger. The lattice
parameters remained virtually unchanged at 7' = 150 °C and above, while they changed unsystematically at 7" = 100 °C
(Fig. A18, Appendix) comparing different HTMs. The unit cell volume decreased in NapSO3-HTM, while a strong
volume decrease occurred in HoO-HTM (Fig. 2h). While NaOH-HTM promoted the formation of Co-phyllogermanate,
the particles in the other two HTMs could be weakly crystallized, resulting in a larger unit cell volume.

Crystallite size increased from an average of 5 nm at 7' = 100 °C to 30 — 40 nm at 7" = 150 °C. Subsequent
increased in temperature caused the crystallite size of NaOH-HTM and Na;SO3-HTM samples to increase to 45 nm,
while the crystallite size in the HoO-HTM sample remained virtually unchanged (Fig. 2d). The particles were hexagonal
plates [19] and had sizes much smaller than the phyllogermanates considered above. The sample contained thin plates
of 36 + 8 nm in size at T = 100 °C in the HO-HTM sample (Fig. A7c, Appendix). The Co/Ge ratio was kept within
the error limits in all samples, except for the Co-phyllogermanate obtained in NaOH-HTM at 200 °C due to the presence
of Co2GeO4 in significant amounts, as well as in the sample obtained in HoO-HTM at 150 °C due to probably strong
texturing.

Thus, hydrothermal treatment promoted the formation of phyllogermanates and each series contained single-phase
samples, which allowed us to establish the optimal phyllogermanates synthesis parameters. Increase in temperature
yielded increase in the number of layers in the unit cell. Neutral pH (HoO-HTM) enhanced particles attachment with for-
mation of bigger plates. Na;SO3-HTM minimized undesirable oxidation of Co®>* and Fe*" in hydrothermal conditions.

3.2. Products of heat treatment in Ar—H; atmosphere

The reduction of phyllogermanates was carried out in an Ar—Hs atmosphere to obtain intermetallic compounds or
metallic germanium in the case of Mg-phyllogermanate. Single phase samples were selected for the reduction (Fig. 4).
The TPR curves are shown in Fig. 5. The reduction took place in one or two stages, depending on the sample. It is worth
noting that the shape of the TPR profiles also depended on the HyO released during the process [45].
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The reduction began at about 400 °C with Ti,,x = 480 °C for Mg-phyllogermanate. The second reduction stage
started at 665 °C with Ty, = 730 °C. This was in agreement with literature data on the reduction of GeOs: hydroxylated
GeO- had higher reduction temperatures compared to other germanium oxides [46]. Structurally bound water could also
affect the reduction process of germanium in the case of Mg-phyllogermanate. Presence of three phases was observed in
the sample after the reduction: metallic germanium, orthorhombic Mg>GeO4 and cubic MgoGeO, (Fig. 6). It is possible
that the reduction of germanium from phyllogermanate occurred in parallel with the formation of cubic MgyGeO,4 and
continued until the stoichiometric ratio Mg/Ge =2 was reached. The increase in temperature contributed to its stabilization
and prevented further reduction of germanium from the system. Traditionally, Mg,GeQOy is obtained by the solid phase
synthesis method [47], therefore the temperatures of its preparation from the corresponding phyllogermanate could be
significantly lower. The presence of cubic MgaGeO, could be associated with an incomplete transition from the cubic to
the orthorhombic phase. The second stage of Mg phyllogermanate reduction was weakly intense and could be associated
with the phase transition from cubic to orthorhombic MgoGeO4 [48].

The reduction occurred in a single step for Ni-phyllogermanate (Fig. 5), and it was accompanied by the formation
of Nij9Ge;, intermetallic compound (Fig. 6). It existed in a rather narrow region of the phase diagram. The Ni/Ge ratio
in the initial phyllogermanate was 1.5, which was close to the Ni/Ge ratio in the resulting intermetallic compound, and
the reduction temperature corresponded exactly to the formation temperature of NijgGe;o in the phase diagram [49].
The reduction start temperature of Ni-phyllogermanate was 435 °C with a maximum at 520 °C. It was higher than that of
Mg-phyllogermanate due to the presence of nickel in the system and the simultaneous reduction of germanium and nickel.
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The reduction start temperature of Fe-phyllogermanate was 705 °C with T}, = 845 °C. This sample had the highest
reduction temperature. Structurally bound water greatly slowed down the process of iron reduction [45]. The initial ratio
Fe/Ge = 1.5 corresponded to the region of two solid solutions [50], possibly due to this, the formation of two alloys with
approximate ratios of Fe; 4Ge and Fe; 47Ge was observed by PXRD (Fig. 6). In addition, a small amount of Fe;O3 was
present in the sample. This oxide could have formed in air after the reduction process due to the oxidation of metallic
iron, which was a reduction product.

The reduction from Co-phyllogermanate occurred in one step (or several steps, indistinguishable due to peaks overlap)
with the formation of the intermetallic compound CosGeo (Fig. 6), which was a high-temperature phase [51]. The
reduction start temperature was 600 °C with a Ty, = 750 °C, which was higher than the reduction start temperature of
a similar phyllosilicate [8]. Apparently, the reduction start temperature increased due to the simultaneous reduction of the
transition element and Ge, which led to the destruction of the structure and the formation of the intermetallic compound.

The formation of intermetallic compounds was observed in all samples containing transition elements. Mg-phyllo-
germanate contained germanium and magnesium orthogermanate. It was possible to obtain intermetallic compounds with
a given germanium/transition element ratio by varying the initial Me/Ge ratio.

4. Conclusion

Here, we have demonstrated unified approach to Mg-, Ni-, Fe- and Co-phyllogermanates synthesis by soft chem-
istry methods. Additional precautions to prevent oxidation were required to obtain Co- and Fe-phyllogermanates, so the
synthesis was performed in an inert Ar atmosphere using oxygen-free water.

Phyllogermanates tended to form unit cells, the number of layers in which depended on the temperature condi-
tions of the hydrothermal treatment. Ni-phyllogermanate required the highest temperatures to initiate the formation of
phases described by three-layer unit cell, while Fe-phyllogermanate required the lowest. The samples were particles with
three-layer cells already at 100 °C. Orthogermanates were also formed in Fe- and Co-phyllogermanates under elevated
temperature conditions, besides temperature of their formation was much lower than that in the solid phase synthesis
method. Therefore, hydrothermal synthesis could be successfully used to obtain not only phyllogermanates, but also
orthogermanates.

Temperature-programmed reduction made it possible to estimate the reduction start temperature of germanium in
Mg-phyllogermanate and germanium intermetallic compounds in other samples. This method of obtaining intermetallic
compounds is quite simple, and the possibility of varying the composition of the initial phyllogermanates to obtain a series
of intermetallic compounds with a given ratio makes them promising objects for further research.
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FI1G. A13. SEM micrographs of Fe3Ge2O5(OH), in NaOH hydrothermal medium: a) at 100 °C; b) at
150 °C; ¢) at 200 °C

FI1G. A14. SEM micrographs of Fe3Ge,O5(OH), at 200 °C a) in HoO hydrothermal medium; b) in
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ABSTRACT This paper presents a study on the effect of the Ni-Mo—W precursor calcination (300, 450 and
500 °C) on properties of granulated bulk Ni-Mo—W catalysts. The Ni—-Mo—W precursor and bulk catalysts
were studied by XRD, nitrogen adsorption-desorption method, CHNS analysis, thermal analysis, Raman spec-
troscopy, UV-Vis DR spectroscopy, HRTEM and XPS. It is shown that the increase in calcination temperature
of the precursor to 500 °C leads to stepwise decomposition of citric acid, transformation of active metals and
re-structurization of the samples. Active metals in sulfide catalysts are present in the bulk mixed or individ-
ual sulfides and interact with alumina binder to form “NiMoS-like” sulfide phase. Increased crystallinity of the
precursor results in the enlargement of bulk nickel particles, capsulation of Mo and W and their rounding by
Ni atoms. Catalysts testing in hydrotreatment of SRVGO demonstrates that the best choice of temperature
regimes is 300 °C for the precursor.
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1. Introduction

Hydroprocessing catalysts are attracting constant interest from scientists working in catalysts development. It is
caused by the constantly emerging requirements for the resulting fuels and heavy feedstocks of secondary processing and,
consequently, the requirements for the catalytic action of the corresponding catalysts.

Hydrotreating (HDT) catalysts used in industrial units can be supported or bulk systems. The main similarity between
them is the nature of active metals. Typically, Co or Ni are used in the pair with Mo or W [1,2]. Combination of these
metals in a catalyst followed by their transition in active sulfide phase provides high activity in target hydrotreating
reactions.

The structure of active component of hydrotreating catalysts is sufficiently well determined, if bimetallic NiMo or
CoMo catalysts are considered. According to Topsge et al. [3], the active component of such CoMo systems consists
of molybdenum sulfide particles being decorated with the promotor atom. However, the formation of Co-Mo—S phase
is observed at Co/Mo ratios < 0.4, while greater Co contents result in the formation of Co—-Mo-S phase and individual
CoxSy sulfides. In general, NiMo catalysts have similar structure of Ni-Mo-S phase [4].

When adding the third element, Co/Ni or Mo/W, a synergetic effect can be observed. It is known that Ni-Mo and
Co—Mo catalysts have better hydrogenolysis activity, while Ni-W catalyst is stronger in hydrogenation. Combining these
advantages of bimetallic catalysts, Albemarle, ExxonMobil, and the Nippon Ketjen Corporation jointly developed the bulk
catalyst (NEBULA) [5, 6], which presents of Ni-Mo—W component and demonstrates a breakthrough catalytic activity.
The preparation procedure of NEBULA is know-how of the producer company. That is why, numerous investigations in
this field are carried out by the catalysts developers to understand the nature of Ni-Mo—W catalysts and to create new
high-active bulk catalysts.

Obviously, the presence of three different metals in the Ni-Mo—W system significantly increases the complexity of
the system. Density functional theory (DFT) calculations confirmed the formation of synergetic effect of the addition of
Ni to Mo—W-S system [7]. Moreover, it is shown that the best HDT catalysts must exhibit sulfur metal bond energies
close to NiMog 5Wg 552 system, meaning between NiMoS and NiWS ones. The data in [8] shows that the surface of
NiMoW catalysts is easily formed comparing to bimetallic systems and the edge of NiMoW particle exhibits the high-
est occupation density of d-type states near the Fermi level. The equilibrium morphologies of the sulfide particles of the
active component CoMoS or NiMoS phase are hexagonal or trigonal particles, according to DFT calculations [9]. Accord-
ing to the calculations, the shape of the main particle is close to the bimetallic one. In the case of the supported system, the
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active component particles were highly dispersed, highly reducible, and highly sulfidable W/Mo species, that provided the
formation of W,Mo; _, S5 phases with increased capability for accommodating NiS, at the edges of sulfide slabs [10].

For the bulk NiMoW catalysts, the establishment of the composition of active particles is complicated by the absence
of the support, which can unify the active phase, as well as the use of numerous preparation techniques and conditions of
activation procedures. Moreover, some preparation procedures can lead to the formation of the bulk hydrodesulfurization
(HDS) catalysts with low atom efficiency and intrinsic activity due to the large amount of unused active sites embedded
in the bulk catalyst, leading to the limitation of the practical application in HDS process [11, 12]. Therefore, optimization
of bulk catalyst preparation is a complicated task.

In our previous research, it is shown that among all widely used preparation techniques for the bulk NiMoW catalysts,
the best method includes the synthesis of the active metals precursor in the solution followed by spray drying [13]. It
allows a synthesis of a set of compounds with high activity in HDS and hydrodenitrogenation (HDN) reactions. We
found that the more preferred calcination temperature of the granulated catalyst prepared by the above-mentioned method
is 300 °C [14]. However, the question on calcination of the precursor, which would define final structure of the oxide
system before calcination, still arises.

For example, Wang et al. [15] used a surfactant-assisted co-precipitation method from the starting materials including
basic nickel carbonate followed by a sulfidation process to obtain the final Ni-Mo—W sulfide catalyst without previous
calcination of the precursor. The given data showed the formation of hydrotalcite-like structures, where Mo—W-S particles
are located between Ni;Sg layers that significantly improves promotion effect from Ni.

On the contrary, in a number of works and patents, calcination temperature of bulk catalysts is usually in the range
of 300 — 400 °C, however, there are no arguments for the chosen temperatures [12, 16, 17]. The report [18] demonstrates
the data on the influence of thermal treatment at 250, 350, 450, 550 and 650 °C of a bulk NiMo catalyst being prepared
by coprecipitation method on HDS activity of DBT. It is shown that the catalyst calcined at 350 °C is the most active in
HDS than other samples. Similar results are shown in the report [19] for bimetallic NiMo catalysts, where calcination
procedure is carried out under hydrogen or nitrogen atmosphere in the temperature range from 350 to 600 °C. It is shown
that the best activity is achieved at calcination temperature of 400 °C. However, hydrothermal synthesis procedure of the
precursor used in the above-mentioned papers, as well as calcination conditions, are not optimal for industrial application.
Moreover, these works do not consider the necessity to use binding agent, such as pseudoboehmite, for granulation. It
should also significantly influence the formation of the oxide active component precursor and then catalysts activity.

In the present work, we tried to clarify in detail the effect of calcination temperature on the NiMoW precursor for
the bulk hydrotreating catalysts. The work focuses on the preparation of granulated system and, therefore, on the use of
pseudoboehmite as a binding agent and its interaction with active component in the bulk system. Catalysts activity was
assessed in a real feedstock hydrotreating.

2. Experimental
2.1. Preparation of catalysts

NiMoW precursor was synthesized by dissolution of nickel hydroxide, ammonium heptamolybdate and ammonium
metatungstate with citric acid using the procedure described in [20]. Citric acid was dissolved in a distilled water under
stirring at 70 °C. Then nickel hydroxide was added to the solution followed by complete dissolution and preparation of
green transparent solution. Ammonium heptamolybdate and ammonium metatungstate were added to the green solution
and it was stirred until complete dissolution. Molar ratio of Ni/Mo/W was 1/0.5/0.5. The obtained solution with the
precursor was spray dried to prepare NiMoW powder. Then, the NiMoW powder was calcined at 300, 400, 450 or 500 °C
in air flow. It should be emphasized that after studies by XRD and TGA the NiMoW sample calcined at 400 °C was not
chosen for other investigations.

Granulated NiMoW catalysts were prepared by the following procedure. First, a dry mixing of the powder of the
NiMoW precursor and a binder (pseudoboehmite) was carried out to obtain a kneading paste. A pseudoboehmite powder
(SSA - 241 mz/g, Vp, - 0.6 cm3/g, CSR: [100] — 14.5 nm, [010] — 4.0 nm, [001] — 11.5 nm) was synthesized by the
procedure described in [21]. The weight ratio of pseudoboehmite and NiMoW precursor was 0.6. Then, an aqueous
solution of plasticizing agent (nitric acid) was prepared. The amount of nitric acid was calculated from molar ratio of
HNO3/Al; 03 = 0.07. The obtained solution was added to the mix of powders and stirred to obtain plastic paste. The paste
was extruded via fluoroplastic spinneret with trilobe holes of 1.3 £ 0.1 mm. The extrudate was then dried at 110 £ 10 °C
and then calcined at 300 & 10 °C.

2.2. Sulfiding and testing of catalysts

To assess catalysts activity in HDS and HDN reactions, catalysts were tested in hydrotreatment (HDT) of the real
feedstock. Hydrotreatment of the real feedstock was carried out in a fixed-bed pilot unit using straight-run vacuum gas oil
(SRVGO) (7080 ppm S and 958 ppm N). The 30 cm?® of a catalyst sample was diluted with silicon carbide (0.1 — 0.2 mm)
in a volume ratio of 1:2 and loaded in the isothermal zone of the reactor. Before testing, catalysts were sulfided in a
liquid phase using the mixture of straight-run gasoil and dimethyl disulfide (20 g of DMDS per 1 1 of straight-run gasoil).
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Sulfidation of catalysts was carried out at 8.0 MPa, sulfidation mixture flow — 2 h~! and volume ratio Hs/sulfidation
mixture — 300 Nm?3/m? at 240 °C for 16 h and at 340 °C for 16 h. After sulfidation catalysts were tested in the following
conditions: liquid hourly space velocity = 1.5 h™!, Hy/feedstock = 600 Nm®/m?3, P = 8.0 MPa, T = 340, 350 and
360 °C. Catalysts were tested for 48 h at each temperature. There were no liquid samples during first 24 h at each
temperature. That period was marked as no steady state. Then, 4 liquid product samples were selected for analysis each
4 h. Content of nitrogen and sulfur in the feedstock and hydrotreating products was determined on Xplorer-NS Analyzer
(TE Instruments).

2.3. Characterization methods

CHNS analysis was carried out on the analyzer VARIO EL CUBE according to ASTM D3176-15.

X-ray diffraction experiments in the transmitted light mode were carried out with MoK radiation (A = 0.7093 A) at
STOE STADI MP (STOE, Germany) installation using the detector MYTHEN?2 1K. Measurements were carried out by
scanning in the angles range 2 — 69° at 0.015° step at 20. The obtained data were analyzed to define average crystallite
size. The size of coherent scattering region (CSR — Dxgrp) was calculated from the width of diffraction peaks. Phase
analysis was made using diffraction database ICDD PDF-2.

The textural properties of the catalysts were determined by nitrogen physisorption using an ASAP 2400 instrument
(Micrometrics, USA). Prior to analysis, samples were subjected to a Ny flow at 150 °C for 2 h. The Brunauer-Emmett—
Teller method (BET) was used to calculate BET surface areas from the nitrogen uptakes at relative pressures ranging
(P/ Py) from 0.05 to 0.30. The total pore volume was derived from the amount of nitrogen adsorbed at a relative pressure
close to 1 (in practice, P/ Py = 0.995). The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH)
method using the desorption branch of the isotherm [22]. The uncertainty of the results was 10 %.

Sulfide catalysts were studied by X-ray photoelectron spectroscopy (XPS) on a SPECS photoelectron spectrometer
using non-monochromatic MgKa radiation (hv = 1253.6 eV). The binding energy scale (E}) was previously calibrated
by the position of photoelectronic lines of core levels of gold, silver and copper: Audf;,; —84.0 eV, Ag3ds,; — 368.3 eV
and Cu2pz,3 — 932.7 eV, measured for corresponding metallic foils. Samples were applied to a double-sided conductive
copper tape. The charging effect that occurs during electron photoemission was taken into account using the internal
standard method, which used the Al2p line from aluminum in the support (£}, = 74.5 eV) [23]. In addition to the survey
spectrum, high resolved spectral regions of elements being included to the samples were recorded. All obtained spectra
were recorded at pass energy of 20 eV. The definition of a relative elements content on catalysts surface and a ratios of
their atomic concentration were made from integral intensity of photoelectron lines being corrected by atomic sensitive
factors [24].

Sulfide catalysts before reaction were studied by high-resolution transmission electron microscopy (HRTEM) to
investigate their morphology and structure. For imaging in TEM and STEM modes, a ThemisZ two-corrector transmission
electron microscope (USA, Thermo Fisher Scientific) with an accelerating voltage of 200 kV and a limiting resolution of
0.07 nm (TEM) and 0.06 nm (SEM) was used. The micrographs were recorded using a Ceta 16 CCD matrix (Thermo
Fisher Scientific, USA). High-angle annular dark field (HAADF) technique was performed to evaluate distribution of
active metals.

Thermal analysis of the catalysts was carried out using NETZSCH STA 449 Jupiter. A sample was loaded into
corundum crucibles and placed in a chamber. An air flow rate was 30 ml/min. A sample was heated up to 600 °C at a rate
of 10 °C/min. Experimental data was analyzed by the NETZSCH Proteus Thermal Analysis software.

UV-Vis diffuse reflectance spectra (UV-Vis DRS) of the catalysts in the oxide states were recorded on an UV-2501
PC Shimadzu spectrometer with an IRS-250A diffusion reflection attachment. The measurements were performed in a
quartz cell (optical path length 2 mm) in air at room temperature using BaSO, as a reference.

Raman spectra of the catalysts in the oxide states were recorded with the use of a LabRAM HR spectrometer, Evolu-
tion, Horiba, equipped by a multichannel CCD detector, which was cooled by liquid nitrogen. The spectra were excited
by a 633 nm He—Ne laser with a power of about 0.5 mW on the sample surface. The diameter of the laser light spot on
the sample surface was about 2 um. The scattering geometry was 180°. The spectrometer resolution was 2.4 cm™ 1.

The structural properties of the samples were analyzed by Infrared (IR) spectroscopy using a KBr wafer technique
(a typical wafer containing 1 wt. % of a sample). IR spectra were recorded on a Shimadzu IRTracer-100 spectrometer
within the spectral range of 350 — 4000 cm ™! with a resolution of 2 cm™*.

3. Results and discussion

3.1. Structure of NiMoW precursor after calcination at high temperatures

Before explanation of the data, which are given below for the precursor and catalysts, it would be better to justify
the choice of the calcination temperature for the NiMoW precursor. The first point is based on the granulation of the
catalysts. It is experimentally established that the NiMoW precursor has very poor plasticizing properties, when the
calcination temperature is less than 300 °C. The second point is related to phase transitions seen in TG/DTG/DSC curves
and XRD patterns.
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The DTG curve (Fig. 1) of the NiMoW precursor contains specific features being characteristic for the decomposition
of citrate ligands [25-27]. A weight loss at 50 — 150 °C can be assigned to the removal of adsorbed water and ammonia.
A great weight loss (25 % of the total weight) is observed at 180 — 350 °C due to the citrate ligands decomposition to
acetondicarboxylate compounds or oxycarbonate compounds [25,28]. The decomposition of citrate complexes to carbon
deposits occurs at ~ 300 °C. It possibly explains poor plasticizing properties of the NiMoW powder. The weight loss over
400 — 600 °C is accompanied by a strong exo-effect, which is related to the oxidation of residual fragments of organic
molecules and amorphous carbon, and to the formation of nickel, molybdenum and tungsten oxide compounds, and their
phase transformation [29-31]. When the calcination temperature is higher than 300 °C, two areas can be pointed out:
400 — 450 °C and 500 — 550 °C. To choose calcination temperature in these two areas for further studies, the NiMoW
precursors calcined at 300, 400, 450 and 500 °C were studied by XRD analysis (Fig. 2).
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It is seen that only calcination at temperatures higher than 400 °C leads to the formation of crystal phases. Moreover,
crystallinity of the samples calcined at 450 and 500 °C strongly changes. Then, we choose one of the X-ray amorphous
samples, which were calcined at 300 °C, and two samples calcined at 450 and 500 °C for further studies.

3.1.1. NiMoW precursor calcined at 300 °C. As it is noted above, the XRD data of the precursor calcined at 300 °C
does not show any crystal phases. On the contrary, the Raman spectrum (Fig. 3A) of the NiMoW sample calcined at
300 °C contains a set of bands in the range of 1100 — 1700 cm™! with two intense poor resolved signals at 1360 and
1590 — 1600 cm ™" typical for most kinds of carbonaceous materials such as graphite, carbon black and soot. Considering
calcination temperature, the peak at 1590 — 1600 cm ™! (G-band) can be assigned to graphitized coke, while the peaks at
around 1360 cm™! (D-band) can be due to disordered pseudographite deposits [32,33]. The band at 1445 — 1465 cm ™!
(D3-band) corresponds to the loss of aromatic bonding in a purely sp2 network [34]. The signal at 1250 — 1265 cm ™!
corresponds to the Raman shift of C—H bond vibrations, while the shoulder at 1150 — 1200 cm™ ! could be attributed to
sp2-sp> bonds or C—C and C=C stretching vibrations of polyene-like coke. In addition, a strong fluorescence background
is detected in the sample calcined at 300 °C, probably caused by residual fragments of the organic matrix [35]. The
observed features can indicate the effects from deposits of citric acid in the catalysts. A small signal at ~ 220, 650 — 690
and ~ 960 cm ™! can be assigned to bridged Mo—O—Mo and terminal M=0 in polymolybdate-like structures [36].

The UV-Vis DR spectrum of NiMoW precursor (Fig. 4A) calcined at 300 °C represents a very intense broad signal in
the region of 400 — 700 nm with the maximum at around 500 nm and shoulders at about 420 — 430, 350 — 360 and 280 —
300 nm. This set of bands may belong to w-7* and n-7* transitions of charged alkylated aromatics and polyaromatics
with oxygen-containing substituents (the products of citric acid decomposition after calcinations) [37]. The absence of
clearly defined bands of d-d transitions of Ni®T ions may indicate shielding by a carbon matrix.

3.1.2.  NiMoW precursors calcined at > 450 °C. When calcination temperature is higher than 450 °C, XRD patterns
contain peaks from a-NiMoO, (PDF#00-033-0948, a = 9.509, b = 8.759, ¢ = 7.667 A) with the average CSR size
D = 10 nm (content prevails). Moreover, the precursor calcined at 450 °C contains NiO phase (PDF#00-047-1049,
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a =b=c = 4177 A) with D = 10 nm and with high probability highly dispersed WO3 phase (PDF#00-033-1387),
since there is an increase in the intensity near 11° at 26.

The set of bands in the Raman spectra (Fig. 3A) in the region of 1100 — 1700 cm ™! decreases in intensity and new
peaks appear at about 540, 705, 740, 860 and 920 cm~ L. The band at 860 cm™! can be attributed to W=0 bonds in
isolated WOy structures, while the signal at ca. 740 cm™ s assigned to W=0 bonds in isolated WOg structures [38].
The set of bands at 965, 920 and 705 cm ™! belongs to the MoOg symmetric stretch and corresponding MoOg asymmetric
vibrations of bulk 5-NiMoQ, [36], while the band at 760 cm ™! is attributed to bridging Mo—O-Mo bond that confirms
the presence of polymolybdate structures. The peak at about 540 cm ™" is typical for NiO.

Treatment at 450 °C is accompanied by the appearance of the intense peak at 720 nm with the shoulder at 650 nm
in the UV-Vis DR spectra (Fig. 4A). This signal as well as the bands located at about 380 — 460 nm result from d-
d transitions of Ni** ions hosted by octahedral sites in the dispersed NiO [39]. The n-7* transitions in carboxylate
substituents of the carbon matrix likely have an additional contribution to the adsorption in the 350 — 460 nm region and
the increased background in the long wavelength region. The UV region of this spectrum contains three strong broad bands
centered at 220, 280 and 350 nm, which could be assigned to 0>~ — Mo®" (W5T) charge transfer (CT) transitions. First
peak is usually observed in compounds, which contain isolated tetrahedral coordinated MoO4 or WOy species [38, 40].
The second peak most likely refers to polymolybdate-like structure containing octahedral coordinated Mo ions (MoOg
species) [36], while the third signal probably related to polytungstates or WOs3 cluster contained octahedral coordinated
W ions (WOg species) [38]. The intensity of the band from isolated tetrahedral coordinated molybdate (tungstate) ions is
much higher than from polymolydates (polytungstates).

Besides a-NiMoQOy phase, the precursor calcined at 500 °C contains WO3 (PDF#00-033-1387, a = b = 7.298,
¢ = 3.899 A) with the CSR size D ~ 8 nm, NiWO, (PDF#00-015-0755, a = 4.912, b = 4.60, ¢ = 5.665 A) with CSR
size D = 19 nm, and NiO (PDF#00-047-1049, = b = ¢ = 4.177 A), D ~ 10 nm.

The Raman spectra of the NiMoW-500 sample is characterized by the set of bands at 540, 690, 760, 853 cm~ ! with
the shoulders at 815, 880 and 920 cm ™!, as well as 962 and 990 cm™'. Signals at 990 cm ™! with the 815 cm ™! belong
to the modes from MoOs3. The peaks at 962, 920 and ~ 700 cm~ ! characterize nickel molybdate, and the bands at 880
and 690 cm ™! correspond to nickel tungstate. On the other hand, the band in the range of 715 cm ™! accompanied by the
band at around 805 cm ™! can be attributed to the W—-O-W deformation mode, W—O bending modes and a W-O stretching
vibration characteristic of octahedral WOj3-like species (or crystalline WO3) and may overlap with the signals of the above
compounds [38]. The modes from carbon compounds completely disappear.

The UV-Vis DR spectrum of the NiMoW-500 precursor contains the new bands at 740 and 820 nm which are likely
associated with Ni*T ions octahedral coordinated to molybdate ions in nickel molybdate [41,42]. The last band is coming
from the distortion of octahedral Ni** by incorporation to MoO 5 - Nickel ions in the NiWOy structure can also absorb
in this area too [43].

3.1.3. Intermediate conclusions. Summarizing effects seen in the precursor samples, the following scheme can be pro-
vided (Fig. 5). First, the precursor obtained after spray drying contains molybdenum, tungsten and nickel citrate com-
plexes. When heat treatment temperature increases to 300 °C, citrates decompose and form variations of acotonic and
itaconic compounds followed by the formation of carbon-containing compounds, like coke. Then, the heating to more than
450 °C results in the removal of carbon and other products of citrate’s decomposition and formation of crystal phases —
both individual Ni, Mo or W oxides and mixed oxides.

Non-crystalline

Complex citrates material Crystalline

material

NiMoO,
Nio || NiWo,

(NH,),[Mo,0,(Ci

NH,)[W,05(Cit),

FI1G. 5. Scheme on the possible reactions being occurred in the NiMoW precursor

3.2. Structure of NiMoW catalysts

Before describing and discussing the structural data on the bulk NiMoW catalyst, it should be emphasized that all
structural changes of the NiMoW precursor are not significantly affected by calcination of catalysts granules, because
final calcination temperature is equal or less than calcination of the NiMoW precursor.

According to CHNS analysis (Table 1), residuals of citric acid decomposition products present in the catalysts even
at high temperatures. Carbon content decreases from 7 to 0.8 wt.%, when calcination temperature increases from 300
to 500 °C. It is noted that carbon content is high in the NiMoW-300-300 and NiMoW-450-300 catalysts. Then, we can
suggest that decomposition of citric acid is complicated in bulk catalysts comparing to supported samples [35, 44, 45]
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possibly due to its hiding in the catalyst volume. Moreover, X-ray amorphous properties seen for the NiMoW precursor
calcined at 300 °C could be caused by even distribution of atoms of active metals in the presence of high amount of carbon
in the samples [46].

TABLE 1. CHNS analysis data of catalysts

Sample C% wt. | H% wt. | N% wt. | S% wt.
NiMoW-300-300 7.4 1.4 1.4 0
NiMoW-450-300 32 0.7 0.7 0
NiMoW-500-300 0.8 0.6 0 0

Another point is the presence of nitrogen in granulated catalysts. Obviously, nitrogen is caused by the use of nitric
acid during plasticization and can be also present as a residual nitrogen in pseudoboehmite (specified by the synthesis
procedure). Then, the increase in calcination temperature of granules results in the decrease of nitrogen content. Some of
nitrogen could be present from ammonium heptamolybdate used in the synthesis. It explains the difference between the
NiMoW-300-300 and NiMoW-450-300 samples. It is not obvious, how nitrogen will influence catalysts activity. Possibly,
similar effects of HDS activity worsening can be pointed out [47].

The features of the precursor transformation during its calcination are confirmed by data of thermal analysis (Fig. 6).
DTG curves demonstrate three-stages weight loss. The first stage at 80 — 100 °C is caused by desorption of physically
adsorbed water. The second one at 430 — 445 °C is due to phase transformation of pseudoboehmite to y-AlyO3 [21,48] or
to decomposition of various citrates to oxides. The main difference between the samples is observed in DTG/DSC curves.
The NiMoW-300-300 and NiMoW-450-300 catalysts demonstrate strong endo-effect at 554 and 578 °C, respectively, due
to the formation of stable nickel molybdates and tungstates (NiMoO4 and NiWO,) [29,31]. The TG/DTG/DSC curves of
the NiMoW-500-300 catalyst in this temperature region are plateau.
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FIG. 6. TG and DTG curves of NiMoW-300-300, NiMoW-450-300, NiMoW-500-300, catalysts

Using IR, UV-Vis DR and Raman spectroscopy, the structural properties of the NiMoW granulated catalyst samples
in the oxide form were compared. The UV-Vis DR spectrum of the NiMoW-300-300 catalysts (Fig. 4B) shows a decrease
in signals associated with the carbon material compared to the spectrum of the NiMoW-300 precursor (Fig. 4A). The
appearance of three strong broad bands centered at 220, 290 and 330 nm could be assigned to O?>~ — Mo%*™ (W®") CT
transitions. Apparently, some of the polyoxometalate anions react with AI-OH groups of pseudoboehmite to form proba-
bly (Al;)2Mo(W)O, surface species. This promotes the release of polymolybdate (polytungstate anions) from the organic
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matrix. Most of the Ni®* ions remain uniformly distributed and shielded by the organic amorphous matrix. Calcination
of the NiMoW precursor at higher temperatures leads to the disappearance of the signal from the carbon material in the
spectra of the NiMoW-450-300 and NiMoW-500-300 catalysts. The spectra of the NiMoW-450-300 and NiMoW-500-
300 catalysts demonstrate more intense signals in the region of 0>~ — Mo®" (W) CT transitions compared with the
corresponding precursors. This may be the result of the anchoring of polymolybdate and polytungstate structures on the
Al-OH groups of pseudoboehmite. The state of Ni®* ions in NiMoW-450-300 and NiMoW-500-300 catalysts differs
slightly from corresponded precursors. In all compounds, Ni?T ions are stabilized in octahedral coordination. Addition-
ally, there is an increase in intensity in the long-wavelength region of the spectrum of the NiMoW-450-300 sample, which
may indicate Ni®" ions in the structure of molybdate or tungstate.

The IR spectra of the NiMoW catalysts are shown in Fig. 7. Three intense bands at 480, 630 and 740 cm ™! in the
framework vibration range as well as four peaks at 1070, 1160 and 3090, 3303 cm™' characterize a well crystallized
boehmite [49]. Moreover, the spectra of all samples demonstrate a weak signal at 1384 cm ™! related to residual NO3—
jons. The bands at 1715 (¥C=0 in —COOH) and 2855, 2925, 2960 cm ™' (v (—CHs—, —CHj3)) in the spectrum of
the NiMoW-300-300 sample are assigned to residual citric acid fragments, while the bands at 1590 (v,s COO—) and
1410 cm ™! (v, COO—) are attributed to carboxylate groups that were binding with the aluminum atoms of the boehmite
surface [50]. The bands at about 1590 — 1300 cm ™! in the spectrum of the NiMoW-450-300 sample relate to carbonate-
carboxylate compounds, but the only peak at 1630 cm ™! in this region for the NiMoW-500-300 sample is due to adsorbed
water. The intensity of the boehmite signals for the NiMoW-500-300 catalyst is the highest, while it is slightly higher
for the NiMoW-450-300 then for the NiMoW-300-300 catalyst. Thus, higher calcination temperature of the NiIMoW
precursor decreases the residual content of carbon-containing fragments (it is also shown in Table 1). It complicates the
transformation of pseudoboehmite structure to alumina. To confirm that, we made additional studies of the samples by
XRD method (Fig. A1, Appendix).There was no alumina phase in the samples, which granules were calcined at 300 °C.
But when calcination temperature of the granules becomes 400 °C, alumina phase is observed from high-intensive peaks
in XRD curves. Possibly, the samples calcined at 300 °C also contain some v-Al;O3, but its amount is very small, and
reflections are overlapped by other phases. Another point is that boehmite starts to transform at higher temperatures as it
seen from IR spectroscopy.
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FI1G. 7. IR spectra of NiMoW-X-300 (where X = 300, 450 and 500 °C) catalysts. The inset shows
enlarged fragment of spectra

Two bands at 942 and 860 cm ™" in the spectrum of the NiMoW-300-300 sample could be attributed to the vibrations
of the distorted MoOg units in polymolybdate anions. The band at 958 with the shoulder at 935 cm™! in the spectra
of the NiMoW-450-300 and NiMoW-500-300 samples characterize a bulk a-NiMoOy4 [51,52]. A group of signals at
about 990 and 875 cm ™" is assigned to bulk MoO3 [53]. The intensity of the signals associated with nickel molybdate
and molybdenum oxide is higher for the NiMoW-500-300 catalyst than for the NiMoW-300-300 catalyst. Therefore, the
higher calcination temperature of the NiMoW precursor leads to higher crystallization degree of nickel molybdate and
molybdenum oxide that is confirmed by UV-Vis DRS. In addition, the well resolved peaks at 830, 775 and 735 cm ™! are
observed in the spectrum of the NiMoW-500-300 sample. The first band is attributed to a bulk NiWO, [43, 54], while
the second and the third peaks may be associated with the formation of WO3 [38,55]. The signal of Ni—O bonds in NiO
overlaps with the intense absorbance of pseudoboehmite and cannot be detected by the used method.

The Raman spectra of the catalysts confirm the observed results (Fig. 3B). The background significantly grows for all
catalysts that is probably caused by the presence of OH groups in the alumina binder. The addition of the binding agent
leads to the decrease in the intensity of the signals from carbon in both catalysts calcined at 300 and 450 °C. Moreover, the
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signals in the spectrum of the NiMoW-450-300 from Mo and W oxides also decrease and almost disappear. The spectrum
of the NiMoW-500-300 is similar to the precursor one. The spectra also contain the band at 1786 cm ™!, which is related
to vibrations of the keto group >C=0 in aliphatic or aromatic esters, products of the decomposition of citric acid.

The granulated bulk catalysts were studied by nitrogen adsorption-desorption method. Specific surface area (SSA)
and pore volume (V},) significantly decrease from 122 to 61 m?/g with the increase of calcination temperature of the
precursor from 300 to 450 °C (Table 2). It can be caused by decomposition and removal of citrate in complexes, trans-
formation of Ni, Mo and W compounds and possible sintering of formed oxides. The SSA and especially V), values
increase from 61 to 83 m?/g and from 0.12 to 0.17 cm®/g when calcination temperature of the precursor was increased to
500 °C (Table 2). The average pore diameter (D)) shifts slightly toward higher values from 5.2 to 8.4 nm with increasing
precursor calcination temperature from 300 to 450 — 500 °C.

TABLE 2. Textural properties of the calcined catalysts

Sample SSA, m2/g Vs cm3/g Dy, nm
NiMoW-300-300 122 0.16 52
NiMoW-450-300 61 0.12 7.7
NiMoW-500-300 83 0.17 8.4

Formation of bulk systems requires consideration of porous structure for the transportation of feedstock molecules.
Shape of pores in bulk catalysts can be defined from adsorption-desorption isotherms (Fig. A2, Appendix). According
to classification [22], the form of isotherms is similar to IV(a) type specific for mesoporous materials. Hysteresis loops
of isotherms indicate capillary condensation of nitrogen in mesopores. All studied catalysts have similar hysteresis loops
classified to H3 type, which is characteristic for materials consisting of non-rigid particle aggregates of irregular size
and/or shape. On other point of view, this type of hysteresis loop can be observed for macroporous structures, which are
not filled by condensate. Since nitrogen adsorption-desorption method cannot measure macropores, we can assume that
the lack of the developed mesoporous structure (especially small mesoporous volume) is compensated by transportation
pores. This assumption was confirmed by the results of mercury porosimetry (Fig. 8). The increase in the volume of
macropores occurred when the calcination temperature of the precursor was increased.

—=— NiMoW-300-300
NiMoW-450-300
—a— NiMoW-500-300

0304 | 5&

o

[N

o
1

=}

N

o
1

=

=Y

(=)
1

o

[}

a
L

Cumulative pore volume, cm®/g
o
o
1

o

[=}

S
I

r T R | T R | T LR | T
10 100 1000 10000 100000
D, (nm)

Y

FI1G. 8. Dependences of the volume of cumulative on the pore diameter (log D) obtained from the
results of mercury intrusion for calcined catalysts

The changes in mesoporosity are better seen from the pore size distribution from nitrogen adsorption-desorption
(Fig. A2, Appendix). The NiMo-300-300 catalyst has wide pore size distribution with a strong maximum at 4 nm and
smooth curve in the range of 5 — 15 nm. Calcination at 450 — 500 °C resulted in the formation of bimodal pore size
distribution curves with the first maxima at 4 nm and the second maxima at 5 — 15 nm. Comparing three catalysts we can
conclude that calcination led to the formation of mesopores of 5 — 15 nm.
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3.3. Effect of calcination temperature on catalysts activity in HDT of real feedstocks and structure of sulfide
catalysts

The data of hydrotreating of SRVGO at 340 — 360 °C are given in Table 3. The catalysts show worsening in HDS
activity with the increase in the calcination temperature from 300 to 500 °C. HDN activity also becomes worse. This
tendency is actual for all process temperature range. Therefore, the best choice of temperature regimes is 300 °C. It
should be noted that the comparison of the bulk catalyst prepared in a similar way as NiMoW-300-300 catalyst with the
supported catalyst was carried out earlier [56]. It was shown that the bulk catalyst was superior in activity to the supported
one. Then, we can suppose that the activity of the NiMoW-300-300 catalyst in SRVGO hydrotreatment will be also higher.

TABLE 3. Results of catalytic tests in hydrotreating of SRVGO

W 340 350 360
Sample S,ppm | N,ppm | S, ppm | N,ppm | S, ppm | N, ppm

NiMoW-300-300 1461 800 1061 711 775 597
NiMoW-450-300 2112 913 1596 835 1157 738
NiMoW-500-300 2345 937 1812 854 1406 796

The catalysts in the sulfide state were washed in toluene after testing and investigated by low-temperature nitrogen
adsorption-desorption method (Table 4). Values of SSA and V), decreased compared to the calcined catalysts. The
observed result is related to the transition of active metals into sulfide form and to the acceleration of carbon during
testing. The formation of active metal sulfides in the catalysts is described below in the description of the XPS results.
However, the difference between the samples in SSA and V), values became insignificant considering the method error of
5 %. The exception is the NiMoW-500-300 sample. The pore volume (0.10 cm®/g) for the mentioned sample is higher
than that of the other samples (Table 4). The trends in the change of pore size distribution with increasing precursor
calcination temperature after the reaction are maintained (Fig. A3, Appendix). The NiMoW-500-300 sample contains
large number of pores with the diameters of 5 — 15 nm compared to the others. Thus, in terms of textural characteristics, it
is the most preferable catalyst. However, this catalyst has the lowest activity in HDS and HDN reactions (Table 3). Then,
the changes in the catalytic activity are related to the properties of the active metals.

TABLE 4. Textural properties of the sulfided catalysts

Sample SSA, m2/g Vi, cm3/g D,, nm
NiMoW-300-300 35 0.07 8.4
NiMoW-450-300 22 0.06 11.0
NiMoW-500-300 43 0.10 9.6

Sulfide catalysts before testing were studied by HRTEM and SEM methods. Fig. 9 shows HRTEM images of the
studied catalysts. It is seen that there are slabs of active component particles which are localized over alumina as well
as bulk particles. The transition of active metals to alumina binder can occur at the granulation stage. On the one hand,
this phenomenon can be an advantage for catalysts activity due to the formation of more dispersed active phase, which
is similar in structure to the high active “Ni—-Mo-S” phase. On the other hand, there can be the decrease of “bulk active
sites” concentration that could decrease catalysts activity. However, it is a question for the future discussion.

The increase in the calcination temperature of the precursor powder used for granulation results in the increase of
the length of active component particles and their stacking. In addition, there is a visual enlargement of bulk particles in
catalysts.

Metals distribution in catalysts given in Figs. 10 and A4-5 (Appendix) demonstrates separately allocated nickel
particles that is likely caused by the extraction of nickel from the volume to the surface during sulfidation procedure.
The images of the NiMoW-300-300 (Fig. 10) catalyst also show that sulfur and nickel have similar distribution areas that
can indicate the formation of nickel sulfides. Similar areas of sulfur and tungsten accumulations are pointed out, while
molybdenum distribution is uniform.

The images of the NiMoW-450-300 (Fig. A4, Appendix) and NiMoW-500-300 (Fig. A5, Appendix) catalysts addi-
tionally contain areas, where Mo and W are concentrated in the inner part, while Ni is in the outside part forming rim
(Fig. 11). The increase in calcination temperature leads to the pronunciation of the effect. It is seen that the higher calci-
nation temperature, the greater encapsulation of Mo and W by Ni. At the same time, sulfur is distributed evenly over all
areas of localization of three metals.
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F1G. 10. HAADF data on the NiMoW-300-300 catalyst before testing
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FIG. 11. HAADF data on the catalysts after testing to demonstrate encapsulation of metals

The NiMoW-300-300 and NiMoW-500-300 catalysts were studied by XPS to obtain additional information on the
state of active metals. Fig. 12A demonstrates Mo3d spectra for the studied samples. The catalysts have different surface
concentration of molybdenum. The surface concentration of Mo in the NiMoW-300-300 catalyst is 2.6 %, and in the
NiMoW-500-300 catalyst — 0.9 % (Table 5). All detected Mo on the catalysts surface is in the Mo state in both
catalysts, because Mo3d spectrum contains only one doublet with the binding energy of Mo3ds,, ~ 228.9 eV [57,58].
There are no peaks with Ej, close to 230.7 and ~ 232.6 eV corresponding to Mo® " and Mo®™, respectively. The peaks at
~ 226.3 and ~ 233.4 eV in all samples relate to sulfur (region S2s) and are characterized for sulfur in sulfides (S%2~ and
Sg_) and sulfates (S°1), respectively.
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FI1G. 12. Mo3d (A) and W4f (B) XPS spectra of the NiMoW-300-300 and NiMoW-500-300 catalysts
after testing

TABLE 5. XPS data of studied catalysts

Parameter | NiMoW-300-300 | NiMoW-500-300
Al - % 19.4 17.7
S-% 21.7 11.1
Mo - % 2.6 0.9
W - % 29 1.0
Ni- % 3.6 1.7
Mo/S 0.12 0.08
Ni/S 0.16 0.16
W/Mo 1.13 1.14

The surface concentration of tungsten is also lower in NiMoW-500-300 catalyst (1 %) than in NiMoW-300-300
(2.9 %) (Table 5, Fig. 12B). It can be caused by capsulation of tungsten during calcination of the precursor. W4f spectra
of studied catalysts are decomposed by two doublets with binding energies W4f;,, ~ 32.5 and 36.0 eV, respectively
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(Fig. 12B). The peak with the binding energy ~ 32.5 eV can be assigned to tungsten in the W™ state that is caused by the
transition of WO3 to WS, during sulfidation [59]. The fraction of W4t from detected surface tungsten is 71.9 % in the
NiMoW-300-300 catalyst and 71.0 % in the NiMoW-500-300 catalyst. The rest of tungsten is in the WO state (i.e.
tunsten oxide) and is confirmed by the peak at ~ 36.0 eV [13,60].

The intensity of the Ni2p spectra was 2.1 times higher in the NiMoW-300-300 sample compared to NiMoW-500-300
(Fig. 13A). The Ni2p3, spectra of both catalysts contain two peaks with the binding energies ~ 854.0 and ~ 856.2 eV.
The peak at ~ 854.0 eV relates to the Ni%* in NiMoS phase [61] and/or to trimetallic NiMoWS phase [13]. The fraction
of nickel in these phases is more than 80 % in both catalysts. However, the amount of NiMoS phase in NiMoW-300-300
catalyst is much higher considering the surface concentration of nickel. The peak at 856.2 eV is specific for the Ni>* in
NiO that is confirmed by the presence of intensive satellite at ~ 861 — 862 eV [61].
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F1G. 13. Ni2p (A) and S2p (B) XPS spectra of the NiMoW-300-300 and NiMoW-500-300 catalysts
after testing

The S2p XPS spectra of studied samples contain the S2p3/, peak with the binding energy at 168.4 eV (Fig. 13B).
The surface sulfur concentration is also significantly higher in the NiMoW-300-300 catalyst than in the NiMoW-500-300
sample (Table 5). It is the feature of the S®* in sulfates SO?[ [62]. In the range of lower binding energy values there
are two doublets with the binding energy at 161.8 and ~ 163.3 eV. They are characteristic for sulfides like S~ and Sg_,
respectively [62—64]. The ratio of S~ to Sg_ increases with calcination temperature of the precursor as well as there is
the decrease in sulfate sulfur.

Summarizing the XPS data it was noted that an increase in the precursor calcination temperature from 300 to 500
leads to a decrease in the number of surface atoms of active metals. The NiMoW-300-300 catalyst is the best in the content
of the most active form of Ni, Mo and W. The higher calcination temperature results in the formation of more oxide forms
of active metals possibly due to the removal of citric acid residuals. Moreover, there is the decrease in the ratio of active
metals to the binding component — alumina, which could indirectly indicate the aggregation of active metals.

4. Conclusion

The present work studies the effect of calcination temperature of the precursor on physico-chemical properties of bulk
NiMoW catalysts. According to thermal analysis and plasticizing properties of the NiMoW precursor, three calcination
temperatures were chosen — 300, 450 and 500 °C.

It is found that calcination of the precursor at 300 °C results in the formation of X-ray amorphous NiMoW precursor
that is likely caused by incomplete decomposition of citric acid and its transformation into amorphous carbon. XRD
patterns of the catalysts with calcination temperature 450 and 500 °C demonstrate reflexes from nickel molybdate, indi-
vidual nickel and tungsten oxides and nickel tungstate. These data are also confirmed by UV-Vis spectra, which show the
increase of crystallization degree of nickel molybdate and molybdenum oxide as well as the decrease of the amount of
carbon containing compounds. It makes it difficult to convert pseudoboehmite into alumina.

The influence of calcination temperature of the precursor on textural properties of the related bulk catalysts is not
obvious. When temperature is 300 or 450 °C, there is the decrease in the specific surface area and pore volume of
the catalysts that is likely caused by decomposition of citric acid and other transformations of the precursor compounds
formed during plasticizing with nitric acid and by possible sintering of the obtained oxides. On the contrary, the increase
in precursor’s calcination temperature to 500 °C results in the increase in textural characteristics of granulated catalyst
due to its re-structurization. Despite the improved textural properties, the bulk catalyst prepared from the Ni-Mo-W
precursor calcined at 500 °C did not demonstrate high activity in hydrotreating of SRVGO. The most active catalyst in
hydrotreatment of SRVGO was the one prepared from the precursor calcined at 300 °C.
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Investigation of the sulfide catalysts showed that after granulation of the catalysts some part of active metals reacted
with the alumina binding agent and formed “Ni—-Mo-S”-like particles. The other part was presented in the form of various
bulk species, individual or mixed. The increase in calcination temperature from 300 to 500 °C resulted in the increase in
the formation of more amount of bulk nickel sulfides and capsulation of Mo and W which were rounded by nickel atoms.
According to the XPS analysis data, it led to the decrease in the number of active metals in their most active sulfide forms.
The catalysts with higher calcination temperature of the precursor or granules contain more active metals in the oxide

form.
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F1G. A3. Pore size distribution curves for sulfided catalysts after reaction

F1G. A4. HAADF data on the NiMoW-450-300 catalyst before testing



852 K. A. Nadeina, Yu. V. Vatutina, P. P. Mukhacheva, S. V. Budukva, I. G. Danilova, V. P. Pakharukova, et al.

F1G. AS. HAADF data on the NiMoW-500-300 catalyst before testing
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ABSTRACT The study and development of yttrium-iron garnets are in demand and promising when creating
materials for integrated optics and magnetic microelectronics. The authors synthesized nanosized cerium-
substituted yttrium-iron-gallium garnet of the composition Y;_,Ce,Fe;_,Ga,O:2 (where x = 0.4 — 0.5, and y
= 2.4 — 2.6), which is characterized by improved magnetic and optical properties. However, the efficiency of
applying this material directly depends on the chemical purity of the source materials, as well as the elemental
composition of the intermediate and final products. In this regard, the development of multi-element, selective
and accurate methods of analysis is an urgent task. As a result of the studies, methods for spectral analysis of
cerium-substituted yttrium-iron-gallium garnet were developed. The conditions for determining target analytes
(Mg, Al, Si, Ca, Sc, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Se, Y, Cd, Sn, Te, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Pb) in the materials in question were studied and established using X-ray fluorescence
spectrometry (XRF), arc atomic emission spectrometry (AAES) and inductively coupled plasma mass spec-
trometry (ICP-MS). Approaches to reducing and eliminating the main spectral and non-spectral interferences
in the methods studied were proposed. A comprehensive complementary approach to the analytical control
of garnets of the Y;_,Ce,Fe;_,Ga,0:, composition was developed, which ensures high accuracy and relia-
bility of the results, and allows one to expand the nomenclature of target analytes and the boundaries of the
determined contents.

KEYWORDS yttrium-iron-gallium garnet, X-ray fluorescence spectrometry, arc atomic emission spectrometry,
inductively coupled plasma mass spectrometry, analysis.
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1. Introduction

One of the promising and rapidly developing directions in modern materials science is the development of functional
materials for integrated optics and magnetic microelectronics. Ferrogarnets have been progressed among the materials
with the necessary magnetic and optical properties [1]. Cerium containing yttrium ferrogranates have the best character-
istics in terms of the combination of optical, magneto-optical activity and magneto-optical quality factor [1-6].

However, due to the large ionic radius of Ce®" (1.14 A) ferrogarnet of the hypothetical elemental composition —
CesFe5;0;4 does not exist in the form of ceramics and single crystals [7, 8]. Because of this fact, the possibility of
obtaining single-phase cerium-substituted ferrogarnets with the maximum possible Ce>* content is of particular relevance,
for example, by replacing part of the Y37t ions in Y3Fes0;5 with Ce?t [7-11]. Such materials were obtained in a number
of studies [12—14]. At the same time, the Ce>* content in garnet in these studies, according to X-ray diffraction (XRD),
did not reach 8 wt. %, for example, Ceg 122 Y2.878Fe5012 [12—14].

The authors previously obtained a single-phase ferrogarnet with an increased Ce content — Yo 5Ceq sFes 5Gas 5012 [7].
The Ce3* content in the material was increased by annealing Y5 5Ceq 5Fez 5Gag 5012 in a vacuum and replacing some of
the Fe3T ions with Ga®>". The introduction of Ga®* ions into the composition together with Ce>* enabled to compensate
for structural limitations and contributed to the stabilization of Y5 5Ceq sFes 5Gas 5015 [7].

© Korotkova N.A., Arkhipenko A.A., Smirnova M.N., Baranovskaya V.B., Doronina M.S., Ket-
sko V.A., Marina G.E., 2024
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It is noteworthy that while developing materials for integrated optics, the presence of impurity elements (Mg, Al, Si,
Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb) and a disturbance
of the matrix and alloying component ratio (Fe, Ga, Y, Ce) can lead to a decrease in the magnetic and optical properties
of the final product [15-19]. In this regard, analytical control of ferrogarnets is necessary at all stages of its production.
Spectral methods, namely X-ray fluorescence (XRF), arc atomic emission (AAES) and inductively coupled plasma mass
spectrometry (ICP-MS), are promising for solving this task. The analytical methods listed have high accuracy, sensitivity
and versatility [20-34]. XRF has a wide range of detectable concentrations and is prospective to express control of the
matrix and alloying component ratio in the process of developing and producing complex materials [23—-26]. The advan-
tages of AAES method are the possibility of simultaneous determination of a large number of elements, high sensitivity
and the absence of the need to dissolve the sample [20-22]. ICP-MS is one of the most widely used methods to determine
low levels of trace elements in sample solutions. The advantages of ICP-MS include high sensitivity, a wide range of
contents being determined, the possibility of using universal standard solutions to construct a calibration curve and verify
the result accuracy [27-34]. Accordingly, the use of XRF, AAES and ICP-MS methods is promising for allowing for the
control of the target composition of complex materials, including cerium-substituted yttrium-iron-gallium garnet.

However, the presented methods (XRF, AAES, ICP-MS) have a number of limitations. Namely, spectral and non-
spectral interference of various types [20-34]. The overlapping of analyte signals is primarily highlighted. This problem is
especially acute when analyzing materials containing rare earth elements (REE) as the main ones. This problem is solved
by conducting a set of studies aimed at a detailed study of the obtained spectra and the influence of the analysis conditions
on the intensity and stability of the signal of the analytes determined, and searching for an approach to considering the
background signal and constructing a calibration dependence [20-34].

This article is devoted to the development of approaches to reducing and eliminating various types of interference
in XRF, AAES and ICP-MS analysis of nanosized ferrogarnets of the composition Y3_,Ce,Fes_,Ga,O12 (z = 0.4-0.5,
y =2.4-2.6).

2. Experimental part
2.1. Materials

Synthesis of Y3_,Ce,Fes_,Ga,O12(x = 0.4-0.5, y = 2.4-2.6) was carried out by gel combustion [7]. For this
purpose, stoichiometric amounts of high-purity yttrium carbonate (Y2(COs)3-3H20), cerium nitrate (Ce(NOs)3), car-
bonyl iron (Fe) and metallic gallium (Ga) were dissolved in dilute nitric acid (HNO3 — 70 %). Then polyvinyl alcohol
[-CH2CH(OH)-],, (PVA) was added to the resulting solution, based on the calculation of 0.12 mol PVA per 0.01 mol
ferrite, as well as ammonium nitrate (NH4NO3) in the amount of 0.12 mol per 0.01 mol ferrite. The reaction mixtures
were evaporated in a reactor at 90°C with constant stirring until they became gels.

As the temperature increased above 100°C, the gels burnt into finely dispersed yellow-beige powders. After cooling,
the powders were dispersed using a ball mill and annealed at 750°C in a furnace for 5 hours at a pressure of ~1-102 Pa.
This mode of heat treatment was due to the need to exclude the possibility of Ce3T cation oxidation.

2.2. Methods

X-ray diffraction was performed using a Bruker D8 Advance diffractometer (BrukerOptik Gmb H, Germany). The
following operating parameters were used to obtain the results: a radiation — CuKq, an angle range 20 = 10°-70°, a
scanning step — 0.0133° and a counting time of 0.3 sec per step.

The morphology of the powders was performed using scanning electron microscopy (SEM) on a TESCAN AMBER
GMH device (Tescan, Czech Republic).

To primarily determine the ratio of the matrix and alloying components in the material, XRF analysis method was
used. A wavelength-dispersive X-ray fluorescence spectrometer SPECTROSCAN MAX GVM (Spectron Ltd., St. Pe-
tersburg, Russian Federation) was performed (Table 1). Quantitative determination was carried out using the fundamental
parameters method (FPM).

TABLE 1. Instrumental operating conditions of the X-ray fluorescence spectrometer

Analytical | Wavelength, | Crystal | Reflection | Exposure | Tube Current,
Element . .
Line nm analyzer Order Time, sec mA
Fe Kg 0.1757 LiF200 1 10 0.5
Ga Kp 0.1208 LiF200 1 10 0.5
Y Ka 0.0830 LiF200 1 10 0.1
Ce Lo 0.2561 LiF200 1 10 1.5
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Arc atomic emission spectrometry and inductively coupled plasma mass spectrometry were performed to determine

target impurity elements.

The studies into the analysis conditions of arc atomic emission method were carried out on a high-resolution spec-
trometer Grand-Globula (VMK-Optoelectronics, Russian Federation) (Table 2).

TABLE 2. Instrumental operating conditions of the arc atomic emission spectrometer

Current type

Direct

Current strength,A

15

Configuration of the lower graphite electrode

Electrode with a neck below the bottom of the crater (“glass”)

The thickness of the walls of the lower

electrode is not more than, mm

1

Configuration of the upper graphite electrode Cone 60°
Mass ratio of the sample to the graphite powder 5:1
Carrier NaCl
Distance between the upper and lower electrodes, mm | 3
Exposure time, sec 60

Analytical lines of elements being determined, nm

Mg 277.98, 285.21; Al 266.04, 309.27; Si 288.16, 243.52;

Ca 317.93; Cr 284.98, 301.49; Mn 279.48; Co 242.49, 340.92;
Ni 225.38; 305.08; Cu 240.67; Zn 213.86; Se 206.28;

Cd 226.50; Sn 224.61, 242.17; Te 214.28, 238.58; La 338.09;

Pr 316.37; Nd 430.36; Sm 442.43; Eu 281.39; Cd 301.01;

Tb 332.44; Dy 317.00, 340.78; Ho 311.85, 345.60; Er 339.20;
Tm 313.13; Yb 328.94; Lu 261.54, 291.14; Pb 244.62, 261.42

ICP-MS analysis conditions were studied using a NexION® 1000 spectrometer (PerkinElmer, USA) (Table 3).
Inductively coupled plasma optical-emission spectrometry (ICP-OES) was used as a control method. Earlier we
studied and selected the conditions for analyzing the material under examination using ICP-OES method [35].

2.3. Sample preparation

Before conducting XRF analysis, the sample was pressed on a boric acid substrate using a PLG-12 laboratory hy-
draulic press (LabTools, Russian Federation). The pressure did not exceed 100 bar. The mass of the nanocrystalline
ferrogarnet powder sample was (0.50 =+ 0.01 g). The resulting pellet was placed in an aluminum holder, pressed with a
polyurethane foam sealant and secured with a lid.

Graphite electrodes used in AAES method were made of graphite rods with a diameter of 6 mm (AO Karbotek, Rus-
sian Federation), and ready-made electrodes of the “glass” shape (AO Karbotek, Russian Federation) were also applied.
Graphite electrodes were prepared by means of a Krater-2M device (VMK-Optoelectronics, Russian Federation). The
sample was diluted with graphite powder, pure in terms of target impurities (AO Karbotek, Russian Federation). High-
purity sodium chloride (NaCl); sodium fluoride (NaF); elemental sulfur (S); potassium chloride (KCl); germanium oxide
(GeO) were used as carriers. Reference samples to plot the calibration curve were made of high purity iron (Fe3Oy),
yttrium (Y2Os3), gallium (Ga20s), and cerium (CeOs) oxides in a ratio of 2.5:2.5:2.5:1, which were then mixed with
graphite powder with a known content of the impurities being determined.

High-purity nitric (HNO3 — 70%) and hydrochloric (HCI — 35-38%) acids were used for sample preparation for ICP-
MS and ICP-OES analysis. All dissolutions and dilutions were conducted by means of deionized water with a resistivity
of 18.2 M2 cm at 25°C. Aqueous calibration solutions for ICP-MS and ICP-OES were prepared from multi-element
and single-element standard solutions (High-Purity Standards, USA) by serial dilution to different volumes with a 2 %
HNO3 mixture. The calibration dependence in ICP-MS method was constructed by means of multielement solutions with
concentrations of the analytes being determined of 1-100 pg/L, and in the ICP-OES method of 0.1-100 mg/L for Mg,
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TABLE 3. Instrumental operating conditions of the mass spectrometer

Forward power, W 1300

Coolant gas flow, L-min~* 15

Auxiliary gas flow, L-min~! 12

Nebulizer gas flow, L-min~! 0.95

Sample flow rate, rpm 30

Sampling depth, relative units 0

Helium flow rate, mL-min~" 6.5

Level of oxide ions, % <2

Level of doubly charged ions, % <15
Measurement mode Peak hopping

Pneumatic nebulizer

Meinhard, PerkinElmer

Spray chamber

Quartzconical, Peltiercooled

. =
24/25Mg, 27AL 2951’ 42Ca, 45SC, 52/53Cr, aSMn,
59CO, 62Ni, 63Cu, 6821,1, 8256, 111/112Cd, 117Sn,

125Te 139La 141Pr 145/146Nd 147/1498m 151Eu
b e b & & t

Isotopes of elements being determined, m/z

160Gd 159Tb 161/162Dy 165H0 167/168Er 169Tm
3 p s s s s

172—174Yb 175Lu 207/2O8Pb
9 9

Internal standard 103Rh, 131

Al Si, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb; and
10-500 mg/L for Fe, Ga, Y, Ce.

The decomposition of the samples was carried out using a MARS6 microwave autoclave system with microwave
heating (CEM Corp., USA) and Easy-PrepiWave vessels (CEM Corp., USA). The dissolution was performed using pre-
viously established conditions, namely, using an acid mixture (5 ml HyO, 2 ml HNOg3, 5 HCI) and a temperature-time
program (hold time — 30 min, hold temperature — 220°C). The decomposition method was estimated for a sample weight
of 0.1 g [35].

3. Results and discussion
3.1. Materials

According to the results of XRD, after synthesis and annealing in vacuum, the particle size of Y3_,Ce,Fes_,Ga,O12
was ~100 nm, the phase composition was homogeneous.

Fig. 1 shows a SEM-image of Y3 5Ceg 5Fes 4Gas 6012 powder. The powder is seen not to have any heterogeneous
formations. The particles themselves are characterized by unimodality, and the crystallite growth faces are clearly ex-
pressed. The particle size is ~100 nm.

3.2. X-ray fluorescence analysis

The studies into the XRF conditions of multicomponent materials, such as cerium-doped yttrium ferrogarnet, are
aimed at increasing the selectivity of the signal of the elements being determined to achieve the required accuracy of
the analysis results (RSD < 10%). It is necessary to control the ratio and uniformity of the matrix and alloying element
distribution in the sample, which are fundamental indicators in the development and production of garnets. It is partic-
ularly difficult to achieve the required accuracy indicators when using the FPM. Despite its advantage — the absence of
standardization, it can be difficult to achieve the required metrological indicators, which needs a competent choice of
analysis conditions.

The algorithm for studying and selecting the XRF conditions includes a number of operating parameters of the
spectrometer (Fig. 2).
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FIG. 1. SEM-image of the obtained particles of yttrium-iron garnet (Y 5Ceq 5Fes 4Gas 6O012)
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FIG. 2. Methodological approach to the selection of the XRF conditions

First, it is necessary to select the spectral lines of the elements being determined. While selecting analytical lines, one
must focus on the absence of spectral interference from matrix and impurity elements on the signal of target analytes, as
well as the ability to assess the noise level near the lines being studied. The SPECTROSCAN MAX-GVM spectrometer
is equipped with four analyzer crystals (LiF200, PET, RbAP, C002) with different values of inter-planar distances, which
allows optimizing the conditions to determine elements in different wavelength ranges and to establish the most optimal
and overlap-free lines. Each analyzer crystal has 2 reflection orders.

To select the spectral lines of Fe, Ga, Y and Ce, the spectral line atlas embedded in the instrument software was
used, with it taking into account the overlaps of all the elements being determined. Fig. 3 shows the spectrum of the
Y2 5Ceq.5Fes 5Gas 5012 sample, recorded using the LiF200 crystal analyzer in the first reflection order. To determine the
target elements, the lines recorded using this crystal analyzer were selected, since they are the least susceptible to mutual
overlaps. The selected lines of elements being determined are presented in Table 1.

The criterion for selecting the X-ray tube current and exposure time is the fulfillment of the condition: [Signal
intensity] x [Exposure time] < 300.000 pulses. This rule is due to the detector capabilities, since too high current leads to
its failure. The exposure time should be sufficient for signal accumulation, but not too long, in order to avoid unnecessary
interference and reduce the analysis time. We were faced with the task of determining the main and alloying components;
in order to prevent the detector overload and the spectrometer failure. While determining Fe, Ga, Y and Ce, the effect of
the current near the lower limit of the range — from 0.1 to 3.5 mA and the exposure time — from 10 to 50 sec was studied.
For Fe and Ga, the currents selected were 0.5 mA, for Y — 0.1 mA (such low currents are due to the high intensities of the
selected spectral lines), and for Ce — 1.5 mA. The exposure time for all elements was 10 sec (Table 1).
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F1G. 3. XRF spectrum of Y 5Ceq 5Feqs 5Gas 5012 sample

3.3. Arc atomic emission analysis

The study of arc atomic emission analysis (AAEA) conditions is aimed at ensuring selectivity, intensity (I) and
stability of the signal of the elements to be determined. In the light of this, a number of analysis conditions were studied
to develop AAES to determine target impurities in cerium-doped yttrium ferrogarnets (Fig. 4).
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diffusion processes

FI1G. 4. Methodological approach to the selection of conditions for AAEA
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Selecting the analytical lines of the elements being determined is based on the sample composition. Analytical lines
are usually selected from the most sensitive lines of the spectrum; these include lines with the lowest excitation potential
values. A large number of sensitive lines of rare earth elements are located in the range of 250-350 nm. The most sensitive
lines of rare earth elements are in the range of 300—450 nm. The atlas of spectral lines and the signal/noise ratio were used
to select the lines. In cases where it was not possible to select a line free of spectral overlaps, the contribution of spectral
interference to the signal intensity of the analyte being determined was taken into account using software. The selected
analytical lines are presented in Table 2.

One of the most important factors influencing the processes of evaporation, atomization and excitation of elements is
the current type and its strength. The current shape, its polarity and intensity have a direct effect on the evaporation of the
analytes being determined and the resulting spectrum. Given this, the behavior of the impurities being determined was
studied under conditions of direct, alternating and intermittent current. In addition, the current strength was varied from 5
to 20A. The best result was obtained with a direct positive current of 15A.

The shape and size of graphite electrodes affect the flow of the sample into the arc plasma. The configuration of
the electrode used allows one to set the temperature in the arc cloud and, accordingly, the evaporation rate of impurities.
REE are slowly evaporating substances. In the volatility series, they are located at the end of the series together with
low-volatile metals. Therefore it is reasonable to use electrodes with a narrow constriction below the bottom of the recess
(configuration of the lower graphite electrode is “glass”) with thin walls (up to 1 mm) (Fig. 5).
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Configuration of the graphite electrode

FI1G. 5. Selection of an electrode for the determination of target impurities in nanosized yttrium-iron-
gallium garnets (] — crater depth, mm; ) — diameter, mm; t — crater wall thickness, mm)

The configuration of the upper graphite electrode of a cone 60° was chosen, since the discharge is more stable and is
evenly distributed over the entire working surface of the electrode during the arc burning process.

To ensure robust conditions to determine target impurities, the analyzed sample was mixed with graphite powder
(g.p.) in a certain ratio. This minimized the matrix effect. However, if the dilution is too great, the signal intensity of the
analytes decreases. Therefore, it is necessary to select the optimal mass ratio of the sample to the g.p. Studies on selecting
the mass ratio of the sample to the g.p. showed that the most optimal ratio is 5:1.

To stabilize the discharge temperature, the degree of elements ionization and diffusion processes in a direct or alter-
nating current arc, special chemically active additives (carriers) — were introduced into the sample. Their introduction into
the arc cloud led to an increase in the conductivity of the arc plasma column, caused a decrease in the voltage between
the electrodes and a decrease in the voltage gradient in the arc plasma column, which in turn led to a decrease in the tem-
perature in the plasma and an increase in the electron concentration [36,37]. All these processes resulted in an increase in
the intensities of the lines being determined and an increase in the sensitivity of the method. In this work, NaCl showed
the best result as a carrier for target impurities.

The distance between the upper and lower electrodes (inter-electrode distance) can be varied to achieve the most stable
sample burnout. The greater the inter-electrode distance, the higher the voltage on it, which helps to reduce the signal
intensity of the analytes. This leads to the fact that the limits of detection and determination (LOD) of target elements
increase. Reducing the length of the inter-electrode distance helps to spatially stabilize the discharge. It is important that
the distance remains constant, otherwise the repeatability standard deviation (RSD) of the analysis results increases. An
inter-electrode distance of 3 mm was chosen for all materials, since it was the most appropriate from the viewpoint of the
stability of the plasma discharge during the arcing.
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To control the exposure time, it is necessary to study the evaporation curves in detail. Since different elements
evaporate at different rates, it is necessary to set the exposure time during which all impurities will completely evaporate.
If the time is too long, a noise signal will accumulate; if it is too short, the sample or impurities in it will not have time
to completely ionize. Given the chance, it is better to set an individual determination time for each element due to its
different volatility. It was established that 60 sec is sufficient to determine all target impurities (Fig. 6).
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FIG. 6. Evaporation curves of Mg, Si, Cu, Al

The conditions of AAEA selected during the study are presented in Table 2. The use of these conditions (Table 2)
provides the LOD of target impurity elements at the level of 3.0-107°-6.0-107* wt. %.

3.4. Inductively coupled plasma mass spectrometry analysis

The study of the ICP-MS conditions is aimed at minimizing the matrix effect, ensuring selectivity and signal intensity
of target analytes. A number of analysis conditions were accordingly studied to develop ICP-MS to determine target
impurities in cerium-doped yttrium ferrogarnets (Fig. 7).

Selecting the isotopes of the elements being determined in ICP-MS is justified by the complex composition of cerium-
substituted yttrium iron garnets. The presence of several matrix elements (Fe, Ga, Y, Ce) leads to the formation of a large
number of polyatomic ("M'H*, "M'¥/13Ct, "MM/N*, "M0*, "M*O'H*) and doubly charged ("M**) ions.
The formation of these ions in plasma causes an increase in the signal intensity of a number of target analytes and,
accordingly, to an increase in their LOD (Table 4).

The greatest influence on the LOD was exerted by oxide and hydroxide ions ("Ce'®O™, "Ce'®O'H™) formed from
Ce (Table 4). This resulted in a significant increase in the apparent concentration for elements such as Gd and Tb, which
was a prerequisite for studying the effect of the He consumption rate in the collision cell in their determination. The
isotopes of the target analytes selected for analysis are given in Table 3.

The matrix effect was expressed as the suppression of the signal intensity of the elements being determined with
increasing concentration of the matrix element [33]. Several complementary approaches were used to minimize the matrix
effect: dilution of the analyzed solutions, introduction of an internal standard, selection of the operating parameters of
the spectrometer (nebulizer gas flow, voltage on the extractor lens, provided that it is present in the optical system of the
spectrometer) [29]. The nebulizer gas flow in the study varied in the range of 0.6-1.2 L-min~'. The minimum matrix
effect and maximum analytical signals for most elements were obtained at nebulizer gas flow of 0.95 L-min~!. The
level of doubly charged ions did not exceed 2.0 %. Fig. 8 shows the dependence of the signal intensity of the elements
characterizing the mass scale (25Mg, 65Cy, ¥7Ba, 232Th) on the concentration of the main elements simulating the
composition of the material (Y2 5Ceq 5Fes 5Gag 5012). The magnitude of the matrix effect was estimated as I;/Iy, where
I; is the signal intensity of the analyte isotope in a solution with the main elements (0-500 pg/ml matrix), I is the signal
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F1G. 7. Methodological approach to the selection of conditions for ICP-MS analysis

intensity of the element being determined in a pure nitric acid solution. 1°*Rh and ''°In were used as internal standards
to reduce the matrix effect (Fig. 8).

As can be seen in Fig. 8, both the introduction of two elements as an internal standard and a nebulizer gas flow
of 0.95 L-min~! lead to a noticeable reduction in the matrix effect, which allows for the analysis of more concentrated
solutions (up to 500 mg/1).

One of the most common techniques to reduce the influence of polyatomic ions on the LOD of analytes is the
use of a collision cell with an inert gas — He (KED mode). With that in mind, the effect of helium flow rate on the
apparent concentration of "Ce'®0T, "Ce!®O'H™ ions was studied in determining of Gd and Tb in the KED mode. The
studied solutions contained 500 mg/L of the main elements simulating the composition of Y 5Ceg 5Fes 5Gag 5012. With
an increase in a helium flow rate, the apparent concentration of "Ce'®0™, "Ce!®O'H™ ions was expected to decrease
(Table 5).

The results showed that the optimal helium flow rate is 6.5 mL-min~'. While using this helium flow rate, an order-
of-magnitude decrease in the apparent concentration of "Ce®0™, "Ce'O*H" ions was achieved.

The conditions of ICP-MS analysis selected during the study (Table 3) provide the LOD of target impurity elements
at the level of 1-107°-2.5-107° wt. %.

3.5. The accuracy of the obtained results

The accuracy of the obtained results was confirmed using the added-found method and analysis of a sample by ICP-
OES method using a previously developed technique [35]. For the added-found method, solutions containing 1.0, 10.0,
and 50.0 pug/L of target impurity elements (Mg, Al, Si, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb). The repeatability standard deviation for the target analytes in ICP-MS was 1-5
relative %, in DAES was 3—10 relative %, in XRF was 7—-10 relative %.

The use of AAES and ICP-MS ensures control of the impurity composition of yttrium iron garnets in the ranges from
1-107% to 1 wt. %. ICP-MS method has lower LOD for the determination of Sc (2-107% wt. %), Cr (6-107°% wt. %), Ni
(8-107° wt. %), Cu (6:10~% wt. %), Zn (6:10~¢ wt. %), Cd (2-107° wt. %), Te (2-10~° wt. %), La (2:10~® wt. %), Nd
(21075 wt. %), Sm (2-10~% wt. %), Eu (3-107° wt. %), Ho (2-10% wt. %), Tm (2-10~% wt. %), Yb (1-10~° wt. %), Lu
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TABLE 4. Polyatomic ions that interfere with the determination of target analytes in a solution contain-
ing 500 mg/L of main elements simulating the composition Y2 5Ceq sFes 5Gas 5012

. Apparent Concentration
Element | Isotop Polyatomic Ion pp
of the Element,ug/L
Mn | °°Mn YFe'HT 0.30
Co Co BRelHT 0.48
7Zn 667n Spel2ct 0.10
Pr H4lpy MOCcelyg™ 1.20
Nd 143Nd 142CelHt 0.85
498m 1ocet?Ct 0.04
Sm 1528m 136C6160+ 138C614N+ 140C612C+ 365
154G 13816+ 1400 ldN+ 1420120+ 57.0
Eu 151gy 136CelSNT 0.001
153y, | 136Cel6Q1HT, 138Cel3Ct, 138CelONT, 140Cel3Ct 15
155Gd 138C61601H+’ 140Cel5N+ 0.60
Gd 156Gd 140Cel60+ 142C614N+ 3583
157Gd 140C61601H+, 142Cel5N+ 1982
158Gd 12celbot 468
Tb 1597h 142celbolgt 44.0
ZSMg 65Cu
1 1
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TABLE 5. Apparent concentration of the elements being determined depending on a helium flow rate

sotop Apparent Concentration of the Element,pg/L

He -0 mL-min~! | He -5.0 mL-min~" | He —6.5 mL-min—* | He —=7.25 mL- min~!
1%5Gd 0.60 0.08 0.01 0.003
59T 44.0 0.62 0.02 0.01

(4-107% wt. %). The use of AAES allowed one to reduce the LOD in determining of Si (5- 1074 wt. %), Mn (3-1076 wt.
%), Co (2:107° wt. %), Pr (8-107° wt. %), Tb (9-10~° wt. %). AAES and ICP-MS have similar LOD for Mg (2-10~°
wt. %), Al (21075 wt. %), Ca (1-10~* wt. %), Se (4-10~% wt. %), Sn (1-107° wt. %), Gd (1-10~° wt. %), Dy (1-1076
wt. %), Er (2:107% wt. %), Pb (2-10~¢ wt. %). The joint use of the studied spectral methods ensures high accuracy and
reliability of the results and allows for the expansion of the range of target analytes and the boundaries of the contents
being determined.

4. Conclusions

The conditions of XRF, AAES and ICP-MS analysis of synthesized nanocrystalline cerium-substituted yttrium-iron-
gallium garnets of the composition Y3_,Ce,Fes_,Gay;O15 (where x = 0.4-0.5, and y = 2.4-2.6) were studied. Due
to the optimization of the conditions of XRF, AAES and ICP-MS analysis, it was possible to improve the analytical
characteristics in determining the target elements of the materials. In particular, the selected operating parameters of XRF
(exposure time — 10 sec, tube current — 0.5-1.5 mA) enabled to achieve RSD less than 10 relative %. By the AAES
determination of target impurity elements, the use of a “glass” shaped electrode, NaCl as a carrier, current strength of
15 A, inter-electrode distance of 3 mm and a mass ratio of the sample to the graphite powder of 5:1 provided the best
intensity and stability of the analyte signal, which allowed one to reduce the LOD to 3.0-1075-6.0-10~* wt. % and RSD
no more than 10 relative %. When determining Gd and Tb by ICP-MS, the use of helium flow rate of 6.5 mL-min~! in
the KED mode enabled to reduce the LOD for these elements by an order of magnitude. The use of two internal standards
(*°3Rh, *5In) and nebulizer gas flow of 0.95 L-min~' allowed for a minimal matrix effect when analyzing solutions
with a concentration of up to 500 mg/l of the base, which ensured the LOD of 1-1075-2.5-107% wt. % and RSD 1-5
relative %. The combined use of AAES and ICP-MS methods ensured the LOD for target impurity elements at the level
of n-107%-n-107* wt. %.
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ABSTRACT The structural, conductive and sensor properties of NiO-In,.Os; composites synthesized by hy-
drothermal and impregnation methods are investigated and compared. The mixed oxide considered consists
of nanoparticles with electronic (In,O3) and hole (NiO) conduction bands. The lattice parameters of indium
oxide decrease with the introduction of NiO into composites synthesized by the hydrothermal method. The
addition of 3 % NiO to the hydrothermal composite also increases its specific surface area. The specific sur-
face area and In,Og lattice parameters in the impregnated samples are essentially independent of the NiO
content. The conductivity of impregnated composites is an order of magnitude lower than that of hydrothermal
composites. An increase in NiO content leads to a significant enhancement of the sensor response to H, and
CO. In addition, there is a decrease in the optimal operating temperature of hydrothermal and impregnated
samples by 60 and 20 °C, respectively.

KEYWORDS composite, hydrothermal method, impregnation, indium oxide, conductivity, sensor response, hy-
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1. Introduction

The presence in the atmosphere of various gases that can have harmful effects on human health has led to the de-
velopment of research aimed at effective detection of these compounds. A considerable attention has been paid to the
detection of reducing compounds such as Hs, CO, CH,4, NH3 and others. One of the most effective detection methods is
the use of metal oxide compounds whose conductivity changes in the presence of the above-mentioned reducing gases.

Previous studies have shown that mixtures of n-type metal oxides with different conductivity and catalytic activity
can be used as sensors for detection of reducing and oxidizing gases (see, for example, [1-4]). However, despite the
enough high sensitivity of the oxides considered in these studies, such as SnOs, In5O3, CeOs2, ZnO, their sensor effect is
fully observed only at sufficiently high temperatures, usually above 400 °C. In addition, metal oxide-based composites
with an electronic type of conductivity are characterized by relatively low selectivity.

The gas sensitivity of p-type metal oxides is generally much lower than that of n-type metal oxides [5], however, their
efficiency and selectivity are manifested at significantly lower temperatures (from room temperature to 150 — 200 °C).
The use of mixtures consisting of n- and p-type metal oxides for detection can lead to more efficient composites. In
this regard, the creation of p-n or n-p heterojunctions is one of the most important methods for obtaining metal oxide
sensor materials. The formation of p-n heterostructures, as well as the introduction of p-type metal oxide into an n-type
semiconductor produces an increase in the specific surface area of the composites, an increase in the number of active
centers and more intensive generation of adsorbed oxygen due to the formation of an extended electron-depleted layer in
the p-n junction [6—-10].

The Fermi level for n-type metal oxides is higher than for p-type compounds. Therefore, in a mixture of such oxides,
electrons with higher energy will transfer from the n-type metal oxide across the interface to unoccupied states with lower
energy, which will lead to an equalization of the Fermi energy of both components. The potential barrier that must be
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overcome in the process of such electron transfers increases or decreases significantly in the presence of oxidizing and
reducing gases, respectively, while ensuring the occurrence of a sensory effect (see, for example, paper [11]).

Indeed, the addition of even small amounts of p-type semiconductor Co3O, to InoO3 having electronic conductivity
leads to a significant increase in the sensor response to hydrogen [12]. In addition, when detecting HyS, the ZnO—-CuO
nanofiber has a higher sensor activity compared to the ZnO nanofiber [13]. The sensitivity to HyS of CuO-doped SnO,
nanofibers increases relative to the undoped SnOs-based layer [14].

One of the components of sensor materials is nickel oxide, which has strong oxidizing properties, excellent catalytic
activity and good electrical conductivity [15, 16]. The addition of metal oxides such as FeoO3, M0oOs, ZnO, WOs3,
TiO5 to NiO, which is a p-type semiconductor, leads to a significant increase in sensitivity to acetone [6—10]. The
response to 100 ppm acetone of a-FeoO3/NiO heterostructures increases by almost 7 folds over pure NiO [10]. The
response of the a-MoO3-NiO composite with a core/shell structure is 6.6 times higher than that of pure NiO [6]. Hollow
NiO-SnOs, particles have a much higher response to triethylamine than the original hollow spheres of SnO5 [17]. The
n-p heterojunction occurring in the SnO5/NiO system provides ultra-high sensitivity and selectivity of this material to
H,S [18].

The gas-sensitive properties of NiO nanofibers and one-dimensional heterogeneous NiO-In O3 nanofibers obtained
by electrospinning were investigated for acetone detection [19]. It was shown that the heterogeneous nanofibers formed
from In,O3 and NiO demonstrate increased sensitivity to acetone. At the optimal operating temperature, the response of
ZnO-In2 O3 nanofibers to 50 ppm of acetone was more than 10 times higher than the response of pure NiO nanofibers.
The acetone detection limit for heterogeneous nanofibers reached 10 ppm, while it was 100 ppm for NiO nanofibers. The
response of heterogeneous NiO-In,Os nanofibers to acetone exceeds the response to methanol, ethanol, triethylamine,
ethyl acetate and benzene [19]. In addition, heterogeneous nanofibers have demonstrated a higher recovery rate after
removal of the analyzed gas and good long-term stability. These results demonstrate that one- dimensional heterogeneous
NiO-In2 O3 nanofibers have great potential for detection of low concentrations of acetone.

A significant sensor activity to ethanol of NiO-In,O3 nanofibers obtained by electrospinning and calcination has
been demonstrated [20]. The most active composite among the samples containing up to 7.5 mol. % NiO is the 5 % NiO —
95 % InyO3 composite which has a response of 78 to 100 ppm ethanol at 300 °C. It is assumed that the improved sensor
characteristics are due to the formation of p-n-transitions between NiO and In, O3, the ability to adsorb various forms of
oxygen and an increase in the specific surface area of nanofibers when NiO is added to In2Os.

Here, composites consisting of InoO3 and p-type hole conductive NiO are synthesized by the hydrothermal and
impregnated methods. The effect is then investigated of the composition on the electronic state, the spatial structure of
such composites, as well as their conductivity and sensor activity in the detection of Hy and CO.

2. The experimental part

Nickel nitrate Ni(NOj3)2 - 6H20 (99 %) and indium nitrate In(NO3)s - 4H20 (99.5 %) were used as precursors in
the hydrothermal synthesis of mixed NiO-In,O3 oxides. The required amount of nickel nitrate was added to the indium
nitrate solution in distilled water or ethanol and kept in an ultrasonic bath for 1 hour at 30 °C. The solution was then placed
in a Teflon-coated autoclave (volume 100 ml) and kept for 3 hours at 160 °C. The resulting suspension was separated in a
centrifuge, and the powder washed with distilled water and annealed in air at 500 °C.

Commercial InoO3 powder (AnalaR brand, 99.5 %, BDH/Merck Ltd., Lutterworth, Leicestershire, UK), as well as
chemically pure Ni(NO3)s - 6H20 were used to obtain NiO-Ina O3 composites by impregnation. Indium oxide nanopow-
der was placed in an aqueous solution of nickel nitrate with concentration of 0.015 mol/l and the resulting suspension
was maintained for a long time. This treatment causes complete wetting the surface of the solid oxide by the salt so-
lution. Moreover, salt molecules are not only adsorbed on the surface of Iny,Oj3, but also diffuse into its near-surface
layers. To obtain impregnated samples water was removed at a temperature of about 70 — 80 °C, and the samples were
subsequently heated for several hours at 500 °C. The phase composition and crystal lattice parameters of the composites
synthesized by the two methods considered were determined by X-ray diffraction (XRD) using the Rigaku Smartlab GP
X-ray diffractometer (CuKa radiation with a wavelength of 1.5406 A). The morphology of the particles in the composites
and the distribution of metal ions between the components of the composite were determined by TEM and EDX methods
on a JEOL OSM-6000PLUS device equipped with an energy dispersion analysis system. The electronic structure of the
composites was determined by X-ray photoelectron spectroscopy (XPS) on a Prevac EA15 spectrometer using Mg(Ka)
(1253.6 eV) as the radiation source. The specific surface area and pore size distribution in the synthesized composites
were determined by low-temperature nitrogen adsorption on the NOVA 1200e Quantachrome device (USA).

The conductivity and sensor properties were investigated in the temperature range 300 — 550 °C. The chip with the
applied sensor layer was placed in a special chamber of about 1 cm® volume into which purified air or a gas mixture was
supplied. The mixture consisted of purified air and Hs or CO. We used two concentrations of the analyzed gas: 0.9 or
0.1 %. The rate of gas pumping through the chamber was 200 ml/min, and the accuracy of temperature maintenance was
within 1 °C. The sensor response was determined by the relation S = Ry/R,, where Ry is the initial resistance of the
sensor in air, and I}, is the minimal value of the sensor resistance after the introduction of the mixture being investigated.
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The response time of the sensor t..g, (the time required to achieve a 90 % change in the resistance of the sensor
after introducing the analyzed gas) and the recovery time of the sensor t,.. (the time required to reach 90 % of the initial
resistance of the sensor after removal of the mixture considered) were determined by the change in the resistance of the
sensor layer. The change in the sensor resistance was recorded using a Keysight digital multimeter, the signal from which
was transmitted to a computer.

3. Results and discussion

3.1. Structural characteristics of NiO-In, O3 composites

X-ray analysis data show that, regardless of the synthesis method, when up to 3 wt. % NiO is added to InyOs, there
are no peaks characterizing nickel or its compounds in the XRD spectra of the composite (Fig. 1). This result may be
caused by the dissolution of nickel ions in the In,Oj lattice, the formation of an X-ray amorphous phase, or simply the
small amount of NiO in the composites. Only peaks corresponding to the cubic phase of indium oxide (c-InoO3) with a
predominant orientation (222) are recorded in the spectra of impregnated and hydrothermal composites synthesized from
aqueous solutions of indium and nickel nitrates (Fig. 1(1,2)). In turn, all the observed diffraction peaks in the spectra of
composites synthesized from an alcohol solution of the salts belong to the rhombohedral phase of indium oxide of the
corundum type (rh-InyO3) with a predominant orientation (104) and (110) (Fig. 1(3)).
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F1G. 1. XRD pattern of NiO-In,O3 composites synthesized by impregnation (1) and hydrothermal
method in water (2) and ethanol (3)

Increase in the nickel content in the synthesized composites results in a shift in the diffraction angles of the reflex
(222) for the cubic phase and reflex (104) for the rhombohedral phase of InoO3. It can be assumed that nickel ions are
embedded in the indium oxide lattice, which leads to the angular shift due to the difference in the sizes of In* (0.81 A)
and Ni* (0.69 A) ions.

As NiO is introduced into the composites obtained by the hydrothermal method, the lattice parameters of both cubic
and rhombohedral indium oxide decrease, which is also due to the difference in the ionic radii of In and Ni. In impregnated
samples, the lattice parameters are — nickel is embedded in the structure of indium oxide in hydrothermal samples. In the
case of impregnated samples, X-ray data indicate that amorphous NiO is formed on the surface of In,O3, but some Ni
ions can be embedded in the near-surface layers.

The particle size calculated by the Debye—Scherrer formula is about 60 nm for impregnated composites and does
not depend on the nickel oxide content. At the same time, in hydrothermal samples, the introduction of nickel into the
indium oxide structure leads to a decrease in particle size from 34.5 to 30.5 nm for samples with a cubic structure and
24.6 to 15.5 nm for the rhombohedral phase. The introduction of nickel ions into different crystalline phases of InoOg
hydrothermal composites prevents crystal growth. This finding is attributed to the occurrence of deformations due to
indium substitution in the lattice.

TEM data for impregnated NiO-In,O3 nanocomposites show that spherical particles of up to 20 nm in size are
formed on the surface of indium oxide particles of about 100 nm size as a result of their impregnation with nickel nitrate
and further heat treatment (Fig. 2(1)). Hydrothermal samples synthesized from an aqueous solution are agglomerates of
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heterogeneous in size rectangular nanoparticles (Fig. 2(2)). The nanoparticles in the rhombohedral samples have a shape
close to spherical and are uniform in size (Fig. 2(3)).

100 nm
Bl

F1G. 2. TEM and EDA analysis (in the insert) of 3 % NiO — 97 % In,O3 composites synthesized by
impregnation (1) and hydrothermal method from solutions of indium and nickel nitrates in water (2)
and ethanol (3)

The data on energy dispersion mapping of In, O and Ni in hydrothermal composites show that nickel ions are evenly
distributed in indium oxide particles. The particles containing only nickel ions are also observed on the surface of indium
oxide in impregnated composites. In the latter case, a small quantity of nickel is distributed in the surface layer of indium
oxide particles.

The adsorption-desorption of nitrogen by the samples at 77 K was studied in order to determine the specific surface
area and porosity of the synthesized samples. The isotherms of the impregnated samples have a shape characteristic of
nonporous or macroporous samples (Fig. 3(1)). Regardless of the Ni content in such composites, the isotherms are almost
identical, with only minor differences in the filling area of the macropores.
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F1G. 3. Isotherms of adsorption (filled symbols) and desorption (empty symbols) of nitrogen at 77 K
of 1 % NiO — 99 % InyO3 composites synthesized by impregnation (1) and hydrothermal method using
solutions of indium and nickel nitrates in water (2) and ethanol (3)

Based on the IUPAC classification, the isotherms of hydrothermal samples have a type IV shape with a hysteresis
loop H3, which indicates a mesoporous nature of these samples (Fig. 3(2 and 3)). The shape of the hysteresis loop of
hydrothermal composites depends on the mesoporous structure of the crystalline phase of indium oxide present in the
samples. For composites with a rhombohedral structure (Fig. 3(3)) the hysteresis closes in the region of relative pressures
P/ Py (P is the partial pressure of the adsorbed substance, and P is the pressure of saturated vapors of the adsorbed gas),
close to 0.8. In addition, the hysteresis closes in the region of P/ P, values close to 0.4 in samples with a cubic structure
of Ino O3 (Fig. 3(2)).

The specific surface area of impregnated composites (Spgt), calculated by the BET method, is 5.1 — 5.6 m%/g and
essentially independent of the concentration of NiO in the samples. For hydrothermal samples synthesized from an
alcoholic solution, the St value varies from 21.9 m?/g for pure InyO3 to 26.1 m?/g for a sample containing 3 % NiO.
Samples synthesized from an aqueous solution have a slightly lower specific surface area SpgT, which is 16.1 m?/g for
pure InyO3 and reaches 18.2 m?/g for a sample containing 3 % NiO. The specific surface area becomes greater with
increase in the concentration of NiO in such composites.
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The mesoporous structure of the samples, on which their sensor properties largely depend, was studied by the BJH
method (Fig. 4). The pore size distribution for these samples also differs significantly. As can be seen from the data shown
in Fig. 4, the diameter of the mesopores of the rhombohedral hydrothermal sample synthesized from an alcoholic solution
is mainly 20 nm. In the diagram of this sample there is also a very small peak in the 3 nm region, but the total pore volume
of this size is negligible compared to the pore volume of a larger diameter. With an increase in the concentration of NiO
in such composites, the volume of mesopores increases, which leads to an increase in the specific surface area Sggr.
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F1G. 4. Pore size distribution for hydrothermal samples containing 1 % NiO

The pore size distribution for hydrothermal samples of cubic structure has an acute peak in the region of pores
with a diameter of 3.5 nm, followed by a wide decreasing plume of pores with a larger diameter (see Fig. 4). With
an increase in the concentration of NiO in composites of this type, the volume of mesopores increases slightly. This,
apparently, explains the smaller increase in the specific surface area Sgrr of such samples compared to nanocomposites
of rhombohedral structure. In addition, the total volume of 3.5 nm pores in samples synthesized from aqueous solution
is approximately 3 times smaller than the total volume of 20 nm pores for samples synthesized from ethanol. It can be
assumed that in hydrothermal composites of cubic structure, narrow pores with a diameter of 3.5 nm correspond to pores
inside the nanoparticles, while in samples with a rhombohedral structure, 20 nm pores correspond to pores between the
nanoparticles.

The composition and valence state of the surface elements and active oxygen centers were determined by the XPS
method. Only peaks In, O, C and Ni are present in the survey spectra, which indicates the high purity of the synthesized
samples. Two intense peaks with binding energies of 452.3 and 444.7 eV, observed for all samples, belong to the spin-
orbital energy states In 3d3,5 and In 3d5 9, respectively (Fig. 5). The XPS study indicates that the valence state of indium
ions in the samples is 3+.

It should be noted that regardless of the method of obtaining NiO-InyOs, the introduction of NiO in the composite
leads to a decrease in the binding energy In 3ds/> and In 3ds /5. This result is due to the substitution of nickel ions in
the crystal lattice, leading to the formation of In-O-Ni with a relatively low binding energy, and once again indicates
the introduction of Ni into the InyOg lattice. In the high-resolution Ni 2p XPS spectra for all the composites obtained,
peaks characterized by binding energies of 854 and 873 eV are observed, which corresponds to the valence state 2+ of
nickel ions. The spectra of XPS O Is are also analyzed in this study. The asymmetric peak of O Is can be divided
into several peaks that are characteristic of three forms of oxygen, namely: lattice oxygen (O ) with a binding energy of
530.1 eV, oxygen vacancies (Oy ) with a binding energy of 531.5 eV and chemisorbed oxygen (O ) with a binding energy
of 532.4 eV (see Fig. 6).

The O, signal is caused by the presence of 0%~ ions in the crystal structure. The Oy characterizes the region of
oxygen vacancies in the matrix and plays an important role in gas-sensitive characteristics. The O¢ is associated with
oxygen ions adsorbed on the surface of the sample. The content of various oxygen forms in the samples depends on
the synthesis method. Thus, the impregnation of InyO3 with nickel nitrate leads to a decrease in the number of oxygen
vacancies by 8 % and an increase in the concentration of chemisorbed oxygen by 17 %. In hydrothermal samples,
the introduction of NiO increases the number of oxygen vacancies by 18 % for the cubic InpO3 phase and 2 % for
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solutions of In and Ni salts, as well as InoOg3 (5) and 3 % NiO — 97 % In,O3 (6) synthesized from salt
solutions in ethanol

the thombohedral phase and thereby affects the sensory activity of the composites. In addition, the concentration of
chemisorbed oxygen decreases in the composites with a cubic structure but increases in rhombohedral samples.

3.2. Conductivity of NiO-In, O3 composites

The conductivity of NiO-In,O3 composites synthesized by different methods are enhanced with the increase of sensor
layer temperature from 300 to 520 °C (Fig. 7), which is typical for n-type semiconductors. Moreover, violations of this
pattern decrease with increase in the fraction of nickel oxide. This trend is not surprising considering the peculiarities of
the temperature dependence of InoO3 conductivity [21]. The composites synthesized by InoO3 impregnation with nickel
nitrate have the highest conductivity at all the temperatures investigated.

It was also found that the conductivity of the composites decreases with an increase in the nickel oxide content (see
Fig. 7(4)). In the process of impregnation, X-ray amorphous NiO is formed on the surface of indium oxide nanoparticles,
while some nickel ions can be embedded in its near-surface layers. The electron work function from NiO (5.5 eV) is higher
than from indium oxide (4.3 eV). Thus, upon contact of these oxides, electrons are transferred from In,O3 nanoparticles
with a high concentration of conduction electrons to the NiO nanoparticles. This transfer is accompanied by a decrease in
the conductivity of the composites.
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In the process of hydrothermal synthesis, nickel ions (Ni*T) are introduced into the lattice of both cubic and rhom-
bohedral InyOs, replacing In®* ions. In addition, positively charged oxygen vacancies Vg are formed in the composite,
which ensures a balance of positive and negative charges.

The conductivity of hydrothermal composites, regardless of the nature of the In,O3 crystalline phase, is an order
of magnitude lower than that of impregnated ones. This result is due to the fact that during the hydrothermal synthesis
of composites, the quantity of In>** ions replaced by Ni*" ions is greater than during impregnation. This in turn leads
to a decrease in the conductivity of hydrothermal samples relative to impregnated ones. It should also be noted that
the interaction of nanoparticles during impregnation is concentrated mainly in the surface layers of the nanocrystals. In
addition, the conductivity of hydrothermal composites depends on the phase state of the InyO3 crystals.

Composites with a rhombohedral structure have higher conductivity than similar composites of a cubic structure (see
Fig. 7(4)). In the rhombohedral lattice of InyOg crystals, unlike the cubic type, there are elongated and, consequently,
weakened In—O bonds. This may be responsible for the increase in the concentration of vacancies and the corresponding
increase in the concentration of conduction electrons generated by these vacancies in the composites with a rhombohedral
structure compared to a cubic structure.
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3.3. Sensor properties of NiO-In,O3; composites

In NiO-InyO3 composites, regardless of the synthesis method, the temperature dependence of sensor response to Ho
and CO has a curve that is typical for semiconductor sensors with a maximum Sy, at a certain temperature 7T}, (see
Fig. 8). In all cases, the sensor activity of composites exceeds the activity of pure InoO3 (Fig. 9).

Oxygen vacancies are centers of chemisorption of oxygen and the analyzed gas, therefore, an increase in their con-
centration contributes to a higher sensor response of rhombohedral indium oxide. Since the introduction of nickel oxide
in the sample enhances the number of vacancies, the sensor response increases accordingly. In addition, the magnitude of
the response to different concentrations of hydrogen and carbon monoxide depends on the method used for synthesizing
the composite (see Fig. 9).

A hydrothermal composite of 3 % NiO — 97 % InyO3 synthesized from an alcoholic solution of the corresponding
nitrates and containing rhombohedral indium oxide has the highest sensor response to 0.9 % Hy. However, at 0.1 % H,
detection, the highest response has the hydrothermal composite 3 % NiO — 97 % InoOs, synthesized from an aqueous
solution in which cubic indium oxide is present. When detecting carbon monoxide, the hydrothermal composite based
on cubic indium oxide containing 3 % nickel oxide shows the highest efficiency. It should be noted that impregnated
composites have the lowest response to hydrogen and carbon monoxide, which is due to the lower specific surface area of
such samples compared to hydrothermal samples.

The method of synthesis of NiO-Iny O3 composites significantly affects the dependence of the sensor response on the
concentration of nickel oxide (Fig. 9). The highest efficiency of impregnated samples is observed when they contain 0.5 —
1 % NiO.
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A further increase of the NiO content in impregnated composites results in a slight decrease in sensor response, while
the addition of 3 % NiO to a hydrothermal composite causes a sharp increase in the sensitivity to Hy and CO. Such a
behavior takes place due to the various types of interactions between the components in the composites synthesized by
different methods.

Nickel ions are embedded in the indium oxide lattice in hydrothermal samples, which leads to an increase in the
defectiveness of the nanoparticles, the concentration of atomic oxygen on the surface and the sensor effect. In composites
synthesized by impregnation, NiO nanoclusters are formed on the surface of InoO3 nanoparticles and do not affect their
structure, size and defects. Consequently, nickel oxide additives in this case have a lesser effect on the sensor response
compared to hydrothermal samples. It should be noted that the mechanisms considered here affecting the response of
sensors prepared by impregnation and hydrothermal method differ from the mechanism proposed in [20], where samples
were obtained by electrospinning and calcination methods. The increased sensitivity with the addition of nickel oxide was
attributed to the formation of p-n-transitions between NiO and InoO3 and a decrease in particle size.

An increase in the nickel oxide content leads to a decrease in the optimal operating temperature for hydrothermal
samples by 40 — 60 °C, and for impregnated samples by 20 °C. This decrease is caused by the high catalytic activity of
NiO nanoparticles.

A comparison of the sensor properties of indium oxide and NiO-In,O3 composites obtained by different methods
and under various conditions is presented in Table 1.
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TABLE 1. Sensor properties of NiO and In,O3-based materials at detecting different concentrations of

H; and CO
Sample Synthesis method Gas concentration | Sensor response ‘ T,°C ‘ Reference
In;,O -step hydroth 1 and th 1 7.9
n203 one-step hydrothermal and therma 100 ppm Hs 100 [22]
3 % Ni-Iny03 treatment process using MOF 12.5
In203 2.5
solvothermal method 10 ppm CO 200 [23]
1 %Ni-Iny O3 4.8
In203 . —
nanocasting method 1 ppm CO 58 [24]
Ni-doped InyO3 2.7
Il‘l203 2
solvothermal method 100 ppm CO 140 [25]
5% Ni—IIlQOg 11.03
100 H 4.8
In203 ppm T2
100 ppm CO 1.2
hydrothermal method 100 0 29 150 [26]
NiO/In, 03 — 0.2 PP 72 :
100 ppm CO 1.3
In203 1.2
hydrothermal method 100 ppm CO 280 [27]
Niln -2 6.4
0.9% /0.1 % Ho 26.5/11.9
In203 480
) . 0.9% /0.1 % CO 10.1/5.4
impregnation method
. 0.9 % /0.1 % Hy 75.2/22.3 460
1 % NlO—Il‘l203
0.9% /0.1 % CO 18.6/8.1
0.9% /0.1 % Ho 61.5/19.2 v
In; O3 460 5
0.9% /0.1 % CO 21.4/8.3 =
hydrothermal method (water) 09% 01 %H 38,5499 -
3 %NiO-In, O3 C ot B o 400 =
0.9% /0.1 % CO 76.1/20.4
0.9 % /0.1 % Ho 122/29.2
In203 440
0.9% /0.1 % CO 22.36/8.4
hydrothermal method (ethanol) 09% 01 %0 5043/36.6
3 %NiO-In, O3 C ot B o 400
0.9% /0.1 % CO 34.6/8.9

It turned out that the introduction of nickel into indium oxide at various concentrations of the additive, regardless of
the production method, increases the sensor response. Compared with the literature data, the NiO-In,O3 composites syn-
thesized by us have higher sensory response values to H, and CO, but at a higher operating temperature. The introduction
of nickel results in a decrease of operating temperature compared to pure indium oxide, which was not observed in other
studies. Note also that in works [22-27], the composites based on NiO-In,O3 containing only the cubic phase of indium
oxide are considered. We have shown that the magnitude of the sensor response and selectivity in detecting Ho, and CO
are higher for composites based on thombohedral In,O3 than for cubic ones.

The response/recovery time of samples when detecting 0.9 % hydrogen depends on the method of sample preparation.
However, in all cases, the introduction of nickel oxide into the composite leads to a decrease in the response and recovery
time of the sensor. Thus, with the introduction of 1 % NiO in impregnated samples, the response time decreases from
1.3 to 0.8 s, and the recovery time — from 6.5 to 5.4 s. In the case of samples obtained by the hydrothermal method and
having cubic structure, ¢, decreases from 0.4 to 0.2 s, and ¢, from 14 to 10 s, and in the samples with a rhombohedral
structure, ¢,¢sp decreases from 0.3 t0 0.1 s, ¢,... from 5 to 4.7 s. A longer recovery time compared to other samples is also
observed in hydrothermal sensitive layers with a cubic structure of indium oxide.

The sensor properties of the synthesized samples were measured regularly for 5 months at the optimal operating
temperature. Over this period, the resistance of the sensor layer in the air and the magnitude of the response to Hy were
found to vary by less than 5 — 10 % depending on the synthesis method, indicating the long-term stability of the samples
obtained.
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4. Conclusions

Composites consisting of metal oxides with different types of conductivity (InoO3 and NiO) have been synthesized
by impregnation and hydrothermal methods. The structural characteristics, as well as conductive and sensor properties
of the samples obtained have been studied. It is shown that the introduction of NiO into composites obtained by the
hydrothermal method leads to a decrease in the value of In,Oj3 lattice parameters. The lattice parameters in impregnated
samples are practically independent of the NiO content.

The specific surface area of impregnated composites is 5.1 — 5.6 m?/g and does not depend much on the concentration
of NiO in the samples. However, the addition of 3 % NiO to indium oxide increases the specific surface area of a
hydrothermal sample with rhombohedral structure from 21.9 to 26.1 m?/g and from 16.1 to 18.2 m?/g for samples with
cubic structure. The conductivity of hydrothermal composites is an order of magnitude lower than that of impregnated
composites. It is shown that an increase in the NiO content in the composite leads to an increase in their sensor response
to Hy and CO, as well as a decrease in the optimal operating temperature for hydrothermal samples by 60 °C, and for
impregnated samples by 20 °C.

The conducted studies allowed us to compare the properties of NiO-In,O3 sensor systems depending on the synthe-
sis method used. Thus, the maximum response to 0.9 % Hy sensors, with a sensitive layer prepared by the impregnation
method, was achieved when the NiO additive was 1 %, but the optimal additive value at the hydrothermal method was
3 %. At the same time, the maximum response value was slightly larger for sensors prepared using solutions of indium
and nickel nitrates in ethanol. Note that in this case, rhombohedral indium oxide is formed. However, the maximum
response to 0.1 % Hs is achieved for the sensitive layer obtained using solutions nitrates in water with cubic indium oxide.
In other words, the properties of the studied systems are strongly dependent not only on the method of preparation and
concentration of the additive, but also on the concentration of the gas being studied. It is also important that the intro-
duction of nickel oxide into the composite leads to a decrease in the optimal operating temperature and response/recovery
time of the sensor, as well as to an increase in selectivity.

It follows from the above that sensors prepared by hydrothermal method are more effective compared to impregnated
systems. The choice between using alcohol or water as a solvent for hydrothermal synthesis of the sensitive layer depends
on which sensor characteristic is most important in a particular case.
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ABSTRACT Modified ceria-zirconia oxides were prepared in supercritical fluids in flow-type installation. Ni
was added by wetness impregnation. All materials were studied by a complex of physicochemical techniques
(XRD, TEM, H,-TPR). Catalysts have been investigated in a modern process — chemical looping methane dry
reforming (CLMDR). Conversions of CH, and CO,, H,/CO ratio, H, and CO productivities were calculated.
The features of CLMDR process were compared with results obtained in MDR steady-state conditions.

KEYWORDS chemical looping, methane dry reforming, hydrogen, ceria-zirconia, supercritical synthesis

ACKNOWLEDGEMENTS This work was supported by the Ministry of Science and Higher Education of the
Russian Federation within the governmental assignment for Boreskov Institute of Catalysis (project FWUR-
2024-0033).

The studies were carried out using the facilities of the shared research center “National Center of Investigation
of Catalysts” at Boreskov Institute of Catalysis.

Authors thank to T. Krieger and O. Bulavchenko for XRD, V. Rogov for Ho-TPR and A. Ishchenko for TEM
studies.

FOR cITATION Smal E., Fedorova V., Valeev K., Hassan A., Gerasimov E., Simonov M. Chemical loop-
ing methane dry reforming over Ni-containing modified ceria-zirconia. Nanosystems: Phys. Chem. Math.,
2024, 15 (6), 879-892.

1. Introduction

Methane dry reforming process (MDR) (1) is a route to utilize and convert two major greenhouse gases — CH4 and
COs — to syngas and hydrogen [1-3]. Syngas can be obtained with a low Ho/CO molar ratio equal to 1, which is suitable
for obtaining valuable liquid hydrocarbons through Fischer—Tropsch synthesis [4].

CHy + COy — 2Hy + 2CO,  AHSg = 247 kJ/mol. (1)

However, the side reaction of reverse water gas shift (RWGS) (2) caused by the simultaneous presence of CO5 and
hydrogen results to decrease of Hy/CO ratio during MDR [5]. So, it is important to find a way to carry out the MDR
reaction in order to exclude the occurrence of RWGS reaction.

COy + Hy 2 CO + HyO, AH%gk = —41 kJ/mol. (2)
Another problem of conventional MDR is rapid coke formation which occurs due to methane decomposition (3) at

low temperatures and CO disproportionation (Boudouard reaction) at high temperatures (4) [6].
Both side reactions lead to active centers blocking and catalyst deactivation.

CHy — C+2Hy, AHY%gyx = 75 kJ/mol, A3)

2CO — C+ CO2, AHYgx = —171 kJ/mol. “4)

Chemical looping methane dry reforming process (CLMDR) is the attractive way to resolve both these issues. In this
mode, consistent feed of CH4 and COs is implemented, which eliminates the contribution of RWGS side reaction [7-9].

The first step of CLMDR includes reaction of methane with support reactive oxygen with its partial oxidation and
selective production of syngas (5). Further, the reduced support would be re-oxidized by CO, to regenerate the reactive
oxygen (6). Successive red-ox cycles drive the continuous conversion of CO5 and methane to syngas with a higher Ho/CO
molar ratio. The total process stoichiometrically corresponds to the conventional catalytic MDR although it is divided in
time into two independent heterogeneous reactions [7-9].

CH4 + catox — 2Hs 4+ CO + catgreq, (®)]
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COg3 + catreq — catox + CO, (6)
catox = oxidized catalyst and catgreq = reduced catalyst [8].

Moreover, compared with MDR process, during CLMDR, the carbon generated by CH, pyrolysis can be oxidized
by COs at the oxidation step, which can reduce the carbon deposition to a certain extent and also produce syngas with
adaptable hydrogen/carbon molar ratio [7].

In the literature, catalysts for the chemical looping processes are called oxygen carriers. They consist of reducible
metal oxides, which must have the following characteristics: ability to generate oxygen ions or vacancies and electrons or
holes, facilitate their diffusion in the bulk phase and provide active sites for surface reactions [10-12].

Another important factor is strength of the surface M—O bonds. If they are too weak, the full oxidation will occur at
the reduction stage instead of partial one. However, they should also not be too strong, otherwise the material will be a
weak oxidant. An ideal oxygen carrier has intermediate bond strength and mobility of lattice O atoms to drive the process
both selectively and kinetically fast. Such materials include oxides with fluorite, perovskite and rocksalt structures, and
most of investigated catalysts are based on them [12].

Furthermore, for practical applications these materials should exhibit long-term redox stability, fast reaction kinet-
ics, reasonable oxygen and heat capacity and conductivity, be mechanically and thermally robust under the operation
conditions [12].

It is well known that CeO, has a good thermal stability and a high oxygen mobility/storage capacity due to its
redox couple (Ce**/Ce3T) being perspective support for high temperature processes such as MDR and CLMDR [7-
9, 13, 14]. However, different ways to increase oxygen mobility of CeO5 oxide are under investigation. For example,
ceria modification by zirconium with solid solution formation leads to increased oxygen mobility [15]. Besides, partial
replacement of cerium with zirconium in CeO can improve the oxygen storage capacity and catalytic performance in
MDR process because of the easy formation of oxygen vacancies [16].

It was shown that Ni-containing catalysts based on ceria-zirconia are attractive for MDR process due to their low
price and high activity [13,17-19]. In recent years, the influence of dopant metals (Ti, Nb, Pr) in ceria or ceria-zirconia on
catalytic activity in MDR was investigated by our research group [20-25] and other groups as well [26-29]. Ni-containing
catalysts based on Ce—Pr mixed oxide show higher activity in MDR process at 700 °C compared with Ce—Zr-based
catalyst [23,25,30].

It is well known that the preparation method has a great influence on the properties of the resulting oxides, which
consequently affects their interaction with the supported metal component and catalytic activity in the target reaction.
There are a lot of various methods for the preparation of mixed Ce—Zr oxides described in the literature: solid-phase
synthesis [31], the Pechini method [32], coprecipitation [33], sol-gel technology [34, 35], hydrothermal synthesis [36],
solvothermal method [37], microemulsions [38], the microwave method [39], the sonochemical method [40], solution
combustion [41] and spray pyrolysis reactions [42].

In recent years, synthesis in supercritical alcohols is of growing interest, since it is characterized by low energy
consumption, simple implementation, allows obtaining mixed oxides with high structural homogeneity and affecting their
morphology by varying synthesis conditions such as pressure, temperature and nature of supercritical solvent [25, 43].
In our previous study [20], it was shown that synthesis in supercritical isopropanol allows obtaining single-phase mixed
Ce—Zr-(Ti/Nb) oxides, in contrast to the Pechini method.

The CLMDR was studied earlier using Ni-containing catalysts based on pure ceria [7-9] only. It was shown in [8]
that conversions of CH4 and CO2 were equal to 85 % after 12 cycles at 700 °C for initial reaction mixture containing
5 % of CH4 or CO5. However, this concentration is too low for practical use. It should be emphasized that CLMDR is a
process potentially capable of producing synthesis gas suitable for the synthesis of hydrocarbons, so the design of highly
active catalysts is an urgent task.

The objective of the present work is to study the Ni-containing catalysts based on modified ceria-zirconia prepared
in supercritical fluids in chemical looping methane dry reforming reaction. The novelty of this work is using namely
modified ceria-zirconia as supports in the process of CLMDR. Moreover, in our work, we use more concentrated reaction
mixtures containing 15 % of reagents.

Ni/Ceo,75Zr0,2502, Ni/Ceo,75Ti0,1Zr0,1502, Ni/Ceo,75Ti0,05Nb0,05Zl‘0.1502 and Ni/Ceo,75P1’0.1ZI'().15OQ composi—
tions were earlier investigated as catalysts for conventional MDR process [20,25] and demonstrated high activity in this
reaction. So they were chosen in the present work for further studies as catalysts for CLMDR process. The influence of
dopant metals in supports and comparison with results obtained in MDR steady-state conditions are presented.

2. Experimental section
2.1. Preparation of Ni-containing modified ceria-zirconia materials

The modified ceria-zirconia supports were synthesized by the solvothermal method using supercritical conditions
in the flow-type reactor [20]. Ce(NOs)3 - 6H2O (pure for analysis, Vecton, Russia), Zr(OBu), (80 wt% in n-butanol,
Alfa Aesar, Germany), Ti(OC4Hg)4 (Acros Organics, Belgium), NbCl; (Acros Organics, Belgium) and Pr(NO3)3 - 6H2O
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(chemically pure, Krane, Russia) were used as supports precursors. Starting salts were dissolved in isopropanol (partic-
ularly pure, Soyuzkhimprom, Russia); only Zr(OBu), was dissolved in n-butanol (chemically pure, Komponent-Reaktiv,
Russia) with acetylacetonate (pure, Interhim, Russia) as complexing agent. Isopropanol was used as a supercritical al-
cohol in the synthesis process. The molar concentrations of Ce and Zr were 0.25 and 0.8 — 1 mol/L, respectively. The
temperature of oxide synthesis was 400 °C, the pressure in the reaction system was 120 atm, the feed rate of the salts so-
lution was 5 mL/min, and the solvent feed rate was 9 mL/min. After leaving the reactor, the exit stream was depressurized
and cooled, and suspension of solid particles in the mother liquid was collected in a storage container. Obtained powders
were decanted, dried at 200 °C and calcined at 700 °C during 2 h.

All catalysts were obtained by the incipient wetness impregnation of the supports with water solution of Ni(NOg), -
6H5O (pure for analysis, Vecton, Russia) and subsequent drying and calcination at 700 °C during 2 h. Ni amount was
5 wt.% in all samples.

2.2. Catalysts characterization

X-Ray diffraction analysis (XRD) was carried out using a D8 Advance (Bruker, Germany) diffractometer with Cu Ka
radiation and LynxEye detector. The XRD pattern was collected in the 20 range 20 — 85 °C with a 0.05 step size and 3 s
accumulation times.

The in situ XRD experiment was carried out using XRK-900 high-temperature flow chamber (Anton Paar, Graz,
Austria). The sample was placed in a chamber and purged with He flow. Next, the heating of the chamber was turned on
(heating rate 12 °C/min). The mixture of Hy in He (Ho:He = 1:2) was fed at a temperature about 300 °C. The sample
was reduced by hydrogen to 700 °C. Then the chamber was purged with He for 0.5 h and flow of pure CO2 was supplied.
The first diffractogram under CO5 was recorded after 0.5 h, the second one — after 2 h. Then the sample was cooled to a
room temperature under He flow. The final diffractogram was recorded after night under air. The lattice parameters were
calculated using the least squares method by Polycrystal software [44].

Specific surface area (SSA) was defined by the BET method using a Quadrasorb evo (Quantachrome Instruments,
USA) installation.

Reducibility of samples pretreated in Oy at 500 °C were studied by the temperature programmed reduction by Hy
(H>-TPR) with the temperature ramp 10 °/min from 60 to 900 °C using 10 % Hs in Ar mixture and GC Tsvet 500 (Russia).

TEM (transmission electron microscopy) micrographs were obtained with a Themis-Z3.1 instrument (TES, USA)
equipped with X-FEG monochromator and CS/S double corrector, accelerating voltage 200 kV and with a JEM-2200FS
transmission electron microscope (JEOL Ltd., Japan, acceleration voltage 200 kV, lattice resolution ~ 1 A) equipped
with a Cs corrector. Elemental analysis was performed with a Super-X EDS detector (energy resolution about 120 eV)
in HAADF-STEM mode. Samples for the TEM study were prepared by ultrasonic dispersing in ethanol and subsequent
deposition of the suspension upon a “holey” carbon film supported on a copper grid.

2.3. Catalytic Tests

2.3.1. Chemical looping methane dry reforming technique (CLMDR). Before reaction the catalysts were pretreated in
10 vol. % O3/N; at 600 °C for 30 min and then in 5 vol. % Ha/He at 600 °C for 1 h. Chemical looping methane dry
reforming process (CLMDR) was carried out at 700 °C under atmospheric pressure in flow-type installation. Contact
time was 10 ms. The gas stream was switched periodically between inert gas (He) to one containing 15 vol.% CHy/He
at reduction step and 15 vol.% COs/He at oxidation step. Each cycle consists of a reduction step of 1 min, He purge of
2 min, an oxidation step of 1 min, and again He purge of 2 min. Cycles were repeated 12 times.

During the cyclic supply of reagents, the concentrations of products in the reaction mixture were continuously mea-
sured using a gas analyzer Test-1 (Boner, Russia). The measured concentrations were recalculated to reagents and products
flow (mol-min~!) and integrated over time into the amount of substance in each cycle.

The reagents conversions were calculated as follows:

Vg — U

100 %

Xcn, (%) = o

at reduction step,
Vg — U
Xco, (%) = -100 %
Vo
at oxidation step, where v, v — initial and final reagent amount of substance, respectively (mol).
Hs/CO ratio was calculated both at reduction step and taking into account the total amount of CO produced during
each cycle:
H2 U(Hg)

——ratio =

CO v(CO)’
H, productivity was calculated at reduction step (mol-g~1):
v (H2 )

Mcat

Yu, =
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CO productivity was calculated at reduction and oxidation step (mol-g~1):

v(CO™) +v(CO?)
Yeo = .

Mecat
Carbon balances were calculated both separately at each stage and in total at each cycle using the following formulas:

_ 0(CHy™)+0(C0O2™)+v(COR)

CarbonBalance(R) 20(CHL) - 100 %,
0 0
CarbonBalance(O) = U(Coi[)()c+gz()co ) 100 %,
_ 0(CH4™)+0(CO2™) +u(COR)+0(CO2°)+0(CO°)
CarbonBalance(All) = 20(CHL)+10(COy) 100 %.

Hydrogen balances was also calculated:

2 v(Ha™) +4 - v(CH®)
4vo(CHy)

2.3.2.  Methane dry reforming performance in steady-state conditions. Pretreatment before reaction was the same as in

the case of CLMDR. The experiments were carried out in the temperature range of 600 — 750 °C, contact time was 10 ms.
The initial mixture was 15 vol. % CHy + 15 vol. % CO- + balance N following the earlier described procedure [20, 22].

-100 %.

HydrogenBalance =

3. Results and discussion
3.1. Textural and structural properties

Figure 1 shows XRD patterns for catalysts. Reflections corresponding to the cubic fluorite lattice CeO2—ZrO2 (PDF
81-0792) and NiO phase (PDF 47-1049) are observed.

*NiO

* Ni/Ce . Pr Zr O

0.1 015 "2

Ni/CED TETiD nsan.oszro.wso

2

Intensity, a.u

NiCe, ,Ti Zr, .0

041 01s "2

NilCe, Zr O

2

2 theta,

F1G. 1. XRD patterns of fresh catalysts

Table 1 shows specific surface area of studied catalysts and cell parameter and crystallite size of fluorite phase. The
SprT is close for three of studied catalysts, but is significantly lower for Pr-containing sample. The values of crystallite
size of fluorite phase estimated from diffraction patterns are 9 — 14 nm. The crystallite size of NiO is between 20 — 30 nm
for all samples. The change of cell parameter of ceria-zirconia fluorite phase after addition of Ti, Nb and Pr confirms
incorporation of dopant cations into fluorite lattice.

A more detailed characterization of the samples is presented in our previous works, where the presence of oxygen
vacancies in ceria-based catalysts prepared in supercritical isopropanol was shown based on XRD and Raman data [20,
21,25].

The morphology of catalysts was studied by transmission electronic microscopy (TEM). The TEM images of fresh
catalysts are presented in the Figure 2. Particles of fluorite phase have near-spherical shape with sizes about 15 — 20 nm
and are packed into large (~ 100 nm) agglomerates [20, 25].

Nickel is presented on the support surface in the form of NiO particles, the corresponding interplanar distances are
shown in the Fig. 2(b,d). NiO particles are also marked by blue circles in the Fig. 2(a,c). The particle size of NiO is about
10 — 20 nm for TiNb-doped sample and 20 — 30 nm for Pr-doped sample. It also should be noted, that NiO particles for
Pr-containing sample have close to cubic shape, which, together with their larger size, also suggests their weak bound
with the support.
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TABLE 1. Surface area (BET) and fluorite crystallites size (from XRD) of the studied catalysts

| o [ e S e
Ni/Ceg.75Z10.25 02 21 94 | 30 5.368
Ni/Ceg.75 Tio.1Zro.1502 23 | 104 | 20 5.379
Ni/Ceo 75 Tio.0sNbo.05Zr0.1502 | 26 | 14.5 | 24 5.392
Ni/Ceg.75Pro.1Zr0.1502 9 11 | 23 5.394

The homogeneous distribution of support cations in all catalysts was shown by dark-field images with EDX analysis
(Fig. 3).

3.29A, 2.85A
F

100 nm
© @

FiG. 2. TEM images of fresh catalysts Ni/Ceg 75Tig.05Nbg.o5Zr0.1502 (a,b  [22]),
Ni/Ceq.75Prg.1Zr9.1502 (c [25], d). F denotes the fluorite phase. NiO particles are marked by
circles
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Ce L ————300 nm

Atomic %
Ni  Ce Zr Ti Nb
7.50 68.42 15.52 4.30 4.26
(a)
Atomic %
Ni Ce Zr Pr
1712 165:351114:55 1 2.98
(b)

Fic. 3. HAADF-STEM  images with EDX  analysis of fresh catalysts a)
Ni/Ceo.75Tig.05Nbg.05Zr0.1502, b) Ni/Ceq.75Prg.1Zrg.1502

3.2. Catalysts reduction by Ho

Figure 4 shows Hy-TPR curves for supports and corresponding catalysts calcined at 700 °C [20,25,45]. For ceria,
reduction peaks corresponding to removal of the surface/near-surface and bulk lattice oxygen are usually observed at
500 — 600 and 800 — 850 °C, respectively [46,47].

—— €l 210
571 ors 02Tz ——Ni/Ce,_.Zr . O
1.0x10" P TN 3.5x10° 250 N msT_oz; 2 o
: A s ==
a) b 1156‘5 ----- Ce Ti Nb, .2Zr O, 5 b) ,l ' Cors fow T015%5
8.0x107 | !.Ii. 5412', L —-—--CEDTEF’rMZrMSO2 30107 fl!‘ """ NI/C9075T|005Nb0052r01502
Y (™ | )
i Il ! 2.5x10° iy Ni/Cey 75PTo1270150;
0] 7 i
% 6.0x107 i » !
- * y t
o D 2.0x10° i
T o .
7|
35 4ox10 5 1.5%10°
€
2.0x107 1 1.0x10°
5.0x107
0.0
T T T T 1 0.0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature, C Temperature, C

FI1G. 4. H,-TPR curves for supports (a) and corresponding catalysts (b) [20, 25]
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It is worth noting, that the introduction of doping cations can promote the oxygen mobility and reactivity in modified
CeO,. For example, zirconium cations incorporated into ceria lead to reduction of the lattice oxygen at temperature
below 800 °C [48]. In this work, the Ceg 75Zr(.2502 has peaks at 565 and 802 °C corresponding to reduction of the
surface and bulk oxygen, respectively. The incorporation of Ti and Nb cations leads to a slight decrease of reduction
temperatures compared with ceria-zirconia [20,45]. At the same time, for Pr-doped sample, reduction peaks are shifted
to lower temperatures by more than 100 °C which suggests its higher oxygen reactivity [25].

Amounts of hydrogen spent for the reduction of all samples are presented in the Table 2 and are quite close for all
supports.

TABLE 2. Hs consumption for studied supports and catalysts

Hy consumption, mmol/g.,¢

Support Ni/Support
Ceq.752r0.2502 1.36 2.21 [20]
Ceg.75Tip.12r0.1502 1.20 2.32 [20]
Ceo.75Tin.05Nbg.05Zr0.1502 1.30 2.06 [20]
Ceg.75Pr9.1Zry.1502 1.21 2.14 [25]

The Ho-TPR reduction curves of the Ni-containing catalysts are presented in the Fig. 4(b). It is well known that
metal-support interaction has very important role to red-ox properties of corresponding catalysts. This interaction can be
very complex and results in presence of various forms of Ni species in the catalysts.

A weak shoulder at 200 °C corresponds to reduction of highly reactive oxygen surface species [49, 50]. For
Ni/Ceq.757Zr9.2502 sample, there are two peaks in the region of middle temperatures, in contrast to one peak for the
Ceg.75Zrg 2502 support. The first peak at 322 °C is due to the reduction of nickel oxide weakly interacting with sup-
port [51], while the second peak at 459 °C can be associated with the reduction of NiO particles strongly interacting with
the oxide support [52].

Simultaneously with the reduction of nickel, the reduction of support cations also occurs [24,45]. For Ti-containing
catalysts, shift of these peaks to higher temperature is observed suggesting stronger interaction of supported Ni with oxide
support [24].

For Pr-doped sample, on the contrary, reduction begins at lower temperature. In our earlier work [25], it was shown
by XRD with in situ Hy reduction, that peak at 250 °C can be attributed to reduction of active surface oxygen. Such
shift for Ni-containing samples is associated with the facilitation of support reduction due to hydrogen spillover in the
presence of nickel atoms [25]. The reduction of nickel also begins together with the support cations and finish at a lower
temperature due to its weaker interaction with the support.

A more detailed characterization of TPR data can be found in our previous works [20, 25,45].

3.3. Kinetic features of CLMDR

Figure 5(a) demonstrates the typical dependence of reagents and products concentration on reaction time at 700 °C
using the Ni/Ce 75712502 catalyst as an example.

The catalyst reacts separately with methane and carbon dioxide at the reduction and oxidation stages, respectively.

It is assumed that several parallel processes occur at the reduction stage. First, the lattice oxygen interacts with CHy4
forming CO and Hs by reaction of partial oxidation (7). The concentration of methane gradually increases, while the
concentrations of Hy and CO first increase to a maximum and then decrease due to limited amount of reactive oxygen of
the catalyst.

CH,4 + [0] — 2H, + CO®. (7)

Figure 6(a) presents data of Ho/CO® ratio at reduction step. It is higher than 7 at the beginning of reaction and drops
to 3 — 4 for last cycles which is still higher than 2 for partial oxidation (7). The formation of superstoichiometric H, can be
explained by the occurrence of the second process, namely, the decomposition of methane according to reaction at (2). It
can be seen that Hy/CO™ ratio decreases with the cycle number, so decrease in the contribution of methane decomposition
reaction can be assumed.

Moreover, presence of a few amount of CO; at reduction stage indicates occurring reaction of complete oxidation of
methane by highly reactive oxygen on the catalyst surface (8). Unfortunately, we have no information about formation
of water because products concentration was measured by gas analyzer. However, both these products were observed at
reduction step by Lofberg et al. [9].

CH4 + 2[0] — H,0 + COX. (8)
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The hydrogen balances estimated at reduction step are presented in the Fig. 6(b). It can be seen that hydrogen balance
is rather close to 100 % for the most of catalysts and is slightly lower for the Pr-doped sample. Based on the TPR data, it
can be assumed that this sample contains more highly reactive oxygen, which leads to an increased oxidizing ability and
lower hydrogen balance due to water formation.

Based on the data of CO5 and CO formation at the reduction stage, the number of oxygen monolayers removed from
the catalyst was calculated. It reaches ~ 7 — 9 monolayers for the Pr-containing sample and ~ 3 — 4 monolayers for other
catalysts. So, this amount exceeds a monolayer even without taking into account the produced water, which indicates
participation both of surface and lattice oxygen in the reaction process.

At the oxidation step there are also two routes of COy consumption. The carbon generated by CH,4 decomposition
can be oxidized by CO;y forming CO (9). In addition, a negligible formation of hydrogen is observed, probably due to
oxidation of CH,, species on the catalyst surface. The second parallel route of COy consumption is oxidation of Ce;O,
reduced species, during which the lattice oxygen consumed at the reduction stage is replenished (10). Another parallel
route of CO45 consumption, Ni oxidation by COs, is thermodynamically forbidden at the reaction temperature [8]. So,
during oxidation stage, COy conversion is gradually decreased due to replenishing of support oxygen and oxidation of
carbon deposits.

CO5 + Cags — 2C0O°, 9)
COz 4[] = CO° + 0] (10)

Both of these processes lead to return of the catalyst to its initial oxidized state, which was before the reduction cycle,
and the catalytic cycle is closed.

To some extent, this behavior is similar to that proposed for the red-ox Mars and Van Krevelen mechanism of such
type reactions. It has been suggested that the mechanism of action of catalysts based on fluorites and perovskites with a
high reactivity of lattice oxygen is of the red-ox type, and methane dry reforming proceeds with the participation of lattice
oxygen [53]. In the present study, this assumption is also confirmed, since without the participation of lattice oxygen, the
conversion of methane and CO- during the periodic supply of these reagents would be impossible.

3.4. Influence of the support composition on catalytic activity

One of the key tasks was to compare influence of doping cation on catalytic activity in CLMDR. In earlier investiga-
tions of our group, all these compositions were investigated in the conventional MDR [20,22,23,45]. Catalysts doped by
Pr and both Ti and Nb showed the highest activity due to their high defectiveness and presence of oxygen vacancies. So
it was interesting how these features will affect the activity in CLMDR mode.

The dependencies of the substance amount of reagents and products on cycle number are presented in Fig. 5(b) using
the example of Ni/Ce 75Zry.2502. Each point on the graphs is obtained by integrating the corresponding concentration
curve at the stages of reduction or oxidation. The H, amount at oxidation step is not presented since it is close to zero.
Based on these data, reagents conversions, products productivities and carbon balances were calculated.

Figures 5(c,d) presents reagents conversions and carbon balances for Ni/Ceg 75Zry.2502 which are typical for all
studied catalysts. It is known that CO4 conversion is higher than CH4 conversion in conventional MDR reaction because
of influence of reverse water gas shift reaction (RWGS) [20]. However, in all cases in the present experiments in CLMDR,
the values of CH,4 conversion are higher than CO5 conversion that corresponds to decreasing influence of RWGS due to
the separation of CO, and Hy in time.

The features of carbon balances correspond to coke deposition at the reduction stage (< 100 %) with subsequent
oxygenation of deposited carbon at oxidation stage (> 100 %). The carbon balance at the reduction stage in the first cycles
is much lower, which, as was mentioned above, is due to higher contribution of the methane decomposition reaction. It
should be taken into account that before the first cycle the catalyst is already in a reduced state with most of the support
reactive oxygen being removed. Therefore, the contribution of the methane decomposition reaction is larger than that of
the methane oxidation reaction.

The larger amount of carbon formed at the reduction step also leads to higher carbon balance at the oxidation step
due to formation of additional CO from carbon deposits. It reaches 117 % and decreases with increasing cycle number.
As a result, the total carbon balance at each cycle is close to 100 %.

For all studied catalysts, the similar behavior is shown (Fig. 7). The CH4 and CO5 conversions decrease from first
cycles and reaches stationary values with an increase of the cycle number. The Hy and CO productivities similarly
decrease from 8 — 10 to 3 — 4 mmol/g.

Some differences are observed for the Pr-doped sample, for which, despite the highest methane conversion, lower Hs
and CO productivities are obtained. Since this sample also exhibits the lowest hydrogen and carbon (not shown) balances
at the reduction stage, this may be due to loss of hydrogen in the form of water or CH,, species.

Another notable difference is the lowest CO- conversion for the TiNb-doped sample. This may be due to low methane
conversion and high carbon balance at the reduction stage. So, for this sample, there is less deposited carbon, which can
subsequently be oxidized at the oxidation stage, and less CO; is converted.
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F1G. 7. The dependencies of CH4 and CO- conversions (a,b), H, and CO productivities (c,d) and total
carbon balances (e) on cycle number in CLMDR over studied catalysts

Catalysts after reaction were also investigated by HRTEM. Fig. 8 shows the micrographs for samples doped by
TiND (a) and Pr (b). There are metal nickel particles with sizes from 10 to 110 nm and small amounts of carbon fibers
(not shown). However, there is no obvious difference in particle sizes depending on the composition of the oxide support.

To study the changes in catalyst structure at the oxidation stage, an additional in situ XRD experiment was carried
out for Ni/Ce 75Prg.1Zrg.1502 sample. A detailed description of the experiment is given in the experimental part. Fig. 9
shows the diffraction patterns and the lattice parameters of fluorite phase.

As was mentioned above, peaks of the fluorite and NiO phases are observed for the initial sample. After treatment in
hydrogen, NiO is reduced to metallic nickel. The peaks of the fluorite phase shift towards smaller angles due to change
in the lattice parameter, which increases from 5.4166 to 5.4892 A. As was shown in [54], such increase is associated not
only with the thermal expansion of the oxide crystal lattice, but also with the reduction of Ce*™ cations to Ce®.

After CO, supply, the lattice parameter decreases to 5.4599 A as a result of the Ce* cations being oxidized back to
Ce™. It is important to note that the formation of NiO does not occur. This is consistent with the results of thermodynamic
calculations in [8], where it was shown that nickel is not oxidized by CO5 at these temperatures. The second diffraction
pattern under CO; stream was recorded after 2 hours later. During this time, the fluorite lattice parameter is further
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F1G. 8. TEM images of catalysts a) Ni/Ceq 75Tig.05Nbg.05Zrg.1502; b) Ni/Ceg 75Prg.1Zrg.1502 after
testing in CLDRM. Ni particles are marked by circles
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FIG. 9. Results of in situ XRD experiments on Ni/Ceg 75Prg.1Zrg.1502: a) diffraction patterns; b) de-
pendence of lattice parameters of fluorite phase vs temperature

decreased to 5.4586 A. Thus it can be concluded that the kinetics of support oxidation by COs is quite slow [8]. However,
this should not affect the catalytic activity, since the surface oxidation process is faster than the O diffusion in the bulk [55].

The last diffractogram was recorded after the sample was cooled in an inert environment and kept overnight in air.
The lattice parameter is 5.4202 A, which is slightly higher than the initial value and indicates a higher content of Ce®"
cations, so it can be concluded that complete oxidation of the oxide support to the initial state does not occur.

Thus, it was confirmed by in situ XRD that reduced oxide support is oxidized, while nickel remains in the metallic
state under the CO4 stream. Thus, even under conditions of CLMDR process, nickel particles remain in metallic form and
only the support undergoes reduction and oxidation.

3.5. Comparison of MDR in steady-state condition and CLMDR

Detailed description of catalysts investigation in conventional steady-state MDR reaction is presented in our earlier
works [20,25] and will not be completely repeated here for the brevity. In general, the methane conversion at 700 °C
decreases in the series Ni/Ceg.75Prg.1Zrg.1502 (50 %) > Ni/Ceq.75Tig.05Nbg.057Z19.1502 (44 %) > Ni/Ceq.75Z1r9.20502
(35 %) > Ni/Ceqg.75Tig.1Z19.1502 (27 %). It is clear that the catalytic performance in the processes of CLMDR and
MBDR is not entirely correct to compare directly. However, it can be concluded, that carrying out reaction in the CLMDR
mode for the studied samples eliminates the difference between various support compositions compared with conventional
MDR process. Probably, it can be due to methane decomposition reaction, which occurs on metal nickel particles without
participation of oxide support.

The ability of studied catalysts to conduct a cyclic process confirms our assumption that these catalysts with a high
reactivity of oxygen implement a staged mechanism with independent stages of methane and CO; activation. The presence
of reactive oxygen species makes it possible to separately feed the reagents, which leads to minimization of the influence
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of RWGS side reaction. Indeed, if we compare the ratios of Hs to total CO, it becomes clearly seen that these ratios on all
catalysts are close to unity, being much higher than those in the course of the conventional MDR process (Fig. 10). If we
take into account that in this study, the reduction step takes 1/6 of the cycle time and assume that the productivity by Ho
at the reduction stage tends to the value of 3 — 4 mmol-g~'h™?, then we can estimate some average performance, which
will be about 0.5 — 0.7 mmol-g~'h™!. The productivity can be multiplied by using a two-reactor unit, in one reactor it is
possible to carry out the reduction stage, in the other — the oxidation stage, alternately switching the oxidizer and reductant
flows.
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FIG. 10. The values of Hy/CO ratios for MDR and CLMDR (at the last cycle) processes. T' = 700 °C,
7 =10 ms

4. Conclusions

The principle of chemical looping methane dry reforming reaction for Ni-containing catalysts based on modified
ceria-zirconia was demonstrated. During the process, nickel remains in the form of metallic particles, and the support
consistently participates in the processes of CHy oxidation and CO; reduction. Support modification has a weak effect on
catalytic activity in CLMDR process compared with conventional MDR reaction. Using the CLMDR process, synthesis
gas with a high Hy/CO ratio was obtained, which is acceptable for using as a feedstock for the production of hydrocarbons,
which cannot be achieved on these catalysts with a conventional MDR process. The possibility of separating gas flows
after the stage of oxidation and reduction can be used to obtain hydrogen-enriched gas for the needs of hydrogen energy.
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ABSTRACT Single-phase polycrystalline samples of the (Gd,Y)3;Al,Gaz;0,5:Ce, Tb composition with a garnet
structural type were obtained. Using various approaches to the preparation of the initial powders of hydrox-
ycarbonate precursors and compaction methods, the grain size of the ceramics was varied. The scanning
electron microscopy method was used to establish the features of the microstructure of the initial powders with
different processing temperatures and the microstructure of the resulting ceramics. It is shown that an increase
in the grain size of the ceramics and a decrease in the residual porosity gives a noticeable increase in optical
transparency in the visible region of the spectrum, in which Ce3* and Tb>" ions emit during scintillation. The
effect of intergrain boundaries of the ceramics on the diffusion features of nonequilibrium carriers, electrons
and holes, as well as excitons formed during the absorption of ionizing radiation on the scintillation yield and
energy resolution is considered.
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1. Introduction

Crystalline materials of the garnet structural type are widely used in various fields of photonics, especially in solid-
state lasers [1] and in ionizing radiation detectors as scintillators [2]. Compounds of the garnet structural type based
on triply charged cations have the space group Ia — 3d (#230, 0'1”0), and their general formula can be represented as
C3[B]2(A)3012, where the C position and the positions in brackets, [] and (), correspond to cations in three different
oxygen coordinations: distorted dodecahedral, octahedral and tetrahedral, respectively. Rare earth ions are localized in
dodecahedral positions. Further progress in improving their consumer properties is associated with the complication of
the cationic composition [3]. The use of garnet isomorphism is an exceptional opportunity to obtain multicomponent
compounds of this structural type. The high tolerance of the garnet crystal lattice allows a wide variation of the elemental
composition. Isovalent substitution is provided by changing the corresponding length of the metal-oxygen bond, which
affects the luminescent properties of rare earth ions and is an additional tool for restructuring their spectral-luminescent
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properties. The most significant results in the field of scintillators were obtained for gadolinium-aluminum-gallium garnets
Gd3Al;Gaz015 (GAGG), in which the [] and () positions are mixed with AI>* and Ga®* ions, and the Gd** ions either
completely occupy dodecahedral positions in the lattice or are partially diluted with lanthanide or yttrium ions. Such
materials are obtained by drawing from a melt [4-8] or by micro-pulling down method [9], and also in the form of
ceramics by hot pressing [10, 11].

The listed methods require either expensive tooling made of platinum group metals or expensive equipment for high
pressure sintering. To obtain transparent GAGG or more complex materials based on it, ceramic technology is of particular
importance. Its advantages include obtaining the product without the stage of melting the precursor, which significantly
minimizes the problem of defect formation in it due to evaporation at high temperatures and the difference in the pressure
of saturated vapors of different components of the batch in the synthesis chamber. Ceramics of complex compounds can
be obtained from a premix of simpler compounds of the same structural type [12], which allows controlling the spatial
distribution of activator ions in the grains of the ceramics. Finally, hot pressing is not an exclusive approach to obtaining
transparent ceramics of garnet compounds; it can also be obtained as a result of annealing in an oxygen atmosphere using
nanoscabe precursors to obtain raw materials [13—17].

Nanostructuring of precursors in the technology of ceramics of the GAGG family of compounds allows solving two
important problems: minimizing the evaporation of gallium from the compound and thereby maintaining a composition
close to the specified one [18] and increasing the rate of compaction of the raw material during sintering due to the high
reactivity of the precursor particles, which have a well-developed surface.

In this paper, it is shown that the use of co-precipitated nanoscale precursors of complex garnet compounds containing
more than three cations allows us to solve a number of chemical engineering problems in the production of transparent
scintillation ceramics. In particular, it is shown that ensuring a given composition of the compound with high accuracy
at the stage of preparing the precursor for further pressing and sintering provides the ability to effectively adjust the
scintillation properties by controlling the compositional disordering of the crystalline matrix.

2. Obtaining precursors of multicationic compounds by the coprecipitation method

The hydroxycarbonate precursor of following compositions GdsAlsGazO12 (GAGG:Ce) and (Gd,Y)3AloGaz012:Ce,
Tb (GYAGG:Ce, Tb) were synthesized by co-precipitation from a mixed nitric acid solution containing Gd, Y, Ce, Tb, Al,
and Ga. The following were used as feedstock materials: Gd2O3 (99.995%), Y203 (99.995%), AIOOH (99.998%), Ga
(99.999%), Ce(NO3)3 6H20, and Tb(NO3)3 6H20 (99.95%). The feedstock of the main components was dissolved in
the nitric acid of special purity grade 18-4, and the feedstock of the activators Ce(NO3)3 6H20 and Tb(NO3 )3 6H20 was
dissolved in deionized water (specific resistance 18 MOhmxcm). Solutions of individual metals with known concentra-
tions determined gravimetrically were mixed in the required ratio and diluted with water to a total metal concentration of
1 mol Me/l. The mixed solution was then gradually added to a solution of the ammonium hydrocarbonate NH;HCO3 with
a concentration of 1.5 mol/l under constant stirring with an overhead stirrer. The resulting precipitate was filtered through
a Buchner funnel, washed with a mixture of water and isopropanol, and dried for 6 h at 100 °C in a drying cabinet with
forced convection. The precursor thus obtained was then subjected to heat treatment in a muffle furnace at temperatures
above 600 °C for 2 h to convert it to the oxide form and form a garnet phase (>900 °C).

The completeness of precipitation was assessed using the inductively coupled plasma mass spectrometry (ICP-MS)
method using a Perkin Elmer Elan DRC-e spectrometer. For this purpose, the content of the metals in the mother liquor
and washing liquid determined, and the proportion of elements that did not precipitate relative to their initial amount in the
mixed solution was calculated based on the data obtained. The analysis results for 10 syntheses are presented in Table 1.

TABLE 1. Completeness of precipitation during the synthesis of the GYAGG:Ce,Tb precursor

The proportion of the element
Element | that did not pass into the sediment,
% of the initial amount

Al < 0,02
Ga 0,31+0,04
Y 0,10+0,02
Ce < 0,02
Gd < 0,02

Tb < 0,02
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The amounts of the elements which were not precipitated are within narrow limits that allows take them into account
when planning syntheses and preparing mixed solutions. This ensures the preservation of the specified composition of the
precipitate and the oxide with the garnet structure obtained from it, as well as the reproducibility of the syntheses.

The temperature of the garnet phase formation was estimated using differential scanning calorimetry (DSC) data.
Fig. 1 shows the DSC results obtained on a TA Instruments SDT Q 600 at a heating rate of 10 °C/min, and the weight loss
according to thermogravimetry (TG) data.
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FI1G. 1. TG (left axis) and DSC (right axis) curves of the GYAGG:Ce,Tb precursor: 1 — differential
curve, 2 — mass loss curve

Solid samples treated at different temperatures for 2 h were analyzed by X-ray diffraction (XRD) on a BRUKER D2
PHASER diffractometer (CuK,, radiation, 260 angle range from 15 to 95°, 0.02° step, Bragg-Brentano geometry) at room
temperature. The results are shown in Fig. 2.

XRD data show that the samples are X-ray amorphous when annealed at temperatures up to 700°C. The cubic garnet
phase (Ia — 3d) is already formed and becomes predominant when the samples are annealed at 850 °C, which is close
to the exothermic peak on the DSC curve. Its content is about 92 vol.%, and the remaining 8 vol.% is the impurity
phase with the hexagonal perovskite structure P63/mmc. The reflections of these impurity phases are not observed in the
diffraction pattern of the samples obtained at 900 °C. The low temperature of the garnet phase formation achieved in this
production method allows reducing the evaporation of gallium oxide [19] during annealing, which ensures the production
of single-phase samples with a given elemental composition.

Figure 3 shows the results of the study of the powder microstructure obtained on a Jeol JSM 7100 F scanning electron
microscope (secondary electron mode, accelerating voltage 10 kV).

It is noticeable that the microstructure of the precursor and oxide powder does not undergo significant changes in the
considered temperature range. This serves as additional confirmation of the uniform distribution of components at the
level of nanosized primary particles.

The grain size of the final ceramics may depend on various factors. In particular, the structural features of the original
powder or the presence of special additives - fluxes - may have an impact. Fig. 4 shows photo images and scanning
electron microscopy images for ceramic samples of the GYAGG:Ce,Tb composition.

It can be seen that a significant increase in the grain size of ceramics and an increase in its optical transparency can
be achieved by using a mixture of powders with different heat treatment temperatures during the production of ceramics:
850 and 1500 °C, respectively (Fig. 4, b, d). The grain size of the ceramics increases from an average value of 1 ym to
5 pm. A similar effect can be achieved by adding a sintering additive SiO2 to the powder in an amount of 0.01 wt.%
(Fig. 4, c, e), however, a certain heterogeneity in the grain size and a noticeable number of closed pores are observed,
which may be associated with a sharp increase in the grain size during the sintering process. Thus, using a nanostructured
precursor, it becomes possible to apply various approaches to control the morphology of ceramics.

Using the 3D printing method — stereolithography — it is possible to obtain ceramic elements of complex shape [20].
This method significantly expands traditional ceramic approaches, such as semi-dry pressing (compacting) and slip cast-
ing. Objects of complex geometry, such as openwork and mesh structures, are created due to controlled and local layer-
by-layer polymerization of a photocurable suspension with ceramic particles when exposed to ultraviolet radiation. The
composition of photocurable suspensions suitable for 3D printing consists of a mixture of the ceramic powder, low-
viscosity acrylate monomer, UV photoinitiator and dispersing additive. We used 1,6-hexanediol diacrylate as an acrylate
monomer. Another important advantage of this method is the relative availability of source materials for the preparation
of suspensions and the low cost of modern desktop printers. After manufacturing by stereolithography, the green body — a
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FIG. 3. SEM images of precursor and oxide powders of GYAGG:Ce,Tb after heat treatment at 100-1000 °C
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FIG. 4. Photographs and SEM images of GYAGG:Ce,Tb ceramic samples based on powder with a heat
treatment temperature of 850 °C (a, d), based on a mixed powder of 850 °C + 1500 °C (b, e) and powder
with heat treatment at 850 °C and the addition of 0.01 wt.% SiO, (c, f)

composite consisting of an acrylate polymer with encapsulated ceramic particles — requires burning out the organic binder
and high-temperature sintering. These two operations are standard for the ceramic approach in general, but in the case
of stereolithography, burning out in an inert atmosphere is usually required to remove the organic components from the
green body without defects. A typical appearance of green bodies and ceramics of multicomponent garnets activated by
cerium is shown in Fig. 5.

FI1G. 5. Typical appearance of GYAGG:Ce, Tb raw materials after 3D printing (a), after burning out the
organic binder (b) and high-temperature sintering (c) into dense oxide ceramics. The ceramic surfaces
are not polished

Using the stereolithography method, it is possible to produce planar periodic structures from ceramics with a garnet
structure.

3. Discussion of the results

The obtained data show that the morphology of transparent ceramics can vary significantly: the average grain size
can vary from a few microns to more than 10 microns. Therefore, the question of the dependence of the scintillation
parameters on the morphology of the ceramics, in particular, the grain size, is natural. From the point of view of the
development of the scintillation process, ceramics differs from a single-crystal material by a number of factors. Firstly,
a violation of the spatial periodicity of the crystal occurs at the boundaries between the grains and, as a consequence,
nonequilibrium electrons and holes formed by ionizing radiation are additionally scattered at this boundary. In addition,
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potential barriers to the movement of carriers may appear. Grain boundaries, clearly visible using scanning microscopy,
can act as such energy barriers. The height of such barriers to the movement of electrons should not exceed the work
function of the electron exit from the crystal into vacuum and depends on the orientation of the axes of the basis vectors
of neighboring crystallites, and their spatial width depends on how tightly the ceramic grains fit together, that is, on the
presence of pores in the ceramics. It can be assumed that electrons, holes and excitons can diffuse inside the grain with
the same diffusion coefficients as in the crystal, but can move from one grain to another only due to slow tunneling
processes. The boundary between the grains is a defect layer on which carriers can be captured and undergo nonradiative
recombination. Finally, the grain boundary is enriched with the activator due to the large radius of the cerium ions Ce>*.
In this case, cerium at the boundary is predominantly in the state Ce*™ [21].

Let us consider some of the consequences of this difference. The elementary acts of fast electron scattering and the
Auger processes for a hole in crystalline and ceramic samples do not differ from each other. In this regard, the structure of
the track before thermalization will be the same in the crystalline and ceramic samples. The cascade of electron excitation
multiplication ends when all secondary electrons and holes have an energy below the multiplication threshold (of the
order of the band gap). Thus, in the garnets under consideration, by the end of multiplication, the electrons and holes
will be distributed over kinetic energy within the range from zero to approximately 6 eV. Further relaxation is associated
with the emission of optical phonons, as a result of which the electrons and holes fly away from their birthplace due to
the hot diffusion process [22]. The average distance over which hot charge carriers fly away in the parabolic zone model
increases with increasing initial energy FEY;, of secondary electrons as E,z’l/j In oxide crystals with a typical optical
phonon energy of about 100 meV, electrons with an energy of about 5 eV fly away from their birthplace on average by
lterm ~30 nm, with the main flight occurring while their energy is sufficiently high (about 1 eV) [23]. Due to this, such
electrons can fly over the intergranular barrier and enter the neighboring grain if they are born in a layer of thickness l;e.m,
near the intergranular boundary (the fraction of such electrons is about l;,, /d, where d is the typical grain size). After
thermalization, their return to the grain in which they were born and in which the hole remains is hindered by the presence
of barriers. Thus, the number of electrons and holes born by the primary ionizing particle in different grains is not the
same. If we assume that N, electrons and /V;, holes remain inside the grain, then the maximum number of excitons created
by them should not exceed Min(N,, Np,). This creates additional fluctuations in the number of generated electrons and
holes due to the unequal number of carriers of different signs in the grains. As the grain size decreases, these fluctuations
increase. Fig. 6 shows the dependence of this fluctuation contribution to the energy resolution of a crystalline element
obtained by dividing the track of a primary electron with energy of 50 to 400 keV after thermalization into cells (grains)
depending on the grain size. The simulation was carried out based on 100 (for 400 keV) to 800 (for 50 keV) generated
tracks in a GAGG crystal. The simulation algorithm is described in [24]. It is evident that with an average grain size of
~5 pm, the contribution does not exceed 0.2%, i.e. it becomes insignificant. For small energies the contribution increases
when the track length is about the grain size.
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FIG. 6. Additional contribution to the energy resolution of a ceramic scintillator due to the difference
in the numbers of electrons and holes in ceramic grains depending on the grain size. For a primary
electron with an energy labeled in legend in GAGG
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Assuming that all electrons and holes in the grains are bound into excitons, the yield of the ceramic scintillator
should decrease compared to the crystalline one, since unpaired electrons and holes remain in the grains (over time,
due to the long process of tunneling through barriers and due to capture by defects, including intergranular ones, these
uncompensated charge carriers also recombine).

In a homogeneous crystal, during the process of diffusion-controlled recombination of an electron-hole pair, not all
electrons and holes generated in one scattering event and located at a distance of the order of l;¢,,,, from each other
recombine, but only their share of the order of Min(1,R./ltcrm ) [25,26]. Here, the capture radius R, is approximately
equal to the Onsager radius — the distance at which the potential energy of attraction of an electron and a hole is of the
order of thermal energy (at room temperature, the typical value of R, is approximately 6-10 nm). The remaining electrons
fly far from the hole and do not return to it, being captured by defects or recombining with “foreign holes” (in the region
where the concentration of charge carriers is sufficiently high). On the other hand, if the electron thermalization occurs in
the same grain in which it was born, it has a lower probability of moving away from the hole at a large distance, and thus
the probability of its recombination with the hole increases. These processes are shown schematically in Fig. 7.

b

o
)

F1G. 7. Scheme of diffusion-controlled recombination of electrons and holes with the formation of
charge-transfer excitons in a homogeneous crystal (a) and in ceramics (b)

The sphere of electron capture by a hole has a radius R, (about 10 nm). Various cases of the location of a thermalized
electron relative to a hole are shown (Fig. 7). Electron e; quickly recombines with the hole to form a charge-transfer
exciton, electron e, recombines after a short diffusion, electron eg in a crystal recombines after a long diffusion in the
crystal, and in ceramics its diffusion is limited by the grain size, and it enters the capture sphere faster. In a crystal,
electrons e4 and e5 escape genetic recombination and can then recombine with other holes or be captured by defects.
In ceramics, electron e4 will recombine with a hole due to the diffusion region being limited by grain boundaries, and
electron e5 will be captured by another grain.

Due to the limitation of the scattering of electrons and holes, the yield of a ceramic scintillator can exceed the yield
of a crystalline scintillator, despite the appearance of uncompensated electrons and holes in the grains. However, this also
changes the kinetics of scintillations, in particular, the proportion of slow components decreases if they arise in the crystal
due to the long migration of electron excitations over distances exceeding the grain sizes in the ceramics.

4. Conclusion

The influence of precursor morphology and sintering conditions on the characteristics of four-cation scintillation
ceramics (Gd,Y)3AloGaz0;4:Ce, Tb was analyzed. It was found that the grain size in transparent ceramics can vary
within fairly wide limits. At the same time, it was found that the effects associated with the influence of grain boundaries
on scintillation parameters become insignificant at grain sizes of ~3-5 um and above.
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ABSTRACT Substrates for Surface-Enhanced Raman Spectroscopy (SERS) were fabricated by gold sputtering
onto surface of synthetic opal films and their characteristics were studied at wavelengths A = 532 and 785 nm.
Synthetic opal films were fabricated by self-assembly of spherical SiO, particles on vertical substrates. It was
found that at the concentration of the analyte methylene blue equal to 10~> M the intensity of SERS at the
wavelength of 785 nm increased with increasing amount of sputtered gold up to a certain optimal thickness
exceeding 35 nm, while at the concentration of 10~% M this dependence was not observed. It is assumed that
this is due to the complex amount-dependent morphology of the sputtered gold coating and the presence of
“hot spots” of different strengths. For the best samples at a wavelength of A = 785 nm, the SERS enhancement
factor was of 7-10" and a detection limit for methylene blue reached 3-10~" M that exceeds the results published
for similar substrates previously. The SERS parameters obtained for A = 532 nm were less attractive, despite
the additional enhancement due to this wavelength was at the edge of the photonic stop-band.

KEYWORDS silica opal, gold coating, Surface-Enhanced Raman spectroscopy

ACKNOWLEDGEMENTS The authors are grateful to the Russian Science Foundation for financial support of
the present research (Grant No. 23-23-00252). This work was partially performed using the scanning probe
microscope NT-MDT NTEGRA Prima upgraded up to NT-MDT NTEGRA Il by Nova SPb from Program for the
Development of Moscow State University. Scanning electron microscopy was performed using the equipment
of the JRC PMR IGIC RAS. The authors also thank Daniil Kozlov for assistance with electron microscopy.
FoRr cITATION Astafurov M.O., Perevedentseva E.V., Melnik N.N., Baranchikov A.E., Dorofeev S.G., Ezhov A.A.,
Grigorieva A.V.,, Klimonsky S.O. SERS substrates based on opal films with gold coating. Nanosystems: Phys.
Chem. Math., 2024, 15 (6), 902—-909.

1. Introduction

Surface-Enhanced Raman Spectroscopy (SERS) is one of the most promising branches of optical spectroscopy. Re-
search in this field is mainly aims to create new materials (SERS substrates) that would have high Raman enhancement
factor (EF) and low detection limit in combination with reproducibility of their properties, uniformity, stability and man-
ufacturability. The key point here is the creation of so-called “hot spots” between metal nanoparticles or on nanoscale
features of topography of the metal surface. The electromagnetic field in hot spots at the frequency of the light wave is to
be as strong as possible, and the number of molecules of the detected compound (analyte) should be as large as possible.

In recent years, several different approaches have been proposed to create SERS substrates with record high charac-
teristics based on the uniform distribution of silver nanoparticles on the substrate surface [1, 2], creation of a monolayer
of silver nanoparticles on the surface of multilayer metal-dielectric structures [3], using films of silver inverse opals [4],
as well as inverse opals decorated with various gold or silver nanoparticles [5, 6], construction of honeycomb gold nanos-
tructures [7], silver wrinkles with gold nanoparticles lined at the tips [8], sputtering of silver on polydimethylsiloxane
substrates with nanopits [9], etc. Despite the impressive results achieved in some of these works (a detection limit of
the order of 1072° M was achieved in [8], for example), in most cases the described technologies are rather complicated
and have not been confirmed by other authors. At the same time, there is still a steady interest in simpler methods which
although do not give record-breaking performance are characterized by good manufacturability and high reproducibility
of the properties of the obtained SERS substrates. In particular, such methods include the use of noninverted opal-type
films on which silver or gold is sputtered on top [10-14]. It is assumed that hot spots in this case can arise in places where
the spheres forming the opal film are in contact with each other [10, 13, 14].

Responsible for the large electric field strength in such hot spots are plasmons localized in the metal layers around
the contact points of neighboring spheres [13]. In most cases [11-14], silver has been used for sputtering. In the best
works of this type [13,14], the surface morphology was further complicated by the addition of polystyrene spheres of small
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diameter [13] or the thermal conversion of the silver layer into nanoparticles [14]; a SERS enhancement factor of about
1-10® and a rhodamine 6G detection limit of about 10~** [13] or 10~ M [14] were obtained. Gold may be more
attractive due to its high chemical stability, but we are aware of only one work on the SERS [10] in which it was used for
sputtering onto a silica opal film. In this work a 5 nm thick gold coating was deposited by electron beam evaporation. No
explanation as to why this particular thickness was chosen was given by the authors. The detection limit of thodamine 6G
was obtained in the order of 1 - 1075 M in the case when the photonic stop band normal to the opal film coincided with
the wavelength of the SERS laser, and it was of 1 - 10~° M when there was no such coincidence. No estimates of the EF
were given in Ref. [10].

Note that the influence of the photonic stop band is due to the slow photon effect inside photonic crystal (see re-
views [15, 16]). In the case of SERS, the additional enhancement factor due to this effect can be more than one order
of magnitude [17]. The synergistic effect between SERS and photonic stop band was reported not only in [10] but also
in [11,12]. In these studies, very thin (5 nm in [10, 12]) or island-like [11] metal coatings were used. However, this effect
was not mentioned in [13], where a silver thickness of 80 nm was established as optimal. Obviously, in the latter case,
light passes poorly through the metal layer and cannot effectively interact with the photonic crystal. Thus, a dilemma
arises whether it is necessary to optimize the metal thickness to achieve maximum plasmon-assisted SERS or to reduce it
as much as possible to obtain additional enhancement due to the photonic stop band.

In the present work, we performed a more detailed study of the SERS activity of gold-coated opal films. We collected
data on the influence of the amount of sputtered gold on the properties of Au/SiO5 opal composite, estimated the EF and
obtained a better detection limit compared to [10]. The influence of the photonic stop band is also discussed.

2. Experimental methods

Films with opal structure were obtained using a vertical deposition self-assembly process using a colloid of SiO4
spheres [18]. Fine-distribution SiO, particles with diameter of about D ~ 250 nm were prepared by seeded growth from
nanosized nuclei [19], which were obtained by Stober method [20]. Growing up of nuclei was provided by dropping
of additional tetraethyl orthosilicate (TEOS, 99 %, Sigma-Aldrich) to the reactionary vessel performed every 10 mins
according to the scheme described in Ref. [19]. Properties of the films prepared are presented in Refs. [19,21]. Sputtering
of gold was carried out by thermal evaporation of metal gold (99.9 %, Sberbank) using a PVD coating machine VUP-5
equipped with a direct expansion molybdenum evaporator at a pressure of 107° torr. Amount of gold deposited was
controlled with a precision of +7 % using the samples of even gold coatings on bare glass substrates by atomic-force
microscopy (AFM). To determine a thickness of the gold coating d it was partly removed in specially formed grooves, the
depth of groves was examined by atomic-force microscope NT-MDT NTEGRA Prima modernized by Nova SPb company
up to the level of NT-MDT NTEGRA 1II. A thickness of gold coating d was varied in different experiments from 12 to
100 nm (Table 1).

TABLE 1. Parameters and properties of the studied samples

d S, mm? SERS Enhancement Factor*
The sample number ’

M0 M | 100°M | A=785nm | A =532nm
1 12 | 1241 [ 83+0.3 9-10° 1.4-10%
2 16 | 12+1 [83+0.3| 2-10* 0.8-103
3 34 | 1941 [83+0.3 7-10% 1-10*
4 100 | 2341 — 5-10% —

S — area of deposited droplets of the analyte (MB),
d — the thickness of gold coating at the test substrates.

*SERS EF was estimated for the concentration of analyte of C' = 107° M.

Before the SERS experiment 5 pul droplets of aqueous solutions of methylene blue (MB, 99 %, LLC “Nasklade™)
with concentrations from C' = 107° to C' = 107 M were deposited to the top of samples with gold coatings. The surface
area of droplets varied from 8 to 19 mm? (see Table 1). Variation of the surface area of the droplets originated from using
of different pipettes for analyte deposition. We did not find any evident effect of thickness of a gold coating on droplet
spreading and its final surface area. The surface area of droplets was taken into account when compared intensities of
SERS peaks and EFs. Measurements of Raman scattering of a model analyte methylene blue (MB) were performed after
the droplets were dried completely. SERS spectra were averaged using 4 — 6 randomly selected points. Typical standard
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deviations of the intensities of the obtained MB peaks over a sample were +15 — 17 %. As a reference sample for further
calculating the EF, a quartz glass plate with a drop of MB with a concentration of Cy = 0.08 M was used.

All the samples were characterized with a high resolution scanning electron microscope with a field emission cathode
(SEM) Carl Zeiss NVision 40, and a scanning spectrophotometer Perkin-Elmer Lambda 950. SERS spectra were collected
using Renishaw InVia Raman Microscope with laser emission wavelengths A = 785 and 532 nm (average power 45 and
25 mW, laser spot diameter 1 and 3 pm, respectively), equipped with long focal length lens Leica N Plan 50/0.50.
Attenuation filters of 0.1 and 1 % were used for 785 and 532 nm lasers, respectively, with an accumulation time of 100 s
in all cases.

3. Results and discussion

We examined four samples that differed in the amount of sputtered gold (Table 1). SEM images of the first three
of these samples are shown in Fig. 1. As can be seen, the morphology of the gold coating changes at a thickness of
d =~ 15 nm. At lower thickness, gold forms a non-continuous film with branched narrow grooves on the surface of
SiO4 spheres (Fig. 1a). The characteristic lateral size of continuous parts was approximately of 100 — 150 nm. On the
contrary, at greater thickness it covers them with a continuous layer, but between SiO4 particles there still remain gaps
and channels not filled with gold even in this case (Fig. 1, panels b and c). It is interesting to note that the formation
of non-continuous silver coating of “island-like metal particles” of approximately the same size (125 — 150 nm) was
also reported in Ref. [11]. The composites were synthesized by sputtering small amounts of silver on silica opal films
(D = 242 nm), and such coatings showed the highest SERS spectra intensity for methylene blue (MB).

FI1G. 1. SEM images of the surface of samples with different amounts of sputtered gold. Thickness of
the gold film d on the corresponding bare glass plates were as following: a — 12 nm, b — 16 nm, ¢ —
34 nm (samples 1, 2 and 3 from Table 1, respectively)
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The specular reflectance spectra for all three samples are shown in Fig. 2. At both longer and shorter wavelengths,
the reflectance increases with increasing amount of sputtered gold. A different sequence of curves is observed around
540 nm, where the photonic stop band is located. With increasing amount of gold, the associated reflectance maximum
decreases as less light passes through the gold coating and enters deep into the film. As a result, the reflection from the
film with d = 34 nm (see curve 3) appears to be less in this region than the others.

40

301

101

500 550 600 650
A, NIM

FIG. 2. Specular reflectance spectra at the angle 8° for samples with different amounts of sputtered
gold. The numbers of curves correspond to the numbers of samples in Table 1

To the left of the maximum in all three curves (Fig. 2), there is a minimum, marked by black arrows, which is natural
to associate with plasmon resonance. These may be plasmons localized on the protrusions and pits on the gold coating.
As the thickness of the coating increases, its topography becomes smoother, and, accordingly, the plasmon resonance
shifts toward longer wavelengths. It is remarkable that this plasmon resonance effect is not relevant to the SERS spectra
at wavelength A = 785 nm. Probably, the SERS effect could be associated in this case with far-away plasmons whose
spectrum can be much broader than the minima marked by black arrows in Fig. 2.

Figure 3 shows the SERS spectra collected at a wavelength A = 785 nm at different concentrations of MB in droplets.
It is noticeable that at C' = 10™° M the height of the strongest peak at about 1622 cm ™! (the C — C stretching mode of
toluene ring) increases significantly with increasing amount of sputtered gold, while at MB concentration of C' = 1075 M
the changes are less significant and the maximum height is obtained for the sample with gold coating thickness of 16 nm.
The changes in the height of this peak as a function of the sputtered gold thickness d are shown in Fig. 4. We took into
account that the intensity of the SERS modes depends on the number of analyte molecules per a unit area of the substrate.
This amount is inversely proportional to the area of the droplets, so for a more correct comparison in Fig. 4 the height of
the SERS peak is multiplied by the droplet area S, namely, in Fig. 4 the “height xS” is plotted vertically. The plotted
values are also normalized to one for d = 12 nm. By the way, the droplet area (see Table 1) has a significant effect on the
position of the points in Fig. 4 for d = 34 nm at C = 107° M.

Most likely, the peak at 957 — 970 cm™! in Fig. 3 is not related to the spectrum of the analyte. It increased with a
growth of gold coating thickness and was significant in spectra of MB at concentration of 10~ M only, while the strongest
maximum at 1622 cm ™! became less intensive. Most likely, this peak originated as vibration modes of substrates.

The different character of the dependences in Fig. 4 is related, in our opinion, to the complex structure of the gold
coatings which cover silica opal films. At low concentrations of the MB dye, it apparently enters the nanopores and
grooves of gold where weak SERS hot spots could be formed. At small thicknesses of the gold coatings, the dye, most
likely, is also there even at a concentration of C' = 10~° M. In this case, the ratio between the height of the SERS peaks at
different MB concentrations corresponds roughly to the concentration ratio. However, as the thickness of gold increases
the grooves disappear, the volume of nanopores, apparently, decreases, and at high concentrations of dye it can no longer
be placed in pores and grooves falling under the action of capillary forces into the contact area between the spherical
Si0, particles covered with gold. It seems so the strongest SERS hot spots are located there [10, 13], caused by plasmons
localized not on the islands, but on the metal coatings of the neighboring spheres as a whole fragment, that could explain
the growth of the SERS intensity with increasing gold thickness at C' = 107> M. It is noticeably that for the sample
with gold coating thickness of d = 34 nm (sample 3, Table 1) the ratio of peak heights at different MB concentrations
(Fig. 3) is much larger than the concentration ratio, probably, indicating different localization of molecules, namely: at
C = 10~ M — mainly in the nanopores of the gold coating, and at C' = 10~° M — also in the contact regions between the
spheres.
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F1G. 3. SERS spectra for samples with different amounts of sputtered gold (A = 785 nm). Concen-
tration of MB solutions: C' = 1-107° and 1 - 10~° M for the left and right panels, respectively. The
curve numbers correspond to the sample numbers in Table 1. For better view, curves 1 and 2 are shifted
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FIG. 4. Height of the main peak in SERS spectrum of MB multiplied by the surface area of the droplet
S as a function of the sputtered gold thickness d. Points indicated by blue and red circles are obtained
for A = 785 nm, and black squares are obtained for A = 532 nm. For a gold thickness of 12 nm, the
peak heights are normalized to 1

When the MB concentration decreases below C' = 10~ M the intensity of SERS maximum continues to drop rapidly.
For sample 1 (Table 1) at the wavelength of incident light A\ = 785 nm, we obtained a detection limit of 3 - 10~" M. At
this concentration, it is still possible to sustainably detect MB in solution. In this respect, we have improved the results of
Ref. [10] whose authors could not obtain for similar samples a detection limit below 1 - 1075 M even for the case when
the photonic stop band coincided with the laser wavelength. Remarkable that according to Ref. [10], as the stop band
approached the laser wavelength the intensity of the SERS increased several times, while the detection limit decreased by
an order of magnitude. For silver-coated samples, a similar effect was reported in Ref. [12] and a weaker one in Ref. [11].

In our case, the stop-band was near 544 nm (see red arrow in Fig. 2) and the wavelength A = 532 nm of the other
laser fell on its edge. The SERS spectra collected with this laser for sample 1 (Table 1) are shown in Fig. 5. As it was
shown in Ref. [17], matching the wavelength of the incident light with the stop band can give an additional enhancement
of the SERS intensity by a factor of about 20. However, for our samples the electromagnetic field enhanced by Bragg
reflections in the photonic crystal was weakened by the gold on the surface when leaving it. This is also evident from the
height of the reflection peaks associated with the stop band, namely, for 12 nm gold it was about 11 %, for 16 nm — about
8 % (curves 1 and 2 in Fig. 2, respectively), and for 34 nm — already only about 2 % (curve 3). Accordingly, the additional
enhancement due to the photonic stop-band should also decrease rapidly with a growth of gold coating thickness. For
this reason, increase of the gold coating thickness from 12 to 16 nm resulted not in an increase but in a decrease of the
height of the main SERS maximum for A = 532 nm and C' = 10~° M (see the corresponding points in Fig. 4). Further,
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for d = 34 nm (sample 3, see Table 1), the influence of the photonic stop band effectively nullified, and a significant
increase in peak height was obtained for the same reasons as for A = 785 nm. In addition, at large d value, the intensity
of the SERS modes could be further enhanced due to the approach to the laser wavelength (A = 532 nm) of the plasmon
resonance, marked in Fig. 2 by arrows. At this wavelength, we obtained for sample 1 (Table 1) the detection limit of MB
1-107% M (see the lower curve in Fig. 5), which corresponds to the data of Ref. [10].
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FI1G. 5. Raman spectra for sample 1 (Table 1) taken at wavelength A = 532 nm at different MB con-
centrations. Inset: Raman spectrum for 0.08 M of MB on a quartz glass reference sample

The EF of Raman scattering was determined by comparing the heights of the SERS peaks of MB deposited onto a
gold-coated opal films and a reference sample of quartz glass plate, and it was calculated by the following Eq. 1 [22]:

Isers/Nskers 0
Io/No ’

where Nggrs and Ny are the average number of analyte molecules in the region of SERS and reference Raman spectra
collecting, respectively, and Isgrs and I, are the heights of the main peak at 1622 cm ™! in those and other spectra,
respectively. We considered that the ratio Nggrs/No is proportional to the ratio C'/Cy of MB concentrations in the
corresponding solutions (at the reference sample Cy = 0.08 M) and it is inversely proportional to the ratio of surface
areas S/Sy of the corresponding droplets (for the reference sample Sy = 12 4+ 1 mm? — surface area of the droplet on
quartz glass). The resulting formula looks as follows (Eq. 2):

IsgprsCoS
1,CSy

As a result, we obtained for C' = 107 M the EF values summarized in Table 1.

The dependences of the EF on the gold thickness d repeat the dependences shown in Fig. 4 for the height of the main
SERS peak. The maximum EF value reached ~ 7-10% at laser wavelength A\ = 785 nm for the sample 3 (d = 34 nm). This
value is about 1 — 2 orders of magnitude below the results reported previously for silver-coated silica opal films [11, 12].
A reasonable question arises whether the SERS intensity will increase with a further increase in d. From Table 1, we see
that this is not the case: increasing d to 100 nm (sample 4) leads to a sharp drop in EF. Probably, the optimal thickness of
gold lies in the vicinity of 40 nm. Note, that the highest SERS intensity was detected for an Ag coating with a thickness
of 80 nm in [13] and only 5 nm in [12]; in both cases, a laser with a different wavelength A = 532 nm was used.

EF =

EF = 2

4. Conclusions

In the present study, the issues related to gold-coated opal-type SERS substrates were addressed. It was demonstrated
that at high analyte concentration C' = 10~° M, the intensity of SERS at a wavelength of 785 nm increased with increasing
amount of sputtered gold, while at C' = 10~ M similar dependence was not observed. We believe that this is due to
the complex morphology of the gold coating causing the existence of SERS hot spots of different strength. Electron
microscopy has shown that at small amounts of sputtered gold, a coating with branched narrow grooves on the surface
of SiO9 spheres is obtained. At the same time, at large amounts of gold (the thickness of the gold coating on the bare
glass plates above 15 nm), the upper surface of silica spheres is covered with metal completely but there are still gaps and
channels between SiO, spheres which are not filled with gold. As a result, at concentration of the analyte MB of 10~ M
and at lower concentrations, as well as in case of thin island-like gold coatings, the analyte molecules fall mainly into weak
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hot spots, presumably, associated with grooves and nanopores in the gold coating. Otherwise, at higher concentrations
of the analyte (of C' = 10~® M and above) and sufficient thickness of the gold coating the molecules appear in the
strongest SERS hot spots in the contact areas between the SiO» spheres. In this case, the highest values of the SERS EF
(see Table 1) and the best detection limits of the analyte (of about 1 - 107% and 3- 1077 M for A = 532 and 785 nm,
respectively) were obtained.

Despite the fact that the photonic stop band contributed to the additional enhancement of SERS signal at A = 532 nm,
this factor turned out not to be the leading one. The SERS characteristics detected with A = 785 nm exceeded significantly
both the data discussed above for A = 532 nm and those published previously in Ref. [10]. At the same time, the fabricated
samples with gold coating were inferior in enhancement factor and detection limit to similar opal materials with silver
coatings [11, 12]. Despite this, they may be quite promising for practical applications due to a great thermodynamic
stability of gold. The data presented in this work were collected within a year after the samples were fabricated and
no particular methods of surface protection were taken, that confirms the high stability of gold-coated silica opals as
promising SERS materials. To scale up the production of the proposed SERS substrates, it is desirable to replace the slow
laboratory-oriented vertical deposition with a more productive process, such as the drop casting and drying method [14]
or the inward-growing self-assembly [23], for example. Otherwise, our method of sputtering gold onto an opal-type layer
can be easily adapted for large-scale production of efficient, reproducible and stable SERS substrates.
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ABSTRACT The paper reports the results of a large-scale testing of antibacterial textiles with extremely stable
and long-lasting copper oxide coating. Using disk diffusion method, ICP-OES and specific lux biosensors it was
shown that the coating does not leach copper ions into the environment. Laboratory experiments performed
according to the ISO 20743 protocol showed high antibacterial activity of the produced coating, up to complete
growth suppression for some strains. The long-term field tests were carried out in a tropical climate, at the
Climate test station “Hoa Lac” (Hanoi city, Vietnam). The number of microorganisms on the textile materials
remained within the range of 1-3% in comparison with the control sample for the entire duration of the field
exposure (12 months).

KEYWORDS climate test, composite materials, metal oxide nanoparticles, ultrasonic cavitation, antimicrobial
activity, field testing.
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1. Introduction

Woven fabrics effectively absorb sweat and other body exudate, retain moisture and warmth. Textiles which are worn
close to the skin offer an ideal environment for microbial growth. With the problem of antibiotic-resistant bacteria being
an ever-increasing concern and the rising awareness in public and personal hygiene, textiles with antimicrobial properties
are becoming attractive for both the manufacturers and researchers. An emerging trend in textile finishing is the use of
metal oxide nanoparticles (NP) [1].

Copper compounds have found numerous applications as bactericide, algaecide, fungicide, nematocide, molluscicide,
and anti-fouling agent [2]. They are especially attractive for pretreatment of fabrics intended for the use in warm tropical
climate with high biodiversity, because they exhibit both bactericidal and fungicidal properties simultaneously. In previous
work related to textile testing in tropical climate, it was shown that fungi are the more prominent type of microorganism
in these conditions and make a significant contribution to the fabric deterioration [3].

© Veselova V.O., Kostrov AN., Plyuta V.A., Kamler A.V., Nikonov R.V., Melkina O.E.,
Vo Thi Hoai Thu, Le Thi Hue, Dinh Thi Thu Trang, Khmel I.A., Nadtochenko V.A., Kiselev M.G.,
Ivanov VK., 2024
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To be used in textile production, the chemical compounds should be safe for the final consumer. Copper ions are
known for their toxicity and associated health risks [4], which requires use of copper compounds that do not leach copper
ions, do not dissolve, do not penetrate the skin barrier, etc. In this regard, copper oxide is one of the suitable copper com-
pounds. Compared to the other commonly used antibacterial agents, CuO has low cytotoxicity to human hepatocellular
carcinoma (HepG?2) cells [5]. Recent studies have shown that CuO nanoparticles (NPs) do not translocate though the skin
barrier [6]. In a recent paper [7], a detailed study of the cytotoxic effects of fabrics treated with CuO nanoparticles was
conducted. Human dermal fibroblast (HDF) cell viability above 95 % was observed for all the tested fabrics. Hence,
the risk of NP-mediated damage to human cells is minimal and the NP-coated fabrics could be used safely. Moreover,
CuO-loaded wound dressings were found to improve and accelerate wound healing, and no histological differences were
found between open wounds treated with conventional dressings and CuO-treated dressings [8].

While the human skin does not experience any negative effects upon contact with copper oxide nanoparticles, mi-
croorganisms are extremely susceptible to it. A significant bactericidal effect was reported even for fabric coated with
1wt.% of CuO nanoparticles [9, 10]. Several studies (primarily short-term laboratory experiments with individual strains
of microorganisms) have shown that impregnation or coating of fabrics with CuO nanoparticles endows them with broad-
spectrum antimicrobial properties [11,12]. It is suggested that in case of CuO NPs the cellular damage to the microorgan-
isms is caused by the hydroxyl radicals produced on its surface [12,13].

As previously mentioned, the textile coating must not release any ions into the surrounding media. The long-term
stability of bactericidal materials is crucial for their application [14—16]. In order to produce long-lasting stable coating,
various ways of immobilizing the metal oxide nanoparticles in organic or inorganic matrices have been actively studied
in recent years [17].

One of the possible approaches to production of stable fabric coatings is the use of ultrasonic cavitation for the
incorporation of nanoparticles into the textile fibres. This method ensures even distribution of the coating components,
allows for large-scale production and provides stability of the coating for at least 20 washing cycles [18-20].

Though some studies of CuO-coated cotton fabrics have already been reported [9, 21], the vast majority of these
studies were limited to testing with the model objects only, such as E. coli and S. aureus [22-29]. Data characterizing
the performance of these composites in field conditions are very limited. The effect of the climate might be extremely
significant, and it could also severely affect the speed of fabric deterioration [30]. Antibacterial activity strongly depends
on the temperature [31], humidity [32], and insolation conditions as well. Tropical climate is characterized by high
temperature and high humidity. Biological diversity of microorganisms occurring in a tropical climate is significantly
higher compared to other climatic zones [33]. Thus, the materials intended for use in the tropical climate will be subjected
to very harsh environmental conditions, and therefore these materials require special testing.

In this paper, we report the whole production cycle of the textiles coated with copper oxide nanoparticles and the
results of their testing both according to the standard laboratory-scale procedures and in the long-term field tests in the
tropical climate at the Climate test station “Hoa Lac” (Hanoi city, Vietnam).

2. Materials and methods
2.1. Preparation of the fabric samples

CuO nanoparticles were purchased from ROTH and used without any preliminary processing. Chemical purity of the
nanopowder is >99 %. CuO particle size according to the manufacturer is 15-50 nm. Surface area (BET) is >15 m2/g.
White calico (100% cotton) with density of 140 g/m* (manufactured by IvanovoTextile Itd., Russia) was placed in a
1.25 g/L suspension of CuO nanoparticles in water at 20°C at 20 mm from the ultrasonic emitter and treated with ultra-
sound. The frequency of the ultrasound was 22 kHz, the power was 750 W. The fabric was moved along the ultrasonic
emitter with the speed of 1.5 m/min. The sample was dried at 120°C for 3 h. The procedure for the immobilization of
metal oxide nanoparticles on a substrate of fibrous material using high power ultrasound was reported earlier by Abramova
etal. [19,20,34].

2.2. Study of the physical and mechanical characteristics of composite materials

For the quantitative characterization of the prepared coated textile samples, approximately 1 g of the coated cotton
was ashed in a platinum crucible for 6 hours at 900°C in a resistance furnace under air.

Analysis of the elemental composition was performed by energy dispersive X—ray (EDX) spectroscopy using a high
resolution scanning electron microscope (Carl Zeiss NVision40) equipped with an Oxford Instruments X-Max detector.
The analysis was carried out at an accelerating voltage of 20 kV and the working distance of 11 mm. For calibration,
standard cobalt reference sample was used.

The surface morphology of the obtained composite materials was studied by scanning electron microscopy (SEM).
SEM images were obtained using a Prisma E microscope (Thermo Scientific, Czech Republic) with an accelerating
voltage of 3.5 kV. The samples were preliminarily coated with 10 nm thick gold layer by a Q150R ES plus sputter coater
(Quorum Technologies, UK).
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The tensile strength of the samples was measured according to the TCVN 1754-1986 standard on a Zwick/Roell
Z010TH Proline device (Germany).

Assessment of copper ions leaching into the aqueous media was performed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Thermo Scientific iCAP XP (USA). To prepare the solutions for analysis,
10x 10 mm fabric fragments were submerged in 1.5 mL of water for five days at 30°C. Then the fabric fragments were
removed and the resulting solution was analysed.

2.3. Invitro evaluation of antibacterial activity of composite materials

The antibacterial activity of the obtained composite materials was tested in vitro using the following model objects:
1) opportunistic Gram-negative bacteria Escherichia coli strain BW25113 (the parent strain for the Keio Collection of
single-gene knockouts) [35], the strain was kindly provided by Dr. Alexander Mironov (Engelhardt Institute of Molecular
Biology, Russian Academy of Science, Moscow, Russia); 2) Gram-positive bacteria Staphylococcus aureus; 3) oppor-
tunistic human pathogen Chromobacterium violaceum strain CV12472 (a characteristic representative of the soil and
water microbiome in tropical and subtropical climatic zones [36]), the strain was kindly provided by Dr. Leonid Chernin
(The Hebrew University of Jerusalem, Rehovot, Israel); 4) rhizosphere Pseudomonas chlororaphis strain 449 [37], which
was obtained from rhizosphere of maize (Ukraine) [38]; and strains isolated from fabric samples studied in 2020 in the
field tests at the Climate test station “Hoa Lac” (Hanoi city, Vietnam) [3] which were the strains most commonly found on
the surface of cotton fabric after exposure at the test station, namely 5) Stenotrophomonas rhizophila; 6) Exiguobacterium
indicum;, T) Brachybacterium paraconglomeratum; 8) Bacillus amyloliquefaciens.

Two variations of the laboratory-scale experimental procedure were used to conduct preliminary tests of the antibac-
terial activity.

a. Evaluation of antibacterial activity of the composite materials on a solid nutrient medium

Antibacterial activity of the composite materials was tested using the disk diffusion test as described elsewhere [3].
Briefly, the fabric composite materials were sterilized, cut into 10x 10 mm pieces and placed on the surface of the Petri
dishes. After 24 hours of incubation at 30°C, the Petri dishes were examined for the presence of growth inhibition zones
around the studied samples. The diameters of inhibition zones were measured. All the assays were carried out in triplicate.

b. Evaluation of antibacterial activity of composite materials based on ISO 20743.

An experimental protocol was developed on the basis of ISO 20743 [39]. The studied fabric (in three replicates) was
cut to size of 6x15 cm and sprayed with microbial suspension (using the strains listed above). After adding the strain,
the fabric was suspended in an airtight vessel with sterile water at the bottom to provide moisture and then incubated
under humid conditions at 30°C for 28 days. At the “zero point” and after the contact period (28 days of incubation at
30°C) the microorganisms were counted. The antimicrobial effect of the fabric samples on microorganisms was assessed
by analysing the growth of microorganisms on the surface of the samples and by comparing of number of surviving
organisms, counted as the number of colonies forming unit (CFU), of CuO-coated cotton fabric samples with that of
reference sample (without CuO coating, control).

2.4. Evaluation of the leaching of copper ions from cotton fabric with CuO coating into an aqueous solution
using specific lux biosensor

Specific lux biosensor based on Gram-negative bacteria E. coli JIM83 with hybrid plasmid pCopA’::lux was used to
evaluate the rate of copper ions release from CuO-coated cotton fabric and to assess the degree of bacterial cell damage
caused by these ions. The tests were carried out as described elsewhere [40,41], with some modifications. Briefly, sterile
fabric pieces (10x 10 mm) (1, 2 or 3 pieces) were placed in 2 mL centrifuge tubes containing 1.5 mL of sterile mQ water.
The tubes were placed on a vortex and then moved into a thermostat and incubated for 5 days at 30°C. After 5 days, the
content of copper ions in the aqueous solution (with or without fabric pieces) was measured using the lux biosensor E. coli
IM83 (pCopA’::lux). Copper sulfate (aqueous solutions of CuSQy, 5, 10 and 50 pg/mL) was used as reference compound
for the induction of bioluminescence in lux biosensors.

2.5. Field Tests

All field experiments were carried out at the Climate test station “Hoa Lac” (Hanoi city, Vietnam). The experiments
were carried out in three repetitions. The coated textile was sterilized at 120°C for 30 minutes and cut into 5x 10 cm
pieces. The fabric samples were placed on the following test sites:

a. “Concrete site”: the site is located in a field with no shading. The fabric samples were placed at a height of 1 m
from the ground, with 3 cm distance between the samples.

b. “Mycological site”: the site is located in a shaded wooded area. The fabric samples were placed in a closed cabinet
with a roof at 0.5 m from the ground, with 3 cm distance between the samples.

2.6. Evaluation of microorganisms’ growth on studied materials after various duration of field tests

The fabric samples were collected after 1, 3, 4, 6, 9 and 12 months of exposure at the test sites. Microorganisms from
the collected samples were isolated and counted according to procedure described elsewhere [3].
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2.7. Statistical Analysis

The statistical analysis was carried out using the IBM SPSS software v.26 (New York, NY, USA). Significant differ-
ences were determined using a one-way analysis of variance (ANOVA), followed by Tukey’s HSD (Honestly Significant
Difference) post hoc test. Differences were considered to be significant at p<0.05.

3. Results and discussion
3.1. Production and characterization of coated textiles

Cotton fabric coated with CuO nanoparticles was prepared using ultrasonic treatment. Details of this procedure along
with the study of the coating stability during washing can be found elsewhere [19,20,34]. The content of CuO NPs in the
obtained fabric was determined gravimetrically and was found to be 5.25 g/m®. The experiment was carried out in four
repetitions and the standard deviation of this value was 10%. Chemical composition of the samples was also analysed by
EDX (Fig. 1a). EDX mapping proved the loading of copper atoms to be 5 at.% showing a sufficiently uniform distribution
of the CuO nanoparticles on the cotton fibres.

The surface morphology of the obtained samples is shown in Fig.1b. The role of surface texture for the antibacterial
efficiency was demonstrated previously in numerous reports [42,43]. Coating cotton textiles with TiO, was shown to
create a hydrophobic surface, which additionally prevented bacterial adhesion [3,44]. However, in the case of the CuO
coating, the fabric demonstrated full wetting, which means that any observed antibacterial effect is associated with the
action of CuO and not with hydrophobicity.

F1G. 1. EDX mapping (a) and SEM image (b) of fabric coated with CuO nanoparticles

3.2. Study of the antibacterial effect of CuO coating on solid nutrient medium

Preliminary laboratory-scale tests were carried out using the disk diffusion method. The results of in vitro tests of the
CuO-coated fabrics on solid nutrient medium with bacteria of different taxonomic groups are presented in Table 1.

The experiments were carried out using both gram-positive (S. aureus, E. indicum, B. paraconglomeratum, and
B. amyloliquefaciens) and gram-negative (E. coli, C. violaceum, P. chlororaphis, and S. rhizophila) bacteria. For the
majority of the tested strains the growth inhibition zone is almost negligible after short incubation time. This means that
CuO nanoparticles have very low diffusion rate in solid nutrient medium, which prevents their diffusion into the agar. The
absence of an inhibition zone cannot be interpreted as the absence of an antibacterial effect, since it is only an indicator of
low release rate and poor diffusion of the active component of the coating during short-term exposure of the test samples
to bacteria.

The data presented in Table 1 confirm minor antimicrobial activity of CuO coating on gram-positive B. amylolique-
faciens and gram-negative S. rhizophila species after 24 h. This might evidence higher susceptibility of these bacteria to
copper ions. It should be noted, however, that the presence of the growth inhibition zone does not necessarily imply that
microorganisms have been killed — they might have only been prevented from growing.

3.3. Evaluation of the leaching of copper ions from cotton fabric with CuO coating into an aqueous solution

The disk diffusion method showed that CuO nanoparticles are strongly bound to the textile and do not leach copper
ions into the solid nutrient medium after 24 h. To evaluate Cu®* ions leaching over a longer period of time and in
“harsher” conditions, the ICP-OES method was used. To prepare the solutions for analysis, 10*10 mm fabric piece was
submerged in 1.5 mL of water for five days at 30°C. After five days the fabric was removed and the resulting solution was
analysed. The concentration of copper ions in the solution was found to be 0.2 mg/L with relative standard deviation of
2%.
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TABLE 1. Antibacterial activity of the textiles coated with CuO on solid medium

Diameters of inhibition zone (DIZ)?, mm
. . the reference fabric coated with
Bacterial strain .
sample CuO nanoparticles
E. coli 0+£0.1 0+0.1
C. violaceum 0+0.1 0+0.1
P. chlororaphis 0+0.1 0+0.1
S. aureus 0+£0.1 0+£0.1
E. indicum 0+0.1 0+0.1
B. paraconglomeratum 0+£0.1 0+£0.1
B. amyloliquefaciens 0+£0.1 0.8 +0.1
S. rhizophila 0+0.1 0.5+ 0.1

“Diameter of the growth inhibition zone (DIZ) is calculated as the size of entire
growth inhibition zone around the fabric sample minus the size of the fabric
sample (which is 10 mm); all the assays were carried out in triplicate and the data

were recorded as mean =+ standard error.

In vitro studies using a specific lux biosensor were employed to elucidate whether defence systems responsible for
protection against excess of copper ions of living bacterial cells were triggered in the presence of the coated fabric at
such concentration of leached ions. In the case of E.coli JM83 strain used in this study, it is the induction of the copA
gene (encoding the CopA protein, a member of the P-type ATPase cation transporter family) that indicate the activation of
defense system of bacterial cells, since CopA is known to confer resistance to copper ions in E. coli as an ATP-dependent
exporter of monovalent copper [45].

The solutions for analysis were prepared in the same way as for ICP-OES, by incubation of a fabric piece in 1.5 mL of
water for five days at 30°C. Solutions with varied number of fabric pieces were prepared. The obtained data are presented
in Fig. 2. It can be seen that aqueous solutions containing fabric coated with CuO nanoparticles do activate luminescence
of E. coli pCopA lux-biosensor (induce expression from the PcopA promoter). Specifically, fabric samples coated with
CuO nanoparticles increase luminescence intensity of lux-biosensor by 5-10 times after 30 minutes of measurement
compared to the control (aqueous solution without fabric samples) or aqueous solutions containing fabric samples without
nanoparticles.

Thus, the obtained data indicate that copper ions are capable of leaching from CuO-coated cotton fabric into the
aqueous medium to induce expression from the promoter of the copA gene responsible for copper homeostasis in E. coli.

However, even the samples prepared with 3 pieces of the fabric coated with CuO nanoparticles (to achieve higher
concentration of Cu®" ions) had luminescence intensity of E. coli pCopA lux-biosensor 4.5-6 times lower (after 30 min-
utes of measurement) compared to that of the reference compound (5 pg/mL aqueous solution of CuSOy). It means
that the rate of the Cu®" ions release from the CuO coating after 5 days of incubation is relatively low. This makes the
ultrasonically treated coated fabrics suitable for prolonged use.

3.4. Determination of antimicrobial activity of CuO-coated fabric samples using ISO 20743 standard

The experiments described above provide evidence towards the slow leaching of Cu®* ions in aqueous medium and
in agar. However, the prepared fabric is not intended for use in aqueous medium (underwater use). Thus, the antibacterial
activity of the CuO-coated textile was additionally evaluated in accordance with ISO 20743 standard, as presented in
Table 2. The ISO 20743 (Textiles - Determination of antibacterial activity of textile products) is a commonly used test
for evaluation of the antimicrobial efficiency. It is applicable to all textile products and allows for comparison between
various antimicrobial treatments, as well as various treatment-levels on the same textile [39]. This approach includes
applying aerosol of bacterial suspension onto the samples and then incubating these samples in a dry enclosed space.

The data obtained demonstrate that the CuO-coated fabric has high bactericidal activity compared to reference sam-
ples. Antibacterial effect of CuO coating was the highest against bacteria B. amyloliquefaciens (complete growth suppres-
sion), then against B. paraconglomeratum and E. indicum (4-log(10) CFU’ reduction), and S. rhizophila (with a 3-1og(10)



Prolonged antibacterial action of CuO-coated cotton fabric in tropical climate 915

107 H.O Cu** 50 pg/mL
. S e @kl Cu?* 10 pg/mL
a T — @2 @®Cu’’ 5 pg/mL
o3 CuO-1
CuO-2 | @Cu0-3

Luminescence/OD

10°
0 10 20 30 40 50 60 70

Time, min

FI1G. 2. Response of the biosensor strain E. coli JM83 (pCopA’::lux) to the presence of copper ions
in aqueous environment. The curves show the change in the luminescence response of the sensor over
time, which is expressed as the ratio of the average values of light emission (in RLU) measured at
time t (every 10 min in the time interval 0—60 min) to its optical density (OD600) measured at 600 nm
in the presence of various concentrations of CuSOy (5, 10, and 50 pg/mL) and aqueous solutions of
the samples (kl, k2, and k3 - aqueous solutions with 1, 2 or 3 pieces of cotton fabric without CuO
coating, and CuO-1, CuO-2, CuO-3 - aqueous solutions with 1, 2 or 3 pieces of CuO-coated cotton
fabric, respectively). All values were means + standard deviations (SD) for n = 3. CuSQy is a reference
compound for the E. coli IM83 (pCopA’::lux) sensor and is used as a positive control to check activity
(induction of bioluminescence) of the lux sensor strain.

CFU’ reduction) after 28 days of incubation (Table 2). It must be noted that in the previously described experiments on
solid nutrient medium, no growth inhibition zone was observed for E. indicum and B. paraconglomeratum compared to
the uncoated sample of textile.

This highlights that the antibacterial efficiency rate depends strongly on the testing method and the conditions of
bacterial cultivation. The long-term (28 days) experiments studying the antibacterial activity of the CuO-coated textile
according to ISO 20743 standard confirm a high antibacterial potential of CuO nanoparticle coating compared to short-
term laboratory experiments.

3.5. Field Tests

3.5.1. Determination of the antimicrobial activity of CuO-coated textiles after field tests in the tropical climate. Two
types of conditions were used for field testing of the fabrics coated with CuO nanoparticles. Open concrete site had high
degree of insolation and good air circulation; the samples were placed on a stand without any roof, shielding or coverage.
The mycological test site was located in a forested area, and the samples were closer to the ground in shelves with doors
and a roof. Presumably, the conditions at the mycological test site would promote faster leaching of the active coating
component due to higher humidity at this site. The results of the field tests on these two test sites are presented in Table 3.

The data obtained show that the growth of microorganisms on the control samples of textile (original cotton fabric
without a nanoparticle coating) was not suppressed and the number of colonies per sample increased over time during
exposure to the tropical environment. On the other hand, the samples of textile coated with CuO nanoparticles have
fewer colonies per sample compared to the reference samples, proving the inhibitory ability of the composite material. In
general, composite materials had 30-100 times less CFU per sample than the control (Table 3). It should be noted that
textile samples coated with CuO nanoparticles retain their antimicrobial activity during the entire period of field testing
which indicates the microbiostatic effect of such coatings. No considerable differences in the long-term antibacterial
activity of the samples on the two test sites were found. The number of CFU on the samples is comparable, though after
6 months of exposure the ratio of the average CFU value of microorganisms on the CuO-coated sample to the average CFU
value on the reference sample became slightly higher for the samples placed on the concrete open site. The difference
is small and should be interpreted with caution, but it might be suggested that the presence of the copper ions due the
minor leaching occurring at the mycological test site invokes additional mechanisms of antibacterial action. Toxicity of
copper ions to microorganisms, including toxicity to viruses, may occur through the displacement of essential metals
from their native binding sites, from interference with oxidative phosphorylation and osmotic balance as well as from
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TABLE 2. Results of laboratory-scale testing of CuO-coated textiles for antibacterial activity based on
ISO 20743. The average value of CFU derived from three repetitions is given

Bacterial strain

Type of coating

Sample incubation time

“zero point”

After 28 days of incubation

Colonies/Sample, CFU

CuO coating

S. rhizophila Reference sample | 2.1x10° 6.2x105(295%)

CuO coating 3.4%x10% (*0.2%; 0.05%)
B. paraconglomeratum | Reference sample | 4.3x10° 1.6x107 (“372%)

CuO coating 9.4x10? (°0.02%:°0.005%)
B. amyloliquefaciens | Reference sample | 5.8x10° 2.4x10° (“413%)

CuO coating 0
E. indicum Reference sample | 3.2x10° 7.5%10° (“234%)

2.0x 102 (*0.006%; °0.003%)

® The ratio of the average CFU value for the CuO-coated sample after 28 days of incubation to the

average CFU value of the sample at the “zero point” of the experiment

® The ratio of the average CFU value for the CuO-coated sample to the average CFU value of the

reference sample after 28 days of incubation

TABLE 3. Results of the field tests of CuO-coated textiles at the Climate test station “Hoa Lac” (Hanoi
city, Vietnam). The averaged value of CFU from three repetitions is given

Type Type Duration of exposure to a tropical environment

of test of I month | 3 months | 6 months | 9 months | 12 months
site coating Colonies/Sample, (CFU)

Concrete | Reference sample | 1.6x10° | 3.3x107 | 4.3x107 | 8.2x107 | 4.2x108
open test CuO 9.4x10% | 1.3x10° | 1.6x10° | 2.4x10° | 3.8x10°
site (“5.9%) | (“0.1%) | (“0.4%) | (*0.3%) | (“0.1%)
Mycological | Reference sample | 1.1x10% | 3.7x107 | 9.0x107 | 1.2x10% | 7.2x10%
shelf test CuO 3.4x10* | 9.4x10* | 1.0x10° | 1.2x10° | 2.5x10°
site (“3.1%) | (“0.3%) | (“0.1%) | (“0.1%) | (*0.04%)

“ The ratio of the average CFU value of microorganisms on the the CuO-coated sample to the average

CFU value on the reference sample;

alterations in the conformational structure of nucleic acids, membranes and proteins [2]. The experiment with specific lux
biosensor described above shows that the amount of copper ions leached from the fibres is sufficient to have an input in
the antibacterial activity of the textile.

As discussed previously, the antimicrobial properties of metal oxide nanoparticles are commonly attributed to the

formation of reactive oxygen species (ROS) under UV-irradiation [2,44-47]. The high efficiency of the coating on
the shaded test site indicates that intense UV-irradiation is not necessary and it does not contribute significantly to the
antibacterial performance.

Our research group previously reported similar case of tropical field tests for fabrics with TiO and ZnO coatings,

and these types of coatings were only able to decrease the number of CFU by 35-50 times in similar conditions [3]. This
comparison shows higher efficiency of the CuO coating in tropical environment.
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3.5.2. Determination of the types of microorganisms on the fabric surface after the field tests. The number of different
types of microorganisms found on the samples after field testing is presented in Table 4. As can be seen from Table 4, the
ratio of the microorganism types on the fabric coated with CuO nanoparticles did not change significantly over time on
both of the test sites.

TABLE 4. Number of different types of microorganisms on the CuO-coated textile after different pe-
riods of exposure at the Climate test station “Hoa Lac” (Hanoi city, Vietnam). An average value from
three repetitions is given

Time of Number of Species After
exposure 1 months | 3 months | 6 months | 9 months | 12 months
Type of Microorganism (B |F|Y |B|F|Y|B|F|Y B|F|Y|B|F|Y
Mycological | Reference | 3 |5 |2 (4|6 |2 |4 |7 |2 |5]|7|2|5|7]|2
shelf test sample 10 12 13 14 14
site Cuo 2031212 (5|21 |5]22|5]2|3|5]|2
7 9 8 9 10
Concrete Reference | 4 |4 |1 |5 |5|2|5|5]|2|6|6]|2|6|7]|2
open test sample 9 12 12 14 15
site Cuo 2042|2422 (3]1|2|4|1]|3]4]1
8 8 6 7 8

B — Bacteria, Y — Yeast, F — Fungi

Yeasts were the least common, and the biggest variety of species was determined for fungi. The samples at both
test sites were found to have very similar proportions and amounts of various microorganisms at ’zero point’. However,
over time, slightly bigger variety of microorganisms was found in the samples collected from the mycological site. The
difference is not very significant and can be explained by the difference in the environment conditions during the period
of field testing. It is logical that greater variety of species was observed at the site with favourable conditions for mi-
crobial diversity such as high moisture and the absence of intense insolation. Fungi prevailed among identified types of
microorganisms both on coated and uncoated textiles during the entire period of field testing. The mycelium species can
significantly contribute to material deterioration in tropical conditions. Copper oxide nanoparticles were originally chosen
because of their fungicidal properties, but it can be seen that while the number of organism decreases, the diversity is not
affected as much.

3.6. Tensile strength evaluation
To estimate the deterioration of the textile samples, the tensile strength was evaluated according to the TCVN 1754-

1986 protocol. The results of the measurements are summarized in Table 5 and visualized in Fig. 3.

TABLE 5. Tensile strength of the CuO-coated textiles after different periods of exposure at the Climate
test station “Hoa Lac” (Hanoi city, Vietnam). Average values from three repetitions are given

Duration of exposure to the tropical environment

Type of Type of 0 (before the | 1 month | 3 months | 4 months

exposure coating field test)

Tensile strength, MPa

Concrete open Reference sample 23.1 17.4 14.1 13.2
test site Fabric coated with CuO nanoparticles 27.1 15.5 12.2 10.5
Mycological shelf Reference sample 23.1 21.3 17.3 16.0

test site Fabric coated with CuO nanoparticles 27.1 16.0 15.4 14.9
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The application of metal oxide nanoparticles was previously shown to improve the mechanical properties of a tex-
tile [48]. However this effect is not always observed even with similar fabric, coatings and coating techniques [3]. In the
present work, it was found that application of CuO NPs coating initially increases the tensile strength by ~17%.

30 4 30
A —— Reference sample B —®— Reference sample
2 4 e ; 28 1 o .
—%— Textile with CuO coating —y— Textile with CuO coating
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FI1G. 3. Tensile strength of the fabric samples after different periods of exposure at the mycological
shelf test site (A) and at the open concrete site (B). Standard deviation represents the average from three
separate experiments

After exposure at the open concrete test site for one month, both the control sample and the coated sample showed a
significant decrease in tensile strength. The decrease rate over the next three months was similar, but the sample coated
with CuO nanoparticles had a slightly higher rate of degradation. This might be explained with high insolation at the test
site, with CuO nanoparticles acting as photocatalysts. A more interesting and unexpected trend is observed in the case of
the samples placed at the mycological test site: the CuO-coated fabric shows a major decrease in the tensile strength after
the first month of exposure, while the control sample deteriorates more steadily over the course of 4 months. The reasons
for this effect will be analysed in the further studies of the textiles coated with metal oxide nanoparticles.

4. Conclusions

Cotton fabric with CuO coating was produced using ultrasonic cavitation technique. It was shown that this method is
quite effective for the immobilization of the nanoparticles. The release rate of copper ions was estimated by disk diffusion
method, ICP-OES and using specific lux biosensors. Field tests of the coated fabrics carried out at the “Hoa Lac” test site
(Hanoi city, Vietnam) showed that the coated fabrics reduced the number of microorganisms to 1-3% compared with the
reference at both test sites. No significant difference cased by insolation degree or air humidity was observed. The types
of microorganisms found on the textile samples after exposure in tropical climate were identified, with fungi being the
most prevalent species despite the previously reported fungicidal activity of copper oxide.

The textile materials coated with CuO nanoparticles not only exhibit antimicrobial activity in short-term and long-
term laboratory experiments, but also retain it for a long time (up to 12 months) during field tests in tropical climate. The
data obtained on antimicrobial activity, analysis of the species found on the samples, and the mechanical characteristics
of the fabrics coated with copper oxide nanoparticles in a tropical climate, after field testing both at open concrete and
mycological sites, clearly demonstrate the potential for the use of this textile composite materials in a tropical environment.
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ABSTRACT Graphene and graphene oxide have emerged as promising materials in various biomedical ap-
plications due to their unique physicochemical properties. This review provides a comprehensive overview of
their utilization in gene delivery, tissue engineering, biosensors and antibacterial and antimicrobial agents. In
gene delivery, graphene-based materials offer efficient delivery platforms with enhanced cellular uptake and
minimal cytotoxicity, promising advancements in gene therapy. Additionally, in tissue engineering, graphene
and graphene oxide scaffolds exhibit excellent biocompatibility, electrical conductivity, and mechanical prop-
erties, facilitating cell adhesion, proliferation, and differentiation for tissue regeneration. Moreover, graphene-
based biosensors demonstrate high sensitivity, selectivity, and stability, enabling rapid and accurate detection
of biomolecules for diagnostic and therapeutic purposes. This review highlights the recent advancements,
challenges, and future prospects of graphene and graphene oxide in revolutionizing biomedical technologies,
paving the way for innovative solutions in healthcare.
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A549 — hypotriploid human alveolar basal epithelial cell line; AA — alginic acid; ADR — Adriamycin; AgNP — silver
nanoparticle; anti-miR-21 — miRNA against miR-21; APTES — (3-aminopropyl)triethoxysilane; ATP — adenosine triphos-
phate; AuNP — gold nanoparticles; BPEI — branched polyethyleneimine; C2C12 — immortalized mouse myoblast cell
line; CS — chitosan; DOX — doxorubicin; EGFP — enhanced green fluorescent protein; FA — folic acid; FAM — fluores-
cein amidite; GAP43 — growth associated protein 43; GBN — graphene-based nanomaterials; GFP — green fluorescent
protein; GO — graphene oxide; GO-AgNP — conjugate of GO and silver nanoparticles; GONS — chemically synthesized
graphene oxide nanosheet; GO-TCP/AA — nanocomposite based on GO, TCP and AA; ITO — indium tin oxide; HA —
hydroxyapatite; HDACI1 — histone deacetylase 1; HEK293 — human embryonic kidney epithelial-like cell line; HepG2 —
hepatocellular carcinoma cell line; HL-60 — human leukemia cell line; HRP — horseradish peroxidase; K-Ras — protein
from Kirsten rat sarcoma encoded by KRAS proto-oncogene; MC3T3-E1 — osteoblastic cell line; MCF-7 — human breast
adenocarcinoma cell line; MSC — mesenchymal stem cells; NIR — near-infrared light; NSC — neuronal stem cells; OPF —
oligo(poly(ethylene glycol) fumarate; PAA — polyacrylic acid; PAMAM - polyamidoamine; PLC — polycaprolactone;
PLC-GO-Ag—Arg — nanocomposite based on GO, PLC, argentum nanoparticles and L-arginine; pDNA — DNA plasmid;
PEDOT - poly(3.4-ethylenedioxythiophene); PEG — polyethylene glycol; PEI — polyethylenimine; PLC — phospholi-
pase C; PPI — polypropylenimine; PTT — photothermal therapy; rBMSCs — rat bone marrow stem cells; rGO — reduced
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graphene oxide; rGO-AgNP — composite based on rGO and argentum nanoparticles; ROS — reactive oxygen species; SF —
silk fibroin; shRNA — small hairpin RNA; SiNPs — silica nanoparticles ; siRNA — small interfering RNA; Stat 3-siRNA —
targeted small interfering RNA against signal transducer and activator of transcription 3; TCP — calcium orthophosphate;
TMC - trimethyl chitosan; TuJ1 — neuron-specific class III beta-tubulin.

1. Introduction

The analysis of recent publications shows that interest in studying graphene-based materials (GBN) remains strong.
This is due to their unique structure and physicochemical properties, as well as the wide range of possibilities for their
practical applications in various fields, including medicine [1] (for the creation of targeted drug delivery systems [2],
bioimaging [3], tissue engineering [4], biosensors [5], and new materials with antibacterial [6] and antiviral properties [7]).
Traditionally, GBN includes graphene, graphene oxide (GO), reduced graphene oxide (rGO), and graphene quantum dots
(GQD) (Fig. 1). Let us briefly describe GBN.

Graphene Graphene oxide (GO) Reduced graphene oxide (rGO) Graphene quantum dots (GQDs)

FI1G. 1. Graphene-based materials

Graphene is two-dimensional material made of a single layer of carbon atoms arranged in a honeycomb lattice.
Graphene was synthetized and characterized in 2004 by Andre Geim and Konstantin Novoselov. Due to the fact that
carbon atoms in graphene are linked by both o- and 7- bonds, a very strong monoatomic structure with unique properties
is formed. Graphene can be synthesized by chemical vapour deposition [8—14], electrochemical exfoliation [15-18] and
mechanochemical exfoliation [19].

Graphene consisting oxygen-containing functional groups (epoxy, lactol, carboxyl, carbonyl, hydroxyl) [20,21] in its
structure called graphene oxide (GO) [21,23,24]. GO can be obtained by two main chemical methods: from nanosheets
graphene and graphite [25]. The first method has not become widespread due to the complexity of the hardware and
high costs: graphene sheets are oxidized in a vacuum chamber using atomic oxygen. In the second version of the syn-
thesis, graphite is oxidized with strong oxidizing agents. This approach was a key to Hammers’ [25], Brody [26] and
Staudenmaier methods [27].

Reduced graphene oxide (rGO) is GBN, which is produced by reducing of GO using thermal and chemical reduc-
tion, for example by hydrazine hydrate, L-cysteine and other reducing agents [28-36]. rGO can been used as energy
storage [37], as material for biomedical applications [38,39] as well as in catalysis [40].

Graphene quantum dots (GQDs) are small, quasi-spherical graphene-based nanoparticles typically less than 10 nm
in size. They can be used in bioimaging, drug delivery, sensors, and optoelectronics [41]. The following methods of
obtaining of GQDs can be used: chemical synthesis [42-44], electron beam lithography [45], GO reduction [46, 47]
and carbon nanotubes (CNTs) disintegration transformation [48]. In comparison with bulk graphene, GQDs offer the
advantage of size-dependent properties due to quantum confinement and edge effects, which are absent in larger graphene
sheets. This makes GQDs especially valuable in research areas focused on nanoscale phenomena, where precise control
over material properties is crucial. Thus, while they share a common origin with graphene, GQDs stand out due to their
unique properties that emerge specifically at the nanoscale, broadening the scope of applications for GBN.

In this review, we explore the recent advancements and challenges in utilizing graphene for gene delivery, tissue engi-
neering, creation of biosensors and antibacterial and antimicrobial agents. By elucidating the underlying mechanisms and
highlighting the promising outcomes, we aim to provide insights into the future directions of graphene-based technologies
in biomedical research and clinical applications.

2. Gene delivery

Great interest of researchers in the field of nanobiomedicine is concentrated on the method of targeted correction of
cell dysfunctions at the molecular genetic level. A key factor for the success of gene therapy is the development of delivery
systems that can efficiently transport genetic material to the site of their therapeutic action without causing any associated
side effects. Over the past ten years, much effort has been devoted to the creation of more efficient and biocompatible
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vectors that can transfer nucleic acids into cells without inducing an immune response. There is an urgent need to develop
a ‘smart’ nanocarrier, which can be loaded by various genetic materials, the carrier will transfer this material through
various cellular structures without causing any immune response of the body and toxicity [49]. Currently, the Unified
Register of Registered Medicines of the Eurasian Economic Union has not yet contained any nanoparticle drug for use in
gene therapy. Thus, the development of optimal multifunctional nanoparticles for the delivery of genetic material is an
urgent task [50,51].

GO nanomaterials are suitable candidates for gene delivery due to their high loading rate and efficient gene transfec-
tion [52-56]. This has led to a number of research articles aimed at studying of covalent and non-covalent conjugates GO
for gene delivery as shown in Table 1.

A number of studies have developed biomaterials for targeted delivery of axons and stimulation of the growth of
transplanted neurons in the damaged spinal cord [64]. For this purpose, neuronal stem cells (NSCs) are used, which
can differentiate into neurons and glial cells. Solanki ef al. reported the creation of hybrid structures based on GO
modified with silica nanoparticles (SiNPs) with immobilised NSCs. These hybrid structures (GO-SiNP) resulted in the
formation of highly aligned axons from differentiating NSCs [65]. Immunocytochemical staining confirmed the presence
of the neuronal marker TuJ1 and the axonal marker GAP43. In summary, the authors demonstrate the potential of using
GO-SiNP as a novel hybrid material to enhance neuronal differentiation and axonal alignment, leading to accelerated
functional recovery of injured spinal cord (Fig. 2).

() (b)

F1G. 2. SEM image of GO-SiNP on a polydimethylsiloxane substrate showing highly aligned NSC
axons at day 14 (a); immunocytochemistry results demonstrating the expression of the neuronal marker
TuJ1 and the axonal marker GAP43 in NSCs (b) [65]

The success of gene therapy depends on the development of effective delivery systems for genetic material. Thus,
the creation of biocompatible systems capable of transporting nucleic acids without side effects is a pressing issue. Nano-
materials such as GO are promising in this area due to their high loading capacity, gene transfection efficiency, and low
toxicity.

3. Tissue engineering

Tissue engineering has become an important new field in medicine. A critical requirement in tissue engineering is
the development of biomaterials that can mimic the biological environment and create a matrix for interaction with living
cells, allowing cell attachment, proliferation and differentiation. GO-based materials have attracted attention due to their
ease of functionalization coupled with high mechanical strength, stiffness, and electrical conductivity. One application of
GO-based materials in tissue engineering is their use as reinforcements in hydrogels, films, fibres and fabrics to improve
their physical and mechanical properties [66—73] (Table 2).

It has been shown that the creation of composite materials containing GBN leads to a significant improvement in
physicochemical and mechanical properties, as well as biocompatibility, which collectively determines the promising
potential of these materials in tissue engineering.

3.1. Tissue regeneration

Liu et al. [81] reported modification of GO with gelatine to biomimic charged proteins present in the ECM during
bone formation. A GO-gelatine composite was used for biomimetic surface mineralisation with hydroxyapatite (HA).
A detailed structural and morphological characterisation of the mineralised composite was carried out. In addition, the
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TABLE 1. Modifications of graphene-based nanoplatforms for gene delivery systems

Characteristics of the conjugate

Effect

Ref.

GO conjugates with PEI,
PPI), PAMAM and glycine,
N1-(3-aminopropyl)butane-1.4-
diamine

Conjugate based on GO mod-
ified with TMC and FA, for
delivery of Survivin shRNA-
expressing pDNA

Non-covalent conjugate GO
with PEI and PEG and Stat
3-siRNA

Non-covalent conjugate based
on GO, modified with PEI
and adriamycin (ADR), with
miRNA against miR-21 (anti-
miR-21)

Non-covalent conjugate based
on rGO modified with AuNP
and PEI, with labelled FAM
siRNA

Non-covalent conjugates GO
with grafted PEI and DNA
plasmid against DNasel; siRNA
against GFP

Non-covalent conjugate GO
modified with PEI, PEG,
chitosan-aconitic anhydride and
chitosan-carballylic acid with
shRNA (isolated from HepG2
cells) and DOX

Non-covalent conjugate based
on GO, decorated with PEG and
FA, and HDAC1 and K-Ras siR-
NAs targeting the HDACI gene
and the mutant K-Ras gene, re-
spectively

GO conjugate with PEI, dec-
orated with DNA plasmid and
EGFP

All conjugates showed significantly lower cellular toxic-
ity compared to the individual polymer. The most suc-
cessful effect was observed in the case of PEI conjugates,
among which the most effective vector was the conjugate
GO-PEI containing a glycine linker. This conjugate was
nine times more effective in terms of the number of cells
transfected with EGFP.

Cytotoxicity of the conjugate was studied on HeLa cell
line (cell survival after incubation for 24 h was 80 %) and
A549 cell line (cell survival after incubation for 24 h is
98 %).

Results in vivo indicate significant regression of tumour
growth and tumour weight after delivery of miRNA to
block Stat3 using a plasmid supported by GO-PEI-PEG.

Conjugate significantly enhanced the accumulation of
ADR in MCF-7/ADR cells (an ADR-resistant mammary
adenocarcinoma cell line) and exhibited much higher cy-
totoxicity than free ADR.

The resulting composites allow efficient loading of
siRNA, forming complexes for transport into HL-60 cells
and suppressing the anti-apoptotic protein Bcl-2, which
indicates that GBN conjugates are a suitable platform for
gene delivery.

Conjugate was used to sequentially deliver GFP-specific
siRNA, resulting in ~70 % suppression of target gene
expression.

The resulting systems effectively disrupted the endo-
some, significantly facilitating the release of DOX and
shRNA into the cytoplasm. The systems demonstrated
high efficiency of co-delivery of shRNA and DOX into
HepG2 cell line.

The synergistic combination of gene suppression and
near-infrared PTT showed significant antitumour efficacy
by inhibiting bulk tumour growth in vivo by more than
80 %.

The results demonstrate that GO is an effective plat-
form for gene delivery, has low cytotoxicity, and may be
promising in the field of virus-free gene therapy.

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]
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TABLE 2. GO containing nanocomposites used in tissue engineering

Application area Characteristics of the Effect Ref.
conjugate
Engineering and re- Chitosan framework The possibility of wusing a GO-AuNP [74]
generation of cardio- doped with GO nanocomposite as a reinforcing agent was
vascular tissue nanoparticles deco- demonstrated, which increased conduction ve-
rated with AuNPs locity, contractility, and electrical circulation
in the myocardium after infarction compared
to individual chitosan
Engineering and re- Adsorbed MSC on MSC-GO implantation improved cardiac [75]
generation of cardio- GO nanoparticles function, increased the number of engrafted
vascular tissue MSCs and the amount of secreted paracrine
factors that enhance angiogenesis and prevent
further progression of myocardial infarction
Regeneration of Hybrid matrices The introduction of composites increased the [76]
skeletal muscles based on a copoly- proliferation, differentiation and attachment of
mer of lactic and skeletal myoblasts of the C2C12 cell line
glycolic acid and
collagen, doped with
GO
Regeneration of Composites based on In cell viability experiments, the ratio levels [77]
skeletal muscles PCL and GO and expression of genes encoding the myo-
genic markers CD56, myogenin and desmin
were significantly increased with GO nanopar-
ticles compared to control surfaces
Skin regeneration PCL nanocomposite The PCL-GO-Ag—Arg conjugate showed bio-  [78]
containing GO and compatibility with L1929 mouse fibroblast
AgNP nanoparticles cells. The composite exhibited proangiogenic
decorated with 1- effects on human endothelial cells
arginine (Arg)
Bone tissue regenera- Nanocomposite The cylindrical hybrid scaffolds were com- [79]
tion based on calcium posed of GO-TCP/AA nanocomposite. The
orthophosphate results showed that GO-TCP/AA scaffolds ex-
(TCP) and alginic hibited increased porosity, improved swelling
acid (AA) with the profile, and better mechanical properties com-
addition of GO pared to TCP/AA
Creation of prosthe- GO nanosheet Tensile strength increased by 71 % and elon- [80]
ses (GONS) and gation at break increased by 26 % after adding

PAA/gelatine hy-
drogels

0.3 wt. % GONS

925
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preosteoblast cell line MC3T3-E1 was cultured on the surface of GO-gelatine to visualise cellular activity and HA min-
eralisation. Higher cellular activities, namely cell adhesion, cell proliferation, and alkaline phosphatase activity, were
observed on the GO-gelatine surface compared to the individual GO or glass surface. GO—gelatine composite promotes
osteogenic differentiation of MC3T3-E1 cells. Moreover, the degree of surface mineralisation was studied using scanning
electron microscopy (SEM) and alizarin red staining, and the formation of a native osteoid matrix was proven (Fig. 3).
Taken together, the obtained data suggest that the GO—gelatine composite can be used as a scaffold material for osteoge-
nesis and applied in orthopedic surgery.

1 day 3 days 7 days

Glass

GO

GO-gelatin

FIG. 3. Confocal fluorescence images of MC3T3-El cells cultured on glass, GO, and GO—gelatine
composite for 1, 3, and 7 days [81]

Peng et al. [82] described a method for synthesizing a high-strength composite graphene hydrogel for bone tissue
engineering. By combining GO, HA nanoparticles, and chitosan (CS) with crosslinking and reducing agents, researchers
created a dense and oriented microstructure with improved mechanical strength, HA fixation capacity, and porosity. The
study also highlights the importance of porosity and pore size for osteoblast proliferation and differentiation (porosity of
nanomaterial was determined to be 84.37 %, the average pore size was 122 pym). Preliminary cell culture experiment
using rat bone marrow stem cells (rBMSCs) demonstrated high viability and proliferation of osteoblasts on the composite
hydrogel, suggesting its potential for use in bone tissue engineering applications.

The study [83] focuses on constructing a stem cell composite hydrogel scaffold for bone tissue engineering. Silk
fibroin (SF) hydrogels were prepared with enzyme-catalyzed crosslinking, incorporating GO. The addition of GO resulted
in more regular pore size and stable silk structure with excellent mechanical properties. Bone marrow stromal cells
(BMSCs) encapsulated in the hydrogel showed enhanced growth, proliferation, and osteogenic differentiation, particularly
at low GO concentrations. SEM revealed a porous structure conducive to cell proliferation and nutrient transport, with
pore size influenced by GO content (addition of 0.05 % GO increases porosity by 2 %). Mechanical testing demonstrated
improved anti-deformation ability and failure strain with the addition of GO. Osteogenic differentiation markers, such as
alkaline phosphatase (ALP) and calcium nodules, increased significantly with SF/GO hydrogels, indicating promotion of
osteogenesis. The SF/GO hydrogel exhibited excellent biocompatibility and potential for bone defect repair, highlighting
its suitability for biomedical applications in bone tissue engineering.

The authors of [84] prepared a GO-based nanocomplex functionalized with polyethyleneglycol (PEG) and PEI for
loading and delivering miR-29b, a key player in bone formation. The nanocomplex exhibited good biocompatibility,
miR-29b loading capacity, and transfection efficiency. Encapsulating the miR-29b/GO-PEG-PEI nanocomplex into CS
hydrogel for osteogenesis showed promising results in vitro and in vivo, promoting BMSC osteogenic differentiation and
bone regeneration. The study suggests that PEG/PEI functionalized GO could serve as a promising candidate for miRNNA
cellular delivery, and the miR-29b/GO-PEG-PEI@CS hydrogel holds potential for repairing bone defects in vivo. Cyto-
toxicity testing revealed good biocompatibility of the GO-PEG-PEI complex, with efficient miRNA loading demonstrated
through agarose gel electrophoresis and cellular uptake observed via laser scanning confocal microscopy. The transfection
efficiency of miR-29b/GO-PEG-PEI varied with different mass ratio of nanoparticles to plasmid content (N/P), with the
complex showing the highest transfection efficiency at an N/P ratio of 40. In vivo evaluation indicated increased bone
formation in defects treated with miR-29b/GO-PEG-PEI@CS hydrogel compared to control groups, demonstrating its
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potential for bone regeneration. Overall, the study suggests that the miR-29b/GO-PEG-PEI@CS hydrogel is a promising
candidate for bone defect repair.

The studies presented show that GO-based composites with gelatin, hydrogels and other high-molecular compounds
enhance cellular activity, making them promising for use in osteogenesis and orthopedic surgery. The presence of GO in
composite materials improves mechanical properties, structural stability and porosity, which increases their suitability for
bone tissue engineering.

3.2. Soft tissue regeneration

Graphene and its derivatives, have shown promise in promoting the growth of fibroblasts and keratinocytes, making
them valuable in skin tissue engineering and wound healing. For instance, Khan er al. [85] developed a cost-effective
composite hydrogel by crosslinking GO-functionalized arabinoxylan with polyvinyl alcohol (PVA), exhibiting improved
antibacterial properties and biocompatibility, as well as efficacy in anticancer evaluations. Xue et al. [86] crafted a single-
layer hydrogel artificial skin by incorporating dispersed peptide-coated graphene (PCG), resulting in a hydrogel with
remarkable stretchability, mechanical sensing capabilities, and rapid self-healing abilities. Zhao et al. [87] designed a
flexible hydrogel dressing for wound care, offering effective antibacterial properties through a photothermal mechanism.
Additionally, conductive hydrogel design must consider both mechanical strength and electrical activity to mimic ECM
properties. Zhou et al. [88] investigated the integration of GO into oligo(poly(ethylene glycol) fumarate) (OPF) hydro-
gels to enhance mechanical support and improve cellular electrical signaling, showing promise in myocardial infarction
treatment. Yuan et al. [89] engineered a self-healing hydrogel within a silk protein (SP) framework, incorporating GO and
growth factors for regenerative treatment in myocardial infarction therapy. Moreover, a novel injectable gel composed of
rGO and alginate was created to transport mesenchymal stem cells, fostering the regeneration of injured cardiac tissue
following a heart attack and supporting the viability and maturation of cardiac myocytes. These advancements hold sig-
nificant potential in addressing complex tissue interactions and managing emergencies related to hemostasis outside the
body.

As can be seen from the presented studies, functionalized graphene improves antibacterial properties and biocompat-
ibility, as it promotes skin cell growth and wound healing; graphene-based hydrogels exhibit stretchability, self-healing
ability, and are applicable for wound care. These materials can maintain mechanical strength, which can be used in the
treatment of cardiovascular diseases such as myocardial infarction. These developments open up new possibilities in
regenerative medicine and bleeding management.

4. Antimicrobial agents

Resistance of pathogenic bacteria to antibiotics has become a serious health care problem throughout the world,
so replacing existing antibacterial agents is an urgent problem in material science [90,91]. GBN have been intensively
studied due to their antibacterial activity towards a wide range of bacteria [38,92-95].

Metal composites containing graphene or GO have improved bactericidal properties than pure metal surfaces. In the
composite, GO serves as an electron acceptor and captures electrons from the bacterial cell wall, and then transfers them
to the metal substrate and thereby generates ROS production. This interrupts mitochondrial electron transport and ATP
production in the bacterial cell, inhibiting its growth and viability [96].

Abdollahzadeh et al. carried out the synthesis of a metal-organic framework nanocomposite based on CS and GO. The
resulting material has a high level of antibacterial activity with a maximum concentration of 2000 pzg/mL. The studies were
carried out using the disk diffusion method on Mueller—Hinton agar medium on bacteria of the species Staphylococcus
aureus and Escherichia coli [97].

Bentedlaouti et al. prepared nanomaterials based on GO and rGO decorated with silver nanoparticles (AgNPs) [98].
Analysis of nanomaterials using SEM confirmed the intercalation of AgNPs into intermediate layers as nanosheets GO
and rGO. Fig. 4 shows the results of a study of antibacterial activity using the paper disk method. The introduction
of silver nanoparticles into tGO and trGO increased the antibacterial effect in relation to the individual GBN towards
Staphylococcus aureus (by 2 — 3 times), Bacillus cereus (by 2 — 3 times), Bacillus subtilis (by 1.5 — 3 times), Escherichia
coli (by 1.5 — 2 times), Pseudomonas aeruginosa (by 1.5 — 2 times) and Candida albucans (by 2.5 — 3 times).

A non-covalent nanocomposite based on GO and bimetallic Ag—Zr nanoparticles showed superior antibacterial and
anti-biofilm activity of GO-decorated nanoparticles compared to bimetallic nanoparticles [99]. This effect may be due to
the synergistic effect of the interaction between GO and Ag—Zr. This work showed a dose-dependent anti-biofilm activity
of nanocomposites in vitro against biofilm-forming bacteria methicillin-resistant strain Staphylococcus aureus (MRSA).
Ag—Zr nanoparticles inhibited 68.11 % and Ag—Zr/GO inhibited 71.12 % of MRSA biofilm formation (Fig. 5). MRSA
biofilms were visualised using confocal scanning laser microscopy.

Nitrogen doped quantum carbon dots have been produced by hydrothermal synthesis [100]. The study of their
antibacterial activity was determined using the minimum inhibitory concentration (MIC) test on Bacillus subtilis strain.
The results showed no inhibition in carbon quantum dot samples without nitrogen, while samples containing 4.2 and 5 g
of nitrogen had inhibitory activity at concentrations of 100 — 200 ppm. Moreover, the sample with the maximum nitrogen
content demonstrated maximum activity [100].
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S. aureus B. cereus B. subtilis

.,
:-"-\'-;"""’- -
trGO-Ag

trGO-Ag

FIG. 4. Antibacterial test results using the paper disc diffusion method against microorganisms, (c) —
control [98]. tGO and trGO are GO and rGO obtained by thermal synthesis, tGO-Ag and, trGO-Ag are
GO and rGO obtained by thermal synthesis with silver nanoparticles

F1G. 5. Confocal images of anti-biofilm activity of nanoparticles. Control (a), bimetallic Ag—Zr
NPs (b), Ag—Zr/GO nanocomposite (c¢) [99]

Hemmat et al. revealed that GO non-covalently functionalised with Cul using a hydrothermal method, the nanocom-
posite managed to inhibit the growth of gram-negative (Escherichia coli) and gram-positive (Staphylococcus aureus)
bacteria. The mechanism of antibacterial activity was attributed to the oxidative stress due to generation of ROS, physical
disruption, and wrapping of bacterial membranes owing to the GO sharp edges [101]. Metal oxide nanoparticles such as
copper oxide were decorated on GO surface using ginger essential oil (GEO) as eco-friendly approach, the nanocomposite
showed enhanced at about two times antibacterial activity against Staphylococcus aureus and Escherichia coli [102].

Metal nanoparticles such as copper nanopowders were incorporated with graphene surface, the nanocomposite ex-
hibited strong antibacterial activity and achieved 99 % reduction of Escherichia coli bacteria within 1 h [103]. Yang et
al. demonstrated that the antibacterial activity of medical titanium was strengthened through coating its surface by GO
and copper, the GO—Cu-Ti has proved in vitro and in vivo antibacterial activity (over 99 %) against Staphylococcus au-
reus, and Escherichia coli bacteria due to synergistic effect of both GO and Cu, generation of ROS, and sharp-edged GO
sheets that physically damage bacterial membranes [104]. Moreover, the functionalised graphene surface with aliphatic
molecules such as diaminohexane was also activated using AgNPs for the antibacterial activity against total and faecal
coliform bacteria [105]. Derakhshi er al. revealed that AgNPs were stabilised on rGO using dimethyl formamide (DMF),
and the distributed AgNPs have different shapes depending on the synthesis method. The authors displayed that the
shape of AgNPs formed on the amine functionalised rGO, have significant effect on the inhibition of bacterial growth,
where triangular AgNPs exhibited highest antibacterial activity against both Escherichia coli and Staphylococcus aureus
in comparison with the spherical AgNPs and silver nanowires [106].
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The antibacterial activity was increased through the synergistic effect produced as a result of combining organic
polymer of tetraethynyl porphyrin with GO surface for enhancing the antibacterial activity against gram-positive (Staphy-
lococcus aureus) and gram-negative (Escherichia coli) pathogens in comparison with the free counterparts (the bare GO,
and porphyrin), the synergistic effect could significantly accelerate the healing of open wound infected by bacteria [107].

Graphene-bismuth oxychloride 2D heterojunction killed Staphylococcus aureus bacteria with 99.36 % under simu-
lated sunlight irradiation for 20 min, the antibacterial properties of heterojunction was attributed to graphene by 57.31 %.
In the latter case graphene has the ability to transfer the excited electrons of BiOCI semiconductor exposed to visible light
irradiation conjugated with the electrons on graphene surface for enhancing the photocatalytic antibacterial performance
through surface plasmon resonance effect [108].

Sun et al. displayed that rGO was covalently attached to silanised titanium surface ((3-aminopropyl)triethoxysilane—
titanium sheets) and showed high antibacterial activity against Escherichia coli and Staphylococcus aureus bacteria in
comparison with titanium sheets, the SEM results of bacterial morphology illustrated that the dead bacteria were recorded
on the graphene coated titanium more than the titanium sheets, the size and shape of both types of bacteria changed, the
bacterial membranes were deformed and damaged. Levofloxacin antibiotic was noncovalently anchored on the graphene
coated titanium through m—m stacking interaction, hydrogen bonds, and electrostatic interactions and proved inhibition
for the abovementioned types of bacteria in vivo for the potential applications in oral implant surfaces for treatment of
bacterial infection [109].

Thus, the growing resistance of bacteria to antibiotics requires the development of new antibacterial materials. GBN
(GO, rGO) have shown effectiveness against various pathogens. Composites with graphene enhance bactericidal prop-
erties by suppressing bacterial activity due to the generation of ROS. The incorporation of metal nanoparticles, such as
copper and silver, into graphene structures increases antibacterial activity, which can accelerate wound healing. These
developments offer new approaches to combating infections, including application in medical implants.

5. Nanobiosensors

Nanobiosensors are nanomaterials that are applied in the field of biosensors for different applications such as diag-
nosis of diseases, viruses and bacteria, environmental monitoring, food industry, healthcare and clinical uses [110-115].
Different components contribute to the composition of a biosensor:

— blood, urine, saliva, bacteria, virus, fungi, water, food, soil, gases or air samples can serve as analytes;

— antibodies, enzymes, DNA, RNA, peptides, aptamers, organic molecules or metals and nanoparticles can act as a
recognition element or bioreceptor;

— the transducer part is responsible for the transferring of the signal to the detector when exposed to any change
happening on its surface such as chemical redox reactions, or physical changes. Carbon nanomaterials are widely
used as transducers due to their high surface area, special electronic, optical, thermal and mechanical properties;

— the detector can translate the electrical signal received from the transducer to quantitative and qualitative data [116].

The nanobiosensors are divided into electrochemical, optical calorimetric and piezoelectric:

— electrochemical nanobiosensors are based on transducing the biochemical signals to electrical ones [117];

— optical nanobiosensors are based on the interaction between analyte and sensor which leads to a change in the
morphology and fluorescence of the transducer under irradiation. The optical sensing can be achieved through
Raman scattering, fluorescence, and plasmon resonance [118];

— calorimetric nanobiosensors are based on the detection of the heat liberated or consumed by a reaction between
the analyte and the bioreceptor on the transducer surface [119];

— in case of piezoelectric nanobiosensors, the mechanical force produced due to the conjugation of the analyte with
the sensor is transferred into electrical signal by the transducer and recognised by the detector [120].

Hernandez et al. demonstrated that DNA aptamers were covalently and non-covalently attached to GBN (GO and
rGO) as the transducer surfaces for the detection of living organisms such as Staphylococcus aureus with high selectivity
detecting even single CFU/mL of the bacteria [121]. Electrochemical biosensor was developed from graphene function-
alised with black phosphorus and gold nanoparticles for the detection of sortase enzyme which can catalyse the covalent
attachment of surface proteins to the cell walls of gram-positive bacteria. A linear dynamic range was obtained between
1 pM - 100 nM with LOD of 0.65 pM, compared to the fluorimetric method, where linear range was 300 pmol/L —
100 nmol/L and LOD was 0.16 nM [122].

Yang et al. demonstrated that the biosensors fabricated from rGO modified with poly(methylene blue) and poly(ionic
liquids) were applied in detecting SARS-CoV2-spike protein in clinical serum samples for the diagnosis and treatment
of COVID-19, with a detection range of 0.1~1000 ng/mL and LOD 38 pg/mL, compared to AuNPs/carbon cloth nano-
material with linear range 0 ~ 1000 ng/mL and LOD 110 pg/mL [123]. Field effect transistor biosensor based on GO
was applied to detect SARS-CoV2 spike protein. Sheets of GO were m—r stacked to the graphene surface and formed
Van der Waals heterostructure, the antibody was immobilised on the GO surface providing high affinity to interact with
the protein with LOD around 8 fg/mLwith detection range between 10 fg/mL to 100 pg/mL, which showed enhancement
of sensitivity in three times compared to biosensor based on graphene field effect transistor [124]. A genosensor was
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developed by Malla er al. where rGO was modified by gold nanoparticles and covalently functionalised with DNA probes
for targeting the SARS-CoV2 gene efficiently in human saliva, urine, and serum with LOD 0.37, 0.33, and 0.19 fM,
respectively, compared to gold electrode with LOD 26 fM [125].

Laser scribed graphene modified with gold nanoparticles and molecularly imprinted polymer was developed to detect
the human epidermal growth factor receptor 2 (HER2) protein, a biomarker for breast cancer. Detection of HER2 was
performed in the concentration range from 1 to 200 ng/mL with a LOD of 0.43 ng/mL, leading to early diagnosis of breast
cancer [126]. Chemiresistive biosensors were fabricated from crumpled graphene modified by polystyrene as a heat
shrinkable material. The DNA was covalently immobilised on GO surface through amide bond formation for the purpose
of targeting miRNA-21; the rate of changing electrical resistance was measured when the target miRNA-21 interacts with
GO surface. A linear change occurs with increasing the concentration of miRNA-21 from 10 nM to 1 pM with LOD of
1.47 pM, revealing the high sensitivity and selectivity of the biosensor for cancer biomarkers [127]. Yan et al. developed
the electrochemical aptasensor from graphene nanosheets modified with AgNPs and thiolated aptamer for the detection
of the carcinoembryonic antigen with high selectivity, reproducibility, and sensitivity proved in a wide linear range from
0.001 to 10 pg/mL with LOD of 0.5 fg/mL, compared to Ag/MoSs @Fe30,4 with linear range 0.1 — 20000 pg/mL and
LOD 0.03 pg/mL, applied in human serum samples [128].

Rajaji et al. showed that an electrochemical nanosensor was efficiently prepared from rGO decorated with iron
nitride nanoparticles immobilised on carbon electrode for the rapid detection of the cancer biomarker of 4-nitroquinoline
N-oxide; the fabricated nanosensor showed a wide range of detection from 0.05 — 574.2 uM and LOD of 9.24 nM, the
nanosensor was applied for analysis in human blood and urine samples [129].

Rauf et al. developed an electrochemical immunosensor based on GO enriched with carboxylic groups covalently
modified with antibody against the cancer biomarker mucin-1. The immunosensor was fabricated on screen-printed
carbon electrodes and showed high sensitivity with linear range of detection from 0.1 to 2 U/mL with LOD of 0.04 U/mL
in human serum samples, compared to coated PMMA beads with linear range 0.3 — 20 U/mL and LOD 0.21 U/mL. At the
electrode surface, methylene blue probe was redox catalysed by the active nanosensor and reduced to a leucomethylene
blue as an indicator for detection of antibody-protein interactions [130].

Kumar et al. constructed a nanosensor from yttria-doped zirconia-reduced GO nanocomposite that was functionalised
with 3-(triethoxysilyl)propan-1-amine. The nanocomposite was then electrophoretically deposited onto an electrode of
indium tin oxide coated glass substrate. CYFRA-21-1 antibody cancer biomarker were then covalently immobilised on the
nanocomposite surface. The obtained nanobiosensor proved highly sensitive detection for the salivary cancer biomarker
CYFRA-21-1 with linear detection range from 0.01 — 50 ng/mL with LOD of 7.2 pg/mL, compared to APTES/nHfO5/ITO
nanoparticles with linear range 2 — 18 ng/mL and LOD 0.21 ng/mL [131].

Singh et al. deposited layers of graphene sheets on copper substrate through chemical vapour deposition technique
with subsequent non-covalent functionalisation with 1-pyrenebutanoic acid succinimidyl ester through m— stacking in-
teraction followed by covalent functionalisation with the antibody for the detection of the cancer biomarker carcinoem-
bryonic antigen (CEA). The constructed biosensor approved high sensitivity and selectivity with linear detection range
from 1.0 to 25.0 ng/mL and LOD of 0.23 ng/mL, compared to complex material of HRP, AuNPs, Carboxylic magnetic
beads, graphene, hexacyanoferrates and SiOy with linear range 5 — 60 ng/mL and LOD 5 ng/mL [132].

Sadeghi et al. fabricated aptasensor based on electrochemically synthesised GO layers on graphite electrode and
covalently conjugated through amide bonds with aptamers that are specific to the HER2. The nanobiosensor confirmed
the ability for early diagnosis of breast cancer, high sensitivity and selectivity with a linear detection range from 0.5 to
25 ng/mL with LOD of 0.59 ng/mL [133].

The GBN can also be used in the diagnosis of neurodegenerative diseases such as Alzheimer’s and Parkinson’s. Chen
et al. developed an electrochemical sensor from the nanocomposite based on rGO and manganese sulphide nanoparticles.
The authors revealed high selectivity and sensitivity towards Parkinson’s disease biomarker (dopamine). The nanosensor
demonstrated a wide linear range of detection of dopamine between 0.02 and 438.6 uM and LOD of 3.5 nM in human
and rat serum, compared to PEDOT/Pd with linear range 0.5 — 1.0 uM and LOD 0.5 uM [134].

Nanobiosensors play an important role in disease diagnostics. They demonstrate high selectivity, for example, for
detecting bacteria, viruses and cancer biomarkers. The use of graphene modified with various nanoparticles (gold, silver
and others) allows creating effective electrochemical biosensors. These sensors are also promising in the diagnosis of
neurodegenerative diseases with high accuracy and sensitivity.

6. Conclusion

GBN materials are of great benefit to modern science in particular due to their potential applications in medicine and
bioengineering (Fig. 6). In this review it was shown that GBN can be effectively used for development of nanobiosensors,
to deliver genetic material with minimal toxicity, as well as to improve the mechanical properties of biomaterials in tissue
engineering. GBN composites promote bone tissue regeneration and can be applied in orthopedic surgery; GBN improves
the antibacterial properties of materials, accelerating wound healing and suppressing pathogen activity, which is useful
for medical implants.
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FIG. 6. Directions of GBN application in biomedicine

It is well known that one of the main problems of using nanomaterials in medicine is that their properties are de-
termined not only by the chemical composition, but also by the variety of their surface characteristics and morphology,
that implies the complexity their standardization. At present, detailed analysis of the literature data reveals the following
problems in the field of GBN investigation: (i) lack of data on identification of the synthesized nanomaterial; (ii) non-
sufficient reproducibility of GBN syntheses; (iii) lack of studies devoted to the stability of GBN dispersions; (iv) absence
of data on the metabolic stability, mechanisms of action, signaling pathways and pharmaco- and toxicokinetics of GBN.
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ABSTRACT Bacterial infections associated with multidrug-resistant pathogens are a serious danger to both
humans and farm animals. For this reason, natural biologically active agents (BAA), in particular, polyphenols,
with a wide range of biological activity could become promising molecules for effective antibacterial therapy.
Despite the potentially high antibacterial activity and other beneficial biological effects, the use of such BAA is
hindered due to their low water solubility. To overcome this problem, various approaches are used, for example,
loading BAA into nanosized delivery systems (nanoparticles, nanocapsules, micelles, etc.). Such approaches
allow not only to increase the effectiveness of natural BAA, but also to ensure their targeted (local) effect, which
is important in the treatment of bacterial diseases, and in some cases result in synergic action. This review
describes the antibacterial properties of the most promising polyphenols and key approaches for their delivery
at the nanoscale level, as well as the methods for their development.

KEYWORDS polyphenolic agents, antibacterial activity, natural biologically active agents, carnosic acid, cur-
cumin, mangiferin, rosmarinic acid, drug resistance, nanoparticles, analysis methods.
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1. Introduction

In recent years, there has been a significant spread of resistant bacterial infections; therefore, antibiotic resistance has
become a major public health problem [1]. To address this problem, numerous studies are being conducted worldwide to
find alternative treatment options. One such option is the use of natural biologically active agents (BAA) derived from
plants with unique antibacterial properties and low side effects.

Plants have long been used by humans as therapeutic agents and their secondary metabolites show promising antimi-
crobial activity. The effectiveness of these natural compounds is determined by their chemical structure, which allows
them to affect bacterial cells and disrupt their essential biological processes. In addition, due to their diverse mechanisms
of action, plant secondary metabolites are less likely to lead to the development of resistance in pathogens. Importantly,
natural agents have fewer side effects and less environmental impact than traditional antibiotics.

However, most natural BAA have a hydrophobic nature, which limits their use as highly effective antibacterial agents.
To increase the activity of such agents and ensure their targeted action, various approaches are used, in particular, “load-
ing” (encapsulation) of BAA into polymer matrices with subsequent production of various dosage forms: films, fibers,
nanoparticles, etc.

In this work, natural polyphenols, namely mangiferin, curcumin, rosmarinic and carnosic acids, were selected as
natural biologically active agents with pronounced antibacterial activity. The aim of this review is to conduct a comparative
analysis of the antibacterial properties of these natural agents in order to determine the potential for their use in the
composition of new effective drugs to combat resistant bacterial infections, including those based on nanoscale polymeric
carriers.

© Klimshina V.I., Shaikenov R.O., Morozkina S.N., Romanov A.E., Snetkov P.P., 2024



Natural polyphenols as potential antibacterial agents and their delivery systems of nanosized level 937

2. Antibacterial activity of natural biologically active agents

A unique feature of plants is the ability to produce not only primary metabolites necessary for the vital activity of all
cells, but also secondary metabolites that do not participate in the main metabolism. These agents allow plants to adapt
to various abiotic and biotic environmental conditions [2]. Secondary metabolites determine the unique properties of
plants such as colour, odour and taste and also possess biological activity, thereby affecting other plants, microorganisms,
animals and humans [3].

As aresult of the microbial evolution, namely the continuous expansion of the spectrum of antibiotic resistance genes,
the development of new antibacterial drugs has become necessary in the last decade [4]. Currently, natural BAA are of
particular interest as antimicrobial agents due to their easy availability and therapeutic potential [5].

The antibacterial activity is mainly mediated to two mechanisms. The first is by affecting the synthesis or function of
vital components of bacteria. For example, bacterial protein biosynthesis or bacterial DNA replication and repair can serve
as targets for antibacterial drugs. The second way is alternative mechanisms for the development of antibiotic resistance,
for example, through antibiotic modification [6].

Based on the structure of the cell wall, there are two main groups of bacteria: Gram-negative and Gram-positive.
Their main difference is the structure of cell walls (Fig. 1). Gram-negative bacteria have a thinner layer of peptidoglycan
in their walls than Gram-positive bacteria, and also acquire a red color when stained by Gram staining, in contrast to
Gram-positive bacteria, which stain purple [7].
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F1G. 1. Structural differences between the cell wall of gram-negative and gram-positive bacteria. Re-
produced under the terms of the CC-BY 4.0 license. [8] Copyright 2021, Collective authors. Published
by Frontiers Media S.A. (Frontiers in Pharmacology)

Antibacterial activity of secondary metabolites of plants has been confirmed in numerous studies. These compounds
can be classified into three main groups: phenolic compounds, terpenoids and alkaloids [9]. Depending on the struc-
tural characteristics of bacteria, the efficacy of antibacterial agents may greatly vary [8]. In this paper, the antibacterial
properties of a subgroup of phenolic BAA, namely polyphenols, have been considered.

3. Polyphenols

Polyphenols are natural compounds synthesized exclusively by plants and have at least two phenolic groups and one
or more hydroxyl substituents in the molecule. These agents are mainly present in fruits, vegetables, green tea and whole
grains, and are widely recognized for their antioxidant properties [10].

Polyphenols can be classified into two large groups: flavonoids and non-flavonoids. All flavonoids have a basic
structure of diphenylpropanes, where the phenolic rings are usually linked by a heterocyclic ring [11]. Nonflavonoid
compounds include phenolic acids, stilbenes (Fig. 2) and lignans (Fig. 3) [10-13].

Polyphenolic BAA have a huge range of biological properties such as antioxidant, anti-oncological, anti-inflammatory
and antidiabetic. In addition, numerous studies have shown that polyphenols also possess antiviral, antifungal and antibac-
terial properties [14]. Thus, polyphenols can be considered as an alternative or complementary treatment for infectious
diseases.

3.1. Mangiferin

The fruits and leaves of the mango tree contain a unique xanthone derivative, mangiferin. This compound is present
in different plant families in varying concentrations and is usually found as a glycoside [15]. However, one of the major
sources of mangiferin is Mangifera indica. Mangiferin is a secondary metabolite of this plant and its presence has been
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detected in extracts of bark, peel and pips but the highest amount is found in the leaves [16]. Mangiferin isolated from
mango leaves, for example, is a light-yellow crystalline powder [17].

Since the 1960s studies of the structure of mangiferin [18] confirmed that this molecule is 2-C-/3-D-glucopyranosyl-
1,3,6,7-tetrahydroxyxanthone (Fig. 4).
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FI1G. 4. Mangiferin structure

Besides antibacterial properties, mangiferin has numerous biological properties, including antioxidant, antiviral, an-
tidiabetic, anticancer, immunomodulatory, hepatoprotective, analgesic and anti-aging [19].

Contact dermatitis is the most common inflammatory skin disease characterized by pruritus, immune dysregulation
and epidermal barrier dysfunction [20]. Mangiferin also demonstrated anti-inflammatory activity in animal models (mice
with oxazolone-induced contact dermatitis). The active ingredient reduced the levels of inflammatory mediators, namely
interleukin- 1-beta, interleukin-6 and inducible nitric oxide synthase, through the inhibition of the NF-kB signalling path-
way, thereby reducing epithelial thickness [21]. In addition, mangiferin is able to inhibit collagenase and elastase activity
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and penetrate through the stratum corneum into the epidermis and dermis [22]. It is the stratum corneum of the skin that
is the main barrier to transdermal penetration of drugs.

3.2. Curcumin

The plant Curcuma longa, belonging to the ginger family, is widely cultivated in southern and south-eastern tropical
Asia. The rhizome of this plant is the most useful part of the plant for culinary and medicinal purposes. The most active
component of turmeric is curcumin, which makes up 2-5 % of the spice. The characteristic yellow color of turmeric is
due to curcuminoids, first isolated by Vogel in 1842. Curcumin is an orange-yellow crystalline powder that is insoluble in
water. The structure of curcumin was first described in 1910 and is diferuloylmethane (Fig. 5) [23].
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F1G. 5. Curcumin structure

Curcumin has a number of unique properties, which makes it possible to use this substance in various fields of
medicine. For example, it has antioxidant, antibacterial, anti-inflammatory, anticancer, antidiabetic, antiviral, cardiopro-
tective properties and is also active against dementia [24].

In addition, curcumin has been shown to be effective against various skin diseases including skin cancer, psoriasis,
scleroderma, and dermatitis [25]. Numerous evidences suggest that curcumin accelerates wound healing, also prevents
scarring and plays an important role in muscle regeneration after the injury.

3.3. Natural phenolic acids

Although the position of hydroxyl groups in aromatic rings play an important role in biological properties possessing,
phenolic acids can be divided according to the skeleton structure into two main groups: hydroxycinnamic acids and
hydroxybenzoic acids. Hydroxybenzoic acids occur as free acids or in conjugated forms, namely as glycosides or esters.
The most common compounds belonging to this group are gallic, syringic and vanillic acids [26]. Hydroxycinnamic acids
have a three-carbon side chain at the aromatic ring, and the most commonly found representatives are caffeic acid, ferulic
acid and sinapic acid [27].

Rosmarinic acid is classified as hydroxycinnamic acid. This compound is an ester of caffeic acid (Fig. 6) [28]. It was
first isolated from Rosmarinus officinalis and named after this plant. Rosmarinic acid has also been found in other plant
families such as Boraginaceae, Apiaceae and Cucurbitaceae [29].
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F1G. 6. Rosmarinic acid structure

Rosmarinic acid has a wide range of pharmacological properties such as antibacterial, anti-inflammatory, anti-
oncological, anti-aging, anti-diabetic, hepatoprotective, antiviral and nephroprotective [30].

Carnosic acid belongs to hydroxybenzoic acids. This compound has been found in the family Lamiaceae, which
includes plants such as Salvia, Rosmarinus, Rosmarinus, Lepechinia, Oreganum and Thymus [31]. The structural formula
of carnosic acid is shown in Fig. 7.

Carnosic acid has antibacterial, anti-inflammatory, antioxidant and anti-oncological properties [32].



940 V. I. Klimshina, R. O. Shaikenov, S. N. Morozkina

F1G. 7. Carnosic acid structure

4. Analysis of antibacterial activity of polyphenols

In 2017, the World Health Organization (WHO) published the list of 12 families of bacteria that pose the greatest
threat to human health. The focus was on Gram-negative bacteria, which have a greater ability to develop resistance to
antibiotics through the transfer of genetic material, allowing other bacteria to also develop resistance to the drugs. This list
has been divided into three categories according to the urgency of the need for new antibiotics: critical, high priority and
medium priority. The top priority is the fight against bacteria with the highest developed resistance, such as Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacteriaceae. These pathogens are capable of causing pneumonia and
infection in the bloodstream. Bacteria capable of causing gonorrhea and food poisoning were categorized as high and
medium priority. Examples of these groups are Entorococcus faecium, Staphylococcus aureus, Salmonella, Streptococcus
pneumoniae and Haemophilus influenza [33].

There is also another classification of bacteria with the increasing multidrug resistance and virulence consisting of
6 pathogens. This group is called ESKAPE, and this abbreviation is made from the first letters of bacterial names: Entero-
coccus faecium (Gram-positive), Staphylococcus aureus (Gram-positive), Klebsiella pneumoniae (Gram-negative), Acine-
tobacter baumannii (Gram-negative), Pseudomonas aeruginosa (Gram-negative) and Enterobacter spp (Gram-negative).
It is these pathogens that cause the majority of hospital-acquired infections [34]. In this analytical review, the antibacterial
activity of polyphenols against ESKAPE group was considered.

The specificity of the diseases caused by Enterococcus faecium is the formation of a bacterial film. In one study,
Enterococcus faecium was cultured on dentin biofilm to evaluate the bacterial activity of mangiferin. It was shown that
after three weeks, methanolic mango seed extract with the concentration of 5 mg/ml killed 99.8 % of the bacterial colonies
on the biofilm [35]. A similar study on dentin biofilm was carried out with 10.2 % aqueous curcumin extract. After three
weeks, the significant reduction in Enterococcus faecium colonies (approximately 53 %) was found [36].

Staphylococcus aureus is capable to cause a large number of diseases ranging from skin infections to pneumonia and
meningitis. Mangiferin has antibacterial activity against this pathogen. For example, disc diffusion method showed that 4
mg/disc of xanthone derivative was able to inhibit about 12.3 mm of Staphylococcus aureus, while the antibiotic ampicillin
inhibited about 19.7 mm [37]. The same method of study showed that an organic solution (isopropyl alcohol/hexane) of
curcumin (1 g/ 10 ml) was able to inhibit about 22.3 mm Staphylococcus aureus [38].

Klebsiella pneumoniae was first isolated from the person who died of pneumonia, but this pathogen is also capable
to cause diseases such as pyelonephritis, septicemia and meningitis. In one study, a methanolic extract of mango fruit
containing mangiferin showed inhibitory activity against the growth of Klebsiella pneumoniae. The inhibitory zone was
12 mm (100 mg/disc) while the antibiotic kanamycin inhibited 18 mm (30 mg/disc) [39]. Another study showed that
curcumin was able to inhibit the growth of Klebsiella pneumoniae. Curcumin dissolved in 2 % dimethyl sulfoxide had
the minimum inhibitory concentration of 128 pg/ml, the antibiotic meropenem had an identical value [40].

Acinetobacter baumannii is responsible for the development of infections in the bloodstream, respiratory tract, skin
and soft tissues. Mangiferin and curcumin have no pronounced antibacterial activity against this microorganism; however,
when used in combination with antibiotics, these polyphenols show a synergistic effect [41,42].

Pyocyanic infection caused by Pseudomonas aeruginosa is a leading nosocomial infection. Ethanol solution of
mangiferin exhibits an inhibitory effect against this pathogen at the minimum concentration of 62.5 pg/ml [43]. Cur-
cumin dissolved in ethanol showed the minimum inhibitory concentration of 175 ug/ml in an antibacterial study against
Pseudomonas aeruginosa [44].

Enterobacter spp is also one of the most frequent causes of nosocomial infections, this pathogen causes urinary and
respiratory tract, skin and soft tissue infections. Acetone extract of mango peel containing mangiferin was able to inhibit
the growth of Enterobacter spp (the zone of inhibition was 16 mm) [45]. Acetone solution of curcumin (10 mmol/L) also
has antibacterial activity against this microorganism, but its zone of inhibition was only 9 mm [46].
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The study of antibacterial activity against Enterococcus faecium and Staphylococcus aureus of methanol solutions
of rosmarinic and carnosic acids showed that the minimum inhibitory concentration against strains of these pathogens
for carnosic acid was 60 pg/ml, and rosmarinic acid was inactive even at high concentrations (480 pg/ml) [47]. In
addition, the methanolic solution of carnosic acid has the minimum inhibitory concentration of 30 pg/ml against Klebsiella
pneumoniae, while rosmarinic acid was unable to inhibit the growth of this bacterium [48]. Also, the methanolic extract
of Rosmarinus officinalis leaves, with high content of rosmarinic and carnosic acids, is able to inhibit the growth of
Acinetobacter baumannii. The best result was obtained using the solution with the concentration of 100 pg/ml, which had
the inhibitory zone of 33 mm [49]. Another study on the antibacterial properties against Pseudomonas aeruginosa showed
that ethanolic extract of Rosmarinus officinalis leaves, achieved the minimum inhibitory concentration at 128 pg/ml [50].
Despite this, neither aqueous nor ethanolic extracts of the same plant (2000 ug/ml) had antibacterial activity against
Enterobacter spp [51].

The antibacterial activity of the considered polyphenols depends on many factors such as extraction method, degree
of purification, solution composition and concentration of bioactive agent. Table 1 summarizes the ability of mangiferin,
curcumin, rosmarinic acid and carnosic acid to inhibit the growth of ESKAPE bacteria.

TABLE 1. Comparative analysis of polyphenols antibacterial activity

Pathogen Polyphenol
Mangiferin | Curcumin | Rosmarinic acid | Carnosic acid

Enterococcus faecium + + - +
Staphylococcus aureus + + - +
Klebsiella pneumoniae + + - +
Acinetobacter baumannii - - + +
Pseudomonas aeruginosa + + + +
Enterobacter spp + + - -

Table 1 shows that polyphenols such as curcumin and mangiferin have antibacterial activity against ESKAPE group
of pathogens except Acinetobacter baumannii strain.

Phenolic acids are also capable of inhibiting the growth of multidrug resistant microorganisms. However, rosmarinic
acid is not active against this group of pathogens, while Rosmarinus officinalis leaf extracts are likely to have antibacterial
properties due to the carnosic acid included in the extract, which has good inhibitory ability against the ESKAPE group
of bacteria except Enterobacter spp.

Thus, polyphenols are potential candidates for the control of infectious diseases caused by pathogens with high
antimicrobial resistance. Their relevance for the use against highly resistant bacteria is due to their synergistic effect
when used with existing antibiotics, as well as their different mechanisms of action on microorganisms than conventional
drugs [52]. In addition, there is an opportunity to improve the antibacterial properties of polyphenols using various
methods, including their introduction into delivery systems based on polymer matrices [53].

5. Nanoscale delivery systems for natural compounds with antibacterial action

Currently there are a lot of carriers which could be used for the incorporation of biologically active agent into
nanoscale delivery systems. Schematic representation of the most promising nanocarriers is demonstrated in Fig. 8.
More detailed information was published earlier [54, 55]. Summarized information of various nanocarriers is shown in
Table 2.

5.1. Mangiferin

Mangiferin-loaded delivery systems are described in the recently published review [56].

It was many times documented that mangiferin have antioxidant, anti-infection, anti-cancer, anti-diabetic, cardiovas-
cular, neuroprotective properties and this molecule also enhance immunity, without demonstrating any toxicity even at
high doses. To improve the solubility, increase the biological effects and bioavailability, mangiferin was integrated into
polymer systems. This review summarizes molecular mechanisms of anti-cancer action and also a number of designed
polymer-mangiferin systems.
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TABLE 2. Summarized information of various nanocarriers Reproduced under the terms of the CC-BY
4.0 license.[54] Copyright 2020, Collective authors. Published by MDPI

Nanosystems Advantages Limitations
Liposomes Biodegradability Low drug loading
Biocompatibility Lack of colloidal stability
Reduced systemic toxicity Difficulties in sterilization
Improved stability and circulation time of the drugs Some leakage of the encapsulated agent
SLNs Suitable for a variety of routes of administration Requires organic solvent during preparation
Good physiological compatibility Low loading capacity compared
A wide range of drug adaptability with other nanocarriers
Improve the stability of drugs Possibly containing other colloidal
structures and complex physical state
NLCs Stability No data
Good biocompatibility
High drug-loading capacity
Targeting and controlled release
Improved bioavailability of drugs
Micelles Suitable for water-insoluble drugs Poor chemical versatility and
due to hydrophobic core structural instability
PMs Good stability Premature drug leakage
Allow drugs to avoid mononuclear Toxicity of materials, fixed functionality
macrophages phagocytosis after synthesis
Water-insoluble drugs can be easily incorporated into | Response mechanism in
PMs by the simple act of mixing the human body unknown
Polymeric NPs | Targeted, controlled drug release The polymer cytotoxicity
Easy surface functionalization Difficulty in large-scale industrial production
The residual organic solvent in the
preparation process
Dendrimers Structural symmetry and stable nature Time-consuming synthesis and
Has a strong EPR increased production costs
Enhancement in the blood circulation time Difficulties in mass production
Multiple functional groups in its surface Cytotoxic and hemolytic properties
Customize the drug release profiles
Niosomes Overcome phospholipid oxidation No data
Nanoemulsions | Improve drug stability No data
To avoid drug inactivation in the gastrointestinal tract
Increase drug solubility and improve bioavailability
With lymphatic targeting and sustained
release to reduce the side effects of drugs
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Nanocrystals Free of organic solvents or other solubilizing chemicals Difficulty in large-scale
Carrier-free delivery system industrial production
High-drug loading efficiency
Steady dissolution rates

Great structural stability

Bio-NPs Overcome various biological barriers Limited drug loading capacity
Lower immunogenicity and toxicity

Biocompatibility and biodegradability

Exosomes High capacity to pass through various biological barriers Specific approaches to load the desired
High stability additional drugs without disturbing
Less immunogenity the exosomes

Natural targeting capacity

Metal NPs Simple synthesis procedures Poor biocompatibility
Modifiable (control of pore size) Low stability
Multifunctional surface functionalization Poor water solubility

Inorganic non- | Simple synthesis procedures Low loading capacities

metallic NPs

Hybrid Targeted delivery of drugs Potential material toxicity
nanomedicines | Has high structural integrity

Stable storage of drugs and the controlled release of drugs

Increased drug encapsulation efficiency and biocompatibility

5.2. Curcumin

Curcumin-loaded delivery systems are extremely numerous and are presented in main reviews [57-59]. However, its
clinical use is extremely difficult due to the pH-dependent structure transformations of curcumin [60].

Commercially available curcumin, commonly used in vitro and in vivo studies, is the mixture of curcuminoids de-
rived from the rhizome of Curcuma longa Linn, it is a mixture of three main diarylheptanoids: 75-77% is curcumin
(C) (diferuloyl methane; MW Cy1H50Og; log P = 3.29; MM = 368.38), 15-18% — demethoxycurcumin (DMC) (p-
Hydroxycinnamoyl feruloyl methane; CogH;505; log P = 2.792; MM= 338.35), 5-7% —bis-demethoxycurcumin (BDMC)
(di-p-hydroxycinnamoylmethane; C19H;1404; log P =2,649; MM = 308,33) [61-63].

According to the chemical structure, the main component of the curcuminoid mixture, curcumin is bis-c, (3, an
unsaturated [-diketone formed as the result of the conjugation of two ferulic acid molecules connected by a methylene
bridge [64]. In the solution curcuminoid molecules are in keto-enol form stabilized by hydrogen bonds. The direction of
the equilibrium shift in keto-enol tautomerism depends from the polarity of the solvent and the pH value of the solution.
In nonpolar solvents, curcumin is mainly represented in the enol form, which is maintained by the formation of an
intramolecular hydrogen bond, and in polar solvents curcumin passes into the diketo form [62-64]. Fig. 9 shows the
structural formulas of the main diarylheptanoids and structural transitions in keto-enol tautomerism of the curcumin
molecules [65].

There are three proton-donating groups in the curcumin molecule that dissociate at different pH values of the medium:
a proton of the enol group (pKa=8.5) and two phenolic OH groups (pKa=10-10.5). Fig. 10 shows the ionization scheme
of the hydroxyl groups of curcumin.

5.3. Rosmarinic acid

Rosmarinic acid (RA) is an important antitumour phytochemical due to its multi-targeted anti-oncological mecha-
nisms. However, its bioavailability when ingested is limited due to poor solubility and permeability. In recent years,
tremendous efforts have been made to develop nanoforms of rosmarinic acid for the treatment of cancer. However, these
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F1G. 8. Typical nanocarriers used for the loading (incorporation) of biologically active agents: den-
drimer, liposome, magnetic nanoparticle (MNP), mesoporous silica nanoparticle (MSN), metal nanopar-
ticle, metal-organic framework (MOF), micelle, nanocapsule, nanodiamond (ND), nanoemulsion,
nanocrystal, nanosphere, nanostructured lipid carrier (NLC), niosome, polymer-lipid hybrid nanopar-
ticle (PLN), polymeric micelles (PMs), selenium nanoparticle (SeNP), quantum dot (QD), solid lipid
nanoparticle (SLN), viral nanoparticle. Reproduced under the terms of the CC-BY 4.0 license.[54]
Copyright 2020, Collective authors. Published by MDPI

studies are at an early stage as bringing nanoparticles to the market is itself associated with numerous challenges such as
stability, toxicity and scalability of the synthesis process [66].

Xue et al. developed liposomes with RA and doxorubicin, named rososomes (RS). RS were synthesized by the clas-
sical thin film hydration method. Phospholipid choline and 1-polmitoyl-2-hydroxy-sn-glycero-3-phosphocholine were
taken as lipid matrix (RA-L). RA-L was obtained through the conjugation of an amphiphilic lipid to RA by the esterifica-
tion method. RA-L was combined with polyethylene glycol and phosphotidylcholine to obtain RS. RS was found to have
the diameter of 198.9 nm and the polydispersity index (PDI) of 0.194, indicating a rather narrow size distribution of the
rhososomes. Cross-linking was carried out with trivalent iron to stabilize the structure of liposomes. In vivo experiments
on mice with breast cancer showed that RS cross-linked with iron exhibited significant activity in cancer treatment [67].

Subongkot et al. developed ultra-deformable liposomes (ULS) of RA with fatty acids such as oleic, linoleic and
linolenic acids to improve the skin penetration of RA in skin cancer. The size, zeta potential, size distribution, shape,
encapsulation efficiency (% EE) and polymer matrix capacity (% DL) of the prepared ULSs were evaluated. The obtained
ULSs with fatty acids had negative zeta potential and average particle size ranging from 50.37 4= 0.3 to 59.82 £ 17.3 nm.
The average EE and DL were 9 % and 24 %, respectively. RA has been shown to penetrate the skin much more easily
with ULS containing oleic acid than ULS without added fatty acids [68].

Fuster et al. developed silk fibroin nanoparticles containing RA (RA-SFN) and investigated their activity against
breast cancer cells (MCF-7) and human cervical cancer cells (HeLa). The characteristics of the synthesized nanoparticles
were determined: the average particle diameter was 255 nm, zeta potential was —17 mV, and PDI was 0.187. About 50 %
of the total drug content was released in 0.5 h, indicating rapid release under physiological conditions. Studies on cell
lines showed that concentration-dependent cancer cell death was observed after the treatment by RA-SNs. MCF-7 and
HeLa cell death was observed at ICsy values of 1.568 and 1.377 mg/ml, respectively. In addition, the inhibition of cell
proliferation was observed in cancer cell lines following cell cycle and apoptosis studies [69].

Tabatabaeian et al. developed a unique conjugate of NH;-UiO-66 with nitrogen-doped carbon nanodots (N-CND)
with embedded rosmarinic acid to target adenocarcinoma. The size range of the obtained particles was 35+10 nm and
the zeta potential was —03.6 mV. To study the apoptotic effect, MTT assay was performed on cell line A549: apoptosis
increased with the increasing nanoparticle concentration from 25 to 150 pg/ml. Thus, a new carrier of rosmarinic acid
was found to be promising and cost-effective for drug delivery systems for cancer treatment [70].

Chung et al. developed PEGylated rosmarinic acid nanoparticles, (RA-NPs), for the treatment of inflammatory
bowel disease and colorectal cancer. Particles with the diameter of 63.5 + 4.0 nm were prepared from PEG-containing
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amine and rosmarinic acid in a single step followed by self-assembly in the buffer solution. In physiological media, the
obtained RA-NPs exhibited good colloidal stability for a fortnight. RA-NPs could efficiently absorb hydrogen peroxide,
preventing cell damage due to the oxidative stress. In inflamed colon, RA-NPs reduced the expression and production of
pro-inflammatory cytokines [71].

Campos et al. developed lipid nanoparticles with rosmarinic acid. Witepsol H15 was used as a lipid shell and Tween
80 was used as the surfactant. The hot melt ultrasonication method was used. The authors used different formulations:
1 %, 2 % and 3 % vol/vol of lipid and 0.5 %, 1 % and 1.5 % wt/vol of surfactant. The results showed that nanoparticles
with an average diameter ranging from 270 to 1000 nm could be obtained using Witepsol H15. The obtained particles
were found to be extremely stable: during 28 days in aqueous solution at 5°C, they maintained their morphological char-
acteristics and had no tendency to aggregate. The encapsulation efficiency of rosmarinic acid was 99 %, and rosmarinic
acid was not washed out from the matrix during the storage [72].

Interestingly, rosmarinic acid in the composition of nanoparticles can be used not only as an antibacterial agent, but
also as a modifier. Thus, Bhatt et al. proposed silver nanoparticles whose surface was modified with rosmarinic acid (Ro-
AgNPs). Such particles can be used to create sensitive colorimetric probe sensors for the rapid determination of cyanide
(CN-) and chromium (VI) [Camr(VI)] in aqueous solutions, including waste water [73].

In addition to nanoparticles, other types of nanomaterials, such as nanofibers, can be fabricated with rosmarinic
acid. One of the possible methods to produce such fibers is the electroforming method of polymer solutions [74]. Thus,
nanofibers based on cellulose acetate with rosmarinic acid were prepared and investigated. To evaluate the biological
activity of nanofibers containing BAS, their ability to inhibit protein denaturation was analyzed as an indicator of anti-
inflammatory properties, and their antioxidant activity was determined by free radical capture method. Homogeneous
distribution of the drug throughout the volume of nanofibers provided high loading efficiency, absence of explosive release
at the initial stages, and prolonged release for 64 h by the mechanism of diffusion according to Fick’s law. The nanofibers
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FIG. 10. Scheme of ionization of hydroxyl groups of curcumin at pH values of medium >8 [60]

with higher RA content exhibited anti-inflammatory activity comparable to ibuprofen and higher antioxidant activity
compared to nanofibers with low bioactive agent content. In addition, the nanofibers did not have any significant cytotoxic
effects on cells. The delayed release of RA and the biological activity of RA-containing nanofibers confirmed the potential
of the obtained matrix as a drug delivery system [75].

5.4. Carnosic acid

Chitosan nanoparticles containing carnosic acid were prepared by ionotropic gelation method. The effect of fac-
tors such as chitosan concentration (0.1-1.0 % by weight), tripolyphosphate concentration (0.1-1.0 % by weight) and
ultrasonic treatment time (2—-10 min) on key particle parameters such as size and morphology, zeta potential, drug en-
capsulation efficiency and drug release kinetics were evaluated. The protein level of neurotrophins in rat brain during
intranasal administration of optimized dose of carnosic acid nanoparticles was determined. The experimental values of
the drug doses correlated well with those predicted by mathematical models. A single intranasal administration of carnosic
acid nanoparticles was sufficient to achieve the required level of endogenous neurotrophins in the brain, which was almost
the same as when chitosan solution with carnosic acid was intranasally administered to rats once a day for four days. The
results clearly demonstrated the fact that the nanoparticle drug delivery system for intranasal administration of carnosic
acid requires fewer injections to achieve the required pharmacological activity due to its ability to localize on the nasal
mucosa and provide controlled delivery of carnosic acid over a long period of time [76].

A lecithin-based nanoemulsion (CA-NE) was developed to enhance the bioavailability and biological activity of
carnosic acid (CA). The investigated material was found to have high capacity (2.80 £ 0.15 %), small particle size
(172.0 £ 3.5 nm) with homogeneous particle distribution (PDI index is 0.231 4+ 0.025) and zeta potential value of
—57.2 £ 0.24 mV. More importantly, the bioavailability of CA-NE was improved 2.8-fold compared to the CA con-
tent of MCT oil. In addition, cellular antioxidant assay (CAA) and cellular uptake study of CA-NE in HepG2 cell model
demonstrate a longer endocytosis process, indicating a controlled release of CA from CA-NE. In addition, improved anti-
inflammatory activity was assessed by inhibition of the production of pro-inflammatory cytokines, nitric oxide (NO) and
TNF-« in lipopolysaccharide-stimulated RAW 264.7 macrophage cells [77].

Carnosic acid was encapsulated in bovine serum albumin (BSA), chitosan (CH) and cellulose (CL) nanoparticles to
enhance its activity against breast cancer (MCF-7) and colon cancer (Caco-2) cells. CA-enriched BSA nanoparticles (CA-
BSA-NPs) showed good drug encapsulation efficiency and best release profile as the drug concentration reached 80 %
after 10 hours. The antitumour activity of CA-BSA-NPs was evaluated by the measuring of cell viability, apoptosis rate
and gene expression of GCLC, COX-2 and BCL-2 in MCF-7 and Caco-2. Cytotoxicity (MTT) assay showed enhanced
antitumour activity of CA-BSA-NPs against MCF-7 and Caco-2 compared to free CA and BSA-NPs. Moreover, apoptosis
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test data showed growth arrest of Caco-2 cells at G2/M (10.84 %) and MCF-7 cells at G2/M (4.73 %) when treated with
CA-BSA-NPs. Gene expression analysis based on OT-PCR showed the increased activity of GCLC gene and the decreased
activity of BCL-2 and COX-2 genes in cells treated with CA-BSA-NPs compared to the untreated cells. In conclusion,
CA-BSA-NPs have been presented as a promising formula for the treatment of breast cancer and colorectal cancer [78].

6. Conclusion

In this paper, an analytical review of natural biologically active agents exhibiting antibacterial activity, namely such
polyphenols as mangiferin, curcumin, rosmarinic acid and carnosic acid has been carried out. A comparative analysis of
the antibacterial properties of these natural substances against a group of microorganisms possessing multidrug resistance
and virulence was also carried out.

Comparative analysis of antimicrobial activity showed that mangiferin, curcumin and carnosic acid are potential
candidates to address the problem of multidrug resistance to antibacterial drugs. These natural agents can be recommended
for the incorporation into advanced drug delivery systems such as nanoparticles, nanomicelles, nanocapsules, etc.

Analysis of data on delivery systems for these natural molecules has shown that for rosmarinic and carnosic acids,
the number of delivery systems is extremely limited and require development based on biocompatible and biodegradable
matrices with targeted action. Equally important is the review of methods used to characterize nanoscale delivery systems.

Thus, this review not only highlights the known data on natural agents with antibacterial action, but also points to
new directions in the development of nanosystems and nanoscale materials for the delivery of potential drugs to combat
multidrug resistance.
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ABSTRACT In this work, we developed a phenomenological approach to describe the equilibrium adsorption of
nonideal gas mixtures in nanoporous adsorbents over a wide pressure range. The key point of the developed
approach is an observation that the Gibbs free energy of a gas mixture is close to its ideal term. This feature,
being more general than the empirical Raoult’s law in the ideal adsorbed solution theory (IAST), was combined
with the distribution of elements of the adsorption volume (EAV) of the porous material over potentials in the
spirit of Polanyi’s theory. We applied this approach to the adsorption of individual and binary gas mixtures of
CO,, CH4, and N2 on an activated carbon in a wide pressure range up to 13 MPa. The approach provides high
accuracy in predicting the adsorption of gas mixtures based on individual adsorption isotherms and obeys the
Gibbs-Duhem equation, which confirms its thermodynamic consistency.
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phase thermodynamics, equation of state.

ACKNOWLEDGEMENTS The research was carried out within the framework of the state assignment on topic No.
121031300090-2 (TAK) and No. 0081-2022-0008 (EAU).

FOR CITATION Kuznetsova T.A., Ustinov E.A. Thermodynamics of gas mixtures in nanoporous materials:
Extension to non-ideal systems at high pressures. Nanosystems: Phys. Chem. Math., 2024, 15 (6), 950-958.

1. Introduction

Multicomponent adsorption of supercritical gas mixtures by nanoporous materials, in particular activated carbons,
is widely used in gas separation and purification processes. In some cases, it is necessary to separate gases with similar
physical properties, for example, nitrogen and methane, to reduce methane emissions into the environment or to purify
natural gas from nitrogen during its liquefaction. In other cases, it is necessary to separate gases that have significantly
different physical properties, such as carbon dioxide, methane, and nitrogen, which are part of the biogas. Biogas is a
promising source of methane as a “green” fuel. Ensuring the efficiency of gas separation processes by adsorption requires
reliable theoretical approaches for predicting multicomponent adsorption equilibrium. The theory of ideal adsorbed so-
lution (IAST) of Myers and Prausnitz [1] has received the greatest application in describing multicomponent adsorption
of gases. The ideality of the adsorbed solution essentially means the ideality of the bulk phase, which allowed the au-
thors to resort to Raoult’s law as an analog in relation to the adsorption system. This imposes obvious restrictions on
the use of IAST when modeling the binary adsorption of CO3—CH,4 or CO2—N> mixtures by activated carbons at high
pressures, reaching 1 [2], 2.5 [3,4], 6 [5], and even 14 MPa in some studies [6—8]. It has been established [2] that the
accuracy of the IAST prediction of phase diagrams at constant pressure in the gas phase increases with increasing pressure
from 0.1 to 1 MPa, while the deviation between predicted and experimental values decreases from 30 to 5.5%. It was
also observed [3] that IAST provides a good prediction of the CO,—CH4 mixture over a whole pressure range from 0
to 3 MPa. However, later, the same authors [4] pointed out that the same system is well described by IAST only in the
range of 0-1.5 MPa. Additional contradictions arise due to the use of extensions of the Langmuir and Sipps equations
for multicomponent adsorption [2, 5, 7, 8], although it is known that such extensions are thermodynamically valid only
for the same limiting values of individual adsorption of mixture components [9]. This requirement is usually ignored.
To overcome some shortcomings of the original IAST, some improvements were made to it. Thus, the heterogeneity of
the adsorbent was introduced into the theory [10], suggesting that adsorption occurs independently on each surface area
with the same energy. The authors called this modification HIAST. In a number of cases, this provided better agreement
with experimental data. A more extended approach called the multispace adsorption model (MSAM) was presented by
Jensen et al. [11]. The authors proceeded from the idea of the non-uniformity of the adsorption phase and introduced
two spaces in the adsorption volume. In the first space, presumably near the pore walls, adsorption occurs independently,
while in the second, the amount of the adsorbed mixture and its composition depend on those in the first space. As in
the previous case, the IAST was used in combination with the energy distribution of elements of the adsorption volume,
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determined from individual adsorption isotherms. The authors successfully applied their approach to the adsorption of a
methane-ethane mixture on an activated carbon at bulk pressures up to 30 bar. A similar idea was developed in the MPD
(Myers-Prausnitz-Dubinin) model [12], where the Dubinin-Radushkevitch (DR) equation, extended to the supercritical
region [13], was combined with the IAST. The authors applied their model to the adsorption of a CO,—CH,4 mixture on a
commercial activated carbon at constant pressures (0.1 and 1 MPa) and temperatures of 273 and 298 K and demonstrated
excellent agreement between the calculated phase diagrams and experimental data. One more group of works rely on
equations of state (EOS) extended to mixtures using arbitrary chosen combining rules for various parameters [6, 14—16].
This option requires reliable theoretical approaches for predicting multicomponent adsorption equilibrium.

Apparently, the most coherent approach is described in [17, 18], which is close to our model used in this study.
The theoretical basis of the approach, called the Multicomponent Potential Theory of Adsorption (MPTA), follows from
Polanyi’s idea [19] of an adsorption potential distributed over the adsorption space, which contributes to the chemical
potential in the adsorbed phase and, consequently, shifts the vapor-liquid equilibrium towards lower pressure values. The
second assumption in the MPTA, taken from Polanyi’s theory, was that a gas under the influence of an adsorption field
behaves in accordance with its normal equation of state. The potential distribution, which can be obtained by analyzing
adsorption isotherms of pure components, was used by the authors in the form of the DR equation extended to the
supercritical region. The use of some additional assumptions to extend the equation of state to mixtures made it possible
to describe with acceptable accuracy the adsorption of binary gas mixtures under high pressure on activated carbons and
MOF.

This work is also based on Polanyi’s idea of independent adsorption in elements of adsorption volume distributed over
potential. We used this approach previously for determining the potential distribution function of an activated carbon [20]
from the individual adsorption isotherms. Further, we extended this approach to the adsorption of gas mixtures using the
Bender EOS and a set of combining rules for several EOS parameters [16]. Here we use a more general and rigorous
thermodynamic method for extending EOS to gas mixtures, reminiscent of the idea behind IAST. In the present study, we
apply the approach only to supercritical systems under high-pressure conditions, which poses a significant challenge for
accurately describing mixture adsorption.

2. Model and thermodynamics

We rely on a simplified model of the elements of adsorption volume (EAV) [16, 20] distributed over the potential.
Each element of the adsorption volume is not necessarily associated with a specific micro- or mesopore of the adsorbent.
An element that is characterized by a certain potential, u, can simultaneously belong to several pores of different sizes
or parts of them, if the potential inside them is not uniform. Thus, the distribution of EAVs of potential is an indirect
characteristic of the porous structure of the adsorbent, not directly related to the pore size distribution. The absence of a
specific physical image of the structure of active carbons in the proposed model is to some extent justified by their actual
complexity, but nevertheless allows us to apply thermodynamics to a quantitative description of the relationship between
the adsorption of individual components and their mixtures.

2.1. Individual adsorption

Let f(u) be the distribution function of EAVs on the potential w, so that the integral of f is the pore volume of the
adsorbent, Wy, i.e.,

Umax

Wo= [ fdn (1)
Then the amount adsorbed of an individual component is:
o= [ o= 5u) ). @

Umin

Here p is the density of the adsorbed phase that depends on temperature, 7' and the intrinsic chemical potential p/ =
1 — Pu, where p is the chemical potential in the bulk phase and /3 is the affinity coefficient of the component.

The density of the adsorbed phase can be determined using any equation of state. In this study we relied on Bender
EOS for the pressure as a function of T and p [21]:

5

p=pRT+T Z Bi.p" + T(Bs + Brp?)p® exp(—asop?). 3)
k=1
Here R is the gas constant; parameters By (k = 1,...,7) are functions of temperature. In total, twenty EOS constants ay,
(k = 1,..., 20) have been determined for many gases. The chemical potential can easily be obtained in an analytical form
by integration the relation dy = p~*dp:
p=RITInp+p". “)
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The first and second terms in the right side of Eq. (4) are the ideal and residual parts of the chemical potential, respectively.
The standard chemical potential 1°(7") is omitted because it cancels out in all balance ratios. For the residual chemical
potential we have:

. k41, ol o 1 1 )
"=T» Bp—— T|(Bs+ B ——— ) —Br— — . 5
0 ; el s [( 6+ Brp”) | p St "33, exp(—azop”~) ()
For a given chemical potential x4 in the bulk phase, the density in the EAV with potential w is the root of the following
equation:

RTInp+ u" (T, p) = p— Pu. (6)

Having an adsorption isotherm, it is possible to determine the distribution of EAVs over potential u for a specific adsorbent.

2.2. Binary mixture adsorption

As shown in [22], the entropy of mixing of a supercritical Ar-Kr mixture is very close to the ideal mixing entropy
even at high pressures (at least up to 200 bar), when the densities of the gas components are comparable to the densities of
liquid phases at subcritical temperatures, i.e., the supercritical individual gases were not ideal. It was also shown, that the
enthalpy of mixing of the same Ar-Kr mixture is weakly convex function of composition and does not exceed 0.11 kJ/mol.
This means that the Gibbs free energy of mixing is also close to the corresponding ideal value, i.e.,

G =nyp1 + nape = nyp] + nops + RT (nplnzy + nolnas). (7

Here n, 11; are number of molecules of the component j (j = 1,2) and its chemical potential at a given pressure p; u;’ is
the chemical potential of the individual component j at the same pressure p; x1, T2 are molar fractions of component 1
and 2, respectively. From Eq. (7) it follows that

p; =p;— Rz, j=1,2. (8)
Given the potential u in a particular EAV, Egs. (8) can be rearranged to the following form:
Wi =pj—Bju— RTInz;, j=1,2 9

Here the apostrophe means that the chemical potential is taken in the adsorbed phase (EAV) at the pressure II not equal to
the bulk pressure p. We also take into account the different affinity coefficients of the components relative to the potential
u. The density p; of component j corresponds to the chemical potential 1’ when this component is individual at the
same temperature and pressure 1I as in the mixture, while
5+
P P2
It is important to note that Eq. (10) is a consequence of the Gibbs-Duhem equation and therefore has a general form
regardless whether the system and individual components are ideal or not.
The system of Egs. (8) and (10) is sufficient to determine the densities in EAV with the potential w. The algorithm is
as follows.
(1) Having a pair of chemical potentials ;21 and 5 in the bulk phase, eliminating 1 and x5 (= 1 — z1) from Egs. (9)
leads to the following relationship:

eXp(m—ﬁw—/M)+exp<uz—ﬁ2u—u2):1. (11)

=1 (10)

RT RT

The root of this equation is pressure IT, which immediately gives values of 1’7, 11’5, p3, and ps.
(2) Knowing 11’7, 1’5, the composition of the mixture can be determined using any of equations (9).
(3) Once the composition is known, the total density in the EAV is

p1+p2=1/]x1/p7 + x2/p5]. 12)

The above equation follows from Eq. (10).
(4) Densities in the EAV are defined as

(5) Finally, the amount adsorbed of the component j is determined as

a; = / Pj(TaMhM%U)f(u)de J=12 (14)

Umin



Thermodynamics of gas mixtures in nanoporous materials: Extension to non-ideal systems... 953

2.3. The case of an ideal bulk phase

First, let us consider the case when adsorption occurs in a thin layer on a homogeneous surface. Then the composition
of the adsorbed phase does not change over its volume at given chemical potentials ;1 and po, and the values u$, p3 in
Egs. (8) correspond to chemical potential of individual gases in the bulk phase at the same pressure II in the adsorption
phase. If, in addition, the bulk phase is ideal, then from Egs. (8) we have:

D = xjp;')v J = 1a2 (15)

This is Raoult’s law adopted for the adsorbed phase in the ideal adsorbed solution theory (IAST) [1]. The values p7, p3
are bulk pressures of individual components when the corresponding amounts adsorbed a7, aj are at the same pressure I1
in the adsorption phase. Since the density of each component is uniformly distributed throughout the adsorbed phase, the
following relationship can be written instead of Eq. (10):
a2y (16)
ap 4
Interestingly, Eq. (16) is very general and is also valid in the case of non-uniform adsorption phase, but values aJ, aj
are determined at the same average adsorbed phase pressure II that can be easily calculated from individual adsorption
isotherms.

Thus, IAST is a special case of a more general approach considered in this study. The advantage of IAST is that the
use of EOS is not required. Instead, one can use a specific form of adsorption isotherm for each component, which is
much simpler. On the other hand, the disadvantage is the limitation to the region of low pressures of the mixture, when
the bulk phase is ideal.

2.4. Non-ideality of the adsorbed phase

In a more general case, it is reasonable to account for the non-ideality of the adsorption phase, which may be asso-
ciated with the effect of the pore walls on the confined gas mixture. All existing equations for activity coefficients are
derived under the condition of constant pressure. In the limiting case of very low pressures, the gas mixture must be ideal.
For this reason, in this work we relied on the simplest Margules equation, which in our case is included in Eqgs. (9) as
follows:

w5 = p; — Bju— RT [Inz; + oll(1 — xj)ﬂ , j=12. 17
The only constant « can be determined by the least-squares fitting procedure.

3. Results and discussion
3.1. Individual isotherms

In this section, we consider the adsorption isotherms of pure gases by activated carbon by utilizing the model of
elements of adsorption volume distributed by potential energy. A preliminary analysis of the results previously obtained
in the framework of this model using the regularization method ( [16,20]) showed that of the EAV distribution is well
approximated by the following simple function:

f(u) = by exp(—bau + b3u?). (18)

It is assumed that this equation is written for the reference component (in our case CO2) and the three coefficients are
the same for any other gas, but its difference in the potential of interaction with EAV is taken into account by the affinity
coefficient 3. This means that describing of, for example, three isotherms of pure components requires the determination
of five coefficients, including an additional two affinity coefficients for gases other than the reference. Joint processing of
several adsorption isotherms reduces the total number of coefficients and, thereby, increases the reliability of determining
the EAS distribution function by reducing their interrelation. An additional coefficient is the upper limit of the potential
Umaz fOT a specific activated carbon and the lower limit u.,,;, can formally be taken equal to —oo, since the exponential
function decreases sharply with decreasing potential, starting from a certain value.

Figure 1a shows the isotherm of excess adsorption of CO2, CHy, and N5 on activated carbon Filtrasorb-400 at 318.2 K
from data published by M. Sudibandryo et.al. [6]. This activated carbon is manufactured by Calgon Carbon Corporation
and is specified by the manufacturer to have an effective pore size distribution ranging from 0.55 to 0.75 nm (average
0.64 nm).

It is known that the adsorption excess can be directly determined by experiment, whereas absolute values of amount
adsorbed require additional assumptions about the volume of the adsorbed phase. For this reason, we further compare
theoretical results only with excess adsorption in the case of both individual and binary experimental adsorption data. The
excess adsorption was calculated using the following equation:

o= / (T 1 — Bu) — p(T, )] f () (19)

Umin
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F1G. 1. (a) Calculated excess adsorption isotherms of CO2, CH,4, and N5 on activated carbon Filtrasorb-
400 (lines) vs experimental data (symbols) [6] at 318.2 K. Lines are calculations using distribution (17)
and the Bender’s EOS. (b) Distribution of EAV's over the potential

The second term in square brackets is the gas density in the bulk phase. The lower limit u,,,;,, was taken to be —35 kJ/mol,
when the function f(u,,;,) becomes negligible.

The least squares coefficients for the EAVs distribution function were 0.02734, 0.06620, and 0.01131 for b, b2, and
bs, respectively. The resulting affinity coefficients 52, B3 were 0.9886, and 0.7694 for methane and nitrogen, respectively,
under the assumption that 31 = 1 for carbon dioxide. The upper limit w4, turned out to be 2.694 kJ/mol. The total pore
volume W, calculated by Eq. (1) is 0.402 cm®/g. The EAV distribution over the potential is shown in Fig. 1b. In fact,
it is part of a Gaussian or normal function with a mean expectation ug of —2.925 kJ/mol and a standard deviation o of
4.7 kJ/mol.

3.2. Binary isotherms

Binary excess adsorption isotherms are calculated according to the following algorithm.

(I) At a given temperature and bulk pressure p, individual chemical potentials p3, 5 and densities p7, pg are deter-
mined with the EOS. Then, for known fractional composition y;, y2 = 1 — y; chemical potentials y1, po are determined
using the following relationships:

Wi = ,u;- + RT [lnyj +ap(l — yj)2] , j=1,2. (20)

The actual densities ,oll7 and pg in the bulk phase can be further calculated using the equation, which is a combination of
Egs. (12) and (13):
pi =i/l /ey +y2/p5], J=1,2. 2

(II) For a given potential u in the selected EAV, the local chemical potentials are p1—31u and po—Bou for the first and
second components, respectively. To determine the composition and pressure at given chemical potentials in the EAYV, it
is necessary to solve the following system:

M?‘i’ = U1 — 51’11, — RT [lna?l + OzH:L‘%] y (22)
Wy =g — fou— RT [lnxg + aﬂxf] ,

where 11’7, p’5 are functions of the same pressure II for corresponding pure components.

The root of the system of equations (22) is IT and x; (or 2, which does not matter). At the same time, this gives
densities pJ, p5 of individual components corresponding to the pressure I1. The actual densities in the EAV can then be
calculated with relations, similar to those in Egs. (21):

pj =i/ [v1/pS +x2/p3], j=1,2. (23)

(IIT) At the final stage, the adsorbed amounts of the mixture components are determined by integration over all elements
of adsorption volume, distributed over potential wu:

a; = / I:pj(TaM’hM’Q) _p;}(TaIU/hMQ)} f(u)du7 .7 = 172 (24)

Isotherms of carbon dioxide and methane on Filtrasorb-400 from CO,—CH,4 mixture are presented in Fig. 2.
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FI1G. 2. Comparison of the calculated and experimental excess adsorption of CO5 and CH, on activated
carbon Filtrasorb-400 from a CO;—CH,4 gas mixture at 318.2 K. The circles represent the experimental
data from Ref. 6, and the lines represent calculations using the proposed method, accounting for the dis-
tribution (17) and a coefficient o of 0.000174 bar ! in Egs. (19) and (21). The dashed lines correspond
to the ideal mixing Gibbs free energy at « = 0. The numbers at the curves indicate the molar fraction of
CO. (a) and CHy (b) in the gas phase, so the black circles and lines indicate adsorption of pure CO5 (a)
and CHy (b), respectively

As seen in Fig. 2, the agreement between experimental data and calculations is quite good despite we used the only
adjusting parameter a. However, even with a zero value of «;, i.e. in the absence of adjusting parameters, the description
of experimental data remains acceptable.

In a similar way, experimental adsorption isotherms for binary systems COs—Ns and CH4—Ns can be analyzed.
Corresponding results are presented in Figs. 3,4.
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F1G. 3. Experimental [6] and calculated excess adsorption isotherms of CO5 and N5 on activated car-
bon Filtrasorb-400 from CO,-N, mixture at 318.2 K. Coefficient « is 0.000469 bar~! (solid lines) and
0 (dashed lines). The remaining conditions are the same as in Fig. 2

As can be seen from Figs. 2—4, in all examples of binary mixtures the concept works very reliably over a wide range
of pressures in the bulk phase.

3.3. Adsorbed phase pressure

The pressure depends on the potential u in a specific element of the adsorbed phase and, for given chemical potentials
of the components of a binary mixture, is the root of Egs. (22) along with the fractional composition. The average pressure
in the adsorption phase is determined by the following equation:

Umax

m=w;! / f(u)ldu. (25)

Umin
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FI1G. 4. Experimental [6] and calculated excess adsorption isotherms of CH4 and N on activated car-
bon Filtrasorb-400 from CH,—N, mixture at 318.2 K. Coefficient « is 0.000292 bar~! (solid lines) and
0 (dashed lines). The remaining conditions are the same as in Fig. 2

Fig. 5 presents the average pressure in the adsorption phase as a function of the bulk pressure for a COy—CH,4 mixture at
various compositions in the bulk phase.
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FIG. 5. Average pressure in the adsorbed CO;—CH, mixture on activated carbon Filtrasorb-400 at
318.2 K. The numbers in the legend are mole fraction of carbon dioxide in the bulk phase

The average pressure reaches 1500 bar, which is an order of magnitude higher than the bulk pressure.
Taking into account the Gibbs-Duhem equation for a given potential u in the EAV,

dll = p1du1 + de‘LLQ, (26)

we have:

WodlIl = / f(u) [prdps + p2dps] du.

Umin

In equivalent form the above equation can be rewritten as
Wodll = ayduy + asdps. (27)

This means that the Gibbs-Duhem equation in the form of Eq (27) is satisfied in the proposed method.
The Gibbs-Duhem equation can also be written for individual components, i.e.,

Wodll = a5(M)dp;, j=1,2. (28)

Combining Eqgs. (27) and (28), we again obtain Eq. (16), where a{, a5 are amounts of individual adsorption at the same
average adsorbed phase pressure.
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3.4. Thermodynamic consistency of experimental data

As mentioned earlier, excess quantities can only be obtained experimentally, so it is crucial to create an analog of the
Gibbs-Duhem equation for excess functions. This can be done by subtracting from Eq. (27) a similar equation written for
the bulk phase:

Wodp = Wophdu + Wopbdps.
This gives
Wod(IT — p) = a$*dpr + aS* dus. (29)

The variable (IT — p) can be called excess pressure I1°”, which at a given temperature can be considered as a function
of chemical potentials 1 and 2. Since the chemical potential tends to —oo at zero density, it is more convenient to
use v1 = exp [u1/(RT)] and vy = exp [u2/(RT)] as independent parameters. Let the function W,II®® be written as a
polynomial:

WoIl® =3 ) " bjrvfvh (30)
7=0 k=0
Then
. S SR
al :WO 8M1 :ﬁZZ]bjk’U{’Ug,
7=0 k=0 (31)
. 1 S BN
a9 :WOTM:7TZZkakU{U§
j=0 k=0

The advantage of system (31) is that to calculate the excess amount of adsorbed both the first and second components, the
same set of coefficients bj; is used, and the thermodynamic consistency of calculations is guaranteed. The coefficients
bji, are determined by the standard least-squares technique using both mixture and individual experimental adsorption
isotherms at a condition that the coefficient by is zero. The thermodynamic consistency of experimental data is assessed
by small variations between the experimental values of excess adsorption and those calculated using equations (31).

Figure 6 presents the results of a regression analysis of experimental data on the adsorption of a CO,—CH,4 mixture
on Filtrasorb-400 activated carbon. The upper summation limits n in Egs. (31) were taken to be 4.
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FI1G. 6. Isotherms of excess adsorption of CO, (a) and CHy (b) from CO,—CHy gas mixture on ac-
tivated carbon Filtrasorb-400 [6] at 318.2 K. Circles are experimental data. Solid lines indicate the
results of regression analysis using Egs. (30). The numbers at the symbols represent the mole fractions
of carbon dioxide and methane, respectively, in the feed gas

Lines in Fig. 6 show smoothed experimental adsorption excess values (circles) as required by the Gibbs-Duhem equa-
tion. Relatively small deviations between experimental and corrected amounts of adsorption confirm the thermodynamic
consistency of experimental data. This is quite expected for supercritical fluid mixtures, but in case of adsorption of vapor
mixtures it is not obvious, since equilibrium during the mixing process in the condensed liquid-like adsorbed phase occurs
noticeably more slowly. In the latter case, the confirmation of thermodynamic consistency of experimental data should
precede their further analysis.
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4. Conclusion

An improved method for predicting the adsorption of a gas mixture using adsorption isotherms of pure gases is
proposed. The idea behind the approach is that the Gibbs free energy of mixing is close to its ideal value. This can be
formulated as the ideal mixing of non-ideal gases in the adsorbed phase, the elements of which are distributed over the
potential. Using the equation of state of the individual components, this condition allows for the determination of the
pressure and composition of the mixture in the adsorbed phase for given chemical potentials. We chose Bender’s equation
of state for this purpose, but any other suitable equation of state can be used as well. Therefore, the proposed approach
is fundamentally different from the ideal adsorbed solution theory and does not rely on the Raoult’s law in the adsorbed
phase. The approach has been tested on a well-studied CO2—CH,- activated carbon system. All previous methods based
on the TAST (see references 2-4, 8, and 12, for example) can more or less quantitatively describe the system under bulk
pressures up to 1-1.3 MPa. Contrary to this, our approach exceeds the pressure range by at least one order of magnitude
using directly measured excess experimental values as input, which has been validated by its application to experimental
data from reference 6.The possibility of increasing the descriptive ability of the method is also provided by using an
additional adjustable parameter.

A general method was also proposed for checking the thermodynamic consistency of experimental data on the ad-
sorption of gas mixtures.
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