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ABSTRACT We investigate translation-invariant Gibbs measures of the Hard-Core—Potts (HC—Potts) model on
the Cayley tree. The model combines Potts-type ferromagnetic interactions with a hard-core exclusion rule,
leading to a nontrivial interplay between magnetic ordering and occupancy constraints. For the hinge-type
fertile graph, we analyze the cases k£ = 2 and k = 3, and determine explicit critical values of 6 that mark
the transition from uniqueness to multiplicity of Gibbs measures. The model exhibits up to five translation-
invariant phases depending on the interaction strength. Thermodynamic quantities such as magnetization and
quadrupolar moment are computed, revealing ordered phases at low temperatures and a paramagnetic phase
at high temperatures.
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1. Introduction

Recent progress in nanoscience and nanotechnology has increased interest in studying phase transitions and ordering
phenomena in finite systems, where thermodynamic behavior differs from bulk materials. The theory of Gibbs measures
provides a rigorous framework for describing ordered and disordered phases and their coexistence in lattice models.
Studying Gibbs measures on Cayley trees is therefore crucial for understanding phase transition mechanisms and the
stability of nanoscale systems (see, e.g., [1-3]).

Exactly solvable models play a vital role in statistical mechanics, particularly in elucidating the nature of phase tran-
sitions and collective phenomena (see, e.g., [4-10]). Among these, the Potts model serves as one of the fundamental
frameworks for describing magnetic ordering, while the Hard-Core (HC) model captures systems with exclusion con-
straints, such as lattice gases and independent sets on graphs.

The g-state Potts model is a generalization of the Ising model and has been widely used to investigate the long-term
behavior of many complex systems. It enables the study of how the internal components of a system interact based on
their intrinsic properties [9, 11]. In contrast to the Ising model, the Potts model allows each spin to take any of ¢ > 2
possible values. A four-component version of this model was first studied by Ashkin and Teller around 1943 [12]. The
model was later named after Renfrey B. Potts, who developed its theoretical foundations in his 1952 doctoral thesis [13],
following a suggestion by his advisor, C. Domb. A similar problem was independently considered by Kihara et al. two
years later [14].

The Potts model on the Cayley tree (also known as the Bethe lattice) was first studied by N. Ganikhodjaev [15, 16].
Since then, many works have investigated limiting Gibbs measures of finite-state Potts models on Cayley trees (see [17—
21)).

In contrast, the HC model imposes strict exclusion constraints on spin values and has found applications in combina-
torics, statistical mechanics, and queueing theory. HC models are particularly relevant for studying random independent
sets on graphs [22,23] and gas molecules on lattices [4]. In [24], A. Mazel and Yu. Suhov introduced the HC model on
the d-dimensional lattice Z?. Many studies have since analyzed the limiting Gibbs measures of finite-state HC models
(see [8,25-29]).

The combination of these two models, known as the Hard-Core-Potts (HC-Potts) model, provides a unified framework
for describing both magnetic and structural ordering. This hybrid model enables the investigation of the interplay between
spin alignment and particle exclusion, an important aspect of complex systems exhibiting competing interactions.

© Khakimov R.M., Makhammadaliev M.T., Mutalliev N.N., 2026
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Hybrid lattice models combining different interaction types have attracted considerable attention in recent years. One
important example is the Potts-SOS model, where each spin interacts through both Potts-type ferromagnetic coupling
and a solid-on-solid (SOS) height constraint (see, e.g., [30]). A related extension is the mixed-type Potts-SOS model,
which incorporates different coupling mechanisms at different layers or spin components, leading to complex dynamical
behavior and multiple competing phases (see [31-34]).

The present work differs fundamentally from these SOS-based hybrid systems. Unlike the height-dependent SOS
constraint, the HC-Potts model couples classical Potts ferromagnetism with a hard-core exclusion rule that restricts ad-
missible configurations through local occupancy constraints. As a result, while Potts-SOS models describe a competition
between magnetic order and surface fluctuations, the HC-Potts model captures the interplay between magnetic alignment
and particle exclusion. This leads to a qualitatively different structure of admissible states and produces distinct critical
phenomena, particularly in the presence of fertile graphs such as the hinge-type graph considered here.

Cayley trees provide a convenient mathematical framework for analyzing such models, since their recursive structure
allows exact characterization of Gibbs measures and critical phenomena. In this work, we focus on translation-invariant
Gibbs measures for the HC-Potts model defined on Cayley trees of order & > 2.

2. Definitions and known facts

The Cayley tree S* of order & > 1 is an infinite tree, i.e., a cycle-free graph such that from each vertex of which
issues exactly k + 1 edges. We denote by V' the set of the vertices of tree and by L the set of edges. The distance on
the Cayley tree, denoted by d(x, y), is defined as the number of nearest neighbor pairs of the shortest path between the
vertices x and y (where a path is a collection of nearest neighbor pairs, two consecutive pairs sharing at least a given
vertex)

For a fixed z° € V, called the root, let

Wo,={zeV | d(m,xo):n}, V, = U Wi

m=0
be respectively the ball and the sphere of radius n with center at 2°. For z € W, let
S(x) ={y; € Wpi1 | d(z,y;) =1,i=1,2,...,k},

be the set of direct successors of . Note that in S* any vertex « # x° has k direct successors, and root z° has k + 1
direct successors.

We consider Hard-Core-Potts (HC-Potts) model on a Cayley tree, where the spin takes values in the set ® :=
{0,1,2,...,q}, and is assigned to the vertices of the tree. A configuration o on V is then defined as a function
z €V — o(z) € ®; the set of all configurations is & .

To describe the hard-core interactions between neighboring spins, let G = (®, K) be a graph with vertex set ®, and
edge set K. A configuration o is called G-admissible on a Cayley tree if {o(x),0(y)} € K is an edge of G for any pair
of nearest neighbors (x,y) € L. The set of all G-admissible configurations is denoted by QY. Forasubset A CV, 04
denotes the restriction of o to A, and Qﬁ denotes the set of all G-admissible configurations on A. We also introduce a
matrix of activities A on the edges of G,

A {i,j} e K — X\ij € Ry,

where )\; ; is called the activity of the pair {4, j}.
For each pair (x,y) € L, the spins interact through two mechanisms:

e Potts ferromagnetic interaction. The term
~J 0o (),0()

contributes energy J if the spins coincide, and O otherwise. For J > 0, this term favors alignment.
e Hard-Core (activity) interaction. Each pair ¢, 7 € ® has a nonnegative activity weight A; ;.
- If A\; ; = 0, the pair {4, j} is forbidden.

1
— If A; ; > 0, the pair is allowed and contributes a term _B log A; ; to the energy.

Combining both interactions, the Hamiltonian of the HC-Potts model is

1
=3 do)atr) =~ 5 > 108X (@).0)- M

(z,y)el (z,y)el

H(o)

The first term promotes magnetic ordering; the second encodes exclusion constraints and activity effects. Special
cases include:

() Pure Potts model: A, ; = 1, (43) Pure Hard-Core model: J = 0.
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The finite-volume Gibbs distribution on V;, defined as

(o) = Z1 exp{ BH,(0n) Z ho(z) } 2)

zeW,

where 8 = 1/T, T > 0 is temperature, Z,, * is the normalizing factor and {h, = (hoz,h1z,---,hq.) € RIT 2 € V}
is a collection of vectors and

1
H (Un) =-J Z 50’(3:)0‘(1,/) - E Z log )‘a(z),a(y)-

(@,y)ELn (w,y)ELn
We say that the probability distributions (2) are compatible if for all n > 1 and 0, € ®V"1:
Z :un(alnfl \ wn) = Mnfl(a’nfl) (3)
wp €EPWn

Here 0,,_1 V wy, is the concatenation of the configurations. In this case, there exists a unique measure z on ®" such that,
for all n and o,, € ®'»
n({ov, =on}) = pnlon).
Such a measure is called a splitting Gibbs measure corresponding to the Hamiltonian (1) and vector-valued function
hy,z e V.
The following statement specifies the conditions on h, that guarantee the compatibility of the distributions.
Theorem 1. Probability distributions (i, (0,), n € N in (2) are compatible if for any = € V the following equation

holds:
he =Y F(hy,0), )
yeS(z)

where F': h = (hy,...,hq) € RY = F(h,0) = (F1,...,F;) € R?is defined as
F 1 )\7,,1(0 - ]-)ehi + Z?:l )\m—ehﬁ' + )\iO
i = In )\0700 F 2221 >\O,jeh'7 )

and 6 = exp(J ), S(x) is the set of direct successors of x.

Proof. Necessity. Suppose that (3) holds, we want to prove (4). Substituting (2) into (3), obtain that for any configurations
On-1: ¢ € Vy_1—=o,_1(x) €{0,1,...,q}:

Zn—l
2 en | Y > (B @) T 108 A, @)t F henwa) | =
" wn€Qw, €W,_1 yES(z)

= exXp Z ho’,L,l(z),a: s &)

€W, 1
where wy,: © € W, — w, (z).
From (5) we get:

Lp—1
7 2 I Il Yei@wnw &0 (T80, @) + o) =

" wn,€Qw, €W,_1 yeS(x)
= H eXp (ha'n—l(x)vx)'
€W, 1

Fix « € W,,_; and rewrite the last equality for 0,1 (2) =i, =1,...,q and 0,1 (x) = 0, then dividing each of them
to the last one we get

7, u (J/B(S’Lu + h )
H exp w,y
Z

= hz _h ,7':1’_._’ _1. 6
A0 u eXp(JBéou —+ hu y) exp( \T 071) I3 q ( )

yeS(z)
Now we change the variables as follows
hi,z _hO,x _>hi,:bv i:2,...,q— 1.

Then (6) implies (4).
Sufficiency. Suppose that (4) holds. It is equivalent to the representations

q
H Z Xiu €xp(J B0 + huy) = a(x) exp (hiz), i=1,...,q. @)

yeS(x) u=0
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for some function a(z) > 0,z € V. We have
1 q
LHS of (3) = 7 exp(—BH(on-1)) [ TI D Aewio)uw @B, (@yu + huy)- (8)
ze€W, 1 yeS(z) u=1

Substituting (7) into (8) and denoting A, (z) = H a(x), we get
W, _1

exp(_ﬁH(U'n—l)) H eXp(hon,l(w),m)- (9)

zeEW, 1

A,
RHS of (3) = Zil

n

Since u(”), n > 11is a probability, we should have

Z Z ﬂ(n)(an—hwn) =1

on—1€Qv,, _; wn€Rw,
Hence from (9), we get Z,,_1A,,_1 = Z,, and (3) holds. O
Hence, Theorem 1 follows: for any collection h = h,, x € V satisfying the functional equation above there exists a
unique splitting Gibbs measure (i, and conversely every splitting Gibbs measure corresponds to such a solution.

3. Translation-invariant Gibbs measures

In this section, we consider Gibbs measures which are translation-invariant, i.e., we assume b, = h = (h1,...,hq) €
R? for all € V. Then from equation (4) we get h = kF(h,0), i.e.,

X (0= Dehi 59\, el + )\
h; = kln w0~ 1) %H A ) (10)
X000 + 251 Ao,je"s
Denoting z; = exp(h;),i =1,...,q — 1, we get from (10)
k
)\i,i(e - 1)21‘ + 23:1 /\i,ij + )\i,O )
zi = 5 ,1=1,...,q. (11)
Ao0,00 + 3251 Ao 2

Remark 1. Note that
e If in the (11) we set A = 1, then we obtain the g-state Potts model;

e If 6 = 1, the Hard-Core model is obtained.

It is important to note that if the system (11) admits more than one positive solution, then each solution corresponds
to a distinct translation-invariant limiting Gibbs measure (TILGM). We say that a phase transition occurs for the model
(1), if the system (11) has more than one positive solution.

Definition 1. The graph is called fertile if there is an activity set A such that the corresponding Hamiltonian has at
least two TILGMs (see [25]).

Let ¢ = 2. Here, we consider four types of fertile graphs [25] with three vertices 0, 1, 2 (the set of values of o(x)),
which have the forms

wand : {0,0},{0,1},{1,2},{2,2};

hinge :  {0,0},{0,1},{1,1},{1,2},{2,2};

wrench : {0,0},{0,1},{1,1},{1,2};

pipe : {070}7{071}3{172}'

In this paper we consider hinge-type graphs. More precisely, we consider the activity A = (X ;) j3ex defined as
(see Fig. 1)
1, if i=j5 or [|i—j|=1;

Aij = .
0, otherwise.

FI1G. 1. The hinge-type graph with three vertices.
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3.1. The case “Hinge*

In the following we restrict our attention to the case where ¢ = 2. In this case, denoting z = {/z; and y = /29,
from (11), we get

OzF +oF +1 Oy* + xF
=— d = 12
v 0 + x* an YT Tyt (12)
In particular, considering only the second equation of this system, we find the solutions y = 1 and
=0y ). (13)
We begin by analyzing the case y = 1.
3.2. Casey=1
In this case, from the first equation in (12), we get that
Ozt — 92k + 02 —2=0 (14)
and hence, the following statement follows.
Lemma 1. For all k£ > 2, there exist a unique positive root for (14).
Proof. To do this, it is sufficient to show f'(x) > 0 for any = > 0. Indeed,
fl(x) = (k+1)z* — ka®* 1 + 1.
It is easy to see that, if z > 1 then f'(x) > 0.
Let 0 < x < 1. Then
i) =tF —kt+k+1,
where ¢t = 1/x (t > 1). Due to Bernoulli’s inequality we get
et k+1l=0+t-1DfF+hk+1>1+k(t—1)+k+1=2+kt
From here
fft)y=tF —kt+k+1>0.
O
33. Casey#1
Let us consider the second situation as presented in (12).
3.3.1. Case k = 2. In this case, using (13) and the first equation in (12), we get
yt — (0% —20%)y® + (0% — 20° +2)y* — (0> — 20%)y + 1 =0, (15)
which is a polynomial with symmetric coefficients and hence, denoting £ = y + 1/y, (15) can be rewritten as
€ —0%(0—2)¢ +6* —20° = 0. (16)
If0 < 6 < 2o0rf > 1+ 5, this equation has two solutions
92
flo= 7 (9 2+ /00 —2)(2 — 20— 4)) .

Note that £ > 2 for @ > 1 + /5 and & (1 + V/5) = 2 + 2V/5.
We find y;, ¢ = 1,2, 3, 4 the following equation
¥ —&y+1=0,andy® — &y +1=0.
Summarizing, we obtain the following result.
Theorem 2. For the HC-Potts model with &k = 2, there exists a critical value §; = 1 + V/5 such that

1. If 8 < 61, then there is a unique TILGM, i.e., phase transition does not occur;
2. If 8 = 64, then there are three TILGMs, i.e., the phase transition occurs;
3. If @ > 61, then there are five TILGMs, i.e., the phase transition occurs;

Remark 2. Our results differ from classical Hard Core model and classical Potts model, i.e.,

. . . 9 .
o The existence of three TILGMs for the Hard Core model in the case “Hinge* and A > 1 was proved in [27].
e In [22], it is shown that for the Potts model, when 6 > 1 + 2\/5, there exist five TILGMs.
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3.3.2. Case k = 3. In this case, our main result is
Theorem 3. For the HC-Potts model with k& = 3, there exist critical value 65 ~ 2.078 such that

1. If 8 < 65, then there is a unique TILGM, i.e., the phase transition does not occur;
2. If 8 = 65, then there are three TILGMs, i.e., the phase transition occurs;
3. If 6 > 65, then there are five TILGMs, i.e., the phase transition occurs.

Proof. For k = 3, by (13) and the first equation in (12) we obtain
y® — (0% =307 +1)y7 + 5 + (0° — 30* +2)y° + (205 — 70" + 667 — 2)y +

+(0°—30" +2)y3 +42 — (0" =302 + )y +1=0,

which is a polynomial with symmetric coefficients and hence, denoting £ = y + 1/y, (17) can be rewritten as
1 — (0% =367 +1)€3 — 362 + (6% — 96% + 5)¢ +20° — 70* +-66% —2 = 0.

(18) has solutions of the form:

4 _ 9p2 _ 4 _ 9p2 _ _
61(0) = 0% — 362 + 1 i‘/%(e) +2\/I7 £(6) = 0% — 3602 +1 i 2k(0) 2\/@
0% —30% + 1 — 21/2k(0) + 2V/dy 0% — 302 + 1 — 2./2k(0) — 21/d>
€3(9) = 4 ’ 54(9) = 4 5
where d; (0) = —2p(0) — 2k(0) + % -q(0), d2(0) = —2p(0) — 2k(0) — % -q(0),

1 1
q(0) = —g(e‘1 — 502 +3)(0% — 46° 4 70* — 66% — 9), p(0) := —g(ge8 — 186° 4 330" — 1862 + 27),

k(9) = 9(921; 2)a N 03(6% + 1&)(6?2 —2) N é

o= 6/1080(294 — 662 +9) + 1201/ —12010 4 28865 — 198065 + 58200* — 874862 + 6561.

(0% — 66° + 110* — 66% +9),

a7

(18)

A graphical analysis reveals that & (6) < 0 and &2(6) < 0 forany 6 > 0. £3(0) > 2 and £,(0) > 2 forany 6 > 05 ~ 2.078

(see Fig. 2). Note that £5(62) = £4(62).

4 6 8 10 12 200

\ 150

\ 100

- T
7

FIG. 2. On the left, the graphs of the functions &; () (solid line) and £;(6) (dashed line) and on the
right the graphs of the functions £3(6) (solid line) and £4(6) (dashed line).

We find y;, ¢ = 1,2, 3,4 the following equation
y? —&y+1=0, andy® — &y +1=0.

3.4. Construction of the finite-volume Gibbs measures for the case “Hinge*

Let @ = ¢ and denote

h1 h2
s .

2o =1, Z1:=¢€ z9:=e€
For ¢ = 2 the local sums entering Theorem 1 are
So =0+ z1, S1 =0z + 1+ 29, So = 0z9 + 21.

For translation—invariant boundary fields the fixed—point system reads

%= (g—o)k i=1,2,
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equivalently

k k
Si = SU Zi,

i=0,1,2.

For n > 1 the finite-volume Gibbs distribution on V,, with boundary field & is

/‘n(UVn> =
(z,y)CVp

Zl()exp(/” Y bow, <y>) IT A

o(y) eXp( Z hg(z)).

(z,y)CVy zeW,

11

19)

(20)

Fix a configuration oy, , on V,,_;. Summing (20) over all boundary configurations w € ®" and using the tree

factorization, one obtains

weDPWn

Observe that the inner sums equal S, (., hence,

Z Hn (0-‘/va1 \
w

Zn(h)

1
w) = eXp(ﬁJHV" 1 UVn 1

2
Z pn(ov, , Vw) = an(h) exp(8JHy,_, (ov,_,)) H (Z’\o(w),ueﬁ‘]‘s“(”)’“’zu)k.

z€W,_1  u=0

) 1 S

zeW, _

Now apply (19). Since Sf(x) = S§ 2y () for every o(z) € {0,1,2}, we get

SkIanll

;Mn(gvnfl Vw) = Oznw

exp(BJHy,_,(ov,_,)) H Zo(x)-

W, _1

To recover p,,—1(0ov,_, ) on the right-hand side, the normalizing constants must satisfy the recursion

Zo(h) = SPV=l Z. 1 ().

Indeed, substituting (24) into (23) yields exactly

Z /’Ln(o-vn—l \

which is the Kolmogorov compatibility condition.
For the Cayley tree of order k£ one has

w) = pin-1(ov,_,),

Wil = (k+1DE™ 1 m>1,

so that

Z|W = (k+1) ka ! ’““(w 1),

Iterating (24) from Z; (h) gives one

Zn(h) = SkZZ Y W IZ (h) =

2
where Z(h) = Z 2 S
i=0
Let
Ny = Z 1{0(1):1}7
€Wy,
Then

k(k+1)

Sy B (k" 1-1) (i:zisilwrl)7
i=0

Ny = Z 1io(a)=2}-
zeW,

Y low=11 D lo@=2

_xzeEW,
II 2ot ==
zeW,

zeW, Ny N2
Z9 =21 2

Using the expression for Z,, (h) above, from (20), we obtain

exp(8JHy, (Uv ) Ni N

Mn(UV,L) =
Sy "

k(*+1) (kn—1-1)

21t 2R

Z SkJrl

ey

(22)

(23)

(24)

This proves that for any translation—invariant fixed point z the family {u,} is Kolmogorov—consistent and hence

extends to a splitting Gibbs measure on the infinite tree.
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4. Thermodynamic properties of the solutions for k£ = 2.

Now we study the five resulting quantities from the thermodynamic point of view. For this purpose, we use the
partition function.

Let A be a finite subset of V. We will denote by o(A) the restriction of o to A. Let 3(V\A) be a fixed boundary
configuration. The total energy of o(A) under condition (V\A) is defined as

H(o(A) [a(VA\A)) = —J Z So(@)o(y) — B Z 10g Ao (2),0(5)—

(z,y):x,yEN (z,y):x,yEN
—1
—J Y e — B D 108 Ao
(z,y):x€N,ygA (z,y):x€N,ygA

Then partition function Z, (¢(V'\A)) in volume A with boundary condition a(V\A) is defined as

ZA@E(V\A) = > exp(—BHA(a(A) | F(V\A))),

a(N)eQ(A)

1
where 2(A) is the set of all configurations in volume A and 8 = T is the inverse temperature. Then the conditional Gibbs
measure p of a configuration o(A) is defined as

exp(—fH(o(A) [o(VA\A)))

pa(o(A) | F(V\A)) = Za(@(V\A))

We consider the configuration o(V},), the partition functions Zy, and the conditional Gibbs measure j5(o(A) |
7(V\A)) in volume V;, and simplicity, we denote them by o,,, Z™ and p,, respectively. For ¢ = 2, the partition
function Z™ can be decomposed into the following components:

z = 75" + 7" + Z{,

where

0n€Q:o(x0)=1

Introducing notation § = exp(J ) and we get

z8" = (028" Y + Z{"‘”)z :
2" = (2" + oz D + Zé”*”)2 :
z" = (z(" "+ 925”*”)2
Introducing the following notations
unla) = D) ey B (5)
Zy" (2°) Zy " (x0)

we obtain the following system of recurrent equations:

(1 + eunfl + Un1>2
Up = ;

04 up_1

(unl + 91)77,1)2
Up = || —F""
9 + Up—1

(1 + Ou + v) 2
u=|————--1:
0+ u
u+ v\ >
v = )
0+ u
Remark 3. Note that, if we introduce the substitution v/ = z and v/v = y into a system of (26) equations, it

coincides with a system of (12) equations. That is, the fixed points of the system of (12) equations will also be the fixed
points of the system of (26).

If v = limu,, and v = lim v,, then

(26)
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4.1. Spontaneous Magnetization
If the spin values are given as o € {0, 1, 2}, the magnetization is defined by

> JZ((yn)

<0_> _ ocd _ Zin) + 2Z£n)

) z8 2+ 2 gz
[4S

This is not the physical magnetization yet, but only the mean value in {0, 1,2}. From the physical point of view, spins
are usually considered to take the symmetric values {—1, 0, +1}. This can be achieved by a simple linear transformation
6 = o — 1, which yields the true physical magnetization.

In this representation the definition of the magnetization becomes symmetric:

o—1)zM " "
LY 24 - 74
(o) =

A e R/ Ol
ocd

Using the representation of the recursion relations given in Egs. (25), the spontaneous magnetization per site is obtained
as
ov—1
S l4utv’
where (u;v) is a solution of the fixed point equations (26) or (12).
We denote by M; the magnetization corresponding to the fixed point (u;;v;), 4 = 0,4, i.e.,

- Vi — 1
1+u; +v; '
Note that for ¢ = 0, we have y = 1, and it follows that My = 0.

In Fig. 3, plots of magnetizations M;, i = 1,4 for the HC-Potts model on the Cayley tree. Here My = 0 corre-
sponds to the non-magnetized (paramagnetic) phase. At low temperatures (1" < T,), the system exhibits four magnetized
(ferromagnetic) phases, which appear as symmetric pairs with positive and negative magnetizations. As the temperature
increases, these magnetized phases gradually approach M, = 0 and merge at the critical temperature 7,,.. This behavior
indicates a phase transition from the ferromagnetic to the paramagnetic phase, showing that the model possesses ordered
phases at low temperatures and a disordered phase at high temperatures.

i

2

FIG. 3. Plots of spontaneous magnetizations M; for i = 1, 4 for the case “Hinge*.

4.2. Quadrupolar Moment

In the three-state HC-Potts model, the quadrupolar moment is introduced to characterize the fraction of “active* spin
states in the system. If the spin variables take values o € {0, 1, 2}, the quadrupolar moment is defined as

a2Z,§") " n
2\ _ UXG:<I> _ Z§ )+4Z2( :
(%) = n L0, ), )
> Zo Zo + 2y + 2y
ocEed
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From the physical point of view, it is often more convenient to describe the system in terms of symmetric spin values
{=1,0,41}. In the symmetric parametrization, the quadrupolar moment has a clearer interpretation. This can be obtained
by applying a simple linear transformation ¢ = o — 1.

Hence, the quadrupolar moment becomes as follows

P it/ S
zsW + 7™ 4z
Using the same recursive framework, the quadrupolar moment is given by
1+w
©= 1+u+w

where (u;v) is a solution of the fixed point equations (9) and (13).
Let ); denote the quadrupolar moment corresponding to (u;;v;), ¢ = 0,4, i.e.,

14+
Qim
1+ u; + v

0.3 0.4 0.5 0.6 0.7 0.8 0.9

FIG. 4. Plots of Quadrupolar moments ; for ¢ = 1,4 for the cases “Hinge“. Here )1 = Q2 (dashed
line) and Q3 = Q4 (solid line).

In Fig. 4, the plots of the quadrupolar moments (Q; for i = 1, 4 are presented. The curves 1 = @2 and Q3 = Q4
correspond to the symmetric magnetized phases shown in Fig. 4. At low temperatures, the system exhibits an ordered
(nematic-like) phase, while all ); values merge at the critical temperature 7, indicating a transition to the paramagnetic
(disordered) phase. Both magnetic and quadrupolar orders vanish simultaneously at this point.

5. Conclusion

In this paper, Gibbs measures for the Hard-Core—Potts model on Cayley trees were investigated. For the hinge-type
graph and the cases k = 2 and k = 3, critical values of the parameter § were found, determining the transition from a
unique to multiple translation-invariant Gibbs measures. Thermodynamic analysis showed that the model exhibits ordered
phases at low temperatures and a disordered phase at high temperatures, revealing the interplay between magnetic ordering
and hard-core exclusion effects.

The thermodynamic analysis of the HC-Potts model on the Cayley tree reveals several important physical features
arising from the interplay between ferromagnetic interactions and hard-core exclusion constraints.

The fixed-point solutions of the recursive relations show that at low temperatures (equivalently, for large values of
9 = e’ ), the system admits four distinct magnetized phases in addition to the paramagnetic one. These phases appear
in symmetric pairs with positive and negative magnetizations, reflecting the underlying £1 symmetry of the transformed
spin states. The presence of four magnetized phases is a direct consequence of the hard-core constraints, which restrict
admissible local configurations and thereby enrich the phase structure compared to the classical three-state Potts model.
As the temperature increases, thermal fluctuations dominate the ferromagnetic ordering, causing the magnetized phases
to move continuously toward the paramagnetic fixed point. At the critical temperature T, all nonzero magnetizations
collapse to zero, marking a transition from an ordered ferromagnetic regime to a disordered paramagnetic phase. This
behavior illustrates the spontaneous breaking of symmetry at low temperatures and its restoration at high temperatures.

The quadrupolar order parameter provides additional insight into the distribution of active spin states. For the three-
state system, it measures the relative weight of the spin values £1 compared to the inactive state. Our analysis shows
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that each magnetized phase is accompanied by a distinct quadrupolar value, indicating that both magnetic and structural
ordering are simultaneously present in the low-temperature regime. As the temperature increases, the quadrupolar mo-
ments associated with all phases converge to a common value at the same critical temperature 7. This demonstrates that
the disappearance of magnetic ordering is accompanied by the loss of structural (nematic-like) order. Consequently, the
HC-Potts model undergoes a single combined phase transition at which both magnetization and quadrupolar order vanish.

Overall, these results show that the hard-core exclusion mechanism significantly modifies the thermodynamic behav-
ior of the Potts model, producing additional magnetized phases and enforcing a coupled disappearance of magnetic and
quadrupolar orders at the critical point.
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ABSTRACT A perfect star packing can be described as a spanning subgraph whose connected components
are isomorphic to the star graph K; 3. A perfect pseudo-matching is a spanning subgraph in which every
component is isomorphic to either K or K 3. The study of packing problems on fullerene graphs is of particular
interest due to their potential relevance in describing local bonding arrangements in carbon nanostructures. In
this paper, we study the uniqueness of perfect star packing, and the existence of pseudo-matchings in (2, 6)-
fullerene graphs. Moreover, we show that the perfect star packing in these graphs is unique. Furthermore, we
introduced some perfect pseudo-matchings in (2, 6)-fullerene graphs.
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1. Introduction

Fullerenes are carbon atom-based polyhedral molecules. They come in various sizes and forms. Fullerene graphs
serve as a crucial mathematical structure for modeling carbon-based nanosystems, with vertices depicting carbon atoms
and edges representing covalent bonds [1]. The study of structural properties of fullerene graphs has long been motivated
by their close relationship with real carbon cages and nanotube-related nanostructures [2]. Also, theoretical research on
fullerenes in graph theory, in parallel with experimental experiments, has led to the identification of structural properties
of stable fullerenes at macroscopic quantities. These theoretical researches have led to the investigation and prediction of
the potential stability of these molecules.

One of the most interesting patterns in fullerenes is the one that allows for a resonance structure. But such patterns
should not overlap, so they are modeled by packings in the corresponding graphs. A (k,6)-fullerene graph is defined
as a planar cubic graph in which every face is bounded by either k-cycles or 6-cycles. Dosli¢ [3] established that such
graphs exist only for k= 2, 3,4 and, 5. Applying Euler’s formula, one can deduce that the number of k-length faces in
(k, 6)-fullerenes graphs for k= 2, 3,4 and 5 equals 3,4, 6 and 12, respectively. For a graph G, a matching M is defined
as a set of edges of GG in which no two edges share a common vertex M. A matching is perfect if every vertex of G is
incident to exactly one edge from M. In addition to mathematics, perfect matchings have also received much attention
in chemistry and are known as the Kekulé structures.The number of Kekulé structures in a benzenoid hydrocarbon is
intricately connected to the compound’s stability. In a graph G, a perfect star packing can be described as a spanning
subgraph whose connected components are isomorphic to the star graph K 3. Similarly, a perfect pseudo-matching is
a spanning subgraph where each component is isomorphic to either K, or K; 3. When all components are edges Ko
the structure forms a perfect matching, and, when all are stars K 3 it becomes a perfect star packing. While a pseudo-
matching matching containing both types of components is called mixed pseudo-matching. Researching packing problems
in fullerene graphs is intriguing because of their possible significance to local bonding configurations in nanoscale carbon
structures [4, 5].

Specifically, the aim of this research is to investigate the conditions under which the addition of bulky groups leads
to maximum efficiency and how many bulky groups (i.e., addition to one atom prohibits addition to other atoms) can
be added so that the remaining part of the molecule still has a resonance structure. The concept of packing is very
useful for modeling such a situation. Understanding the uniqueness and existence of perfect star packings and pseudo-
matchings in (2,6)-fullerene graphs provides insight into the structural rigidity, stability, and possible functional patterns
of such nanoscale systems. Motivated by these connections, the present paper investigates the uniqueness of perfect star
packings and the existence of perfect pseudo-matchings in (2,6)-fullerene graphs, highlighting their potential importance
for nanoscale structural modeling.

© Taheri-Dehkordi M., 2026
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Extensive research has been conducted on fullerene graphs for £k = 3,4, and, 5. However, comparatively fewer
studies have focused on (2, 6)-fullerene graphs. In [4,6,7], the authors have obtained results about perfect star packings
of (k,6)-fullerene graphs for k= 3,4 and, 5. Taheri-Dehkordi and Fath-Tabar [8], examined nice pairs of pentagons
in chamfered fullerenes. Some properties of these graphs have been examined in [9-14]. Reference [15] provides the
computation of the number of perfect star packings and pseudo-matchings in some types of fullerene graphs. Yang et
al. [16], investigated the structure of (2, 6)-fullerene graphs. In a recent paper [17], the existence of perfect star packing
in (2, 6)-fullerene graphs was investigated. In this paper, we determine the number of perfect star packings and mixed
pseudo-matchings in (2, 6)-fullerene graphs by considering their structural properties and the arrangements perfect star
packing of these graphs.

2. Definitions and auxiliary results

This section states the important and used definitions and preliminary results. A (2, 6)-fullerene graph can be char-
acterized as a cubic planar graph in which all faces lengths are either 2 or 6. By Euler’s formula, these graphs contain
exactly three 2-length faces. The structure of some (2, 6)-fullerene graphs is stated in [16]. The authors proved that there
are (2, 6)-fullerene graphs with f hexagonal faces, so that f depends on a parameter such as s. In a (2, 6)-fullerene
graph G, a fragment H refers to a subgraph that consists of a cycle and the region inside it, such that all faces contained
in this interior are also faces of G [16]. In this study, four types of (2, 6)-fullerene graphs with the following structure
were introduced.

(2, 6)-Fullerene graphs of type 1: These graphs consist of a fragment G4 as shown in Fig. 1, which consists of s
hexagonal layers.

FIG. 1. The fragment G in (2, 6)-Fullerene graphs of type 1

(2, 6)-Fullerene graphs of type 2: These graphs consist of a fragment C as shown in Fig. 2, which consists of s
hexagonal layers.

i :

FIG. 2. The fragment Cj in (2, 6)-Fullerene graphs of type 2

(2, 6)-Fullerene graphs of type 3: These graphs consist of an initial fragment as shown in Fig. 3.

(2, 6)-Fullerene graphs of type 4: These graphs consist of a fragment Fz as shown in Fig. 4.

In [17], based on this structure, the existence of perfect star packing in these graphs is investigated. We summarize
these results below.

Proposition 2.1 ([17]). If G be a (2, 6)-fullerene graphs of type 1 with s hexagonal layers. Then,
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FIG. 3. The initial fragment in (2, 6)-fullerene graph of type 3

FIG. 4. The fragment F in (2, 6)-fullerene graph of type 4

(1) If sis odd, then G has a perfect star packing.
(2) If s is even, then G does not admit a perfect star packing.

Proposition 2.2 ([17]). If G be a (2, 6)-fullerene graphs of type 2 with s hexagonal faces in the first layer. Then,

(1) If sis odd, then G has a perfect star packing.
(2) If s is even, then G does not admit a perfect star packing.

Proposition 2.3 ([17]). Let G be a (2, 6)-fullerene graphs of type 3 with s hexagonal layers in their fragments. Then,

(1) If s is odd, then G admit a perfect star packing.
(2) If s is even, then G does not admit a perfect star packing.

Proposition 2.4 ([17]). Let G be a (2, 6)-fullerene graphs of type 4. Then, G does not have a perfect star packing.

3. Number of perfect star packing in (2, 6)-fullerene graphs

In this section, according to the structure of perfect star packings of (2,6)-fullerene graphs, introduced in [17], we
calculate the number of these packings and mixed perfect pseudo-matchings in four types of these graphs. Following the
notation introduced in [15], PSP(G) denotes the number of perfect star packings in the graph G.

In [17], a method for the perfect star packing in (2,6)-fullerene graphs of type 1 was presented. This packing config-
uration is denoted by, ;. We show that in this type of fullerene graphs, there is no other method for packing, and also,
only one packing configuration can be considered in this method. In other words, this packing is unique.

Theorem 3.1. Let G be a (2, 6)-fullerene of type 1. Then, PSP (G) = 0 if s is even and, PSP (G) = 1 if s is odd.

Proof. According to Proposition 2.1, if s is even, G does not admit a perfect star packing and therefore, PSP (G) = 0.
Assume that s is odd. First, we consider the innermost layer. For packing this layer, vertices vy and v’ designated as the
central vertices of the star structure (see Fig. 5). Also, in the last layer to cover vertices wy, ws, w3, and wy, vertices wy’,
wy’, w3, and w,” must be the central vertex of the star, respectively.

In the second layer, to cover the vertex ug, either uq itself must be the star’s central vertex or uo,, (Fig. 6). If ug is
the star’s central vertex, then we obtain the same packing as P;. So, Assume that uol is the central vertex of the star.

To cover u1, the vertex u;’ must necessarily be the central vertex of the star. To cover the vertex us, we consider the
following two cases.

(1) e’ is a central vertex. In this case, to cover vertex ug, vertex us’ must be the central vertex of the star. Also, to
cover vertex uy, vertex u,’ must be the central vertex of the star. Under these conditions, us is not covered.

(2) wug is a central vertex. In this case, to cover vertex us, vertex us’ must be the central vertex of the star. Likewise,
to cover ug, vertex w7 must be the central vertex, and to cover ug, vertex ug’ must be the central vertex of the star
(Fig. 7). In this case, u4’ is not covered.
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FI1G. 6. Packing in the second layer

Hence, it is impossible to obtain a perfect star packing in either case, implying that uo/ cannot be the central vertex
and uo must be a central vertex of the star.

From the above discussion, conclude that we should have the same P; packing method in the second and third layers.
On the other hand, subsequent layers must also be packing in pairs. Therefore, P is the only packing method. Now, we
need to check if there is another way to packing with this method. As mentioned, there is only one state in the first layer.
An even number of layers remain, which are packed in pairs. The only way to increase the number of packing states in
a pair of layers, is to rotate the stars. We consider the k-th and (k + 1)-th arbitrary layers, where & is an even number.
There are 4k+-2 and 4k+-6 vertices in these two layers, respectively, and there are 2k+-2 star graphs in these two layers.
The packing of these two layers is shown in Fig. 8.

In the neighborhood of each of the stars S7, So, S3 and Sy, there must be a star with a central vertex in the k-th layer.

(stars S;’, Sy’, S5" and S,” in Fig. 9).
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F1G. 7. Covering the vertex us

k-1 stars —a— ————p k-1stars

F1G. 8. Packing in two arbitrary layers

<
o

k-3 stars  —g—— ————p k-3 stars

O

F1G. 9. Packing in two arbitrary layers
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Also, adjacent to each of these star graphs, there must be a star graph with a central vertex in the k£ + 1-th layer.
Continuing this process, we will again arrive at the packing P; . (]

In [17], one technique to obtain a perfect star packing in (2,6)-fullerene graphs of type 2 and type 3 was presented.
We call these packings P» and Ps, respectively. In the following theorems, we show that in these types of fullerene graphs,
there is no other method for packing, and also, only one packing configuration can be considered in two methods. In other
words, these packings are unique.

Theorem 3.2. Let G be a (2, 6)-fullerene of type 2. Then, PSP (G) = 0if s is even, and PSP (G) = 1 if s is odd.

Proof. According to Proposition 2.2, if s is even, G does not have a perfect star packing and therefore, PSP (G) = 0.
Now, assume that s is odd. If we want to have a packing other than P;, the edges e;, e, e3 and e4 should be considered
as star edges (see Fig. 10).

F1G. 10. A packingin G

It is necessary that uy, us, us and u4 be the central vertex of the star. Also, vertices vy, v, Vs, Vg v, ve', v3’ and vy’
are also the central vertices of the star. To cover the vertex v, this vertex itself must be the central vertex, and in this case,
vertex vol is not covered. Therefore, the only packing method in this type of graph is the P> packing. Now, we prove
that there is only one state for this type of packing, and we conclude that PSP (G) = 1. In the first two layers, due to
the structure of 2-length cycles, there is only one state for packing. Now, we consider the third and fourth layers. In the
packing P, the vertex v, is the star’s central vertex (Fig. 11), and the vertex v; is also covered.

F1G. 11. Packing of vertices

If we want to consider vertex v; " as the central vertex of the star, then vl/ is not covered in any other way, so changing
the packing in this layer is also not possible. In other layers, similar to what was stated in Theorem 3.1, the rotation of
stars is not possible, and therefore, the statement is proven. ]
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Theorem 3.3. Let G be a (2, 6)-fullerene of type 3. Then, PSP (G) = 0 if s is even and, PSP (G) = 1 if s is odd.

Proof. According to Proposition 2.3, if s is even, G does not admit a perfect star packing and therefore, PSP (G) = 0.
Now, assume that s is odd. In (2, 6)-fullerene graphs of type 3, the packing of the initial fragment is done according to
the packing of (2, 6)-fullerene graphs of type 1. Therefore, this type of packing is unique. In the last layer, we also have
a unique packing. What remains are the remaining layers, the number of which is even. In these layers, as in the proof of
Theorem 3.1, rotation of stars is not possible, and therefore, PSP (G) = 1. (|

It is proved in [17] that (2, 6)-fullerenes of type 4 do not admit a perfect star packing. Considering this, the following
theorem can thus be deduced.

Theorem 3.4. Let G be a (2, 6)-fullerene of type 4. Then, PSP (G) = 0.

4. Perfect pseudo-matchings in (2, 6)-fullerene graphs

In the present section, we examine the mixed perfect packings, commonly referred to as pseudo-matchings. In a
graph G, a perfect pseudo-matching is a spanning subgraph whose connected component is either a Ko or a K 3.

Theorem 4.1. Every (2, 6)-fullerene of type 1 with an odd number of hexagonal layers has a perfect matching.

Proof. According to Theorem 3.1, (2, 6)-fullerene graphs with an odd number of layers admits a unique perfect star
packing consisting of % star graphs K 3. (n is the number of vertices of graph). Using this packing, we construct a

matching M for this type of graphs. Let G be a (2, 6)-fullerene of type 1 with an odd number of hexagonal layers. In the
first layer, we consider the matching edges as shown in Fig. 12 (dashed lines).

FI1G. 12. Matching in the first layer

In other layers, at one pole, for two pairs of layers G, we consider the edges of M as shown in Fig. 13(a) (dashed
lines). At the other pole, the edges of M are considered as shown in Fig.13(b).

F1G. 13. Matching at two poles and two pairs of layers

In other parts, we consider the edges of M in each pair of layers as shown in Fig. 13(c) (dashed lines). Therefore, all
vertices are covered by K components, and thus, a perfect matching for G is obtained. (]

Theorem 4.2. Let G be a (2, 6)-fullerene of type 1 with an odd number of hexagonal layers. Then, G contains a mixed
perfect pseudo-matching comprising at least two star components.
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Proof. 1t is established that G admits a perfect star packing. To prove the claim, it is necessary to demonstrate that G
contains two copies of K 3 whose union forms a nice subgraph of . For this purpose, we consider the process of
forming the graph matching in Theorem 4.1. In this matching, we consider each pair of K 3 star graphs. Suppose that £,
and ko are two adjacent star graphs. For other star graphs in the perfect star packing, we follow the process of constructing
the matching. By doing this, G — {k1, k2} has a perfect matching and therefore, k; U k2 is a nice subgraph of G. ]

By performing the method mentioned in the proof of Theorem 4.2 for each pair of stars, the following corollary can
be obtained.

Corollary 4.3. Every (2, 6)-fullerene of type 1 with an odd number of hexagonal layers contains a mixed perfect pseudo-
matching with at least two star components.

Table 1 presents the number of K, and K 3 components in a mixed perfect pseudo-matching in (2, 6)-fullerenes of
type 1 with an odd number of hexagonal layers.

TABLE 1. Number of components in mixed perfect pseudo-matching

Number of K 3 components Number of K> components

n
» :
ﬁ—G 12
F;
1—8 16

Considering the process of defining perfect star packing in (2, 6)-fullerene graphs of types 2 and 3 and, similar to
what was stated in the proof of Theorems 4.1 and 4.2, the following Theorems can be stated.

Theorem 4.4. Let G be a (2, 6)-fullerene of type 2 or 3 with an odd number of hexagonal layers. Then, G has a perfect
matching.

Theorem 4.5. Let G be a (2,6)-fullerene of type 2 or 3 with an odd number of hexagonal layers. Then, G contains a
perfect pseudo-matching with at least two star components.

5. Conclusion

In this study, our results demonstrated that for types 1, 2, and 3, perfect star packings are unique. Moreover, we
established the existence of perfect pseudo-matchings containing both star and matching components for the same classes
of graphs. These findings contribute to a deeper understanding of the combinatorial and structural properties of fullerene
graphs and may serve as a foundation for further investigations into their packing and matching configurations. The results
obtained from a nano-systems science point of view describe local structural motives in carbon nanostructures based on
the (2, 6)-fullerenes. The uniqueness of perfect star packings shows that there is only one predominant type of local
coordination - something that could be interpreted as an indication of structural stability and a reduced configurational
ambiguity at the nanoscale. Therefore, the outcome of the present work can be of benefit to a wider understanding
of structure-property relationships in nanoscale systems, where graph theory plays a very important role in connecting
mathematics with chemistry.
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ABSTRACT We present a theoretical study of how linear chirp controls plasma density in a water jet using
a two-stage framework. Stage | solves carrier-population and current equations at a single point, driven by
a chirped super-Gaussian pulse. By fixing bandwidth and normalizing for intensity, we isolate a chirp-only
response of plasma density, which exceeds unity and shows a consistent advantage for negative over positive
chirp. Stage Il propagates the field in water via the angular-spectrum method and applies the same equations
across space. Normal dispersion reverses the trend: the chirp-only plasma density decreases as chirp grows,
negative chirp remains less detrimental, and suppression is strongest for longer FTL pulses (e.g., 80 fs) due to
dispersion-induced temporal spreading and spatio-temporal desynchronization. This study separates spectral-
phase effects from bandwidth and intensity, yields testable predictions for water jets, and provides a foundation
for future experiments and self-consistent propagation models.

KEYWORDS plasma density, chirped pulse.
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1. Introduction

Plasma-liquid systems have emerged as a powerful platform for nanotechnology, offering unique physicochemical
environments for the synthesis, functionalization, and assembly of nanomaterials [1-3]. When high-energy laser pulses
interact with liquids, dense plasmas rich in reactive oxygen and nitrogen species (RONS) are generated [4—6], initiating
reduction, nucleation, and growth processes for metallic and semiconductor nanoparticles. Unlike conventional chemical
synthesis, plasma-liquid techniques operate without toxic reducing agents, allowing environmentally friendly and highly
controllable nanomaterial production [7,8]. Such plasmas also enable post-synthesis surface modification, grafting func-
tional groups onto nanostructures to enhance dispersion, catalytic activity, and biocompatibility. Applications span from
catalytic nanomaterials and quantum dots for optoelectronics, to plasma-activated liquids for targeted biomedical thera-
pies. For instance, dielectric barrier discharge plasma has been employed to functionalize graphene and carbon nanotubes,
improving their dispersion in aqueous systems and enhancing their performance in energy storage and gas hydrate forma-
tion [9]. Plasma-assisted nanotechnology also provides a versatile route for producing hybrid nanostructures [10], where
nanoparticles can be synthesized and simultaneously functionalized in situ, enabling direct integration into biomedical,
catalytic, and sensing applications.

Within this field, laser-induced plasmas in liquids offer distinctive advantages for nanoparticle fabrication and clus-
tering [11, 12]. The high pressure, rapid quenching rates, and strong confinement at the plasma-liquid interface promote
the formation of metastable phases, fine particle size control, and narrow distributions. Additionally, by tuning laser
parameters such as pulse duration, beam spot size, wavelength, and focusing conditions, researchers can tailor plasma
density, temperature, and lifetime, thus influencing nucleation kinetics and particle morphology [13-16].

A particularly promising approach for controlling plasma characteristics is the use of chirped laser pulses. Chirping as
a temporal variation of the instantaneous frequency within an ultrashort pulse, directly modifies the rate and dynamics of
energy deposition into the liquid medium [17]. Positive and negative chirps have been shown to influence ionization rates,
electron heating, and plasma density, thereby enabling fine control over plasma lifetime and expansion dynamics [17, 18].
While most studies on chirped pulse—plasma interactions have been conducted in gaseous or solid targets, liquid environ-
ments present unique opportunities due to their high nonlinear response, efficient ionization, and high damage thresholds
compared to solids [15]. In water [17], experiments and simulations show that tuning the input quadratic chirp strongly
reshapes nonlinear energy deposition and the plasma distribution near focus: under normal group velocity dispersion,
negative pre-chirp drives the pulse closer to transform-limited at the nonlinear focus, increases deposited energy, and
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can maximize plasma length and electron density depending on the input duration. These studies used envelope propa-
gation with Kerr and Drude terms and matched experiments by adjusting ionization and collision parameters. In argon
clusters [18], nanoplasma modeling indicates a strong chirp sensitivity, ionization ignites earlier for negatively chirped
pulses than for unchirped or positively chirped pulses, yet the highest peak electron density occurs for a positively chirped
pulse; calculations also report ~20% higher electron energy and larger cluster radius for negative chirp. In gas-phase
wakefield acceleration [19], experiments combined with PIC simulations found a positive-chirp preference: a smoother
bubble, earlier rear-bubble wavebreaking, and higher electron energies/charge than with transform-limited or negative
chirp; differences appear as changes in bubble density distribution, not necessarily higher absolute plasma density for
negative chirp.

Because prior liquid-phase studies typically allow peak intensity to co-vary with chirp via duration changes with-
out normalizing it away, causally attributing changes in plasma density to chirp alone remains difficult; in our study
we focus explicitly on plasma density and close this gap by (i) enforcing constant spectral width across chirp and (ii)
normalizing out intensity, within a two-stage water-jet framework, single-point dynamics and water-only propagation, to
quantify the intrinsic chirp effect on plasma density. All metrics, normalizations, and comparisons are defined in terms of
electron-density estimates obtained from the Drude relation applied to the simulated current, evaluated across the water jet
located at the focal region of focusing lens. The use of liquid jet provides a continuously renewed surface for interaction,
eliminates thermal effects, and by tuning chirp parameters, it becomes possible to modulate electron density, plasma fre-
quency, and other plasma properties. Such control can, in turn, influence nanoparticle size distribution, promote selective
clustering, and enhance reproducibility in plasma-liquid synthesis processes.

2. Theoretical Background

Theoretical modeling in this work is based on the density matrix formalism [20-23], a well-established analytical
framework originally developed in the foundational work [20] for describing the interaction of intense ultrashort, linearly
polarized optical pulses with transparent isotropic dielectric media. It is derived under standard assumptions of non-
resonant interaction in the transparency window, dominance of the linear polarization over higher-order terms, and a
reduced few-state (two- and three-level) density-matrix model that accounts for Kerr, population-induced, and plasma
nonlinearities [20]. The model comprises three coupled equations governing the electric field F, plasma current density
J, and excited-state population p.
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Here, ng and a describe normal dispersion, while g represents the medium’s cubic nonlinearity, related to the non-
linear index ny via g = 2n9/c. « and (3 are coefficients quantify respectively the population efficiency of highly excited
electronic states and free carrier generation in the medium. 7, and 7, are the relaxation times for collisions and excited
states. The simulation is performed in a reduced time defined by 7 = ¢t — zng/c, where z is the propagation axis. In
its complete form, the first equation governs the temporal evolution of the radiation field, including the effects of plasma
nonlinearities, and full field—plasma feedback. The second equation describes the dynamics of the quasi-free electron
current density under the influence of the electric field, while the third governs the population of highly excited electronic
states.

In the present work, we omit the first equation (field-propagation equation) from the Eq. system (1) and retain only
the carrier—population and current equations because the laser waveform is prescribed as a chirped super-Gaussian (see
Eq. (2)). Under this assumption the electric field acts as an external driver rather than a self-consistently evolving variable,
allowing to isolate the influence of chirp parameter on electron excitation and current generation without introducing the
computational complexity associated with full field—plasma coupling. This driver-only reduction is standard in break-
down modeling of liquids and dielectrics, where plasma dynamics are advanced from a known pulse profile to isolate how
waveform parameters (here, chirp) control excitation and current, without the computational overhead and additional con-
founders of full field—plasma coupling. Representative precedents include rate-equation treatments of water breakdown
driven by the laser irradiance [24], first-order multiphoton/avalanche models for ocular/aqueous media [25], and multiple-
rate-equation frameworks that evolve carrier populations using a given ultrafast pulse [26], while ultrafast pulse-shaping
tutorials justify imposing chirp as a predefined spectral phase.

This work employs a two-stage modeling strategy. Stage I isolates the temporal physics at a single point in space
using reduced rate/current equations driven by a prescribed chirped field. Stage II constructs the spatiotemporal field
E(7,r, z) by linear focusing and dispersive propagation (angular-spectrum method), then applies the same local medium
equations point-wise across (r, z) to obtain p(7,r,2) and j(7,r, z). This staged approach cleanly separates the role of
chirp in the temporal dynamics from beam-propagation effects before moving to fully self-consistent (envelope/UPPE)
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models. The input field is taken as a super-Gaussian order m = 8 and a linear frequency chirp implemented via a quadratic

temporal phase.
22m—1 A
E(7) = Egexp (— 5 sz> sin <w0 (T + 7'2)) . 2)
t2m ty

Where ¢, is the pulse duration, wy the carrier frequency, and A dimensionless chirp parameter. Differentiating the phase
shows an instantaneous angular frequency wins¢(7) = wo (1 + 2 (A/t,) 7) a linear chirp with rate C' = 2w (A/t,). A
negative chirp (A < 0) places higher frequencies at the leading edge of the pulse and lower frequencies at the trailing
edge, whereas a positive chirp (A > 0) reverses this order. We use a super-Gaussian envelope to deliberately keep the
spectrum balanced, with equal energy on both sides of the pulse. In this way, chirp modifies only spectral phase without
altering the energy distribution between the spectral wings as much as possible. The super-Gaussian profile also reduces
long-tail artifacts and spectral sidelobes, enabling fair and reproducible comparisons between positive and negative chirp.
This approach is standard practice in pulse-shaping studies aimed at isolating phase effects [27,28].

Implementing chirp inherently alters the spectral width of the pulse. In our model, to ensure a constant bandwidth
across different chirp values, the duration of the Fourier-transform-limited (FTL) pulse is adjusted accordingly. However,
modifying the pulse duration at fixed pulse energy inevitably changes the peak intensity. To distinguish the intrinsic
influence of chirp from the secondary effects caused by intensity variation, the plasma density results were normalized
by the corresponding normalized intensity values. This procedure isolates the “chirp-only” contribution to the plasma
response.

2.1. Stage I - Single-point, chirp-driven carrier dynamics

To capture the essential plasma build-up without solving the full wave equation, we advance the density p of highly
excited electrons and the quasi-free electron current density j under the driving field F(7) via
o1 )
Y 9 _gpr®— L. 3)
or Tp or Te
Within the Drude picture, the macroscopic current density j is related to the free electron density n, and the drift velocity

vg via Eq. (4) [29]:
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where e is the elementary charge, o the conductivity of the medium with p being the electron mobility and m, is the
electron mass. Combining these expressions yields an instantaneous estimate for the free electron density as:

/(7]
elpE(r)|’
which directly links the simulated current density from the model to the plasma density through the Drude model and
Boltzmann transport framework. Because the rates scale as £ and E?, the quadratic phase shifts the timing between the

envelope peak and carrier phase, which modifies how p builds before momentum relaxes on 7.. The single-point model
thus isolates purely temporal chirp effects on excitation and current without beam propagation.

&)
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3. Stage II — Adding space and propagation in water

To obtain the spatiotemporal driving E(7,, z), we apply Fourier-optical propagation. A thin lens imposes the fa-
miliar quadratic phase exp [iwr2 / (2cF)] of frequency-dependent curvature. We consider a liquid water jet of 150 pym
thickness, positioned at the focal plane of a 20 cm focusing lens. Since plasma formation is confined to the focal region,
thus, only the jet itself is included in the numerical simulation, while the air path before and after the jet is treated analyt-
ically. Specifically, the spot size, wavefront curvature, and temporal intensity profile of the pulse at the entrance surface
of the water jet are obtained from the standard Gaussian beam propagation formulas [30]. These parameters define the
initial input field for the propagation inside the liquid. In this way, the simulation focuses on the medium where plasma
dynamics occur, while the surrounding air regions are reduced to their optical boundary conditions. This ensures both
computational efficiency and physical accuracy in describing plasma evolution within the water jet. To study plasma for-
mation across the jet thickness, propagation over a distance Az = 150 pm is carried out in the spatio-temporal frequency
domain by multiplying every (k,.,w) component by the angular-spectrum propagator:

WA 2
H (ky,w) = exp [—ik, (w, k) Az], k, = (n(w);) — k2, (6)
where n(w) reverse to the refractive index of the medium k,. is the radial spatial frequency, and c is the speed of light.
Evanescent components (when k,. > nw/c) are naturally attenuated by the propagator. This formulation is standard in
Computational Fourier Optics. At each propagation step z, the computed field E(7, r; z) drives the same local ODEs (1)
at each radius r, yielding p(7, r; z) and j(7,r; z). Then maps current to plasma density by the Drude relation mentioned
before. Chirp is still introduced only via the quadratic temporal phase of the input field. Within propagation, that phase
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translates into a different temporal ordering of frequencies along z, thereby altering the instantaneous plasma intensity
and its overlap with the relaxation dynamics governed by 7. and 7, across the beam.

The present model does not feed the evolving p, 7 back into the field E through a refractive index change at each step;
it prescribes E (7, r; z) from linear optics and then advances the medium locally. This deliberate simplification allows us to
isolate the role of chirp before introducing self-consistent propagation models such as the unidirectional pulse propagation
equation (UPPE). Nonlinear contributions, including Kerr self-focusing, plasma defocusing, and the magnetic term in the
Drude response, are neglected because their effect on plasma density is minimal under the studied conditions [29, 31].
For example, at I ~ 10" W/cm? and A = 800 nm, the electron quiver velocity give vq/c = 2x1073, confirming that
magnetic forces are less than one percent of the electric force [32]. Similarly, Kerr and plasma nonlinearities primarily
shorten the effective focal position through self-focusing or refocusing, while ponderomotive forces only redistribute
already-generated electrons. Since plasma formation within the 150 pm water jet is governed almost entirely by ionization
at the local intensity, neglecting these effects does not alter the calculated electron density, aside from a small focal shift.

4. Results

The equation system is integrated with an explicit Runge—Kutta—Fehlberg method (ode45) on a femtosecond grid,
adequate for the non-stiff dynamics here. The complete set of physical constants and pump parameters employed in the
simulations is listed in Table 1.

TABLE 1. The complete set of physical constants and pump parameters used in the simulation

Pump parameters

Laser wavelength, A 80 nm

Pulse energy, Epyise 300 pd

Focal length of the focusing lens, F’ 20 cm

Beam spot diameter before the focusing lens 2 mm
Beam spot diameter at the focusing position 7 ~102 pm

Physical parameters

7. (fs) ~11[22]
7, (fs) 150 [22]
a (ST) 7.1687e+19 [20,22]
B (S 2.8879e+12 [20,22]

Introducing a linear frequency chirp to a FTL pulse modifies its spectral width, even if the temporal envelope shape
is preserved. To perform chirp-dependent comparisons at constant bandwidth, we empirically adjusted the chirped pulse
duration for each chirp rate until the resulting chirped pulse spectral width reproduced the one of the FTL pulse. The
adjustment was carried out by comparing numerically computed spectra (via FFT) of the FTL and chirped pulses and
iteratively modifying the chirped pulse duration until the full width at half maximum (FWHM) bandwidths matched
within the numerical resolution. This direct spectral matching accounts for discretization, windowing, and the super-
Gaussian envelope used in our model, which can cause small deviations from ideal analytic time—bandwidth scaling.
Thus, we used chirp magnitudes from |A| =5x% 1074 to 2x 1072, for FTL pulse widths of 20, 40, 60, and 80 fs. After
bandwidth matching, the corresponding chirped FWHM durations at the largest |A| = 0.02 were 20.19 fs (from 20 fs),
40.95 fs (from 40 fs), 63.45 fs (from 60 fs), and 89.49 fs (from 80 fs). This procedure ensures that, in the single-point
case, any change in plasma formation reflects only the imposed chirp and the deliberately adjusted pulse duration, and, in
the propagation case, the same effects with material dispersion, rather than to inadvertent differences in spectral width.

Since changing pulse duration affects the peak intensity (for fixed beam area, I,cqr < Epuise/tp), in our simulation,
we adjust the pulse duration at fixed pulse energy and isolate the chirp-only contribution to plasma density as Eq. (7)
represents, by dividing the normalized plasma density by the normalized pump intensity at each chirp value

N/N,
Nonly chirp — I;IUO (7)

4.1. Results of Stage I — Single-point, chirp-driven carrier dynamics

Fig. 1 illustrates how the plasma electron density depends on chirp rate for different time durations of FTL pulses. In
Fig. 1a, the overall trend of the normalized plasma density is decreasing as the chirp magnitude increases, independent of
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whether the chirp is positive or negative. This reduction originates from the temporal stretching of the pulse: introducing
chirp redistributes the spectral content of the pulse over a longer duration, lowering the peak intensity available to drive
ionization.
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FI1G. 1. a) Normalized plasma electron density of different FTL pulse durations at different chirp rates,
b) light intensity of different FTL pulses, considering the chirped FWHM durations for different chirp
rates, c) the isolated effect of introducing chirp on plasma electron density.

The corresponding normalized light intensities, adjusted to maintain a fixed spectral bandwidth, are shown in Fig. 1b.
To separate the intrinsic effect of chirp from this intensity reduction, Fig. lc presents the ratio of plasma density to
normalized intensity Nopiy chirp, €ffectively isolating the “chirp-only” contribution. This analysis reveals that chirp has
two competing influences on plasma generation. On one hand, pulse stretching lowers the peak intensity and thus reduces
ionization efficiency. On the other hand, chirp alters the temporal frequency distribution within the pulse. For negative
chirp, higher frequency components arrive earlier in time and coincide with higher instantaneous intensities on the leading
edge of the pulse. This condition seeds ionization earlier and promotes stronger avalanche growth of free electrons. By
contrast, positive chirp delays the arrival of higher frequency components until the trailing edge, where much of the
available intensity has already been depleted, resulting in weaker plasma formation. The outcome is an overall asymmetry:
negative chirp produces higher electron densities than positive chirp of the same magnitude. To highlight this effect, Fig. 2
provides a magnified view of the negative chirp region from Fig. 1a. At small negative chirp values, the normalized plasma
density slightly exceeds unity, meaning that plasma formation is actually enhanced compared to the transform-limited
case. This indicates that in this regime, the chirp-induced temporal ordering of frequencies enhances ionization more
strongly than the intensity reduction suppresses it. Our finding matches water experiments and simulations that chirp sign
matters, and suitable negative chirp reduces transmission and increases plasma density and deposited energy [17,33]. At
larger chirp values, however, pulse stretching dominates and the plasma density falls below the baseline. As a result, chirp
modifies plasma formation through a balance of pulse stretching (which suppresses ionization) and temporal frequency
ordering (which can enhance it). Negative chirp is particularly effective because it aligns the high frequencies followed
with the highest intensities at the leading part of the pulse.
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FIG. 2. Magnified view of the negative chirp region from Fig. 1a, showing normalized plasma electron
density for different FTL pulses at various chirp rates.
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4.2. Results of Stage II — Adding space and propagation in water

Using the same normalization procedure in Stage I (Fig. 1c), Fig. 3a. reports the chirp-only plasma response
Nonty chirp resulting from the propagated field E(7,r; z) in water. The curves in Fig. 3a. show chirp-only contribu-
tion for four FTL durations (20, 40, 60, 80 fs). It can be seen that all curves peak at chirp A = 0 and decrease as | A|
grows, for a given | A| negative chirp exceeds positive chirp where left branch lies above right and the 80 fs FTL curve
falls off most steeply the suppression is progressively weaker for 60 fs, 40 fs, then 20 fs.
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FIG. 3. a) Plasma electron density under the isolated effect of chirp for several FTL durations in case
of propagated field E(7,r, z) in water. b) Calculated peak plasma density per slice from the propagated
field E(7,7, z) in water as a function of propagation distance z, FTL duration of 20 fs with no chirp
applied.

Unlike single point results in stage I, Noniy chirp values in Fig. 3a. fall below unity because of several factors. First
our intensity normalization equalizes input bandwidth and peak power but does not fully account for the additional pulse
stretching that occurs during propagation in water, where the group-velocity dispersion at 800 nm is positive and measured
as By ~ 24.8-25.7 fs> mm~! [34], adding a group delay dispersion of &y = B2z ~ 3.7-3.9 fs?, the corresponding
dimensionless chirp is Cg;sp = 41n(2®5)/ tz hence the chirp added by propagation over z is Agisp = Caisptp/2wo Which
gives Agisp ~ 0.1104(20 fs), 0.0552(40 fs), 0.0368(60 fs) and 0.0276(80 fs). These values exceed the largest applied
|A] in our simulation (£0.02) Thus, a pulse that initially carries negative chirp becomes unchirped after a compensation
distance z and then acquires positive chirp for the rest of its propagation. In contrast, a pulse that begins with positive
chirp gains a further increasing chirp during propagation. The associated pulse duration broadening lowers the local peak
intensity across the focal region. Beyond this amplitude mechanism, dispersion also alters temporal ordering of the field
while propagation, so the overlap of the medium’s response (p and the pE* drive that builds plasma) drops faster than
an E? based intensity measure, further reducing the normalized plasma yield [35]. This effect can be seen in Fig. 3b
which represents peak plasma density over the propagation distance on z with no chirp applied The resent factors pushes
Nonty chirp < 1 even before phase-timing effects are considered [34]. Moreover, angular-spectrum propagation couples
space and time since k, (k,,w) varies with both frequency and transverse spatial frequency, as a result, different spectral
and radial components accrue different delays and diffraction, desynchronizing on-axis and off-axis contributions [36].
Consistent with prior water studies, negative chirp still performs better than positive at equal | A|, but once propagation-
induced dispersion and these overlap effects are included then the net chirp-only whether negative or positive response is
suppressive.

5. Conclusion

We presented a two-stage, spectral bandwidth-controlled and intensity-normalized analysis of how linear chirp gov-
erns plasma generation in a water jet. In Stage I (single-point), intensity-normalized analysis revealed a genuine chirp-only
enhancement of plasma yield, with a persistent advantage for negative over positive chirp. In Stage II (propagation in wa-
ter), the trend reverses once dispersion is included: normal GVD in water at 800 nm adds positive quadratic phase that
stretches the pulse and degrades the timing between the field and the medium’s response, so the plasma-per-intensity ratio
drops below unity, yet negative chirp remains less detrimental than positive, and the suppression is strongest for longer
FTL pulses. Our simulation further shows that the dispersion-induced chirp exceeds the largest applied chirp, so a pulse
starting with negative chirp is quickly compensated, becomes unchirped, and then turns positive, this observation is im-
portant for experimental conditions, since commonly used media exhibit positive dispersion, and even a small thickness
of 150 pm is sufficient to cancel an initially negative chirp during the propagation. This study directly addresses com-
mon limitations in prior liquid-phase studies by holding bandwidth fixed across chirp scans and explicitly normalizing
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out intensity, thereby exposing the genuine effect of chirp on plasma density, independent of bandwidth and intensity.
Looking ahead, the approach provides specific, testable predictions and a clean baseline for experiments, as well as a
natural springboard to self-consistent propagation models to quantify chirp—dispersion balance under realistic focusing
conditions. The findings provide new insight into the active control of plasma-liquid interactions and their implications
for tailored nanoparticle synthesis and clustering in advanced nanotechnology applications.
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ABSTRACT This study explores the application of spin waves for developing functional components for infor-
mation processing, transmission, and storage within the microwave and terahertz frequency regimes. The
platform is based on yttrium iron garnet thin films, with spin wave manipulation achieved via two-dimensional
arrays of magnetite cylinders. A numerical micromagnetic analysis of a cross-shaped waveguide was con-
ducted by solving the Landau-Lifshitz-Gilbert equation, examining the dependence of wave properties on the
orientation of the external magnetic field. The findings indicate a viable pathway toward the realization of
compact and energy-efficient magnonic devices.
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1. Introduction

Magnonics [1] is a rapidly evolving field of modern physics and nanotechnology that studies the transfer of mag-
netic moment or electron spin as an alternative to conventional charge transfer. This discipline opens new possibilities
for creating information processing, transmission, and storage devices in the microwave and terahertz ranges [2,3]. In
such devices, the information signal is encoded in the phase or amplitude of a spin wave (SW), and logical operations
are implemented based on the principles of spin-wave interference [2]. Spin waves represent collective oscillations of
magnetic moment orientations in magnetically ordered materials, which can be used to encode information through phase
modulation.

One of the key materials for creating magnetic waveguiding structures is yttrium iron garnet (YIG), which exhibits
record-low spin wave damping even at nanoscale thicknesses [1].

Control of spin waves is one of the key challenges in magnonics. One approach to solving it involves the use of
two-dimensional arrays of magnetic nanostructures, particularly magnetite cylinders, which are responsible for the mod-
ification of SW dispersion characteristics and the control of their propagation. In our previous studies, we investigated
rectangular YIG waveguides functionalized with magnetite of varying geometry [4—6]. These works demonstrated effec-
tive manipulation of spin-wave transmission, but were limited to single-channel geometries with only one output port,
thereby restricting the ability to control the spatial distribution of the signal.

This work presents a numerical micromagnetic simulation of a cross-shaped YIG waveguide with a two-dimensional
array of magnetite cylinders, featuring three output ports (P,y¢ 1,2,3). We demonstrate that changing the direction of the
external magnetic field along or opposite to the OY axis not only modulates the amplitude of the transmitted signal but also
redistributes the spin-wave energy among the output channels. This directional control, enabled by the inhomogeneous
internal magnetic field induced by the magnetite array, opens new pathways toward the realization of compact, multiport,
and energy-efficient magnonic devices capable of spatial signal routing.

2. Method

The considered structure is a cross-shaped waveguide with an array of cylinders on its surface (see Fig. 1). The
microwave waveguide is made from a YIG film (Y3Fe5012) with a length of L = 4 mm, a width of W = 500 pum, and
a thickness of 10 pum. The cylinders were made of magnetite (Fe30,), each with a diameter and height of 10 ym. The
array of cylinders was positioned in a 500 umx500 pm area located at the center of the structure. The distance between
the centers of the cylinders, both vertically and horizontally, was d = 10 um. This area contained an array of 25x25
cylinders (number along OXxOY). The ends of the structure feature exciting and receiving antennas, labeled P;,, and
Pout 1, Pout2, Pout_s, respectively. The antennas have dimensions of 30 umx500 pm.
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FIG. 1. Schematic illustration of the cross-shaped structure with an array of magnetite cylinders

Using micromagnetic modeling based on solving the Landau-Lifshitz-Gilbert (LLG) equation [7], a study of spin
wave propagation modes in the structure (see Fig. 1) was conducted. The LLG equation can be represented as:
oM a [ 8M]

ﬁ:’y[HeffXM]—‘rMO M x — (1)

ot

Here M is the magnetization vector, « is the damping parameter, He;y = Ho + Hgemag + He, 1s the effective
magnetic field, Hg is the external magnetic field, Hgeynaqg is the demagnetization field, He, is the exchange field, and
v = 2.8 MHz/Oe is the gyromagnetic ratio.

The damping parameters for the YIG film and magnetite are 5x10~% and 2x1072, respectively. The exchange
constant in the YIG film is A.;1 = 3.612 pJ/m, and in magnetite, it is A.,2 = 1.210 pJ/m. The saturation magnetizations
of YIG and magnetite are 47 My = 1750 G and 47 Mps,4 = 6000 G, respectively. The structure was placed in a
uniform static magnetic field of Hy = 1200 Oe. Cases involving the excitation of surface magnetostatic waves (SMW)
were considered. In these cases, the external magnetic field Hg was applied along and opposite direction of the OY axis.

In the numerical simulation impulse excitation were used. For impulse excitation of SWs, a magnetic field h,(t) =
ho sin ¢(27 f,,t) was applied to the YIG film in the region of the input antenna P;,,, where the central frequency f,,, = 6 GHz,
ho = 0.001 Oe. The value of the dynamic magnetization M, (x,y,t) was recorded in the regions of the receiving anten-
nas Poyt 1, Pout2, Pouts With a time step of At = 20 ps over a period of 7" = 300 ns, which is sufficient to reach a
steady state.The mesh cell size was 2x2x2 um?. The values of m. (z,y, t) were calculated for all cells using the formula
m,(x,y,t) = M,(z,y,t) — M,(x,y,0), where M, (z,y, 0) corresponds to the ferromagnetic state. To reduce spin wave
reflections from the boundaries of the computational domain, absorbing layers with a geometrically increasing damping
coefficient o were introduced (hatched areas in Fig. 1) [8,9]. This approach was used to create time dependencies of the
magnetization m. (z, y, t), which were then analyzed using the Fast Fourier Transform [10] to obtain amplitude-frequency
characteristics (AFC).

3. Results and discussion

The internal demagnetization fields in the structure were calculated for different directions of Hg. Fig. 2 shows
the distribution of the internal field in the YIG film with magnetite. It can be observed that the magnetite introduces
inhomogeneity into the internal field of the YIG film.

To obtain information about what happened to the wave after interacting with the magnetite array, the spectral power
density of the spin wave signal was calculated. Fig. 3 shows the AFC for the structure when varying the direction of the
external magnetic field. The blue/red line corresponds to the external magnetic field directed along/opposite OY direction.
The dark blue/brown line corresponds to the AFC for the YIG film without magnetite with Hg oriented along/opposite
OY direction. The dark blue and brown curves in the passband region are qualitatively the same, which is why the dark
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FIG. 2. A map of the internal magnetic field (H;,;) distribution in the cross-shaped structure with an
array of magnetite cylinders (a). A map of the H;,,; distribution, taken in the region where the array of
magnetite cylinders is located (b)

blue curve is not visible in the AFC. Fig. 3a is plotted from data from antenna F,,; 1, Fig. 3b from antenna P,,; 2, and
Fig. 3c from antenna P, 3.
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The AFCs show that depositing magnetite onto the YIG film results in signal degradation regardless of whether the
external magnetic field Hy is applied along or opposite to the OY axis. When changing the direction of Hy, a specific
frequency fi; = 5.415 GHz can be identified (see Fig. 3b). The AFCs show that depositing magnetite onto the YIG film
results in signal degradation regardless of whether the external magnetic field Hy is applied along or opposite to the OY
axis. When changing the direction of Hyg, a specific frequency f; = 5.415 GHz can be identified (see Fig. 3b). At this
frequency, the transmission characteristics differ significantly depending on the field orientation. For an external field
direction opposite to the OY axis (blue curve), a deep dip is observed at port P,,; o with a minimum transmission value
of approximately —93 dB. For an external field direction along the OY axis (red curve), a significantly weaker dip is
observed at the same port, with a minimum transmission value of approximately —62 dB. This means that the difference
in signal amplitude between the two states at port P,,; o is approximately 31 dB, which corresponds to a power ratio of
roughly 1.3x103.

Furthermore, this directional dependence is not limited to the main output port (P, 2). At the same frequency f; in
the upper port P, 1 (see Fig. 3a), the minimum transmission values are approximately —65 dB for Hg opposite to OY
and —67 dB for Hy along OY, indicating a smaller but still observable difference (~2 dB). In the lower port P,,; 3 (see
Fig. 3c), the minimum transmission values are approximately —65 dB for Hg opposite to Oy and —74 dB for Hg along
OY, showing a more pronounced difference of ~9 dB.

This spatially non-uniform response across the three output ports demonstrates that the reversal of the external mag-
netic field does not merely attenuate the signal, but actively redirects and redistributes the energy flow of the spin wave
within the cross-shaped structure. The strongest control effect is observed along the primary axis of propagation (port
P,yu1.2), while the transverse ports (P,,;1 and P,,;_3) exhibit a more complex, asymmetric response, likely due to inter-
ference and mode conversion effects induced by the magnetite array’s inhomogeneous demagnetizing field. The observed
effects are caused by the emergence of local inhomogeneities in the internal magnetic field within the YIG film, induced
by the presence of the magnetite. The magnetite creates a spatially non-uniform demagnetizing field, which disrupts the
magnetization uniformity in the structure and leads to the overall signal degradation.

4. Conclusion

This article investigates the control of spin wave propagation in a cross-shaped YIG microwave waveguide with a two-
dimensional array of magnetite cylinders on its surface. Numerical micromagnetic modeling demonstrated the possibility
of altering spin wave characteristics by varying the orientation of the external magnetic field. It was established that the
direction of the external magnetic field influences the amplitude-frequency characteristics.

The results show that changing external conditions allows for the control of spin wave parameters, opening new
possibilities for creating highly efficient magnonic devices. An important aspect of this research is the technical feasibility
of such structures, enabled by modern micro- and nanolithography methods. Furthermore, magnetite, used as the material
for the cylinders, possesses unique magnetic properties and a broad range of applications in biomedicine [11-14] and
sensor technologies [15,16]. Its biocompatibility [17] and capacity for functionalization [12] make this material promising
for developing sensors and devices used in the diagnosis and treatment of biological systems.

Thus, the presented results could find applications not only in the field of magnonics but also in related areas such as
biomedical engineering and sensor technology, expanding the potential uses of spin waves and magnetic nanostructures.
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ABSTRACT In this work, we investigate an alternative approach to phase modulation for information encoding
and decoding in quantum key distribution systems. Specifically, we propose pulsed phase modulation, i.e. it
has an envelope in addition to previously considered only harmonic temporal behavior of modulation index
(depth), as a replacement for the conventional use of both intensity and phase modulators, which enables
a more compact and cost-effective optical design. We further analyze how the principal parameters of this
scheme affect the interference observed at the receiver and, consequently, their contribution to the quantum
bit error rate in a subcarrier-wave quantum key distribution implementation.
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1. Introduction

With the ongoing transition of quantum key distribution (QKD) [1] from the laboratory [2—11] to commercial de-
ployment [12-18], research emphasis has shifted from foundational aspects toward applied implementations, including
network applications [19-24]. The reliable preparation and measurement of quantum states lies at the core of any QKD
protocol. In practice, the majority of QKD schemes employ weak coherent states (it can be phase-randomized [25]), where
information encoding and decoding are realized using phase and intensity modulators. Commercial deployment of QKD
places emphasis not only on performance but also on cost, and modulators constitute one of the most expensive elements
in the transmitter (Alice) setup. It becomes even more crucial in terms of quantum networks and quantum Internet of
Things. In this work, we focus on the subcarrier wave (SCW) QKD protocol [26—-31], whose distinguishing feature is that
information is encoded in the frequency spectrum rather than in the phase difference between spatial modes, as in con-
ventional phase-coding schemes. In this protocol, intensity modulators are commonly used to align the prepared quantum
states with the temporal gating of the detectors. Nevertheless, the phase-encoding structure of SCW QKD allows one to
dispense with intensity modulation altogether. A natural solution is to replace the continuous-wave laser with a pulsed
source. Yet, in practice, the implementation of such a source is nontrivial, as it requires meeting stringent conditions on
both spectral width and pulse repetition rate.

To address this issue, we propose an alternative approach to phase encoding, referred to as pulsed phase modulation.
We analyze the general framework of this modulation scheme and examine how its key parameters influence the resulting
interference observed at the receiver and, as a consequence, contribution of their non-ideal alignments to quantum bit
error rate (QBER, Q) of a SCW QKD setup.

The article is organized as follows. In Section 2 preliminaries of phase modulation with harmonic electric control
signal is considered. Section 3 is dedicated to the description of the proposed idea that modulation index can be time-
dependent. In Section 4, two cases of rectangular and Gaussian shapes of modulation index envelops are thoroughly
examined. Section 5 concludes the article.

2. Preliminaries
Coherent state after a phase-modulation with an applied harmonic electric control signal, proportional to m 4 sin(Qt+
®a),is as follows [27,32]:
s

|00)wo = [1(04)) = Q) laods, (Ba)e™ )., (1)

n=-—=S5

© Gaidash A.A., Miroshnichenko G.P., Kozubov A.V., 2026



40 A. A. Gaidash, G. P. Miroshnichenko, A. V. Kozubov

where oy denotes the amplitude of initial coherent state at frequency wo, d>.(3) is the Wigner d-function, 25 + 1 is a
. ma . . . . .
number of interacted frequency-modes, 54 ~ —— can be considered as an efficient modulation index proportional to

the amplitude of an electric control signal m 4, €2 and ¢4 is the frequency and the phase of the electric control signal
respectively, w,, = wp + nf is the resulting optical frequency. After the second modulation, where the electric signal is
proportional to m g sin(Qt + ¢ ), a kind of interference may be observed in the following structure of the resulting state:

S
[W(0a,65)) = X) laods, (B)e™ ), 2)
n=-—S5
cos(3) = cos(B4) cos(Bp) — sin(Ba)sin(Bp) cos(pa — ép), 3)

and ¢’ is a phase that we are not interested in.

3. Time-dependent modulation

Further, we explore how slow changes of modulation index, namely m(¢;), would affect the described interference-
like structure of double-modulated state. Note, we assume slowly varying envelope approximation, so that there is almost
no significant change of modulation index during the time necessary for a light to travel through a modulator (73,,;). In
other words, we divide time interval in some discrete intervals, characterized by their mean values ¢;, that are comparable
to the interaction time 75,,, see Fig. 1. Thus, we treat modulation index during time interval ¢; as a constant. This is
necessary to assure that the model from [32] can be applied, where adiabatic process is assumed.

Other assumptions are as follows. We also consider a case of standard modulators, namely, a number of interacting
modes is indefinitely large, S — oo. The latter implies the following approximations applied to the Eq. (3):

B(t:) ~ @ — 0, “4)
cos(B'(t;)) ~ 1 — M, 5)
cos(Ba(t;)) cos(Bp(t;)) =~ 1 — w, (6)
sin(Ba(t:))sin(Bp(t:)) =~ Ba(ti)Be(t:), (7)
resulting in
(B'(t:))? = BA(ti) + 28a(t:)Bp(t:) cos(pa — d5) + B (t:). (®)

Detection of the obtained signal involves filtering out the central (initial) frequency wy since the latter does not contain
any phase related to the first modulation, and it only provides energy for sidebands to flow in. In turn, detection rate is
proportional to the mean number of photons at sidebands p, that can be expressed as follows:

1= po(1 = |d5o(8'(t:))1%), 1o = |awl*. )

A relation with the classical case (see Appendix A) immediately follows from the following observation and proportion-
ality of 8 and m:

lim dy () = Jn-r(m), (10)
S—o0
where .J,, (m) is the Bessel function of the first kind. Thus,
0= o (1= T2 (1), (an
! (t) = \[/mA (t) + 2ma(t)ma (t:) cos(6a — bp) +mi (t:). (12)

Also, if n}tax(m(ti)) < 1, that is a common value for an SCW QKD system, then the following approximation of Bessel

function takes place:
m’ tl‘ 2
(') (2)) . (13)

In addition, further we consider energetic characteristics of an optical signal depending on a phase difference ¢4 — ¢p
proportional to the following form:

K= Ho

o0

E(da—op)~ Y (m'(t). (14)

i=—00
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For the sake of simplicity, it is more convenient to consider dependencies on continuous time (assuming interaction time
T;n¢ rather small). Hereinafter, we assume the following substitution, see Fig. 1:

oo

E(¢a—op)~ Y (m/(t:)* > /_Oo (m/(t))?dt. (15)

1=—00

m(t;) m(t)

r I

{i

>

A 4

FIG. 1. Left: visualization of slow change of modulation index m(t;) with respect to chosen time-
intervals ¢;, t;41 — t; = Tj;,, where the latter is the time necessary for a light to travel through a
modulator; we assume small amount of change of modulation index during 75,,;. Right: for the sake of
simplicity, it is more convenient to consider dependence of modulation index m(¢) on continuous time,
assuming interaction time 73, rather small, and allowing approximation as in Eq. (15)

4. Special cases

Further, in the section, several special cases of specific time-dependent m(t) will be considered. In particular,
pulse-shaped modulation is relevant in SCW QKD. It can be viewed as an alternative to pulse generation provided by
an amplitude modulator, so the latter is no longer necessary. At this point, influence of relative shape difference for
modulation-pulses on QBER, namely

-~ E(r)
Q= i (16)

(0) + E(m)’
where E(¢4—¢p) is the total energy of detected optical signal dependent on the phase difference between two modulation

signals, should be investigated. Without loss of generality, shapes of pulses can be estimated without absolute values but
with relative scaling as well as E(¢4 — ¢ ) can be estimated up to a common factor due to @ is a ratio.

4.1. Rectangular pulses

Consider rectangular modulation pulse:

mA(t)zrect(t):@(H%) —@(t—%), (17)
mp(t) = rect(t - At) —s@(r-ar+¥) o(t-ar- 1)), (18)

where ©(t) is the Heaviside function, 0 < x < 1 denotes mismatch of modulation amplitude, y > 0 denotes pulse-width
mismatch, and At > 0 is time-shift. Considering Eq. (13) as the mean photon number per time, total amount of energy at
sidebands in pulse is proportional to the following integral, where Eq. (12) is used:

E(a — ¢5) ~ / (! ()%dt = 1 + 2y + 20 f(At,y) cos(da — Op), 19)
where
0, At> %
Y, At<|y_ |andy§1
f(Aty) = ly 21 (20)
1, At< andy > 1
1y ly — 1] y+1
—+Z A <At Z——
5 + 5 t, t >
Finally, QBER can be estimated as follows:
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Further, we will consider several special cases in order to determine influence of each parameter mismatch on Q).
(1) Mismatch of only modulation amplitude of the envelope implies that y = 1 and At = 0. Then,
(1 —a)?
which is well agreed with the known case, where m 4 # mp and both are constants. The latter dependence is
shown in Fig. 2(a). Observe, that

(22)

1
Q(=) = Q). 23)
Also, for a small modulation depth mismatch, i.e. |z — 1| < 1, the following approximation takes place:
1—2x)2
Q) ~ L7 (24)
(2) Mismatch of only pulse-width, z = 1 and At =0, yields as follows:
— —0(= 25
’ 2(1+4y) ‘ ( ) 25)
and it is shown in Fig. 2(b);
(3) Displacement in time with z = 1 and y = 1 results in the following expression:
A
t, At <1
Q(AL) = ¢ . (26)
-, At>1
2
The obtained dependence is shown in Fig. 2(c).
4.2. Gaussian pulses
Consider Gaussian-shaped modulation pulse:
1 —t2
ma(t) = ez, 27
(1) = e~ 5 (28)
m = e Y ,
b V2my

where = > 0 denotes mismatch of modulation amplitude, y > 0 denotes pulse-width mismatch, and At is time-shift. In
this case, the total amount of energy in the pulse is as follows:

E(¢pa—¢p) ~ /OO (m!(t))%dt ~ 1 + T + x\f@mw?) ———cos(da — ¢B), (29)
—o0 Y Vyz+1
where we are not interested in common factors to be neglected. Thus,
—(at)?
Q- 1 B xy\fe2<1+y2> . (30)

2 (y+a?)VyP+1
Dependencies of () on each misalignment are as follows:

(1) Mismatch of modulation depth  with y = 1 and At = 0 dictates the same dependence as in the previous case of
rectangular pulse, that is shown in Fig. 2(a);
(2) Pulse-width mismatch (with x = 1 and At = 0) results in the following dependence:

1 V2 1
Q) =5 - — = =0(). 31
2 (y+1)Vyr+1 Yy
It is shown in Fig. 2(d) and can be approximated as follows in case of small deviations, i.e. [y — 1| < 1,
3
—(y—1)% 32
Q) ~ 1 —1)7% (32)
(3) Time-shift of one Gaussian relative to another, assuming y = 1 and = 1, contributes to () as follows:
1 _(an?
— e~ 4
QA = ———— (33)
The latter is shown in Fig. 2(e); in case of small time-shift |At| < 1, it has the following approximation:
At)?
Q(AL) ~ (&%) . (34)

8
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FI1G. 2. Graphical representation of estimated QBER value () dependent on various parameters of
modulation-pulse shape: (a) according to Eq. (22) for both Gaussian and rectangular pulse shapes,
(b) according to Eq. (25) for rectangular pulse shape, (c) according to Eq. (26) for rectangular pulse
shape, (d) according to Eq. (31) for Gaussian pulse shape, (e) according to Eq. (33) for Gaussian pulse
shape

5. Discussion and conclusion

In the article, utilization of time-dependent (pulsed) modulation index in a phase modulation with harmonic electric
control signal is proposed, especially for implementation in SCW QKD systems. Due to the latter, necessity of an
additional intensity modulation in absent. It is required that both sender’s and receiver’s pulses should be equal, that
is not always true for a practical implementation. In the paper, we have examined how misalignment of these pulses
(modulation depth scaling x, relative width y, and relative time-shift At) affect the QBER value, one of the most crucial
characteristics for a QKD device. Obtained dependencies may be used in order to retrospectively estimate admissible
bounds for misalignment parameters in case of a given QBER threshold.

Two types of pulse shapes were considered: rectangular and Gaussian, as the most simple examples. Despite the
real pulse may have slightly more peculiar envelope, obtained dependencies, shown in Fig. 2, for a given examples share
general features. Nonetheless, results, provided in Eqs. (11) and (12), are of a general form suited for any temporal
envelope shapes of modulation index. However, during the derivation of the resulting expressions we employ several
assumptions in regard of adiabatic dynamical regime, that should be met. In particular, a too rapid change of modulation
index may break the mentioned assumptions and, as a result, this scenario should be considered properly. We believe, that
described rapid changes may result in temporal delay between controlling electrical signal and actual change of refraction
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index that causes modulation. Namely, change of refraction index do not catch up with applied electric field. Rigorous
study of this problem requires thorough examination of the quasi-energy operator’s eigenvalues behavior that is far beyond
of the article’s scope, leaning towards practical implementation.

In addition, the obtained results can be viewed as a transition of optical transformations, e.g. action of intensity
modulator, to the domain of electrical ones, e.g. manipulation of modulation index envelope. From the perspective,
various families of these manipulations with applied to the crystal electric field can be considered further. In particular,
what kind of modulation is required in order to simulate the action of an optical filter? Or is it possible to concentrate
energy in spectrum closer to the central frequency? The problem of several harmonics multiplexing is also of interest.
Provided expressions (11) and (12) are the first step forward in solving these problems that may result in significant
simplifications of QKD optical schemes and vastly improving their performance in various ways.

A. Appendix: Classical phase modulation with harmonic electric control signal

Classical approach for phase modulation with harmonic electric control signal is rather straightforward and well
known. Consider the optical signal as a plane-wave, i.e. Ae’“, that traverses a crystal with changing refraction index due
to applied external electric field. Namely, plane-wave obtains phase-shift (proportional to) m sin(Qt + ¢1). Using the
Jacobi-Anger expansion formula,

eiz cos(0) — Z Jn (m)eine’ (35)
the expression for the modulated light is as follows:
Aeiwteim sin(Qt+¢1) _ Z (AJn(,,n)eiszl)ei(w—‘,—nQ)t7 (36)

where AJ,,(m) and n¢; can be considered as amplitude and phase, respectively, of a plane-wave with frequency w + n{Q.
If one utilizes a second modulator with modulation index m sin(§2¢ + ¢2), that differs only in phase, then the total energy
(or power) of all sidebands (n # 0) is proportional to

S (A (maenn) itenen?

n#0
= |APQ1 - J2 (2mcos (@)) =
AP (1 = 73 (m/2(1+ cos(61 — 02) ), (37)

where we have used identities given by

|Aeiwt6im sin(Qt+¢1)eim sin(Qt+¢2) |2 _

_ iwt i(2m cos 4)1;4)2 sin Qt+@ Y2 _
= |Ae™’e > =

mo = 2m cos (Ll;@), ¢ = L ;@}

— |Aeiwt€i(mo sin(Qt+¢o)) |2. (38)

Expression (37) is fully agreed with Eq. (11) and (12) in this simple example, where modulation index m is constant.
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ABSTRACT The method based on umbilics that expose line-like organization of complex director fields is used
to introduce umbilic surfaces as a numerically robust probe of three-dimensional (3D) topological solitons in
frustrated cholesteric liquid crystals. We present a coordinate-free analytical formulation of the umbilic-line
approach that ensures reliable detection of umbilics on discrete simulation grids and thus avoids the problems
caused by instabilities and sensitivity to coordinate choices. By using our method we introduce the laboratory-
referenced phase field giving a natural tool for intuitive surface colorization. In addition, we employ this field
to define the two fundamental integer invariants of umbilic loops: the transverse index (the strength) and the
longitudinal winding (the profile twist). These invariants directly link the umbilic geometry to the topological
characteristics of textures, thus enabling soliton identification and a comparison of solitons by topological
content. We apply the technique to the three canonical solitons obtained by the free-energy minimization:
the toron and the looped cholesteric fingers of the first and second types with the Hopf indices equal to zero
and unity, respectively. It is found that the umbilic-surface representation clearly exposes defect structures,
discriminates between visually similar but topologically distinct textures and provides a tool for quantifying and
visualizing 3D solitons from director field data.
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ACKNOWLEDGEMENTS The work was supported by the Ministry of Science and Higher Education of the Rus-
sian Federation, state assignments No. SER-2025-0012. |.S.L. and T.O. acknowledge the support from the
Higher Education and Science Committee of RA MoESCS (Research Project No. 24IRF-1C003).

FOR CITATION Aksenova E.V., Lobanov I.S., Orlova T., Uzdin V.M., Kiselev A.D. Umbilic surfaces as a ro-

bust topological probe of 3D solitons in cholesteric liquid crystals. Nanosystems: Phys. Chem. Math.,
2026, 17 (1), 46-58.

1. Introduction

Topological defects in orientationally ordered systems such as liquid crystals (LCs) are universal in occurrence.
The defects are of crucial importance for both understanding the fundamental properties of such systems and practical
applications [1]. Typically, spatial and temporal stability of the defects in confined liquid crystals requires geometrical
frustration imposed by bounding surfaces so as to inhibit the relaxation processes caused by the high cost of the elastic
energy.

It is known that, in chiral nematic liquid crystals also known as the cholesteric liquid crystals (CLCs), the interplay
between chirality, elasticity and surface interactions can produce topologically nontrivial localized structures (textures) [2,
3]. Specifically, in the so-called frustrated CLCs where CLC is confined between parallel plates (substrates), matching
the homeotropic (perpendicular) anchoring conditions at substrates of CLC cells and the ground-state helicoidal structure
cannot be done without distortion. In addition to the well-known cholesteric fingers [4], this incompatibility is known
to produce a rich variety of topological soliton structures such as skyrmions, antiskyrmions, torons, bobbers, hopfions,
heliknotons, and twistions [5—10]. These chirality-enabled localized structures are used as elements of singular optics [11-
13] and components of diffraction gratings [14]. Note that, in magnets, chiral skyrmions [15], hopfions [16] and Bloch
points in the domain walls of stressed cylindrical wires [17, 18] are well known and are often described as magnetic
vortices.

Mathematically, the liquid crystal textures can be described as spatial distributions of the LC director represented by a
unit vector, 7i(r), specifying the locally averaged direction of orientation of LC molecules. The geometric characterization
and corresponding accurate visualization of LC textures is a challenging task that is fundamental to understanding the
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geometry and topology of LC structures. For arbitrary three-dimensional topological structures, a general theory for
recognizing localized linear structures in liquid crystals, magnetic materials, or other orientationally ordered systems has
yet to be developed.

In addition to characterizing geometry of LC orientational configurations in terms of preimages determined by the set
of all points in the LC material where the LC molecules are aligned along a fixed direction 71, a widely used visualization
method for presenting complex director fields and identifying topology comes from the Pontryagin—-Thom construction as
applied to liquid crystals in [2]. In this method, the texture is depicted by showing the surface in space where the director
field is normal to a fixed direction, say, . L €., where €, is perpendicular to the substrates of a LC cell. The surface is
then colored according to the values of the azimuthal angle specifying horizontal orientation of the director on it. Note
that the preimages of every orientation with a fixed z component 7, fill the surface of a torus.

Alternatively, in the umbilic-lines approach developed by Machon and Alexander [19], a general analysis of the
liquid crystal director can be performed through a geometric decomposition of the gradient tensor of the director field.
This method allows to identify geometrically distinguished directions and relates the defects in these directions to the
topology of the texture. Selinger [20] has applied this approach to give fresh perspectives on a number of known liquid
crystal structures.

In this paper, the umbilic-lines approach will be our primary concern. We propose a numerically robust and coordinate
free modification of the umbilic-lines method. Based on this method, we introduce two topological indices (strength and
longitudinal winding) and suggest an original coloring method for vizualizing umbilic lines. The umbilic topological
indices are related to the well known topological charges such as the Hopf index [3,21,22] and the skyrmion number [5,
23].

For illustration purposes, we apply our method to the three numerically simulated and analytically designed soliton
structures: (a) the toron; (b) the cholesteric finger (CF) loop of the first type (CF1-loop); and (c) the cholesteric finger loop
of the second type (CF2-loop). The toron is a metastable topological structure with a double-twist toroidal core and two
hyperbolic point defects above and below the torus plane [5,24,25]. The loop of the first type cholesteric finger possesses
two pairs of nonsingular disclination circles [25-27]. The CF2-loop carries Hopf index Qg = 1 (see [3]); we therefore
use the term “hopfion” interchangeably with “CF2-loop”. The hopfion is a topological soliton with a knotted topological
structure. Isolines of the hopfion director field are closed loops which are linked together [3,21,22]. We show how the
umbilic-lines approach clarifies the defect structure and topological content of these textures.

The paper is organized as follows. In Sec. 2 we briefly discuss numerical modeling employed for simulation of the
director field distributions using the lattice model derived as a discretization of the LC free energy functional. The umbilic-
lines approach and its numerical implementation are described in Sec. 3. In Sec. 4, we introduce two independent integer
invariants of umbilic loops and propose the method of umbilic-lines visualization. In Sec. 5 we describe the analytical
modeling procedure that uses suitably designed director field ansatzes starting from the CF1-loop configuration. The
results for the topological solitons are presented in Sec. 6. Finally, we draw the results together in Sec. 7 and make
concluding remarks in Sec. 8.

2. Model

The topological solitons in CLCs are 3D orientational structures determined by the CLC director field 7(r). From
here on, a hat indicates unit vectors. Although the physical director is a line field nn ~ —n, throughout this work we
restrict to textures (and to the specific domains/surfaces used in our constructions) where 7 can be chosen continuously,
i.e. a global sign convention exists. All subsequent notions that use an oriented director field (in particular, the integer
windings) are understood in this sense. In the presence of sign frustration (when such a continuous choice is impossible),
the phase-based constructions would require a separate treatment, which is outside the scope of the present work.

In this section, we introduce numerical procedure for finding director field 72(r) of the topological solitons (such as
torons, CF1-loop and CF2-loop (hopfion)) in the frustrated CLC.

We consider a CLC with the volume V' confined in the slab geometry where the CLC is sandwiched between two
parallel bounding plates (substrates): z = —L/2 and z = L/2. In this geometry, L is the thickness of the CLC cell and
the z axis is normal to the substrates. Both lateral sizes of the CLC cell are equal to Ly, Ly > L,V = LL%,V.

For the frustrated CLC we consider homeotropic orientation on the bounding plates: 7|,—4 1, 12 =€, = (0,0,1). The
anchoring conditions are considered to be strong for both the bounding plates and the lateral surfaces of the sample. This
confinement frustrates the intrinsic cholesteric twist and allows metastable localized structures to appear as local minima
of the elastic free energy.

We model the director configurations of a cholesteric liquid crystal by minimizing the Frank—Oseen free-energy
functional in a three-dimensional domain V. The free energy is (see, e.g., [28])

K K K.
F[ﬁ}_/[;(v-ﬁ)QJr;(ﬁ-Vxﬁ+qo)2+23(ﬁ><Vxﬁ)2 dr, (1)
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K, Ky, K3 are the splay, twist and bend Frank elastic constants, respectively; go = 27/ P, is the twisting wave number;
and P is the equilibrium CLC pitch. In order to find the director distributions representing metastable CLC structures,
the elastic free energy (1) has to be minimized.

Assuming the simplified model of CLC director dynamics where the coupling between the director and the fluid flow
can be neglected, relaxation of the director field is governed by the following dynamic equation:

dn dF[n]
= 2
at " en @
where 7 is the rotational viscosity and the functional derivative 5 is of the following form [10]
OF |7
57[:] = —KiV(V - 7) — K3[Af — V(V - 7)]

+ (K3 — K3)[2(A -V x A)(V x A) — A x V(A -V x A)] + 2K2q0V x A, (3)

Steady states of Eq. (2) correspond to stationary points of the functional (1); in particular, metastable solitons correspond
to local minima.

Here, we limit ourselves to considering the free energy and the relaxation equations for the director field. A more
accurate but computationally expensive method is based on considering the tensor order parameter rather than the director
field [28,29].

To solve the problem numerically, we discretize the free energy (1) on a simple cubic lattice inside the rectangular cell
and apply the finite difference method to Eq. (2). In this lattice model, directors are localized at the points of a simple cubic
lattice inside the rectangular cell and we fix the unit length of the directors. The numerical procedures are implemented
in the software package LCSim [30] that was extensively used in our simulations. As an initial approximation for the
director field, we use the analytical ansatzes constructed in Sec. 5, which are designed to lie in the attraction basins of the
target metastable solitons. In our simulations we choose the Frank constants and rotational viscosity corresponding to the
nematic liquid crystal E7. In order to get the topological structures of interests as steady states, the equilibrium CLC pitch
should be of the order of the thickness of the LC sample, Py ~ L.

3. Numerical extraction of umbilic lines

The umbilic-lines approach is proposed by Machon and Alexander for analysis and visualization of three-dimensional
structures [19]. The starting point of this approach is the geometric decomposition of the gradient tensor of the director
field 2 given by (see, e.g., [20] for a simple derivation of the decomposition formula)

R L o1 R . 1. " .

Vi = fy(f- V)i, + §(V <R (8i; — Ruj) + 5(" -V X )egpig + A, “4)
where d;; and €;;;, are the Kronecker delta and the Levi-Civita symbol, respectively. The first three terms represent the
derivative along the director, an isotropic transverse dilation (splay contribution), and an isotropic transverse rotation
(twist contribution). The last term A;; gives the components of the traceless symmetric tensor describing the anisotropic
part of orthogonal gradients of 7.

By using the well-known relation for the norm of the gradient tensor

> (Vin)? = (V-0)* + (A V)A) + (A -V x 7)? = V- [A(V - A) — (A V)7 (5)
4]
and orthogonality of the modes in the decomposition (4), it is not difficult to obtain the explicit expression for the norm
of A in the form given by Machon and Alexander [19]

1 1 1 1
||AHQE§ZA§J.:Z(V~ﬁ)2+1(ﬁ-vXﬁ)2—§v-[ﬁ(v-ﬁ)—(ﬁ-vm]. (6)
i\

The points, where A vanishes and || A||? = 0, are called umbilics of the orientational order. These points correspond to the
regions, where the orthogonal gradients of 72 are isotropic. Except for degenerate cases, these points form one-dimensional
lines. In numerical computations, however, the condition ||A[|? = 0 is rarely achieved exactly due to discretization and
round-off errors, so it is more robust to consider isosurfaces of small || A||?; for sufficiently small isovalues these surfaces
form thin tubes enclosing the umbilic lines. Note that uniform director configuration gives ||A]|> = 0, hence, solitons
embedded into a uniform phase always have an umbilic at infinity.

A closely related viewpoint is obtained by restricting the gradient of 7 to the transverse plane. According to [19], the
decomposition formula (4) implies that the orthogonal gradient of 72 can be written in the form:

V-n, A (VXA)
2 2

J+ A, @)
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where I is the identity in the plane A* normal to A, J is the corresponding orthogonal complex structure, and A is a
traceless symmetric (spin—2) tensor field. In a local orthonormal frame {(il, tig} of A" the tensor A can be expressed in
the matrix form:
A A
A= T AP =at A, ®)
Ay =4y
and umbilics are precisely the zeros of A.

From the numerical standpoint, two practical difficulties arise if one attempts to use these continuum formulas di-
rectly. First, on a grid the director 72 is known only at lattice sites; derivatives must be approximated, and higher-order
derivatives are typically much noisier than lower-order ones. Second, the scalar ||A||? is nonnegative, and its vanishing
generally results from cancellations between terms of comparable size; this makes direct localization of zeros from sam-
pled data fragile, especially near the umbilic cores. Finally, the components A depend on a locally chosen transverse
basis, and constructing a globally consistent family of such bases in three dimensions is challenging.

Now our task is to present a numerically robust method for detecting umbilic lines in three-dimensional CLC textures.
The construction is fully tensorial, requires only first derivatives of the director field, and yields both the umbilic set and
a natural phase field whose windings encode the two topological charges identified by Machon and Alexander [19]. This
approach avoids the numerically ill-conditioned analytic expression (6) for || A||?, while, in the continuum limit, remaining
exactly equivalent to those developed in [19].

To this end, we consider a smooth director field A(r) : @ € R® — S? with || = 1 and assume that discrete
derivatives in a cubic grid of spacing ¢ are implemented using centered finite differences (the notation suppresses ¢ since it
introduces only an overall multiplicative constant in the quantities of interest). Let 9;n; denote the discrete approximation
to the spatial derivatives of the director and define the orthogonal projector onto the plane perpendicular to 71,

ILi; (r) = bij — ni(r) 7 (r). 9)
The projected gradient of the director is then given by the rank-2 tensor
Nij = (H on H)” =1L (alﬁk) Hlj. (10)

This removes the gauge freedom of the director and discards all components of 0;7 parallel to 72 or generated by changes
of parametrization along 7.
The symmetric part of N given by the relation

1
Xij = B} (Nij + Nji) (1D

is a (3 x 3) symmetric tensor satisfying X;;7; = 0. Thus X has one vanishing eigenvalue (along 72) and a real two-
dimensional spectrum in the orthogonal plane. These two nonzero eigenvalues encode the local curvature of the director
field transverse to 72 and correspond to the “principal curvatures” used in the geometric description of umbilics.

Let A (r) and A\a(r) stand for the eigenvalues of X restricted to the orthogonal plane and define the following two
spectral invariants

Ty =Tr X =\ + Mo, Ty = Tr (X?) = A\ + ). (12)
1
The traceless symmetric (spin—2) part of X, Xg = X — —T11I, is nonzero precisely when A; # As. This can be clearly
seen from the scalar umbilic field defined as follows
d(r) =2Tr (X3) = 2T — T2 =203 +23) — (A1 + X2)? = (A1 — Xo)2 (13)

This relation introduces the umbilic field ® that vanishes if and only if the two principal curvatures coincide, i.e., exactly
on the umbilic set. Since the director field is noisy at the grid level, we will visualize umbilics using the isosurfaces of
small @, typically by plotting

€ = logo ® (14)
for dynamic-range compression. Importantly, the quantity (13) is rotationally invariant and uses only first derivatives
of the director field. To analyze individual umbilic lines, £ should be chosen as small as possible so that each line is
enclosed by its own level surface. For sufficiently small € the level surface is tubular; increasing the value of € may cause
isosurfaces associated with different umbilic lines to merge, create handles, and undergo other topological changes.

The traceless symmetric (spin-2) part of X, Xo = X — §T1H, is nonzero precisely when \; # As. Since, according
1
to Eq. (6), |A|* = 5 Tr (X2), formula (13) implies that the umbilic field differs from || A||* only by an irrelevant factor:

O = (M —Ao)? =4A|. (15)

So the zeros of ® coincide precisely with the umbilic lines defined in the continuum theory. Therefore, our formulation
provides a coordinate—free numerical realization of the Machon—Alexander spin—2 invariant.
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Though the analytic expression (6) for ||A]|? is elegant, it is numerically ill-conditioned for the three following
reasons:

(1) It contains a divergence of a quantity already containing derivatives of 71, hence requires accurate second deriva-
tives on a discrete grid.

(2) The first two (positive) terms and the divergence term are often of similar magnitude, producing small values of
I AH2 only by cancellation of large numbers. This magnifies discretization noise precisely near umbilics.

(3) The divergence is sensitive to boundary conditions, while the tensorial projection method depends only on first
derivatives and is well-behaved under periodic or finite difference schemes.

For these reasons, the direct analytic evaluation of (6) is numerically unstable, whereas the projected-symmetric-tensor
method provides a robust and gauge-independent alternative.

4. Index of umbilic lines and colorization of umbilic surfaces

A key advantage of the Machon—Alexander framework is that umbilics are not only a geometric diagnostic of three-
dimensional textures, but also carry natural integer-valued topological data [19]. In their formulation, umbilics are defined
as the zeros of the transverse spin-2 tensor A, the traceless symmetric part of V| 7i. In a local oriented orthonormal basis
{dy,ds} of the plane 7", one may represent

A1 Ag cosf sind ] i
A= = [|A] N AT I  PAY/[C® (16)
90 —/Aq sinf —cosf

which introduces an angle field 6 (defined modulo 27) away from the umbilic core (Machon—Alexander Eq. (9)). The

umbilic index (strength) of a line U through an oriented transverse surface ¥ is then the winding of 6 around a small loop
C C ¥ linking U once:

1
indexs(U) = o % do € Z (Machon—Alexander Eq. (20)). 17)
c

s

In our construction, the symmetric projected gradient X is supported on A’, and its traceless part coincides with
the Machon—Alexander spin-2 field A (up to an overall factor). Consequently, any phase extracted from a complex
representative of the traceless part of X yields the same integer index. In particular, in any transverse basis one has

a+1ib=2(A1 +1iAs), arg(a + b)) = 6, (18)

so counting hue windings around a sufficiently small tubular level surface enclosing the umbilic core reproduces exactly
the Machon—Alexander index.

The phase 6 is usually introduced by expressing the spin—2 tensor A in an oriented orthonormal frame {dl, dg} of
the transverse plane At To avoid constructing such a frame numerically, we exploit the canonical complex structure on

At
Jv:i=f XV, J? = 11, (19)
and build a chiral (spin—1) complex vector directly from a fixed real laboratory vector t. Define
m(r) =1t — in x (IIt) € At ®C. (20)

A direct check gives Jm = im, i.e. m is a 4+ eigenvector of J. Therefore, in any local oriented orthonormal frame
{d.,d} one has
m = pe'® (dy +idy), p >0, 1)
for some real angle field «. This simply means that the +i eigenspace of J is one-dimensional over C. We require IIt # 0,
i.e. t | v on the region of interest; in practice one may switch between two or three choices of t.
Let S = clI be any isotropic transverse tensor. Then

m'Sm=cm'm. (22)

However, m is a complex null vector:
m"m = (IIt) - (IIt) — (72 x IIt) - (72 x IIt) — 23 (IIt) - (A2 x IIt) = O, (23)
since | x (IIt)| = |IIt| and (IIt) L (72 x IIt). Therefore, contraction with m automatically eliminates the isotropic

part, so that only the traceless-symmetric (spin—2) component contributes.
We can now define a complex scalar field that encodes the transverse anisotropy together with a phase:

¢(r) :=m(r)"X(r) m(r). (24)

On the transverse plane one has X = (77 /2)I14 (antisymmetric)+A, and the first two terms do not contribute to (24). The
isotropic term vanishes by the null property above, while the antisymmetric term vanishes by symmetry of the contraction.
Consequently,

C=m'Am = 2p? (A +iAy) e = 2p?|| A2, (25)
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Thus arg ¢ = 6+ 2«. On a small loop linking an umbilic line (if ITt # 0 on the spanning disk) the angle field « is smooth
and single-valued, so ¢ da: = 0 and the winding of arg ¢ equals the Machon—Alexander index.

For numerical colorization it is convenient to avoid constructing the chiral vector (20) and instead extract a phase
from a fixed laboratory projection of X. We introduce two fixed traceless symmetric matrices

Aij = 611051 — 0i20j2, Bij = 611052 + 6i2051 (26)
and define the complex scalar
Cab(r) == (A, X (1)) + i (B, X (r)), Y, 2) :=Te(Y"Z2). 27)
In Cartesian components, this is simply
a= Xy — Xog, b= Xi2 + Xo1, Clab = a + b, (28)
and we set
O1ab (1) := arg (lan (r). (29)

The reason is that, at each point r, the spin-2 field A(r) lives in a two-dimensional real vector space S(7(r))
(traceless symmetric bilinear forms on 7). The laboratory map L(M) := ((A, M), (B, M)) restricts to a linear map
L|scy : S(n) — R?. A direct calculation shows that this restriction is invertible if and only if ., # 0; more precisely,

det(L|s(m)) o n. (n2 +ny + 2n?), (30)

so the only degeneracy locus on the unit sphere is the circle n, = 0. Equivalently, if n, # 0 then a = b = 0 implies
A=0.

Therefore, in any region where n, # 0, the two numbers (a,b) uniquely specify the local spin—2 tensor (up to
an overall scale) and thus define the same phase as (Aj, Ay), differing only by a smooth, nonsingular linear mixing.
Consequently, for any small loop C' linking an umbilic line U and lying in a region where n, # 0, the winding of 60},y, is
equal to the Machon—Alexander umbilic index:

1 1
7% dﬂlab = 7% df = indexz(U), (31)
2 C 2 C

provided ¢ # 0 on the chosen tubular isosurface (so that 6y}, is continuous there). In practice, this condition is enforced
by choosing the isosurface away from the degeneracy set n, = 0 and monitoring that |.1,| does not approach zero on the
rendered surface.

If |(jab| becomes (numerically) small on the rendered tubular surface, so that & = arg (., is ill-conditioned, we
switch to an alternative laboratory chart obtained by a cyclic permutation of axes. Concretely, we recompute (a, b) using
another coordinate pair in the plane orthogonal to 7:

(az,bz) == (Xo2 — X33, Xog + X32) (ng #0), (32)

(ay, by) = (X33 — X11, X31 + X13) (ny ?é O), (33)
and set 6 := arg(a + b) using the chart for which |a + ib| stays safely away from zero on the surface. On overlaps where
two charts are valid, they are related by a smooth nonsingular linear mixing of the spin—2 components, so the winding
index is unchanged provided the integration contour avoids points where a = b = 0.

In Sec. 3 we have introduced umbilic level surfaces & = const, which form thin tubes around umbilic lines. These
surfaces are more convenient for numerical analysis than the lines themselves; accordingly, they are used in a number
of works, including [19, 31] and related studies. Once a phase 6 is available in the laboratory frame, we can color the
isosurface in a way that makes its topological content immediately visible by mapping 6 to the hue of the HSL color
scheme,

hue(r) = % (34

This colorization highlights both local structure (winding around individual umbilic cores) and global organization (phase
variation along closed umbilic loops) encoded by the umbilic set.

There are two independent integer-valued topological indices introduced in correspondence with ones defined by
Machon and Alexander [19] and naturally associated with umbilic lines.

(i) Transverse index (strength). Let U C () be an umbilic line and choose a sufficiently small tubular neighbourhood
N.(U). Pick apointp € U and let D, C N.(U) be a small oriented normal disk transverse to U at p. Its positively
oriented boundary «y := 0D, is a meridian linking U once.

We will use the signed intersection number Int(U, ¥) € Z between an oriented curve U and an oriented surface ¥
(assumed transverse), defined by

Int(U, %) := Z sign, (U, X), (35)

zeUNX
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where sign, (U, ¥) = £1 is fixed by the orientations of U and ¥ as follows: sign_ (U, ¥) = +1 if the positively oriented
tangent to U at z, together with a positively oriented tangent basis of 3 at x, gives the positive (right-handed) orientation
of the ambient domain €2, and sign,, (U, ¥) = —1 otherwise.

Assume that the chosen phase construction (in particular, the laboratory chart used to define #) is nondegenerate on
the meridian -, so that df is well-defined along . We define the transverse index of U with respect to the disk D,, by

indexp U := i7§d9 €7, (36)
P 2w 5

and its strength by s := |indexp,U| € N. Equivalently, indexp, U = sInt(U, D,). For generic umbilics one finds
s = 1, whereas higher strengths may occur in axisymmetric textures.

By construction, U intersects the disk fiber D), once and transversely. To fix orientations, we first consider an oriented
tangent t at p. The meridian v = 0D, is then oriented by the following geometric rule: when looking along t (with t
pointing towards the observer), the positively oriented traversal of v goes counterclockwise. The orientation of the umbilic
line U is then fixed by the condition indexp,U > 0.

The strength s requires only that the laboratory phase construction be nondegenerate in a small neighbourhood of
the chosen meridian ~ around each intersection point. If such a degeneracy is encountered, one must either switch to an
alternative chart or deform the meridian within N.(U) so that df remains well defined.

To connect transverse umbilic indices with the skyrmion number, we now consider an arbitrary oriented surface
> C () that is transverse to all umbilic components U; and such that 72 is smooth on ¥. Machon and Alexander [19]
show that the total transverse winding of umbilics through ¥ reproduces the skyrmion number () of 72 on X, with an
additional contribution associated with 93 when 0% # @. In the simplest case when 0% = @ (or, more generally, when
the boundary contribution vanishes), the relation reduces to

Z s Int(U;, 2) = 4Q. (37)

In our setting X is typically a planar section whose boundary lies on the boundary of the computational box. Even
under homogeneous (Dirichlet) anchoring, the boundary contribution is not generically zero; rather, it can be reinterpreted
after compactification. Indeed, if 72 is fixed on 02, one may identify all boundary points in order-parameter space and
attach a “cap” closing X to a topological sphere. The additional intersection required for (37) is then naturally attributed to
an umbilic at infinity: a contribution supported on (or arbitrarily close to) the boundary and induced by the homogeneous
far-field/anchoring condition.

In practice we access this “umbilic at infinity” through umbilic level surfaces (isosurfaces of A or ®), which typ-
ically approach the boundary over large areas. The same phase-winding measurement used for interior umbilics can
then be performed on these boundary-adjacent portions, providing a direct numerical estimate for the compactification
contribution.

(ii) Longitudinal profile winding. Let U be a closed umbilic loop and let Ny be a sufficiently small tubular neighbour-
hood of U (a solid torus) such that the phase field 6 is well-defined on Ny \ U. To quantify how the transverse umbilic
profile twists as one goes once around the loop, we integrate the globally defined 1-form df along a preferred longitude
on the boundary torus O Ny .

Choose a simple closed curve \g C ONy with linking Lk(Ag, U) = 0 that is fixed by a framing of U. For instance,
one may take

/\0 = ZU N 8NU, (38)

where X;; is an oriented Seifert surface with 9% ; = U. The orientation of A is chosen so that Ay runs along U in the
same direction as the oriented tangent of U, where the orientation of U was fixed in the definition of the transverse index.
We then define the longitudinal profile winding by

1
k= — ¢ doe. (39)
2 Ao

The integer k£ measures how the transverse umbilic profile twists as one goes once around the loop. The choice
of Ay (equivalently, the framing) matters: replacing Ag by Ag + mu, where p is a meridian defined above, changes k
by msInt(U, D, ), where s is the transverse winding. With the preferred longitude fixed as above, k is a well-defined
invariant of the umbilic loop.

In particular, % is related to the self-linking of U once a canonical push-off of U is specified by the transverse
profile (i.e. by a choice of framing). It also contributes to the Hopf index of the director field through the usual linking
interpretation of the Hopf charge.

Thus, the same phase field § encodes both transverse and longitudinal invariants, and the hue colorization of umbilic
isosurfaces provides a direct visual readout of these windings.
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5. Analytical design and soliton relaxation

To access metastable localized states in a frustrated cholesteric cell, it is advantageous to complement direct numerical
relaxation with analytical design of initial director configurations. In this section we construct analytical director-field
configurations (ansatzes) that (i) provide physically interpretable templates for common soliton textures in homeotropic
CLC cells and (ii) serve as initial conditions for the energy-minimization procedure described in Sec. 2. This combination
is standard in the soliton literature: a well-designed ansatz places the system in the basin of attraction of the desired
local minimum, while subsequent relaxation removes any artifacts of the analytical construction and yields a numerically
equilibrated texture.

Following [32,33], we begin with simple CLC structures and use these results to construct the ansatzes for cholesteric
fingers of different types, as well as the CF1-loop, the toron and the CF2-loop (hopfion). The ansatz parameters used
below are chosen to match the representative soliton geometries considered in our simulations and to provide reliable
convergence under energy minimization.

We use the following parameters for the toron and CF1-loop ansatzes [32]. For the looped helix as a core part of
the toron, the pitch and the tilt angle are P = 15 pym and tan @ = 0.7. The radius of the toron is R; = 7 um. The
surface-mask parameters are d = 1.1 ym, p = 2, and x = 0.7. For CF1-loop we take P = 12 pym and tan 6 = 0.7, with
inner and outer radii Ry = 5 pm and R; = 23 pum; the parameters d, p, and « are the same as for toron.

For the energy-minimization procedure we use the following parameters [32]: the Frank constants are K; = 10.5 pN,
Ky = 6.2 pN, and K3 = 18.7 pN, the rotational viscosity is n = 203.6 mPa-s. In the lattice model, the numbers of grid
points along the normal and along each lateral direction are 40 and 240, respectively. The cell thickness is L = 10 pum,
and both lateral sizes of the CLC cell are Ly = 60 pm. For the toron the helix pitch is Py = 10.0 pm, and for CF1-loop
itis Py = 9.0 pm.

We model the CF2-loop following [33]. For the configuration considered here the linked-preimage construction yields
Hopf index Qg = 1. We use the following parameters for the hopfion ansatz. The radius R of the finger loop is 50 pm,
and the ansatz parameters are o, = 0.2 and A = —0.97. To find a local minimum of the energy (1) for the hopfion we
use the following parameters [34,35]: the Frank constants are K; = 10.3 pN, Ky = 7.4 pN, and K3 = 16.5 pN, the
rotational viscosity is 7 = 203.6 mPa-s. The helix pitch is Py = 36 pm. In the lattice model, the numbers of grid points
along the normal and along each lateral direction are 50 and 250, respectively. The cell thickness is L = 33 pm, and both
lateral sizes of the CLC cell are Ly = 165 um.

6. Visualization of topological solitons by the umbilic-lines approach

We now apply the umbilic-lines framework to representative localized structures in homeotropic cholesteric cells.
We compare the relaxed configuration obtained by energy minimization and the corresponding analytical ansatz, and then
interpret the umbilic set in terms of the transverse strength s and the longitudinal winding % introduced in Sec. 4. This
provides a compact description of the soliton topology that complements more traditional visualizations based on director
cross-sections and isolines.

Fig. 1 shows the director field (panels a and c) and the corresponding umbilic structures visualized as isosurfaces of
€ (panels b and d) for the toron. Panels a and b correspond to the relaxed configuration obtained by energy minimization,
whereas panels ¢ and d show the analytical ansatz. The toron ansatz reproduces the main characteristics of the relaxed
toron well. In particular, the texture contains two hyperbolic point defects and a +1 disclination ring. The dotted lines
indicate the regions associated with the disclination ring. In panels b and d, the umbilic set consists of a fusiform tube
connecting the point defects in the center and a closed loop corresponding to the disclination ring. The strength of the
fusiform tube is s = 2, since each hue appears twice on a cross-section of the tube. For the loop, the strength is s = 1 and
the longitudinal winding number is & = 2. The loop has a very small extent in the z direction, on the order of one or two
lattice constants; therefore, determining its transverse index s is challenging at the given numerical resolution.

Consider a toron embedded in a uniform far field, and a planar section ¥ = {y = yo} chosen such that it contains no
singular points where the director is ill-defined. Since 7i|s; approaches a constant (the far-field direction) at large in-plane
distances, the section can be compactified by a point at infinity and defines a map ¥ ~ S? — S? (after a continuous
choice of the i ~ —n lifting on the section, when needed). The skyrmion number

Q= i/ A - (0,7 x 0.7) de dz (40)
47T »

is therefore well defined and integer-valued on such sections. Moreover, () cannot change under a continuous translation
of the section parameter yy unless the section crosses a genuine singularity (e.g., a point defect core) or the far-field
boundary condition changes. Hence () is constant for all admissible sections and, in particular, equals the value on a plane
placed far from the soliton, where the director is uniform; therefore () = 0 for any section 3 not intersecting singular
cores.

The same conclusion follows from the Machon—Alexander relation between skyrmion number and umbilic intersec-
tions. For a compactified section X on which the spin-2 field is well defined away from umbilics, the weighted intersection
sum satisfies (37). In the toron geometry the closed ring umbilic intersects 2 in two points with opposite intersection signs,
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F1G. 1. Umbilic surfaces in torons. Director fields (a and c) and isosurfaces for € (b and d) for the toron
structure: a and ¢ — director field distributions in the xz plane (the middle cross-section of the cell at
y = 0). The color palette in the inset describes the = and y projections of the director used in a and c.
This color wheel represents the northern hemisphere of director orientations where n, is non-negative.
In the southern hemisphere, the colors become darker as n, decreases approaching the southern pole
with n, = —1. a — the structure obtained by the energy minimization, ¢ — ansatz for toron. b — umbilic
surfaces (isosurfaces for ), € = —2.64, d — umbilic surfaces for ansatz, ¢ = —3.4. The color bar shows
the coloring method according to Eq. (34).

so its net contribution to the sum vanishes. In addition, there exists an umbilic line that closes through the far field (equiv-
alently, through the compactification point at infinity); for any generic section . it also intersects the plane in two points
with opposite signs, and therefore contributes zero net intersection number. Consequently, the total weighted intersection
sum vanishes and the Machon—Alexander formula again yields () = 0, consistent with the homotopy argument above.
Fig. 2 shows the results for the simulated CF1-loop structure obtained from the lattice model. This texture contains
only smooth director deformations. The simulated CF1-loop configuration is characterized by continuous isolines forming
closed loops. These isolines are not linked, indicating a trivial Hopf index @y = 0. The skyrmion number is also zero,

Q=0.

S/ AN
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F1G. 2. Umbilic surfaces in the CF1-loop structure. a — director distribution in the zy plane (the middle
cross-section of the cell at z = 0). b — isolines for the z projection of the director in the xy plane. ¢ —
umbilic surfaces for ¢ = —4.2. The color wheel and the color bar are the same as in Fig. 1.

The umbilic set consists of a broad central tube and two additional loops. The presence of the central tube indicates
that the director field in the core region of CF1-loop is nearly homogeneous. In contrast to the toron, the tube here is wide,
suggesting an extended region of quasi-uniform director field. The strength of the tube is s = 2, since each hue appears
twice on a cross-section of the tube. Each of the two loops has strength s = 1 and longitudinal winding number k& = 2.
For the CF1-loop structure, there is no point defects. If we again pull the boundary to a point, the central tube transforms
to a closed loop without any defects. It means that for the cross-section by the plane 2 = {z = zy} the closed loop formed
by the central tube intersects the plane 3 twice. In each intersection the strength s = 2, but due to the orientation of this
umbilic surface the transverse indices indexp,U in intersections have opposite signs. So the closed to infinity central
tube gives zero input to the left hand side of Eq. (37). It means that ) = 0 for this cross-section of the CF1-loop. Note,
that we should not consider here the cross section > with z = 0 as in this plane the Machon—Alexander formula (37) is
not applicable.
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This example highlights the importance of accounting for “infinitely remote” umbilics (or, in a finite simulation box,
umbilic sets supported near the domain boundary) when using umbilic-intersection formulas to compute the skyrmion
index. If one were to keep only the “central” tubular component while ignoring the boundary-supported continuation
required by the uniform far field, the weighted intersection sum would generally produce a spurious nonzero value for @,
in contradiction with the homotopy argument and with the direct evaluation of Eq. (37). In a finite computational domain,
the “umbilic at infinity” is represented by an extended, smeared umbilic surface (or tube) distributed along the boundary
region where the spin-2 field becomes ill-conditioned, and its intersections are essential for the cancellation of the total
signed intersection number.

Fig. 3 illustrates how the umbilic set evolves as the isovalue is varied. At low ¢ the umbilic structure appears as two
thin tubes, while at higher ¢ it becomes two loops. The petal-like features at the edges of panel e are artifacts caused by
the finite sample boundary and can be ignored. In panel f, each loop has longitudinal winding number £ = 2 and the
strength s = 1. As ¢ is increased further, the isosurfaces begin to merge and the associated topological features can no
longer be cleanly assigned to individual components. This behavior is typical in practical visualization: sufficiently small
¢ isolates individual umbilic cores, while larger € probes a coarser, more “global” organization of the texture.

FIG. 3. Umbilic surfaces in the CF1-loop structure. Isosurfaces for different values of €: a, b, c, d, e, f
are umbilic surfaces at e = —7.5, e = —6.5, e = —4.85, ¢ = —4.2, ¢ = —3.6, ¢ = —0.65. The scale
in panels a, b and c is doubled. The color bar is the same as in Fig. 1.

Using Fig. 4 we analyze the topological features of the CF2-loop obtained by energy minimization. The relaxed
configuration is characterized by looped and linked isolines (Fig. 4b, c). Depending on the director-field structure, the
isolines can be linked with different handedness; in our case Q7 = 1. The hopfion also contains two disclination lines.

The umbilic set resembles that of CF1-loop: we again observe a wide central tube and two loops. The central tube for
the CF2-loop is similar to one for the CF1-loop. However, the associated indices for two loops are different from the same
loops in the CF1-loop. On Fig. 4d—f one can see that the hues progress of the inner and outer umbilic loops are different.
It means that both umbilic loops for any plane X has the strength s = 1, but due to different orientation the transverse
indices indexp, U in intersections have opposite signs. Different orientation of the inner and outer umbilic loops gives
the different direction of traversal in Eq. (39) when calculating the indices &. It gives £ = 2 for the inner umbilic loop and
k = —2 for the outer umbilic loop.

In the case of CF2-loop, we can see that two topological indices are related because the orientation of the umbilic
line introduced for transverse index determines the direction of traversal for longitudinal winding. If one aims to resolve
or compare different topological structures, the umbilic-surface representation provides additional discriminating infor-
mation, since it exposes not only the presence of closed umbilic loops but also their transverse indices and longitudinal
windings.
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FI1G. 4. Umbilic surfaces in the CF2-loop. a — director distribution in the zy plane (the middle cross-
section of the cell at z = 0). b and c — isolines for the z projection of the director in the zy plane and

from another viewpoint. d, e, and f — umbilic-surface representation with ¢ = —3.4. Panel f shows a
cross-section of the isosurfaces from panel e. The color wheel and the color bar are the same as in
Fig. 1.

7. Discussion

The overall motivation for using umbilics is that they offer a compressed representation of a three-dimensional di-
rector field. The proposed characterization of umbilics in terms of longitudinal and transverse charges makes it possible
to avoid a detailed inspection of the full three-dimensional director field while still extracting topological information
about the texture and its cross-sections. In particular, the transverse winding of the phase captures the local strength of
each umbilic line, while the longitudinal winding along a closed umbilic loop captures a distinct invariant linked to the
three-dimensional soliton topology. Taken together, these two integers provide a compact descriptor that connects directly
to familiar global charges such as the skyrmion number.

The practical limitation in analyzing topological features is set by lattice resolution. The proposed color scheme is
defined on the discrete grid: effectively, only one hue is assigned per lattice spacing. If the number of lattice points is
insufficient—for instance, near highly localized structures or near singular regions—reliable extraction of the winding
becomes difficult. In such cases the resolution must be increased. This is straightforward when working with analyt-
ical ansatzes, whereas in full numerical minimization increasing the number of nodes inevitably makes the search for
equilibrium configurations more computationally expensive. In practice, this motivates using umbilic surfaces both as a
visualization tool and as a diagnostic of whether the chosen discretization is adequate for robust topological readout.

We have considered, following Machon and Alexander [19], umbilic lines and their topological indices using the
director field. However, a more accurate description of topological structures can be obtained by considering the tensor
order parameter. It is of interest to generalize the Machon and Alexander umbilic lines analysis starting from the tensor
order parameter.

Note that umbilics and disclination lines represent different types of line objects. A disclination line is associated
with a breakdown of orientational order, typically via a singularity or a vanishing order parameter. In contrast, an umbilic
is a region in which the transverse gradients of the director are isotropic: it is defined by a degeneracy of the transverse
“principal curvatures” rather than by a loss of order. In some cases these objects can coincide. For example, for a A
disclination line (e.g., A2y, sufficiently close to the line the orientational structure becomes independent of direction and
depends only on the distance to the line, which is precisely the umbilic condition. This coincidence of A-type disclination
lines with umbilics follows from the symmetry structure of the elastic energy (1). Conversely, the presence of an umbilic
does not imply a defect or a loss of order. In the degenerate case of a completely homogeneous director configuration,
the entire region is umbilic, yet no disclination lines are present. In this sense, an umbilic can be viewed as a generalized
disclination concept that also admits a zero charge.

Accurate localization of umbilics is challenging because it amounts to finding the zeros of a scalar field with high
precision. Instead, one can vary the parameter ¢ in Eq. (14) and construct isosurfaces for successive values of €, effectively
foliating the domain by a family of level sets. The topological charges can then be evaluated on each surface. If a surface
encloses an umbilic line, it must carry the same charges as that line. For sufficiently large €, distinct isosurfaces begin to
merge; the charges of the merged components combine accordingly, both longitudinally and transversely. Analyzing the
charges of isosurfaces at larger € may therefore provide additional information about soliton structure and can simplify
the computation of topological charges for specific textures. More broadly, viewing umbilics through the evolution of
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e-level sets provides a convenient multiscale perspective: small € isolates individual umbilic cores, while larger € probes
how these cores assemble into the global geometry of a three-dimensional soliton.

8. Conclusion

In this paper, we have developed the numerically robust modification of the umbilic-lines approach that provides a
useful framework for analyzing three-dimensional topological structures in liquid crystals, magnets, and other anisotropic
media supporting topological solitons. Our method yields a stable numerical realization of the Machon-Alexander um-
bilic invariant that is tailored to high-resolution three-dimensional simulations. It is based on the projector-symmetrization
construction that defines the umbilic scalar field (13) whose near-vanishing identifies umbilic cores. The associated com-
plex structure (18) is found to produce a natural phase field whose windings recover the two fundamental integer charges.
The modified method requires only first derivatives, involves no gauge choice, and is, therefore, ideally suited for high-
resolution three-dimensional computations of umbilic geometry in realistic simulated textures. We have demonstrated the
efficiency of the method by using it to visualize the three topologically nontrivial structures: the toron, the cholesteric
finger loop of the first type, and the cholesteric finger loop of the second type.
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ABSTRACT In this work, we report the one-pot aqueous synthesis of AuNPs using novel amidine derivatives
of the closo-decaborate anion, functionalized with pendant thiol groups, as combined reducing and stabilizing
agents. A comprehensive characterization using transmission electron microscopy (TEM) revealed the forma-
tion of nanoparticles with a distinctive and unusual hollow-core/dense-shell architecture, where a gold-rich shell
encapsulates a low-Z element core. This unique morphology accounts for the observed absence of a char-
acteristic surface plasmon resonance (SPR) band in the UV-Vis spectra, distinguishing these materials from
classical solid-core AuNPs. X-ray photoelectron spectroscopy (XPS) confirmed the covalent attachment of the
ligands via Au-S bonds and the integrity of the boron cage on the nanoparticle surface. The synthesis was
optimized, establishing a 1:6 (Au:Ligand) molar ratio as ideal for achieving a narrow particle size distribution.
KEYWORDS boron cluster anion, closo-decaborate, amidine, cysteamine, gold nanopatrticles
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1. Introduction

Gold nanoparticles (AuNPs) have garnered significant attention across diverse fields of modern research due to their
unique physicochemical properties. Their biocompatibility, tunable optical characteristics, and ease of surface functional-
ization open vast possibilities for applications in medicine, biotechnology, and materials science. AuNPs are increasingly
utilized for the detection and imaging of biomolecules, proteins, and nucleic acids at cellular and molecular levels [1], as
well as for drug delivery [2] and as antioxidants [3].

The synthesis method critically determines the size, shape, and subsequently, the unique properties of the obtained
nanomaterials [4,5]. For instance, AuNPs smaller than 2 nm exhibit significant cytotoxicity due to nuclear penetration,
whereas particles ranging from 15 to 30 nm are capable of permeating capillaries and tumor tissues [6]. Particle shape also
dictates functionality; for example, gold nanospheres are preferred in diagnostics and drug delivery due to their structural
consistency [7].

A particularly promising area of research involves the creation of conjugates between gold nanoparticles and boron
clusters [8]. Boron cluster anions [B,,H,]>~ (n = 10, 12) possess essential properties such as high thermal stability, low
toxicity, and a robust polyhedral framework, making them attractive for bio-applications, including biosensors and energy
storage devices [9,10]. A key application is Boron Neutron Capture Therapy (BNCT), a binary radiotherapeutic modality
for treating locally aggressive tumors like gliomas and chordomas [11-14]. The efficacy of BNCT relies heavily on the
selective accumulation of the non-radioactive boron-10 isotope in tumor cells. Consequently, the development of delivery
agents that ensure high tumor-to-normal tissue ratios is of paramount importance.

© Ivanova A.A., Filippova A.D., Teplonogova M.A., Sadovnikov A.A., Selivanov N.A., Zhdanov A.P.,
Zhizhin K.Yu., Kuznetsov N.T., 2026
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Currently, the electrophile-induced nucleophilic substitution (EINS) of the [B1oH10]?>~ anion is a well-established
method for obtaining derivatives with a wide spectrum of functional groups [15, 16]. These derivatives can serve as stabi-
lizing ligands for AuNPs, forming a monolayer with a specific chemical composition on the gold surface [17]. For exam-
ple, recent studies reported AuNPs functionalized with polyethylene glycol thiols and inorganic cobalt bis(dicarbollide)
derivatives, which showed high in vivo stability but limited tumor selectivity [18].

In this work, we report the synthesis of gold nanoparticles stabilized by novel amidine derivatives of the closo-
decaborate anion containing pendant thiol groups. We investigate the synthesis of the ligand systems via nucleophilic
addition of cysteamine to nitrilium derivatives of [B1oHi0]?~ and explore the formation of AuNPs. A notable feature
of the obtained nanoparticles is the absence of a characteristic surface plasmon resonance (SPR) band, which distin-
guishes them from classical citrate- or thiol-stabilized gold colloids. The structural features, morphology, and chemical
composition of the hybrid nanomaterials are discussed in detail.

2. Experimental
2.1. Methods

2.1.1. IR spectra were recorded on an FT-08 Infralum infrared spectrometer in the range of 4000 — 600 cm™* with a
resolution of 1 cm ™. Samples were prepared as KBr pellets.

2.1.2. 'H BC{*H}, "' B{*H} NMR spectra of solutions in CD3CN were recorded on a g-ONE AS400 Quantum I Plus
spectrometer at frequencies of 399.879, 161.874, 128.297 MHz, respectively, with internal deuterium stabilization. TMS
and BF3-OEt; were used as external standards, respectively.

2.1.3. High-resolution mass spectra were recorded on a LCMS-9030 device (Shimadzu, Japan) by electrospray ion-
ization mass spectrometry (ESI-MS). Measurements were carried out in negative and positive ion mode; samples were
dissolved in acetonitrile and injected into the mass-spectrometer chamber from an HPLC system LC-40 Nexera (Shi-
madzu, Japan). The following parameters were used: capillary voltage —3.0 kV (4 kV for positive ions); mass scanning
range: m/z 50 — 1000; external calibration with solution Nal in MeOH/H5O; drying and heating gases (nitrogen) (each
10 L/min); nebulizing gas (nitrogen) (3 L/min); interface temperature: 250 °C; flow rate 100 % acetonitrile or (50:50 (v/v)
acetonitrile/water 0.4 mL/min. Molecular ions in the spectra were analyzed and matched with the appropriately calculated
m/z and isotopic profiles in the LabSolutions v.5.114 program.

2.1.4. Dynamic light scattering (DLS) and (-potential measurements were carried out at 20 °C, using a Photocor
Compact-Z analyser (Photocor, Moscow, Russia) equipped with a 636.65 nm laser. The correlation function for each
sample was obtained by averaging ten curves, each being acquired for 20 s. The hydrodynamic diameter of aggregates
was determined using DynalS software (Moscow, Russia).

2.1.5. Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) images were taken
using a Tescan Amber GMH scanning electron microscope. STEM images were acquired using a R-STEM detector at
magnifications of x 200,000 — 900,000 with an accelerating voltage of 30 kV. To obtained STEM images, sols were
dropped on a copper grid coated with formvar and dried at room temperature overnight. SEM images were obtained using
an Everhart-Thornley detector at an accelerating voltage of 1 kV. To obtain SEM images, sols were dropped on the carbon
tape and dried at room temperature overnight.

2.1.6. The XPS measurements were performed using a “PREVAC EA15” electron spectrometer. In the current work,
AlKa (hv = 1486.6 eV, 150 W) were used as a primary radiation source. The pressure in analytical chamber did not
exceed 5 - 10~ mbar during spectra acquisition. The binding energy (BE) scale was pre-calibrated using the positions
of Ag3d5/2 (368.3 eV) from silver foils. Samples in the form of a suspension of colloidal particles after dialysis were
supported to the holder. To take into account the effect of surface charging, the Cls at (Eb = 284.8 eV) from the carbon
was used as an internal standard.

2.2. Synthetic protocols

2-Aminoethanethiol (ABCR, 98 %), H[AuCl,]-(H20),, (Acros Organic), Na[BPh,] (ABCR, 98 %) were used without
additional purification. All solvents were purified according to the literature method [19]. Nitrilium derivatives of closo-
decaborate anion (BuyN)[2-B1gHgNCR] (R = Et [20], "Pr [20], ‘Pr [20]) were synthesized by known procedures.

2.2.1. General procedure for the synthesis of amidine derivatives (BuyN)[2-B10HoNH=C(NHCy;H4SH)R] (R = Et (4),
"Pr(5), *Pr(6)). A mixture of the corresponding nitrilium derivative 1-3 (1.0 mmol) and cysteamine (304 mg, 2.0 mmol)
was dissolved in methanol (10 mL). The reaction mixture was stirred under a dry argon atmosphere for 30 min and then
concentrated on a rotary evaporator. The residue was dissolved in CH2Cls (5 mL) and washed successively with aqueous
hydrazine hydrate solution and distilled water until neutral pH. The organic phase was dried over anhydrous NasSO,,
filtered, and concentrated to dryness.
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2.2.2. (BusN)[2-B1oHoNH=C(Et)NHC>H,SH] (4). IR (KBr, cm™1): 3425, 3296, 3233 v (N-H), 2475 v (B-H), 1636
v (C=N). "B{'H}-NMR (CD3CN) § (ppm): 1.6 (s, 1B, B(10)), —5.9 (s, 1B, B(1)), —16.5 (s, 1B, B(2)), —25.2 (s, 4B,
B(3,5,6,7)), —28.2 (s, 3B, B(4,8,9)). 'H NMR (CD3CN) 6 (ppm): 8.43 (br.s., 1H, NH-C), 6.37 (br.s., 1H, NH=C), 3.68
(m, 2H, N—-CH,CH,SH), 3.31 (8H, BuyN), 3.00 (t, 2H, N-CH,CH,SH, 7 Hz), 2.41 (q, 2H, CH,CH3, 8 Hz), 1.70 (8H,
BuyN), 1.33 (8H, BuyN), 1.01 (t, 3H, CH;CHj, 8 Hz), 0.87 (12H, BuyN). 13C NMR (CD3CN) 6 (ppm): 169.8 (NH=C—
CH,CH3), 58.6 (BuyN), 41.8 (NCH,CH,SH), 37.5 (NCH,CH,SH), 24.9 (NH=C—CH,CH3), 23.9 (BusN), 19.7 (BusN),
13.2 (BuyN), 10.3 (NH=C-CH,CH3). HRMS(ESI) m/2: 248.2336 (found for [(B;oHgNHC(C2H5)NH,CoH,S)01%,
calculated for [A]?~ 248.2351).

2.2.3.  (Bu4N)[2-B1oHoNH=C("Pr)NHC>H4SH] (5). IR (KBr, cm™1): 3415, 3296, 3233 v (N-H), 2478 v (B-H), 1632
v (C=N). 'B{'H} NMR (CD3CN) ¢ (ppm): 1.1 (s, 1B, B(10)), —6.1 (s, 1B, B(1)), —17.0 (s, 1B, B(2)), —25.7 (s,
4B, B(3,5,6,7)), —28.7 (s, 3B, B(4,8,9)). '"H NMR (CD3CN) ¢ (ppm): 8.43 (br.s., IH, NH-C), 6.13 (br.s., IH, NH=C),
3.67 (m, 2H, N-CH,CH,SH), 3.08 + 3.01 (m, 10H, BuyN + N-CH,CH,SH), 2.28 (q, 2H, CH,CH,CHj3, 8 Hz), 1.59
(8H, BuyN), 1.48 (m, 2H, CH,CH,CH3), 1.36 (8H, BuyN), 0.96 (12H, BuyN), 0.89 (t, 3H, CH,CH,CH3, 8 Hz). 13C
NMR (CD3CN) 6 (ppm): 167.8 (NH=C—CH3), 59.2 (BuyN), 42.6 (NCH,CH,SH), 40.1 (NCH,CH,SH), 25.5 (NH=C—
CH,CH,CH3), 24.2 (BuyN), 20.7 (NH=C-CH,CH,CHjs), 20.1 (BuyN), 13.7 (BuyN), 13.5 (NH=C-CH,CH,CH3).
HRMS(ESI) m/z: 262.2523 (found for [(B1oHoNHC(C3H7)NH2CoH4S)21?~, calculated for [A]?~ 262.2507); 264.2546
(found for [B1oHyNHC(C3H;)NH,CoH,SH]' ~, calculated for [A]'™ 264.2549).

2.2.4. (BusN)[2-B1oHoNH=C(‘Pr)NHC5H,SH] (6). IR (KBr, cm™'): 3420, 3292, 3235 v (N-H), 2501 v (B-H), 1640
v (C=N). 'B{'H} NMR (CD3CN) § (ppm): 1.1 (s, 1B, B(10)), —6.1 (s, 1B, B(1)), —16.4 (s, 1B, B(2)), —25.5 (s, 4B,
B(3,5,6,7)),—28.6 (s, 3B, B(4,8,9)). 'H NMR (CD5CN) § (ppm): 8.48 (br.s., 1H, NH-C), 5.72 (br.s., 1H, NH=C), 3.74
(m, 2H, N-CH,CH,SH), 3.09 + 3.03 (m, 10H, BuyN + N-CH,CH,SH), 2.89 (m, 1H, CH(CH3),), 1.60 (8H, BusN), 1.35
(8H, BuyN), 1.04 (d, 6H, CH(CHs)s,7 Hz), 0.96 (12H, BuyN). 3C NMR (CD3CN) § (ppm): 173.0 (NH=C—CH3), 59.2
(BugN), 42.0 (NCH,CH,SH), 38.4 (NCH,CH,SH), 29.2 (NH=C—CH(CH3),), 24,2 (BusN), 20.2 (BuyN), 19.2 (NH=C—
CH(CHs),), 13.8 (BuyN). HRMS(ESI) m/z: 262.2520 (found for [(B1oHoNHC(C3H7)NH5C2oH4S)21?~, calculated for
[A]%>~ 262.2507).

2.2.5. Preparation of sodium salts. The corresponding tetrabutylammonium salt 4-6 (0.5 mmol) was dissolved in
ethanol (10 mL) and treated with an aqueous solution of sodium tetraphenylborate (155 mg, 0.45 mmol) under stir-
ring for 30 min. The formation of a fine white precipitate (BuysN)[BPhy] was observed. The mixture was filtered, and the
filtrate was concentrated on a rotary evaporator. The residue was recrystallized from an acetonitrile / diethyl ether mixture
to yield the sodium salts Na[2-B;oHgNH=C(NHC;H,SH)R].

2.2.6. Synthesis of gold nanoparticles (AuNPs). Gold nanoparticles were synthesized via the direct reaction of hydrogen
tetrachloroaurate H{AuCl,] with the sodium salts of the amidine-functionalized closo-decaborates. In a typical procedure,
an aqueous solution of H[AuCl,] (0.025 M) was mixed with an aqueous solution of the ligand Na(4—6) at molar ratios
ranging from 1:1 to 1:12 (Au:Ligand). The mixture was stirred for 30 min at room temperature, during which the solution
turned a reddish-brown color. The resulting sol was centrifuged to remove bulk by-products (borates), and the supernatant
was filtered through a 200 nm PTFE filter.

3. Results and discussions
3.1. Synthesis and characterization of amidine ligands

Novel amidine derivatives of the closo-decaborate anion were synthesized via the nucleophilic addition of cysteamine
to the triple bond of nitrilium derivatives [2-B 10HoNCR]'~ (R=Et, "Pr, ‘Pr) in methanol (Fig. 1). The reaction progress
was monitored by 1B NMR spectroscopy (Fig. 4). The formation of the amidine functionality is evidenced by character-
istic changes in the chemical shifts of the boron cage atoms. Specifically, the signal of the substituted boron atom B(2)
shifts downfield to the range of —15.5 to —17.0 ppm compared to the initial nitrilium derivative. Concurrently, the signal
of the antipodal apical atom B(10) appears in the region of 1.0 — 1.6 ppm, while the signal of the proximal apical atom
B(1) undergoes a significant upfield shift to the range of —4.8 to —6.3 ppm (Fig. 2).

The structure of the obtained compounds was further confirmed by 'H and '*C NMR spectroscopy and high-
resolution ESI-MS. For instance, the "H NMR spectrum of compound 5 (Fig. 3a) displays distinct signals corresponding
to the iso-propyl group of the amidine fragment and the ethylene linker of the cysteamine moiety. The ESI-HRMS data
are in good agreement with the calculated isotopic profiles for the dianionic species [(B10H9NHC(R)NH2C2H4S)2]2_
(disulfide form) and monoanionic species (thiol form), confirming the integrity of the boron cage and the ligand attach-
ment. To facilitate water solubility for subsequent AuNP synthesis, the derivatives were converted into their sodium salts
via metathesis with sodium tetraphenylborate.
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3.2. Synthesis and morphology of gold nanoparticles

Gold nanoparticles were synthesized by the direct reduction/stabilization method using sodium salts of the synthe-
sized ligands Na(4—6) and H[AuCl,] in aqueous solution. This approach aimed to produce biocompatible AuNPs with
a core size suitable for medical applications (j 100 nm). In this process, the boron cluster derivative acts as a stabilizing
agent through the formation of strong Au-S bonds via the pendant thiol group.

25 20 15 10 5 0 5 -10 -15 20 25 -30 -35 -40 -45 -50
f1 (ppm)

FIG. 4. ''B{'H} NMR of AuNPs@Na(6) sols obtained by varying the molar ratio Au®" : Na(6).

The reagent ratio (Au®* : Ligand) was optimized by varying the molar ratio from 1:1 to 1:12. The optimization was
guided by DLS measurements and 11B{ 1H} NMR spectroscopy of the reaction supernatants. At low ligand ratios (1:1
and 1:2), *'B{*H} NMR spectra revealed the disappearance of the cluster signals and the emergence of a signal at 19 —
20 ppm characteristic of borates (B(OH)3), indicating the oxidative degradation of the boron cage by Au(Ill) species.
Conversely, at ratios of 1:6 and higher, the integrity of the excess ligand was preserved (Fig. 4).

DLS analysis (Fig. 5) indicated that the optimal hydrodynamic size and polydispersity were achieved at a ratio of 1:6.
For example, AuNPs stabilized by ligand Na(6) exhibited a hydrodynamic diameter of approximately 51 nm. Increasing
the ligand excess further (1:10, 1:12) led to a slight increase in the mean diameter but maintained a narrow size distribution.
It also leads to excessive consumption of the cluster ligand.

The morphology of the obtained nanoparticles was investigated by SEM and STEM (Figs. 6, 7). The sample
AuNPs@Na(6) consists of aggregated spherical nanoparticles with a diameter of approximately 20 — 30 nm. The sample
AuNPs@Na(5) formed larger spheres (40 — 80 nm). STEM images reveal a core-shell structure where the dense gold
shell is surrounded by a lighter organic contrast, attributed to the boron-cluster ligand shell. It is important to note that
the ring-like structures observed in some micrographs are actually spheres observed in a transmission (STEM) mode, as
confirmed by SEM images showing solid spherical particles (Fig. 7).

Specifically, the particles appear to consist of a low-Z element core (likely composed of boron cluster aggregates or
solvent-swollen organic phase) surrounded by a dense gold shell. This gold shell is, in turn, stabilized by an outer layer of
the amidine-boron ligands. Such a multi-layered structure (“organic core” @*“Au shell” @*“ligand corona”) is distinct from
classical solid gold nanoparticles. This unique morphology may also explain the absence of the typical surface plasmon
resonance band in the UV-Vis spectra, as the optical response of gold nanoshells is highly sensitive to the shell thickness
and core dielectric constant, often shifting the plasmon band into the near-infrared region or broadening it significantly.
The formation of agglomerates inside the particles may be associated with the tendency of salts of the [B1oH;¢]*>~ anion
to form coordination compounds with gold with the formation of M—B bonds [21].

Having established the optimal reagent ratio (1:6), we compared the hydrodynamic size distributions of AuNPs
stabilized by ligands Na(4), Na(5), and Na(6). As shown in Fig. 7, all three ligands facilitate the formation of relatively
monodisperse nanoparticles. However, the nature of the alkyl substituent in the amidine fragment influences the final
particle size. AuNPs stabilized by the ethyl-substituted ligand Na(4) and n-propyl-substituted Na(5) exhibit slightly
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F1G. 5. DLS analysis of AuNPs@Na(6) sols obtained by varying the molar ratio Aut : Na(6)

F1G. 6. STEM images of a) AuNPs@Na(6) and b) AuNPs@Na5 samples taken in a bright field mode

F1G. 7. SEM image of AuNPs@Na5 sample
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larger hydrodynamic diameters compared to the i-propyl derivative Na(6). This trend suggests that the steric hindrance
of the branched isopropyl group in Na(6) may provide more effective surface screening during the nucleation and growth
stages, limiting the final aggregate size more efficiently than the linear alkyl chains.
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FI1G. 8. DLS analysis of AuNPs@Na(4) (a), AuNPs@Na(5) (b) and AuNPs@Na(6) (c) sols obtained
by the molar ratio Au®>" : Ligand 1 : 6

3.3. Surface chemistry (XPS Analysis)

X-ray photoelectron spectroscopy (XPS) confirmed the elemental composition of the nanoparticles (Au, S, B, N, C,
O) (Figs. 8-10). The Au4f7/2 binding energy in Na(4)-Na(6) samples is ~84.5 eV. The value of the binding energy is
higher than that of the gold foil (84.0 eV), which is due to the influence of the particle size [22,23]. The B1s signals show
the presence of two major components: B—B bonds in the cluster with binding energies at ~187.5 eV, and a small amount
of boron (IIT) in BoO3 or B(OH)3 up to 15 % at ~192.0 eV, respectively [24,25]. The S2p signals show the presence of
two major components: Au—S bonds with binding energies at 162.7-162.8 eV (S2p3/2) and at ~163.9 eV (S2p1/2), and
just 40 — 60 % of unbound thiol characterized by two components in a 2:1 ratio at ~163.8 eV (S2p3/2) and 164.9 eV
(S2p1/2), respectively [22,23].

3.4. Stability and purification

Initially, the crude colloidal solutions exhibited a tendency toward gradual agglomeration upon concentration, likely
due to the high ionic strength arising from the excess reagents and by-products (sodium salts, borates). However, we found
that purification of the sols via dialysis against distilled water significantly enhanced their colloidal stability. The dialyzed
sols of Na(4)-Na(6) stabilized AuNPs retained their optical properties and hydrodynamic size distribution for several
months when stored at 4 °C. This enhanced stability confirms that the closo-decaborate amidine derivatives form a robust
stabilizing shell, and the removal of destabilizing electrolytes is the key step for obtaining long-term stable dispersions
suitable for biological studies.

4. Conclusions

In summary, we have successfully developed a synthetic route for novel amidine derivatives of the closo-decaborate
anion functionalized with pendant thiol groups. These compounds were used for the first time as combined reducing and
stabilizing agents for the one-pot synthesis of gold nanoparticles in an aqueous medium.

A key finding of this work is the formation of nanoparticles with an unconventional low-density core/dense-shell
architecture, where a gold-rich shell encapsulates a core composed of low-Z elements, likely boron cluster aggregates.
This unique morphology is responsible for the observed absence of a characteristic surface plasmon resonance band,
distinguishing these materials from classical solid-core AuNPs.
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ABSTRACT The crystallization process of MnO,—ZrO-, mixed oxide in different gas environments was studied
by in situ X-ray diffraction and thermogravimetric analysis. The non-modified ZrO, was used as a reference.
The process of crystallization in Mn-containing sample dependents on the environment: the crystallization
temperature in reducing and inert environment was 450 — 455 °C and in oxidizing it was 560 °C. Thus, the
addition of manganese led to the shift of crystallization temperature to the higher values compared to reference
sample ZrO, (425 °C). The resulting crystalline phase was Zr,_,Mn, O solid solution rather than pure zirconia.
Mn cations seemed to stabilize the tetragonal zirconia instead of monoclinic.
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1. Introduction

Zirconia-based materials are applied for different practical purposes: as refractory materials, pigments, piezoelectric
devices, ceramic capacitors, oxygen sensors, etc. These materials are also used as catalysts and supports [1] for WGS
reaction [2], reduction of CO, NO,, and volatile organic compounds (VOC) [3], alkane isomerization reactions [4, 5] etc.

Zirconia has three stable modifications: monoclinic (m-ZrOs), tetragonal (t-ZrO5) and cubic (c-ZrOs). Monoclinic
modification is stable at room temperature, tetragonal at temperatures of 1170 — 2370 °C and cubic above 2370 °C [6].
One of the ways to obtain solid crystalline form of zirconia phase is the calcination of amorphous precursor. During
calcination, crystallization occurs with the formation of various modifications of ZrOs or their mixture. The crystalline
phase (or phases) directly depends on the state of the original amorphous compound, thus, understanding the nature of
the amorphous precursor and the process of its crystallization is important to unravel the structure and, consequently, the
properties of the resulting crystalline materials.

The pathway of phase transformations during the crystallization of an amorphous precursor is directly influenced by
local structure of initial compound. This is because the local structure reflects the state of the crystalline grains. Yanwei et
al. [7] described a local structure of amorphous phase as monoclinic-like in xerogel and aerogel synthesized ZrO, samples.
Crystallization took place at the temperature of 400 °C with the formation of monoclinic ZrO, crystallites. Tiseanu et
al. [8] found crystallographic planes typical for m-ZrO, and t-ZrO5 in amorphous sample synthesized by oil-in-water
method. Temperature-induced crystallization has resulted in the formation of crystalline tetragonal zirconia at 450 °C.

Both the crystallization temperature and the resulting phases depend on the state of the amorphous precursor. The
introduction of dopant atoms also has a significant effect on the crystallization process. For example, the authors [9, 10]
showed that the introduction of vanadium into amorphous ZrO» leads to an increase in the crystallization temperature.
Ushakov et al. [11] showed a similar effect during doping with lanthanum and yttrium. In all these works, it was shown
that doping of amorphous zirconia can lead to the preferential formation of thermodynamically metastable tetragonal
and/or cubic modification of zirconia instead of monoclinic.

To the best of our knowledge, there are no works that would consider the crystallization process of amorphous
zirconium doped with Mn. However, the addition of manganese can have a crucial effect on the catalytic properties [12—
16]. Catalytic activity in oxidation reactions of manganese oxides is associated with the variety of oxidation states of
manganese and due to the ability of manganese ions to easily change their oxidation state [17]. In MnO,—ZrO5 mixed
oxide catalysts, various active states can be formed depending on the synthesis conditions. For example, wet impregnation
of zirconia with a manganese nitrate solution results in the formation of nanoparticles of a-MnyO3 supported on ZrOs.
By coprecipitation of metal acetates and nitrates, Mn,Zr; _, O solid solution is obtained [15, 18, 19]. Previously [20] we
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succeeded in synthesizing the amorphous phase by coprecipitation of manganese and zirconium nitrates. This amorphous
phase itself had low catalytic activity, but calcination at higher temperatures led to the formation of a highly active
Mn,Zr;_,O5 solid solution and in the tetragonal/cubic modification. Therefore, on the one hand, it is important to
study the crystallization process as a path to the formation of a solid solution, and on the other hand, the investigation
of the amorphous precursor can shed light on the influence of dopant atoms on this process. In this work we focused on
determining the crystallization mechanism of amorphous MnO,—ZrO, oxide catalyst depending on the gas atmosphere.
Conventional X-ray diffraction (XRD) analysis is not suitable for studying amorphous compounds due to the lack of long-
range order. Instead, better approach is to determine their local structure using pair distribution function analysis (PDF).
In order to investigate temperature-induced phase transformations and structural changes in different environments in situ
X-ray diffraction technique and thermogravimetric analysis (TGA) were applied. Morphology of the investigated samples
was studied via transmission electron microscopy (TEM) and BET technique.

2. Experimental
2.1. Catalyst preparation

Catalysts with the ratio Mn/Zr = 1/4 were synthesized by co-precipitation of a joint solution of ZrO(NO3), and
Mn(NO3), salts by the dropwise addition of NHs(aq) and vigorous stirring until pH 10 was reached. The resulting pre-
cipitate was filtered, washed with water to pH 6 — 7 and dried at 120 °C, and then calcined at a given temperature for
4 h at the temperatures 400 and 700 °C. The catalysts obtained were designated as Mn—Zr—T', where T is the calcina-
tion temperature. The reference sample containing no manganese admixture was synthesized by similar precipitation of
zirconium nitrate and calcined at 300 °C for 4 hours. This sample was designated as ZrOz-300.

2.2. Exsitu & in situ X-ray diffraction (XRD)

The XRD patterns were obtained via diffractometer STOE STADI MP (Germany) in the 26 range from 10 to 50°
with a step of 0.015° and an accumulation time of 70 s per point. MoK radiation with wavelength A = 0.7093 A was
applied. In situ XRD studies were carried out on a High Precision Diffractometry II station (The Siberian Synchrotron and
Terahertz Radiation Centre, Novosibirsk, Russia). The X-ray diffractometer at the station included a monochromator, a
collimation system, and an OD-3M single-coordinate position-sensitive detector [21]. The working radiation wavelength
(A = 1.6467 A) was set by a single reflection from a Ge (111) crystal monochromator. The diffractometer is equipped
with a high-temperature reactor XRK-900 (Anton Paar, Austria). A quadrupole mass spectrometer (SRS UGA100, USA)
was used to control the gas environment. Heating was carried out at a constant rate of 10 °/min, the gas mixture feed rate
was 100 ml/min. The ICDD PDF-2 powder database was used for phase analysis [22]. Quantitative phase analysis and
refinement of the lattice parameters were performed by the Rietveld method using the XPert HighScore Plus software [23].
CSR were calculated via Sherrer equation [24]. Corundum was used to subtract the instrumental broadening.

In order to compare the lattice parameters of cubic and tetragonal zirconia phases, we used the normalized lattice
parameter ¢* in the case of tetragonal oxide:

* (Vlelr . Zcub ) 1/3

a =
Z tetr

where Vi = a? - ¢ is the volume of a tetragonal cell, Z.yp = 4, Zierr = 2 is the number of units in the cubic and tetragonal
cells, respectively.

2.3. Pair Distribution Function analysis (PDF)

The diffraction pattern for PDF analysis was recorded using a laboratory diffractometer STOE STADI MP (Germany)
with MoKa radiation (A = 0.7093 A) in the range of 26 from 1.5 to 126.9° with a step of 0.015° for 200 s at each point.
The relationship between the distribution function of atomic pairs G(r) and coherent scattering of X-rays is determined
through the Fourier transform:

Gy =2 [ Q-i(@)-sin(@r) - da.
0

To obtain pair distribution functions from X-ray diffraction data by Fourier transform we used PDFgetX2 [25]. The
obtained PDF data were then analyzed using PDFgui software [26].

2.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of Mn—Zr-400 and ZrO; samples was carried out using STA 449 C Jupiter synchronous
thermal analysis device from NETZSCH (Germany). A sample portion (45.14 mg) was placed in a corundum crucible.
The sample was heated in an air and helium atmosphere from the room temperature to 900 °C with a heating rate of
5 °C/min and a gas feed rate of 30 ml/min. The experimental data were analyzed using the NETZSCH Proteus Thermal
Analysis software package.
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2.5. Transmission electron microscopy (TEM)

The morphology and microstructure of the samples were studied by transmission electron microscopy. TEM images
were obtained on a ThemisZ Thermo Fisher Scientific microscope (Thermo Fisher Scientific, Eindhoven, The Nether-
lands) with a resolution of 0.7 A. EDX analysis was carried out on an energy dispersive spectrometer SuperX (Thermo
Fisher Scientific). Samples for research were fixed on standard copper grids using ultrasonic dispersion of the catalysts in
ethanol.

The specific surface area was calculated with the Brunauer—Emmett-Teller (BET) method using nitrogen adsorp-
tion isotherms measured at liquid nitrogen temperatures on QuadraSorb SI MP Station (Micromeritics Instrument Corp.,
Norcross, GA, USA).

3. Results
3.1. XRD analysis

The diffraction patterns of double oxides Mn—Zr-400, Mn—Zr-700 and reference sample ZrO»-300 are shown in
Fig. 1. The sample Mn—Zr-700 is presented by the diffraction maxima at 26 = 13.9, 15.8, 16.1, 19.6, 22.6, 22.8, 26.5,
26.8,27.9, 32.1, 32.5, 35.3, 35.5, 36.18, 40.0, 41.5 and 42.6°, which correspond to the peaks hkl = 011, 002, 110, 012,
112, 020, 013, 121, 022, 004, 220, 123, 031, 114, 132, 124 and 231 of the t-ZrO5 phase (s.g. P 42/nmc, PDF 50-1089).
The Rietveld refinement showed the lattice parameters a = b = 3.606(1) A and ¢ = 5.078(1) A that corresponds the
normalized lattice parameter a* = 5.090(1) A. The lattice parameter for pure c-ZrO, is 5.11 A [27], which indicates the
formation of the Zr; _,Mn, Oy solid solution phase due to the ionic radius of Mn (Mn®* —0.66 A) being smaller than the
ionic radius of Zr (Zr** - 0.79 A) [28].

* 1210,

Mn-Zr-700

Intensity / arb.u.

V\/T—\ Mn-Zr-400

x5
Zr0,-300
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20/°

F1G. 1. XRD patterns of ZrO2-300, Mn—Zr-400 and Mn—Zr-700; A = 0.7093 A.

The diffraction patterns of Mn—Zr-400 and ZrO»-300 samples contain broad diffraction maxima typical for amor-
phous state. The XRD pattern of ZrOs also has a small narrow diffraction peak at 26 = 22.4°, which probably indicates
partial formation of a crystalline phase. This peak does not belong to any specific phase, but according to the literature on
zirconium modifications, the formation of m-ZrOs is most likely at this temperature [6]. However, the sample Mn—Zr-400
does not contain any narrow peaks other than broad amorphous ones. Moreover, there is a significant difference in the
specific surface area (Sppgr) which is shown in Table 1. It can be seen that Sppr of Mn—Zr-400 sample is 331 m2/g,
which is three times larger than that of ZrO, sample (108 m?/g). Usually, the specific surface area decreases with the
increase in the calcination temperature, but we see an inverse relationship, indicating that the Mn presence in Mn—Zr-400
sample contributes to a significant increase in the specific surface area. The Spgr of the sample Mn—Zr-700 is only
38 m?/g, which is expected given the increase in calcination temperature up to 700 °C.

It is known that heating of pure amorphous ZrO, leads to the formation of monoclinic [7] or a mixture of monoclinic
and tetragonal zirconia [8,29]. In the case of Mn doping, only the tetragonal modification is formed. This is probably due
to the stabilization by introducing manganese. In addition, the presence of manganese apparently delays the crystallization
process, since the Mn—Zr-400 sample does not show any narrow peaks corresponding to the crystalline phase.

3.2. TEM and EDX analysis

TEM images of Mn—Zr-400 show the presence of large amorphous aggregates of about 200 — 400 nm in size (Fig. 2a)
and long cylindrical particles about 150 — 200 nm long and 10 — 30 nm wide (Fig. 2b). The large particles are an amorphous
state containing no crystalline planes (Fig. 2¢). According to the EDX analysis (Fig. 2d, area 1), in these regions Zr and
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TABLE 1. Structural characteristics of the samples

Phase Normalized lattice
Sample composition, | CSR, A i SpeT, m?/g
wt. % parameter,
ZrO5-300 | amorphous — — 108
Mn-Zr-400 | amorphous — — 331
Mn-Zr-700 t-Zr0y" 100 5.090(1) 38

* Zr1_yMn, O3 solid solution

Mn atoms have a uniform distribution with a ratio Mn/Zr = 0.22. The cylindrical particles contain only Mn atoms which
is shown by the EDX analysis (Fig. 2d, area 2), and these particles have visible crystalline planes (Fig. 2c) corresponding
to the Mn3Oy, phase (s.g. I 4;/amd, PDF 240734).

FI1G. 2. TEM images (a, b, ¢) and EDX mapping (d) of Mn—Zr-400

In Fig. 3 TEM images of Mn—Zr-700 sample are shown. It can be seen that the sample contains crystalline particles
of 20 — 30 nm in size combined together into large aggregates of about 500 nm and bigger. According to the EDX
analysis (Fig. 3c, Area 1), the distribution of Zr and Mn atoms in the sample is mostly uniform. Mn/Zr atomic ratio is
approximately 0.22, as in the amorphous sample Mn—Zr-400. Unlike the Mn-Zr-400 sample, the crystalline planes are
detected in the particles, so the formation of crystalline Zr; _,Mn,O5 solid solution is observed, that matches the XRD
data. However, this sample also contains areas with higher manganese content (Fig. 3d, Area 3), which also indicates the
presence of a separate manganese oxide phase.

TEM images of ZrO2-300 are shown in Fig. 4. This sample mainly consists of amorphous particles (Fig. 4b) forming
layered large aggregates (Fig. 4a). However, there are also few regions containing crystalline planes (Fig. 4b, Area 1).
This result also correlates with the XRD data, which showed the presence of small peaks corresponding to crystalline
zirconia unlike the sample Mn—Zr-400.

Thus, the results of TEM and EDX analysis indicate the formation of particles with uniform distribution of Mn and
Zr atoms in the Mn—Zr-400 and Mn—Zr-700 samples. The atomic ratio of Mn/Zr in both remains approximately 0.22.
So, we can conclude the formation of Zr;_,Mn,O, solid solution in both samples, but it is amorphous in the sample
Mn-Zr-400. Also, both samples show the formation of manganese oxide phase, despite the Mn—Zr atomic distribution is
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F1G. 3. TEM images (a, b) and EDX mapping (c, d) of Mn—Zr-700

F1G. 4. TEM images (a, b) of ZrO»-300

mostly uniform. The detected crystalline particles of Mn3O4 probably cannot be detected by XRD due to their disorder,
planar defects, and small amount relative to the solid solution phase.

3.3. PDF analysis

The catalysts Mn—Zr-400 and Mn—Zr-700 were investigated by the PDF analysis, and ZrO»-300 was used as a ref-
erence sample. Fig. 5a shows the G(r) functions for these samples. It is seen that the PDFs of low-temperature oxides
Mn—Zr-400 and ZrO,-300 fall off at about 10 A, indicating the typical for amorphous state absence of long-range order.
These particles can be considered as crystalline nuclei, which form the bulk crystalline phase ZrO5 with increasing tem-
perature [7]. On the contrary, the Mn—Zr-700 sample, has the typical PDF for a crystalline compound — the amplitude of
the G(r) peaks does not decrease at large r. Nevertheless, a comparison of these PDFs is possible within the first few
coordination spheres.

In the case of Mn-containing oxides, the first coordination distance Zr—O is about 2.12 — 2.14 A, whereas for the
Zr05-300 sample it is about 2.20 A. This difference is probably due to the presence of the MnO, phase, which was
detected by TEM. However, at large distances, there is more similarity between the Mn—Zr-700 and ZrO5-300 samples
than between Mn—Zr-700 and Mn—-Zr-400. This is probably due to the fact that ZrO,-300, according to the XRD data,
contains some crystalline ZrO» phase.
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To estimate the contribution of the added manganese, the G(r) function of ZrO2-300 was subtracted from the G(r) of
Mn—Zr-400. The residual G(r) is shown in Fig. 5b. The Mn-O distance is about 2.01 A, that is close to the distance 2.02 A
corresponding both MnyO3 (s.g. Ia-3, COD 1514107) and Mn3Oy4 (s.g. I 41/amd, COD 1011262). Mn—Mn distances of
the nearest coordination spheres are in the r range of 2.84 — 4.22 A, that are close to those of the oxides Mn, QO3 (2.86 —
4.24 A) and Mn30, (2.80 — 4.23 A). However, according to TEM data, this phase is most likely to represent Mn3Oy.
Thus, the residual G(r) function is likely to represent manganese oxide phase in the sample Mn—Zr-400.

10
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FIG. 5. Comparison of G(r) functions of Mn—Zr-700, Mn—Zr-400 and ZrO2-300 (a); residual G(r) of
Mn—Zr-400 and ZrO5-300 (b)
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FIG. 6. Experimental and calculated (P 4o/nmc, Zrg soMng 1101 ss) functions G(r) of the sample Mn—
Zr-700

Figure 6 shows the experimental and calculated functions G(r) for the Mn-Zr-700 sample. All coordination peaks
of this function correspond to the distances typical for the fluorite structure. According to the XRD data, calculated G(r)
function should contain Zry,Mn;_, O, solid solution phase based on t-ZrO structure. The normalized lattice parameter
a* is 5.099(1) A is close to Rietveld refined one. Refinement model contains the atomic ratio Mn/Zr in solid solution
phase 0.11/0.89 and the oxygen occupancy 0.94. It also should be mentioned that, according to the TEM data, this sample

contains the MnO,, phase. Probably, some discrepancy between the experiment and simulation is due to the contribution
of this phase.

3.4. Insitu XRD

To establish the peculiarities of the crystallization process depending on the temperature and gas environment, in situ
XRD experiment was carried out for the sample Mn—Zr-400. The catalyst was heated to 700 °C in inert (He), reducing
(Hy/He, 10/90 sccm) and oxidizing (O2/He, 20/80 sccm) environments at a rate of 5°C /min.

The diffraction patterns obtained by heating Mn—Zr-400 in He are shown in Fig. 7a. At room temperature, a broad
halo is observed, indicating an amorphous state. The crystallization process begins at 455 °C, small peaks of the crystalline
phase appear. The resulting crystalline phase is cubic ZrOs (s.g. Fm-3m, PDF 77-2157) which is represented by diffraction
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maxima at 32.6 and 37.8 °26 corresponding to reflections 111 and 200, respectively. During heating, intensity of these
peaks gradually increases along with the disappearance of the amorphous phase that indicates crystallization of solid
solution.
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F1G. 7. XRD patterns of Mn—Zr-400 recorded upon heating from 30 to 700 °C with a rate of 5 °C/min
in the He medium; A = 1.6467 A (a) change in the lattice parameter (b) and CSR (c) of Zr;_,Mn, O,
with temperature

The lattice parameter of the crystalline phase at 500 °C is 5.088(2) A. Despite the thermal expansion of the lattice,
this value is lower than for pure ZrO5 (5.11 A), which indicates the formation of the Zr1_yMn, O, solid solution phase
instead of pure zirconia. During further heating, the lattice parameter decreases even more (Fig. 7b), reaching a minimum
value 5.082(2) A at 600 — 650 °C. The continuous nature of this process indicates that the formation of the solid solution
phase is gradual. Mn cations probably migrate from the Mn30, oxide phase detected by TEM and / or from the remaining
amorphous precursor and slowly substitute Zr cations. So, at the temperatures of 600 — 650 °C, the highest concentration
of manganese is achieved in Zr;_,Mn,O;. At the same time, the CSR value of Zr;_,Mn,O, decreases from 260 to
180 A (Fig. 7c). After reaching the minimum value at 600 — 650 °C, the lattice parameter increases with temperature
reaching the maximum value 5.086(2) A at 700 °C. However, CSR of phase Zr1_yMn, O, is generally stable upon further
heating. Besides thermal expansion, the parameter growth may indicate two processes: the reduction of Mn cations in the
solid solution or the decomposition of the solid solution with the release of manganese. In the first case, the parameter
growth is due to the fact that the ionic radius of Mn cations is inversely proportional to their oxidation state [28]. In the
second case, manganese atoms are released from the solid solution lattice with formation of MnQO,, oxide.

In the reducing environment (Hy/He), the crystallization process occurs similarly (Fig. Al in Appendix). The diffrac-
tion maxima of the Zr;_,Mn, O solid solution phase appear at 450 °C indicating the beginning of the crystallization
process. The lattice parameter of Zr; _,Mn, O, is about 5.088(2) A, and it gradually decreases with heating to the mini-
mum value 5.075(2) A at the temperature about 550 — 600 °C. Simultaneously, there is a decrease in the CSR value from
the initial 290 to 190 A. Further heating leads to an increase in the lattice parameter of Zr1_yMn, O3 up to 5.083(2) A at
700 °C, while CSR is stable. Therefore, we can conclude that the reducing environment has no significant effect on the
crystallization process of the Zr;_,Mn, O3 solid solution phase compared to an inert environment.

In the oxidizing environment (O2/He), the XRD peaks of the crystalline phase Zr;_,Mn, O, appear at the temperature
560 °C (Fig. 8a), which means that the crystallization process begins at a higher temperature than in inert and reducing
environments. The lattice parameter of Zr; _,Mn, O, also decreases with increasing temperature from initial 5.086(2) A
to its minimum value 5.072(2) A at 660 — 700 °C (Fig. 8b). The CSR value at the beginning of the crystallization process
is lower than in reducing and inert environments (200 A), but also steadily decreases to 120 A upon heating (Fig. 8c).
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Table 2 shows the properties of the Mn—Zr-400 catalyst after in situ XRD experiments carried out in the corresponding
environments. The Zr;_,Mn,O- solid solution phase is obviously preserved, as indicated by the lattice parameter value
being in the range 5.055(1) — 5.065(1) A. It was shown that the effect of an oxidizing environment led to the formation of
a solid solution with the lowest lattice parameter (5.055(1) A).

TABLE 2. Phase composition, CSR and lattice parameter in Mn—Zr-400 oxide after the in situ XRD experiments

Medium Phase composition, wt. % CSR (Zr;_,Mn,0>), A Latté;ezli g:?f i:&ter @
He 99% Zri_,Mn,0O2; 1% MnO 190 5.064(1)
Hy/He 99% Zr1_,Mn,02; 1% MnO 200 5.065(1)
Oo/He | 99% Zri_,Mn,O2; 1% Mn303 130 5.055(1)

In addition, in oxygen-containing atmosphere, the phase with the lowest CSR value is formed. Besides, small amount
of manganese oxide (1 %) is present in all samples. In the case of inert and reducing environments, this is MnO, while in
the oxidizing environment Mn,Oj3 oxide is formed. This is consistent with the TEM data, which showed the presence of a
Mn;30, phase in the sample Mn—Zr-400. Probably the presence of this phase became more obvious during heating, while
the gas environment led to the reduction/oxidation of the precursor oxide. On the other hand, the presence of manganese
oxide may indicate partial decomposition of the solid solution phase.

3.5. Thermogravimetric analysis

The TGA and DSC curves for the Mn—Zr-400 sample in He and in air are shown in Fig. 9a and Fig. 9b, respectively.
The total weight loss from room temperature to 900 °C of is 9.7 and 10 %, respectively. The endothermic peak at 52 °C
in He and at 65 °C in air corresponds to the removal of residual water and/or gases, which is accompanied by a weight
loss of approximately 7 %. A very intense exothermic peak is observed at 645 °C in He (Fig. 9a) and 658 °C in air
(Fig. 9b). In this case, this peak is likely to be due to the crystallization process [10, 30], which is also accompanied by
rapid loss of a small amount of mass. In air, crystallization is shifted to the higher temperatures by approximately 13 °C,
which indicates the influence of the environment on the process. Additionally, the heat release is more intense in air than
in He (the maximum value is 0.27 pV/mg and 0.19 V/mg, respectively). This extra heat release could be caused by
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the oxidation of Mn cations in the solid solution phase or the oxidation of Mn3O,4 oxide to Mn2Os, since the latter was
detected by XRD analysis (Table 2). In the temperature range of approximately 700 — 900 °C, an endothermic behavior
is observed, which indicates the instability of the formed phase [31]. This may be due to a further phase transformation
of cubic/tetragonal zirconia to monoclinic modification which is typical for doped ZrO4 [20,32].

For comparison, a similar experiment was also carried out for the ZrO5-300 sample in He (Fig. 9c) and in air (Fig. 9d).
The total weight loss was approximately 12 % in both cases. At temperatures of 61 — 65 °C, a small endothermic peak is
observed, which similarly to Mn—Zr-400 sample is associated with the removal of water and residual gases, which is also
accompanied by a weight loss of approximately 3 — 4 %. At 425 °C, an exothermic peak is observed both in He and in
air. In this case, this peak corresponds to the crystallization process with the formation of monoclinic ZrO,, that is stable
in this temperature range. Further heating leads to exothermic behavior. Probably this part of the curve may represent
further phase transformation from monoclinic to tetragonal zirconia [6], which is not completed up to 900 °C.

Thus, a comparison of the TGA and DSC data of Mn—Zr-400 and ZrO»-300 showed that the presence of the Mn
dopant leads, firstly, to a shift in the crystallization temperature to the higher values, and, secondly, makes the crystalliza-
tion process dependent on the gas environment.

100 — ~ 0.3 100 ~ 0.4
Mn-Zr-400 (He) a | Mn-Zr-400 (air) b
DSC I —TGA 658°C o3
9 645°C | o5 98 +|—Dbsc I
g 1 02 o
R 96 S X 96 £
= 2 = S
@ o1 < @ o1 =
@ 0o 8 )
S 94 2 = 94 177)
oo O
- 0.0
92 92 - -0.1
165°C
I R T e S 0.1 R e T e 02
200 400 600 800 200 400 600 800
0O, [

100 — Ti°C ~1.0 100 TG - 1.0
—TGA  ZrO, (He) c| —TGA  ZrO, (air) d
—DSC 98 | \——DSC

o 96 o
® L 05 § ® L 05 §
ﬁ S @ 94 - =

@ =

g g & S
a 92 - a

0.0 907 - 0.0
88
T T T T T T T T T T T T T T T
200 400 600 800 200 400 600 800
T/°C TI°C

FI1G. 9. TGA and DSC curves of Mn-Zr-400 sample in He (a) and in an air (b) and of ZrO5-300 sample
in He (¢) and in an air (d)

4. Discussion

As it was shown in the in situ XRD experiments (Fig. 7-8), the process of crystallization is accompanied by the
decrease in CSR of zirconia phase with temperature. Typically, the crystal growth implies the increase of the particle
size and, consequently, of CSR. However, it is known that Mn—Zr solid solutions are characterized by a smaller particle
size than pure zirconia [27]. In this case, we observe an average picture in the diffraction patterns, so CSR calculated
from these patterns is also an average value. Therefore, the reduction of CSR upon heating may be due to an increase
in the content of the phase of solid solution Zr;_,Mn, O, with a higher manganese content and smaller particle size. At
the same time, the amount of ZrO5 phase with larger particle size decreases. Furthermore, it can be assumed that the
process of solid solution formation delays the particle growth. Thus, we observe a decrease in CSR from 200 — 290 A to
120 — 190 A with heating. According to the TEM and PDF data, the manganese oxide phase is present in the Mn—Zr-400
sample, which is also preserved in the sample synthesized at 700 °C. The exact content of this phase is unknown, since
the corresponding peaks are absent in the XRD patterns. However, Mn atoms uniformly distributed among Zr atoms in
the amorphous precursor apparently prevented the formation of a bulk phase of pure crystalline zirconia. At the same
time, this probably led to the preferable formation of a solid solution phase Zr;_,Mn,O,. In situ XRD data show that
the lattice parameter of the formed crystalline phase decreases with increasing temperature. Since an increase in the



78 V.P. Konovalova, E.Yu. Gerasimov, Z.S. Vinokurov, A.A. Pochtar, O.A. Bulavchenko

parameter usually occurs during heating, we associate this behavior with structural transformations inside the sample.
In this case, similar to the observed CSR dependance, we observe the gradual decrease in the lattice parameter from
5.086(1) — 5.088(1) A to 5.072(1) — 5.082(1) A with heating. This result is associated with the formation of the solid
solution Zr;_,Mn,O, with a smaller lattice parameter and simultaneous decrease in the content of ZrO, with a larger
lattice parameter.

In papers [9-11] doping zirconia with vanadium, lanthanum and yttrium leads to the crystallization temperature
increase. The authors explain this by the presence of admixture atoms (or oxide molecules) on the surface, which prevents
grain growth, that results in a higher temperature to be required to initiate the crystallization process. In our case, the
shift of the crystallization process to a higher temperature region seemed to prevent the formation of monoclinic ZrOo
crystallites. Instead, the crystalline phase formed at temperatures of 460-560 °C has a cubic (or tetragonal) structure
stabilized by manganese cations (Table 1). Previously [20], we showed that at the calcination temperature 800 °C, m-ZrOq
was formed in similar coprecipitated Mn—Zr catalyst. This can be explained by the Mn-Zr solid solution decomposition
resulting in the formation of pure undoped zirconia phase, for which the monoclinic modification is stable at 800 °C.

For Mn—Zr-400 sample the presence of Mn leads to the crystallization temperature being dependent on the environ-
ment. While in an inert and reducing environments the crystallization temperature, according to in situ XRD data, is
450 — 455 °C, in an oxidizing environment it is 560 °C. Moreover, TGA of ZrO2-300 did not show a dependence of
the crystallization temperature on the environment, unlike the manganese-containing catalyst, which is likely to be due
to the redox properties of manganese. After treatment in an oxidizing environment, we also observed a smaller value
of the lattice parameter of the solid solution Zr; _,Mn,O, than in the other two cases. This may indicate both a higher
concentration of manganese cations in the solid solution and their partial oxidation.

Mn,,Zr, ,,0,
crystalline

Mn;0.
amorphous
Mn,Zr,0;
amorphous

400 450 500 550 600 650 700 T/°C

Mn,2Zr, O,
crystalline

Mn,,Zr,,,0,
crystaliine

F1G. 10. Illustration of crystallization process: 1 — amorphous Mn-Zr mixed phase and oxide MnzOy;
2 — thermally activated crystallization with the formation of large (300 A) crystallites; 3 — formation
of the solid solution phase Mn,Zr;_,Os; 4, 5 — crystallization finishes; 5, 6 — decomposition of solid
solution with the formation of bulk manganese oxide phase.

The possible course of this process is shown schematically in Fig. 10. At 400 °C an amorphous phase containing
uniformly distributed Zr and Mn atoms is present, as well as a small amount of Mn3Oy4 (1). At 460 — 560 °C the
crystallization process starts, during which crystalline ZrO5 phase is formed (2). Further heating leads to a decrease in the
content of ZrO, phase with a larger particle size with simultaneous increase in the content of solid solution Mn,Zr; _, O
with smaller particle size, which results in a decrease in the CSR from 200 — 290 to 120 — 190 A (3). Crystallization is
completed at 600 — 650 °C and the concentration of Mn atoms in the solid solution phase reaches its maximum (4 — 5).
At 650 — 700 °C partial decomposition of the solid solution probably occurs with the formation of the bulk MnO,. phase
(5-6).

5. Conclusion

The samples Mn—Zr-400 and Mn—Zr-700 were obtained by co-precipitation and calcination at the temperatures 400
and 700 °C, respectively. The sample ZrO,-300 calcined at 300 °C was used as a reference. These samples were
characterized by X-ray diffraction, pair distribution function analysis, BET and transmission electron microscopy. Mn—
Zr-400 is shown to be amorphous and containing uniformly distributed Mn and Zr atoms, as well as a small amount of
MnO,, phase. Mn—Zr-700 contains Zr; _,Mn, O, solid solution phase based on tetragonal zirconia and also shows traces
of MnQO,, phase. The sample ZrO--300 mainly consists of amorphous particles, but also shows the presence of crystalline
zirconia phase unlike the sample Mn—Zr-400.

The process of crystallization was studied via in situ X-ray diffraction and thermogravimetric analysis. The crys-
tallization temperature of Mn—Zr-400 in reducing and inert environments is 450 — 455 °C and in oxidizing is 560 °C.
The crystallization of pure zirconia occurs at 425 °C in both oxidizing and inert environments. As the result of crystal-
lization Zr;_,Mn, O3 solid solution phase based on tetragonal modification. Further heating leads to an increase in the
concentration of manganese in the solid solution (y), after which Zr;_,Mn,, O is stable up to 700 °C.
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Thus, it was shown that the presence of manganese leads to the following effects:

— Shift of the crystallization onset to the higher temperatures compared to pure amorphous zirconia;
— The resulting phase of crystallization is the solid solution Zr; _,Mn, O, rather than pure ZrOs.

Mn cations seem to stabilize the tetragonal modification of zirconia, while in this temperature range usually mon-
oclinic zirconia is stable. Besides, the addition of manganese allows the crystallization temperature to be controlled by
varying the environment. While the reducing environment apparently has no significant effect compared to the inert one,
the oxidizing environment allowed the crystallization temperature to be increased.

Appendix
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ABSTRACT This study presents the synthesis and characterization of composite photocatalysts based on g-
C3Ny modified with Ni(OH), and Co(OH), for CO, reduction under visible light (A = 410 nm). XRD, UV-Vis
spectroscopy, and high-resolution TEM analyses revealed that the deposition of hydroxides did not disrupt
the g-CsNy structure but caused a slight increase in the interlayer spacing and band gap; Ni(OH), formed
nanoparticles of ~7 nm, whereas Co(OH), crystallized as larger particles of ~24 nm. TEM showed that
after the photocatalytic CO, reduction, partial agglomeration of Ni(OH)./NiO occurs. The catalyst containing
0.1 wt.% Ni(OH), exhibited the highest activity — 7.04 umol-g~*-h~!, achieving a CO reduction rate 1.9 times
higher than that of pristine g-C3N4. The 0.5 wt.% Co(OH)./g-C3N, photocatalyst was achieved a 1.3-fold
increase in activity compared to pristine g-C3N4. This enhancement is attributed to the formation of a Il type
heterojunction between g-C3N4 and Ni(OH)., which facilitates charge transfer and suppresses recombination.

KEYWORDS g-C3Ny4, photocatalysis, Ni(OH)2, Co(OH),, CO, reduction
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1. Introduction

In today’s world, the intensification of the greenhouse effect and climate change are global problems that the entire
international scientific community is interested in solving [1-3]. The concentration of carbon dioxide (COy) in the at-
mosphere continues to increase due to the use of fossil fuels in modern energy production [4-7]. Therefore, it seems
reasonable not only to capture CO4 but also to convert it into valuable products in order to achieve a balance between
energy demands and environmental sustainability [8,9]. Converting CO3 into valuable chemicals not only decreases its
atmospheric concentration, but also helps to store solar energy in the form of stable chemical bonds [10-12]. This is
important because COs is available in huge volumes and can serve as a raw material for various materials. Among vari-
ous CO, conversion approaches, photocatalysis is particularly attractive as it utilizes solar energy to transform CO- into
CO, CHy, CH30H, and other products and is carried out at room temperature and atmospheric pressure [13, 14], unlike
industrial processes [15].

Efficient CO4 conversion into chemical compounds requires catalytic systems with high activity and selectivity for
the target products, and resistance to photodegradation. Current challenges in this area include selecting efficient and
durable materials, reducing the energy required for CO; activation, increasing the proportion of target products, and
minimizing side reactions such as Hs evolution and HyO splitting. Photocatalytic systems based on semiconductors, in
particular graphitic carbon nitride (g-C3N,), doped with metals or metal oxides are of particular interest [16—18]; g-C3Ny
has a favorable band gap, the ability to absorb visible light, and great potential as a photocatalyst [19-21]. However,
pristine g-C3N, has limitations: a relatively small surface area, rapid recombination of photogenerated charge carriers,
and low selectivity in CO4 reduction reactions [20,22,23]. To overcome these limitations, g-C3N,4 modification through
doping, heterostructure formation, and active phase deposition is widely used [20, 24, 25]. In this regard, transition metal
hydroxides such as Ni(OH)- and Co(OH), act as effective cocatalysts. Introducing them into the g-C3N4 system improves
the separation of photogenerated charge carriers, more effectively adsorbs CO5 molecules on the material surface, and
reduces side reactions, thereby paving the way for increased activity and selectivity [26-28].
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This study aims to compare the effect of Ni(OH)2 and Co(OH); supported on g-C3Ny on the photocatalytic activity
and selectivity in CO5 reduction. The results will provide recommendations for the optimal ratio of Ni(OH)s and Co(OH),
phases deposited onto g-C3N,4, which will increase the yield of target products.

2. Experimental
2.1. Photocatalyst synthesis

2.1.1. g-C3Ny synthesis. A suspension was prepared from a mixture of melamine, cyanuric acid and distilled water
(300 ml) and heated with constant stirring for 12 h at 90 °C [29]. The resulting supramolecular complex of melamine-
cyanuric acid was washed with water, dried in vacuum, and calcined in air at 550 °C for 1 h at a heating rate of 1 °C/min.

2.1.2. Ni(OH)y and Co(OH)y deposition. A suspension was prepared by dispersing 500 mg of g-C3Ny in 20 ml of
acetone. The required amount of nickel or cobalt nitrate (M(NO3)2) was then added to the suspension. The mixture was
sonicated for 1 min, after which acetone was removed using a rotary evaporator. To convert the metal species into the
hydroxide form on the g-C3N, surface, small portions of the dried M(NO3)2/g-C3Ny samples were added to a 0.5 M
NaOH solution with intensive stirring. After 10 min, the samples were filtered through a PTFE membrane, washed twice
with water and dried under vacuum at 40 °C for 10 hours.

2.2. Photocatalyst characterization

The synthesized catalysts were studied using a set of physicochemical analysis methods: X-ray diffraction (XRD),
diffuse reflectance spectroscopy (DRS), and high-resolution transmission electron microscopy (HRTEM). The phase com-
position and particle size were determined by XRD. XRD patterns were recorded on a Bruker D8 Advance diffractometer
in the 20 range from 10° to 65° using Cu Ko radiation. DRS in the UV- and visible spectral regions were obtained
on a Shimadzu UV-2501 PC spectrophotometer with an ISR-240A diffuse reflectance attachment in the 200 — 800 nm
wavelength range. The optical band gap was calculated from a linear fit to the Tauc plot for indirect allowed transitions.
Surface morphology was studied using HR TEM on a ThemisZ microscope (Thermo Fisher Scientific) with an acceler-
ating voltage of 200 kV. To prepare for analysis, samples were dispersed in an ultrasonic bath and applied to perforated
carbon substrates.

2.3. Photocatalytic CO- reduction experiment

The photocatalytic CO, reduction was performed in a static glass reactor (V' = 170 ml) with a quartz window
(16 cm?) (Fig. 1a). Typically, 30 mg of photocatalyst dispersed in 500 pl of ultrapure water (NuZar Q water purification
system), after that this suspension was applied to a glass support (8 cm?). The photocatalyst was then dried and illuminated
with LED-410 nm for 30 min to remove organic contaminants from the photocatalyst surface. The glass support with the
deposited photocatalyst was then placed in a reactor containing 1 ml of ultrapure water. The reactor was purged with
Ar for 20 min to remove O-, followed by COs (99.995 %) purging also for 20 min, and then irradiated with 410-nm
LED (Fig. 1b). The gas phase was analyzed by Chromos GKh-1000 gas chromatograph equipped with a flame ionization
detector with methanator and a thermal conductivity detector. Samples were collected every hour, and the photocatalytic
experiment lasted 4 hours. The production rates (CO, CH4) were calculated by linear approximation of the kinetics curves.
The total electron absorption rates were calculated by the following formula:

W,.- (CO,RR) = 2 x W(CO) + 8 x W (CHy), (1)

where 2 and 8 are coefficients for electron balance, and W (CO) and W (CHy) are the production rates of CO and CHy,
respectively.

3. Results and discussion

The photocatalysts g-C3Ny, 2.5 % Ni(OH)2/g-C3Ny, and 2.5 % Co(OH)2/g-C3Ny were analyzed by XRD. Fig. 2
shows the XRD patterns of these photocatalysts. The diffraction peaks at 13.6° and 27.7° correspond to the (210) and
(002) reflections, respectively [29]. In addition to the two characteristic peaks of the g-C3Ny structure, several weaker
peaks are observed, including a peak near 57° related to the (004) plane. This confirms the formation of g-C3N4 with an
orthorhombic structure [30,31].

Furthermore, the impact of the supported Ni(OH), and Co(OH), on the coherent scattering region (CSR) of the
intraplanar structure of g-C3N, and the interplanar spacing is evident. The CSR of Co(OH);, is significantly higher than
that of Ni(OH),, which indicates crystallization. The deposition of Ni(OH)2 and Co(OH), does not lead to the appearance
of new reflections in the XRD patterns. This indicates the absence of bulk crystalline hydroxide phases and their high
dispersion on the g-C3Ny surface.

However, quantitative analysis of the XRD patterns (see Table 1) revealed the influence of the modifying additives
on the g-C3N, structural parameters. Specifically, the interplanar spacing dggz increases from 3.217 A for unmodified g-
C5Ny to 3.244 and 3.236 A for composites with 2.5 % Ni(OH), and Co(OH),, respectively. This indicates the successful
interaction between the deposited hydroxides and the g-C3Ny lattice. Calculating the CSR sizes using the Scherrer
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TABLE 1. Structural characteristics of g-C3Ny, 2.5 % Ni(OH)2/g-C3Ny and 2.5 % Co(OH)2/g-C3Ny
photocatalysts calculated from XRD data

Photocatalyst do1o/A | La,nm | doo2/A | L., nm | Ni(OH)s/ Co(OH); CSR, nm
g-C3Ny 6.95(1) | 8(1) |3.217(5) | 7(1) —
2.5 % Ni(OH)2/g-CsNy | 6.98(1) | 11(1) | 3.244(5) | 8(1) 7(1)
2.5 % Co(OH)y/g-C3Ny | 6.94(1) | 11(1) | 3.236(5) | 8(1) 24(1)
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formula showed that Ni(OH), forms nanosized particles measuring ~7 nm, while Co(OH), crystallizes as significantly
larger particles (~24 nm). Such difference in crystallite size may significantly affect the photocatalytic properties of the
synthesized materials.

The optical properties of all synthesized photocatalysts were investigated. Fig. 3(a and c) presents the diffuse re-
flectance spectra, showing that all photocatalysts absorb visible light in the 400 — 800 nm range. The absorption edge is
located in the 425 — 460 nm region. Fig. 3(b and d) shows the plots in Tauc coordinates for calculating the optical band
gap. Upon the addition of Ni(OH), and Co(OH)2, the optical band gap slightly increases from 2.68 to 2.87 eV. This is
due to the fact that Ni(OH), and Co(OH)» are wider-bandgap semiconductors [32,33].
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FIG. 3. (a, ¢) UV-Vis spectra of photocatalysts; (b, d) Tauc plots for calculating E, of the x %
Ni(OH)2/g-C3Ny4 and x % Co(OH)2/g-C3Ny (x = 0 — 2.5 wt.%) photocatalysts

TEM was used to study the 1 % Ni(OH)2/g-C3N4 photocatalyst (Fig. 4(a—c)). It was shown that g-C3Ny is represented
by rounded thin nanosheets. Following the deposition of 1 % Ni(OH)s, the surface became covered with uniformly
distributed nanoparticles of ~0.5 — 2 nm thick, corresponding to 2 — 5 stacked Ni(OH), layers, while preserving the
layered structure (Fig. 4(a, b)). Ni(OH)2 exhibits strong adhesion to the surface of g-C3Ny. The (001) plane of Ni(OH),
is oriented parallel to the corresponding (002) (from XRD data (Fig. 2)) plane of g-C3N, and is consistent with the
observed lamellar morphology. The Ni(OH), particles are in close contact with the g-C3Ny surface (Fig. 4(c)), ensuring
effective interfacial interaction and the formation of local type II heterojunctions. This organization promotes the spatial
separation of photogenerated charge carriers, reduces their recombination and directs electrons to the cocatalyst surface,
where COs reduction occurs.
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FI1G. 4. (a) HR TEM, (b) HAADF STEM, (c) elemental mapping for 1 % Ni(OH)s/g-C3N4 photocata-
lysts; (d) HR TEM, (e) HAADF STEM, (f) elemental mapping for 1 % Ni(OH)2/g-C3N, photocatalysts
after CO5 reduction

All synthesized x % Ni(OH)2/g-C3Ny and x % Co(OH)s/g-C3Ny photocatalysts were studied in the CO4 reduction
under 410-nm LED irradiation. Fig. 5(a) shows the rates of CO and CH,4 formation in the presence of x % Ni(OH)»/g-
C3Ny photocatalysts. As can be seen, the main product formed during the COq reduction reaction is CO. Fig. 5(b)
shows the overall rate of CO4 reduction. The most active photocatalysts were 0.1 % and 0.25 % Ni(OH)2/g-C3Ny with
a CO, reduction rate of 7.04 and 7.08 pmol-g~!-h ™!, respectively. The reaction rate of photocatalysts containing 1 and
2.5 % Ni(OH), differed little from the rates of 0.1 % Ni(OH)2/g-C3Ny and 0.25 % Ni(OH)2/g-C3Ny. Therefore, we
will consider 0.1 % Ni(OH)s to be the most effective composition, since even a small addition of cocatalyst allows for a
1.9-fold increase in the CO5 reduction rate.
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FI1G. 5. (a) CO and CH4 production rates; (b) total electron consumption rate during CO, reduction in
the presence of x % Ni(OH)2/g-C3N, photocatalysts. Conditions: m(cat.) = 30 mg, t(reaction) = 4 h.
Light source: LED with A =410 nm.
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Figure 6(a) illustrates the CO and CH,4 formation rates in the presence of the = % Co(OH),/g-C3N, photocatalysts.
As can be seen, the main product formed during the CO; reduction is also CO. Fig. 6(b) shows the total rate of CO,
reduction. The most active photocatalyst was 0.5 % Co(OH)s/g-C3N, with CO, reduction rate of 4.84 pmol-g=*-h™1.
The rates of photocatalysts containing 1 % and 2.5 % Co(OH)s did not differ significantly from the rate of the 0.5 %
Co(OH)2/g-C3Ny4 photocatalyst within the measurement error. Unfortunately, only a slight increase in the photocatalytic
activity is achieved for Co(OH)- deposition on the surface of g-C3Ny.

50 (@) 5 (b)

co

g
w
‘

[ ]
CH,
e ] | }
2 20 % Jp 7L = 4 | J
2 m H > Vi
= o
ﬂ_-’: 1.54 g I
© =
S 10| o
B 05 =
o
L — == | —_
0.01
QO] LI s 1§ 1 1 1
g-C.N, 0.1 025 05 1 25 g-C,N, 0.1 025 05 1 25
X% Co X% Co

FI1G. 6. (a) CO and CH,4 production rates; (b) total electron consumption rate during CO4 reduction in
the presence of x % Co(OH)2/g-C3Ny photocatalysts. Conditions: m(cat.) = 30 mg, t(reaction) = 4 h.
Light source: LED with A =410 nm.

After the COs reduction, the most active photocatalyst — 0.1 % Ni(OH)s/g-C3Ny was studied by TEM (Fig. 4(d—
f)). Some of the Ni(OH), is converted into NiO, creating defects and oxygen vacancies that enhance photocatalytic
activity. Adhesion is maintained, with the partial agglomeration of Ni(OH)2/NiO particles on the g-C3N, surface. A
partial increase in particle size as a result of the CO5 reduction reaction is observed in an increase in the thickness
of layered particles (Fig. 4(d, e)), while the uniformity of the distribution of Ni(OH), particles over the surface of g-
C3Ny is maintained (Fig. 4(f)). After the photocatalytic CO2 reduction, it is important to note that there are no signs of
photocatalyst degradation: the layered g-C3N4 morphology and the Ni(OH); dispersion are both preserved. This indicates
the catalyst’s structural stability under reaction conditions and confirms its high photocatalytic activity.

Also, the mechanism of photocatalytic CO5 reduction on Ni(OH)»/g-C3Ny (Fig. 7(a)) and Co(OH)»/g-C3Ny (Fig. 7(b))
composites was proposed. Upon light irradiation, both semiconductors (g-C3N4 and Ni(OH); or Co(OH)3) are photoex-
cited. Electrons from the conduction band (CB) of g-C3Ny are transferred to the CB of the hydroxides, while holes from
the valence band (VB) of the hydroxides migrate to the VB of g-C3Ny, where they participate in the H,O oxidation.
This type II heterojunction scheme ensures the spatial separation of photogenerated charge carriers suppresses their re-
combination and directs electrons to the cocatalyst surface [34,35], where activation and CO» reduction occur. The CB
level of g-C3Ny provides sufficient potential for the two-electron reduction of CO3 to CO, which explains why CO is the
main reaction product. The comparatively low rate of CO; reduction in the presence of Co(OH)s/g-C3Ny compared to
Ni(OH)4/g-C3N,4 may be associated with the rather large size of cobalt hydroxide particles, three times larger than the
size of nickel hydroxide particles (see Table 1).

4. Conclusion

This study presents the synthesis and characterization of composite photocatalysts based on g-C3N,4, modified with
Ni(OH)5 and Co(OH),, for the photocatalytic reduction of CO4y under visible light (A = 410 nm). The introduction of
hydroxides did not disrupt the structure of g-C3Ny, but rather to increase the interplanar spacing and optical band gap,
indicating interaction between the phases. Note that Ni(OH), forms nanoparticles with a CSR approximately 7 nm,
whereas Co(OH), crystallizes into larger particles of around 24 nm. TEM study showed that partial agglomeration of
Ni(OH)2/NiO particles observed after CO, reduction while adhesion was maintained, indicating morphological stability.
The presence of cocatalysts promotes efficient charge separation and increases activity in the COy reduction reaction.
Catalysts containing 0.1 and 0.25 wt.% Ni(OH)» have comparable CO- reduction rates and exceed the activity of the
unmodified g-C3Ny4 by 1.9 times. The 0.1 % Ni(OH)2/g-C3N,4 was selected as the optimal photocatalyst, as it provides
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the same level of activity with minimal cocatalyst loading. For photocatalysts containing 0.5-2.5 % Co(OH)s, the CO;
reduction rate was almost the same and exceeded the activity of the pristine g-C3N,4 by ~1.3 times. Therefore, 0.5 %
Co(OH)2/g-C3N, was chosen as the active photocatalyst from all modified Co(OH),, as it provides the maximum effect
with a minimum cocatalyst loading. This increase in activity is attributed to the formation of a type II heterojunction
between g-C3Ny and the transition metal hydroxides, facilitating charge transfer and suppressing charge recombination.
Therefore, modifying g-C3Ny with transition metal hydroxides is an effective strategy to improve the photocatalytic
activity of COs reduction under visible light irradiation.
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ABSTRACT For the first time the thermal stability of the phase composition of (ZnS)(Ag-»S).. sulfide heteronanos-
tructures are studied. Solid-phase heteronanostructures (ZnS)(Ag.S). with z = 0.002 — 0.50 are synthesized
by hydrochemical co-deposition of ZnS and Ag-S sulfides. The ZnS nanoparticle size, estimated from the
broadening of diffraction reflections, in the produced initial heteronanostructures is 2 — 4 nm. Annealing of the
synthesized (ZnS)(Ag2S).. heteronanostructures in air at temperature from 25 to 530 °C and above leads to a
change in their phase composition due to the oxidation of cubic ZnS sulfide to hexagonal zinc oxide. Oxidation
begins at a temperature of approximately 250 °C; the ZnO nanoparticle size varies in a range of 12 to 17 —
25 nm. Oxidation of solid-phase (ZnS)(Ag2S).. heteronanostructures in air showed that weight loss that occurs
upon heating from ~250 to ~430 — 450 °C is associated with the beginning of oxidation of the ZnS sulfide
and the formation of the ZnO oxide. The most significant weight loss is observed after heating from ~450 to
~580 °C due to an increase in the ZnO content, oxidation of sulfur and its removal in the form of SO,.
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1. Introduction

Semiconductor sulfides ZnS and Ag,S are widely used in various electronic devices, solar cells, light-emitting diodes,
luminophores, and catalysts [1-6]. Cubic (space group F'43m) zinc sulfide a-ZnS is a wide bandgap semiconductor with
a band gap of £, = 3.50 — 3.76 ¢V [4]. Silver sulfide has two main modifications: monoclinic (space group P2;/c)
acanthite a-AgsS, which exists at temperatures below 180 °C, and body-centered cubic (space group Im3m) argentite
B-AgsS, which exists in a temperature range of 180 — 585 °C. The conventional band gap of silver sulfide with a-AgsS
acanthite structure is 0.9 — 1.1 eV [3].

An increase in the band gap of nanostructured sulfides and heteronanostructures is possible by decreasing the size of
nanoparticles and by creating nanocomposites of two sulfides. The most promising is the production of semiconductor
nanocomposites consisting of zinc and silver sulfide nanoparticles. In the ideal case, the change in the band gap of
the sulfide heteronanostructure of ZnS and AgsS can cover a wide part of the spectrum from the infrared to the near
ultraviolet. An increase in the AgsS content in (ZnS)(AgsS), heteronanostructures leads to a decrease in the band gap
E, from ~3.6 — 3.7 to ~3.0 eV [5]. The use of (ZnS)(Ag»S), heteronanostructures extends the spectral sensitivity to the
visible long-wavelength region and allows obtaining new nanomaterials for converting solar energy into electricity, for
solid-state UV lasers and fast-acting resistance switches.

The thermal stability of the phase composition of (ZnS)(AgsS), heteronanostructures is important for their possible
application. During the heating of (ZnS)(Ag»S), heteronanostructures, the sulfides can be oxidized. Therefore, for the
use of (ZnS)(AgsS), heteronanostructures, it is necessary to know the stability of their phase composition. There are
no published data on the thermal stability of (ZnS)(Ag»S), heteronanostructures. This work is devoted to studying the
thermal stability of the composition of (ZnS)(Ag2S), sulfide heteronanostructures containing different relative amounts
of silver sulfide = from 0.002 to 0.50.

2. Experimental

Aqueous solutions of reagents for the synthesis of solid-phase heteronanostructures of zinc and silver sulfides were
prepared using high-purity deionized water as a solvent.

Synthesis of solid-phase (ZnS)(Ag»S), heteronanostructures by hydrochemical two-stage co-deposition of ZnS and
AgsS is described in detail earlier in study [5].

© Sadovnikov S.I., 2026
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Aqueous solutions of reagents for synthesis of ZnS and AgsS sulfides and their heteronanostructures based on ZnS
and Ag,S sulfides were prepared with the use of high-purity deionized water as a solvent. High-purity deionized water
was produced using the Milli-Q Reference (Merck, Millipore) water preparation system. The specific resistivity of water
is equal 18.2 MQ-cm at 298 K (electrical conductivity is below 5.5x10~% S-m™1), the total content of organic carbon did
not exceed 5x10° ppb (5x10'® mg-L™1).

The solubility products K, of sulfides ZnS (K, = 2.5 x 1072%) and Ag,S (K = 6.3 x 10759y differ very
strongly. Therefore, heteronanostructures ZnS/AgsS have been synthesized in two stages. First, silver sulfide AgsS
was synthesized by chemical deposition from aqueous solutions of silver nitrate AgNO3 and sodium sulfide NasS in
the presence of sodium citrate NasCit. In aqueous solutions, sodium citrate can reduce Ag™ ions to form silver metal
nanoparticles [3,4] and create a citrate shell on Ag»S particles [3]. Therefore, to obtain colloidal solutions of silver sulfide
without Ag impurities and without a citrate shell, reaction mixtures with a small relative excess of sodium sulfide NasS
and with NasCit concentration from 0.8 to 10.0 mmol-L™! were used which is lower than the concentration of NasS.
The synthesis of a colloidal AgsS solution was carried out in the dark in a neutral medium at pH ~ 7 according to the
following reaction scheme

2AgNO; + NagS — Ag,S | +2NaNOs. @))

For the synthesis of (ZnS)(AgsS), heteronanostructures, solution of sodium sulfide NasS was added to an aqueous
zinc nitrate or sulfate solutions under constant stirring and obtained ZnS solution was mixed with synthesized colloidal
silver sulfide solution.

The deposition of zinc sulfide occurs by the following reaction scheme

Zn(NO3)s 4+ NaS — ZnS | +2NaNOs. )

A total of ten (ZnS)(Ag2S), heteronanostructures with relative silver sulfide AgsS content =z from 0.002 to 0.50
were synthesized. The oxidation of (ZnS)(AgsS), heteronanostructures with low (z < 0.025) silver sulfide content is
almost indistinguishable from the oxidation of zinc sulfide. Therefore, in this work, the stability to oxidation of four
(ZnS)(Ag2S), heteronanostructures with maximum relative silver sulfide content & from 0.025 to 0.50 is considered in
detail. The compositions of the reaction mixtures and composition x of synthesized (ZnS)(AgsS), heteronanostructures
are given in Table 1.

TABLE 1. Composition of reaction mixtures (mmol-L™Y), composition z of synthesized (ZnS)(AgsS),
heteronanostructures, and lattice constant a g3 of zinc sulfide in the prepared heteronanostructures

No. | Synthesis of ZnS Synthesis of Ag,S Content x in heteronanostructures | @53, M
Zn(NO3)> | NaoS | AgNO; | NanS | NasCit (ZnS)(Ag2S)z
1 50 50 2.5 1.25 0.8 0.025 0.5388
2 50 50 5.0 2.5 2.0 0.05 0.5385
3 50 50 10.0 5.0 4.0 0.10 0.5387
4 50 50 50.0 25.0 10.0 0.50 0.5398

*Lattice parameters of monoclinic (space group P21 /c) acanthite a-AgsS, the diffraction reflections
of which are observed in the XRD patterns of the synthesized heteronanostructures 3 and 4 are
a = 0.4220 nm, b = 0.621 nm, ¢ = 0.9531 nm, and 8 = 125.43°.

The Zn(NO3), and NasS concentration was 50 mmol-L ™" in all reaction mixtures. The synthesized solid-phase pow-
ders were washed by decantation and were dried by the sublimation method in an Alpha 1-2 LDplus freeze dryer (Martin
Christ) at an ice condenser temperature of —55 °C. Dried sulfide heteronanostructures stored in a Vacuum Desiccator
Sanplatec MB, evacuated to a residual pressure of 13.3 Pa (0.1 mm Hg).

The deposited sulfide powders and the same powders after annealing were studied by X-ray diffraction (XRD) on a
Shimadzu XRD-7000 diffractometer using CuK «; o radiation at room temperature. XRD measurements were performed
in the angle interval 260 = 20 — 95° with a step A(26) = 0.02° at a scanning time of 10 s per point. The determination of
the crystal lattice parameters and the final refinement of the structure of the synthesized sulfide powders were carried out
using the X’Pert Plus software package [7]. The diffraction reflections of all synthesized nanopowders are significantly
broadened due to the small particle size. Nanoparticle size D of ZnS, Ag,S, and ZnO was determined from the broadening
of the diffraction reflections.

The microstructure of the synthesized ZnS/AgsS heteronanostructures was studied using a ThemisZ transmission
electron microscope (Thermo Fisher, USA) in direct image and in high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode.
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The oxidation of the synthesized heteronanostructures was studied on a Netzsch STA 449C Jupiter thermal analyzer
coupled to a QMS 403C Aeolos quadrupole mass spectrometer. The measurements were performed by combined thermo-
gravimetry (TG) and differential scanning calorimetry (DSC) in lidless alundum crucibles under conditions of continuous
heating of samples to 700 °C at a rate of 10 °C-min~" in a stream (30 cm®-min—!) of synthetic air (79 % Ns + 21 % O-).
Analysis of gases formed during the heating of the samples was carried out taking into account the mass numbers 18, 44,
64 and 80 characteristic of water and COs, SO5, and SO3 oxides.

3. Results and discussion

The effect of annealing temperature on the evolution of the XRD patterns of heteronanostructures (ZnS)(Ag2S)o.025,
(ZnS)(Ag2S)0.10, and (ZnS)(Ag2S)o.50 (see Table 1) containing different amounts of silver sulfide is shown in Figs. 1 and
2, respectively.

Evolution of the XRD patterns of the (ZnS)(Ag2S)p.025 and (ZnS)(Ag2S)o.10 heteronanostructures due to annealing in
air at temperatures of up to 380 °C is shown in Fig. 1. Performed quantitative analysis and comparison with the literature
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FIG. 1. Effect of an annealing temperature of 25 — 530 °C on XRD patterns of heteronanostructures
(ZnS)(Ag2S)p.025 and effect of annealing temperature of 25 — 380 °C on (ZnS)(Ag2S)o.10. Long and
medium-length ticks show the positions of reflections of cubic (space group F'43m) zinc sulfide ZnS
and hexagonal (space group P63mc) zinc oxide ZnO, respectively. Short ticks in bottom of XRD
of (ZnS)(Ag2S)p.10 heteronanostructure show the positions of reflections of monoclinic (space group
P2, /c) acanthite a-AgaS
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FI1G. 2. Evolution of the XRD patterns of heteronanostructure (ZnS)(Ag2S)g.50 due to annealing in
air at temperatures from 25 to 680 °C. Long, medium-length, and short ticks show the positions of
reflections of cubic zinc sulfide ZnS, hexagonal (space group P63mc) zinc oxide ZnO, and monoclinic
(space group P21 /c) acanthite a-AgsS, respectively. The dashed ticks in bottom show the positions of
the reflections of the metallic cubic silver Ag.

data showed that the observed sets of diffraction reflections of the initial heteronanostructures at room temperature 25 °C
correspond to single-phase cubic (space group F'43m) sulfide ZnS with a sphalerite structure (B3 type). The XRD pattern
of the initial heteronanostructures at 25 °C exhibits only highly broadened diffraction reflections of cubic sulfide ZnS. The
ZnS nanoparticle size in initial heteronanostructure is ~3 — 4 nm. The lattice constant a3 of the ZnS nanoparticles is
~0.5387 nm (Table 1). An increase in the annealing temperature is accompanied by the intensity growth of diffraction
reflections due to size increase in the cubic ZnS sulfide particles and the appearance of reflections of hexagonal oxide ZnO.
The ZnS nanoparticle size after heating this heteronanostructure in air at 330 and 380 °C is ~15 — 16 and ~18 — 24 nm,
respectively. In the XRD patterns of the heteronanostructure (ZnS)(AgsS)o.10 at temperatures up to 380 °C, diffraction
reflections of monoclinic silver sulfide (acanthite) a-AgoS are also observed. The oxidation of the (ZnS)(Ag2S)¢.025 and
(ZnS)(Ag2S)p.10 heteronanostructures with the formation of zinc oxide ZnO begins at 280 °C. According to the data of
energy-dispersive X-ray analysis, the content of zinc and sulfur in the synthesized heteronanostructures with a mean ZnS
nanoparticle size of ~3 —4 nm is 50.2+0.1 and 49.9+0.1 at.%, respectively, which corresponds to the stoichiometric ZnS
sulfide.

The evolution of the XRD patterns of the (ZnS)(AgaS)g.05 heteronanostructure upon heating in air is the same as
for the (ZnS)(Ag2S)o.025 heteronanostructure. According to the X-ray diffraction data, oxidation of the (ZnS)(Ag2S)o.05
heteronanostructure begins at a temperature 280 °C, when diffraction reflections (100) and (101) of hexagonal zinc oxide
ZnO appear.

Changes in the XRD patterns of the (ZnS)(Ag2S)o.50 heteronanostructure due to heating in air at temperatures of up to
680 °C is shown in Fig. 2. Note that XRD patterns of the samples annealed at temperatures of 180 — 680 °C were recorded
at room temperature. Due to the high silver sulfide content, the initial heteronanostructure exhibits, along with diffraction
reflections of cubic ZnS, diffraction reflections of monoclinic (space group P2;/c) acanthite a-AgsS (at 25, 180, 280,
330, 430 °C). Diffraction reflections of body-centered cubic argentite 5-AgsS, which is equilibrium at a temperature
330 °C and above, are not observed, because the acanthite <> argentite transition is reversible. As a consequence, after
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cooling the annealed samples, only reflections of monoclinic acanthite, which is an equilibrium low-temperature phase of
silver sulfide, are detected.

As in the case of the (ZnS)(Ag2S)o.025 and (ZnS)(Ag2S)o.10 heteronanostructures, oxidation of heteronanostructure
(ZnS)(Ag2S)o.50 with the formation of hexagonal (space group P63mc) zinc oxide ZnO begins at 280 °C too. The size of
ZnO nanoparticles in all heteronanostructures during oxidation varies in a range of 12 to 17 — 25 nm. At a temperature of
480 °C and above, due to heating in air, silver sulfide 5-Ag,S decomposes to release cubic metallic silver Ag with a lattice
constant a 44 = 0.4086 nm (Fig. 2). It is caused by the specific properties of silver sulfide compared with properties of
other sulfides. Indeed, Ag,S does not interact with oxygen during heating in air to a temperature of ~480 °C. Annealing
in air at temperature > 480 °C is accompanied by the decomposition of silver sulfide with releasing metallic silver Ag
and sulfur S. Sulfur is oxidized to gaseous sulfur dioxide:

AgsS + 0y — 2Ag + SO, 1. (3)

As a consequence, at temperature 480 °C and above, the diffraction reflections of cubic sulfide ZnS, hexagonal
oxide ZnO, and cubic silver Ag are observed in the XRD pattern of heteronanostructure (ZnS)(AgsS)o.50. A similar
spontaneous release of Ag in the form of whiskers during heating AgsS to 530 — 630 °C was found in [8]. The appearance
of Ag whiskers on the surface of a compressed a-AgsS tablet heated in air to ~300 °C was observed in study [9].

Figure 3 shows the TEM image of the (ZnS)(Ag2S)o.50 heteronanostructure in the HAADF-STEM mode and the
distribution of the elements Ag, Zn and S in it. The heteronanostructure is a nanocrystalline matrix of zinc sulfide
particles doped with silver sulfide nanoparticles. The content of Ag, Zn and S elements in this heteronanostructure is
~28.5, ~28.5 and ~42.9 at.%, respectively.

F1G. 3. HAADF image of the initial synthesized heteronanostructure (ZnS)(Ag2S)o.50, HAADF-
STEM image of this heteronanostructure with an overlay of EDX distribution maps of S, Zn and Ag,
and EDX distribution maps of zinc Zn, silver Ag and sulfur S in this heteronanostructure

From Fig. 3 it is seen that darker silver-containing AgsS nanoparticles ~3 nm in size are predominantly located
on the surface lighter ZnS nanoparticles containing zinc. According to X-ray diffraction data, in the initial synthesized
(ZnS)(Ag2S)0.50 heteronanostructure, the size of ZnS and Ag,S nanoparticles is 6 — 7 and 3 — 4 nm, respectively.

Transformations that occur during heating in air and the oxidation of (ZnS)(AgsS), heteronanostructures were studied
by the differential thermal analysis (DTA) — differential thermogravimetry (DTG) method.

Figure 4 shows as an example typical temperature dependences of ion current /;,, and DTA-DTG dependences
measured during the heating of the (ZnS)(Ag2S)o.50 heteronanostructure in air to 700 °C. An effect associated with the
removal of 3 — 4 wt.% of adsorbed water was revealed in the DSC curve at 106 °C. The evaporation of water is confirmed
by the presence of a maximum at ~117 °C in the temperature dependence of ion current for a mass number of 18
corresponding to HoO [9]. When heating the (ZnS)(Ag2S)o. 50 heteronanostructure, the beginning of oxidation is recorded
on the DSC curve at 254 °C. It is due to a decrease in the sample mass and the appearance of a small exothermic effect
that accompanied by the release of SO». This can be explained not only by the partial sublimation of the formed ZnO, but
also by the continuation of the ZnS oxidation, which is confirmed by the XRD data. The exothermic effect detected in the



Stability of solid-phase heteronanostructures based on zinc and silver sulfides to oxidation 95

DSC curve at 401 °C corresponds to the release of CO, due to the oxidation of the citrate carbon-containing radical to
carbon dioxide. The presence of a citrate carbon-containing shell on the surface of heteronanostructures was confirmed
earlier in [5]. This is confirmed by the maximum at 388 °C observed in the temperature dependence of ion current for a
mass number 44 corresponding to CO- (see Fig. 4).
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F1G. 4. Differential thermal analysis — DTG dependences measured during the heating of heteronanos-
tructure (ZnS)(Ag2S)o.50 in air and analysis of the evolved gases. Maxima observed in the temperature
dependencies of ion current I;,,, at ~117, ~388, and ~370 — 400 °C are attributed to the release of
H>O steam and CO4 and SO gases, respectively.

The mass loss occurring upon heating the sample from the beginning oxidation temperature 254 °C to ~430 - 450 °C
is associated with the beginning of ZnS oxidation and the formation of ZnO oxide, which has a lower molecular weight
than ZnS. The largest mass loss ~12 % is observed during heating from ~500 to ~580 °C and is due to an increase in
the ZnO content and partial oxidation of sulfur, which is removed as gaseous SO- dioxide. The exothermic effect on
the DSC curve with a maximum at 581 °C correlates with the release of SOs into the gas phase and continued oxidation
of the heteronanostructure. The release of SO is confirmed by the presence of maxima at ~400 and ~578 °C on the
temperature dependence of the ion current for the mass number 64 corresponding to SO5. The partial oxidation of sulfur
and its removal in the form of SO, were observed earlier during the oxidation of silver sulfide [10, 11] and zinc sulfide
nanopowders [12—14].

During oxidation of the (ZnS)(Ag2S)o.10 heteronanostructure in air, the same DTA-DTG dependencies were observed
as in the case of the (ZnS)(Ag2S)o.50 heteronanostructure. The beginning of oxidation at 254 °C agrees with the X-ray
diffraction data (see Fig. 1) on the oxidation of ZnS with the formation of hexagonal zinc oxide ZnO. The mass loss
observed upon heating the sample to ~420 — 460 °C is due to the appearance of ZnO oxide, which has a lower molecular
weight compared to ZnS. The largest mass loss about 11 % is observed after heating from ~500 to ~580 °C and is
caused by an increase in the ZnO content and partial oxidation of sulfur, which is removed as gaseous dioxide SO5. The
exothermic effect on the DSC curve with a maximum at ~580 °C correlates with the removing SO into the gas phase,
which is confirmed by the presence of maxima at ~400 and ~578 °C on the temperature dependence of the ion current
for mass number 64, corresponding to SOs.

4. Conclusion

Heteronanostructures (ZnS)(Ag»S), with different amounts of AgsS were synthesized by the hydrochemical co-
deposition method. For the first time the thermal stability of the phase composition of (ZnS)(Ag>S), sulfide heteronanos-
tructures has been studied. The annealing of the synthesized (ZnS)(Ag>S),. heteronanostructures in air at 25 — 530 °C and
above is accompanied by evolution of their phase composition due to the oxidation of cubic zinc sulfide to hexagonal zinc
oxide and to an increase in the ZnS nanoparticles size. The oxidation of the heteronanostructures begins at a temperature
of 280 — 330 °C; at an annealing temperature 530 °C, the zinc oxide content in heteronanostructures (ZnS)(AgsS)o.25
and (ZnS)(Ag2S)g.50 achieves ~26 — 30 wt.%. The ZnO nanoparticle size depends on the composition of the initial
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heteronanostructures. At annealing temperatures 380 and 430 °C, it varies from 12 to 17 — 24 nm and from 13 to 25 —
30 nm.

The mass loss observed upon heating to ~120 °C is caused by the removal of adsorbed water from the samples,
which is confirmed by the presence of a maximum in the temperature dependence of the ion current corresponding to
H>O. Studies of the oxidation of the (ZnS)(AgsS), heteronanostructures in air by the DTA-DTG method have shown
that oxidation begins at ~250 °C. The largest weight loss ~12 % is observed after heating from ~450 to ~580 °C and is
caused by increase of the ZnO content, the partial oxidation of sulfur, and its removal in the form of SOs. This is confirmed
by the presence of maxima at ~400 and ~578 °C in the temperature dependence of the ion current corresponding to SOs.
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ABSTRACT The ZrB,—ZrC ceramic powders were prepared by self-propagating high-temperature synthesis
(SHS) using Zr—B4C composite powders as a precursor. Composite powders were obtained by ball milling in
hexane (3+-12 min). The structure, morphology, phase and fractional composition were investigated for both
composite powders and SHS products. It was found that B,C grains are intensively embedded in Zr, and their
distribution in composite particles becomes uniform by 9 min of ball milling. The possible route of the SHS
reaction is proposed.

KEYWORDS ultra-high temperature ceramics, ceramic powder, self-propagating high-temperature synthesis,
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1. Introduction

Transition metal diborides (MBy, M = Zr, Hf, Ti) exhibit outstanding characteristics such as a high melting point
(>3000 C), chemical resistance, excellent mechanical properties (E = 340~560 GPa, H = 20~35 GPa [1]), electrical
and thermal conductivity. These materials retain their properties even at high temperatures (> 550 °C), are resistant to
thermal shock and possess moderate thermal expansion [2]. As a result, they found application in ultrahigh-temperature
ceramics (UHTC) [3-5]. To obviate the limitations of single-phase UHTC, they are alloyed with various additives:
carbides [6, 7], nitrides [8, 9] and silicides [10, 11] of transition metals, Mo, W, Ta and Si [12, 13], as well as SiC. In
particular, the development of ZrB,—ZrC composite ceramics allows for reducing their brittleness and increasing damage
resistance [14].

Self-propagating high-temperature synthesis (SHS) is a common method for ZrBy synthesis. This process is faster
and less energy-consuming than traditional techniques [15-18]. Its products demonstrate excellent sinterability and re-
markable mechanical properties. Johnson et al. [19] proposed to obtain ZrBo—ZrC ceramic composite using Zr—B4C as
a reaction system. They managed to produce a non-porous material via the directed reaction of Zr with porous B4C at
1900°C in an argon atmosphere. The product represented a composite, consisting of ZrC, and residual metal matrix
reinforced with ZrB, platelets. A more recent study by Hu et al. [20] compares the characteristics of products derived
from Zr—B4C and Al-Zr—B4C systems using SHS in an argon atmosphere. In both cases, mixtures of ZrB, and ZrC were
obtained. Along with Al, other metals, such as Ni [21] and Cu [22], which prevent particle agglomeration, are often
considered. The possibility of producing ZrB2—ZrC in air was discussed in Tsuchida and Yamamoto study [23], for the
Z1/B/C powder mixture. After that, research in this area was not continued. All these investigations aim to reduce particle
size and decrease the cost of synthesis. Preliminary ball milling of the initial powders may also help to achieve these
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goals. However, such a synthesis route, which includes preliminary mechanical treatment and subsequent SHS, is poorly
studied.

In this paper, ZrB,—ZrC ceramic powders were obtained using Zr-B4C composite powders prepared by ball milling.
For the first time, such ceramic powders were produced via SHS in air. The influence of preliminary ball milling on the
composite powders and the SHS products is considered. These results may be of interest for developing means to reduce
the cost of manufacturing UHTC ceramics. The promising directions of further exploration are also established.

2. Materials and Methods
2.1. Synthesis of ZrB,-ZrC ceramic powders

The composite powders were prepared using boron carbide (grade F1200, w(B4C) = 95.0 wt. %, D, = 4.8 mm,
TS 3988-002-64050283-2013) and zirconium (grade PtZrK-1, w(Zr) > 96.8 wt. %, Dy, = 12.3 mm, TS 48-4-234-84)
powders. The vacuum-dried (50 mbar, 180°C, 8 h) initial reagents were mixed in stoichiometric ratio, i.e. 83:17 by
weight.

The mechanical treatment of the initial mixture was carried out in water-cooled AGO-2U planetary ball mill using
hexane (95 %) medium for 7 = 3+12 min. The mixture load consisted of 10 g and the balls load was 120 g. Solid-to-liquid
ratio was 1:1.5. The balls and vials are manufactured from steel. The resulting composite powders were separated from
the balls and dried in air (1 h). The samples were pressed into tablets (d = 1.0 mm, m = 1 g, P = 30 MPa) and heated
using a nichrome spiral in air until they self-ignited (~300°C). The ceramic cake was ground into a homogeneous powder
using an agate mortar and ethanol medium.

2.2. Phase composition, structural and morphological characteristics

The structure and morphology of composite powders dispersed on a conductive adhesive tape were examined by
scanning electron microscopy using JSM-6460LA (JEOL) equipped with EDX detector.

The microstructure of composite powders, as well as the morphology of SHS products, was investigated in cross-
sections with a focused ion beam scanning electron microscope TESCAN AMBER. The composite powders were mixed
with a bakelite conductive resin and hot-pressed. The resulting cross-sections were sanded and cleaned of abrasive parti-
cles in an ultrasonic bath.

The phase composition of the samples was determined using an Empyrean (Malvern) X-ray diffractometer with a
Ni-filtered copper anode (A(CuKc) = 1.5418 A) in angular ranges of 20-60° (for composite powders) and 20-80° (for
ceramic powders). Crystalline phases were identified using ICDD PDF-2 database. Full-profile analysis of the X-ray
patterns was performed utilizing the BGMN algorithm implemented in the Profex software package.

The fractional composition of the samples was examined with a Winner2308A laser particle analyzer (Jinan Winner
Particle Instrument). Distilled water was used as the measurement medium for the composite powders, isopropyl alcohol —
for the SHS products.

3. Results and Discussion
3.1. Phase composition of Zr-B,C composite powder

The formation of composite powders involves several interrelated processes: embedding hard B4C grains in plastic
Zr particles, cold welding and crushing. According to XRD data (Fig. 1), in course of the mechanical treatment of Zr
and B4C mixture mechanosynthesis also occurs. Cubic phases containing light elements (C, H), such as Zr hydride (PDF
3-65-6972) and carbohydride (PDF 1-89-2578), are formed. The X-ray patterns also indicate the presence of a—Fe (PDF
6-0696) contamination, caused by wear of the balls and vials of planetary mill. The samples also comprise m-ZrOy (PDF
1-78-0047) and t—ZrO- (PDF 1-80-0784) present as an oxide film on the particles of initial Zr powder.

It is important to note that, due to the formation of a significant fraction of amorphous phases, full-profile analysis
does not provide a satisfactory level of accuracy. Despite this fact, we can establish general patterns of mechanosynthesis
and evolution in the Zr crystal structure during ball milling. The treatment duration (hereinafter — 7) increase expectedly
leads to a significant rise in Zr carbohydride content from ~2.43 to ~57.1 wt. % (Fig. 2a). Alongside, the metallic Zr
content decreases tenfold. Mechanosynthesis is obviously associated with the mechanical destruction of hydrocarbons
adsorbed on fresh metal surfaces during mechanical treatment in hexane. Its mechanisms will be discussed in detail
elsewhere.

Zr undergoes significant mechanical deformation during ball milling, which leads to a rapid decrease in the size of
coherent scattering regions (D¢ sg) from ~154 to ~56 nm ((001) axe) within 3 min of treatment (Fig. 2b). The formation
of Zr-based phases and accumulation of microstrain also influence Dogr. At 7 = 12 min, it reaches a minimum value of
~14 nm.

Slight variations in the ratio of the relative intensities of B,C reflections may indicate its partial decomposition into
graphite and a boron-enriched carbide phase. However, this assumption requires additional study.



Self-propagating high-temperature synthesis of Zr-based ceramics from Zr—B,C composite powder

12 min @ - Z:C, H, , (PDF 1-89-2578)

A\ - m-ZrO, (PDF 1-78-0047)

A _B,C (PDF 35-0798)
@ -Zr (PDF 1-89-3045)

M -ZH (PDF 3-65-6972) O - t-ZrO, (PDF 1-80-0784)
[]- Fe (PDF 6-0696)

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
26 (%)

F1G. 1. X-ray diffraction patterns of Zr-B4C composite powders obtained at 7 = 0+12 min

250 1.0
J—— —e—B,C T
—A—ZH  —v—ZiCy H, —e—(001)
807 —&— m-Zr0, a.]:zﬁ o —®— microstrain| -
4
N 200 3 F0.8
7
N 4
-
\\ =
60 1 i
\ . _
N -1 ~ 130T > k0.6
@ ¥ L E " ,
X \\ v =2 \ ’
4 - & W r
s 12
-1 \ 5 Q
Z 40 . . . Xy 7
% 100 4 N/ 0.4
3 \ 4
\ z /v \\
-~ SN \
j/ \ E -T - _{ /7 e
-7 g / s
20 4 Z o ~ | S L,
- “ ~ 509 Soe 0
= - .
e ? - _ / ™
¢ SUREE S e , e
- ol g r ~——
,//’ B { = j -
Or»-——ﬁz* - — - _% - = - 3 0 3
T T T T T T
0 2 6 . 10 12 B 3 6 9 12
7 (min) 7 (min)

e (%)

F1G. 2. Dependencies of the phase composition of Zr-B4C composite powders (a), Dcsr and micros-

train of Zr phase (b) on 7

99



100 M. S. Dranik, L. D. Yagudin, A. I. Malkin, et al.

3.2. Structural and morphological characteristics of Zr-B,C composite powder

The initial stage of ball milling (7 < 6 min) involves intense cold welding of Zr particles and active embedding
of large hard B,C grains into a relatively plastic metal. Consequently, the composite particle size (Ds5g, median size)
increases from ~5.3 to ~6.2 um (Fig. 3). The treatment duration increase results in the embrittlement of the material due
to plastic strain accumulation and continuous embedding of B,C. After 12 min of treatment the composite particle size
decreases and reaches ~5 um. At the same time, as shown by electron micrographs (Fig. 4), equiaxed particles typical of
quasi-brittle fracture form both at 7 = 6 and 12 min.
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FIG. 3. Dependence of Zr—B4C composite powder average particle size on 7

FI1G. 4. SEM images of Zr-B,C composite powder obtained at 7 = 6 min (a) and 7 = 12 min (b)

The investigation of composite powder cross-sections allowed us to obtain data on the distribution of B,4C inclusions
within them in relation with treatment duration. As can be observed from the dependencies shown in Fig. 5, intense
embedding of B,C grains into the metal is followed by a decrease in their average size from ~230 to ~130 nm (Fig. 5b).
Due to the aforementioned fact and as the filler (B4C inclusions) content grows (Fig. 5a), the specific interfacial area
between B,4C and Zr also increases. It is important to note that the dependence of matrix occupancy on 7 shown in Fig. 5a
does not consider the area of B4C inclusions and demonstrates only their quantity in the cross-section of the composite
particle. In contrast, the dependence of filler content on 7 represents the ratio of B,C inclusions area to the total particle
area. Despite the tendency towards a monotonous decrease in the average size of B4C inclusions, the dependence of their
content possesses an apparent minimum at 7 = 6 min. The microstructure of the samples indicates that a nearly uniform
distribution of B4C inclusions over the composite particle volume can only be achieved after 9 min of treatment (Fig. 6).
The corresponding fractional composition of B,C inclusions shown in Fig. 6¢ implies that almost entire mass of embedded
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B,4C is concentrated in submicron-sized particles. It should be marked that the fraction of embedded micrometer-sized
particles (with an initial average particle size of B4C D,,, = 4.8 pum) is very small.

Therefore, the embedding of large B,C grains into the surface layers of metal is a dominant process at the initial stages
of ball milling (7 < 6 min). A further increase in treatment duration leads to the predominant crushing and migration of
nanoscale B,C grains deep into the bulk metal particle.
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Obviously, B4C inclusions are regarded as a barrier to dislocation motion. Therefore, the rise of their concentration
should lead to embrittlement of Zr and, consequently, a decrease in the size of composite particles, which is confirmed
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by a relevant data (Fig. 3). As follows from our studies the impact of mechanosynthesis and embedding of B,C on the
embrittling mechanism are comparable, at least for short treatment duration.

3.3. Properties of ZrB>—ZrC ceramic powder

According to XRD data (Fig. 7), the SHS products are mainly composed of ZrBs (PDF 1-89-3930) and ZrC (PDF
1-89-3829) phases. Quantitative phase composition of the obtained ceramic powders is shown in Fig. 8. The samples also
contain the admixtures of t-ZrO, (PDF 1-80-0784) and m-ZrO5 (PDF 1-78-0047). At 7 > 6 min, Fe (PDF 6-0969) and
FeB (PDF 1-75-1065) are also revealed. Importantly, at 7 = 0-+-6 min, a small amount of unreacted Zr is present in the
samples.
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F1G. 7. X-ray diffraction patterns of SHS products obtained at 7 = 0<-12 min

The dependence of the ZrB, content on treatment duration exhibits a minimum corresponding to 42.3 wt. % (7 = 6 min).
Simultaneously, the dependence of the oxide phases total content on 7 has a maximum (20.3 wt. %) at the same 7. Here-
with, the ZrC content remains close to a constant value of 32.0 + 2.5 wt. %.

Such results can be explained by the dependence of the ceramic powder composition on the characteristics of com-
posite powders obtained at different 7. Diffraction suggests that the presence of an amorphous Zr carbohydride phase in
composite powders does not significantly impact the formation of the carbide phase during SHS. A possible reason for
this is the nanoscale size of the carbohydride phase and the resulting rapid oxidation. Further, at 7 = 6 min, composite
particles are already rather coarse and contain a substantial amount of carbohydride phases, but the volume fraction of
embedded B4C is still low.

The SHS reaction is obviously a solid-state and diffusion-controlled reaction. Thus, at 7 < 6 min the diffusion of
unreacted material across the product layer is hindered. In turn, this sum of factors leads to an increase in oxide impurities
and a decrease in the ZrB, phase contents. As the distribution of B,C inclusions in composite powders becomes uniform
(7 > 9 min), the amount of main phases increases significantly.

As expected, the accumulation of defects in the structure of composite powders leads to a decrease in Dgogr of
the ZrBy phase from ~265 nm to ~75 nm and from ~254 nm to ~110 nm along (001) and (100) axes, respectively
(Fig. 9a). However, the peaks of the ZrC phase exhibit anisotropic broadening at high angles. So, we cannot describe
the carbide phase by considering only anisotropy of Dcoggr and microstrain. It may be explained by the formation of
non-stoichiometric carbides with different crystal lattice parameters. In the course of full-profile analysis, the carbide
phase was described as a combination of carbide phases that share similar structure but possess distinct cell parameters.
Fig. 9b shows the dependence of the refined carbide cell parameter on Do gr.



Self-propagating high-temperature synthesis of Zr-based ceramics from Zr—B,C composite powder

70

— 8= ZrB, —4A— Zr —4&— t-ZrO, — b~ FeB
—&— 7ZrC —v- m-ZrO, —<4- Fe

60-E“———i\

N /i_———i

AN
/\50- \\ ///
= 404 ¥
e
530}“\\%/” \‘§‘~—§_{
3
201
1 __,;/,"i\\\ ‘
-~ & B — — —
0"——7—;"‘.“—&"?‘;;&—.-‘ ‘%
0 2 4 6 8 10 12
7 (min)

F1G. 8. Dependence of the phase mass content in SHS products on 7

103

The dependence of the ZrC cell parameter on its stoichiometry and the presence of impurities is well studied [24]. The
change in the cell parameter due to the carbon content in pure ZrC can be described by the Mitrokhin et al. equation [25].
Calculation results for this equation based on experimental data are shown in the Fig. 9c. In accordance with these results,
two notable observations can be made. Firstly, smaller crystallites possess a significantly smaller cell parameter, and
consequently, a much lower apparent carbon content in the carbide phase. Secondly, with the C/Zr ratio values obtained
(from 0.32 to 0.57), the ZrC phase with Fm-3m structure does not exist. It may indicate that the smallest crystallites
represent either the ZrB phase (PDF 1-089-3932) or some non-stoichiometric Zr-based phase containing B, C, O, and N.
The cell parameters of Zr-based cubic phases are very close, so their reliable identification is impossible. As the treatment
duration increases the aforementioned broadening of the ZrC peaks becomes less distinct. Also the distribution of Desp
and cell parameters of this phase becomes more uniform.
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The SHS products consist of tightly bonded aggregates of submicron spheroidal particles (Figs. 10-11), except for
the sample obtained at 7 = 0 min. It is composed of rather dense coarse shards with an average size of ~8.4 ym (Fig. 12).
The dependence of the average particle size of ceramic powders on 7 is similar to that for composite powders (Fig. 13).
However, ceramic particles are 1-2 pm larger.

The patterns described herein allow us to propose a mechanism for the SHS reaction in composite powders. During
the solid-state SHS reaction, due to high temperatures, a solid solution of Zr, B and C is formed. Then, this homogenous
phase decomposes on ZrBy and depleted non-stoichiometric ZrC phases. The latter forms clusters which subsequently
combine, saturate with C and grow. The more uniform the distribution of B4C in the composite powder, the finer the
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F1G. 10. SEM images of SHS product obtained at 7 = 9 min at different magnification: 5.000 (a) and
12.000 (b)

T =0 min, Dy;= 8.4 um

F1G. 12. SEM images of the SHS product obtained at 7 = 0 min
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F1G. 13. The dependence of SHS product average particle size on 7

SHS products obtained. In the same way, the content of the main products should also rise. But fine product particles are
easier to oxidize, so the oxide content barely decrease. Definitely, a more in-depth investigation is necessary to verify this
hypothesis.

4. Conclusion

In this paper, Zr-B4C composite powders obtained by ball milling as well as their SHS products were considered.
Their structure, morphology, phase and fractional composition were investigated. Mechanochemical processes were
determined to actively proceed during ball milling in hexane. As a result, Zr hydride and carbohydride phases form. The
most uniform distribution of B4C inclusions in the composite particles correspond to treatment duration of 9—12 min.
During SHS in air, ZrBs—ZrC ceramic powders with t-ZrO5 and m-ZrO» admixtures are produced. They consist of tightly
bonded aggregates of submicron spheroidal particles. The dependencies of the phase and fractional compositions of SHS
products on the duration of treatment are obtained. The experimental results allowed us to formulate an assumption about
a possible mechanism for the SHS reaction in composite powders: the formation of a solid solution and its subsequent
decomposition.
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ABSTRACT A comparative assessment of the influence of 2D graphene structures derived from lignin, starch
and cellulose through the self-propagating high-temperature synthesis method on the mechanical, thermal and
electrical properties of poly(4,4’-oxydiphenylene pyromellitimide) films was conducted. It was found that the
incorporation of synthesized nanoparticles allows for the modification of the mechanical properties of the poly-
imide material without a significant decrease in volume and surface resistivity. Dependencies of the changes in
properties of nanocomposite film materials on the following factors have also been established and analyzed:
the type of biopolymer from which the nanofiller was obtained; the morphometric parameters of the prepared
nanosized material; the concentration of the nanofiller.
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1. Introduction

Many branches of modern industry increasingly require polymer materials that can maintain functionality under
extreme operating conditions. Such materials include thermally stable aromatic polyimides (PIs), which combine record-
high mechanical, thermal, and dielectric properties and exhibit high hydrolytic and radiation resistance [1,2]. Due to these
properties, PIs find wide applications in various engineering fields as thermally and chemically resistant electrical insu-
lation films [1,2] and protective coatings [3], as well as in structural materials with high mechanical performance [1, 2].
However, despite significant advancements in the synthesis of polyimide materials, their most critical performance charac-
teristics, such as mechanical stiffness, thermal stability, heat resistance and others, need further improvement. Modifying
the polymer matrix with high dispersity fillers is the most promising approach for obtaining polymer materials with im-
proved physicochemical and physico-mechanical properties, leading to the development of composite materials [4-8].
This trend is based on a phenomenological model that suggests that nano-dispersed particles within the polymer matrix
influence not a single specific parameter (most commonly referred to as mechanical stiffness) of the polymer material but
rather affect a complex set of its physicochemical parameters [6-8].

Theoretical methods, particularly all-atomistic molecular-dynamics simulations [9—11], allow for a reasonably accu-
rate prediction of the trends regarding the influence of nanoparticles on the polymer matrix and the revealing of matrix
parameters which will change most significantly depending on the nature, architecture, and dispersity of the nanoparticles.
However, these methods require verifying the models used against experimental data and comparing simulation results

© Bykova E.N., Gofman I.V., Kuntsman I.V., Ivan’kova E.M., Voznyakovskii A.P., Vozniakovskii A.A.,
Neverovskaya A.Yu., 2026
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with experimental findings. Thus, the selection of nanoparticles as fillers to enhance a specific performance parameter or
a set of parameters largely depends on the experimenter’s intuition and experience. It is important to note that each case
is unique, and extensive experimental testing and optimization may be required to achieve the desired results.

Among the various types of nanoparticles, 2D graphene structures (graphene oxide, reduced graphene oxide, graphene-
modified in multiple ways, etc.) are of particular interest because many structures of this type possess the unique proper-
ties, such as high mechanical stiffness, electrical conductivity, and thermal conductivity [12, 13]. Research shows [14—-18]
that, due to the unique characteristics of graphene nanoparticles, their incorporation into a polymer matrix leads to im-
provements in the nanocomposite material’s mechanical, thermal, anti-corrosive, and tribological properties.

However, despite the apparent advantages, the widespread use of graphene nanostructures is limited by several factors.
The first is the high cost of graphene structures and the low productivity of most existing methods for their production.
The second important factor is the potential environmental hazards associated with most known methods of synthesizing
graphene nanostructures of industrial output, which arise from using aggressive acidic and alkaline agents to process
the starting graphite. The third factor is the tendency of graphene structures to aggregate when introduced into polymer
solutions and melts [19]. In this regard, there is currently active research aimed at developing more cost-effective and safer
methods for the production of graphene nanostructures and optimizing the methods and conditions for surface treatment
of these nanoparticles prior to their incorporation into the polymer matrix. These efforts aim to reduce nanoparticle
aggregation and enhance their interaction with the polymer matrix.

One of the promising methods is a recently developed approach for the production of graphene nanostructures through
the carbonization of biopolymers of plant origin (lignin, cellulose, starch, and glucose) [20], as well as plant biomass in
the form of tree bark [21] and hogweed [22], under the conditions of a self-propagating high-temperature synthesis (SHS)
process. The SHS method refers to the process of the propagation of a spin wave of a strongly exothermic reaction through
a mixture of reagents (oxidizer and reducer), in which heat release is localized in a layer and transferred from layer to
layer via heat conduction through a branched-chain ignition mechanism [23].

In contrast to thermal ignition, branching chain ignition is caused by the avalanche multiplication of active interme-
diate products (free atoms, radicals, and sometimes excited particles) in their rapid reactions with the initial reagents and
among themselves. This mechanism ensures the realization of the reaction in a narrow zone that propagates through the
material due to heat transfer following the local initiation of the response in a layer of cold reagent mixture that is not
subjected to volumetric heating. Regarding performance and environmental safety, SHS fully meets the requirements im-
posed on modern technologies. It should be noted that our synthesis method of graphene structures refers to “bottom-up”’
processes. In other words, at the first stage, the initial biopolymer (precursor) is destroyed to low-molecular products
due to thermo-oxidative SHS processes. Subsequently, these products form 2D graphene structures, namely particles of
few-layer graphene (FLG), due to self-organization processes.

Considering this circumstance, it can be assumed that the use of “traditional” methodologies based on various mech-
anisms for obtaining graphene structures “top-down” (in particular, the Hummers method [24]) and “bottom-up” ap-
proaches (specifically, the SHS method proposed by us) will lead to graphene structures that differ in a range of charac-
teristics, such as the defectiveness of graphene layers, including Stone—Wales defects [25]; the polydispersity parameters
of graphene particles; and the nature and quantity of functional groups. Consequently, the differences in the morphome-
tric parameters of graphene particles synthesized through different mechanisms and using various precursors may also
influence the nature of their interaction with the polymer matrix.

Thus, although our proposed synthesis method offers advantages in terms of productivity and environmental friend-
liness compared to methods based on the exfoliation of graphene layers from natural graphite, its use as an alternative
to “traditional” graphene production methods requires experimental validation of the quality of the obtained products.
This work’s objectives included the characterization of the properties of FLG nanoparticles obtained by the SHS method
from various biopolymers and the investigation of the possibilities for modifying the properties of thermally stable poly-
mer films by incorporating the synthesized nanoparticles. The matrix polymer film material selected is aromatic PI —
poly(4,4’-oxydiphenylene pyromellitimide) (PMDA-ODA) [1, 2], which is widely used in various fields of engineering,
primarily as heat-resistant dielectric materials with high mechanical properties.

2. Materials and methods
2.1. Materials
The structure of the matrix polymer PMDA-ODA is as follows:

) O
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The solution of polyamic acid (PAA) in N-methylpyrrolidone (concentration 15 wt %) — the polymer-precursor of PI
PMDA-ODA was obtained from Sigma-Aldrich (product No. 575828). N-methylpyrrolidone (chemically pure) was ob-
tained from Vekton (Russia). Ammonium nitrate (chemically pure) and isopropyl alcohol (chemically pure) were acquired
from Lenreaktiv (Russia). As precursors for the synthesis of graphene structures, lignin, microcrystalline cellulose, and
starch were selected. Lignin was extracted from the black liquor of industrial cooking processes at Mondi SLPK joint-
stock company (Russia) by treating the partially evaporated black liquor with sulfuric acid (10 wt. %) at a temperature of
60 °C until a pH of 4 was reached. The precipitate was washed with distilled water until a neutral pH was achieved and
then dried at a temperature of 35 — 40 °C. Removal of low-molecular-weight organic impurities was carried out by extrac-
tion with diethyl ether. The carbonized product obtained from lignin by means of SHS is designated as FLG-1. Starch and
microcrystalline cellulose were obtained from Aptechny Sklad Khimfarmprodukt Co (Russia); their carbonized products
are designated as FLG-2 and FLG-3, respectively. As a reference sample, graphene supplied by Sigma-Aldrich (product
cat. No. 900394, Merck, Germany) was used — FLG-0. The particle size of FLG-0 is < 2 pm and the specific surface area
is 300 m%/g.

2.2. Synthesis of FLG

The synthesis of FLG was carried out according to the methodology previously developed by the authors [20-22].
Before use, all biopolymers underwent preliminary treatment: they were dried, ground and sieved to obtain a homoge-
neous mass. Then, the prepared samples were mixed with the oxidizer powder in a mass ratio of biopolymer to oxidizer =
1:1. In this study, ammonium nitrate was used as the oxidizer. The resulting reaction mixture was placed in a glass flask
that was immersed in an oil bath heated to 220 °C. In the course of the reaction, significant gas evolution was observed;
the termination of this gas evolution indicated the completion of the SHS process. The obtained powder was washed with
hot distilled water and isopropyl alcohol and then the solvent was removed under vacuum at 280 °C.

2.3. Films preparation

A two-stage synthesis method was used to prepare the control and nanocomposite films [1,26,27]. At the first stage
of synthesis, a soluble polymer-precursor — PAA was obtained (this stage was carried out by Sigma-Aldrich). The layers
of PAA solutions were cast onto flat glass plates using a template and dried in a thermostat at a temperature of 80 °C for
4 hours. Then, to obtain PIs, the PAA films were cyclized by heating on the substrate in an oven at a rate of 3 °C/min up
to 360 °C, followed by a hold at this temperature for 30 minutes. The composite films were prepared using a standard
solution processing technique. The calculated amount of nanoparticles were subjected to thermal treatment for 1 hour at
100 °C to remove the residual water sorbed during the storage, after which these nanoparticles were dispersed in N-methyl
pyrrolidone using an ultrasonic disperser. The obtained dispersion was combined with the PAA solutions, followed by
homogenization of the mixture through prolonged stirring (24 hours) using a top-driven mechanical stirrer at 1000 rpm.
Nanocomposite films based on PI were produced from the homogenized mixtures using the methodology described above.

2.4. Characterization techniques

The electron micrographs of the carbonized products were obtained using a Zeiss Libra 200FE transmission electron
microscope (ZEISS, Germany) at 50 kV. The morphology of the FLG-1 to FLG-3 samples, as well as the nanocomposite
film materials based on them, was investigated using a SUPRA-55VP scanning electron microscope (SEM) (Carl Zeiss,
Oberkochen, Germany). The samples were mounted on the microscope holders using a special adhesive. To study the
morphology and assess the charge dissipation properties of the FLG particles, they were intentionally left uncoated,
forgoing the standard platinum sputtering procedure. X-ray diffraction (XRD) analysis of the samples was conducted
using an XRF-1800 spectrometer (Shimadzu, Japan). The measurement was performed on a pressed pellet consisting of
the investigated material and polyvinyl alcohol (as a binder) on a boric acid substrate. Pressing was carried out using a
Carber 3912 tool. Raman spectra were obtained using a Horiba Yobin Yvon LabRam HR 800 spectrometer (532 nm laser,
1800 lines/mm diffraction grating, microscope with x20 magnification). Infrared absorption spectra were recorded using
the InfraLUM FT-08 spectrometer (Lumex, Russia). The elemental analysis of nanoparticles samples obtained by the SHS
method was performed using a CHN Vario EL III elemental analyzer (Elementar Analysensysteme GmbH, Germany). The
specific surface was measured using ASAP 2020 MR (Micromeritics, USA) by the BET method. Nitrogen was used as
the adsorbate gas. Before the measurement, the samples were held for 2 h in vacuo at 300 °C. True density was measured
using gas (helium) pycnometry on the Ultrapycnometer 1000 instrument (Quantachrome Instruments, USA).

The thermal characteristics of the FLG-1 to FLG-3 samples, as well as the nanocomposite film materials containing
these nanoparticles, were investigated using simultaneous thermogravimetric (TGA) and differential thermal (DTA) anal-
yses in a static air environment with a DTG-60 analyzer (Shimadzu, Japan). The heating rate of the samples was set at
5 °C/min. Based on the analysis results, the temperature at which the destruction process is completed (Tt gest), beyond
which the sample mass remains unchanged and the coke residue (mg,/mg) were determined. Additionally, the temper-
atures corresponding to the onset of thermal degradation (7y) and the temperatures at which the sample mass decreases
by 1, 5 and 10 % (11, 75 and 7y, respectively) were calculated. Furthermore, the temperature at which the maximum
rate of mass loss was recorded (7| 4., /dT max) Was determined from the first derivative of the mass loss curve (DTG). The
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glass transition temperatures (1) of the PI-based nanocomposite film samples were determined using thermomechanical
analysis (TMA) with a TMA 402 F1 Hyperion apparatus (NETZSCH, Germany). The tests were performed in a uniaxial
stretching mode under a constant tensile force of 0.5 MPa while the sample was heated at a steady rate of 5 °C/min in an
argon atmosphere.

The mechanical tests of the films were conducted at room temperature in a uniaxial stretching mode using a universal
testing machine, Autograph AGS-X 5 kN (Shimadzu, Japan). The samples, with a working size of 20x2 mm, were
tested at a stretching rate of 10 mm/min. During the tests, the following material properties were determined: Young’s
modulus (F), yield stress (o) (in cases where it could be achieved during the sample stretching), break stress (o)
and ultimate deformation (¢;). For each tested material, average values and standard deviations were calculated based
on measurements taken from 6 — 9 fragments of the material. The values of the matrix and composite films’ volume
and surface electrical resistivity were determined using a two-electrode method on a teraohmmeter E6-A13 (Metromex,
Russia). The samples were placed in a specially designed circular cell connected to the electrodes. To eliminate surface
leakage current during the measurement of the samples’ volume electrical resistivity, a special guard ring surrounding the
measuring circular electrode was employed, this ring was grounded during the measurement. When measuring the surface
electrical resistance with the given electrode configuration, the voltage is applied between the guard ring and the central
electrode, the bottom electrode being grounded. The values of the volume and surface resistances of the dielectric sample
were determined under a constant voltage of U = 100 V using the following formula.

_ U
Ivs)’

Ry (s) (1)

where Iy (g) is the current flowing through the volume or along the surface of the sample after the charge transfer process
has reached equilibrium. The volume resistivity of the material was determined using the following formula:
_Ry-S U-S
PV = A = m7
where Iy is the measured volume current; U is the voltage across the electrodes; S is the area of the central measuring
electrode; h is the thickness of the dielectric; and Ry is the volume resistance of the sample. The surface resistivity can
be calculated using the following formula:
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where Ry is the surface electrical resistance of the dielectric sample confined between the electrodes; d; is the inner
diameter of the guard ring; and ds is the diameter of the central electrode.
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3. Results and discussion

Earlier, we demonstrated that the carbonization of natural biopolymers under the conditions of the self-propagating
high-temperature synthesis process leads to the formation of 2D graphene structures, which are promising for use as
modifying additives in polymer matrices [28]. In this study, three types of biopolymers were chosen as precursors:
starch, microcrystalline cellulose, and sulfonated lignin. These biopolymers significantly differ in the architecture of their
macromolecular chains [29,30]. Consequently, one could expect differences in the morphometric parameters of the final
FLG.

3.1. Characterization of carbonized products

The carbonized products were studied using a combination of complementary methods, such as electron microscopy,
Raman and FTIR spectroscopy, and X-ray diffraction analysis. The density and specific surface area values of these
samples were also determined. The morphology of the SHS-synthesized FLG was characterized by SEM and TEM
(Fig. 1). As was established in our earlier studies, the lateral dimensions of the synthesized nanoparticles reached up
to 0.2 — 0.3 pum [31]. The analysis of the TEM images presented in Fig. 1(a—c) showed that the particles of powders
FLG-1 to FLG-3 have a leaf-like shape with varying degrees of transparency. Since each individual monolayer particle
is transparent, the presence of darker areas can be explained by multiple graphene sheets in the stack. Furthermore,
the chaotic distribution of transparent and dark regions may indicate that the resulting particles have a curved surface,
meaning they are “scaly” particles, characteristic of 2D carbon structures [32].

SEM analysis revealed a pronounced dependence of morphology and charge dissipation behavior on the nature of
the precursor. While all synthesized samples exhibited some degree of charge accumulation, FLG derived from lignin
(Fig. 1(d)) and cellulose (Fig. 1(f)) demonstrated a highly ordered platelet-like structure with relatively minimal defectivity
and showed the most effective charge dissipation among them. In contrast, the analogues obtained from starch (Fig. 1(e))
exhibited a severely disrupted structure composed of defective platelets along with a significantly higher propensity for
charge accumulation, indicating their inferior electrical conductivity.

The Raman scattering data presented in Fig. 2 demonstrate four peaks: 1355 —1365cm™! (D), 1574—1595cm ™~ (G),
2730 — 2760 cm ' (2D), and 2930 — 2960 cm™~ ! (D+G). The D peak corresponds to a defect in the sp2 lattice, while the
G peak is associated with sp? hybridized carbon. The overall shape of the resulting Raman spectra of the carbonized
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FIG. 1. TEM (a—) and SEM (d-f) images of samples FLG-1 (a, d), FLG-2 (b, e), and FLG-3 (c, f)

products align with the spectral characteristics of 2D graphene structures [33,34]. The defectiveness of the synthesized
FLG samples can be assessed by the intensity ratio of the D and G peaks. A ratio close to 1 indicates a high level of
defectiveness in the obtained samples. Comparing the Raman scattering data for the synthesized FLG samples, it can
be concluded that FLG-1 (Ip/Ig = 0.62) is characterized by the lowest defectiveness, while FLG-2 (Ip/Ig = 0.97)

exhibits the highest defectiveness.
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F1G. 2. Raman spectra of FLG-1 (a), FLG-2 (b), FLG-3 (c) samples

Let us note that the nature of the precursor determines not only the defectiveness of the synthesized FLG but also its

specific surface area and density (Table 1).

TABLE 1. Specific surface area and density of samples FLG-1, FLG-2 and FLG-3

FLG-1

FLG-2

FLG-3

Density, g/cm

3

2.011

1.910

1.975

Specific

surface area, m2/g

590

436

621
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The synthesized FLG particles differ somewhat in properties from commercially available graphene structures ob-
tained through the most commonly used methods. For example, (Fig. 3), in addition to the C—-H, C-OH, CO-C, and C=C
bonds characteristic of graphene structures, the synthesized particles also exhibit a C—N bond, indicating the presence
of nitrogen-containing groups in the FLG obtained by this method. The presence of these groups is due to the use of

ammonium nitrate as an oxidizer.

C-0-C
o C-N
OH "~ C-H
: C-N ;
8
<
5
(=]
<
O
O
<
4000 3000 2000 1000

Wavenumber, cm™'
F1G. 3. IR spectra of samples FLG-1 (1), FLG-2 (2) and FLG-3 (3)

The results of the elemental analysis conducted on a CHN analyzer in this study showed that the concentration of
nitrogen atoms in the synthesized FLG significantly depends on the type of precursor: in the samples FLG-1, FLG-2, and
FLG-3, the nitrogen content is 7.75, 14.60, and 15.19 %, respectively. XRD was conducted to demonstrate the absence
of graphite structures other than FLG, namely graphite, thermally expanded graphite, graphene oxide in the obtained
materials. The X-ray diffraction pattern of the FLG-3 sample is presented in Fig. 4 as an illustration.
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FI1G. 4. X-ray diffraction pattern of the FLG-3. For comparison, the insert shows the X-ray diffraction
patterns of graphite, graphene oxide, and graphene obtained in the study [35]

The presence of only two halos in the range of 10 to 35 degrees and in the area from approximately 43 to 50 degrees
without any sharp diffraction peaks demonstrates the absence of any graphite regions in the material (Fig. 4), whose
diffraction is characterized primarily by a narrow and intense peak at around 26 degrees, as well as a narrow peak with

low intensity in the range of 54 — 55 degrees [35,36].

3.2. Thermal analysis of samples FLG-1 to FLG-3

The results of the combined thermal analysis TGA and DTA, presented in Table 2 and Fig. 5, show that upon heating
samples FLG-1 to FLG-3 from room temperature to 100 — 120 °C, a significant mass loss (5 — 10 %) was observed,
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accompanied by the appearance of an endothermic peak on the DTA curves, with a maximum at 65 — 70 °C. This
phenomenon undoubtedly corresponds to the removal of water adsorbed on the surface and/or within the volume of the
particles. This effect is likely attributed to the presence of hydrophilic oxygen-containing functional groups on the surfaces
of the synthesized materials and their relatively loose and porous structure (Table 1).

After the onset of thermal degradation, the process rate increases monotonically with rising temperature, reaching a
maximum value in the range of 482 — 524 °C. In the same temperature region, an exothermic thermal effect is observed
on the DTA curves, with maxima at 475 — 526 °C.

TABLE 2. Thermal characteristics of samples FLG-1 to FLG-3

o [e] o o] [e] o]
Sample | 79, °C | 71, °C | 75, °C | 710, °C | Tdm/ar maxs “C | Thuntdests °C | mpin/mo, %

FLG-1 | 245 281 332 364 482 580 4.47
FLG-2 | 205 235 281 308 524 550 1.93
FLG-3 | 275 316 373 403 494 595 2.24

(a) (b) (©)
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FI1G. 5. TGA, DTG, DTA and TMA curves of matrix and composite films of PMDA-ODA containing
0.5 and 2 vol. % FLG-1 (a), FLG-2 (b) and FLG-3 (c). Inset: DTA curves of the samples in the
temperature range of 40 — 120 °C



114 E.N. Bykova, 1.V. Gofman, I.V. Kuntsman, E.M. Ivan’kova, A.P. Voznyakovskii, ...

The depression of mass of all the FLG samples studied during the TGA process was completely stopped up to the
temperatures range of 550 — 595 °C (Fig. 5). The further heating of the samples did not provoke any additional fall of
their mass (in the control experiments we have tested the mass in the heating process up to 800 °C. It is well known that
even heat-resistant polymer materials completely degrade in air, forming volatile compounds in a temperature range up to
~ 600 °C [37]. This is all the more true for thermo-oxidative destruction processes of biopolymers and their reprocessing
products. Thus, it can be concluded that the residual mass of the sample (1.93 — 4.47 %) recorded in our experiments
when heating FLG above 600 °C refers to inorganic impurities present in the samples. The experimental methods at our
disposal do not allow to specify the elemental composition of these impurities, but they can reliably estimate their amount
in studied FLG.

It should be noted that the thermal stability of FLG is determined by the type of biopolymer used for its synthesis. The
data presented in Table 2 show that the sample FLG-3, synthesized from cellulose, demonstrates the highest thermal sta-
bility. These particles exceed FLG-1, obtained from lignin, by 39 °C in terms of 71, and FLG-2, synthesized from starch,
by 95 °C. The observed differences in thermal stability are likely related to the varying content of oxygen-containing and
nitrogen-containing functional groups in the synthesized materials.

It can be hypothesized that the enhanced thermal stability observed for the FLG-3 sample is largely attributable to a
lower content of oxygen-containing functional groups and a higher abundance of nitrogen-containing functional groups
compared to the FLG-1 and FLG-2 samples. The elemental analysis data support this hypothesis presented earlier, as
well as the DTA results depicted in Fig. 5. In contrast to FLG-3, the DTA curves of FLG-1 and FLG-2 samples exhibit an
additional exothermic thermal effect within the temperature range of 240 to 370 °C, with a maximum at 300 °C, which
may be indicative of the removal of oxygen-containing functional groups from the graphene structure [38].

3.3. Thermal analysis of nanocomposite film samples

The results of TGA and DTA, presented in Fig. 5 and Table 3, indicated that incorporating all types of FLG particles
used in the work does not qualitatively affect the thermal degradation processes of the polyimide material. For both the
control film PMDA-ODA and the composite films, the thermal degradation process begins in the range of approximately
400 — 460 °C, with the maximum degradation rate occurring at around 570 — 590 °C, and this process is finished in the
range of roughly 590 — 630 °C. The incorporation of nanoparticles of all types into PMDA-ODA films generally resulted
in a certain reduction in thermal stability metrics. Such an effect was anticipated, as the TGA results (Fig. 5, Tables 2
and 3) indicate lower thermal stability values (up to 71¢) for the nanoparticles themselves compared to the thermal stability
of the PI matrix.

The TMA results are presented in Fig. 5 and Table 3. The incorporation of synthesized nanoparticles into the PI
matrix generally decreases the material’s glass transition temperature. It is noteworthy that, in some cases, this reduction
was accompanied by an increase in the films’ flexibility beyond the glass transition (Fig. 5). The most likely reason
for this effect is the formation of excess free volume in the polymer material due to the aggregation of the synthesized
nanoparticles. However, the PMDA-ODA film sample containing 2 vol. % FLG-3 was an exception: the glass transition
temperature of the nanocomposite film increased by 11 °C compared to the unfilled sample. This is likely attributed to
additional interactions between the surface groups of FLG-3 and the matrix polymer. It appears that such interactions,
despite the significant aggregation of these nanoparticles, may hinder the segmental mobility of the polymer chain and
slightly increase the glass transition temperature of the composite material.

TABLE 3. Thermal characteristics of PMDA-ODA matrix films and PMDA-ODA-based composite materials

Sample T,,°C | 75, °C | 710, °C | T'|gm/d7 max> C

PMDA-ODA 391 523 540 584
PMDA-ODA+0.5 vol. % FLG-1 382 493 516 570
PMDA-ODA+2 vol. % FLG-1 390 476 502 564
PMDA-ODA+0.5 vol. % FLG-2 | 387 501 524 572
PMDA-ODA+2 vol. % FLG-2 384 498 520 570
PMDA-ODA+0.5 vol. % FLG-3 385 512 532 582
PMDA-ODA+2 vol. % FLG-3 402 508 529 586

3.4. Mechanical properties

It is well known [39] that the positive influence of nanosized fillers on the mechanics of polymer film materials
primarily manifests as reinforcement of the matrix material, leading to an increase in its stiffness. This results in a growth
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of Young’s modulus and, to a lesser extent, the material’s yield stress. As for the strength characteristics, increasing the
material’s strength is quite rare in this context. As a rule [39], an increase in the concentration of nanoparticles increases
the material’s stiffness, accompanied by a significant decrease in strength and ultimate deformation. Researchers often
attribute this effect to the heterogenization of the material’s structure and the emergence of additional stresses at the phase
boundaries of the “polymer matrix — nanoparticles”. However, this decrease in break stress and ultimate deformation is
not critical when considering the situation from the perspective of practical material usage. Indeed, for most polymer film
materials, including the PMDA-ODA matrix, failure occurs at relatively large deformations, where these deformations are
inherently irreversible. Thus, the actual magnitude of deformations permissible during the material’s service life does not
exceed a few percent. It is precisely within this range that the reinforcement effect manifests quite significantly, provided
it can be achieved by incorporating nanoparticles.

For composite films filled with the studied nanoparticles, the realization of the aforementioned reinforcement effect
within certain limits can be stated (Table 4). A slight (11 %) increase in Young’s modulus was achieved by incorporating
2 vol. % of FLG-1 particles into the PMDA-ODA matrix. A less pronounced increase in the modulus (6 %) was observed
with the introduction of 2 vol. % of FLG-2 into the polymer. The same increase in Young’s modulus was recorded with the
addition of 0.5 vol. % of FLG-3; however, further increasing the concentration of these nanoparticles caused the modulus
to drop below the value characteristic of the unfilled film. Finally, as expected, introducing all the nanoparticles used in
this study led to a consistent decrease in the ultimate deformation and, consequently, the break stress of the material as
their concentration increased.

TABLE 4. Mechanical properties of PMDA-ODA matrix films and PMDA-ODA-based composite materials

Sample E,GPa | E/Ey | 0y, MPa | 05, MPa | 3, %

PMDA-ODA 2.85+0.11 | 1.00 96£3 | 149+12 | 63+4
PMDA-ODA+0.5 vol. % FLG-1 | 3.06+0.09 | 1.07 97+£1 12545 | 3042
PMDA-ODA+2 vol. % FLG-1 | 3.15+£0.07 | 1.11 106£3 | 128+2 | 27+1
PMDA-ODA+0.5 vol. % FLG-2 | 2.92+0.06 | 1.02 104+1 131+1 | 4143
PMDA-ODA+2 vol. % FLG-2 | 3.03£0.09 | 1.06 103+£3 | 12642 | 2741
PMDA-ODA+0.5 vol. % FLG-3 | 2.994+0.06 | 1.05 96£2 112+£6 | 2546
PMDA-ODA+2 vol. % FLG-3 | 2.79+0.14 | 0.98 — 98+6 | 17+£3

FEy — Young’s modulus of the PMDA-ODA matrix polymer film

Summarizing this part of the research, it can be concluded that the most effective modifier of the PI mechanical
properties is the FLG-1 material. Its superiority is directly due to its optimal dispersibility within the polymer matrix and
minimal tendency to agglomerate, which is confirmed by SEM analysis data (Fig. 6).

In contrast to FLG-1 (Fig. 6(a,d)), the composites with FLG-2 (Fig. 6(b,e)) and FLG-3 (Fig. 6(c,f)) form significantly
larger and more numerous agglomerates. These structures act as stress concentrators, leading to a consequent deterioration
in the material’s strength characteristics. The greatest propensity for aggregation is observed in FLG-3 particles, which is
consistent with previously published data [20] and explains the most substantial decline in mechanical properties precisely
in this nanocomposite.

3.5. Dielectric properties

As is known [40] and demonstrated by the example of PMDA-ODA films containing commercially available graphene
FLG-0, the introduction of carbon nanoparticles, even in small concentrations, can significantly increase the electrical
conductivity of polymer materials (Table 5). Considering PI films’ primary application area, this sharply narrows their
practical application range. Therefore, it was imperative to evaluate how introducing synthesized nanoparticles affects the
dielectric properties of PI films.

Based on the data from Table 5, it is evident that the nanocomposite films containing the synthesized nanoparti-
cles exhibit high values of volume and surface resistivity, corresponding to these materials’ low electrical conductivity.
Since the electrical conductivity of such nanocomposite materials filled with carbon nanoparticles is realized through the
movement of charge carriers across the filler particles, it is most likely that the observed effect is due to the presence of
functional groups on the surface of the synthesized nanoparticles [41,42]. These groups contribute to blocking electrical
contacts between the conductive nanoparticles, meaning there are no continuous electrical pathways within the material,
known as the percolation cluster, which directly affects the conductivity of the nanocomposite polymer material. For
nanocomposites filled with control graphene particles (FLG-0), the effect of blocking contacts between nanoparticles is
not observed, which suggests the absence of any non-conducting groups on their surface.
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FI1G. 6. SEM micrographs of the cryo-fractured surfaces of PMDA-ODA polyimide composites with
different fillers and concentrations: 0.5 vol.% FLG-1 (a), 0.5 vol.% FLG-2 (b), 0.5 vol.% FLG-3 (c¢),
2 vol.% FLG-1 (d), 2 vol.% FLG-2 (e), 2 vol.% FLG-3 (f)

TABLE 5. Dielectric characteristics of PMDA-ODA matrix films and PMDA-ODA-based composite materials

Sample pv, m Ps, 2

PMDA-ODA 4.64E+13 | 1.03E+10
PMDA-ODA+0.5 vol. % FLG-0 | 1.67E+05 8.62
PMDA-ODA+2 vol. % FLG-0 | 3.96E+04 117
PMDA-ODA+0.5 vol. % FLG-1 | 2.12E+13 | 6.90E+09
PMDA-ODA+2 vol. % FLG-1 | 3.84E+12 | 1.21E+09
PMDA-ODA+0.5 vol. % FLG-2 | 2.71E+12 | 5.86E+08
PMDA-ODA+2 vol. % FLG-2 | 1.96E+12 | 5.86E+08
PMDA-ODA+0.5 vol. % FLG-3 | 3.23E+13 | 9.66E+09
PMDA-ODA + 2 vol. % FLG-3 | 5.12E+10 | 3.10E+07

4. Conclusions

Comprehensive studies have demonstrated the potential of introducing synthesized 2D graphene structures obtained
from various biopolymers into the PMDA-ODA polymer matrix as a method for preparing new composite materials.

It was established that the most significant change in Young’s modulus (by 11 %) of the film material was recorded
with the introduction of 2 vol. % FLG-1, derived from lignin. Similar, albeit less pronounced, changes in the mechanical
properties of PI are observed with the introduction of FLG obtained from cellulose and starch.

Incorporating synthesized nanoparticles into the PMDA-ODA PI matrix significantly affects the thermal character-
istics of the film materials. Although a decrease in thermal stability was observed in all cases, the effect on the glass
transition temperature was ambiguous. For instance, the introduction of 2 vol. % FLG-3, synthesized from cellulose,
increased the glass transition temperature by 11 °C, while in other cases, a decrease was recorded. It is also worth noting
that introducing synthesized nanoparticles into the PMDA-ODA matrix did not significantly reduce volume and surface
resistivity in any of the cases considered.

Thus, the results of this study have shown that the degree of change in the properties of the polymer material signif-
icantly depends on the nature of the biopolymer from which the FLG was synthesized. This opens new opportunities for
developing and optimizing polyimide film materials with specified characteristics for various engineering fields, including
protective dielectric films and coatings. Further research in this area may lead to a deeper understanding of the interaction
mechanisms between components and contribute to creating materials with tailored properties.
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ABSTRACT Stability and durability of electrochemical energy conversion systems are significant issues. In
this study, two stabilization strategies were investigated: 1) the application of few-layer graphene as a barrier
layer on both sides of the Nafion membrane, and 2) the incorporation of polytetrafluoroethylene directly into
the catalyst layers. Electrochemical performance was assessed in a two-electrode configuration: potentio-
static aging at 2.5 V and hydrogen crossover measurements. The characterization of materials functioning
as barrier layers was conducted using scanning and transmission electron microscopy, laser correlation spec-
troscopy, and differential thermal analysis. It is shown that both components stabilize Nafion through interfacial
interactions, resulting in a longer service life and reduced hydrogen crossover. While the reference sample
showed increased crossover, the modified samples exhibited reductions of 50% and 33%. These findings
underscore the potential of the studied materials in enhancing the stability of polymer electrolyte membrane
water electrolyzers, contributing to the advancement of more durable and efficient systems for hydrogen energy
applications.
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1. Introduction

The development and industrial implementation of electrochemical energy conversion devices with a proton exchange
membrane is currently an intensively developing field [1]. Among these devices are water electrolyzers [2—5]. One of the
important aspects that determines the competitiveness of a device in the economy is the reliability (stability and long-term
operation). Problems related to the durability, stability, and safety of such systems are currently being addressed in many
research facilities around the world. These issues have not yet been fully resolved. Norazahar et al. [6] noted that the
reliability aspect is critical to ensure safe production of hydrogen as a fuel. Efficient hydrogen production depends on
the reliability of electrolyzers. Polymer electrolyte membrane water electrolyzer (PEMWE) is one of the most promising
technologies for hydrogen production. However, properties such as hydrogen solubility, diffusion coefficient, and the
partial pressure differential between flow channels may influence the reliability and safety of the system. Operating
conditions may also lead to safety issues within the PEMWE due to membrane degradation or thinning. The damaged
membrane initiates the migration of hydrogen into the anode space and may lead to an explosion. Hydrogen crossover
through even an undamaged membrane also plays a significant role in the performance of the electrolyzer, as it reduces
its efficiency. Shirvanian et al. [7] highlighted that degradation is a significant issue in the use of PEMWESs. Research
and development of new components are likely to result in outcomes in the long-term perspective. In the short term,
it is crucial to be able to produce high-performance, cost-effective PEMWE systems with a long service life based on
existing technologies. In the referenced article, the authors investigate the impact of operating conditions on the longevity
of the electrolyzer. They conclude that one of the most effective approaches for ensuring extended and safe operation is to
maintain “soft” operating conditions, including low temperatures and pressures, low overpotentials, and current densities.
Moreover, it is noted that dispersing the Ir catalyst on stable support materials (such as carbides or nitrides of transition
metals) may enhance the catalyst’s durability.

© Kastsova A.G., Glebova N.V,, Krasnova A., Pelageikina A.O., Shvidchenko A.V., Nechitailov A.A., 2026
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One of the key factors affecting the long-term performance of a PEMWE is the degradation of the proton exchange
material (membrane and ionomer in the electrode layer) [7-9]. Papakonstantinou et al. [10] pointed out the excellent
stability of the anodes in modern electrolyzers, as well as the instability of the proton exchange membrane, which con-
strains the device’s service life.For proton exchange membrane fuel cells (PEMFCs) extensive research has been con-
ducted, resulting in various types of hybrid composite membranes based onNafion®), such as Nafion®/inorganic fillers,
Nafion®/ionic liquid, and other modified Nafion® membranes [11]. Despite some achievements, the search for new
compositions to increase the longevity and performance of membranes continues, as evidenced by the emergence of new
publications on this topic.

To address ionomer degradation, the most commonly used stabilization approaches are reinforcement and filling of
the membranes:

1. reinforcement refers to the creation of a coating or matrix that enhances mechanical stability [12—14];
2. filling refers to the introduction of inorganic additives that improve chemical stability [15-17].

Jao et al. [14] used polytetrafluoroethylene (PTFE) as a reinforcing material. The PTFE-Nafion membrane features
low cost, high mechanical strength, and minimal swelling.

The use of fillers to create composite (filled) membranes has proven to be an effective way to enhance water loss re-
sistance and thermal stability [16]. Ibrahim et al. [16] presented the key approaches to modifying ion-exchange materials,
primarily focusing on the creation of hybrid membranes containing nanoparticles of inorganic materials. They highlighted
that the main factor contributing to the enhanced conductivity and selectivity of hybrid membranes is the change in pore
and channel structures and the distribution of carrier concentrations.

When creating stabilized composites based on perfluorinated polymers with sulfonic groups (Nafion — an ionomer
with long side chains in the molecule, Aquivion — an ionomer with short side chains, and related ionomers), materials con-
taining few-layer graphene (G) as a stabilizer have proven to be effective [18-20]. As shown in these works, stabilization
of the ionomer occurs due to the formation of surface compounds of the polymer on G.

Graphene and graphene-based materials are of significant interest due to their unique structure and properties. These
materials possess a two-dimensional structure and can exist in various forms, differing in both the number of layers and
the presence of surface functional groups, which can be precisely controlled, for instance, during electrochemical synthe-
sis [21,22]. For example, reference [22] presents comparative results for producing graphene with tailored characteristics
using various methods, including ultrasonic dispersion at different power levels and electrochemical exfoliation under
various conditions. The study reports the feasibility of synthesizing few-layer (1-3 layers) graphene with a tunable oxy-
gen content, dependent on the processing parameters. Graphene materials are unique substances with an easily tunable
pseudo-2D structure and modifiable surface functional group composition. This tunability offers significant flexibility for
designing composite membranes. Furthermore, graphene exhibits selective permeability: it is permeable to protons while
being impermeable to most other substances, including gases, fuels, and oxidizers. Its incorporation into membranes
significantly reduces reactant crossover. In [23], the effect of incorporating various forms of carbon nanomaterials as
additives into Nafion membranes on the performance of direct methanol fuel cells (DMFCs) was investigated. The study
demonstrated that carbon nanomaterials substantially influence the development of polymer electrolytes for DMFCs.
The performance of the composite membrane electrolyte depends on the choice of carbon nanomaterial, such as two-
dimensional graphene oxide (GO), one-dimensional carbon nanotubes (CNTs) or carbon nanofibers (CNFs/GNFs), and
fullerenes. The structural orientation and composition of these carbon materials within the polymer matrix significantly
affect the membrane’s properties. Surface functionalization of these nanomaterials imparts hydrophilicity, fine-tunes the
composite’s conductivity, and enhances interfacial adhesion with the polymer matrices. For Nafion® membranes, GO
has been identified as a particularly suitable nanofiller, especially where reducing methanol permeability is critical; the
planar sheet structure of graphene-based materials is more effective than the tubular structure of CNTs in mitigating fuel
CrOSsoOver.

It is important to note that most published studies focus on the stability of the membranes, while little attention has
been paid to the stability of the ionomer distributed in the electrode layer. To a certain extent, this can be viewed as a
serious gap in addressing the issue of electrochemical system stability, since even with a stable membrane, the electrodes
must also be functional.

The aim of this work was to investigate and compare the efficiency of two distinct approaches to stabilize the MEA:
i) applying a barrier layer of few-layer graphene directly onto the Nafion membrane, and ii) incorporating PTFE as a
stabilizer within the catalyst layers to reinforce the Nafion ionomer. The primary object of the study is the membrane-
electrode assembly (MEA) as a whole, with a focus on mitigating hydrogen crossover and improving durability. A
key outcome of this study is the demonstration that the graphene barrier layer provides superior mitigation of hydrogen
crossover, halving it after aging, thereby offering a more promising path to durable PEM electrolyzers.
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2. Experimental Section
2.1. MEA Fabrication

Platinized carbon black (Pt/C) was used as both a cathode and an anode catalyst. The selection of platinum over
iridium for the anode was made to speed up the degradation process of the electrolyzer and to carry out real-time operation
tests, as opposed to using accelerated stress tests (AST).

A 2% aqueous solution of Nafion, prepared by diluting a 10% stock solution of Nafion DE1021 (DuPont”* |, Wilm-
ington, DE, USA), was used. An aqueous dispersion of PTFE (OJSC ‘“Plastpolymer”, St. Petersburg, Russia) with a
spherical particle size of 250—400 nm was used. Thermally expanded graphite (TEG) was used as a precursor for G fab-
rication. TEG was obtained from NPO “Graphene Materials” LLC, St. Petersburg, Russia.The technology of synthesis is
described in [24]. Commercial platinized carbon black (40% Pt) from E-TEK was used as the electrocatalyst. Isopropanol
(99.80%, ECOS-1 JSC), and deionized water with resistivity at room temperature p > 18 MOhm x cm were used. A
solution of HO4, grade 8—4 (Lega LLC, Dzerzhinsk, Russia) was used.

To study the physicochemical properties and fabricate membrane-electrode assemblies (MEAs), component disper-
sions were initially prepared in an isopropanol-water medium with a 1:1 volume ratio. The samples were prepared by
mixing accurately weighed components and then subjected to ultrasonic treatment for 40 hours in a Branson 3510 ultra-
sonic bath (Branson Ultrasonics Corporation, Danbury, CT, USA).

MEAs were prepared by depositing a homogeneous dispersion of components directly on a PEM through a stainless-
steel mask. The catalyst inks for the electrodes were applied by hand brushing directly onto the membrane (or onto
the graphene barrier layer for the MEA G-layer). Prior to the deposition of the electrode material, the membrane was
treated in 3% HO4 solution for 10 min at a temperature of 70-80°C, followed by immersion in 0.5 M sulfuric acid
for 15 min at a temperature of 70-80°C, and then was washed five times with deionized water. The electrodes were
prepared by depositing of prepared composite dispersions containing Pt on a PEM of Nafion 212 type, MF-4SK (OJSC
“Plastpolymer”, St. Petersburg, Russia), of thickness 50 pum. The membrane was thermostated at 85°C on an Ika C-
MAGPH 7 wafer IKA-Werke GmbH & Co. KG, Staufen, Germany) with a heat controller. The amount of the deposited
material was monitored gravimetrically.

Three types of MEAs were fabricated: a standard MEA (reference), a MEA with a G barrier layer, and a MEA with
a PTFE barrier layer (Table 1).

TABLE 1. Composition of samples used for the study

Type Composition, wt% MEA Cathode/Anode Pt | Barrier
of sample Nafion | Pt/C (40% Pt) | PTFE loading, mg/cm? layer
Reference MEA 20 80 - 0.23/0.20 -
MEA PTFE-layer 20 60 20 0.29/0.31 +
MEA G-layer 20 80 - 0.23/0.27 +

G barrier layers were first deposited on both sides of the membrane via airbrushing, with a layer thickness of ~0.5—
1 pm. Subsequently, the catalyst layers were applied. The barrier ink was formulated by dispersing thermally expanded
graphite (TEG) in a 2% Nafion solution using an isopropanol/water (1:1 vol) medium. The total loading of the dry
barrier layer was 0.01 mg/cm?, corresponding to a graphene (TEG) loading of 0.008 mg/cm? and a Nafion loading of
0.002 mg/cm?. The PTFE barrier layers were applied to both sides of the membrane by spreading a dispersion (Pt/C-
Nafion-PTFE). Following the assembly, all MEAs underwent a final conditioning step to activate proton conductivity by
boiling in 0.5 M HySOy4 for 1 hour, followed by thorough rinsing with deionized water.

2.2. Microscopic Studies

Target-oriented approach was utilized for the optimization of the analytic measurements [25]. Before measurements
the samples were mounted on a 3 mm copper grid and fixed in a grid holder. Samples morphology was studied using
Hitachi SU8000 (Hitachi High-Tech Corp., Tokyo, Japan) field-emission scanning electron microscope (SEM). Images
were acquired in bright-field STEM mode at 30 kV accelerating voltage.

2.3. Energy-Dispersive X-ray Spectroscopy

EDX measurements were carried out using the FEI Quanta 200 scanning electron microscope (FEI Company, Hills-
boro, OR, USA).
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2.4. Study of particle size using laser correlation spectroscopy

The particle study was conducted using a Zetasizer Nano ZS analyzer (Malvern Panalytical, Malvern, United King-
dom) at a temperature of 25°C. The dispersion medium was a mixture of isopropanol and water in a 1:1 volume ratio.
The following parameters of the dispersion medium and material were used:

Refractive index of the dispersion medium: 1.359;
Refractive index of the material (Nafion): 1.35;
Viscosity of the dispersion medium: 2.5966 mPa-s;
Absorption coefficient of the material (Nafion): 0.

A He—Ne laser with a wavelength of 632.8 nm was used as the light source. The Smoluchowski equation was applied
to calculate the zeta potential.

2.5. Differential thermal studies

The study of thermal degradation was carried out on a derivatograph of Mettler Toledo TGA/DSC 1 type with the
software STARe System (Mettler-Toledo LLC, Columbus, OH, USA) with blowing air through the derivatograph chamber
at a rate of 30 cm®/min in the mode of uniform temperature rise at a rate of 10 K/min in the temperature range T = 35—
1000°C. A sample of material weighing a few mg was placed in an alund crucible, and mass and thermal curves were
recorded during heating. Dispersions for the study were evaporated, poured onto a glass substrate and dried at a.c. to
air-dry (~40-50% relative humidity), and then the dry residue was removed with a metal (stainless steel) spatula.

2.6. Electrochemical study

The electrochemical characteristics of the MEAs were studied in two modes: fuel cell mode and electrolyzer mode,
implemented in a two-electrode configuration. The MEAs were placed in Heliocentris cells (Heliocentris Academia
International GmbH, Berlin, Germany). Measurements were performed using an Elins P-40X potentiostat (Elins LLC,
Chernogolovka, Russia).

Hydrogen crossover was measured by linear sweep voltammetry following a previously described method [26].
Ny/Hy were passed through the electrodes. The working electrode was scanned at a rate of 4 mV/s from 0 V to 0.8 V.
Experiments were conducted at room temperature and atmospheric pressure. Measurements were taken before and after
aging.

MEA aging was carried out in electrolyzer mode applying a constant voltage of 2.5 V for 145 h. The MEA was
placed in an electrolyzer cell, filled with water, and the required voltage was applied via the potentiostat. The experiments
were performed at room temperature and atmospheric pressure.

3. Results and Discussion

Fig. 1 shows micrographs of the composite system: G-Nafion-Pt/C. The figure demonstrates that platinized carbon
black is positioned on the surface of G sheets. The TEM image shows black dots corresponding to platinum nanoparticles
distributed on the surface of carbon black (lighter spherical particles). In the TEM image, the G sheet exhibits increased
transparency, which corresponds to its thin structure. The G edges are distinguishable in the images, appearing as bright
stripes in the SEM image and darker stripes in the TEM image. An approximate evaluation of the thickness of the
bright edges marked by yellow arrows, corresponding to the edges of graphene sheets, indicates a size of less than 10 nm.
Fig. 1(d) shows a homogeneous structure, uniform over hundreds of nanometers, composed of evenly distributed spherical
and semi-spherical features. No graphene sheets are present. The feature size is primarily in the ~100-300 nm range,
characteristic of PTFE. Smaller features (<100 nm) are attributed to spherical platinum/carbon black particles.

3.1. Particle size analysis

Fig. 2 illustrates the particle size distributions for dispersions of different systems containing the Nafion ionomer,
PTFE, and few-layer G as the dispersed phase. The PTFE-Nafion system demonstrates relatively narrow distributions
with a single peak, whereas the G-Nafion sample exhibits a polydisperse nature with multiple peaks over a broad size
range, which may be associated with the polydispersity of few-layer G.

In the case of pristine Nafion sample (6.7 g/L), the particle size distribution spans approximately 0.4—1.8 nm for both
volume and number distributions, with maxima at 0.8 nm (v) and 0.7 nm (n). A zeta potential of —3943 mV was recorded,
reflecting the good stability of the dispersion. For pristine PTFE (6.7 g/L), the particle size distribution is broader, ranging
from approximately 100 to 1000 nm in both volume-based and number-based measurements, with peaks at 342 nm (v)
and 106 nm (n). The zeta potential of —6.4+0.5 mV was measured, which is significantly lower than 30 mV in absolute
value, indicating low dispersion stability. In the case of the PTFE-Nafion sample, with a concentration of 6.7 g/L for each
component, the particle size range was found to be similar to that of pristine PTFE (~100-1000 nm). The maximum
for the volume distribution of the PTFE-Nafion sample coincides with the maximum for pure PTFE (342 nm). The
peak of the number-based distribution is displaced towards larger sizes, with a value of 142 nm. It should be noted
that particles around 1 nm, typical for pristine Nafion in the ~0.4-1.8 nm range, are not present in the PTFE-Nafion
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FI1G. 1. Microstructure of the composite electrode materials: (a [18], c) SEM and (b) STEM images of
the G-Nafion-Pt/C; (d) SEM image of the PTFE-Nafion-Pt/C
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FIG. 2. Volume (a) and number (b) particle size distributions in an isopropanol-water medium with a
1:1 volume ratio for different dispersions: Nafion, PTFE, PTFE-Nafion, G-Nafion
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sample. Additionally, the peak of the number-based particle size distribution shifts toward larger sizes compared to
pristine PTFE. The shift in the peak of the number-based particle size distribution toward larger sizes compared to pristine
PTFE, combined with the absence of ~1 nm Nafion particles, indicates the formation of a Nafion polymer coating on
PTFE particles. For the G-Nafion dispersion with concentrations of 0.33 g/L (G) and 0.083 g/L (Nafion), multiple peaks
are observed in the size ranges of approximately ~20 to ~7500 nm for the volume-based distribution and ~20 to ~600 nm
for the number-based distribution. Particles in the ~1 nm range, which are characteristic of Nafion, are not present. It
indicates that Nafion polymer adsorbs onto the G surface. The dispersion includes few-layer G particles with submicron
sizes: 28, 68, and 295 nm. The volume-based distribution shows two maxima at approximately ~1300 and ~5600 nm.
These larger particles are likely associated with the undispersed fraction of TEG. Nafion is located on the surface of G.
The zeta potential of the particles is —76414 mV, which indicates excellent stability of the dispersion.

Thus, the particle size analysis of the binary dispersion systems revealed that Nafion is structurally associated with
the second component and is located on the surface of its larger particles. The resulting dispersions exhibit a high zeta
potential, greater than 30 mV, indicating their high stability.

3.2. Differential thermal studies

Fig. 3 shows a comparison of the derivatograms of the studied materials for the water electrolyzer: pristine Nafion,
PTFE, and their composites. The thermal oxidative decomposition of pristine Nafion occurs in the temperature range of
260-504°C with several rate maxima. The lowest temperature maximum of the destruction rate associated with desulfur-
ization of the molecule [27], is observed at 344°C. In the case of the G-Nafion composite, thermal decomposition initiates
at higher temperatures, specifically within the 360—470°C range, with a single rate maximum occurring at 422°C. These
results indicate the stabilization of the Nafion polymer and a change in its decomposition mechanism, aligning with
previously reported data [18]. Higher temperature peaks in the mass loss rate are associated with G oxidation [18].
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F1G. 3. Derivatograms of the electrode materials used in the electrolyzer. The heating rate is 10 K/min.
TG — thermogravimetric curve, DTG — differential thermogravimetric curve

The thermal oxidative destruction of pristine PTFE occurs in a single stage within the temperature range of 457—
617°C, with a maximum rate observed at 586°C. In the PTFE-Nafion composite, similar patterns are observed. However,
Nafion in the composite undergoes decomposition differently than the pristine polymer: the onset of decomposition is
shifted by 20°C toward a higher temperature region compared to pristine Nafion. The completion of Nafion decomposition
coincides with the initiation of PTFE decomposition (~504°C). The maintained peak structure on the DTG curve for the
PTFE-Nafion system suggests that the thermal decomposition mechanism of Nafion remains unchanged in the composite.
The temperature shift toward higher values confirms the stabilization of Nafion through weak (adsorptive) interactions
with the PTFE surface. These findings align with the particle size measurements.

Thus, the analysis of the derivatograms indicates that there is a strong interfacial interaction between the Nafion
ionomer and G, with a weaker interaction observed between Nafion and PTFE. Nafion stabilizes on the surfaces of the
materials, G and PTFE, which is consistent with the particle size analysis for these systems.
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3.3. Investigation of Hydrogen Crossover Through the Membrane

Fig. 4 illustrates the hydrogen crossover current density before and after aging for three MEAs with varying electrode
compositions: reference (Nafion-Pt/C), with PTFE as a stabilizer, and with a G barrier layer.

As shown in Fig. 4, the hydrogen crossover current density after aging was reduced by 50% (MEA G-layer) and 33%
(MEA PTFE-layer) in the modified samples, indicating a substantial improvement in membrane performance. In contrast,
the hydrogen crossover of the reference sample increased by approximately 5.5 times after aging.

It can be assumed that the mechanism for the reduction in hydrogen crossover during aging is related to structural
changes in the near-surface layer of the membrane, which occur as a result of the aging process. This applies to both the
graphene- and PTFE-modified samples, since in both cases, there is a strong interfacial interaction between Nafion and
the additive. A similar effect is described in the scientific literature.

As shown in [28], the incorporation of graphene oxide (GO) into a Nafion membrane reduces acetone and hydrogen
crossover in an acetone electrochemical hydrogenation cell. Impedance analysis confirmed the rearrangement of GO
flakes during cell operation, reflected by a decrease in high-frequency resistance (HFR) and the interfacial resistance of
the blocking interlayer after a continuous 15-hour electrochemical testing protocol. This observation is supported by
transmission electron microscopy, which reveals structural changes within the GO interlayer.

Furthermore, in reference [29], rheological analysis of sulfonated graphene oxide (SGO) dispersions in a Nafion
solution demonstrated a sharp increase in viscosity, peaking at an SGO content of 0.5%. The authors note that this
indicates a strong interaction between the components at this specific ratio. As the SGO content increases further, particle
agglomeration occurs, and the viscosity drops. The authors explain SGO’s effect on crossover by two mechanisms: the
steric factor of graphene particles and the formation of denser (and less permeable) ionomer structures in the presence of
graphene compared to pure Nafion (see rheology data).

In our case, the reduction in hydrogen crossover during aging for MEAs with barrier layers can be explained by a
structural reorganization of the membrane’s near-surface layer adjacent to the graphene or PTFE. This likely involves
partial penetration of the modifiers into this layer due to migration in the electric field and a resulting densification of the
structure.

Thus, G and PTFE layers on Nafion membranes exhibit a barrier effect against undesirable fuel crossover, which is
attributed to the interfacial interactions between the Nafion ionomer and the stabilizing materials. In the case of G, the
interaction is realized through strong surface adsorption of the polymer chains, likely involving m— stacking and van der
Waals forces, leading to denser chain packing and increased thermal stability. For PTFE, the interfacial interaction is of a
weaker, adsorptive nature, which nonetheless results in the formation of a polymer shell around PTFE particles, thereby
reducing ionomer mobility and swelling. These interactions suppress hydrogen crossover and contribute to improved
mechanical and chemical stability of the membrane-electrode assembly.

3.4. Polarization curves

Fig. 5 demonstrates the dynamics of polarization curves during the aging process. The pattern of change in the
dependencies during the aging process of the reference sample differs from that of the modified MEAs. For the PTFE-
and G-modified MEAs, an improvement in performance is observed at the beginning of operation, with an increase in
current density. The improvement is attributed to the activation processes of the MEA, which involve the desorption of
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impurities from the platinum surface, the hydration of the electrode layers and membrane, and the formation of charge
and mass transfer channels [30] (Fig. 5a,c). Subsequently, deterioration of characteristics occurs (Fig. 5b,d), associated
with degradation processes. In the case of the reference sample, high specific values are observed initially, followed by a
sharp decline in performance (Fig. 5e), which then continues to decrease monotonically (Fig. 5f).

4. Conclusion

The stabilization of the proton-conducting polymer Nafion on the surfaces of nanostructured materials, such as few-
layer G and PTFE, occurs through interfacial interactions between the G-Nafion and PTFE-Nafion components.

The G-Nafion system, achieved through ultrasonic dispersion of TEG, exhibits polydispersity, containing few-layer
G particles with sizes in the submicron region (28, 68, 295 nm) and a small number of large TEG particles (around 1300
and 5600 nm) that remain undispersed. Nafion is positioned on the surface of G.

The PTFE-Nafion system is relatively monodisperse, and the Nafion polymer forms a coating on the surface of the
PTFE particles.

The analysis of particle sizes in binary dispersions showed that Nafion is structurally integrated with the second
component, positioning itself on the surface of the larger particles. The dispersions obtained exhibit a high zeta potential,
greater than 30 mV, indicating their high stability.
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Thermal analysis demonstrated the presence of interfacial interactions of different strengths between the components:
a strong interaction between the Nafion ionomer and G, and a weaker one between Nafion and PTFE. Nafion stabilizes on
the surfaces of these materials.

The modified MEAs show lower hydrogen crossover through the membrane in comparison with the standard sample
after 145 h of aging at a constant voltage. The principal finding is that the application of a few-layer graphene barrier
layer on the membrane surface is a more effective strategy than the incorporation of PTFE into the catalyst layers. This
conclusion is quantitatively supported by the post-aging hydrogen crossover measurements, which showed a twofold
reduction for the graphene-modified MEA compared to a 1.5-fold reduction for the PTFE-modified MEA.
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®a30BbIi NEepexo] U TepMOIUHAMUYECKHe cBoicTBA Moe i [lorTca ¢ kecTKUM

APOM
XakumoB P.M., Maxammananues M.T., Myraiues H.H.

M5I nccnenyeM TpaHCISIMOHHO-MHBapUaHTHBIE Mepbl ['m60ca Monenu IloTTca ¢ )KeCcTKUM SApOM
(HC—Potts) na nepee Kanmu. Mogens coueraer heppoMarHuTHbIe B3anMoaercTBus Tuma [loTrea ¢
NPaBWJIOM HCKIIIOYEHHUS! KECTKOTO S]pa, YTO INPHBOAUT K HETPHUBHAIBHOMY B3aMMOJCHCTBHUIO
MEXy MarHUTHBIM YTIOPSZIOYCHUEM U OTpaHHYEHHUSIMU Ha 3acesieHHOCTh. [ peprunbpaOTO Tpada
MIAPHUPHOTO THUIA MBI aHAIM3UpyeM ciydan k = 2 u k = 3 u ompezensieM siBHbIE KPUTHYECKHE
3HAYEHUSI _, KOTOPBIE OTMEYAIOT MEPEX0i OT €AMHCTBEHHOCTH K MHOXKECTBEHHOCTH Mep [ mbOca.
Mopenb IeMOHCTPUPYET IO IMATH TPAHCISIMOHHO-UHBAPHAHTHBIX (a3 B 3aBUCHMOCTH OT CHIIBI
BBaHMOHeﬁCTBHﬂ. Breraucnsarores TCPMOAUMHAMHUYCCKUC BCIIMYUHDBI, TAKMC KaK HAMAarHM4€HHOCTb U
KBaIPYNOJIbHBI MOMEHT, BBISBIIONIME YHOpSAIOYEHHbIE (a3pl NMPH HHU3KHX TEMIIEpaTypax M
IapaMarHUTHYO (a3y npH BHICOKUX TEMIEPATypax..

KuaoueBble cioBa: pacnpenenenue ['nb6ca, monens Ilorrca, momens Hard-Core, ¢a3osiii
nepexo, nepeo Kamm.

EanHcTBEHHOCTDH HaeajJbHBbIX 3BE€3HbIX YIIaKOBOK H CylieCTBOBaHHE

NCEeBA0CO0TBETCTBUIl B rpadax ¢yiiepeHos (2,6)
Taxepu-Zexxopau M.

WneanbHas 3Be3/HAsl yHakoBKa MOXKET OBITh ONHCAaHAa Kak OCTOBHBIM monarpad, CBSA3HbIC
KOMITOHEHTHI KOTOoporo m3omopdHsl 3Be3nHoMy Tpady K1;3. MaeansHoe 1mMceBIOCOOTBETCTBHE —
3TO OCTOBHBIM TOATpad, B KOTOPOM Kaxjas KOMIOHEHTa u3omopdHa nmbo K2, mmubo K1;3.
W3ydyenue 3amay ymakoBKM Ha rpadax ¢QymepeHoB MNpeacTaBisieT OCOOBIH HMHTEpec H3-3a UX
MOTEHIMAIbHON 3HAYMMOCTH B ONMCAHHMM JIOKAJIBHBIX CBS3EH B YIVIEPOAHBIX HAaHOCTPYKTypax. B
JTaHHOW paboTe MBI M3yuaeM YHUKAJIbHOCTh H/€ajJbHOW 3BE3JHON YHNaKOBKHM M CYIIECTBOBAaHUE
MICEBI0COOTBETCTBUN B rpadax dysmiepeHoB (2;6). boiee Toro, Mbl mokaspiBaeM, 4TO HjeaabHas
3Be37Hasl YMakoBKa B 3THX Ipadax yHukainbHa. Kpome TOro, Mbl BBEIU HEKOTOpHIE HICalIbHbIC
MICEBJ0COOTBETCTBUSA B Tpadax ¢yuiepeHos (2;06).

KawueBble ciaoBa: rpadel ¢ymuiepeHoB (2;6); uieanbHass 3Be3Has YIAKOBKA; HICaIbHOE
IICEB/IOCOBIIA/ICHUE

Teoperuyeckuili aHaAW3 B/AMAHHSA  UYMPHUPOBAHHBIX HMIIYJIbCOB  Ha

(¢opMupoBaHue Nyia3Mbl B CTPye BO/Ibl
Xwunan M., Ucmarunos A.O., Upimkux A.H., MenbHuk M.B.

B paboTe nipesicTaB/ieH TeopeTUYEeCKWI aHA/IN3 BIMSHUS JIMHEHHOTO UMpIIa J1a3epPHOT0 UMITYJ/IbCa Ha
IJIOTHOCTh TUIa3Mbl B CTPye BOJbI B paMKax ABYX3TanmHOM Mojend. Ha mepBoM 5Tame periaeTcs
CcUCTeMa ypaBHEHWM /il TJIOTHOCTA HOCUTEJed U MJIOTHOCTU TOKA B OJHOM MPOCTPAHCTBEHHOMU
TOUKe MpY BO3JeHMCTBMM YMPIIMPOBAaHHOIO CyIeprayccoBCKoro umiysbca. [Ipu ¢ukcrpoBaHHOM
CMeKTpa/JbHOW IIMPUHE M HOPMHDOBKE IO WHTEHCUMBHOCTH BbIZle/IsIeTCsl YWCTO BK/AJ 4Mpra B
(hopMHpOBaHKe MJa3Mbl, IPU KOTOPOM OTHOCUTE/TbHAS [JIOTHOCTH T/1a3Mbl MPEeBbILLAeT eJUHULY U
JleMOHCTpUpPYeT YCTOHYMBOE TIPeMMYILIeCTBO OTPULIATE/JIbHOTO UMpIMa [0 CPaBHEHUIO C
TM0JIOKUTeTbHBIM. Ha BTOpOM 3Tare mMoJienvpyeTcsi paclipoCcTpaHeHHe ONTHYeCcKOro IoJisl B BOJe
MeTO/IOM YTJIOBOT'O CIeKTpa C MPUMeHEeHHeM TOU ke CHCTeMbl ypaBHEeHUM BO BCEM IPOCTPAHCTBeE.
YueT HOpManbHOW AMCIIEPCUM TIPUBOJUT K WM3MeHeHWI0 Hab/oZjaeMoil TeH/eHLMU: TJIOTHOCTb
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T1a3Mbl, 00YCIOBIeHHas! UCK/TFOUMTE/IbHO UMPIIOM, YMeHbILIAeTCsi C POCTOM BeJIMYMHBI UMpIIa, TPU
3TOM OTPHILIATe/BbHBIM UUPIT AeMOHCTPUPYeT Oosibllie 3HaueHUsl, 4YeM TOJI0KUTe bHbI. Hanbomnee
CWIbHOe yMeHbllleHWe BK/aZia HabsrojaeTcss [/ [JIMHHBIX HeUYeprUPOBAHHBIX UMITYJ/IbCOB
(naripumep, 80 ¢c), UYTO CBSI3aHO C [JUCTIEPCUOHHBIM BpEMEHHbIM pacIlibIBaHUEM U
MIPOCTPaHCTBEHHO-BPEMEHHOW pacCUHXpOHM3auyel mosisl. IlosmyueHHble pe3y/bTaThbl MO3BOJISIOT
OTAeMUTb 3(p(eKT BAUSHUS CreKTpasbHOW (Pasbl OT CIIEKTPaJbHOM IIMPUHBI M MHTEHCHUBHOCTH,
(hopMUpYIOT TIpOBepsieMble TIpe/iCKa3aHusi [jisi BOASHBIX CTPYH U CO3[jal0T OCHOBY /s OYAYIIUX
5KCrepuMeHTalbHbIX UCC/eJOBaHUM U CaMOCOT/IaCOBAaHHBIX MO/ie/ieil pacipoCTpaHeHUs..

KiroueBble cj10Ba: MI0THOCTD I1/1a3MBl, quHHpOBaHHbIﬁ HUMITYJIBC.

PacnpOCTpaHeHne CIINHOBBIX BOJIH B erCT006p33HOM MHUKPOBOJHOBOJAE€ U3

IVICHKHU K€JI€30-UTTPUEBOI'0 'paHaTa ¢ MArHUTHBIMHU HIUJIHHAPpaAMuU
INapanun @.E., CagosaukoB A.B., Jlomoa M.B.

B JaHHOM HCCJIICAOBAHUH pacCMaTprUBACTCAd NPHUMCHCHHUEC CIHMHOBBIX BOJH JIA pa3pa60TKI/I
(GYHKIIMOHAJIBHBIX ~KOMIIOHEHTOB, OOECHeuMBaOIIUX 00paboTKy, Tmepeaadyy U XpaHEHHE
uHPOpPMAIM! B MUKPOBOJHOBOM M TEPareprioBOM auamna3oHax dactor. [ImaTdopma ocHOoBaHa Ha
TOHKHUX IUIEHKaX >KeJIe30-UTTPUEBOIO TrpaHaTa, MpPU 3TOM YIPABJICHUE CIHWHOBBIMU BOJHAMHU
OCYHECCTBIACTCA C IOMOIIBIO ABYMCPHBIX MACCHUBOB MArHWTHBIX HOWJIMHAPOB H3 MArHCeTHUTA.
[IpoBea€H YMCIEHHBII MHMKPOMATHUTHBIN aHAIA3 KPECTOBUIAHOIO BOJHOBOJA MYTEM pELICHUs
ypaBaenus Jlanmay—JIlupmuma-Iwisbepra, B X0Ae KOTOPOro HM3y4aliaCh  3aBUCHMOCTH
XapaKTEPUCTUK BOJIH OT OpPUEHTAlMKM BHEUIHErO0 MarHuTHOro noiid. llosydeHHble pe3ysibTarhbl
YKa3bIBarOT Ha MNEPCICKTUBHOCTDH JaHHOI'O nmoaxonaa JIIA CcOo3JaHusA KOMITaKTHBIX n
sHeprod3(hHEeKTUBHBIX MATHOHHBIX YCTPOMCTB.

KiroueBble cj0Ba: YHCICHHOE MHUKPOMAarouTHOC MOJCIIMPOBAHUC, )I(GJICSO-HTTPHGBBII;'I I'paHarT,
MAarauTHbIC MUWJIMHAPLI, CIIMHOBAA BOJIHA.

UmnynabcHas ¢azoBassi MOAYJSAUMS € TAPMOHMYECKHM 3JIEKTPUYECKUM
YOPABJIANIUM CUTHAJIOM [UIS Ppeajiu3aldii KBAaHTOBOIO pacnpenejeHust

KJII04el
laiigam A.A., Mupouranuenko I'.I1., Ko3y6os A.B.

B nmanHOi paboTe MBI HCClienyeM ajbTepHATHBHBIA TOAX0H K (ha30BOH MOAYJSIIUHM LIS
KOJUPOBAHUS U JCKOJUPOBAHUS MHPOPMAIIMK B CUCTEMaX KBAHTOBOT'O paclpeesieHus Kiouei. B
YaCTHOCTH, MBI IIPEJIaraeM UMITYJIbCHYIO (Pa30BYrO MOAYJISIIMIO, TO €CTh MOAYJISIIUIO C BPEMEHHON
oruarommeil B JOMOMHEHHe K paHee paccMaTpUBaeMOMY TOJIBKO T'apMOHHYECKOMY BPEMEHHOMY
HOBEJICHUIO WHICKCa MOIYJIALUUH (IIyOMHBI MOIYJSMU), B KAa4eCTBE 3aMEHbI TPaJUIUOHHOTO
HCIIOJIB30BaHUA KaK MOAYJIATOPOB MHTCHCUBHOCTH, TaK U (ba?:OBBIX MOAYJIATOPOB, YTO IMO3BOJIACT
co3aaTh OoJiee KOMIAKTHYIO U 3KOHOMHYHYIO ONTHYECKYIO CXeMy. MBI TakKe aHaJM3UpyeM, Kak
OCHOBHBIC HCHUACAJIbHOCTHU 9TOM CXEMBI BIIMSIOT Ha IIOMEXH, HaGJIIOHaeMBIC Ha HpHeMHOﬁ CTOPOHC,
¥, CIICIOBATENbHO, HA UX BKJIAJ B YPOBEHb OIIMOOK MPU pealn3alii KBaHTOBOTO PaCIpeeieHHs
KJIFO4el Ha OCHOBE OOKOBBIX YaCTOT (ha30MOTyIMPOBAHHOTO H3ITyUEHHUS.

KawueBble cioBa: (da3zoBas MOAYJALMS, KBAaHTOBOE paclpeseieHue KIo4a, KBaHTOBOE
pacrnpeziesieHue Kiro4a Ha O0KOBBIX 4acToTax ()a30MOyJIMPOBAHHOTO U3TYUYEHUS.
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IloBepxHOCTH YMOMJIMKOB KAaK HaJAeKHbIH MeETO] TOMOJOIMYEeCKOro aHaJu3a

TPEXMEPHLIX COJTUTOHOB B X0JIECTEPUHYECKHUX KUAKHX KpHUCTALJIaX
Axcenona E.B., JIo6anos 1.C., Opnosa T., Y3aun B.M., Kucenes A.l.

Meron, OCHOBaHHBIM Ha YMOWIMKAaX, KOTOPBIE BBISBISIOT JIMHEWHYIO CTPYKTYpPY CIOXKHOTO
pacmpesienieHusi IO AUPEKTOpa, HCHONB3YyeTCs Ui BBEICHHS MOBEPXHOCTEH yMOWIMKa B
KauecTBe YHCJIICHHO HAASKHOTO 30HAa TpexMepHbIX (3D) TOMONOTHYECKUX COJTMTOHOB B
bpyCTPUPOBAHHBIX XOJIECTEPUUECKUX JKUIKUX KPHUCTAUIax. MBI PECTaBIsieM HE 3aBUCSIIYIO OT
KOOPJIMHAT aHATUTUYECKYI0 (OPMYIHPOBKY TMOIXOJa C HCIOIb30BAHUEM JIMHUA YMOWIIMKA,
KOTOpasi oOecleuynBaeT HaJae)KHOE OOHapyKeHHE YMOWIMKOB Ha JTUCKPETHBIX CETKax
MOJCIIUPOBAHUS M, TAKUM 00pa3oM, MO3BOJISIET N30€kKaTh MpoOJieM, BEI3BAHHBIX HECTAOMIILHOCTHIO
¥ YyBCTBUTEIBHOCTHIO K BBIOOPY KOOpIMHATHOW CHUCTeMBI. B pamkax HCIONB3yeMOro MeToja
MO>XHO BBeCTH (ha30BO€ T0JIe C JaOOPaTOPHOM MPUBSI3KON, KOTOPOE MPEAOCTABIIAET €CTECTBEHHBIN
MHCTPYMEHT JJI1 UHTYUTUBHOM pacKpacKku MoBepxHocTH. Kpome Toro, 3To moje Ucronab3yeTcs s
ompeneneHuss AByX (yHIAaMEHTaJIbHBIX IEJOYMCICHHBIX WHBAPHUAHTOB TIETENh YMOWIIMKA:
MONEPEUYHOI0 MHJIEKCa U MPOJOJBHOTO 3aKPYYMBAHMS. DTHU WHBAPUAHTHI HAINPSMYIO CBS3BIBAIOT
TEOMETPUI0 YMOUITUKA CO CTAaHAAPTHBIMU TOTIOJIOTUYECKUMH XapaKTEPUCTUKAMU TIOJIS TUPEKTOPA,
MO3BOJIAS HAMPSAMYI HACHTU(QUIIMPOBATH W CPABHUBATH COJUTOHBI MO HMX TOMOJOTHYECKOMY
COJIEpXKaHUI0. MBI MPUMEHSIEM 3Ty METOJUKY K TPEeM KAaHOHHUYECKHM COJUTOHAM, TOJYyYCHHBIM
MyTeM MUHUMH3AIUU CBOOOIHOM SHEPTUU: TOPOHY U METIC00pa3HBIM XOJECTEPUIECKUM IMaIbIlaM
MEePBOTO M BTOPOTO THUIIOB C HMHIEKcamMu Xorda, paBHBIMH HYJIIO M €IWHHUIIE COOTBETCTBEHHO.
[TokazaHo, 4YTO aHaMM3 TIOBEPXHOCTH YMOWIMKA YETKO BBIABISAET ACPEKTHBIE CTPYKTYPHI,
MO3BOJISIET PA3JIMYUTh BU3YaJbHO IIOXOXKHE, HO TOIOJOTUYECKH PAa3IUYHbIe TEKCTYphl, H
MPEIOCTaBIsACT YAOOHBIH MHCTPYMEHT Ui KOJIWYECTBEHHOM OIICHKHM W Bu3yanuzanuu 3D-
COJINTOHOB Ha OCHOBE JIAHHBIX O TI0JIe JUPEKTOPA.

KioueBble cJ10Ba: TOMOJIOTHYECKHE CTPYKTYpBI, JHHAW YMOWJIMKOB;, XHPAJIbHBIC JKUIKHE
KPHUCTAJUIbL; COJIMTOH; TOPOH.

HepBbIﬁ NPpUMEP CUHTE3a HAHOYACTHUII 30J10Ta ¢ aAMUIUHOBBIMHU IMPOU3BOAHBIMHA

K/1030-1eKa00pPaTHOI0 AHMOHA B KaYecTBe CTA0MIM3UPYIOLIHUX JTUTAHI0B

HBanora A. A., ®ununmosa A. /1., Tenmonorosa M. A., CagoBaukoB A. A., CenuBanos H. A.,
Knanos A. I1., Kwmwxun K. FO., Ky3uenos H. T.

B nmanHo#t paboTe mpeacTaBieH OAHOCTAIUWHBIN BOJHBIN CHHTE3 30J10ThIX HaHodacThil (AuNPs) ¢
HCII0JIb30BAHUEM HOBBIX aAMHIUHOBBIX MIPOU3BOIHBIX K1030-A€Ka00PaTHOTO aHMOHA,
(YHKIIMOHATU3UPOBAHHBIX TEPMHUHAIBHBIMH THOJBHBIMHU TPYNIIAMH, B KAa4eCTBE OJHOBPEMEHHO
BOCCTAHOBUTEJIEH H CTaOWIM3UPYIOMIMX areHTOoB. KoOMIUIEKCHAsh XapaKTEepUCTHKA METOJIOM
MIPOCBEYMBAIOIIEH d3JIEKTpOHHOW Mukpockonuu (IIOM) BeisBHIa 00pa3oBaHWE HAHOYACTHI[ C
HEOOBIUHOM apXUTEKTYpPOU THIMA «I10JI0€ AP0 — IJIOTHAsE 000J04YKay, I1ie 000104Ka, oOoraméHHas
30JI0TOM, HWHKAICYJUPYeT sSApO U3 JErKUX OdeMeHTOB. JlaHHas yHHKaiabHas MOPQOJIOTHS
OOBSCHSIET OTCYTCTBUE XapaKTEPHOU IMOJOCHI MOBEPXHOCTHOTO IIa3MOHHOTO pe3oHaHca (SPR) B
Y®O-BUANMBIX CHEKTpax, YTO OTJIMYAECT MOJy4YEHHbIE MaTepuajabl OT KJIACCHYECKUX HAHOYACTHIL
30J10Ta C IUIOTHBIM METAJUIMYECKUM sSiIpoM. MeTo10M peHTTeHO(OTOIEKTPOHHOM CIIEKTPOCKOIUU
(P®DOC) moaTBepk/IeHO KOBAJICHTHOE CBS3BIBAHUE JIUTAHIOB 4epe3 CBSA3M Au—S M CoXpaHEHHUE
OOpHOTO KJIacTepa Ha MOBEPXHOCTH HaHouacTull. [IpoBeneHa onTuMuU3aIus CUHTE3a: YCTaHOBJICHO,
YTO MOJIAPHOE COOTHOIIeHUEe 1:6 (Au:mmrana) sBJISETCS ONTHUMAIBHBIM IS TOJYYCHHS Y3KOTO
pacrpeiesieHus YacTHIl IO pa3Mepam.

KmoueBble cioBa: KiactepHsie aHUOHBI 0o0pa, k1030-AeKadbopar, aMuJWH, IUCTEaMUH,
HAaHOYACTHIIBI 30JI0TA
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In situ nudpakunonHoe ucciaenoBanue npouecca kpucraumsauuu MnOix-ZrQO,

OKCHIAAa
KonoBanosa B.I1., I'epacumos E.1O., Bunokypos 3.C., [Toutaps A.A., bynaBuenko O.A.

s u3yueHus mporecca Kpucraminzanuu cMemanHoro MnOy-ZrO, okcuia B pa3InyHbIX cpefax
OPUMEHSIIUCH METOBI N Situ PEHTIe€HOBCKOW IU(PAKINU U TEPMOTPaBUMETPUUYECKOTO aHaiu3a. B
KauecTBe pedepeHcHoro obpasa wucnoib3zoBaics uuctelii ZrO,. IlokasaHo, 4To mpouecc
KpHcTalu3auu B Mn-coaepaxaiiemM o0pasiie 3aBUCUT OT Cpelbl: TeMIepaTypa KpUCTaJIM3alud B
BOCCTAHOBUTEIBHON W MHEPTHOH cpene coctaBimsuia 450455 C, a B okucnurenbHonr — 560 °C.
Taxum o0pazom, 100aBiIeHHE MapraHiia MPUBEIO K CMEIIEHUIO TEeMIepaTypbl KpUCTAIIM3AlUU B
CTOpOHY 0o0Jiee BBICOKMX 3Haue€HUH MO cpaBHEHHIO ¢ 4ucThIM ZrO, (425 °C). IlomyueHHas
KpHUCTalinueckas (aza mpeacTaBisieT coOoi TBepAblii pacTBop ZriyMnyO,, a He uucTbiii ZrO,.
BepositHo, katoHbl Mn MO3BOJNIMIM CTAaOMIM3UPOBATh TETPArOHAJIBHBIA JMOKCHU]I LHMPKOHUS
BMECTO MOHOKJIMHHOTO.

KiroueBbie cjioBa: in situ peHTreHOBCKas Jupakius; KPUCTALIM3AIMA; OKCHJ MapraHIa;
TBEPJIBIN pACTBOP; OKCHUJ IIUPKOHHS.

g-C;N4, moaupuuupoBannbiii Ni(OH), 1 Co(OH),, 15 (poTOKATAIUTHYECKOTO

Boccranosienus CO;
Kypenok A.B., Epmomikuna A.E., 3a3yns A.E., Mumenko /I./1., ['epacumos E.I1O., Kosnosa E.A.

B pabote mpencTaBieHbl CHHTE3 M XapaKTEPUCTHKA KOMITO3UTHBIX (POTOKATAIM3aTOPOB HA OCHOBE
g-CsN4, mogudunupoBannoro Ni(OH), u Co(OH),, ans BoccranoBienuss CO, mon aelicTBUeM
BunuMoro ceeta (A =410 um). UccnenoBanus metonom POA, Y®-sun criekrpockonuu u [19M BP
MOKa3aji, 4YTO OCaXJCHHWE TUIPOKCHUIOB HE HAPYIIAeT KPUCTAINYECKYHO CTPYKTYpy g-CsNa,
OJIHAKO TIPUBOJUT K HE3HAYUTEIHPHOMY YBEIUYCHUIO MEKCIIOEBOTO PACCTOSIHUS W ITHPUHBI
3anpernieHHoi 30HBL. Ni(OH), mpeacTraBieH HaHOYACTUIIAMH Pa3MEPOM OKOJIO 7 HM, TOrJa Kak
Co(OH), xpucraminzyercss B Buje Oosiee KpynHbIX yacTul] pasmepoMm ~24 uMm. [lo manuem [1OM
YCTaHOBJIEHO, 4TO Tmoclie (oTokatamutudeckoro BoccTaHoBieHUs CO, MPOUCXOIUT YaCTUUHAS
arnomeparusi Ni(OH),/NiO. Karanuzarop, cogepsxkamuii 0,1 macc.% Ni(OH),, npogemoHcTpupoBat
HanuOOJIBINYI0 (OTOKATAIUTUYECKYIO aKTUBHOCTH — 7,04 MkMoOab I'' u', uro B 1,9 pasa Belie 1o
cpaBHeHHIO ¢ wucxogHbiM g-CsNi. i ¢orokarammzatopa 0,5 wmacc.% Co(OH)./g-CsNy
HaO0I0IAOCh YBETTMUEHHE aKTUBHOCTHU B 1,3 pa3za oTHocuTensHo ucxogHoro g-CsNy. [lomyuenHoe
yIy4IIeHHUE aKTUBHOCTH OOYCJIOBIIEHO (hopMHupoBaHueM reteporepexoaa tuna Il mexay g-CsNi u
Ni(OH),, uto crioco6cTBYeT 3P PEeKTUBHOMY IEPEHOCY 3apsi/I0B U MOJABICHUIO UX PEKOMOUHAIIHH.

KmroueBnble cioBa: g-C;N,, porokaranus, Ni(OH),, Co(OH),, BocctanoBnenue CO..

CTa0MJIbHOCTL TBepAO(pA3ZHBIX TeTEPOHAHOCTPYKTYP CYJb(HUIOB NHHKA H

cepeﬁpa K OKMCJIICHMIO HA BO3YX€
Canosuukos C.U.

BriepBeie  m3ydyeHa — TepMmuyeckas ~— CcTaOMIBHOCTH  (a30BOTO  COCTaBa  CYJb(HUIHBIX
reTepOHAHOCTPYKTYp cynbduaa (ZnS)(Ag.S)« TBepaodazHbie reTepoHaHOCTPYKTYPHI (ZnS)(Ag:S)«
¢ x = 0.002-0.50 cuHTE3UPOBAHBI METOJOM THIPOXUMHYECKOTO COOCAXKACHUS Cynb(uaoB ZnS u
Ag,S. Pazmep HaHouacTuil ZnS, OIEHEHHBIH 1O YIIMPECHHUIO JUQPPAKIIMOHHBIX OTPAXKEHUU, B
MOJIYYEHHBIX HCXOJHBIX T€TEPOHAHOCTPYKTypax cocTaBisieT 2—4 HM. OTKUT CHUHTE3WPOBAHHBIX
reTepoHaHOCTPYKTYp (ZnS)(Ag.S), Ha Bo3myxe mnpu Temmeparype oT 25 no 530 °C u Bwime
MPUBOIUT K U3MEHEHUIO UX (Da30BOTO COCTaBa 3a CUET OKUCICHHS KyOmdueckoro cyibduma ZnS 1o
reKCaroHaJIbHOro okcujaa IuMHKa. OKHUCIIeHWEe HauyuHaeTrcs npu temneparype ~250 °C; pasmep
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HaHovactur, ZnO BapbHupyeTcsi B auamna3one oT 12 mo 17-25 um. Oxkwucienune TBepaoda3HbIX
reTepoHaHOCTPYKTYp (ZnS)(Ag.S). Ha BO3Ayxe IOKa3ajio, 4TO MOTEpsl Beca, MPOUCXOMAIIas MpU
HarpeBaHuu or ~250 po ~430-450 °C, cBsizaHa Cc HayaJoM OKUCIeHHsS cyinbduna ZnS u
oOpazoBanuem okcuga ZnO. HauOonee 3HauMTenbHas MOTeps Beca HAOIOAAaeTcss Mocie
HarpeBaHusi oT ~450 no ~580 °C wu3-3a yBenuueHus conaepkanus ZnO, OKUCIECHHS CEpbl U €€
yaanenus B Buae SO,.

KiloueBble  cjioBa:  XHUMHYECKOE  COOCAXKICHHE, TeTepOHAHOCTPYKTypa  (ZnS)(Ag:S)s;
CTaOMWIBHOCTH (PA30BOTO COCTABA.

CamopacnpocTpaHsSIIOIIMICSH BbICOKOTEMIIEPATYPHBI CHHTe3 KepaMHK Ha

OCHOBE HMPKOHMS U3 KOMIIO3UIIHOHHOTO nopomka Zr-B,C
Hpanuk M.C., Arynun JI.I., Mankun A.U., Ymkesckas C.B., XKykos A.B., Hukudopona I'.E.

B pabote momydeHnl kepamuueckue Moporiku ZrB,-ZrC meTromoM caMopacnpoCTpaHSIOMErocs
BbIcOKoTeMIleparypHoro cunre3a (CBC) M3 KOMIIO3MIIMOHHBIX IMOPOIIKOB-IpeKypcopoB Zr-B,C.
KoMIo3uiimoHHbIe MOPOILIKY OBLIN MOTYYeHBl TyTeM MeXxaHoo0paboTku cmecH nopoiikoB Zr u B4,C
B IUTAaHETapHOW IIAPOBOM MeNIbHMIIE B TeueHHue 3-12 MHUHYT cpene rekcana. M3yueHa cTpykrypa,
Mopdonorus, ¢a3zoBelii ¥ (HPAKIUOHHBIN COCTAaB KOMIIO3HIIMOHHBIX IOPOIIKOB-IPEKYPCOPOB U
KEpaMMUYECKHX MOpOIIKOB, mnoinydeHHbIXx MmerogoM CBC. Ilokazano, uro B mporecce
MexaHooOpaboTku yacTtunbl B4C HHTEHCHMBHO BHEAPAIOTCS B Zr, JOCTUTas PaBHOMEPHOTO
pacmpeneneHus cimycts 9 MuHyT 00pabotku. CraenaHo MPeanoioKeHne O BOBMOKHOM MEXaHU3ME
CBC.

KiroueBble cjI0Ba:  yIbTpaBBICOKOTEMIIEPATYpHAst KEPaMHKA, KEPAMHYECKHH  IOPOIIOK,
CaMOopacIpOCTPAHSIOUINICS BRICOKOTEMIIEPATYPHBI CHHTE3, IIApOBOM pa3MoJl, IUPKOHUHN, KapOou
6opa, TuOOpH T TUPKOHMSI, KApOWT ITUPKOHUS.

Ounenka »3¢dexkrtuBHocTH 2D rpadeHOBBIX CTPYKTYpP, IMOJYYEHHBIX U3
Pa3jJMYHbIX OHONMOJMMEPOB, KaK MOAM(PHUKATOPOB CBOWCTB  IUICHOK

TepMOCTOﬁKOI‘O nmoJImunMuaa
brikoBa E.H., 'opman U.B., Kynuman U.B., iBanbkoBa E.M., Bo3uskosckuii A.I1., HeBepoBckas
A.1O., Bo3uskoBckuii A.A.

[TpoBeneHa cpaBHHUTENbHAS OlleHKA BIUSHUS 2D rpadeHOBBIX CTPYKTYp, MOJYYEHHBIX U3 JIUTHUHA,
Kpaxmajia ¥ LEJUII0JI03bl METOJOM CaMOpPACIIPOCTPAHSIIOIIETOCS] BEICOKOTEMIIEPATypPHOTO CUHTE3A,
HA  MEXaHW4YecKHe, TEepMUYECKHe U  DJIEKTPUYECKHe  CBoilcTBa  IUIEHOK  monu-4,4’-
okcuaupeHuIeHnupomermuTuMuaa. OOHapyKeHO, YTO BBEJCHHE CHHTE3MPOBAHHBIX HAHOYACTHUI]
MO3BOJIAET MOAU(DUIMPOBATH MEXaHHYECKHE CBOWCTBA MOJMUMHUIHOIO Marepuana 0e3
3HAYUTEIBHOTO CHUKEHUS YJIeIbHOTO 00BEMHOTO U TIOBEPXHOCTHOT'O COMPOTHBIIEHU. Tarke Obun
YCTaHOBJIEHbl M MPOAHATM3UPOBAHBl 3aBHCUMOCTH W3MEHEHHS CBOMCTB HAHOKOMITO3UTHBIX
TUIEHOYHBIX MAaTE€PHUAJIOB OT Pa3IMUHBIX (PaKTOPOB: TUIIA OMOTOIMMEpPA, U3 KOTOPOTO OBLT MOJTyUYeH
HAHOHAIOJIHUTENb, MOP(HOMETPUUYECKHX  IMapaMeTpOB  MPHUTOTOBIEHHOIO  HAHOPAa3MEPHOTO
MaTepuaia U KOHUEHTPaluu HAHOHATIOJHUTEIS.

KoueBble cjioBa: HAaHOKOMIIO3UTHI, 2D rpadeHOBBIE CTPYKTYpBI, MOJIUUMHUJIBI, OHOMOIMMEPHI,
MEXAHUYECKUE XapaKTEPUCTUKH, TEPMUYECKUE XapaKTEPUCTUKH



134 Paper abstracts in Russian

Mexdasnas cradbuiauszanus memOpanbl Nafion ¢ momombio rpagpena u IITOI:
NYTh K CO3IaHUI0 00Jiee MPOYHOI MOJUMEPHOM JIEKTPOJIUTHON MeMOPaHbI I/

JIEKTPOJIHU3Aa BOABI

KacnoBa A.I'., I'ne6oBa H.B., Kpacnora A., Ilenareiikuna A.O., llIBuguenko A.B., Heunraitios
AA.

CTabuabHOCTD M IOJITOBEYHOCTD JIEKTPOXMMHUYECKUX CUCTEM IPe0Opa30BaHUs SHEPTHU SIBIISIOTCS
BaXXHBIMU MpoOieMaMu. B naHHOM HccieqoBaHMU W3YyYaluCh JBE CTpaTeruu cradwinzauuu: 1)
HaHeceHHe 0aphepHOro CJI0 U3 MHOTOCIOHHOrO rpadeHa Ha o0e ctopoHsl MeMOpanbl Nafion u 2)
BBEJICHUE nojuTeTpadTOpITUIICHA HENOCPEACTBEHHO B KaTaJUTHYECKUe CJIOH.
DJEKTPOXUMHUYECKUE XapAaKTEPUCTHKH OLCHUBAJIKMCH B JABYXDJCKTPOJIHOW KOH(UIypaluu: MyTeM
MOTEHIIMOCTATUYECKOTO CTapeHus 1pu 2,5 B 1 u3mepeHust KpoccoBepa BOAOPOJA. XapaKTEPUCTHUKA
MaTepHaloB, BBIMOJHAIOUIMX (YHKIUHW OapbepHBIX CIOEB, NPOBOAWIACH C HCHOJIb30BAHUEM
CKaHUPYIOIIEH M MPOCBEUYMBAIONICH JJIEKTPOHHOM MHUKPOCKOIUH, JIA3€PHOM KOPPEIALMOHHOMN
CHEKTPOCKONUH U TU(PEpeHINaIbHOI0 TepMUUECKOro ananusa. [lokazaHo, 4To o6a KOMIIOHEHTa
crabunusupyrot Nafion 3a cuetr Mex@a3zHbIX B3aUMOACHCTBHIA, YTO MPUBOAUT K YBEIMUEHHUIO CPOKA
CIy>)kObl M CHIDKEHHMIO KpOCCOBEpa BOaOpoJa. B TO BpeMs Kak B KOHTPOJBHOM o0Opasie
Ha0JII0/1AI0Ch YBEJIMYEHHE KPOCCOBEPa, B MOAU(PHUIIMPOBAHHBIX 00pa3iiax oHO cCHU3MWIOCH Ha 50% u
33%. Otu pe3ynbTaThl MOJYEPKUBAIOT MOTEHUUAI M3YYaeMbIX MAaTEpUajoOB JJs IOBBILICHUS
CTaOWJIBHOCTH  DJICKTPOJIU3EPOB BOJABI C IOJIMMEPHOW DJICKTPOJIUTHOM MeMOpaHOW, dYTO
CHOCOOCTBYET CO3/aHUI0 0ojee M0JrOBEYHbIX M 3(P(PEKTUBHBIX CUCTEM JJIsI NPUMEHEHHS B
BOJIOPOJIHOM SHEPTETHUKE.

KiroueBbie ciaoBa: rpaden; [ITDI; crabunusupoBanHbli Nafion; MeMOpaHHO-3JIEKTPOIHbBIE
ONOKU; DEKTPOTU3EP.
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