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ABSTRACT The work is devoted to the development of a method for testing the focal spot size of nanofocus
and microfocus X-ray tubes based on phase contrast radiography of test objects. The method is based on
the comparison of the interference X-ray image with the calculated values obtained by the exact numerical
solution of the wave equation. The high sensitivity of the method to the size of the source is ensured by the
fusion of interference fringes with contrast of different signs. The formation of X-ray phase contrast images of
test objects is analyzed on the basis of the wave equation using numerical modeling of the intensity profile. An
analytical expression has been obtained to estimate the size of the X-ray tube focus. The results of calculations
of phase contrast profiles for a nylon fishing line and a reference nanofocus test are presented.
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1. Introduction

Currently, nanofocus radiography is increasingly being used in various fields of science, technology and medicine [1,
2]. In relation to the problems of flaw detection and control of electronic products with integrated circuits, it is important
to use X-ray tubes with an anode voltage above 150 kV with nanometer and micrometer focus sizes. The development
of nanofocus radiography in relation to the study of high-tech nanoelectronics devices and new materials requires the
development of new X-ray source testing tools.

The size of the focal spot is the most important parameter determining the amount of geometric blurring and, conse-
quently, the image quality of the objects under control. In the countries of the European Union, the EN 12543 standard
“Non-destructive testing. Characteristics of focal spots in industrial X-ray systems for use in non-destructive testing” is
in force. The generalized data of numerous measurements of nanofocus spots given in [1] and the results of relevant
experimental studies obtained by the authors of the present work showed that the reliability and dispersion of the obtained
measurement values performed in accordance with the above standards are unsatisfactory.

The standard methods for measuring the size of the effective focal spot of nanometer-sized X-ray tubes are based on
the absorption of X-ray radiation in test objects made of materials that strongly absorb X-ray radiation. In addition to
absorption, X-rays, when interacting with an object, experience refraction at its boundaries, which leads to the formation
of a phase contrast [3,4]. This refraction can be detected using highly coherent synchrotron X-ray sources [5, 6] or
nanofocus X-ray tubes [7, 8] in the form of interference patterns at some distance from objects. The magnitude of the
phase contrast critically depends on the size of the X-ray tube focus [9-12].

Numerous studies in the field of phase contrast have established a strong dependence of phase contrast on the size of
the X-ray focal spot. However, as far as we know, no systematic studies have been conducted on the use of phase contrast
imaging to determine the focal spot, while advanced methods of absorption contrast have been developed in a wide range
of focal spot sizes up to the nanofocus region.

The formation of a two-dimensional absorption X-ray image f(x,y) from an ideal point source is described within
the framework of projection ray geometric optics, and the effect of size and shape on the final recorded image g(x,y)
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is described as a convolution of the ray projection of an object with a two-dimensional distribution h(z,y) of X-ray
brightness along the focal spot:

g(x,y):f(:my)*h(x,y), (1)
where the * sign indicates a convolution operation.

With a high signal-to-noise ratio, reliable information not only about the size of the focus, but also its shape makes it
possible to improve spatial resolution by deconvolution of the image. For example, in [13], the possibility of improving
the image of bone tissues was demonstrated by taking into account the intensity distribution on the double focal spot due
to the extended spiral structure of the tungsten anode.

For two-dimensional deconvolution, the two-dimensional Fourier transform can be used, as a result of which the
original object can be formally restored in the domain of spatial frequencies:

G(u,v)
H(u,v)’

where F', G, H are the Fourier transforms of the functions f, g, h.

In practice, in the presence of noise, it is necessary to make a more complex search for the optimal solution using a
priori data on the desired distribution of f(x,y) and on the nature of noise based on a reasonable balance between image
sharpness and noise level.

It is shown in [14] that the two-dimensional deconvolution problem is reduced to one-dimensional deconvolution of
radial profiles I(x,y) of circular aperture images, resulting in a synogram of the Radon transformation of the focal spot
with subsequent tomographic reconstruction. This procedure was applied to distribution of a focal spot with a diameter
of 0.3 mm of a mammography tube.

In another work [15], the circular aperture method was scaled to focal spots with micron and submicron sizes. When
working with nanofocus sources, test objects closely approach the focal spot at a distance of no more than a millimeter,
and this makes it possible to provide a 1000 x magnification when the detector is removed at a distance of about 1 m.

The low power of the nanofocus tubes, the large distance to the detector and the weak absorption contrast of the test
objects cause a high level of image noise and a long signal accumulation time. For example, in [16] radiographic images
of the JIMA test were obtained, with a test strip period of 150 nm. The images were obtained on a nano-CT laboratory
setup at source voltages of 60 and 40 keV. The accumulation time was 10 and 20 min, respectively.

The purpose of this work is to explore the possibilities of a phase-contrast method for testing nanofocus tubes within
the framework of classical principles of wave optics in order to provide practical recommendations for the development
of test objects, methods of their use and the development of related software.

F(u,v) = 2)

2. Materials and methods

To numerically calculate the phase-contrast image of a model object, Fourier optics methods based on the decompo-
sition of the wave field into planar components were used [17]. Let’s consider the wave equation for the amplitude A(r,t)
of a monochromatic wave propagating freely in space:

1 9%4

2oz =V 3)
where A is the Laplace operator, A(r, t) is a function of spatial coordinates and time describing the wave field, v is the
propagation velocity of the wave field. For a stationary field of monochromatic radiation

A(r,t) = A(r)e™? “)
and the wave equation is simplified to a linear homogeneous Helmholtz equation:
AA+ KA =0, (5)

where k = w/v. In vacuum, v = ¢ and k = 27/, where X is the wavelength of the propagating radiation. Plane waves
of the form

Ax(r) = 'k, (6)
where k is the wave vector, are exact solutions of the wave equation and form the basis of functions from which the
desired solution of the Helmholtz equation can be constructed:

Alr) = / a(k)e'® T dsy, (7

where dSk is an element of the surface area of a sphere of radius k, in which the wave vectors of plane waves are
concentrated. Provided that |k| = k, each possible direction k = (k,, k,, k.) of propagation of a plane wave is given
by its projections k, and &, onto the xy plane. Let’s put z = 0 in formula (7), then this formula will be rewritten in the
following form:

A(z,y,z2=0) = /a(kr’ ky)ei(kIIJrkyy)dkmdky. (8)
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Thus, the wave field in free space is represented as a sum of plane-wave components, with expansion coefficients
a(kg, ky) determined by the Fourier expansion of the field in the plane. When a plane wave falls on an object, the phase
shift of the wavefront and the curvature of the wave front are observed, and the appearance of plane-wave components of
the scattered wave propagating paraxially at different angles of coherent scattering occurs.

When radiation propagates from the z = 0 plane to the z plane of image detection, each plane-wave component
receives an additional phase multiplier exp(ik,z), where

2 2
kzzx/kﬂ_kgzk(l— 2’“]:2>zk<1—0;). 9)

The interference of the incident wave and the wave scattered at an angle « forms interference fringes of size dz:

T = /\ . (10)

2sin o
The angular spectrum of a coherently scattered plane wave is dominated by plane-wave components with small
scattering angles. Components with large scattering angles and having smaller amplitude are formed at the edges of the
object, where the phase shift in the object becomes small. Accordingly, at the final resolution of the detector, in order
to observe a strong phase contrast with wider interference fringes, the detector should be removed from the object if the
geometric blurriness is small. As the detector approaches the object, narrower interference fringes with less contrast are

formed. The geometry of shooting a test object using the phase-contrast method is shown in Fig. 1.

yl\

Ay

F1G. 1. Geometry of the phase-contrast shooting of the test object: .S is a nanofocus source, O is a test
object, D is a two-dimensional detector

In the coordinate representation, the paraxial propagation of a wave in free space from an object with a coordinate
z = 0 to a detector with 2 = R is expressed as a convolution of the amplitude of the initial A(z’, z = 0) with a Fresnel

propagator:
/ i (.I — m/)Q /
A(x,z=R)= [ A(z',2=10)exp ~— SR dz’. (11)

The dx’ integration regions can be divided into Fresnel zones with m indices. In the case of an incident plane wave,
the radii d,,, of the first Fresnel zones with small indices for the distance R from the object to the observation point are
expressed by the well-known formula:

dm =~ \/ARmMm, m=1,23... (12)
For a spherical wave on an object with distances of R; and R3, the same formula with an effective diffraction distance

R (lens formula) is valid:
1 1 1

7 + R R (13)

Thus, in the paraxial approximation, the calculation of the diffraction of an object on a spherical wave from a point
source with geometric parameters 27 and R is equivalent to the calculation of the diffraction of an object on a plane
wave [18]. Bringing the contrast calculation from a point source to a plane-wave case simplifies and significantly speeds
up calculations and makes it possible to implement them on mobile platforms.

For R, — oo the increase in R reaches the maximum value of R;. Accordingly, the size of the first Fresnel zone and
the magnitude of the phase contrast reach the limit values, which depend mainly on the difference in phase shift at the
edges of this zone.

Let’s determine the maximum size of the focal spot, which for a cylinder gives about 50 % of the maximum contrast
from a point source. If R; and R, are the distances from the source to the object and from the object to the detec-
tor (see Fig. 1), then the factor of increasing the size of the source f = 1 4+ Ro/R; gives us a geometric blurriness
S = T’(l + Rg/Rl)
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The possibility of geometrically increasing interference fringes without loss of contrast makes it possible to use
amplifying screens and electronic recording devices instead of X-ray films. In order to observe a strong phase contrast, it
is necessary that the width of the interference fringe dx = A/ sin & be commensurate with the geometric blurriness. The
condition of the opposite phases of the direct and scattered waves is expressed by the formula:

kR =T. (14)

From equations (11) and (14), taking into account R = R; at Ry /Ry > 1, the maximum diameter d of the focal spot
of the source is obtained, at which the contrast is close to half the contrast from the point source:

d=~V2dx = \/\R;. (15)

3. Results and discussion

The numerical calculation of the phase contrast image from a point source according to the formula (11) in rectangular
coordinates presents certain difficulties due to the need to represent the high-frequency modulation of a spherical wave
field at a large aperture. The program used in this work to calculate the one-dimensional profile of images of model
objects based on the fast Fourier transform used large amounts of RAM, and the calculation on a desktop computer with
an NVIDIA GeForce RTX 2080 GPU lasted about a minute.

Figure 2 shows the intensity profiles for an ideal point source and a source with a finite size, which demonstrate the
condition of strong contrast according to the formula (15).

115k r=2um
r=1pum
1.1r —— r=0um
= 105
=
~ 1 ww.\s\wn\n\\'/.'\':‘M‘a\&‘v‘ﬁ\\*‘l‘fv\'v‘/\f\m\ﬂlV\W i /\MMNW\M\J\'VI’\‘.'|'.‘.W/-'N/-vmwmumvmw
095+ 1
0.9+

0.492 04940496 0.498 0.5 0.502 0.504 0.506 0.506
X, mm

F1G. 2. Calculated intensity profiles of the phase-contrast image of the edge of a nylon fishing line with
a diameter of 1 mm at a radiation energy of 60 keV for a point source and for focal spots of 1 and 2
micrometers in size (R; = 50 mm, Ro = 500 mm)

Formula (15) corresponds to a focal spot diameter of 1 pm, at which the phase contrast value reaches 50 % of the
contrast for a source with a zero focal spot size. When using X-ray optical transducers with a limited dynamic range
or films with a nonlinear response, it is difficult to quantify the amount of contrast. The size of the focus is easier to
estimate by measuring the width of the main interference maximum, which for the focal length d = 2 ym will double
(Fig. 2). Model calculations for aluminum wire, with a refractive index about 2.7 times higher than that of nylon, show the
possibility of increasing the phase contrast by 2 times and, accordingly, the possibility of increasing the signal-to-noise
ratio by 4 times.

If it is necessary to check the estimated value r of the focal spot of the X-ray source, then for this purpose the
minimum distance R; from the source to the test object should be selected according to formula (15). For example, for a
spot diameter of 1 um and energy of 60 keV, it is necessary to select a distance R; of the order of 50 mm. The distance
R, is selected based on the choice of geometric magnification for a given detector resolution.

Let’s consider the formation of nanofocus images on phase-modulating diffraction gratings, which are a set of periodic
structures of several tungsten strips with different widths from 400 nm and thicknesses up to 10 um, sufficient for deep
phase modulation of X-ray radiation. These gratings are similar to the JIMA RT RU-02B tests designed to determine
the size of the focus of X-ray tubes. The test manufacturer describes the strips as X-ray absorbing tungsten strips with a
thickness of 1 pm. The calculated absorption attenuation per 1 pm of tungsten for energies from 60 to 30 keV is from 1
to 4 %. Tests of a similar design were used to obtain the resolution of scintillators [19].

It is convenient to analyze the formation of diffraction grating images in a pulsed representation based on equation
(13) and formula (12), in which dz denotes the half-period of the diffraction grating. From formula (15), it is possible
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to obtain the nearest effective distance R at which Fourier images of a diffraction grating with maximum contrast from a
plane incident wave are formed (Talbot effect) [17]:
dx?
R=——
o
In the geometry of a point source, the Fourier images will be magnified by (1 + Ry/R;) times and will be observed
at distances determined by the ratio [17]:

n=1,2 3... (16)

1 1 2\
R "Ry den’
The Fourier images are obtained at consistently increasing intervals up to the maximum positive value of n, after
which the value (dz?n)/(2)) will be greater than R;. For A = 0.021 nm (F = 60 keV) and dz = 1 pm, it turns out
dz?/(2)\) = 23.8 mm. This value determines the maximum distance R; at which condition (17) is satisfied.
Figures 3 and 4 show the calculated profiles of phase grating images for conditions of strong (far-focus mode) and
weak (near-focus mode) contrast at a phase modulation depth on the diffraction grating 7 /2 and a focus diameter of 1 pm.

a7

1.15 H H H H H H H
11k — Ry =100 mm
—— Ry =330 mm
= 105 — R, = 66 mm
o
~ -
095 -
09 -
| | | |

—0.01 0
X, mm

0.01

F1G. 3. Calculated contrast profiles of the test with a phase-modulating grating period of 1 um for a
radiation energy of 60 keV under shooting conditions with strong contrast (R?; = 33 mm). The focus
size is 1 ym

1.1F | ' f ‘ I Il R] Rz
_ 8 mm. 160 mm
8 mm. 640 mm
1.05¢ 1 [ |74 mm. 160 mm
5 [\ I\ 4 mm, 640 mm
~ 1 N\‘

0.951-

1 1
-0.01  —0.005 0
X, mm

1 1 1
0.005 0.01 0.015

FI1G. 4. Calculated contrast profiles of the test with a grating period of 1 pm for a radiation energy of
60 keV in the near-focus shooting mode. The focus size is 1 um. The graphs are scaled along the x axis
without taking into account geometric magnification

With a limited resolution of a digital matrix detector with a pixel size of more than 100 pm, it becomes necessary
to bring the test closer to the focus of the source. At the same time, as shown in Fig. 4, the phase contrast determined
by the difference between the maximum and minimum intensity values decreases, but remains even greater than the
calculated absorption value of 4 %. Fig. 5 shows profiles for several focal spot sizes, with similar parameters R; = 8 mm,
Ry = 640 mm and dxr = 1 pm.

From the above, it can be concluded that the contrast of the test image depends on the size of the focus and on the
degree of transformation of the phase modulation of the grid into an amplitude one, determined by the geometry of the
shooting. When the R; parameter is properly selected in the mode of limiting the conversion of phase modulation to
amplitude, the contrast mainly depends on the size of the focus.
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1.08}
106}

1.04}
1.02}
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F1G. 5. Calculated diffraction grating images for different focal spot sizes. Radiation energy £ =
60 keV, modulation depth of the lattice phase is 7/2

Let’s now consider the formation of a phase contrast in the braking radiation (bremsstrahlung) of an X-ray tube. The
depth of phase modulation d¢ in the X-ray diffraction grating is determined by the phase shift, which is determined by
the decrement of the refractive index dn and the thickness of the modulating layer ¢:
2mont

T

In the X-ray region of the electromagnetic spectrum, the decrement of the refractive index of a single-element sub-
stance is determined by the cross section of elastic X-ray scattering on an atom and the density of the substance:
Nr, 32

2
where [V is the electron density, 7. is the classical electron radius.

For tungsten, the refractive index decrement is 8.59 - 10~ for 60 keV. Thus, in order to obtain a phase shift of 7/2,
6 micrometers of tungsten layer are needed.

To obtain deep phase modulation with a spatial frequency of 1 m, high-tech methods for the formation of high-aspect
microstructures based on liquid or plasma-chemical etching of silicon, currently used to create X-ray optical elements of
Talbot—Laue interferometers, can be used [20].

The phase contrast distribution differs significantly for different values of the Fresnel number NF = a*/(AR),
where a is the size of the structure in the depicted object, R ~ R; (at Ry > R;) is the effective diffraction distance. The
regions of the far (Fraunhofer diffraction region) and near fields (field of geometric optics) and the intermediate region
(Fresnel diffraction region) are determined by the corresponding N F' values: NF < 1, NF > 1, NF =~ 1. Diffraction
effects occur not only with phase modulation of the wavefront, but also with amplitude modulation of radiation by X-ray
absorbing objects.

The width of the diffraction blur on the detector at magnification M is determined by the expression:

o = MVAR ~ M+\/)\R,. (20)

To reduce the diffraction blurring of the image of the test object edges smaller than the size of the nanofocus spot, it
is necessary to bring the object close to the source. For example, for an energy of 60 keV (A = 0.021 nm) and a distance
R, according to formula (20), this distance should be less than 0.5 mm.

The results of numerical calculation of diffraction blurring of an X-ray absorbing test periodic structure with a period
of 100 nm are shown in Fig. 6. The normalized amplitude A(x) of the test object was calculated using the formula
A(z) = 1 — ¢f(x), where ¢ = 0.02 is the absorption amplitude decrease expressed as a percentage, and f(x) is the
normalized amplitude modulation profile after an X-ray mask with a strip width of 100 nm. The calculation results show
a diffraction reduction in the contrast of the nanoobject.

In support of the conclusion about diffraction blurring of strip images, Fig. 7 shows radiographic absorption images
of the JIMA test, with a period of 150 nm test strips, adapted from [16]. It is noteworthy that with a greater contrast of the
wide boundaries of the test, the distinguishability of 150 nm strips for 40 kVp is worse than for 60 kVp, despite the lower
noise level.

In our opinion, the authors of this work, performed at a high experimental level, mistakenly explained this difference
by a different choice of the digital range of image representation. In fact, with the high accuracy of nanoscopy and the
lower rigidity of X-ray radiation, the diffraction envelope of nanoscale obstacles by X-ray radiation manifested itself,
which reduced the modulation amplitude.

op = (18)

on =

19)
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Let’s turn now to the use of cylindrical test objects. Since the phase incursion at the line boundary will be small at
nanofocus distances, and the resulting phase contrast is very weak, it is advisable to use high-density materials such as
mercury or gold (Fig. 8).

3
251 Hg, £ =60 keV., d= 0.5 mm
: Au, E =60 keV,d=0.5mm
5 Au, E =60 keV, d =4 mm
1) 50 nm x 1000
~
1F
0.5F
0 \ . . ! )

-1 -08 -06 -04 -02 0 02 04 06 08 1
X, mm

FIG. 8. Results of the model calculation of the phase profile at the boundaries of test cylindrical objects
from a point source at R; = 0.5 mm, Ry = 500 mm

As can be seen from the above result, the use of test objects of high-density materials with a high refraction index
makes it possible to obtain from a point source a phase-contrast picture of edge diffraction with a spatial resolution of
up to 50 pm with a magnification factor of x1000. The high level of phase contrast opens up potential possibilities for
monitoring the size and position of the focal spot in real time and its corresponding correction during data collection.

4. Conclusion

The considered phase-contrast method for determining the focal spot of nanofocus and microfocus X-ray tubes using
simple macroscopic test objects and reference phase-modulating periodic microstructures is characterized by high sen-
sitivity to the parameters of nanofocus tubes in the size range from hundreds of nanometers to several micrometers. To
determine the optimal shooting geometry and the correct interpretation of images of test objects, it is advisable to use the
accompanying software.

It can also be noted that not only the focal spot itself can be adjusted by affecting the focusing system, but also the
image itself can be corrected. In the continuation of the ongoing research, it is planned to conduct experiments on a wide
range of real X-ray tubes for a more detailed comparison of experimental data and simulation results.
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ABSTRACT The study presents the results of comprehensive research on the efficiency of using polymer sys-
tems with nanoaggregates as oil displacement agents. Laboratory tests included experiments to determine
the oil displacement coefficient on linear core models, as well as experiments to determine the oil recovery
factor using parallel flow tubes of varying permeability, simulating the implementation of polymer flooding tech-
nology in stratified-heterogeneous oil-saturated reservoirs. The results of hydrodynamic studies using parallel
flow tubes with polymer systems containing nanoaggregates demonstrated a significantly greater redistribu-
tion effect of filtration flows compared to traditional polymer solutions. The theoretical modeling of the polymer
flooding process was conducted based on a percolation-hydrodynamic model, accounting for the specific flow
characteristics of polymer systems with nanoaggregates in a porous medium. A comparison of the theoretical
results with laboratory test outcomes showed good agreement.

KEYWORDS oil displacement by polymer solutions, polymer systems with nanoaggregates, oil recovery factor,
percolation-hydrodynamic model, linear core models, parallel flow tubes.
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1. Introduction

Polymer flooding is one of the most widely applied chemical methods for enhancing oil recovery from reservoirs
[1,2]. It increases the sweep efficiency of the reservoir treatment and significantly improves the oil recovery factor (ORF).
Additionally, its broad applicability enables its implementation in reservoirs with diverse characteristics [2-5].

The primary mechanisms for improving oil recovery when polymer solutions are applied to reservoirs include:

1. Increasing the viscosity of the displacing agent. Adding a high-molecular-weight chemical reagent to the injected
water, even at low concentrations, significantly increases the viscosity of the displacing agent. This leads to a reduction
in the mobility ratio between water and oil and a more uniform displacement front.

2. Blocking water-conducting channels. The adsorption of polymer molecules on the surface of the pore space leads
to a complete or partial blocking of conducting capillary cross-sections. Notably, the positive role of adsorption is evident
in water-swept reservoirs, as it reduces water permeability and correspondingly increases oil production [1, 6].

With the growing demand for developing fields with hard-to-recover reserves, the creation of new polymer sys-
tems that expand the applicability of this technology has become increasingly relevant. In recent years, significant ad-
vancements have been made in polymer composite systems with nanoaggregates, such as polymers with hyperbranched
nanoaggregates (Fig. 1) [6-10]. These polymers, through the selection of functional monomers tailored to the filtration
and capacitive properties (FCP) of specific reservoirs and the physicochemical properties of the fluids saturating them,
provide the potential for more effective control of micro-level processes occurring during the movement of polymer sys-
tems through porous media.

The addition of nanoaggregates provides significant advantages in using such composites, including enhanced resis-
tance to thermal and chemical degradation, more substantial viscosity increases at the same polymer concentrations, and
higher oil recovery factors (ORF) compared to classical reagents (polyacrylamide and its modifications, xanthan gum,
polysaccharides, etc.) [11-14].

Various modifications of crosslinked polymer gels can also serve as such composite reagents [8]. Conceptually, they
can be divided into two main groups: “in situ” gel systems and preformed gels. The primary difference between these lies
in the location of the gel’s three-dimensional structure formation: on the surface before injection or within the reservoir
after injection. Depending on particle size, preformed gels can be categorized as macrogels (from 100 pm) or microgels
(from 0.1 to 30 pm).

There are several types of microgels, including standard crosslinked, thermosensitive (Bright Water), and pH-sensitive
microgels. The polymer particles of Bright Water microgel, in dry form, range in size from 0.1-1 ym and exhibit high

© Kadet V.V., Vasilev 1.V,, Tiutiaev A.V., 2025
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penetration capability. Reservoir temperature triggers the process of abrupt and irreversible swelling of the particles,
significantly reducing reservoir permeability. The size of the swollen particles must correspond to the characteristic pore
size of the reservoir.

2. Theoretical calculation of the effect of using various polymer types

To determine the optimal parameters for implementing polymer flooding technology in oil-saturated reservoirs, the
modeling process varied the FCP of the reservoir, the viscosity of the reservoir oil, and the concentration of the injected
polymer solution.

To assess the effect of pore structure on the ORF, oil-saturated reservoirs with varying structures were considered:
low-permeability (mg = 11 %, Ky = 50 mD), medium-permeability (mo = 12 %, Ky = 120 mD), and high-permeability
(mo = 14 %, Ky = 202 mD). The density distribution functions (DDF) of the capillaries’ radii in these formations were
assumed to follow a log-normal distribution (Fig. 2).

()1 Ot m!

1

T, micron

FIG. 2. Lognormal distribution density functions of capillaries by radii f(r) for: 1 — Low permeability
reservoir (mg = 11 %, Ky = 50 mD); 2 — Medium permeability reservoir (mg = 12 %, K¢ = 120 mD);
3 — High permeability reservoir (mg = 14 %, Ky = 202 mD)

When constructing relative phase permeability (RPP) curves based on the corresponding DDF, a percolation approach
was employed [15].

The relative phase permeability curves for polymer flooding using classical polymer solutions and polymer systems
with nanoaggregates are shown in Fig. 3 as solid blue lines and solid green lines, respectively. The calculated initial
relative phase permeability curves for traditional flooding (without polymer addition) are presented as red dashed lines in
Fig. 3.
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The reduction in water-phase RPP (at water saturation S, equal to the reservoir’s residual water saturation S™) is 6 %
to 16 % when using classical polymer solutions and 8 % to 21 % with polymer systems containing nanoaggregates. No-
tably, the greatest reduction in relative phase permeability is observed when using polymer systems with nanoaggregates
in low-permeability reservoirs, reaching approximately 21 %.
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F1G. 3. Relative phase permeability curves for: (a) — high permeability reservoir; (b) — medium per-
meability reservoir; (c) — low permeability reservoir. Red dashed lines: basic flooding (without adding
polymer); Blue solid lines: after injection of classical polymer; Green solid lines: after injection of

polymer with hyperbranched nanoaggregates

The calculation of the dependence of the ORF increment relative to the baseline flooding scenario (without polymer
addition) was performed by varying the concentration of the injected agent. This calculation was conducted for the case

where the water cut of the produced fluid reached 99 % (Fig. 4).
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FI1G. 4. Dependence of the increase in oil recovery factor relative to the basic flooding option on the
concentration of the injected reagent (oil viscosity g = 50 cP) when using: polymers with hyper-
branched nanoaggregates (solid lines) and classical polymer solutions (dashed lines): Red lines — Low
permeability reservoir; Blue lines — Medium permeability reservoir; Green lines — High permeability
reservoir

The relative increases in the oil recovery factor in various reservoirs when using polymer solutions of different types,

for the most representative values of concentration and reservoir oil viscosity, are presented in Table 1.

From Table 1, it is evident that the use of polymer systems with nanoaggregates is particularly advantageous in fields

with low-permeability reservoirs.

3. Laboratory Studies

Experimental research on the rheological and filtration properties of polymer systems with nanoaggregates was con-

ducted in several stages.

For the laboratory tests, the following reagents were selected: polyacrylamide FP-107 (manufactured by SNF-
CHINA) and a nanoscale reagent, chromium acetate. During polymer dissolution in water, the polyacrylamide and
nanoscale additive interact at an intermolecular (nano) level, forming a crosslinked polymer system.
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TABLE 1. Growth of oil recovery factor relative to the basic flooding option (without addition of poly-
mer) at the concentration of the injected chemical reagent of 0.4 % and the viscosity of reservoir oil of

50 cP
Increase in ORF when | Increase in ORF when
Collector type using classic polymer | using polymer systems
solutions, % with nanoaggregates, %
Low permeability 6.5 10.1
Medium permeability 4.8 7.6
High permeability 3.1 35

Stage I: Solubility Study. The first stage of the research focused on the solubility of the polymer sample. Solubility
is a critical parameter to consider when developing programs and plans for implementing permeability profile control
technologies at specific oil fields. The solubility of a polymer in water is characterized by the rate and completeness
of dissolution, which primarily depends on its molecular structure and the dispersity of the reagent powder. Achieving
constant viscosity indicates the complete dissolution of the polymer.

The solubility of polymer samples was studied using a water model prepared with a specific component ionic com-
position. The component composition is provided in Table 2.

TABLE 2. Component composition of water

Component | HCO™® | CI~ | SO7™ | Ca®" | Mg?" | KT + Na™ | Total concentration
Dimension g/l g/l g/l g/l g/l g/l g/l
Concentration | 0,204 | 107,262 | 1,008 | 5,127 | 2,164 62,789 178,550

Fig. 5 presents graphs showing the dependence of the effective viscosity of polymer solutions (C'=0.4 % and C' =1 %)
on their dissolution time. The graphs indicate that the dissolution time for the majority of the reagent is 2.5 hours at
C=04% and 3.3 hours at C' =1 %.
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F1G. 5. Dependence of effective viscosity on dissolution time: Orange curve 1 — for polymer concen-
tration C' = 1 %; Blue curve 2 — for polymer concentration C' = 0.4 %

It should be noted that under actual field conditions, the polymer dissolution time would be even shorter due to the
existing pressure gradient.

Stage II: Rheological Properties Investigation. At the second stage, the rheological properties of the prepared solu-
tions were studied using a Brookfield viscometer at a temperature of 7" = 38 oC, corresponding to the reservoir tempera-
ture. The investigation was conducted across a range of shear rates (0.122 — 6.12) st (Fig. 6).

It is evident that these solutions exhibit pseudoplastic flow behavior, meaning that as the shear rate increases, the
viscosity of the polymer solution decreases.
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F1G. 6. Dependence of the effective viscosity of polymer solutions on the shear rate: Orange curve
1 — for polymer concentration C' = 1 %; Blue curve 2 — for polymer concentration C' = 0.4 %

Stage I1I of the experiment involved studying the kinetics of crosslinked structure formation, which is characterized
by three sequential stages. In the first (initial) stage, there is a slow increase in viscosity due to the formation of mi-
crogel particles. In the second stage, the microgel particles grow larger, resulting in a more rapid increase in viscosity.
Finally, in the third (final) stage, a continuous system forms throughout the volume, leading to an almost instantaneous in-
crease in viscosity. The tested polymer, in combination with chromium acetate, demonstrated excellent structure-forming
properties.

Stage IV of the experiment assessed the potential for gel formation in a porous medium through a filtration study
using a single core sample. A natural core sample from the reservoir was used for this purpose (Table 3).

TABLE 3. Filtration-capacity characteristics and geometric parameters of the core sample

Rock | Porosity, Absolute Core sample | Core sample | Core sample Pore
type | unit fraction | permeability, zm? | length, cm | diameter, cm | volume, cm® | volume, cm?®
Sand 0.15 0.622 3.14 2.81 19.47 3.44

TABLE 4. The results of the experimental determination of the values of the displacement factor and
residual oil saturation

Parameter / Experiment No. | Exp. No 1 | Exp. No 2 | Exp. No3 | Exp. No 4 | Exp. No 5

Residual oil saturation, 0318 0312 0.288 0.252 0.247

unit fraction.

Displacement factor, 0.665 0.672 0.702 0.735 0.742

unit fraction.

The study was conducted using the automated core filtration unit UIK-4. At the beginning of the experiment, the core
was saturated with injection water at a temperature of 38 oC, followed by the determination of water permeability. Next,
a composition of 0.4 % FP-107 and 0.04 % nanoscale reagent was injected through the water-saturated core in a volume
of 2 pore volumes at a filtration rate of 0.5 cm®/min. After the injection of the composition, the core was maintained at
reservoir temperature for 24 hours to enable the gel formation process. Subsequently, water was injected through the core
sample again at the same volumetric rate.

Based on the experimental results, the residual resistance factor (RRF) created by the composition in the porous
medium was calculated. RRF is one of the key parameters characterizing the effectiveness of the polymer flooding
technology. It determines the degree of blockage of the most water-permeable filtration channels. After implementing the
polymer composition with the nanosystem, the RRF was determined to be 57.3.

Stage V of the Experiment. The completeness of oil displacement by water was determined under laboratory condi-
tions in accordance with the requirements of OST 39-195-86 [16]. The experiment was carried out using a core study
setup similar to the one described in [17].
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TABLE 5. Collector properties of low-permeability and high-permeability core samples during an ex-
periment on parallel flow tubes (average values are highlighted in red)

Porosity, Gas permeability,

unit fraction pm?

Residual oil saturation,

unit fraction

Low permeability reservoir element model current tube

0.096 0.0382 0.327
0.119 0.0429 0.321
0.097 0.043 0.310
0.111 0.0469 0.306
0.107 0.0492 0.293

0.11 0.052 0.301
0.114 0.0551 0.313
0.107 0.0557 0.279
0.125 0.0659 0.229
0.1095 0.0486 0.298

High permeability reservoir element model current tube

0.137 0.1728 0.337

0.13 0.1738 0.335
0.133 0.1741 0.306
0.134 0.2013 0.282
0.138 0.2045 0.275
0.137 0.2124 0.275
0.136 0.2183 0.274
0.143 0.2201 0.274
0.133 0.2253 0.227
0.1355 0.1986 0.287

TABLE 6. Redistribution of filtration flows and changes in residual oil saturation after the implementa-
tion of the proposed technology

Ratio of volume velocities

Ratio of volume velocities

current tube

in parallel current tubes in parallel current tubes during Increase in
Current tube type when creating residual oil | flooding with produced water after | oil displacement
saturation with produced | the implementation of the proposed factor, %
water, unit fraction. technology, unit fraction.
High permeability
reservoir element model 1.8
current tube 2 0353
Low permeability
reservoir element model 9.2

19
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The process of oil displacement by water was modeled on a composite core model assembled from 10 standard core
samples obtained from the same reservoir.

Before testing, the core samples were extracted using an ethanol-benzene mixture and dried to constant weight. Then
the samples were vacuum-saturated with highly mineralized formation water from the same reservoir (Table 2) and held
for two days. Residual water saturation was then established in the samples by centrifugation.

The samples were subsequently saturated with kerosene and assembled into a composite reservoir model so that each
subsequent sample in the displacement direction had lower permeability. The composite sample was placed in a rubber
sleeve and installed in a core holder.

Next, kerosene was filtered through the linear reservoir model in a volume of about 10 pore volumes, followed by
an equal amount of formation oil (a sample of which was collected from the well) at 7;..;=80 oC. Upon completing the
oil injection, the model was held for 16 hours under thermobaric conditions corresponding to the reservoir. The initial oil
saturation of the reservoir element model K;,s was 0.95.

The same reservoir water was used as the displacing agent. Displacement was performed at reservoir temperature
(T}.¢s=80 oC) at a constant rate until complete water breakthrough in the effluent fluid. As a result, the residual oil
saturation K, was 0.318, and the displacement efficiency Kg;s, was 0.665.

After establishing residual oil saturation in the composite reservoir element model, the developed composite polymer
flooding technology was implemented according to the following scheme:

(1) Oil displacement by water (without polymer addition);

(2) Injection of a well-mixed 0.4 % polymer solution;

(3) Injection of a well-mixed 1 % polymer solution;

(4) Injection of a well-mixed solution of 0.4 % polymer and 0.04 % nanoscale reagent;
(5) Injection of a well-mixed solution of 1 % polymer and 0.04 % nanoscale reagent.

Table 4 presents comparative data on the determination of residual oil saturations and displacement efficiencies for
the specified scenarios.

Stage VI of the Experiment. Experiments were conducted on parallel flow tubes to study the redistribution of filtration
flows and the intensification of production from low-permeability interlayers during oil recovery.

The flow tubes were composite models of reservoir elements with two interlayers differing in permeability. The
displacing agent used was the formation water model specified in Table 2. Displacement was performed at reservoir
temperature (7;..s=80 oC) at a constant rate until the effluent fluid from the high-permeability section of the reservoir
element model reached full water breakthrough.

The characteristics of the individual core samples for the low-permeability and high-permeability flow tubes are
presented in Table 5.

Based on the laboratory tests, the oil displacement efficiency in the low-permeability flow tube (K;,s = 0.93 and
K, s =0.298) was 0.679.

The oil displacement efficiency in the high-permeability reservoir element model (K;,s = 0.95 and K,,s = 0.287)
was 0.698.

It is evident that the difference in displacement efficiencies between the high-permeability and low-permeability
reservoir element models is negligible.

After establishing residual oil saturation in the composite reservoir element model, a thoroughly mixed 0.4 % polymer
solution with the addition of 0.04 % nanoaggregate was injected. Changes in the oil volume collected in test tubes from
each flow tube and the ratio of volumetric flow rates through the parallel flow tubes were recorded. The results obtained
are presented in Table 6.

As shown in Table 6, the total increase in oil displacement efficiency in the parallel flow tube experiment was 11 %.
This result is explained by the significant improvement in the displacement efficiency of the low-permeability flow tube
due to the redistribution of filtration flows between the two flow tubes. This effect is a result of the substantial reduction in
water-phase relative phase permeability in the low-permeability flow tube of the reservoir element model when polymer
systems with nanoaggregates are used.

The theoretical results obtained using the percolation-hydrodynamic model (Table 1) align well with the experimental
data (Table 6). Obviously, this is a consequence of the fact that the developed model fully takes into account the features
of the flow of polymer solutions with included nanoaggregates, including the nature of their adsorption interaction with
the surface of the pore space. At the same time, the parameters of polymer systems directly used in experiments were
taken into account in the calculations. In general, this indicates a high degree of adequacy and accuracy of the constructed
percolation-hydrodynamic model.

4. Conclusions

1. Experimental studies on the solubility and rheological properties of polymer composite systems were conducted.
The characteristic dissolution time of the polymer composition and the establishment of a stable effective viscosity were
determined. For polymer concentrations of 0.4 % and 1 % (with the addition of 0.04 % nanoaggregate in both cases),
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the dissolution times were 2.5 hours and 3.5 hours, respectively. Rheological studies under varying shear rates confirmed
pseudoplastic flow behavior.

2. Filtration studies were conducted on a single core sample from the selected reservoir to determine the residual
resistance factor during the injection of the polymer composition (0.4 % FP-107 + 0.04 % nanoscale reagent). High RRF
values indicated the formation of a stable, branched structure.

Filtration experiments on the single sample demonstrated an increase in oil recovery efficiency by (1.1-5.6) % when
classical polymer solutions were used at polymer concentrations ranging from 0.4 % to 1 %. In contrast, polymer systems
with nanoaggregates achieved a (10.5-11.6) % increase under the same conditions.

3. Experiments on parallel flow tubes were conducted to evaluate the efficiency of polymer flooding in oil-saturated
reservoirs with stratified heterogeneity. Following the injection of a polymer composition (0.4 % FP-107 + 0.04 %
nanoscale reagent), the oil displacement efficiency in the low-permeability flow tube of the reservoir element model
increased by 9.2 %, while the overall model efficiency improved by 11 % relative to the baseline flooding scenario
(without polymer addition).

4. Numerical studies of various polymer flooding scenarios in reservoirs of different types (considering variations in
pore structure, reservoir oil viscosity, polymer type, and concentration) demonstrated a potential increase in oil recovery
factor by approximately 10 % compared to the baseline flooding scenario when polymer systems with nanoaggregates
were used. This estimate is consistent with the results of laboratory experiments on parallel flow tubes with different
reservoir properties (low-permeability and high-permeability reservoirs).
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ABSTRACT In this work, peroxidase-like activity of ultrasmall tungsten oxide nanoparticles including those sta-
bilized with polyvinylpyrrolidone (PVP) was assessed using two independent approaches: the colorimetric
method, which is based on the analysis of 3,3,5,5-tetramethylbenzidine (TMB) oxidation, and the luminol-
enhanced chemiluminescence method. It was demonstrated that bare tungsten oxide nanoparticles effec-
tively catalyze the decomposition of hydrogen peroxide. In turn, the PVP-stabilized nanoparticles possess
lower catalytic activity, which can be attributed to a decrease in the number of available active centres on the
nanoparticle surface.

KEYWORDS nanomaterials, nanozymes, sols, photochromic materials, chemiluminescence, TMB, peroxidase-
like activity.
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1. Introduction

In recent years, it has been demonstrated that certain inorganic nanomaterials are capable of participating in biochem-
ical processes, performing functions analogous to those of natural enzymes [1,2]. Such materials have been identified as
a distinct class called nanozymes. Among them, nanoparticles of transition and rare earth metal oxides with switchable
redox state are of particular interest. A number of studies have demonstrated that nanoscale oxide nanoparticles, includ-
ing Fe30y [3,4], CeOs [5-7], MnO; [8], and TiO, [9], exhibit oxidoreductase-like activity rendering them perspective
regulators of free-radical reactions or even redox-metabolism in cells. Extended insights into enzyme-mimetic properties
of inorganic nanoparticles could facilitate their application in both medical and ecological contexts.

One of the materials exhibiting high redox activity is tungsten oxide nanoparticles [10]. WOj3 is a semiconductor
material demonstrating photochromic, electrochromic and photocatalytic properties [11-14]. Tungsten oxide nanoparti-
cles effectively absorb ultraviolet radiation being able to show reversible coloring-bleaching cycles as a result of partial
reduction of W1 and oxidation of WT4/W5 states [15, 16]. Oxidants, such as NOs or H5O,, can also facilitate the
redox transitions of tungsten ions, thus tungsten oxides can act as probes for these species [17, 18]. The coordination of
WOj3 nanoparticles with OH- or NHy-groups of certain organic stabilizers has been demonstrated to enhance the rate of
the redox transitions, to intensify the color changes and to facilitate the cycling of coloration-decoloration processes [19].

WOs3-based materials have gained considerable attention as coatings for electrochemical sensors used for the detec-
tion of gases [14,20] and biomolecules [21,22]. It has been demonstrated that tungsten oxide possesses antibacterial and
antifungal properties, being selectively toxic to human cancer cells [23-25]. This issue paves the way for new applications
of tungsten oxide nanomaterials in medicine, including healing and disinfecting of wounds.

© Popkov M.A., Sheichenko E.D., Filippova A.D., Tronev I.V., Novoselova K.N., Trufanov E.A.,
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Recent research has demonstrated that nanoscale tungsten oxide is able to catalyze the decomposition of hydrogen
peroxide, thus performing similar to the natural enzyme —peroxidase [26,27]. This fact broadens the understanding of
the biochemical activity of tungsten oxide nanoparticles, facilitating their consideration as a potential theranostic agent.
However, the recent criticism on the probing the enzyme-like activities of inorganic nanoparticles [28,29] challenges their
extended analysis by independent analytical methods including the use of classic enzyme kinetic modeling for the correct
assessment of the biocatalytic characteristics of nanomaterials.

Our previous report demonstrated that photochromic tungsten oxide nanoparticles, obtained by ion exchange from
sodium tungstate, probably catalyze the decomposition of hydrogen peroxide [19]. In this study, we focused on this effect
and investigated the possible peroxidase-like activity of ultrasmall WO,, particles by two independent assays: colorimetric
assay using 3,3’,5,5 -tetramethylbenzidine; and chemiluminescence analysis of luminol oxidation by hydrogen peroxide.

2. Materials and methods
2.1. Synthesis and characterization of tungsten oxide nanoparticles

Ultrasmall tungsten oxide nanoparticles were prepared by ion-exchange method [11] using Na;, WO, (Rushim, CAS
10213-10-2) solution and strongly acidic cation exchange resin (Amberlite, IR120). Briefly, the ion exchange resin in
protonated form was placed in a separating funnel (filling volume 100 mL), then 50 mL of 20 mM sodium tungstate
solution was passed through this column. The obtained colloid solution was divided into two parts. To the first, 0.67 g of
polyvinylpyrrolidone (PVP k-30, Sigma, CAS 9003-39-8) was added, the sol was transferred to a flask and stirred for 4 h
at 90 oC. After stabilization, a clear colloidal solution of WO, was obtained. The second part was used as synthesized.

To determine the possible effect of the stabilizer (PVP) on the peroxidase-like activity, we prepared 40 mM PVP
aqueous solution (control).

Powder X-ray diffraction (XRD) patterns were collected using Bruker D8 Advance diffractometer (USA) with CuKa-
radiation in the 26 range of 5-50° with a step of 0.02° and counting time at least of 0.2 s per step.

Analysis of particle size distribution by dynamic light scattering (DLS) and (-potential measurements were carried
out using a Photocor Compact-Z analyzer (Russia) equipped with a 636.65 nm laser at 20 oC. The correlation function
for each sample was obtained by averaging 10 curves, each of which was accumulated for 20 s. The hydrodynamic radius
of aggregates was determined by the regularization method using DynalS software.

FTIR-spectra were recorded in the wavenumber range of 400—4,000 cm ™! with a spectral resolution of 2 cm ™! using
an InfraLUM FT-08 infrared spectrometer (Russia).

The optical absorption spectra were recorded using quartz cuvettes (10.0 mm optical path length) in a 200-600 nm
range, at 0.1 nm steps, on an SF-2000 spectrophotometer (Russia) with a deuterium-halogen light source.

2.2. Analysis of peroxidase-like property by luminol-enhanced chemiluminescence method

The peroxidase-like activity of the WO, sols was investigated using the chemiluminescent method which is based
on the registration of luminol oxidation by hydrogen peroxide in a phosphate buffer solution (100 mM, pH 7.4) at 37 oC.
Luminol (5-amino-1,2,3,3,4-tetrahydro- 1,4-phthalazindione, Sigma 123072) and hydrogen peroxide (Aldosa, CAS 7722-
84-1) were added to the buffer solution sequentially until concentrations of 50 uM and 10 mM were reached, respectively.
Chemiluminescence signal was recorded in 2 ml plastic cuvettes using a 12-channel chemiluminometer DISoft Lum-1200
(Russia) and analyzed using the PowerGraph software v.3.3 (Russia).

2.3. Analysis of peroxidase-like property by colorimetric method

Peroxidase-like activity was investigated by the reaction of TMB (3,3’,5,5 -tetramethylbenzidine hydrochloride,
Sigma 87750) oxidation by hydrogen peroxide in an acetate buffer (0.2 M, pH 4.00) at 37 oC.

A solution of TMB (40 mM, 0-150 ul) in an aqueous solution of 6M acetic acid, and hydrogen peroxide (2 M,
37.5 ul) were added sequentially to the buffer solution. The mixture was incubated at 37 oC for 2 min, then WO, sol
(20 mM, 75 pl) was added. The total volume of the mixture was 1.5 ml. The coloration (from colorless to blue) kinetics
of the obtained solution was recorded every 2 sec for 5 min in the wavelength range of 450-800 nm with a step of 1 nm
using an Ocean Optics QE65000 spectrometer (USA) using an HPX-2000 xenon lamp equipped with a 450 nm UV-filter.

3. Results and discussion

Transparent sols of tungsten oxide nanoparticles with or without polyvinylpyrrolidone (PVP) as a stabilizing agent
were obtained using an ion exchange technique. The concentration of the sols was measured gravimetrically to be 20.4
and 19.6 mM, respectively.

The particle size distribution was determined using dynamic light scattering (Fig. 1a). The unstabilized WO,, nanopar-
ticles demonstrated a monodisperse size distribution, with an average hydrodynamic diameter of 4.8 nm and a (-potential
of =20 mV. The solution of bare WO, possessed low aggregation stability and precipitated within 72 h. Thus, all the exper-
iments with this material were performed in few hours after the synthesis (freshly prepared samples). In the WO, @PVP
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sol, three fractions of particles were present with average hydrodynamic diameters of 1.6, 7.3 and 52 nm. The zeta poten-
tial of the sol was about —2 mV, while the sol exhibited excellent colloidal stability (more than several months) indicating
the steric stabilization by a polymer layer.

Fig. 1b shows the diffraction pattern of the dried tungsten oxide sol stabilized by PVP. The material is mostly amor-
phous, the observed broad peak in the small angle region (26 <10°) can be attributed to the scattering on ultrasmall WO,
nanoparticles according to the previous reports [11,30].

The IR spectra of the PVP powder and the dried WO, @PVP sol are shown in Fig. 1c-d. Both spectra show absorption
bands related to characteristic vibrations of polyvinylpyrrolidone. The absorption bands of O-H stretching vibrations
overlap with the absorption band of N-H stretching vibrations of PVP, forming a wide band in the region of 3,500-
3,100 cm~!. The bands corresponding to stretching and bending vibrations of CH, group are observed in the regions
of 2,900 cm ™! and 1,300-1,200 cm™*, respectively. Bands in the region 1,480-1,390 cm ™! were attributed to the N-C
stretching vibrations. The absorption bands in the region of 500—1,000 cm™'refer to skeletal vibrations of PVP: (C—C)
933 cm ™!, §(CH,) 843 cm ™!, §(N-C=0) 648 cm !, 574 cm~'. The IR spectrum of the dried WO, @PVP sol also shows
absorption bands related to the valence vibrations of WO3 bonds (W=0) 955 cm™ !, (O-W-0) 820 cm™ !, 795 cm ™!,
which agrees well with the recently reported data [30,31].

The WO, @PVP sols exhibit a rapid change in color from transparent to blue under UV irradiation, due to the
reduction of W6 by PVP [32]. Such a reduction mechanism was also observed in heteropolynuclear molybdenum
complexes with PVP under UV irradiation [33]. Fig. 2 shows photographs and UV-visible spectra of the WO, @PVP sol
before and after 30 sec of UV irradiation at 365 nm. The UV-vis spectrum of the irradiated sol shows a broad absorption
band with a maximum at 630 nm, corresponding to reduced tungsten oxide species. The mechanism of reduction was
discussed recently [11, 19]. It should be noted that the unstabilized sol does not demonstrate any coloration even after
prolonged irradiation (more than 20 min). It can be concluded that upon interaction of tungsten oxide nanoparticles with
PVP, a complex with charge transfer is formed which promotes the reduction of tungsten ions and slows down their further
oxidation in aqueous solution.

The peroxidase-like activity of both tungsten oxide sols was investigated using chemiluminescence method, with
luminol as a probe molecule. The experiments were carried out in a 0.1 M phosphate buffer solution (pH 7.4) at 37 oC.
The decomposition of hydrogen peroxide results in the formation of hydroxyl radicals, which are capable of oxidizing
luminol, thereby yielding luminescence signal. The nanoparticles can affect the decomposition process thus enhancing
the chemiluminescence, which could be used to assess their catalytic activity.

Fig. 3(a—) shows the chemiluminescence curves after the addition of WO, @PVP or the bare WO, sol or PVP
solution to luminol-hydrogen peroxide mixture. As can be seen from the Fig. 3a, the addition of WO, @PVP sol at
concentrations of 10.2-510 M to the solution increases the luminescence intensity in a dose-dependent manner. It can
be concluded that upon the increase in the concentration of the catalyst, the rate of ROS generation increases, too.

In turn, the addition of bare WO, nanoparticles to the reaction mixture results in a short increase in the intensity
of the luminescence, which can be attributed to the very fast generation of hydroxyl radicals (Fig. 3b). After an initial
flash-like stage, the luminescence intensity descends to a stationary level in approximately three minutes. It is reasonable
to assume that the observed burst of luminescence is due to the high amount of the reaction centres on the nanoparticles’
surface.

To confirm that it is the WO,, nanoparticles that exhibit peroxidase-like activity, the luminescence kinetics of luminol
was recorded upon addition of a PVP solution in the concentration range 10 uM-8 mM. Fig. 3c shows that the addition
of PVP results only in a slight increase in luminol-associated luminescence intensity, which indicates the absence of any
catalytic activity inherent in the polymer.

The integral chemiluminescence intensity (Fig. 3d) shows a dose-dependent correlation of the rate of hydrogen per-
oxide decomposition in the presence of the tungsten oxide nanoparticles in the concentration range of 10.2-510 uM.
In addition, the integral luminol luminescence intensity upon addition of the bare WO, sol is nearly 10 times higher
compared to the PVP-stabilized WO, sol.

The peroxidase-like activity of nanoparticles is often determined by the colorimetric method using standard substrates
such as hydrogen peroxide and 3,3’,5,5’-tetramethylbenzidine (TMB) [34]. The catalyst accelerates the homolytic fission
of the O-O bond in hydrogen peroxide, resulting in the generation of free hydroxyl radicals. The rate of radical generation
is directly proportional to the rate of oxidation of TMB, which is converted to the colored (absorption at 652 nm) cation-
radical form by a one-electron process. The corresponding reaction is typically conducted in a buffer solution at pH
3-6. The optimal pH value is approximately 4, and the ionic strength of the buffer is 0.1-0.2 M [35]. Here, we should
emphasize that, in our experiments, the chemiluminescence and colorimetric measurements were conducted at different
pH, ~7 for chemiluminescence and ~4 for colorimetric. This difference is due to very low luminescence intensity
of luminol oxidation product (aminophthalic acid) at pH <6 and low rate of TMB coloration at pH >6. The rate of
decomposition of hydrogen peroxide varies with pH [36,37], but the underlying reaction mechanism is pH-independent,
thereby permitting a qualitative comparison of the two analytical methods.

The colorimetric experiments were carried out in a 0.2 M acetate buffer solution (pH 4.00) at a temperature of 37 oC.
The decomposition of hydrogen peroxide results in the formation of hydroxyl radicals, which are capable of oxidizing
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TMB, thereby causing its coloration. The incorporation of nanoparticles into the mixture may result in an enhancement
of coloration, which would demonstrate their catalytic activity. The UV-visible absorption spectra of the reaction mixture
were recorded at 2-second intervals, and the time dependence of the absorption intensity at 652 nm (the wavelength of
maximum absorption of the colored oxidation product of TMB) was determined (Fig. 4). To eliminate the influence of
ultraviolet radiation on redox processes at the surface of tungsten oxide nanoparticles, a light filter was installed in front
of the reaction mixture to block radiation with a wavelength shorter than 450 nm.

Bare WO, nanoparticles demonstrated dose-dependent catalytic activity in the hydrogen peroxide decomposition re-
action. In turn, the activity of WO, @PVP sols at the same concentration range is approximately 10-20 times lower than
the catalytic activity of the bare nanoparticles. These data are in good accordance with the results of the chemilumines-
cence analysis.

The time dependencies of the optical density of the reaction mixture (proportional to the concentration of the oxidized
form of TMB) containing the bare WO, nanoparticles (Fig. 5) were found to be fitted well to the Michaelis-Menten
equation

~ Vrax - [5]

- Kum +[S]
where v is the initial reaction rate, Vs 4 x is the maximum reaction rate, and K is the Michaelis constant, which reflects
the affinity of a catalyst for the substrate, and [S] is the substrate (TMB) concentration. The correspondence of the
kinetics of substrate oxidation in the presence of inorganic nanoparticles to the Michaelis-Menten model confirms their
enzyme-like activity.

The following kinetic parameters were determined from the Michaelis-Menten equation (R? > 0.99). The Michaelis
constant was found to be (3.9 + 0.5) x 1073 M, the maximum reaction rate was determined to be (1.5 & 0.2) x 1077
M-s~!. The catalytic constant (k. ) is the rate constant defining the maximum number of substrate molecules undergoing
transformation per time unit. The k.,; for the WO, nanocatalyst amounted to 1.5- 10~ s~1. These kinetic parameters are
in line with those typically reported for various inorganic nanoparticles [38—40].
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A quantitative comparison of the results obtained by chemiluminescent and colorimetric methods is challenging due
to the impossibility of constructing a calibration curve which would correlate the rate of hydrogen peroxide decomposition
and the chemiluminescence intensity. Additionally, the analytical signal is significantly dependent on the pH of the buffer
solution. However, despite these limitations, the both methods demonstrate a high qualitative agreement.

4. Conclusions

Ultra-small non-stabilized and PVP-stabilized tungsten oxide nanoparticles were synthesized by the ion exchange
method and their peroxidase-like activity was evaluated using two independent assays: colorimetric and chemilumines-
cent. The results obtained demonstrate that the bare tungsten oxide nanoparticles exhibited a dose-dependent catalytic
activity. The oxidation of 3,3°,5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide in the presence of the nanoparti-
cles is described by the Michaelis-Menten model. The calculated kinetic parameters were Kg = (3.9 4 0.5) x1073 M,
Varax =(15£02) x 107" M:s™! Mes™ and ke = 1.5:107% 71

The stabilization of the WO,, nanoparticles with PVP substantially decreases their peroxidase-like activity, which is
10-20 times lower than the catalytic activity of the bare WO, nanoparticles. This behavior may be attributed to a shielding
of the available active sites on the nanoparticles surface.
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ABSTRACT On the first step using co-precipitation method from Ni-, Co-, Al-containing solution a precipitates
with a general composition of Ni,Co;_,Al,O4 (x = 0.1 — 0.5) were prepared. Calcination the obtained precip-
itates at 700 °C in air makes the precursors of catalysts for DRM with a stable spinel-like framework in which
nickel and cobalt species are homogeneously incorporated. Reduction of the precursors at 700 °C in H; and
further work under reaction medium leads to formation of the active phase which represents by the ensembles
of Ni-Co alloy nanoparticles located on the surface of nanostructured spinel. The effect of the catalysts com-
position on catalytic properties in DRM was investigated. The high and stable catalytic activity of representative
samples in DRM conditions with extremely short contact time (7 = 30 ms) due to the formation of 17 — 18 wt. %
active phase which represents highly dispersed (3 — 4 nm) Ni—Co alloy nanoparticles stabilized on the spinel
with nanocristalline structure.

KEYWORDS sustainable environment, CH, and COs utilization, dry reforming of methane (DRM), Ni—Co nanoal-
loy, spinel-based catalysts
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1. Introduction

Today the dependence of humanity on fossil fuels has resulted in detrimental effects of growing emission of green-
house gases, such as CO5 and CH4 [1], major contributors to climate change and resulting increase to the global temper-
ature. Therefore, there is an urgency to control these emissions. Dry reforming of methane (DRM) is environmentally
friendly catalytic transformation methane and carbon dioxide to syngas (1):

CH, + COy = 2C0 + 2H, (A H° = 247.3 kJ/mol) (1)

Due to a molar ratio of Hy/CO is close to 1, this is suitable for the synthesis of oxygenated chemicals and long
chain hydrocarbons via Fisher—Tropsch synthesis [1-7]. Reaction (1) is also an attractive way to catalytically generate
hydrogen-containing gas and can be used for hydrogen production [8]. In light of the energy applications, DRM formed
Hs + CO mixture is a very suitable fuel for intermediate and high temperatures solid oxide fuel cells for electricity
production [9].

Among a large number of investigated catalysts for DRM, supported noble metals (Rh, Ru, Pd, Pt, Ir) can provide
high and stable catalytic properties without sintering and coking of the catalysts during the reaction conditions [7,10-13].
However, from an industrial standpoint, they are unsuitable for commercial use due to their high cost and limited avail-
ability. Therefore, it is more practical to develop non-noble metal-based catalysts [1,2, 11]. It was shown that transitions
metals Ni, Co, Fe, Cu and Mo supported on common supports such as vy-Al;03, MgO, SiO5, CeO2 and ZrO, are al-
ternatives to the catalysts for DRM, containing noble metals. Among that Ni containing catalysts are the most studded
due to their high activity closed to noble metals [1,2, 14, 15]. Thanks to the easy availability and low cost of v-Aly0O3,
MgO, SiO2, CeO4 and ZrO,, they have been widely studied for the DRM catalysts. Supports are not catalytically active
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but interact with the active site to facilitate dispersion of metal, strengthen the metal-support interaction, limit sintering,
accelerate reduction of the catalyst, and decrease or eliminate carbonaceous species development [12]. Due to low price,
affordability and very good activity Ni-based catalysts may be used for the DRM reaction. However, these catalysts are
prone to deactivation due to carbon deposition, as well as sintering of Ni nanoparticles under DRM conditions, that is the
major drawback in the development of stable Ni-based catalysts [16-27].

To increase the activity and stability of supported Ni-based catalysts Co often has been used as an additive in these
catalysts [11,28-38]. Today, Ni—-Co bimetallic catalysts have been widely explored as potential catalysts for use in DRM
due to their advantages in activity and low cost [1,33-37]. Thus, highly active and stable Ni—-Co/Al,Oj3 catalyst for DRM
reaction was reported by Wu et al.in [36]. The high catalytic performance they attribute to the formation of Ni—Co alloy
under reaction conditions. Due to the similar Co and Ni electronic configuration, bimetallic Ni-Co alloyed nanoparticles
are easily formed during the DRM reaction. Investigation of these catalysts by EXAFS and microscopic analysis revealed
the lattice-strained configuration for the Ni—Co alloy and confirmed the strong interaction between Ni and Co atoms. The
average bond lengths between the metal atoms in the bimetallic catalysts are some different compared to those in the
parent metals, resulting in changes of the chemisorption properties [39]. Ni and Co easily form alloyed nanoparticles,
and thus exhibiting a synergistic effect on one another. In literature extensive investigations of combinations between
Ni and Co have been carried out for DRM. It has been reported that incorporation of Co into Ni catalysts inhibits the
agglomeration of the nickel particles due to the formation of Ni—Co alloy and leads to an increased dispersion of the Ni
particles [1,11,27].

In continuous efforts to develop Ni-based catalysts with the lowest carbon deposition and sustainable catalytic activity,
the catalyst preparation process, including the metal loading percentage, calcination temperature, and reduction tempera-
ture on the catalytic properties are investigated today. It was shown [1,2,11,12,40,41] that catalysts synthesis methods
significantly affect catalysts activity in DRM. Impregnation, precipitation and co-precipitation, sol-gel, hydrothermal
method, solvothermal method, microwave method, atomic layer deposition (ALT), sonochemical method, solution com-
bustion are discussed. It was reported that catalysts prepared by a simple impregnation method have lower surface area
compared to catalysts synthesized with sol-gel method due to pore blockage of the support by metal particles. Similar
results were obtained in [11, 12] for catalysts prepared with sol-gel method in which Ni was highly dispersed on support
with the strong metal-support interaction. The importance of the synthesis method was also reported by Wu et al. [36]
who investigated the simultaneous and consecutive impregnation of the active phases (Ni and Co) on Al;O3 support for
the DRM reaction. The authors concluded that the second method resulted in stronger Co-Ni interactions, which favored
carbon gasification.

Our work proposed promising directions for the development of highly active and coke resistant catalysts for stable
work in DRM. It was carried out a comprehensive investigation of the stage formation the structure of precursor of
catalysts for DRM with a general composition of Ni;Co;_,Al2O4 (z = 0.1 — 0.5) prepared by using co-precipitation
method after calcination at 700 °C in air. Also it was studied that the reduction of the precursors at 700 °C in Hy and
under reaction conditions which leads to formation of the active phase which represents by the ensembles of Ni—Co alloy
nanoparticles of 3 — 4 nm in size located on the surface of nanostructured spinel. The effect of the catalysts composition
on catalytic properties in DRM with extremely short contact time (7) was investigated

2. Experimental
2.1. Catalyst preparation

Catalysts with a general composition of Ni,Co;_,Al3O4 (x = 0.1 — 0.5) were prepared by co-precipitation method.
For comparison, Co; AloO4 sample was prepared too. Metal nitrate salts (Ni(NO3)s - 6H20, Co(NOj3)s - 6H2O and
AI(NOs3)s3 - 9H20 (Vekton, Russia) were used as Ni, Co and Al precursors respectively. All reagents were used without
additional purification. The required amounts of metal salts was dissolved in deionized water and then all individual
solutions were mixed together to obtain the resulting solution, which was precipitated with 12.5 % solution of NH,OH
at pH = 7.5 and temperature of 75 °C. The precipitate was filtered, washed with deionized water and dried at room
temperature and then dried overnight in air at 110 °C. The dried catalysts were calcined in static air at 700 °C for 4 h in a
muffle furnace with a temperature ramp of 5 °C/min.

2.2. Catalyst characterization

Bulk chemical composition of the calcined catalyst was determined using a Perkin Elmer ISP OPTIMA 4300DV
atomic emission spectrometer (Perkin Elmer, USA).

The specific surface area (SggT) of the samples was determined by BET method using argon thermal desorption with
a sorbtometr Sorby-M adsorption analyzer (META, Russia).

X-ray powder diffraction (XRD) analysis was carried out with Tongda TD3700 (Tongda, China) diffractometer using
CuK ,-radiation and a Mythen2R 1D (Dectris, Switzerland) multistrip detector. Scanning was made over an angular
range of 260 = 5 — 70° at a 0.03° step and counting time of 3 s. Phase analysis, refinement of unite cell parameters
and estimation of the quantitative content were performed by the full profile modeling of X-ray patterns by the Rietveld
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method. The calculations were made using the TOPAS v.4.2 software package [42], structural parameters were taken
from ICSD database [43]. Coherent scattering region (CSR) size was estimated by Rietveld method too.

In situ XRD analysis with Hy atmosphere was made by using a Bruker D8 Advance diffractometer (Bruker, Germany),
over an angular range of 20 =5 — 70° at a 0.03° step and counting time of 3 s. at each point using a LynxEye (1D) line
detector. The monochromatic CuK,-radiation (A = 1.5418 A) was used. The measurements were carried out using
an XRK-900 high-temperature reactor chamber (Anton Paar, Austria). The 10 % Ha/ 90 % He mixture at a flow rate
of 90 ml/min was passed through the chamber during heating or cooling to room temperature with a heating rate of
10 °C/min. The lattice parameters and phase relationships were refined with the Rietveld method.

The reducibility of the catalysts was studied by TPR-Hy (temperature-programmed reduction) by 10 vol. % Hs in
Ar feed at flow rate of 40 ml/min during a linear temperature increase (10 °/min) in the range of 25 — 800 °C. Hydrogen
consumption was determined by the heat conductivity detector of a Tsvet 500 chromatograph (Tsvet, Russia). Water was
removed from the product by freezing at 77 K. The total Hy consumption was calculated by integrating the area under the
curve.

TEM (transmission electron microscopy) investigation was carried out using a JEM-2200FS transmission electron
microscopy (JEOL Ltd., Japan, accelerating voltage 200 kV, lattice resolution ~ 1 A) equipped with a Cs-corrector.
Dark-field images were obtained in a scanning mode using HAADF (High-Angle Annular Dark-Field) detector. The
microscope is equipped with an EDX spectrometer (JEOL Ltd., Japan) for local elemental analysis (locality up to 1 nm,
energy resolution —130 eV). Samples for the TEM study were prepared by ultrasonic dispersing in ethanol and subsequent
deposition of the suspension upon a “holey” carbon film supported on a copper grid.

X-ray photoelectron spectra (XPS) were recorded on a SPECS spectrometer (SPECS, Germany) equipped with a
PHOIBOS-150-MCD-9 analyzer and a FOCUS-500 monochromatic (MgK, radiation, hv = 1253.6 eV, 150 W). The
binding energy scale was calibrated using the levels of positions of the Aud f7 /5 (Ej, = 84.0 eV) and Cu2ps /, peaks (Ej =
932.67 eV). Binding energy was calibrated against the position of the Cls peak (£, = 284.8 eV), which corresponds to
hydrocarbon deposits on the sample surface [44]. A sample in the form of a powder was deposited on a conductive double-
sided copper adhesive tape. The survey spectrum and individual spectra of the elements were recorded at pass energy of the
analyzer of 20 eV. The atomic ratios of the elements were calculated from the integral intensities of photoelectron peaks,
which were corrected using appropriate sensitivity factors in terms of the Scofield photoionization cross sections [45].
The processing and analysis of the spectral data were conducted using the XPS Peak 4.1 software [46].

2.3. Catalytic tests

Catalytic tests were performed with 0.06 — 0.1 mm catalysts fraction in tubular quartz with an inner diameter of
4 mm which was installed in a furnace, where a thermocouple was placed into the annular space between the reactor
and the furnace. Before the reaction, the catalysts were pretreated in a 10 vol % O5/Ny medium at 600 °C for 30 min
with further reduction at 700 °C for 1 h in a 5 vol % Hs/He medium. In all cases, the DRM reaction was performed
at a reaction mixture composition of (15 vol % CHy + 15 vol % CO3) in Ns, the volumetric flow rate was 8 l/h, the
volume of the loaded catalyst was 0.07 ml, a contact time (7) was 30 ms, and temperatures of 500, 550, 600, 650 and
700 °C with exposure of the catalyst at each temperature for 30 min. The concentrations of the reagents and products were
measured in the real-time regime on a Test-201 gas analyzer (Boner, Russia) equipped with IR optical, electrochemical,
and polarographic sensors.

The catalyst performance was characterized by CH,4 conversion (Xcp,, %), CO2 conversion (Xco,, %), yield of Hy
(Yu,, %), and yield of CO (Yo, %), which were as follow:

0
CCH4 - CYCH4

Xcu,, %= ey - 100,
Hy
C%,. — Cco,
Xco,, % = 00200700 - 100,
CO-
Cx
Ya,, % = 2. 100,
B T 90y,
C
Yeo, % = co -100,

0 0
Cco, + Ccn,

where CZQ , [vol. %] is the concentration of reagent at the inlet and C;, [vol. %] — at the outlet of the reactor.

Due to the change in volume during the reaction, the conversion values calculated from volume concentrations are
overestimated, which leads to a systematic error. In the conversion range from 10 % to 40 %, the relative error in
determining the conversion is from 26.2 to 16.1 %. With increasing of conversion, the relative error decreases and at
X = 80 % does not exceed 4.8 %.

Long-term tests for all investigated catalysts were carried out at 700 °C for 20 hours under DRM medium.
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3. Results and discussion
3.1. Catalytic properties

The catalytic properties of obtained catalysts Ni,Co;_,Al2O4 (z = 0.1 — 0.5) and comparison sample Co; AloO4
were investigated in dry reforming of methane reaction under the identical reaction conditions. In Fig. 1 the influence
of the reaction temperature on the methane (Xc,) and carbon dioxide (Xco,) conversion, on the hydrogen yield (Y,)
and on the molar ratio of H»/CO are presented for all catalysts under investigation. It can be seen that activity of all
catalyst as well as hydrogen production are increased with increasing reaction temperature from 500 to 700 °C, which is
in accordance with the strong endothermic character of the dry reforming of methane reaction [2].

It can be seen that the monometallic Co; Al; Oy catalyst is less active compare to bimetallic Ni,Co; —, Al3Oy4 catalysts.
In the case of Co; Al,Oy4 catalyst at 700 °C Xcpn, = 61 %, Xco, = 62 %, and the hydrogen yield Yy, = 32 %, Ho/CO
=0.62. A comparison of the bimetallic samples with each other shows that catalytic activity is increased with increasing
the nickel content in the catalysts. At the reaction temperature of 700 °C increase the z value in catalyst Ni,Co; _, AloOy4
from 0.1 to 0.5 leads to increase in the X ¢y, from 64 to 77 %, the X o, from 65 to 76 %, the Yy, from 32 to 42 % and
Hs/CO ratio from 0.63 to 0.69.

The rather low the values of Ho/CO due to the reverse water gas shift reaction [2]:

CO5 + Hy = CO + H,0. 2)

According to the eq. (2), hydrogen reacts with CO, and CO and H5O are formed. It leads to decrease in Hy/CO ratio
in the reaction product compared to theoretical value Ho/CO = 1.

All investigated catalysts passed the long-term tests for study of stability in DRM medium without loss of catalytic
activity (Table 1). Fig. 1(f) presents the results obtained during 20 hours of DRM reaction at 700 °C for the representative
samples Nig.35C0.75Al204 and Nig 1Cog.9Al2O4 catalysts.

TABLE 1. Catalytic properties of NiyCo;_,Al2O4 samples (z = 0.1 —0.5) and the comparison sample
Co1 Al;Oy after 20 hours in the dry reforming of methane reaction at 700 °C

Sample Xeny % Xco, % Y, % Yco, % H,/CO,  Result of long-

mole/mole term test
Co1Al504 61 62 32 49 0.62 passed
Nig.1Cog.9Al304 64 65 34 52 0.63 passed
Nig.25C00.75A1204 71 70 38 57 0.67 passed
Nig.35C00.65Al1204 76 73 40 59 0.68 passed
Nig.5C09.5A1504 77 76 42 61 0.69 passed

3.2. Structural features

According to X-ray fluorescence analysis, the chemical composition of the prepared catalysts corresponds to the
calculated one.

The structural properties of the obtained catalysts heated at 700 °C in air presented in Table 2 and Fig. 2. Based on
the X-ray diffraction data, it may be seen that the phase composition of Ni,Co;j_,Al3O4 (with x = 0.1 — 0.5) samples are
the same. The main peaks located at 26 = 18.96, 31.20, 36.76, 38.46, 48.97, 55.52, 59.22, 65.08° correspond to (111),
(220), (311), (222), (331), (422), (511), (440) crystallographic planers of spinel structure Fm3m (ICSD-78407).

Unit cell parameter of spinel lattice is practically the same in all samples. It may be due to a very close values of
ionic radius of Ni*T and Co®™ (Ni** =0.74 A, Co®™ = 0.72 A). But average size of a coherent scattering region (CSR) is
some decreased from 12.69 to 9.54 nm with increasing the Ni concentration in spinel structure. The specific surface area
of investigated samples is some increased from 109 to 128 m?/g when the mole fraction of Ni varies within (0.1 — 0.5).
It may be the reason of some reducing of particle size in the spinel structure when the mole fraction of Ni is increased,
which is in a good agreement with XRD data.

Figure 3 shows electron microscopy images of a Nig 35C0g.65A1504 catalyst calcined in air at a temperature of
700 °C. It can be seen that the sample consists of agglomerated particles of similar morphology with the size of 5 —
10 nm. EDX-element mapping analysis indicated the complete incorporation of Ni and Co in to the spinel lattice. That is
in agreement with XRD investigations.

The structural characteristics of the catalysts after reaction presented in Table 3 and Fig. 4. In the CoAl,O, catalyst
spinel and pure metallic Co” phases were registered by XRD method. One can see the presence of spinel in comparison
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F1G. 1. CH4 (a) and CO4 (b) conversions, hydrogen yield (c), CO yield (d), molar ratio Ho/CO (e)
and their corresponding equilibriums curves as a function of temperature in DRM over Co;Al;Oy,
Nig.1Cog.9Al20y4, Nig 25C00.75A1204, Nig 35C00.65A1504, Nig 5Cog.5A1504 catalysts. And time on
stream stability of DRM (f) over representative Nig 35Co¢.¢5A120,4 and Nigp 1 Cog.9Al2Oy4 catalysts
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F1G. 3. TEM image (a), HAADF-STEM (b) image and corresponding EDX elemental mapping (c) of
the representative Nig 35C0q.¢5AloO4 sample calcined in air at 700 °C
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TABLE 2. Phase composition and structural properties of fresh catalysts Ni,Co;_,AlOy4 (z = 0.1 —
0.5) and the comparison sample Co; AloO4 heated at 700 °C in air

# Sample Phase Lattice parameter, A CSR, nm SBET, m2/g
1 Co1AlL04 Spinel 8.0939 12.69 116

2 Nig.1Cop9Al204  Spinel 8.0947 11.90 108.2

3 Nig.25Cop.75A1204 Spinel 8.0914 11.48 108.8

4 Nip.35C00.65A1204 Spinel 8.0908 10.18 123.7

5 Nip5Cop5A1504  Spinel 8.0943 9.54 127.6

TABLE 3. Phase composition and structural characteristics of Ni,Co;_,Al,O4 (z = 0.1 — 0.5) cata-
lysts and the comparison sample Co; Al;O4 after work in DRM media

# Sample Phase Lattice parameter, A CSR, nm
L cono, S
2 Nig.1Co0.0AlL Oy (0.33Ni—séj.i7n7€é$zgo?)(16.5 %) 2(5)2; ;:gg
O iy PR S
4 Nio.35C00.65A104 (0.29Ni—s($i7n1ec1:$2a£o?)(17.7 %) 2:23(1) i:gi
> Nig5Co0.5A104 (0.42Ni—sc§).isnseéc(§L'lzo?)(lss %) 22233 3252

sample Co; Al,O,4 and bimetallic Ni—Co alloy phase in Ni,Co;_,Al2O4 (x = 0.1 — 0.5) due to the shift of characteristics
of the diffraction peaks at 26: 44.26 — 44.52°. The X-ray diffraction patterns of the Ni—Co alloy shows the diffraction
peaks at 260: 44.26 — 44.52°, 51.57 — 51.58°, 75.92 — 76.44° which were attributed to the (111), (200), and (220) crystal
planes of the Ni—Co alloy (ICSD-76632, ICSD-646088).

X-ray patterns of Nig. 35Cog.65Alo04 catalyst at first heated in air at 700 °C and then in situ reduced in 10 % Hz/ 90 %
He mixture in the temperature range of 200 — 700 °C presented in Fig. 5. It may be seen that the phase of intermetallic
Ni—Co alloy is formed under the reduction at 620 °C and higher.

It is visible from the data presented in Table 3 that in Co;Al,O4 sample the concentration of Co” metal phase is
38 %. In Ni,Co;_,Al2O4 samples the concentration of Ni—Co alloy metal phase is increased from 16.5 % to 18.3 % as x
value increased from 0.1 to 0.5. At the same time Ni/Co ratio in bimetallic alloy does not change significantly (0.33/0.77;
0.3/0.7; 0.29/0.71) with x value increasing from 0.1 to 0.35. In a sample with z = 0.5 this value is increased to ratio
0.42/0.58.

Despite the high reaction temperature, the rather high dispersion of catalysts particles are observed in investigated
catalysts (Table 3). By comparison of data in Tables 2 and 3, one can see that the CSR value of spinel structure decreases
from 10 — 11 to 3.0 — 3.5 nm. Simultaneously, the highly dispersed particles of Ni—-Co nanoalloy with the average size of
3 — 4 nm are formed.

As can be seen from the HAADF-STEM image of Nij 35C0q.65A1504 catalyst after work in the reaction mixture
(Fig. 6a), the agglomerates of metal particles about 10 — 20 nm in size are observed on the surface of the spinel structure.
This fact is inconsistent with the XRD data in (Table 3). According to element mapping data (Fig. 6b) the Ni—Co
bimetallic alloy are formed. The formation of individual cobalt and nickel particles smaller than 1 nm on the surface
cannot be ruled out. Fig. 6¢c show that under reaction condition cobalt and nickel leave the spinel structure, stabilized as
nanodispersed Ni—Co alloy particles about 5 nm in size, collected in bigger aggregates on the outer surface, whereby the
spinel structure becomes nanocrystalline. It consists of incoherently fused small spinel particles of 3 —4 nm in size. In this
case, the spinel CSR size decreases, but it lattice parameter does not change. This explanation agrees to the XRD results
presented above. Due to the extraction of nickel and cobalt cations from the spinel structure under reducing conditions,
their content in areas not containing metal particles decreases by about 1.5 times comparing to the initial catalyst.
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(b)
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F1G. 6. HAADF-STEM image (a), EDX elemental mapping (b) and HRTEM (c) of the representative
Nig.35C0g.65A1204 sample after reaction

It was shown in the literature that formation of Ni—Co alloy configuration may exert a significant influence on the
electronic properties of Ni—Co and thus benefit the catalytic properties [2,36]. Certainly Ni—Co alloy is the active phase
in DRM reaction. In our case, it is visible that increasing the concentration of Ni—Co alloy in Ni,Co;_,AlsOy4 catalysts
lead to increasing their catalytic activity in DRM.

3.3. Catalysts reducibility (TPR-H5)

Before the reaction Ni,Co;_,Al;O4 (z = 0.1 — 0.5) catalysts and the comparison sample Co; AlsOy4 previously
calcined at 700 °C in air, were activated by reduction of 5 vol. % Hy/He mixture at 700 °C for 1 h. In order to study the
features of this activation, method of temperature-programed hydrogen reduction (TPR-Hs) was applied. Obtained TPR—
H, profilers for all catalysts are shown in Fig. 7. For CoAl;O4 sample hydrogen consumption peaks can be distinguished
at the temperature of 527, 670 and 774 °C. According to the literature [31,47,48] and XRD data in situ, the first peak
at 527 °C can be identified as the reduction of surface Co®>" to Co?T. The peak at 670 °C may be identified with the
reduction of the part of Co" ions to Co® with formation of metal compound. The high temperature reduction peak at
774 °C may be associated with the reduction of some part of Co®>*)* jons localized in strong interaction in the volume
of the spinel structure.

For Ni,Co;_,Al,O4 (x = 0.1 — 0.5) series, in all samples also three regions of hydrogen consumption can be
observed: 512 —409 °C (I region), 631 — 587 °C (Il region), and 784 — 812 °C (III region), whose positions are dependent
on the Ni content. With increasing x value from 0.1 to 0.5 peaks observed in I and II regions slightly shift towards lower
temperature ranges and peaks observed in region III some shift to higher temperature range. The value of Hy consumption
increases from 4.9 to 5.6 mlmol Hy/g with an increase in the nickel content in the samples from z = 0 to x = 0.5.

Based on the analysis of literature data [2,28,31,47,48] and the results of studying samples by XRD method, the Hy
consumption in the I temperature region may indicate the reducibility of Ni*" to Ni® in (Ni—-O-Co, Ni-O—Al) structures
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localized on the surface of the spinel structure. Decreasing in Co®" reduction temperature from 527 to 512 °C under
addition of Ni to CoAl;O4 indicates the decreasing strength of the metal-support interaction in these catalysts [36]. This
region of hydrogen uptake is associated with the reduction of Co®™ cations localized on the surface of spinel structure.
The peaks in the region II may be due to the formation of Ni—Co alloy. This process becomes easier as the x value
increases. According to [1,2,36], this shift indicates ease of reduction of the metallic oxides to the metallic forms. The
high temperature reduction peak localized in III region may be associated with the reduction of some part of Co and Ni
ions localized in strong interaction in the volume of the spinel structure [47].

Hence, the introduction of Ni into CoAl,O, greatly changes their reducing properties. Thus, in the Ni,Co;_,AloOy4
samples, as a result of activation, reduction of Ni?* and Co3T cations on the surface of spinel structure lead to their
exsolution and bimetallic alloyed Ni—Co nanoparticles are formed.

3.4. XPS study

Figure 8 presents the survey X-ray photoelectron spectrum of Nig 35C0¢ 65A1204 sample heated in air at 700 °C. The
surface composition of this sample corresponds to the declared one because no additional elements and contamination
were detected. To investigate the valance states of individual elements the narrow spectral regions were analyzed. These
spectra are presented in Fig. 9(a—d). One can see that binding energy (BE) of Ni2p3 /5 peak is 854.8 eV which corresponds
to Ni?™ state [49, 50]. In Co2p spectrum peak position is 781.2 eV corresponding to Co®™ state [51,52].

After reaction in the spectra of investigated sample in the spectral region of Ni2p additional shoulder with BE =
852.6 eV is appeared, which corresponds to Ni° state [44]. Simultaneous, in Co2p spectrum additional shoulder with
BE =778.2 eV is appeared. Such value of BE indicates the presence of Co” state [53]. The chemical state of alumina was
carried out from Al2p peak position. In both samples (fresh and after reaction), the value of the BE of this peak is 74.3 eV
and is characteristic of AI3™ state [54,55]. XP spectra recorded in O1s region (Fig. 9d) indicate the peak at ~531 eV due
to O™ in the Al,Og lattice.

Obtained results indicate that in fresh catalyst nickel is predominantly in the Ni>* state and cobalt in Co®" state,
alumina in AI** state. In the catalyst after reaction nickel in Ni® state, cobalt in Co® state are appeared. In both samples
AIPT state is observed.

4. Conclusions

Highly active bimetallic Ni—Co catalysts supported on spinel-based structure with a general composition of
Ni;Co1_,Aly04 (x = 0.1 -0.5) for DRM reaction were prepared by co-precipitation method. Preparation of the catalysts
by precipitation method allow on the first stage to obtained precursors containing homogeneously distributed Ni and Co
species in its volume, which on the further calcination at 700 °C in air spinel structure with homogeneous distribution of
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Ni2* and Co?* ions in the spinel structure. During the reduction in Hy or in situ reaction condition Ni® and Co” formed
by the reduction can no longer stay in the spinel lattice, resulting in the migration to the surface to form the highly dis-
persed Ni—Co bimetallic alloy particles. It should be noted that under these catalytic conditions, not all nickel and cobalt
are completely reduced to the metallic state in the spinel structure. The content of metal Ni—Co alloy particles is about
17 — 18 wt. %. The rest part of the nickel and cobalt remains stabilized in the spinel structure. According to the obtained
and some literature data, it may be concluded that the high activity of this catalysts are due to the highly dispersed and
stable Ni—Co alloy particles (3 — 4 nm in size) on the surface of spinel structure, from which the nickel and cobalt species
partly evolve from the cations homogeneously distributed in spinel matrix. The synergy of Ni and Co in alloy bimetallic
catalysts provides high activity with extremely short contact time (7 = 30 ms) and high stability during time on steam in
DRM reaction.

A comparison of experimental data obtained in this work for catalytic activity in the DRM reaction with literature
analogues (Table 4) indicates the significant potential of the our catalysts among catalysts described in the literature.

TABLE 4. A comparison of experimental data obtained in this work for catalytic activity in the DRM
reaction with literature analogues

Preparation

DRM reaction

Best performance

Time of stream

# Catalyst method conditions achievements (TOS) stability Ref.
.. 18825 ml/g-h; _ ) Only an initial
3.37 % Co — Incipient -y co,iN, = AOHa=9 % slight drop of
1 . wetness Xco,=13 %; 28
11.2 % Ni/MgAl,04 . i 1:1:3; H /C20 ~05 Xcn,; Xco,
tmpregnation 600 °C =D after TOS 1.5 h
.. 10000 ml/g-h;
7.5 % Ni/MgAl, 0,4 . . 1:1:3; H,/CO =0.45 CH, ™
impregnation o first 90 min
600 °C
Excess 22000 h™"
. (GHSV); Xen,=71 %; Deactivation
3 8 % Co — 1 % Ni/Aly03 . Vroelur?;fion CH,:COs = 1:1 Xco,=80 % after 6 h 37
preg 700 °C
60000 h— 1
(GHSV) Performance
. Wet CH4ZCOQZN2 = XCH4=4O %;
4 Nig.375C00.375Mgo.25Al204 impregnation 23:4.6'1 Xcoy=32 % inctlﬁzrgisstez ) 56
(20 ppm H$)
850 °C
One pot
. o Xom,=52 %;
5 NiCoAIO N CH‘;&OO"’C‘ B Xco,= 60 %: — 57
H5/CO =0.82
assembly
Performance
6 Ni/AL,O5 Impregnation 120;)80n§1ég'h’ §0H4:57700f;’ decreases 58
Co,= A7 in the first 3 h
120000 h §CH4 f% ZZE
C02 - s
Nig 5Co0.5A1,04 (a); Co- (GHSV) H,/CO = 0.69 (a); Stable This
7 NipssCoo.65Al04 (b) recipitation (0 2 CHa+ k76 % performance o
0.35L00.65A1204 precip 15 % CO4)/Ns CHy = ( for 20 h
700 °C Xco, =73 %;

H,/CO = 0.68 (b)
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ABSTRACT The study for the first time presents a method for producing indium-gallium-zinc oxide InGaZn,Os
using the nitrate-tartrate complex decomposition method. The material is characterized by X-ray diffraction,
electron microscopy, IR- and UV-spectroscopy. It has been established that the use of tartaric acid as a
precursor already at a temperature of 500 °C leads to the formation of a single-phase homogeneous material
consisting of nanocrystalline particles in the form of micrometer agglomerates. The proposed method for
producing nanoparticles can be used in the future to produce semiconductor inks based on IGZO.
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1. Introduction

At present, several main areas of work can be distinguished for obtaining semiconductor materials for further use in
semiconductor devices:

1) obtaining one-dimensional Si nanostructures [1];

2) obtaining nano-sized one-dimensional structures of GaAs [2], GaN [3], InAs [4] and others;

3) obtaining metal chalcogenides (MoSs [5], WSe, [6], etc.) with two-dimensional morphology;

4) obtaining semiconductor oxide materials (indium tin oxide ITO [7], indium zinc oxide IZO [8], etc.).

Each of these areas covers its own place in terms of material use in the final device. The creation of functional
materials for use in electronics, with the aim of developing them towards miniaturisation, is a priority for many research
teams around the world. In parallel, the development of printed and flexible electronics is progressing [9—12].

For practical applications, one of the promising oxide materials is amorphous indium gallium zinc oxide [13-15]
(a—IGZO of various compositions). IGZO (in amorphous state) compares favorably with traditional amorphous silicon
due to its higher properties (for example, charge mobility and optical transparency), which ensures both high electrical
stability of the material and the flexibility of thin-film transistors based on it. Historically, the possibility of using IGZO as
a component to create an electronic device was first demonstrated in the pioneering work of Japanese researchers Nomura
and his colleagues [12]. However, in this work, a thin-film transistor was obtained using a single-crystal IGZO layer of the
composition InGaO3ZnOs5 on a substrate of single-crystal ZrO» (stabilized by Y50Os3). Later, the amorphous state of IGZO
was also studied. The most promising use of this material was found to be in the form of amorphous thin films [16, 17].

Thin film transistors are used in the new generation of flat panel displays [14, 16—19] and form the basis of devices
in all digital systems. Their characteristics, such as carrier mobility (1), threshold voltage (Vy,), on/off current ratio
(Ion/Iof r) and subthreshold swing (SS) depend largely on the properties of the semiconductor channel and are determined
by the chemical composition, crystallinity, film thickness and the method of obtaining the thin film.

Currently, organic structures are the most popular semiconductors for the production of flexible microelectronic de-
vices. They have become widespread due to the use of high performance technological printing processes and the good
quality of the inks produced for printing, the possibility of producing final devices at low temperatures and excellent
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compatibility with flexible substrates [20-27]. However, despite these undoubted advantages, the use of organic semi-
conductors as ink material is limited because final devices on such semiconductors have low technical characteristics, in
particular, the mobility of charge carriers in devices using organic semiconductors does not usually exceed 1...2 cm?/V s,
which does not allow them to be used for high-power devices. The aspect described above leads to the use of other mate-
rials. One of them can be a group of amorphous oxides, for example the ternary oxide IGZO, which has a sufficient set
of characteristics of the final device and can be obtained by printing methods. There are several approaches to obtaining
materials that would be suitable for ink production. One of these approaches is to obtain “true” non-aggregated nanopar-
ticles in solution and then stabilize them with surfactants to obtain semiconductor ink. For example, there are a number
of papers [28,29] in which the authors have succeeded in obtaining oxide nanoparticles MeFe2O4 (Me = Mn, Co, Fe)
(8...12 nm) of different morphologies (in the form of cubes or hexagons) using Me-acetylacetonate surfactant-mediated
decomposition method (the original article did not propose a short name for the method). Theoretically, the use of this
synthesis method will potentially allow the stabilized colloidal solutions obtained to be used directly as an ink, without
the step of adding surfactants. At the same time, to the best of our knowledge, the described method has not yet been used
to obtain indium-gallium-zinc oxide nanoparticles. Despite the excellent results of the Me-acetylacetonate surfactant-
mediated decomposition method, which allows obtaining monodisperse nanoparticles, it is poorly scalable, which will
lead to difficulties in introducing it into the technological chains of production of these inks in industry.

Another approach is to synthesize nanoparticles using a scalable technology (including solid-phase synthesis [30]),
convert the resulting particles to a powder state (in which the nanoparticles are aggregated into large agglomerates) and
separate the resulting aggregates using ultrasound treatment or milling methods. This method is not without its drawbacks
- during the final stage of milling, it is difficult to obtain a fraction of nanoparticles (their total mass in the final product
after milling is about several percents), in addition, the particle size distribution at the final stage of milling becomes
random. The above approach can be implemented using the method of decomposition of an organometallic complex (gel)
(often called the sol-gel or “solution combustion” method; in the case of using citric acid as a complexing agent, the name
“citrate-nitrate” method is common). The essence of the method is to prepare solutions of nitrates of the required metals,
form a complex, heat the resulting mixture to remove water and initiate an exothermic self-sustaining oxidation reaction
of the complex to yield the target product (called as self-combustion synthesis). The synthesis method is well scalable and
relatively simple, allowing the production of agglomerates of IGZO nanoparticles in an amorphous (X-ray amorphous)
state under low temperature conditions.

In the literature, works on obtaining thin films (using spin-coating technology with subsequent initiation of the spon-
taneous combustion reaction) are mostly presented, where 2-methoxyethanol [31] and urea [32] are used as complexing
agents. However, it is also possible to use ready-made organometallic complexes - metal acetylacetonates [33]. The
authors proposed an approach using a mixture of 3-nitroacetylacetone and acetylacetone to facilitate the spontaneous
combustion reaction [34]. It is reported that the introduction of 3-nitroacetylacetone also improves the films quality.
Mixtures of 2-methoxyethanol and acetylacetone with the addition of an aqueous ammonia solution have also been used
to obtain IGZO films [ [35] (by spraying a mixture of precursors followed by decomposition), as well as compounds
“related” to this system [36] or other oxide materials [37]. The use of organic additives as co-fuels (sorbitol, sucrose and
B-glucose) to obtain IGZO thin films [38] or polymer additives [39] has been reported.

As for the case of obtaining IGZO in the form of single nanoparticles, such works are extremely rare [40, 41].
Previously, our team published a series of papers demonstrating that the phase composition and final morphology of the
material can be influenced by the choice of complexing agent used in the synthesis. It was found that ethylene glycol,
glycerol and tartaric acid are suitable for obtaining IGZO - their use leads to the formation of a powder without any
crystallite impurities [42,43]. The use of many other organic complexing agents (citric and oxalic acid, urea, sucrose,
fructose [42], EDTA and ascorbic acid — unpublished data of our group) led to the appearance of foreign crystalline
impurities (indium oxide) in the final powders.

The aim of this work is synthesis of InGaZn» O3 using method previously successfully tested (see [43]), and to study
the properties of the obtained material.

2. Preparation and characterization method

The following reagents were used in the work: indium nitrate hydrate [In(NOj3)s - zH5O (chemically pure)], gallium
nitrate hydrate [Ga(NO3)3 - tH0 (chemically pure)], zinc nitrate hydrate [Zn(NO3), - £HoO (chemically pure)] and
tartaric acid (analytical grade). All salts were preliminarily determined gravimetrically. The masses of the precursor
samples were calculated from the ratio of metal cations In>*:Ga>*:Zn?* = 1:1:2 in the final ternary oxide. Samples were
selected using a Joanlab FA2204N analytical balance. An IKA C-MAG HS7 magnetic stirrer with heating was used for
stirring and evaporating the solutions of the mixture. The synthesis and thermal treatment of the xerogel obtained by
evaporation of the initial mixture was carried out according to the method [44]. The samples were sintered in corundum
crucibles at 700 °C and 900 °C for 12 hours. The samples were cooled in the furnace to 200 °C and then in air. The
sintering temperatures are reflected in the names of the samples, which are discussed later.

X-ray diffraction (XRD) pattern of IGZO was collected on a Drawell DW-XRD-2700A powder diffractometer (Cu
Ka, 40 kV, 30 mA, Ni filter) in the 26 angle range from 5° to 90° at a rate of 1 deg/min at room temperature. The size and
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morphology of the particles were studied using Jeol JSM 7001F scanning electron microscopy (SEM) with accelerating
voltage = 20 kV), the distribution of the main elements of the batch was studied using an Oxford X-Max 80 energy
dispersive analyzer (EDS method) combined with a SEM. The crystalline structure of the particles was studied by Jeol
JSM-2100 transmission electron microscopy (TEM) with accelerating voltage = 160 kV. IR- spectroscopy was performed
using a Shimadzu IRAffinity-1S FTIR spectrometer (from 4000 to 400 cm™! in transmission mode). The background
calibration was made for pure analytical grade KBr. The material was pressed into a tablet 13 mm in size and 1-1.5 mm
thick. The content of indium gallium zinc oxide in the tablet was about 3...5 wt. %. A Shimadzu UV-2700 UV-Vis
spectrophotometer was used to record diffuse reflectance spectra in the range from 250 to 800 nm at a recording rate of
1 nm/sec. The background calibration was performed for a pure barium sulfate BaSO, tablet. The sample was deposited
on the barium sulfate tablet. The obtained diffuse reflectance spectra were used to calculate the band gap parameter
(Kubelka-Munk transformation was applied under the assumption of a optically allowed direct bandgap).

3. Results and discussion

Fig. 1 shows the XRD patterns of the sample heat-treated at 500 °C, 700 °C and 900 °C. It can be seen from Fig. 1
that the general appearance of the diffraction pattern corresponds to the literature data for InGaZnsOs5 [45,46]. Over the
entire range of sintering temperatures, the sample is single-phase and does not contain any extraneous reflections. Note
that sintering at 900 °C is necessary to demonstrate the homogeneity of the material at lower temperatures, since the use of
other complexing agents (e.g., urea) can lead to the formation of amorphous agglomerates of impurity phases that remain
in the amorphous state up to temperatures of 900 °C [42]. At the same time, we do not exclude the possibility of a chemical
reaction occurring at sintering temperatures of 700 and 900 °C if the sample is multiphase at a temperature of 500 °C.
This will be discussed in the next section. It is easy to notice that the full width at half maximum of each individual
reflex decreases with increasing processing temperature, which can be associated with an increase of crystallinity and
grain growth. Thus, the sample obtained at 500 °C is X-ray amorphous, at 700 °C — weakly crystallized, at 900 °C —
crystallized.

i U‘J 900°C, 12 h

1 ) v\ A A 700°C, 12 h

s R A - 500°C, 6 h

Intensity (a.u.)
1

| | | InGaZn,O;

10 20 30 40 50 60 70 80 90
2Theta (deg.)

F1G. 1. XRD pattern of the InGaZnsO5 sample obtained at different temperatures, explanation in the legend

The morphology, size of agglomerates and particles of the InGaZn,O3 sample subjected to heat treatment at 500 °C
for 6 hours were studied by SEM method in secondary electron contrast. In Fig. 1a, at x5000 magnification, particles
from less than one to ten micrometres are visible. The shape of the particles is three dimensional, with distinct edges.
The structure is non-uniform, with large structural elements and medium and small elements. At higher magnification, in
Figs. 2(b-c), particles smaller than 100 nm are visible in the same area of the surface of large agglomerate. The structure
of the agglomerate is very dense and uniform and the pores are not visible.

Fig. 3 shows the results of the EDS analysis. The chemical composition does not depend on the heat treatment
temperature of the sample and shows a uniform distribution of the elements contained in the ternary oxide. The calculated
formula of the compound indicates the proximity of the actual composition to the target, derived from the composition of
the batch — Inj 91 Gag.96Zns.0305. Thus, the chemical composition data are presented within the determined error limits
and it can be stated that the sample corresponds to the specified composition.
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F1G. 3. EDS map of element distribution of In (a), Ga (b), Zn (c) and O (d)

Fig.4 and Fig. 5 show the results of transmission electron microscopy. As can be seen from Fig. 4, the sample is an
agglomerate of small (approximately 4-8 nm) spherical-like nanoparticles. On a larger scale, in Fig. 5, it is clear that the
particles are crystalline. Thus, it can be stated that a crystalline product is already formed at a temperature of 500 °C,
with the degree of crystallinity increasing as the sintering temperature increases (according to X-ray diffraction data). At
the same time, the coherent scattering region volume is low in the nanoparticles, so that the InGaZn, O35 sample sintered
at 500 °C is X-ray amorphous.

F1G. 4. TEM images of InGaZn,Oj sintered at 500 °C for 6 hours (low resolution)

The sample sintered at 500 °C was studied by IR-spectroscopy. The data is presented in the form of a detailed text
description. A series of wavenumbers were recorded: from 3650 to 3000, 2900, 2700, 2400...2280, 1740...1280, 620,
430 cm ™. A broad absorption peak in the region of 3650 to 3000 cm™! corresponds to the stretching vibrations of the
“~OH” bond, which may indicate either the presence of the presence of adsorbed water bound water in the material or
the presence of oxyhydroxides in the material. Two low intensity absorption bands were found in the region of 2900 and
2700 cm™*, apparently the region of the stretching vibrations of the “~CH” bond, most likely due to contamination of
the samples with ethanol used for sample preparation. Absorption bands of carbon dioxide CO2 were recorded in the
region from 2400 to 2280 cm™~!. The sample also had an absorption peak in the region of lower wave numbers from
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FI1G. 5. TEM image of InGaZn2Oj sintered at 500 °C for 6 hours (high resolution)

1740 to 1280 cm ™!, which most likely corresponds to the “~C=0" bond, indicating the presence of tartaric acid oxidation
products in the samples, which cannot be removed at a temperature of 500 °C and exposure of 6 hours. Alternatively, this
peak may correspond to the “C—C” bond, which may indicate the same thing. The most informative part of the spectrum is
the region from 600 to 300 cm™ !, as it contains information about the Me—O bonds. In our analysis, the 600 to 400 cm ™!
region was examined only, due to hardware limitations. In this region, an absorption peak at ~630 cm ™! is observed
which can be attributed to the In—O or Ga—O bond. The peak at ~420 cm~! could not be clearly interpreted.

A diffuse reflectance UV-Vis spectrum was recorded for the sample sintered at 500 °C. As can be seen from the data
(Fig. 6), no significant light absorption was detected in the near IR and visible range from 800 to 300 nm. This correlates
with the appearance of the sample, which is presented as white powder with yellowish tinge. The data for the UV-Vis
diffuse reflectance spectra obtained were used to calculate the optical band gap, which was found to be 3.10 eV, in little
disagreement with data from previously published work on the same IGZO composition [47], with the difference about

0.15eV.
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FI1G. 6. UV-Vis spectrum and Tauc plot (insert) for determining the optical band gap of InGaZn»Os5

4. Conclusion

The nitrate-tartrate complex decomposition method has been successfully applied to the process of obtaining
InGaZn,O5. The use of tartaric acid as a chelating reagent in nitrate-organic complex decomposition method leads to
the formation of a nanocrystalline material at a sintering temperature of 500 °C. Using electron microscopy (SEM and
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TEM), it was found that the material sintered at 500 °C is an agglomerate of nanoparticles, the morphology of individual
nanoparticles being close to spherical. As the sintering temperature increases, the degree of crystallinity of the material
increases, at 900 °C the material is well crystallized according to the XRD data. The distribution of the main elements
in the material is homogeneous according to EDS data. The IR-spectrum confirms the presence of Me—O bonds in the
material. The band gap for the InGaZn,O5 sample sintered at 500 °C is 3.10 eV.

References

[1] Zhang Z., Zou R., Yu L., Hu J. Recent research on one-dimensional silicon-based semiconductor nanomaterials: Synthesis, structures, properties
and applications. Crit. Rev. Solid State Mater. Sci., 2011, 36(3), P. 148-173.

[2] Balaghi L., Shan S., Fotev 1., Moebus F., Rana R., Venanzi T., Hiibner R., Mikolajick T., Schneider H., Helm M., Pashkin A., Dimakis E. High
electron mobility in strained GaAs nanowires. Nat. Commun., 2021, 12, P. 6642.

[3] Khan M.A.H., Rao M.V. Gallium Nitride (GaN) Nanostructures and their gas sensing properties: A review. Sensors., 2020, 20(14), P. 3889.

[4] Potts H., Morgan N.P., Tutuncuoglu G., Friedl M., Morral A.F.i. Tuning growth direction of catalyst-free InAs(Sb) nanowires with indium droplets.
Nanotechnology., 2017, 28(5), P. 054001.

[5] Li X., Zhu H. Two-dimensional MoS2: Properties, preparation, and applications. J. Materiomics., 2015, 1(1), P. 33-44.

[6] Patoary N.H., Xie J., Zhou G., Mamun F.Al., Sayyad M., Tongay S., Esqueda I.S. Improvements in 2D p-type WSe2 transistors towards ultimate
CMOS scaling. Sci. Rep., 2023, 13, P. 3304.

[7]1 Yu Z., Perera L.R., Daeneke T., Makuta S., Tachibana Y., Jasieniak J.J., Mishra A., Béuerle P., Spiccia L., Bach U. Indium tin oxide as a semicon-
ductor material in efficient p-type dye-sensitized solar cells. NPG Asia Mater., 2016, 8(8), P. e305—-e305.

[8] Cheng C.-H., Tsay C.-Y., Flexible a-IZO thin film transistors fabricated by solution processes. J. Alloys Compd., 2010, 507(1), P. L1-L3.

[9] Bastola A., He Y., Im J., Rivers G., Wang F., Worsley R., Austin J.S., Nelson-Dummett O., Wildman R.D., Hague R., Tuck C.J., Turyanska L.
Formulation of functional materials for inkjet printing: A pathway towards fully 3D printed electronics. Mater. Today Electron., 2023, 6, P. 100058.

[10] KagarR., Serin R.B., Ugar E., Ulkii A. A review of high-end display technologies focusing on inkjet printed manufacturing. Mater. Today Commun.,
2023, 35, P. 105534.

[11] Bhatti G., Agrawal Y., Palaparthy V., Kavicharan M., Agrawal M. Chapter 13 - Flexible Electronics: A Critical Review. In: Agrawal Y., Mum-
maneni K., Sathyakam P.U., editors. Interconnect Technologies for Integrated Circuits and Flexible Electronics. Springer Tracts in Electrical and
Electronics Engineering. Springer, Singapore. 2024, P. 221-248.

[12] Bi S., Gao B., Han X., He Z.R., Metts J., Jiang C.M., Asare-Yeboah K. Recent progress in printing flexible electronics: A review. Sci. China
Technol. Sci., 2024, 67(8), P. 2363-2386.

[13] Samanta S., Han K., Sun C., Wang C., Thean A.V.-Y., Gong X. Amorphous IGZO TFTs Featuring Extremely-Scaled Channel Thickness and
38 nm Channel Length: Achieving Record High Gm,max of 125 pS/pum at VDS of 1 V and ION of 350 pA/pm. In Proc. IEEE Symp. VLSI
Technol., 2020, P. 1-2.

[14] Yin X, Ji X., Liu W,, Li X., Wang M., Xin Q., Zhang J., Yan Z., Song A. Electrolyte-gated amorphous IGZO transistors with extended gates for
prostate-specific antigen detection. Lab. Chip., 2024, 24, P. 3284-3293.

[15] Sheng J., Hong T., Lee H.-M., Kim K., Sasase M., Kim J., Hosono H., Park J.-S. Amorphous IGZO TFT with High Mobility of ~70 cm2/(V s)
via Vertical Dimension Control Using PEALD. ACS Appl. Mater. Interfaces., 2019, 11(43), P. 40300—40309.

[16] Han Y., Lee D.H., Cho E.-S., Kwon S.J., Yoo H. Argon and Oxygen Gas Flow Rate Dependency of Sputtering-Based Indium-Gallium-Zinc Oxide
Thin-Film Transistors. Micromachines, 2023, 14(7), P. 1394.

[17] Nomura K., Ohta H., Takagi A., Kamiya T., Hirano M., Hosono H. Room-temperature fabrication of transparent flexible thin-film transistors using
amorphous oxide semiconductors. Nature, 2004, 432(7016), P. 488-492.

[18] Wager J.E., Yeh B., Hoffman R.L., Keszler D.A. An amorphous oxide semiconductor thin-film transistor route to oxide electronics. Curr. Opin.
Solid State Mater. Sci., 2014, 18(2), P. 53-61.

[19] Chiang H.Q., Wager J.F., Hoffman R.L., Jeong J., Keszler D.A. High mobility transparent thin-film transistors with amorphous zinc tin oxide
channel layer. Appl. Phys. Lett., 2004, 86(1), P. 13503.

[20] Venkateshvaran D., Nikolka M., Sadhanala A., Lemaur V., Zelazny M., Kepa M., Hurhangee M., Kronemeijer A.J., Pecunia V., Nasrallah I.,
Romanov I., Broch K., McCulloch I., Emin D., Olivier Y., Cornil J., Beljonne D., Sirringhaus H. Approaching disorder-free transport in high-
mobility conjugated polymers. Nature, 2014, 515(7527), P. 384-388.

[21] Fukuda K., Takeda Y., Yoshimura Y., Shiwaku R., Tran L.T., Sekine T., Mizukami M., Kumaki D., Tokito S. Fully-printed high-performance
organic thin-film transistors and circuitry on one-micron-thick polymer films. Nat. Commun., 2014, 5(1), P. 4147.

[22] Giri G., DeLongchamp D.M., Reinspach J., Fischer D.A., Richter L.J., Xu J., Benight S., Ayzner A., He M., Fang L., Xue G., Toney M.F., Bao Z.
Effect of solution shearing method on packing and disorder of organic semiconductor polymers. Chem. Mater., 2015, 27(7), P. 2350-2359.

[23] Yan H., Chen Z., Zheng Y., Newman C., Quinn J.R., D6tz F., Kastler M., Facchetti A. A high-mobility electron-transporting polymer for printed
transistors. Nature, 2009, 457(7230), P. 679-686.

[24] Takeda Y., Yoshimura Y., Shiwaku R., Hayasaka K., Sekine T., Okamoto T., Matsui H., Kumaki D., Katayama Y., Tokito S. Organic complementary
inverter circuits fabricated with reverse offset printing. Adv. Electron. Mater., 2018, 4(1), P. 1700313.

[25] Shiwaku R., Takeda Y., Fukuda T., Fukuda K., Matsui H., Kumaki D., Tokito S. Printed 2 V-operating organic inverter arrays employing a
small-molecule/polymer blend, Sci. Rep., 2016, 6(1), P. 34723.

[26] Minemawari H., Yamada T., Matsui H., Tsutsumi J., Haas S., Chiba R., Kumai R., Hasegawa T. Inkjet printing of single-crystal films. Nature,
2011, 475(7356), P. 364-367.

[27] Zhang W., Smith J., Watkins S.E., Gysel R., McGehee M., Salleo A., Kirkpatrick J., Ashraf S., Anthopoulos T., Heeney M., McCulloch 1.
Indacenodithiophene semiconducting polymers for high-performance, air-stable transistors. J. Am. Chem. Soc., 2010, 132(33), P. 11437-11439.

[28] Zeng H., Rice P.M., Wang S.X., Sun S. Shape-controlled synthesis and shape-induced texture of MnFe204 nanoparticles. J. Am. Chem. Soc., 2004,
126(37), P. 11458-11459.

[29] Sun S., Zeng H., Robinson D.B Raoux S., Rice PM., Wang S.X., Li G. Monodisperse MFe2O4 (M=Fe, Co, Mn) Nanoparticles. J. Am. Chem.
Soc., 2004, 126(1), P. 273-279.

[30] Vinnik, D.A., Kovalev, AL, Sherstyuk, D., Zhivulin, D.E., Zirnik, G.M., Batmanova T. Development of a scalable method for synthesizing a
promising oxide material for electronics In-Ga-Zn-O, RusMetal, 2024.

[31] Yoon S., Kim S.J., Tak Y.J., Kim H.J. A solution-processed quaternary oxide system obtained at low-temperature using a vertical diffusion
technique. Sci. Rep., 2017, 7(1), P. 43216.



50 G. M. Boleiko, G. M. Zirnik, A. 1. Kovalev, et al.

[32] Sanctis S., Hoffmann R.C., Koslowski N., Foro S., Bruns M., Schneider J.J. Aqueous Solution Processing of Combustible Precursor Compounds
into Amorphous Indium Gallium Zinc Oxide (IGZO) Semiconductors for Thin Film Transistor Applications. Chem. Asian J., 2018, 13(24),
P. 3912-3919.

[33] Xie Y., Wang D., Fong H.H. High-Performance Solution-Processed Amorphous InGaZnO Thin Film Transistors with a Metal-Organic Decompo-
sition Method. J. Nanomater., 2018, 2018, P. 7423469.

[34] Chen Y., Wang B., Huang W., Zhang X., Wang G., Leonardi M.J., Huang Y., Lu Z., Marks T.J., Facchetti A. Nitroacetylacetone as a Cofuel for the
Combustion Synthesis of High-Performance Indium—Gallium—Zinc Oxide Transistors. Chem. Mater., 2018, 30(10), P. 3323-3329.

[35] Wang B., Yu X., Guo P., Huang W., Zeng L., Zhou N., Chi L., Bedzyk M.J., Chang R.P.H., Marks T.J., Facchetti A. Solution-Processed All-Oxide
Transparent High-Performance Transistors Fabricated by Spray-Combustion Synthesis. Adv. Electron. Mater., 2016, 2(4), P. 1500427.

[36] Kim M.-G., Kanatzidis M.G., Facchetti A., Marks T.J. Low-temperature fabrication of high-performance metal oxide thin-film electronics via
combustion processing. Nat. Mater., 2011, 10(5), P. 382-388.

[37] Hennek J.W., Kim M.-G.,, Kanatzidis M.G., Facchetti A., Marks T.J. Exploratory Combustion Synthesis: Amorphous Indium Yttrium Oxide for
Thin-Film Transistors. J. Am. Chem. Soc., 2012, 134(23), P. 9593-9596.

[38] Wang B., Zeng L., Huang W., Melkonyan E.S., Sheets W.C., Chi L., Bedzyk M.J., Marks T.J., Facchetti A. Carbohydrate-Assisted Combustion
Synthesis To Realize High-Performance Oxide Transistors. J. Am. Chem. Soc., 2016, 138(22), P. 7067-7074.

[39] Wang B., Huang W., Bedzyk M.J., Dravid V.P., Hu Y.Y., Marks T.J., Facchetti A. Combustion Synthesis and Polymer Doping of Metal Oxides for
High-Performance Electronic Circuitry. Acc. Chem. Res., 2022, 55(3), P. 429-441.

[40] Fukuda N., Watanabe Y., Uemura S., Yoshida Y., Nakamura T., Ushijima H. In-Ga—-Zn oxide nanoparticles acting as an oxide semiconductor
material synthesized via a coprecipitation-based method. J. Mater. Chem. C., 2014, 2(13), P. 2448-2454.

[41] Wu M.-C., Hsiao K.-C., Lu H.-C. Synthesis of InGaZnO4 nanoparticles using low temperature multistep co-precipitation method. Mater. Chem.
Phys., 2015, 162, P. 386-391.

[42] Zirnik G.M., Chernukha A.S., Uchaev D.A., Solizoda I.A., Gudkova S.A., Nekorysnova N.S., Vinnik D.A. Phase formation of nanosized
InGaZnO4 obtained by the sol-gel method with different chelating agents. Nanosyst. Physics, Chem. Math., 2024, 15(4), P. 520-529.

[43] Zirnik G.M., Sozykin S.A., Uchaev D.A., Chernukha A.S., Solizoda I.A., Gudkova S.A., Vinnik D.A. Preparation and synthesis of polycrystalline
InGaZnO4 via tartaric acid mediated sol-gel method. Russ. Metall, 2024.

[44] Zirnik G.M., Sozykin S.A., Chernukha A.S., Solizoda I.A., Gudkova S.A., Vinnik D.A. Indium gallium zinc oxide: Effect of complexing agent on
structure. Journal of Structural Chemistry, 65(2024), P. 133998.

[45] Tien T.-C., Wu J.-S., Hsieh T.-E., Wu H.-J. The Fabrication of Indium—Gallium—Zinc Oxide Sputtering Targets with Various Gallium Contents and
Their Applications to Top-Gate Thin-Film Transistors. Coatings., 2022, 12(8), P. 1217.

[46] Kimizuka N., Mohri T., Matsui Y., Siratori K. Homologous compounds, InFeO3(ZnO)m (m=1-9). J. Solid State Chem., 1988, 74(1), P. 98—109.

[47] Préaud S., Byl C., Brisset F.,, Berardan D. SPS-assisted synthesis of InGaO3(ZnO) ceramics, and influence of m on the band gap and the thermal
conductivity. J. Am. Ceram. Soc., 2020, 103(5), P. 3030-3038.

Submitted 14 October 2024, accepted 11 February 2025

Information about the authors:

Gelena M. Boleiko — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia;
ORCID 0009-0003-3438-5893; boleiko.gm @mipt.ru

Gleb M. Zirnik — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia; ORCID
0009-0008-4546-1368; glebanaz @mail.ru

Andrey I. Kovalev — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia; South
Ural State University, Lenin Av., 76, Chelyabinsk, 454080, Russia; ORCID 0009-0003-4773-1687; asp23kail 65 @susu.ru

Daniil A. Uchaev — South Ural State University, Lenin Av., 76, Chelyabinsk, 454080, Russia; ORCID 0000-0002-8623-
4769; uchaevda@susu.ac.ru

Ibrohimi A. Solizoda — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia; St.
Petersburg State University Universitetskaya embankment, 7-9, 199034, St. Petersburg; Tajik National University Rudaki
Av., 17, Dushanbe, 734025, Tajikistan; ORCID 0000-0001-6973-4633; solizoda.ia@mipt.ru

Alexander S. Chernukha — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Rus-
sia; South Ural State University, Lenin Av., 76, Chelyabinsk, 454080, Russia; ORCID 0000-0002-1272-1628; cher-
nukha.as @mipt.ru

Svetlana A. Gudkova — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia; St.
Petersburg State University Universitetskaya embankment, 7-9, 199034, St. Petersburg; ORCID 0000-0002-3028-947X;
svetlanagudkova@yandex.ru

Denis A. Vinnik — Moscow Institute of Physics and Technology Institutsky lane, 9, Dolgoprudny, 141701, Russia; South
Ural State University, Lenin Av., 76, Chelyabinsk, 454080, Russia; St. Petersburg State University Universitetskaya
embankment, 7-9, 199034, St. Petersburg; ORCID 0000-0002-5190-9834; vinnik.da@mipt.ru

Conflict of interest: the authors declare no conflict of interest.



NANOSYSTEMS: Kapishnikov A.V., Gerasimov E.Yu. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2025, 16 (1), 51-57.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2025-16-1-51-57

Phase transformations in perovskites La,¢Ca,.4Mn,_,Co0,05.5; under the action of
hydrogen

Alexander V. Kapishnikov, Evgeny Yu. Gerasimov

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia

Corresponding author: E. Yu. Gerasimov, gerasimov@catalysis.ru

PACS 81.30.Bx

ABSTRACT The structural and phase transformations of Lag ¢Cag.«Mn;_,C0,03+5 (y = 0.2—0.6) solid solutions
in a reducing atmosphere were studied using in situ XRD and HRTEM methods. Experiments have shown that
heat treatment in a reducing atmosphere of H, leads to the partial decomposition of solid solutions, the nature
of which differs from decomposition in an inert atmosphere. In the case of a system with a hydrogen-containing
atmosphere, the heterogeneous reduction of the structure leads to the formation of an orthorhombic phase
of LaMnO3-based perovskite with disordered vacancies, an additional phase of ordered Rudlesden—Popper-
type perovskite based on La;CoO, and Co and Ca,MnO, nanoparticles on the surface of perovskite. In an
environment with excessive partial oxygen pressure for the reduced sample, the reverse phase transition of
the Rudlesden—Popper phase into the perovskite phase occurs.
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1. Introduction

Complex oxides with a perovskite structure have great potential for the synthesis and research of new compounds of
this type, due to their structural flexibility [1-3]. They are widely used as catalysts for various reactions, in particular,
reactions of high-temperature oxidation of hydrocarbons [4-6], decomposition of nitrogen oxides [7-9], in the processes
of photocatalytic production of hydrogen [10-12] or the disposal of antibiotics in wastewater [13, 14]. In many ways,
these properties are provided by structural features, in particular, the presence and distribution of cationic and anionic
vacancies [15, 16]. The most common method of influencing the perovskite structure is to obtain solid solutions by
replacing part of the cations with a lower charge state [17,18]. This leads to a decrease in the energy of vacancy formation,
an increase in the level of nonstoichiometry [19,20] and, as a result, to an increase in the activity of catalysts in oxidation
reactions [21,22].

Another way to create the required level of nonstoichiometry may be heat treatment of a complex oxide under re-
ducing conditions. In the presence of cations of variable valence [23,24], a decrease in the degrees of oxidation (as a
rule, in the B-sublattice) will lead to irreversible removal of lattice oxygen and the formation of vacancies. The initial
structure during these processes can either be preserved, undergoing minor changes in structural parameters [25], or be
partially destroyed [26] with the formation of new phases. In this case, nanoparticles of new phases can form on the
surface of perovskite-like oxides, which also affect their catalytic activity [27]. Thus, the catalytic activity of perovskites
can increase simultaneously due to an increase in the level of nonstoichiometry in the structure and mobility of lattice
oxygen, as well as due to the formation of a “carrier-active component” type system on the surface with partial decompo-
sition of the initial phase. On the other hand, additional temperature exposure in a reducing atmosphere can lead to partial
decomposition of solid solutions and can lead to negative consequences, in particular, to a decreasing of catalytic activity.

In this regard, studies of phase transformations of mixed oxides (for example, La—Ca—Mn—Co-0) are of interest for
understanding their mechanisms and possibilities of controlling the reduction process to obtain more active systems or to
search for optimal conditions for impact on initial solid solutions.

© Kapishnikov A.V., Gerasimov E.Yu., 2025
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2. Experimental section

Lag ¢Cag 4Mn;_,Co,O3 sample was synthesized by the polymerizable precursor method. Appropriate amounts
of crystal hydrates of salts, including La(NOg3); - 6H,O (ZRM, > 99 %), Ca(NO3)s - 4H5O0 (Merck, > 99 %),
Mn(NOs3)s - 4HoO (Merck, > 99 %), Co(NO3)o - 6H2O (Merck, > 99 %), citric acid (ChimProm, > 99.5 %), ethy-
lene glycol (ChimProm, > 99.5 %), and distilled water were mixed. An aqueous solution with appropriate cation ratio
La:Ca:Mn:Co was prepared. The resulting reagent was evaporated at 70 — 80 °C until the formation of a resinous polymer.
The precursor was calcined at 800 °C for four hours with a rise in temperature of 100 °C/h.

The microstructure of the photocatalysts was studied by HRTEM using a ThemisZ electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA) at an accelerating voltage of 200 kV. The microscope was equipped with a SuperX
energy-dispersive spectrometer and a spherical aberration corrector. The maximum resolution of the microscope was
0.06 nm. For the HRTEM analysis, the samples were ultrasonically dispersed onto perforated carbon substrates attached
to copper grids.

XRD patterns were obtained on a Bruker AXS D8 Advance diffractometer (Karlsruhe, Germany) equipped with a
high temperature, supply of various gas mixtures, the use of CuKa radiation in scanning with a step of 20 = 0.05°
point by point, and an ac-cumulation time of 3 s at each point in a range of the angles 20 = 15 — 75°. Temperature
measurements were performed according to the following conditions: temperature rate of 10 °C/min with 30 % Hs +
70 % He flow and a mixture rate of 40 mL/min. Dif-fractograms were obtained at temperatures of 30, 300, 450, 600 and
750 °C. The crystallite sizes and chemical compositions were calculated in the X Pert HighScore Plus (PANalytical B.V.,
Almelo, The Netherlands) software. The calculation and refinement of lattice parameters were performed in the IK (BIC
SB RAN, Novosibirsk, Russia) software by the method of least squares.

Thermal analysis of the sample was performed using a synchronous thermal analysis device, STA 449C Jupiter (NET-
ZSCH, Selb, Germany). This device combines the methods of differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) into one dimension. The weight of the sample was approximately 100 mg. The furnace temperature
was increased from 40 to 900 °C at a rate of 10 °C/min with He flux of 30 mL/min. The sample weight was monitored
continuously as a function of temperature.

3. Results and discussions

The samples of the Lag ¢Cag.4Mn;_,Co, O35 series, (y = 0.2 — 0.6) synthesized by the Pechini method, according
to XRD, are well-crystallized solid solutions having ortho-rhombic symmetry with s.g. Pnma (see Fig. 1a). The volume
of the unit cell of complex oxides varied from 224 to 227 A3 (see Table 1). With an increase in the degree of cobalt
substitution, the volume of the unit cell showed a slight decrease, which can be explained by lower values of the radii of
Co®" cations (0.59 + 0.05 A for Co®t and 0.62 + 0.02 A for Mn>*), the number of which presumably increases with a
growth in the pro-portion of cobalt in the solid solution. The electroneutrality in the structure is mainly provided by the
formation of oxygen vacancies and Mn4+ cations, which has already been shown for La; _,Ca,MnO3s; [28], although
the formation of Co®* cations is also allowed, as in LaMn;_,Co,0O345 [29].

TABLE 1. Unit cell parameters of Lag ¢Cag.4Mn; _,Co, O34 in initial state

Sample V,A3 | DA € S, m%/g

Lag.¢Cag.4Mng sCoo.203 | 227.37 | 590 | 0.0017 | 7.7
Lag ¢Cag 4Mng 7Coo 303 | 226.64 | 437 | 0.001 | 9.5
Lag.¢Cag.4Mng 6Coo 403 | 225.69 | 470 | 0.003 | 11.5
Lag 6Cag.4Mng 5Coo 503 | 224.71 | 380 | 0.0035 | 11.8
Lag ¢Cag.4Mng 4Coo 603 | 224.33 | 433 | 0.0026 | 13.7

According to XRD data, the particles of solid solutions consist of crystallites with sizes of 20 — 30 nm (see Table 1),
correlating with the particle size, according to the HRTEM data, the average particle size is 40 — 50 nm (Fig. 1b). Based
on calculations, the micro-distortion parameter increases slightly in samples with a high content of Co cations. The spe-
cific surface area increases with the cobalt content and correlates with a decrease in the size of crystallites and particles,
respectively (Table 1). The performed mapping of chemical elements did not show significant deviations from the chemi-
cal composition (Fig. 1c). A more detailed study by the HRTEM method showed that the samples of this series are well
crystallized and have a perovskite structure in orthorhombic modification (Fig. 1d).

In situ XRD experiments in hydrogen containing atmosphere have shown that partial decomposition is character-
istic for perovskite-like oxides of these compositions, and the effect of a reducing medium leads to a decomposition
mechanism different from that observed in an only He medium [26]. LaggCap 4Mn;_,Co,03 samples similarly to
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Lag.5Cag 5sMng 5Coq 503 release lattice oxygen when heated to 600 °C in a helium environment, which leads to a visible
increase in the cell parameters. Further heating to 750 °C leads to the decomposition of the complex oxide with the
formation of CaO and CoO particles on the surface of the perovskite (Fig. 2a). At the same time, the structure of the
perovskite type is quite stable with minor changes in chemical composition. The size of the crystallites also does not
change significantly and remains around the same values (about 55 nm for Lag ¢Cag.4Mng g§Cop.203).
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At the same time, strong asymmetric broadenings of the perovskite phase reflexes are observed in the hydrogen
medium (Fig. 2b), further splitting of which occurs at 550 — 600 °C. The phase composition of the system most likely
includes perovskite-like solid solutions of orthorhombic symmetry, with different chemical compositions and, as a result,
unit cell parameters. The differences in composition are primarily due to different oxygen content, while the formation
of cobalt nanoparticles on the surface (S.g. Fm3m, PDF No. 15-8006), as well as Ca,MnO,4 (PDF No. 78-1031) and CaO
(PDF No. 37-1497) shows that changes occur in the cationic sublattices. At 600 °C, the transformation of part of the
initial solid solution into the phase of ordered perovskite (Raddlesden—Popper) of tetragonal symmetry (structural type
LayCo0y, s.g. [4/mmm, PDF No. 34-1081) is also observed.
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For the sample with the highest content of Mn cations — Lag ¢Cag 4Mng §Cog 203, a similar transformation is also
observed, although it is expressed to a lesser extent (Fig. 2a). With a decrease in the proportion of manganese cations in
the structure to 0.6 — 0.4, the intensity of the peaks of the ordered perovskite phase increases significantly and it becomes
larger, which makes it possible to make conclusion about the key role of cobalt in this transformation. An increase in the
cobalt content in the solid solution also reduces the temperature at which structural transformations begin: for example,
in the case of Lag gCag 4Mng 4Cog 603 decomposition begins at 450 °C (Fig. 3a), while for Lag ¢Cag.4Mng.6C0g.403
the process does not begin earlier than 550 °C (see Fig. 3b) for Lag ¢Cag 4Mng 5Cog 503 it begins at 500 °C and for
Lao,GCaOAMn(),gCOO.QOg - 600 °C.

(a) (b)
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FIG. 3. Insitu XRD patterns obtained in hydrogen containing atmosphere Lag ¢Cag 4Mng 4Cog 603 (a)
and Lag ¢Cag.4Mng 6Cog.4O3 (b)

Table 2 shows the parameters of the unit cell (in the form of reduced volumes, for clarity) before and after heat
treatment in a reducing medium. The parameters for one of the phases after reducing are closer to the initial values, which
allows us to assert the heterogeneous layered nature of reducing medium. For the forming phase of an ordered perovskite,
the cell parameter is slightly less than that for LayCoOy4. Apparently, this is due to the formation of a solid solution, with
the assumed composition of Las_,Ca, CoOy4_s. The difference of 1 A3 allows us to assert that the proportion of calcium
in it is relatively small, however, the presence of manganese cations in it is not excluded, which increase the volume of
the cell, and therefore it is difficult to judge the exact ratio of calcium in the structure. For the second phase based on
perovskite, the parameters are close to those for Lag g5Cag.15MnOs.

TABLE 2. The reduced volume of the unit cell of the initial and reduced samples

Sample V/ Zinier A2 | V) Ziorrn A3 | V) Zoy., A3
Lag ¢Cag.4Mng gC0g 203 56.84 94.42 58.04
Lag ¢Cag4Mng 7Coo 303 56.66 94.39 58.12
Lag ¢Cag 4Mng C0g 4O 56.34 94.36 59.33
Lag ¢Cag.4Mng 5C0g 503 56.12 94.26 59.40
Lag 6Cag.4Mng 4Coy 603 55.93 94.50 59.79

Apparently, the observed change in the structure of perovskite occurs due to the reduction of cobalt and manganese
cations, in particular, one of the key transformations here is Co®>™ — Co?T. On the surface, under the influence of the
medium, these cations are further reduced to a metallic state and migrate to the surface, forming surface defects and
thereby promoting the process of Hs diffusion and reduction of the complex oxide. Taking into account the XRD data and
the possible heterogeneity of perovskite recovery, the phase of ordered perovskite based on LasCoOy is located mainly in
the near-surface layers of particles, since it is characterized by a high content of Co®™ in its composition, while the phase
of disordered perovskite is located closer to the center of the particles.

At the same time, this process demonstrates partial reversibility in the case of repeated heat treatment in an oxygen-
containing atmosphere, as previously shown [27]. A similar behaviour was shown by the Lag ¢Cag.4Mn;_,Co,O3 sys-
tems: for the phases, a decrease in cell parameters and an overlap of reflexes were observed, and only the perovskite phase
with orthorhombic symmetry was observed relatively reliably in the phase composition, the volume of the cell of which
was 2 — 3 A3 larger than the volume of the initial phase (see Table 2). The process of restoring the structure is mainly
associated with the return of oxygen to the structure of the complex oxide, which is reflected in the thermogravimetry
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curves (Fig. 4a). This process is also clearly visible on the diffractograms of the initial sample Lag ¢Cay 4Mng 4Coq.6O3
in comparison with reduced in hydrogen and reoxidized in air (Fig. 4b). Thermogravimetric curves recorded for the cor-
responding states in the air atmosphere. For the initial sample of the reduced form, the presence of an oxygen release peak
at 600 °C was noted. This process, as it was shown earlier [27], leads to destabilization of the structure of complex oxides.
For the recovered sample, there is also an intense peak of oxygen absorption in the region of 300 °C, which is formed
due to at least the contribution of two processes: oxidation of complex oxides with a perovskite structure and oxidation of
cobalt metal nanoparticles to Co3Oy.
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FIG. 4. TG curves for the initial, reduced and oxidized Lag gCag 4Mng 5Cog 503 in the air atmo-
sphere (a) and comparative XRD patterns of Lag gCag 4Mng 4Cog 603, the green curve corresponds
to the original sample, the black curve corresponds to the reduced one in hydrogen, the red curve corre-
sponds to the reoxidized sample in the air stream (b)

In situ XRD studies show that upon reaching a temperature of 300 °C in air oxygen (Fig. 5b), the intensity of the
tetragonal phase reflex 100 changes due to the contribution of the orthorhombic reflex 200 to the signal, and some of
the other reflexes related to the orthorhombic phase shift towards large angles, which indicates a decrease in the cell
parameter of this phase. With a further increase to 600 °C, the reflexes of the ordered perovskite disappear, while at a
lower temperature (for example, 450 °C) this process is not carried out. This suggests that the mechanism of “reoxidation”
of Lag ¢Cag 4Mn; _,Co, O3 proceeds in at least two stages: through oxygen saturation and “oxidation” of the structure of
nonstoichiometric orthorhombic perovskite at 300 °C, and then through subsequent restructuring of the layer of ordered
perovskite. Most likely, the transition to an unordered state requires a higher temperature, while the phase of an ordered
perovskite can be saturated with oxygen to certain limits while maintaining this state, and also serve as an effective oxygen
conductor for deeper layers, as a result of which their saturation and change occur. The LayCoO4-based phase may also
hinder further reduction of perovskite, as it may impede the diffusion of cobalt cations to the surface, due to which the
reduction in hydrogen proceeds inhomogeneously.
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F1G. 5. In situ XRD patterns demonstrating the processes of reoxidation of solid solutions Lagy ¢Cag 4Mng ¢C0g 403
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Significant changes in the microstructure are clearly visible on EDX mapping (Fig. 6a). In the sample, after treatment
in a reducing atmosphere, the release of cobalt particles on the surface of the perovskite phase is observed. These particles
have approximately the same size on the order of 10 nm and a uniform distribution over the surface of the perovskite.
Also, according to the EDX mapping data, it can be seen that there are zones of enrichment with calcium cations, which
corresponds to the XRD data on the coexistence of two phases with different chemical compositions. The morphology of
the sample after reoxidation to 600 °C changes significantly, the particles of both the perovskite phase and cobalt oxide
particles are enlarged (Fig. 6b). At the same time, Ca cation enrichment zones are observed, which indicates that Ca does
not fully return to the perovskite structure. It is worth noting that according to HRTEM data, calcium oxide forms a film
coating (Fig. 6¢) and therefore the signal from this phase is practically not observed on diffractograms. In general, the
structure of perovskite undergoes significant changes, expressed in the presence of a large number of micro-distortions
and a decrease in the degree of crystallinity (Fig. 6d).

Ca Mn@ Ca Mn

Lag ¢Cap 4Mn, 4C0, 603

F1G. 6. EDX mappings and HRTEM images of Lag 6Cag 4Mng 4Cog O3 sample after treatments in
hydrogen containing medium (a,c) and after subsequent oxidation at a temperature of 600 °C (b, d)

4. Conclusion

The effect of the reducing medium on the structure of complex oxides Lagy ¢Cag 4Mn;_, Co, O3 was studied by in situ
XRD and HRTEM methods. It is shown that the influence of the reducing medium at temperatures of 450 — 600 °C leads
to the formation of ordered phases based on the Radlesdenne—Popper structure, while the content of this phase strongly
depends on the initial composition of perovskite. In addition, the high content of Mn cations in the perovskite sublattice
increases the temperature of such transitions.

The effect of oxygen treatment of the reduced samples at temperatures of 300 — 600 °C leads to a partial return of
the multicomponent system to its original state. Thermogravimetry has shown that oxygen is absorbed by these systems
in the temperature range 200 — 350 °C, which leads to a partial return to the perovskite structure. The study of the
microstructure by the HRTEM method showed that during the treatment of solid solutions in hydrogen, cobalt particles
and a Ca; _,Mn,O layers coating are formed on the surface of the perovskite phase. After calcination in air, particles of
the Co and Ca-containing phase remain on the surface of the perovskite phase, which also indicates an incomplete return
of the structure of solid solutions to its initial state.
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ABSTRACT This study explores optical tuning of nanostructured transparent lithium aluminosilicate glass-
ceramics nucleated by titania and doped with Fe** ions. The glass was melted at 1620 °C and heat-treated
between 660 °C and 800 °C, yielding nanocrystals of v-Al;O3 (2 — 23 nm) and $-quartz solid solutions (8 —
40 nm). Fe?" ions in octahedral coordination in the initial glass are responsible for absorption in the 1000 —
1400 nm range. Tetrahedrally coordinated Fe*" ions in 4-Al,O5 are responsible for absorption at 1550 —
2300 nm. Crystallization of 3-quartz solid solutions leads to decreasing the -Al,O3 fraction and corre-
sponding decrease of absorption at 1550 — 2300 nm. Differential scanning calorimetry, scanning electron
microscopy, X-ray diffraction, Raman and optical spectroscopy reveal the relationship between heat-treatment
regimes, crystalline phase development, and optical performance, highlighting the potential of Fe?"-doped LAS
glass-ceramics for advanced photonic applications. The glass-ceramics exhibit customizable optical proper-
ties, promising for saturable absorbers in passive Q-switching lasers.

KEYWORDS Nanophase glass-ceramics, v-Al,O3 nanocrystals, nanocrystals of s-quartz solid solution, Fe*"
ions
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1. Introduction

Transparent nanophase lithium aluminosilicate (LAS) glass-ceramics based on nanocrystals of lithium aluminosili-
cates with the structure of S-quartz were invented by Stookey more than sixty years ago [1], and they still remains the
most commercially successful ones due to a combination of transparency, near zero thermal expansion coefficient, high
mechanical strength and durability [2-5]. The LAS system remains the subject of numerous studies [6-25]. On the one
hand, complex devices and new research methods are emerging, allowing one to reconsider previously formulated ap-
proaches to the development of these materials, their structure and the regularities of their formation [6—14]. On the other
hand, even small changes in the basic composition, as well as the nature and concentration of nucleating agents, and the
introduction of modifying, coloring, and luminescent ions make it possible to develop new transparent, heat-resistant and
durable materials that meet new needs [15-20,22,22-25]. Precise control of the phase composition of glass-ceramics of

© Trukhanova K.A., Dymshits O.S., Alekseeva [.P., Bogdanov K.V., Zapalova S.S., Tenevich M.L,,
Bachina A K., Popkov V.1, Zhilin A.A., 2025
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the LAS system allowed us to develop transparent glass-ceramics based on spinel and S-quartz solid solutions (ss) and
doped with Ni?* and Co?" ions intended for thermal shock resistant color filters and saturable absorbers of Er lasers [23].
The aim of the present study is the development of transparent spinel-based glass-ceramics with selective doping of ferrous
ions into tetrahedral positions in the crystals with spinel structure ensuring broadband absorption in the spectral range of
2 pm, which is promising for saturable absorbers in the near IR spectral range.

2. Experimental
2.1. Preparation of glass and glass-ceramics

The reagent grade lithium carbonate, alumina, silica, titania, and ferrous oxide were thoroughly mixed to prepare the
glass with the composition 12 LiO, 24 Al,O3, and 64 SiO2 (mol%) [26] nucleated by 6 mol% TiO» and doped with 0.1 %
FeO added on top of the main components. The batch to produce 400 g of glass was placed into a crucible made of quartz
ceramics and melted in a laboratory electric furnace at a temperature of 1620 °C with stirring, cast onto a cold metal plate
and annealed at 640 °C for 0.5 h. The pieces of transparent pale-yellow glass were heat-treated by single and two-stage
schedules in the temperature range of 660 to 1200 °C for 6 h at each stage. The samples obtained by heat-treatments
up to 1000 °C were transparent and brown-colored. The complex character of the color variation with heat-treatment
temperature is in relation to precipitated crystalline phases and will be discussed elsewhere. The glass-ceramic obtained
by heat-treatments at 1100 °C was translucent, and that obtained at 1200 °C was opaque, see Fig. 1.

Crekno 000°C ‘l 00°C | 680°C+1200°C

| P8l

FI1G. 1. Images of glasses and glass-ceramics. Transparent samples are polished plates with thickness
of 1 mm.

2.2. Methods

Differential scanning calorimetry (DSC) of the initial as-quenched and heat-treated glasses with the weight
of ~ 15 mg was performed in a temperature range from 35 to 1300 °C in a flow of Ar using the simultaneous ther-
mal analyzer NETZSCH STA 449 F3 Jupiter at a heating rate of 10 °C/min.

Raman spectra were recorded using a confocal InVia Renishaw Raman microscope equipped with a x50 Leica
objective (N.A. = 0.75), a TE cooled CCD camera and an edge filter. The spectra were excited by an Ar™ ion laser line at
488 nm. The spectral resolution was 2 cm ™. Every spectrum was averaged over 10 acquisitions with duration of 10 s.

The Tescan Vega 3 SBH scanning electron microscope was used to study the morphology of the materials. To obtain
the scanning electron microscopy images, the surfaces of the samples were cleaned using isopropyl alcohol and benzene,
then etched in a hydrofluoric acid for about 2 s and washed in distilled water. The particle size was estimated using ImagelJ
software [27].

The X-ray diffraction (XRD) experiments were performed on the Shimadzu XRD-6000 diffractometer operating with
Cu Ko radiation and a Ni filter (A = 1.5406 A). The average crystal sizes were calculated from broadening of X-ray peaks
according to Scherrer’s equation [28]. The average size of y-AlsOg crystals was estimated from the peak with indices hkl
(440); the size of tieilite crystals, AlsTiOj5, from the peak with indices hkl (020). The average size of crystals of [-quartz
ss was determined from the (220) peak, while the average size of crystals of 5-spodumene ss was calculated using the
(102) peak. The error in the estimation of the average crystal size is ~ 5 — 10 %. The lattice parameter a of y-AlsOg
nanocrystals was estimated from the position of the peak with Miller’s indices hkl (440), those of Al;TiOs from the peaks
with indices (002), (020), (110), (023) and (200). The lattice parameters of 3-quartz ss were estimated from the positions
of the peaks with indices (110) and (211), while those of S-spodumene ss were estimated using the peaks with Miller’s
indices (111) and (102). The error is +0.003 A.

Absorption spectra of polished flat-parallel plates with a thickness of ~ 1 mm were measured using a Shimadzu
UV-3600 spectrophotometer in the spectral range from 200 to 3300 nm.

Density was measured by the hydrostatic weighing in toluene at room temperature.

3. Results and discussion

The DSC traces of as-quenched and heat-treated glasses demonstrate a pronounced influence of preliminary heat-
treatments on the character of phase transformations and the nature of crystalline phases, see Fig. 2. The DSC curve
of the as-quenched glass is typical for glasses of the lithium aluminosilicate (LAS) system [29] nucleated by titanium
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oxide. It shows the onset of the glass transition (Ty) at 698 °C. At higher temperatures, the DSC curve exhibits a strong
exothermic peak with crystallization onset temperature T, = 852 °C and crystallization peak temperature, 7, = 873 °C,
which is explained by the crystallization of the lithium aluminosilicate with S-quartz structure [29]. Indeed, the XRD
pattern of the as-quenched glass heated in the furnace of the DSC instrument up to 885 °C, which is the temperature at
the end of the first exothermic peak, presents the lines of the S-quartz ss, the main crystalline phase characteristic of these
glass-ceramics, see Fig. 3(a). There are also traces of tieilite, aluminum titanate, the crystalline phase of the nucleating
agent [30]. Small peaks in the temperature range from ca. 950 to 1150 °C can be assigned to traces of minor phases and
will not be discussed here. The second rather prominent peak also of low intensity is seen at ~ 1177 °C, Fig. 2. This
peak is usually attributed to the appearance of 5-spodumene ss [29], the high-temperature crystalline phase characteristic
of LAS glass-ceramics [1,2]. The preliminary heat-treatment at 660 °C for 6 h predictably leads to a decrease in the
crystallization peak temperature, 7}, by about 20 °C, see Fig. 2 and Table 1. The peak becomes broader and has a lower
intensity at the maximum as compared with the exothermic peak of the as-quenched glass. The XRD pattern of this glass
heated in the furnace of the thermal analyzer up to 900 °C, also demonstrates crystallization of 3-quartz ss (not shown
here). We observed the similar character of the gahnite crystallization peak behavior after preliminary heat-treatment in
glasses of the zinc aluminosilicate system nucleated by titania [31]. The DSC curve of glass heat-treated at 680 °C for
6 h has quite a different shape. Instead of one sharp peak in the temperature range from 800 to 900 °C, it presents two
peaks in the temperature range from ca. 800 to ca. 950 °C. The first peak with T), = 829 °C is caused by crystallization
of v-Al;O3 with cubic spinel structure, see Fig. 3(b), while the second peak is assigned to -quartz ss, see Fig. 3(a).
An additional proof of the attribution of the first peak on the DSC curve of the sample preliminary heat-treated at 680 °C
to spinel crystallization is the DSC trace of the sample, in which spinel has already crystallized. Fig. 3(b) shows the
XRD pattern of the glass-ceramic obtained by the two-stage heat-treatment at 680 and 750 °C for 6 h at each stage, which
demonstrates a distinct spinel peak at 26 = 66.7°. The DSC thermograph of this sample is presented in Fig. 2. It shows
all the DSC peaks with the exception of the low-temperature exothermal peak assigned to spinel crystallization. Thus, we
unambiguously attribute the first prominent peak on the DSC curve of the sample preliminary heat-treated at 680 °C to
spinel crystallization and the second intense peak to crystallization of 5-quartz ss.
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F1G. 2. DSC thermographs for the as-quenched and heat-treated glasses. The heat-treatment schedules

are listed in figure. The curves are shifted for convenience of observation.

TABLE 1. Characteristic temperatures of the as-quenched and heat-treated glasses derived from DSC
traces presented in Fig. 2.

Heat-treatment schedule, °C/h | T, °C | Tpp1, °C | T)po, °C

— 69842 — 873£1
660/6 70242 — 854+1
680/6 702+£2 | 829+1 | 905+1

680/6+750/6 71642 | 84841 | 895+1
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F1G. 3. XRD patterns of: (a) the as-quenched and heat-treated glasses heated in the furnace of the DSC
instrument; (b) heat-treated glasses heated in the furnace of the DSC instrument and glass-ceramics
obtained by the heat-treatment at 680 °C for 6 h and at 750 °C for 6 h added for comparison. The
heat-treatment schedules are listed in figure. The curves are shifted for convenience of observation.

Taking into account the results of the DSC study, two-stage heat-treatments were conducted with the first stage at
680 °C for 6 h and the second stage in the temperature range of 720 to 800 °C for 6 h.

The Raman spectrum of the initial annealed glass shows a broad band with a maximum at 482 cm™ ~, a band at
800 cm ™! and a broad band with maxima at ca. 917 cm ™' and ca. 1003 cm ™!, see Fig. 4. The wing of this band extends
to 1200 cm~!. The detailed arguments in favor of the attribution of the bands at 482 cm ™", at 800 cm ! and at 1003 cm ™!
to the aluminosilicate glass network and the band located at ca. 917 cm™! to titanium-oxygen tetrahedrons (TiO,) built
into this network can be found elsewhere [30]. Only minor changes are observed in the Raman spectrum of glass after its
heat-treatment at 660 °C for 6 h. The peak in the range of wavenumbers from 850 to 1200 cm™! becomes broader and
has a flatter top, see Fig. 4.

1

Exc=514 nm

+800/6

Raman intensity (arb. units)

482 810 917 1003

T ] T T T " T " T ¥ T K
200 400 600 800 1000 1200 1400
Wavelength (nm)

FIG. 4. Raman spectra of the initial and heat-treated glasses. Aexc = 514 nm. The heat-treatment
schedules (°C/h) are shown above the curves. The sign “+” designates the preliminary heat-treatment
at 680 °C for 6 h. Numbers denote the position of the Raman peaks in cm~!. The curves are shifted for
the convenience of observation.

The maximum at 907 cm ™! becomes prominent in the Raman spectrum of the sample heat-treated at 680 °C for 6 h,
and no other changes can be found in this spectrum as compared with the spectrum of the initial glass. The two-stage
heat-treatment with the second stage at 720 °C results in significant modification of the Raman spectrum. The new band
with two well-resolved maxima appears in the spectral range from 820 to 8§90 cm ™! and is assigned to (TiOg5) and (TiOg)
groups in aluminotitanate amorphous regions [30]. The high wavenumber wing of the broad band exhibits maximum at

ca. 1050 cm™!. The middle-range band becomes somewhat narrower, and its position slightly changes to 474 cm™!.
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These changes develop in spectra of the samples heat-treated at 750 and 780 °C at the second stage. The distinct feature
of the Raman spectrum of the sample obtained by heat-treatment at 780 °C is a narrow band, which appears at 482 cm ™!,
It is assigned to B-quartz ss [30]. In the Raman spectrum of the sample heat-treated at 800 °C at the second stage, there
are bands with maxima at ca. 114, 482, and 1099 cm ™!, characteristic of solid solutions with [B-quartz structure [32,33].
A small peak at ca. 145 cm™! is at the position of the strongest peak of metastable titania modification of anatase [32].
Two distinct maxima at 250 and 312 cm™! are seen in a weak broad band located in the low wavenumber spectral
range. Together with a strong and broad band with a maximum at ca. 890 cm ™!, they manifest crystallization of tieilite,
Al TiOs [30].

The SEM images of all these samples demonstrate their inhomogeneous structure. This structure develops with an
increase in the heat-treatment temperature, see Fig. 5. Fig. 5(a) shows that the annealed glass has a bimodal structure with
smaller particle sizes of 5 — 10 nm and larger particle sizes of ca. 15 — 30 nm. The average particle size is 14 nm. The
morphology of the glass heat-treated at 680 °C for 6 h demonstrates a broader particle size distribution with a somewhat
smaller average particle size of 12 nm, see Fig. 5(b). The morphology of the sample obtained by a two-stage heat-
treatment with a temperature of 720 °C at the second stage is composed of large particles with sizes ranging from 15 nm
to ca. 60 nm and an average size of 31 nm, see Fig. 5(c). After heat-treatments at 750 °C, see Fig. 5(d), the particle sizes
are similar to those in materials obtained by heat-treatments at 720 °C. Agglomerated particles are clearly seen in SEM
images of samples obtained by heat-treatments at 780 °C, Fig. 5(e), and 800 °C, Fig. 5(f), at the second stage.

(b)

G)) (e) (®

FI1G. 5. SEM images of the samples under study: (a) the initial glass; (b) the glass after heat-treatment
at 680 °C for 6 h; (c — ) the glasses ceramized at 680 °C for 6 h and at: (c) 720 °C for 6 h; (d) 750 °C
for 6 h; (e) 780 °C for 6 h; (f) 800 °C for 6 h.

XRD patterns of glasses and glass-ceramics presented in Fig. 6(a,b) demonstrate that the initial glass and the glass
heat-treated at 680 °C are X-ray amorphous. The nanocrystals with spinel structure evolve starting from the two-stage
heat-treatment with a temperature at the second stage of 720 °C, while 3-quartz ss and Al;TiOg nanocrystals appear
additionally during heat-treatments at 780 and 800 °C. The spinel lattice parameter a changes from 7.915 to 7.979 A with
an increase in the heat-treatment temperature at the second stage from 720 °C to 800 °C, while the crystal size increases
more than ten times from ca. 2 to 23 nm, see Table 2. Note that according to ref. [34], the standard lattice parameter a
for v-AlyO3 is in the range of ¢ = 7.900 — 7.908 A. The lattice parameters and sizes of 3-quartz ss are also presented
in Table 2. The sizes increase from 29 to 39 nm with an increase of the heat-treatment temperature at the second stage
from 720 to 800 °C. Table 3 shows the lattice parameters a, b, and ¢, and average sizes of AlyTiO5 crystals. The unit cell
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of tieilite has three parameters. The XRD pattern of the glass-ceramic obtained by the heat-treatment at 780 °C for 6 h
clearly shows only the line of Al,TiO5 with Miller’s indices ikl (110). It is the evidence of a small fraction of AlsTiO5.
Therefore, it is not possible to determine the lattice parameters. The lattice parameters b and ¢ of Al;TiO5 crystals in the
sample obtained by the heat-treatment at 780 °C for 6 h are lower than those listed in the standard ICDD card # 26-0040.

. D
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F1G. 6. XRD patterns of the initial and heat-treated glasses. Labels denote heat-treatment schedules
(°C/h). The curves are shifted for the convenience of observation.

TABLE 2. Lattice parameters and average sizes of y-AlsOg3, and S-quartz ss crystals

v-Al>03 [-quartz ss
a,A D, nm a,A c,A D, nm

Heat-treatment schedule

680°C,6h+720°C,6h | 7915 | <2 — —
680 °C,6h+750°C,6h | 7.905 5 — —
680 °C,6h+780°C,6h | 7.949 8 5.220 | 5.439 29
680°C,6h+800°C,6h | 7.979 23 5.199 | 5.433 39

TABLE 3. Lattice parameters a, b, and c, and average sizes of AlsTiOj crystals

Heat-treatment schedule a b c D, nm

680°C,6h+780°C,6h traces 20
680 °C,6h+800°C,6h | 3.593 | 9.384 | 9.617 26

Density variation with the heat-treatment schedule presented in Fig. 7 shows that the densities of samples prelimi-
narily heat-treated at 660 and 680 °C are only slightly higher than the density of the initial glass. The density increases
rapidly when glasses are heat-treated by two-stage schedules with crystallization of dense spinel (at 720 °C and at 750 °C
and then with spinel and 3-quartz ss at 780 °C and at 800 °C).

Figure 8(a,b) shows absorption spectra of glasses and glass-ceramics under study. The detailed designation of absorp-
tion bands due to titanium and iron ions in different oxidation states and absorption bands assigned to interaction of these
ions was performed in ref. [35] describing spectroscopy of Fe?":MgAl,O, transparent ceramics and glass-ceramics. We
will use the interpretation of absorption spectra developed in ref. [35] to explain the absorption spectra of our glasses and
glass-ceramics.

The spectrum of the glass heat-treated at 680 °C for 6 h is similar to the spectrum of the initial glass, with the only
exception that the position of the absorption edge shifts by about 20 nm to longer wavelengths, from 335 to 354 nm.
We believe that the interaction of Fe> and Ti*" ions is mainly responsible for the position of the absorption edge. The
nature of the so-called ilmenite brown coloration in glasses of the LAS system nucleated solely by TiOs was discussed
in [10] and assigned to an Fe>T—O-Ti*" charge transfer. The shift of the absorption edge after preliminary heat-treatment
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FIG. 8. (a) Absorption spectra of the initial and heat-treated glasses. (b) A closer look on spectra.
Labels denote heat-treatment schedules (°C/h).

implies that Fe3>T ions together with titanium ions participate in the development of liquid-liquid phase separation and
enter the aluminotitanate amorphous regions. The similarity of the absorption spectra of the initial glass and glass heat-
treated at 680 °C testifies that Fe>* ions in octahedral coordination, that are responsible for a broad absorption band with
a maximum at about 1100 nm, do not participate in the development of liquid-liquid phase separation that occurs during
heat-treatment at 680 °C. With an increase in the heat-treatment temperature at the second stage, there is a gradual shift of
the absorption edge to longer wavelengths. In this case, absorption in the visible spectral range has multiple reasons. It is
mainly caused by heterovalent charge transfer band between iron and titanium ions [10], as well as by homovalent charge
transfer bands between Fe?T/Fe** ions and Ti**/Ti3* ions [35]. The gradual shift of this absorption edge to the visible
and even near IR spectral range confirms that the iron and titanium ions participate in liquid-liquid phase separation and
crystallization of the glass during two-stage heat-treatments. Raising the heat-treatment temperature at the second stage
from 720 to 780 °C leads to a gradual increase in intensity of the absorption band with a maximum at ca. 1900 nm.
The position of the maximum shifts from 1824 nm (the glass ceramized at 720 °C) to 1930 nm (the glass ceramized at
780 °C). The increase in the intensity of this band corresponds to the growth of the crystallinity fraction of y-AlsO3. The
heat-treatment at 800 °C at the second stage results in a decrease in the intensity of this absorption band, while the position
of the maximum remains unchanged. Thus, based on XRD data, we may conclude that with crystallization of S-quartz ss
the crystallinity fraction of y-Al,O3 begins to decrease, which results in the decrease in the intensity of absorption band
assigned to Fe*" ions in crystals of -Al;O3. The iron ions begin to enter the structure of 3-quartz ss.
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4. Conclusions

The model glass and transparent glass-ceramics of the lithium aluminosilicate system nucleated by TiO2 and doped
with 0.1 % FeO were developed. The initial glass is structurally inhomogeneous yet X-ray amorphous. Fe*' ions are
octahedrally coordinated, which gives raise to the band with a maximum at about 1100 nm due to the °Ty — °E (°D)
transition.

According to DSC data, the secondary heat-treatment at 660 °C for 6 h influences the glass structure but does not
result in the development of three-phase immiscibility. The preliminary heat-treatment at 680 °C for 6 h significantly
modifies the glass structure, which is clearly revealed in the DSC scan. It is interesting that the DSC method appears to
be a powerful tool for studying the structural changes in liquid-liquid phase separated materials. It is more sensitive to
structure variation than SEM, Raman, and absorption spectroscopy data for phase separated glasses of the LAS system.

Crystallization of y-AlsO3 with spinel structure occurs from the phase separated amorphous regions. The average
crystal sizes change from ca. 2 to 23 nm, while the lattice parameter @ increases from 7.915 to 7.979 A. Ferrous ions
enter the structure of spinel crystals in tetrahedral position giving rise to a broad band absorption in the spectral range of
1930 nm due to the °E — 5T, (°D) transition.

The precise control of the heat-treatment schedule allows tailoring the absorption properties of the developed trans-
parent nanophase glass-ceramics.
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Application of the numerical model of temperature-dependent thermal conductivity in
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ABSTRACT A series of Ca; _, Y. Fa. . solid solution z = 0.0005, 0.003, 0.007, 0.013, 0.02, 0.03, 0.04 single crystals
were grown using the Bridgman method. The thermal conductivity of single crystals was measured using the
absolute method of longitudinal heat flow in the range of 50 — 300 K. With an increase in the concentration of
yttrium fluoride in the solid solution, a transition is observed from the temperature dependence characteristic
of single crystals to a monotonically increasing one with increasing temperature, which is characteristic of
disordered media. This behavior is associated with the scattering of phonons on nanosized clusters of defects
present in the solid solution. Within the framework of a two-component model, including a superposition of
thermal resistance coefficients from ordered and disordered media, a system of equations was obtained that
provides a quantitative description of the experiment.

KEYWORDS nanocomposite, inorganic fluorides, fluorite, thermal conductivity, phase diagram, heterovalent
isomorphism, defect clusters
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1. Introduction

Solid solutions of yttrium fluoride in calcium fluoride are a classical object of solid state physics and chemistry. The
mineral yttrofluorite was discovered more than 100 years ago [1,2], its research made it possible to formulate the concept
of heterovalent isomorphism [3—5]. Further studies of the structure of the Ca;_, Y, Fa, solid solution [6-22] revealed a
complex pattern of association of structural defects, leading to the formation of nanosized clusters coherently embedded in
the fluorite lattice [23-25]. This allows us to consider the corresponding solid solution as a unique example of nanosized
composites [26,27].

The phase diagram of the CaF2—YF3 system is presented in Fig. 1 [28]. The Ca;_, Y F2,, solid solution is charac-
terized by closeness of the liquidus and solidus curves, which makes it possible to grow high-quality single crystals from
the melt [29]. The low-temperature decomposition of this solid solution is inhibited.

The Ca;_, Y, Fay, solid solution is a photonics material, transparent in a wide optical range, from vacuum ultraviolet
to mid-IR, differing from pure fluorite in its increased hardness and lack of cleavage [25]. It is a matrix for solid-
state lasers, both in the form of single crystals and ceramics [30-51]. In addition, it is characterized by increased ionic
conductivity, which determines its use in electrochemical studies [52-54].

Thermal conductivity is the main characteristic that determines the behavior of a material under operating conditions.
Preliminary measurements of the thermal conductivity of some single crystals of the Ca;_, Y, Foy, solid solution were
carried out in [55,56]. Currently, a model has emerged [57], based on the approach formulated in [58,59], which makes
it possible to quantitatively describe the temperature and concentration dependences of the thermal conductivity of such
solid solutions.

The purpose of this work was to determine the thermal conductivity of original nanocomposite system, namely,
single crystals of the Ca;_, Y, Foy, solid solution for the missing concentration region and to quantitatively describe the
experimental results based on the existing model.

The technique for growing crystals is identical to that used in [56]. The starting materials used were yttrium fluoride
of the chemically pure grade, melted under a fluorinating atmosphere of Teflon pyrolysis products, and calcium fluoride —
broken optical crystals produced by the State Optical Institute named after S.1. Vavilov. Single crystals with a diameter
of 10 mm were grown by the Bridgman method in a seven-channel graphite crucible in a static CF4 atmosphere (pressure
80 Torr). Drawing speed is 10 mm/h, temperature gradient is 50 & 10 K/cm. No corrections were made for changes in
composition during crystal growth.

© Popov P.A., Shchelokov A.V., Konyushkin V.A., Nakladov A.N., Fedorov P.P., 2025
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FIG. 1. Phase diagram of the CaF,—YF;3 system [28]. Phase F' denotes the Ca;_, Y, Fa,, solid solution

The objects of the experimental study of thermal conductivity in this work were single-crystal samples of Ca; _, Y Foy,
with yttrium trifluoride content z = 0.0005, 0.003, 0.007, 0.013, 0.02, 0.03, 0.04 cubic structure.

The determination of thermal conductivity in the temperature range 50 — 300 K was carried out using the absolute
stationary method of longitudinal heat flow [60]. The error in determining the absolute value of thermal conductivity did
not exceed 5 %.

The measurement results in the form of graphs of the temperature dependence of thermal conductivity k(T') are
presented in Fig. 2. To complete the picture, the results of previous studies of the thermal conductivity of Ca;_,Y ;Fao, .
samples with the content of the second component z = 0.005 and = = 0.05 — 0.20 have been added here (the technique
for synthesizing single crystals and measuring thermal conductivity is identical to those used in this work) [56]. The
numerical data k(T) for the new samples studied are given in Table 1.

TABLE 1. Smoothed values of thermal conductivity of Ca;_,Y ,Fa, , single crystals

Temperature, K
YF3 Content, mol. %

50 | 100 | 150 | 200 | 250 | 300

0.05 5951295 (192|142 |11.2| 93
0.3 26.7 1219 | 16.1 | 125 | 10.2 | 8.7
0.7 125|148 | 127 | 10.7 | 9.2 | 7.9
1.3 6.90 | 9.14 | 9.02 | 820 | 7.43 | 6.8
2 470 6.85]7.30 | 697 | 6.53 | 6.0
3 327|520 (582|578 |551| 5.1
4 236 | 393 | 4.65 | 4.80 | 4.64 | 4.45
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F1G. 2. Temperature-dependent thermal conductivity coefficient for Ca; _, Y, Fa, solid solution sin-
gle crystals: markers represent experimental values, and lines are fitted curves calculated by model (1)

As can be seen in Fig. 2, there is a monotonic concentration transition of the nature of the temperature dependence
from typical for dielectric single crystals to glass-like. The low-temperature maximum k(7") inherent in ordered media
appears (x = 0.005, i.e. 0.5 mol %) in the temperature range studied, becomes lower and wider with increasing con-
centration, shifts towards higher temperatures and completely disappears at z > 0.05. This kind of transition has been
detected many times for various heterovalent solid solutions of the M;_,R,Fo, type, where M = Ca, Sr, Ba, Cd, Pb,
R=Y, La-Lu (see, for example, [61-63]). It is associated with the formation of nanosize defect clusters in such crystals
and corresponding high-intensity phonon scattering.

The Ca;_, Y, Fay, solid solution is structurally a model for similar compositions with fluorides of rare earth elements
of the yttrium subgroup. The most likely type of defect clusters is the so-called hexameric cluster YgF37, existing in
ordered fluorite-like phases, formed in the system CaFs—YF3 [24,64—66]. This point of view is confirmed by the results of
precision structural studies of Ca;_, Y Fs, solid solution [17,18,20,21] and investigation of its physical properties [22,
67]. The scheme of embedding such a cluster into the fluorite lattice according to the Bevan, Greis and Strahle [23] model
is shown in Fig. 3. The size of such clusters with their defective periphery is about 1.5 nm.

F1G. 3. Fragment of the fluorite lattice (a), the Y¢F37 cluster (b), and the YgFs7 cluster incorporated
into the fluorite lattice (c)

In application to the obtained experimental values of k(T"), we test the relatively simple formulaic expression pro-
posed in [57] for describing the specific thermal resistance w = 1/k of heterovalent solid solutions. This expression looks
like:

1 1-A A
- = + (1)

)
E 7 55 -arctan (58) | D BT+ CT
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Here A is the contribution of the thermal resistance associated with the introduction of trivalent rare earth ions and the
formation of clusters of defects (“amorphous component”); S is a parameter depending on the type of rare earth dopant;
ko is the thermal conductivity coefficient of the undoped crystal; d is the concentration of the rare earth dopant; D, B and
C are coefficients of the polynomial describing the “amorphous component” of the thermal conductivity coefficient.

In this work, the coefficient k¢ for the thermal conductivity of a nominally pure CaF; crystal [68] is taken in accor-
dance with the following expression

ko = a1 + agexp(as/T) T . 2)

As can be seen in Fig. 1, the calculated curves have a slight deviation from the experimental k(7") points. The
discrepancy in almost all cases does not exceed the experimental error of 5 %. The values of the parameters included in
expressions (1) and (2), which do not depend on the concentration of the solid solution, were: a; = 3.38 W-m 'K},
as = 1499 W-m™ !, az = 104.7, B = 0.24. The values of parameters A, B, C' and D, directly related to the concentration
of yttrium fluoride in the solid solution, are given in Table 2.

TABLE 2. Values of parameters A, B, C and D included in expression (1)

YF;3 Content, mol. % A W~m€iK*3 W.ml?iK,g W-mlgiK’l
0.0005 0.11 | —1.183-107* | 2.490 - 1072 8.758
0.003 0.155 | —2.852-107% | 1.036 - 107! 1.137
0.005 0.17 | —2.132-107* ] 9.288-1072 |  —0.506
0.007 021 | —2.514-107% | 1.087-1071 | —1.881
0.01 0.25 | —3.868-10"% | 1.267-107* | —2.983
0.013 0.30 | —1.110-10"* | 5.686 - 1072 | —0.326
0.02 0.40 | —1.009-107* | 5.154-1072 | —0.362
0.03 0.48 | —8.767-107° | 4.398 - 1072 | —0.347
0.04 0.55 | —6.741-107° | 3.496 - 1072 | —0.244
0.05 0.60 | —4.006-107° | 2.355- 1072 0.149
0.1 0.68 | —1.807-107° | 1.378 - 1072 | —0.041
0.12 0.70 | —1.728-107° | 1.288-1072 | —0.038
0.15 0.75 | —1.288-107° | 1.021 - 1072 0.071
0.2 0.77 | —1.638-107° | 1.032-1072 | —0.014

An increase in the concentration of the solid solution is accompanied by a natural increase in the values of parameter
A and their approach to the upper threshold value A = 1 (see Fig. 4). To some approximation, the dependence A(d), as in
the case of the Ca;_, Yb,Fo 4, solid solution [57], can be described by a logarithmic function with a constant component
(the parameter d in expression (1) is equal to the value z in the composition formula).

It is not possible to detect clear correlations for parameters B, C' and D. To a rough approximation, the decreasing
nature of the absolute values of the parameters C' and B with increasing Y content, and the weak dependence of B(d)
are violated in the region of the lowest concentrations, apparently due to the strong local concentration dependence of
the thermal conductivity coefficient. In Fig. 5, this dependence is presented in the form of two isotherms & (z). It can be
seen that the new experimental points k() for samples with low concentrations fell almost on the interpolation curves
proposed earlier [56].

2. Conclusion

In the temperature range 50 — 300 K, the thermal conductivity of the original nanocomposite system, namely, sin-
gle crystals of the Ca;_, Y, Fa,, solid solution with a low concentration of yttrium fluoride (x = 0.0005 — 0.04) was
experimentally studied. The inclusion of nanosized clusters in the fluorite lattice leads to a sharp drop in thermal conduc-
tivity due to pronounced phonon scattering. We proposed the formula expression for the thermal conductivity coefficient.
Testing showed its suitability for describing the dependence of the thermal conductivity coefficient on temperature and
concentration for heterovalent Ca;_,R;Fs, solid solutions, where R is represented by Y and Yb, which differ greatly
in mass. In the future, it is planned to search for ways to improve the proposed model based on its application to solid
solutions of different compositions with a heterovalent type of ion substitution.
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FIG. 4. Parameter A versus YF3 concentration in Ca; _, Y Fay, (1) and Ca;_,Yb,Fs, (2) solid solutions
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F1G. 5. Dependence of the thermal conductivity of the Ca;_, Y,Fo, solid solution on the content of
the second component
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ABSTRACT It has been observed that two isomeric protected dipeptides which show altered nano-morphologies
under similar conditions but behave unaltered to form stable gold nano-particles (AuNPs) having similar shape
and size; whereas both the peptides showed fluctuating bio-compatibility but after conjugation with AuNP they
show stable bio-compatibility. These gold nano conjugates are very stable, even up to 2 months the AuNPs
showed no change in size or shape. Using a straightforward and reproducible one-pot synthetic technique, we
were able to produce stable biocompatible gold nanoparticles using two isomeric protected dipeptides.
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1. Introduction

Peptides with the same brutto formula but distinct covalent structures are known as isomeric peptides. One of the
most prevalent forms of positional isomerism among peptides that has been shown to significantly impact bioactivities
is sequence reversal. For instance, it has been noted that alterations in the neurotoxicity of S-amyloid peptide (AS),
the aggregation of which results in Alzheimer’s disease, are brought about by a reversal of its sequence; for example, it
has been discovered that the reverse copy of the highly neurotoxic S-amyloid peptide fragment A5(25-35), AB(35-25)
is not neurotoxic [1]. Once more, there has been a noticeable difference in the biological activity of two antimicrobial
peptides, Cecropin P (CP1) and its retro analogue, confirming that the peptide sequence determines the bioactivity of
these peptides [2].

It has been observed that positional isomerism significantly alters the shape of peptides, which may significantly alter
their biological activity [1,3,4]. It has been noted that the amino acids primarily responsible for the biological action of
antimicrobial peptides are the N-terminal and C-terminal residues [5]. Since dipeptides are the smallest peptide fragments
and can be produced at a lower cost than other options, they are our focus since they have demonstrated versatility in
the creation of nanomaterials for use in nanobiotechnology [6—16]. In our previous work, it has been determined that
the proper pairing of two conformationally rigid amino acids in isomeric dipeptides can result in a notable variation
in self-assembly [17]. This can help to construct a variety of nanostructures under the same conditions, potentially
modifying their biological activity [17]. These exceptional attributes motivated us to investigate the field of peptide
research concerning isomeric peptides.

Peptide-gold nanoparticle (AuNP) conjugates are now a versatile tool for biomedical applications due to recent [18—
20]. Peptides and gold nanoparticles are two potential material groups that can operate in accordance to enhance control
over their respective biological functions and get beyond the inherent limitations of each material type alone. Gold
nanoparticles (AuNPs) derived from self-assembling peptides have garnered significant attention and have been utilised
in various scientific disciplines owing to their remarkable stability, biocompatibility, and activity [21, 22]. AuNP can
be functionalized with peptides to prevent aggregation and facilitate their use in in-vitro and in-vivo applications [23].
Peptide-coated AuNP’s extremely easy manufacturing, great stability, and biocompatibility have made it one of the most
widely used biomaterials in recent years. The development of biosensors [24,25], illness diagnosis [26,27], and medicine
have all benefited greatly from this [28, 29]. Previous studies have shown that smaller AuNP interact with cells more
easily than larger nanoparticles, especially those with a diameter of 10 — 20 nm [30-35]. Sequential alterations in peptide-
biphenyl hybrid ligands that cap spherical AuNP have been observed to provide a significant difference in biocompatibility
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with the human hepatocellular cancer cell line Hep G2 when used at higher doses [36]. These noteworthy features
drove us to study isomeric peptides in the realm of peptide research. As the two isomeric peptides “Boc-m-ABA-Aib-
OMe” (Peptide I) and “Boc-Aib-m-ABA-OMe” (Peptide II) (Fig. 1(a, b)) showed different morphologies under identical
condition due to different kind of self-assembly [17], we wanted to inspect how they interact with gold nanoparticle by
reducing Chloroauric acid (HAuCl,) and then capping the AuNPs. We also focused on the cell viability assay of the gold
nanoparticles to see their bio-compatibility; we have created a straightforward, one-pot method to create very stable gold
nanoparticles using these tiny protected di-peptides, which may be an effective substitute for chemical processes.
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FI1G. 1. (a) and (b) show TEM image and UV spectrum of peptide I and II bound AuNP solutions
respectively; In the insets of (a) and (b) SAED pattern depict the polycrystalline nature of the AuNP; In
the insets of UV spectra in (a) and (b) chemical structures of peptide I and II have been shown

2. Materials and methods

At first peptide I and II were synthesized in solution phase method; next with the help of these two peptide molecules
gold nanoparticles were synthesized.

2.1. Methodology

2.1.1. Synthesis of Boc-mABA-OH. The amino acid m-aminobenzoic acid (6 g, 43.75 mmol) was suspended in a 1:1
tetrahydrofuran (THF) water mixture. Solid sodium bicarbonate NaHCO3 (11.02 g, 131.25 mmol) was added and Boc-
anhydride (10.49 ml, 48.12 mmol) was added to it. The reaction mixture was stirred at room temperature over night. After
24 h, the THF layer should be driven out with the help of vaccum pump. The aqueous layer was cooled in an icebath,
acidified with 2 M HCI and extracted with ethylacetate. The organic layer was washed with excess of water and dried
over anhydrous sodium sulphate, NaySO,4 and evaporated in vacuo producing a white solid. Yield: 9.20 g (88.71%).

2.1.2.  Synthesis of methyl ester of a-aminoisobutyric acid (Aib-OMe). A mixture of absolute methanol (40 ml) and a-
aminoisobutyric acid 1.5 g was cooled in an ice-salt bath for 30 mins. Then thionyl chloride (30 ml) was dropwise added
to the reaction mixture with constant stirring and it was slowly allowed to attain room temperature. After stirring the clear
mixture for 15 hrs. The excess methanol and thionyl chloride were removed and the residue was treated with ether. The
solid methyl ester hydrochloride obtained (1.05 g) was dissolved in water, neutralised with sodium bicarbonate solution
and extracted with ethyl acetate. Finally, the liquid ester was obtained by removal of solvent and it was used without
further purification.
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2.1.3.  Synthesis of the peptide Boc-mABA-Aib-OMe (Peptide 1) [17]. Boc-mABA-OH was dissolved in dimethylfor-
mamide (1.25 g, 5.27 mmol) (DMF; 10 mL). N,N’-Dicyclohexylcarbodiimide, (DCC) (1.62 g, 7.90 mmol), Hydroxyben-
zotriazole, (HOBT) (1.6 g, 10.54 mmol), and methyl ester of 2-Aminoisobutyric acid Aib-OMe (1.6 g, 10.54 mmol) were
then added (0.71 g, 5.27 mmol). During a whole day, the reaction mixture was stirred at room temperature. Filtered, then
diluted with ethyl acetate, was the precipitated dicyclohexylurea (DCU) (80 mL). 100 mL of water, 1 M HCI (3x30 mL),
1 M sodium carbonate solution (330 mL), and then about 100 mL of water was used to wash the organic layer. A light-
yellow gum was produced by drying the solvent over anhydrous sodium sulphate and allowing it to evaporate in vacuum.
Silica gel was used as the stationary phase in the purification process, and a solution of ethyl acetate and petroleum ether
served as the eluent. MeOH was used to generate single crystals that were stable at room temperature. 1.50 g (84.74 %)
in yield. m.p. = 164 °C.

2.1.4. Synthesis of Boc-Aib-OH. The a-amino isobutyric acid (5 g, 48.54 mmol) was suspended in a 1:1 tetrahydrofuran
(THF) water mixture. solid NaHCOg (12.23 g, 145.62 mmol) was added and Boc-anhydride (11.63 mL, 53.39 mmol) was
added to it. The reaction mixture was stirred at room temperature over night. After 24 h, the THF layer should be driven
out with the help of vaccum pump. The aqueous layer was cooled in an icebath, acidified with 2 M HCI and extracted
with ethylacetate. The organic layer was washed with excess of water and dried over anhydrous Na; SO, and evaporated
in vacuo producing a white solid. Yield: 8.0 g (81.21 %).

2.1.5. Synthesis of methyl m-aminobenzoate (m-ABA-OMe). A mixture of absolute methanol (40 ml) and m-amino
benzoic acid 1.37 g (10 mmol) was cooled in an ice-salt bath for 30 mins. Then thionyl chloride (30 ml) was dropwise
added to the reaction mixture with constant stirring and it was slowly allowed to attain room temperature. After stirring
the clear mixture for 15 hrs. the excess methanol and thionyl chloride were removed and the residue was treated with
ether. The solid methyl ester hydrochloride obtained (1.03 g) was dissolved in water, neutralised with sodium bicarbonate
solution and extracted with ethyl acetate. Finally, the liquid ester was obtained by removal of solvent and it was used
without further purification.

2.1.6. Synthesis of the peptide Boc-Aib-mABA-OMe (Peptide II) [17]. Boc-Aib-OH was dissolved in dimethylfor-
mamide (0.65 g, 3.25 mmol) (DMF; 10 mL). Upon the addition of methyl ester of meta amino benzoic acid, m-ABA-OMe
(1.40 g, 6.5 mmol) made from its hydrochloride, N,N’-Dicyclohexylcarbodiimide, DCC (0.97 g, 4.87 mmol), and Hydrox-
ybenzotriazole, HOBT (0.42 g, 3.25 mmol). During a whole day, the reaction mixture was stirred at room temperature.
Filtered, then diluted with ethyl acetate, was the precipitated dicyclohexylurea (DCU) (80 mL). 100 mL of water, 1 M
HCI1 (3%x30 mL), 1 M sodium carbonate solution (3x30 mL), and then about 100 mL of water was used to wash the or-
ganic layer. A light-yellow gum was produced by drying the solvent over anhydrous NasSO,4 and allowing it to evaporate
in vacuum. Silica gel was used as the stationary phase in the purification process, and a solution of ethyl acetate and
petroleum ether served as the eluent. 0.95 g (88.78 %) in yield. M.p = 138 °C.

2.1.7. Synthesis of gold nano particles (AuNPs). Separately, 0.84 mg/5 mL of peptides I and II were dissolved in
0.001 M chloroauric acid (HAuCly) solution, and the pH of both solutions was adjusted to ~7 by adding 5 mL of 1.25 mM
sodium hydroxide solution. The solution combinations were ultrasonically treated for five minutes in a special tank.
The freshly created AuNPs solutions changed ruby red hue (Fig. A1, Appendix). Fourier transform infrared (FT-IR),
X-ray energy dispersive spectrometric analysis (EDX), selected area diffraction pattern (SAED), transmission electron
microscopic study (TEM), and proton nuclear magnetic resonance (\H-NMR) spectroscopic investigation were used to
describe the AuNP. Prior to performing the studies, we eliminated extra capping agent by ultrasonically dissolving AuNP
deposits in extra MeOH and centrifuging the mixture. Every time, we eliminated the supernatant portion and carried out
a second round of washing.

2.2. NMR Experiments

A Bruker Avance 300 model spectrometer running at 500 MHz was used to record all of the 'H NMR spectra of the
peptides and peptide bound AuNPs. In DMSO-D6, the peptide-bound AuNPs were dissolved.

2.3. FT-IR Spectroscopy

With a spectrophotometer of the Perkin Elmer-782 design, FT-IR spectra of PMM were studied. The KBr disc method
was used to conduct the solid-state FT-IR measurements.

2.4. Transmission electron microscopic study

The morphology of the gold nanoparticles was examined using a transmission electron microscopic study (TEM)
(AuNP). A drop of the appropriate solution was applied to a copper grid coated with carbon (300 mesh) for the TEM ex-
aminations of the peptide-AuNP, which was then slowly evaporated and allowed to dry under vacuum. TEM experiments
were performed on these grids using a Philips Tecnai F20 G2 electron microscope. TEM pictures were captured at a
200 kV accelerated voltage. Also, the chosen area diffraction pattern allowed for the observation of the diffraction pattern
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of a particular AuNP (SAED). X-ray energy dispersive spectrometry was also used to observe the qualitative elemental
analysis (EDX).

2.5. UV-Vis analysis

Gold nanoparticles’ surface Plasmon resonance (SPR) band was measured using a UV-Vis spectrophotometer. A
JASCO V-670 spectrophotometer was used to record UV absorption spectra (800 — 200 nm).

2.6. In vitro cytotoxicity test using MTT assay

On a culture dish filled with cell medium (a mixture of 90 % Dulbeco’s modified eagle’s medium, 10 % foetal bouvine
serum, and 1 mM sodium pyruvate), osteoblast type 7F2 cells (derived from mouse bone marrow) were sown at a density of
12000 cells per millilitre for 24 hours to allow for cell growth. After the full development of the cells, 450 L of cell media
and 50 L of a peptide bound AuNPs solution (5 ug/mL) were added to each well, and the cells were then incubated for 1,
3 and 5 days. Similar experiments were performed with peptide I and II also with the same concentration (5 pg/mL). For
the purpose of observing cell vitality, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was applied
to the cell-well after 1, 3 and 5 days. MTT is converted into a purple formazan product with a maximum absorbance
near 570 nm by viable cells with an active metabolism. The MTT tetrazolium’s formazan product deposits near the cell
surface, inside cells, and in the culture medium as an insoluble precipitate. Before taking readings on absorbance, the
formazan is solubilized in DMSO. The quantity of live cells is likely directly correlated with the formazan absorbance at
570 nm using a plate reading spectrophotometer (OD value at 570 nm).

2.7. Zeta potential measurements

According to the manufacturer’s instructions, the zeta potentials of solutions of gold nanoparticles in water were
measured. A Brookhaven Instruments Company Zeta Potential Analyzer was used for the analysis. Direct placement
of gold nanoparticle solutions into a cuvette with a zeta potential electrode within was used. It was believed that only
the gold nanoparticles would produce results from the zeta potential experiments. In order to measure the peptides, a
zeta potential electrode was placed within a cuvette containing a methanolic solution of both peptides (0.84 mg/5 mL)
(Table A1 in Appendix)

3. Results and discussions

Both peptide molecules formed spherical AuNP, as seen in TEM images (Fig. 1(a,b)). AuNP’s diameters were in the
10 — 20 nm range, which is ideal for cellular uptake (Fig. 1(a,b)) [13—16]. The polycrystalline character of the AuNP
was represented by the SAED pattern (insets of Fig. 1(a,b)). A distinctive peak for spherical AuNP, the surface plasmon
resonance (SPR) bands for peptide I conjugated AuNP and peptide II conjugated AuNP are found at 546 and 538 nm,
respectively (Fig. 1(a,c)) [25-28]. Using “Image J” software, we determined the sizes of the spherical gold nanoparticles
from a fraction of the TEM pictures. 150 nanoparticles’ worth of data was gathered, and the size distribution profile was
displayed in origin while the mean standard deviation was computed. The average diameter of spherical AuNPs produced
by peptide I was predicted to be 4.44-1.2 nm, whereas the average diameter of AuNPs bound to peptide II was discovered
to be 8.8+2.25 nm. Fig. 2 depict the size distribution profile for peptide bound AuNPs.

In addition to the C, N, and O that the peptide molecules contributed, the Energy dispersive X-ray (EDX) examination
also amply demonstrates the existence of gold nanoparticles on the surface of AuNP (Fig. 3).

We carried out Fourier-transform infrared (FT-IR) experiments to investigate the chemical interactions between the
peptides and AuNP [25-28]. FT-IR spectrum of Peptide I shows a band at 3347.43 cm ™' caused by N—H stretching
vibrations as well as a broad band at 3251.65 — 3271.6 cm ™! (Shoulder band, which is an overtone of the N-H bending
vibration). Nevertheless, peptide I coupled with gold nanoparticles showed an N-H stretching frequency of 3394.42 and
3347.13 cm™! (Fig. 4).

The interaction of the —-NH group in the amide bond with gold can be used to explain the increase in wavenumber.
The overtone 3251.65 — 3271.6 cm ™! discovered in the single peptide molecule can’t be found may be due to interaction
of AuNP with peptide I. Peak positions did not significantly alter for the C=O stretching frequency range (Fig. 5). A
new peak was discovered for peptide II-bound AuNP at location 3442.91 cm ™! in addition to peak 3324.5, which also
revealed a strong interaction between the —-NH group in the amide bond and gold (Fig. A2, Appendix). In the range of
C=0 stretching (Fig. A3, Appendix), no appreciable change in peak position was seen either.

We used a 'H-NMR spectroscopy investigation to further confirm and pinpoint the precise chemical interaction
between peptide molecules and AuNP [29]. The signal for the C-terminal amino acid, Aib-NH, appeared at 8.527 ppm
and was displaced to 8.306 ppm following conjugation with AuNP, while the peak for the N-terminal amino acid, m-ABA-
NH, appeared at 9.446 ppm for peptide I in D6-dimethyl sulfoxide solvent (Table 1 and Figs. 6 and 7). By interactions with
arene-cations (metals), the presence of aromatic rings in the m-ABA residue can also help stabilize the nanoparticle [28].
Both a reducing and a capping effect are possible with m-ABA [25-31]. Due to this, both the up-field and down-field
shifts, which are modest relative to the N-H shifts, were observed in the aromatic C-H area, specifically between 7 ppm
and 8 ppm (Figs. 6 and 7).
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TABLE 1. Comparison of 'H NMR Chemical Shift Values (in PPM) of Peptides and Peptide Bound
AuNP (In DMSO-D6 (500 MHz))

Functional group Peptide I P;f::li\?; I Peptide 11 Peli)ltlilg;n
mABA-NH 9.446 9.698 9.685 9.445
Aib-NH 8.527 8.306 8.297 8.527
-OCH; 3.582 3.847 3.847 3.582

Peptidel Aib-NH Hc m-ABA

H i 8.527 7.317
AB AN \\f“ Ha m-ABA
& \’ﬂ/ - 7.021 Hb m-ABA
m-ABA-NH " 744
0.446 -
ML co Hdn-ABA
2
Hb Hd
He
J

9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppa

FIG. 6. "H NMR spectrum of peptide I in DMSO-D6 (500 MHz) (7 — 10 ppm region)
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FIG. 7. 'HNMR spectrum of peptide I bound AuNPs in DMSO-D6 (500 MHz) (7 — 10 ppm region)

After conjugation with AuNP, the "H-NMR peak for -OCH3 in peptide I changed to 3.847 ppm from 3.582 ppm
(Table 1 and Figs. 8 and 9). It follows that oxygen in the -OCH3 group contributes electrons to the reduction of Au®*.
Moreover, the Boc-CH3 'H-NMR signal was at 1.477 ppm prior to conjugation with AuNP and shifted to 1.295 ppm
following conjugation (Figs. 8 and 9). After conjugation with AuNP, the peak for C-H of Aib hardly migrated to the
up-field area (from 1.444 to 1.375 ppm) (Figs. 8 and 9).

Curiously, the pattern of NMR peak shifts corresponding to individual amino acids differs from that of peptide I after
binding with AuNP in the instance of peptide II, which is a positional isomer of peptide I with the position of m-ABA
and Aib inverted. Whereas Aib-NH occurred at 8.297 ppm for peptide II and was pushed down field to 8.527 ppm after
conjugation with AuNP, the peak for m-ABA-NH appeared at 9.685 ppm for peptide II was shifted up field to 9.445
ppm (Table 1 and Figs. A4 and A5 in Appendix). As a result, when peptide II is attached to AuNP, m-ABA acts as a
capping agent, which is seen as an “up field” shift in the aromatic C-H region (between 7 and 8 ppm; Figs. A4 and A5
in Appendix), and Aib acts as a reducing agent, which is visible as a “down field” shift (Figs. A4 and AS, Appendix).
After conjugation with AuNP, the '"H-NMR signal for -OCH3 in peptide II was moved up field to 3.582 from 3.847 ppm
(Table 1 and Figs. A6 and A7 in Appendix). Moreover, the "H-NMR signal for Boc-CH3 was displaced from 1.377 to
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FIG. 9. "H NMR spectrum of peptide I bound AuNPs in DMSO-D6 (500 MHz) (1 — 4 ppm region)

1.476 ppm following conjugation with AuNP (Figs. A6 and A7, Appendix). Together, the results of the "H-NMR study
led us to hypothesis that in these peptide molecules, the N-terminal amino acid is in charge of reducing the Au®* ion by
accepting electrons from nitrogen and the C-terminal amino acid is in charge of capping AuNP by donating as well as
accepting electrons to gold. The NMR shifts of additional segments or groups connected to the relevant amino acids also
reflect this. Hence, during the production of metal nanoparticles, the position of amino acids has a significant impact on
the ability to donate and absorb electrons.

The AuNP solutions were kept at room temperature for two months to test their stability. After two months, we
found no precipitation or colour change in the solution. UV-Vis absorption spectra of AuNP solutions after two months of
storage were gathered and contrasted with those of freshly generated AuNP solutions to ensure that there is no aggregation.
Figs. A8(a,c) (Appendix) of the spectra show no discernible change in the plasmon absorption bands, demonstrating the
absence of nanoparticle aggregation in the solution [32]. According to TEM images of 2-month-old peptide-bound AuNP,
neither the form nor the size of the AuNP had changed (Fig. A8(b,d), Appendix). We can infer that the absence of any free
functional groups in the peptide molecules lowers the likelihood that the peptide bound AuNP will aggregate, limiting
the interactions between the peptides and promoting the production of stable AuNP. Consequently, we have created a
straightforward, one-pot method to create very stable gold nanoparticles using tiny protected di-peptides, which may be
an effective substitute for chemical processes.
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Following that, cell survival assays were conducted using gold nanoparticles that had been stabilized with peptides
I and ITI and had similar size and shape. With the MTT assay, we were able to monitor the cell survival of the peptides
and peptide-bound AulNP towards osteoblast type 7F2 cells (derived from mouse bone marrow) for up to 5 days [33-36].
Because they allow for bone formation, remodelling, and repair, osteoblasts are crucial. It was shown that cell viability
fluctuated when both peptides were present, suggesting that both peptides randomly interact with normal cells (Fig. 10
and Table A2 in Appendix). The isomeric structure of peptides I and II refers to their comparable content but different
sequencing. The fact that both peptides position themselves around each cell in a way that creates an extracellular matrix
with a lot of good binding sites may be the cause. Both peptides are small in size, flexible, and interact with cells
randomly, which occasionally encourages cell spreading and allows for prolonged cell viability. However, occasionally
due to improper orientation of the peptide molecules, proper binding with the cells may not be facilitated and cell spreading
may not be permitted. In contrast, MTT results for peptide I and peptide II bound AuNP were significantly stable when
applied to normal bone cells (Fig. 10 and Table A2 in Appendix). After 1, 3, and 5 days, it was shown that cell viability
in the presence of peptide II bound AuNP was marginally lower than that of peptide I bound AuNP. That may be because
of the following factors.

1 [ Icontrol
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= 1 == I Feptide NI -
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F1G. 10. MTT assay for peptide I, IT and peptide bound AuNP. Methanol water (1:1 v/v) was used as
the control system. The absorbance of formazan at 570 nm using a plate reading spectrophotometer
(OD value at I = 570 nm) is presumably directly proportional to the number of viable cells. (*) means
significant difference (0.01 — 0.05) and (**) means very significant difference (0.001 — 0.01)

First, even though the peptide-bound AuNPs’ sizes and shapes are relatively similar, their distributions varied slightly.
It was discovered that the number density of peptide I bound AuNP was lower than that of peptide I bound AuNP (Fig. 1).
This distributional difference may have an impact on how well the two peptide bound AuNPs are absorbed by cells and
affect cell survival. Second, if we look at the schematics for both peptides, we can see that N3 and N4 are separated by
a flexible group like -C(CH3)o, while N1 and N2 are separated by a hard group, the phenyl ring (Fig. 11). The -NH-
groups’ ability to adhere to the surface of Au may be partially inhibited by these steric effects, which would affect their
capacity to be cytotoxic. On the other hand, it is evident that for both peptides, the fluctuation of cell viability decreases
after binding with AuNP; this may be because a portion of the peptides’ binding sites are involved in capping the AuNP
and as a result, fewer binding sites are available to interact with cells. As a result, there is less fluctuation in cell viability
since the randomness of the peptides’ binding to the cell is reduced. We draw the conclusion that the peptide-bound
AuNPs are displaying slight difference in cell viability since we see a noticeable difference in standard deviation values
and the pairwise t-test also reveals a significant difference between means.

One of the key physical factors affecting AuNP toxicity is surface charge, as determined by zeta potential [37]. It
is crucial to keep in mind that modifying NP surfaces could result in different ionic interactions with biological systems
because surface charges can alter [38,39]. Mean zeta potentials (¢-potentials) of peptide I attached AuNP solutions were
determined to be +12.47 £ 1.67 and 4-6.97 &+ 1.63 mV, respectively. Experimental parameters have been mentioned in
Table Al (Appendix).

Without AuNP conjugation, the zeta potentials of peptides I and II were likewise measured to be —7.17 = 0.38 and
—8.37 £ 0.63 mV, respectively. Two peptides’ negative zeta-potentials were changed to positive ones after conjugation
with AuNP, probably as a result of the electron-rich groups responsible for showing negative (-potential on the peptides
being bound to the surface of AuNP. We presume that the conjugates become positively charged because we have already
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FIG. 11. Schematic representation of peptide I and peptide I1

shown that peptide molecules work as the reducing agent to generate the AuNP by donating electrons from nitrogen and
oxygen present in various groups. Spectroscopic studies have already shown that the role of amino acids in reducing Au®*
and capping the AuNP has changed because of changes in amino acid position in the peptide sequence. Hence, it stands to
reason that this phenomenon will have an impact on how the peptides I and I1, which act as capping agents, are distributed
in bulk on the AuNP, changing their +ve (-potential. A positive (-potential not only offers advantages for improved DNA
loading efficiency but may also give the effective accumulation in the target cells since many proteins, DNA, and cell
membrane surfaces are somewhat anionic [40]. Because cationic nanoparticles are an easy, safe, and effective route to
transport medicinal chemicals, more and more researchers are now using them [41].

4. Conclusion

In conclusion, using a straightforward and reproducible one-pot synthetic technique, we were able to produce stable
gold nanoparticles using two isomeric peptides molecules having no free functional group. We demonstrated that despite
the similar composition of these isomeric peptides, they show fluctuating cell-viability effects [17], which decreases after
conjugation with gold nanoparticles. Moreover, following binding with AuNP, the isomeric peptides exhibits very sta-
ble and reliable MTT assay even after prolonged incubation with normal cells, making them more biocompatible. Our
spectroscopic investigations show that amino acids’ roles in reducing Au* and capping the AuNP are altered because of
changes in amino acid position in the peptide sequence. After all the experiments we performed, it has been observed that
two isomeric dipeptides which show altered nano-morphologies under similar conditions but behave unaltered to form
AuNPs having similar shape and size; whereas both the peptides showed fluctuating bio-compatibility but after conjuga-
tion with AuNP they show stable bio-compatibility. Therefore we can conclude, although two isomeric peptides undergo
different self-assembly pattern to develop different morphological pattern but in case of forming gold nanoparticle they
behave as individual peptide molecule. These peptides capped nanoparticle may facilitate the binding of other biologically
active proteins on their surface by protein-peptide interaction, for model study. Isomeric peptide bound AuNPs may bind
with the same protein molecule differently, which there-by can cause different functionality of the same protein mole-
cule which may find its’ use in nanomedical devices and therapeutics development. Some crucial benefits of using these
peptide-conjugated-gold-nanoparticles might be enhanced specificity, increased penetration, improved solubility and re-
duced toxicity. By binding with specific bioactive peptides which inhibit any disease can enhance the inhibition process
and will minimize off-target effects reducing the risk of damaging healthy cells. The small size of peptide bound AuNPs
can allow them to penetrate through blood-brain barrier and reach the brain more effectively, facilitating the delivery of
therapeutic agents to the target site; the hydrophobic nature of some neurodegenerative disease-creating peptide-folding
makes them especially difficult to dissolve in aqueous solutions, limiting the efficacy of traditional drug delivery methods;
these peptide bound AuNPs can be engineered to enhance the solubility of drugs, facilitating their delivery to the target
site; these AuNPs can improve the pharmacokinetic and pharmacodynamic properties of therapeutic agents, reducing their
toxicity and improving their therapeutic index. Another important aspect of using peptide bound AuNPs is that these are
very stable, even up to 2 months the AuNPs showed no change in size or shape. This factor is very important for use of
AuNPs in biological field for their efficiency and safety issue.
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Appendix

Peptide I bound AuNPs Peptide IT bound AuNPs

FI1G. A1. The color of the newly synthesized AuNPs solutions

TABLE Al. Experimental parameters of Zeta potential study

Measurement Parameters:

Liquid = Methanol
Zeta Potential Model = Smoluchowski Temperature =250°C
Mean Mobility =1.01 (w/s)/ (Vicm) Viscosity =0.548 cP
pH =7.00 Refractive Index =1.324
Conductance =248 uS Dielectric Constant = 32.63
Instrument Parameters:
Sample Count Rate =375 keps Voltage =4.00 volts
Ref. Count Rate = 1263 kcps Electric Field =7.36 Vicm
Wavelength =659.0 nm
Field Frequency =2.00Hz
Cycles Per Run =20
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F1G. A2. FT-IR spectra of peptide II and peptide II bound gold nano-particles (AuNPs) in solid state
(3200 — 3600 cm ™! range)
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F1G. A3. FT-IR spectra of peptide II and peptide II bound gold nano-particles (AuNPs) in solid state
(1640 — 1760 cm ™! range)
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FIG. A4. '"HNMR spectrum of peptide II in DMSO-D6 (500 MHz) (7 — 10 ppm region)
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FIG. A5. 'H NMR spectrum of peptide I bound AuNPs in DMSO-D6 (500 MHz) (7 — 10 ppm region)
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FI1G. A8. (a) surface plasmon resonance band for freshly prepared peptide I bound AuNP solution and
2 months aged peptide I/AuNP solution are shown in the UV spectrum; (b) TEM image of 2 months
aged peptide I/AuNP; (c) surface plasmon resonance band for freshly prepared peptide II bound AuNP
solution and 2 months aged peptide II/AuNP solution are shown in the UV spectrum; (d) TEM image
of 2 months aged peptide II/AuNP
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TABLE A2. Statistical results of MTT test

Peptide 1 Peptide II
AuNP AuNP

Day 1 0.067 £0.002 0.082 +0.005 0.078 £0.006 0.075 £ 0.008 0.065 +0.007
Day3 0.068 £0.003  0.065 +£0.003 0.066 +0.007 0.075 £ 0.014 0.065 + 0.002
Day5 0.068 £0.010 0.066 +0.008 0.077 £0.005 0.08 £0.005 0.067 +0.013

Sample Control Peptide 1 Peptide 1T
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ABSTRACT This research paper aims to present experimental findings on important thermophysical properties
such as thermal conductivity, viscosity, and density of selected nanofluids. Ethylene glycol is considered
as the base fluid, and multi-walled carbon nanotubes, zinc oxide, aluminum oxide nanoparticles are used in
the present study. The nanopartices are chosen due to their remarkable thermal and physical properties.
The results indicate that the thermal conductivity of the ethylene glycol increases in a linear manner when
Al;O3, MWCNT, and ZnO nanoparticles are dispersed in the base fluid. Particle concentration varied from
0.1 to 0.3 vol %. The highest increment noted is 39 % at the highest concentrations. The viscosity of the
nanoparticles containing ethylene glycol improves with temperature, and Al,O; and MWCNT have the highest
improvement. Thus, the density analysis shows that the nanofluids with 0.1 and 0.2 vol % nanoparticles
dispersed in ethylene glycol and having 0.2 vol % have less fluctuation compared to nanofluids with 0.3 vol %,
which may affect various characteristics of the coolant considerably. This shows how nanofluids can help in
managing the thermal conditions of automobiles and electronic gadgets.
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1. Introduction

Nanofluids are suspended with small particles having high heat conductivity, and these particles may be metal oxides
or carbon nanotubes. The concept of nanofluids is comparatively recent and originated in the last decade, mainly with
the first research focused on the introduction of nanoparticles into basic fluids. Nanofluid as a term was first used in the
1990s by Dr. W. Yu and colleagues at the Argonne National Laboratory. During the beginning of the 2000s, the primary
focus in the field of nanofluids was to determine potential applications of the nanofluids and to develop methods to control
problems such as instability and sedimentation. Thermal conductivity is a significant parameter, especially in heat transfer
applications of nanofluids. It improves heat exchange between hot cores and coolants, productivity, stability, and prevents
hot spots in the cooling systems, prolonging the life span of the engine elements. This paper discussed the thermal
efficiency of mono- and hybrid nanofluids using ethylene glycol as a base fluid with different concentrations. Nanofluids
having metallic particles with dimensions less than 100 nm inspired considerable interest due to their enhancement of
heat transfer. Some of the materials used due to their unique thermal conduction include aluminum oxide (AlyO3), zinc
oxide (ZnO), and multi-walled carbon nanotubes (MWCNTs). Nanoadditives have been incorporated into the engine
coolants to increase their thermal effectiveness, so smaller radiators can be employed; thus, there is less weight and less
fuel consumption. The study was focused on the utilization of nanofluid in cool blends of the engine by applying an
accurate proportion of nanofluid to the basic fluid with the help of an ultrasonic wave device. The analysis of the results
revealed that these nanoparticles, which include Al;O3, ZnO, and MWCNTSs, are capable to increase the rates of heat
transfer. This effect is illustrated when the nanofluid, which consists of ethylene glycol, has a volumetric fraction of 0.1
to 0.5 vol %. For high-efficiency engines, it is vital to provide an adequate rate of cooling, as overstress can bring about
problems such as excessive heat, which affects the viscosity of oils, and the failure of different engine parts, among others.
Thus, the various parameters of the radiator have to be chosen adequately in order to achieve consistently high efficiency
in the engine’s operation, especially if a new type of radiator design is to be developed.

The advantages were demonstrated with the new use of hybrid nanofluids as prominent in heat transfer systems,
implying their importance in enhancing the heat transfer industry. Ethylene glycol plays another role in heat transfer, as
this fluid, when mixed with silicon carbide nanoparticles as the base fluid, has the effect of improving thermal conductivity,
thus increasing the efficiency of heat dissipation [1]. The study [2] showed that the thermal conductivity of multi-walled
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carbon nanotubes-dispersed ethylene glycol increases significantly, which in turn considerably enhances the heat transfer
coefficient in solar thermal applications. Ethylene glycol is very important for increasing the boiling point of water and
thus improving the efficiency of heat transfer in radiators, as shown by nanofluid studies [3]. Hybrid nanofluids are
valuable because they raise heat transfer efficiency, decrease entropy generation, and offer ecologically sound means
of transferring heat; hence, they find application in various heat transport processes [4]. Both types of nanofluids also
show enhanced thermal and viscous properties; therefore, they are optimal for the improvement of heat transfer in heat
exchangers, reduction of weight fractions, and increase in system efficiency [5, 6].

MWCNTs, Al;O3, and ZnO are widely used materials in nanofluids that affect heat transfer efficiently in numerous
applications. These nanoparticles, when incorporated in nanofluids, enhance the thermal attributes and thus are appli-
cable for heat transfer fluids in the aerospace and automobile industries, as well as renewable energy [7]. A study on
the convective heat transfer coefficient and thermo-physical properties of AloOs nanoparticles in ethylene glycol has
been presented for the possibility of increasing the enhanced heat transfer rates. Also, the enhancement of heat transfer
coefficient is observed when ZnO nanoparticles are suspended in ethylene glycol using the base fluid ratio as follows:
therefore, it can be concluded that ZnO/Ethylene glycol can be a good solution to control overheating problems in differ-
ent industries. Additionally, the adjustable heat transport rate in ethylene glycol with ZnO and MWCNT hybrid nanofluid
has revealed the best improvement out of all feasible nanofluid pairs, which is consistently essential in modernized heat
transfer technologies [8—10].

The term nanofluid refers to a liquid enhanced with nanoparticles; the thermal conductivity of a heat exchanger
is enhanced with the application of hybrid nanofluids, besides improving the mixing ratio of the nanoparticles [11].
Nanofluids enhance the base fluid’s thermo-physical characteristics and heat transfer coefficients, making them useful
for applications like heat exchangers, heat sinks, heat pipes, solar panels, and air conditioning [12]. On the method of
preparing hybrid nanofluids, one-step and two-step methods are common, and in terms of durability, they apply the use
of surfactant addition, surface treatment, and pH modification [13]. The preparation of hybrid nanofluids includes the
addition of surfactant to improve stability, and the main focus will be on the preparation technique, which is important for
the enhancement of the thermophysical property and heat transfer performance of the nanofluids [14]. Ultrasonication is
widely used in the preparation of nanofluids since it enhances dispersion and thus leads to higher stable fluids, reduced
particle size, higher thermal conductivity, and lower viscosity values [15].

For the preparation of nanofluid, it has been established that the duration of ultrasonication increases with an increase
in dispersion, thermal conductivity, and density, as well as decreases with an increase in viscosity. Thus, the enhancement
of thermal conductivity by ultrasonication for alumina-water nanofluids is favorable for heat transfer since it enhances
stability [16]. The flowing drag coefficients of the nanofluids and the heat transfer coefficients are the viscosity and
the coefficient of thermal conductivity, which are imperative in the design of the nanofluid system [17]. The viscosity
of nanofluid is useful in convective thermal transport, and through the functioning of the ANSYS-based model, very
accurate results are obtained for heat transport systems [18]. Nanofluid density influences heat transfer characteristics
such as Reynolds number, Nusselt number, pressure loss, and the Darcy friction factor in heat transfers [19]. The study of
thermal conductivity of nanofluids also focuses on hybrid nanofluids since they possess special thermo-physical properties
significant for heat transfer [20].

Aly03 and MWCNT hybrid nanofluids enhance the thermal conductivity of radiator coolant in response to tempera-
ture and volume fraction changes. The maximum gain with 0.5 % vol % was 11 % at 60°C. These improved thermophys-
ical properties of nanofluid are important in solar applications since heat transfer is improved [21]. Therefore, nanofluids,
when focused on the radiator coolant, prove to have a lower total outlet temperature as opposed to conventional coolants.
The thermal conductivity of the nanofluid is higher than that of other fluids and enhances with an increase in temperature,
especially for high-rpm engines. This leads to small radiators, better configuration and design, and lower pumping energy
for better engine performance [22]. Rahul Ghimire et al. investigated the thermal characteristics of Al;O3 and ethylene
glycol/water nanofluids in a vehicle radiator’s flat tube using single and multiphase simulations and revealed that the later
technique was more accurate [23]. Kumar et al. investigated the thermal conductivity of concentrated polyester oil with
nanoparticles prior to and during ball-milling. They applied the Taguchi methods for designing parameters and realized
an enhancement of the thermal conductivity of 0.020 W/m-K and a reduction in the friction coefficient [24]. Srimanickam
et al. have made a comparison of water and nanofluid thermal efficiency with the help of Al,O3 nanoparticles. They
identified a maximum improvement of 79.4 %, which is similar to any volume flow rate of water. Nanoparticles of AlyO3
enhanced thermal conductivity by 1.988 %, which is enabled the diurnal average thermal efficiency [25].

Raviteja Surakasi et al. have identified the role of TiOs nanoparticles as vital in environmental purification and
water treatment. The zeta potential of TiOs nanofluids with pure CNTs was lower at the start, but SM-CNTs were
more stable in coolants. Oxidized CNTs also maintained a constant zeta potential for two months [26]. Similar to the
Alniacar study, Karar Mahdi Al-Araji et al. noted that by employing a nanofluid that is affected by the conductivity
coefficient and the viscous coefficient, it is possible to enhance the thermal improvement value by more than 50 percent.
Being inexpensive and highly effective, AloO3 nanoparticles are widely employed [27]. In the preparation of nanofluids,
Sanjeev Kumar Gupta et al. proposed two ways of sonicating, magnetically stirring, and homogenizing the base fluids
with nanoparticles effectively and at a relatively low cost. To address the problems of nanoparticle deposition and buildup,
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this method optimizes the flow through the solar collectors and enhances the heat transmission rate with an increase in
the concentration of the nanoparticles [28]. Serdar Mart et al. indicated that there is a possibility of enhancing the engine
coolant’s cooling capacity by up to 17.46 % when Al,O3 nanoparticles are incorporated. In this aspect, the density of Jews
also decreased to 46 % from the original design. The study provided a comparative analysis between the cooling power
per unit area, velocity, and flow rate of the clearance fluid for the engine radiator and the nanofluid to show the prospect
of nanofluids as coolants for automobile engines [29]. In their study, Reza Aghayari et al. found that the Timofeeva,
Drew, and Passman theoretical models present the thermal conductivity and viscosity of nanofluid. They concluded
that employing FeoO3s/water nanofluid raised the values of Nusselt number, heat rate, and friction factor to the highest
expressional thermal efficiency factor of 3.25 [30].

A study carried out by Akshata Pattanshetti et al. revealed that the nanocomposite films, the garlic powder, and the
garlic microparticles exhibited substantial antibacterial effects in Gram-positive and Gram-negative bacteria species. The
3 % MWCNT film exhibited the steepest increase in antibacterial activity, and the GMs presented the optimum antibac-
terial efficacy because of the high SV ratio [31]. Abu Raihan Ibna Ali et al. also discovered that appropriate stability is
the primary issue with nanofluid, which is critical for heat transfer. However, for the synthesis of nanoparticles and the
required stability, further research has to be conducted on identifying the optimal sonication and magnetic stirring times,
the concentration of the surfactant, and the mixture of nanoparticles [32]. CuO nanofluid, as per the research done by N.
Sadashiv Vele et al., has excellent heat transfer characteristics and lower pressure losses compared to AlsOs nanofluids.
The study therefore recommends studying the Brownian motion of nanoparticles to improve their heat transmissivity. Fur-
ther studies are necessary in order to better understand the mechanism by which hybrid nanofluids enhance heat transfers
in practical applications [33].

Zafar Said et al. found that Al;O3-DW/EG nanoparticles with a 1:1 nanoparticle to AG surfactant mass ratio were the
most stable sample, while TiO2-DW/EG nanofluids with a 0.3 % volume fraction and no surfactant added were the most
stable. High volume concentrations negatively affected nanosuspension stability. Al;Os-based nanoparticles indicated
reduced corrosion at acid electrolyte and an elevated Nusselt number at 1 L min~'1 [34]. The ZnO water nanofluids
have a bright future in the automotive industry as well as in heat exchanger systems due to their improved heat transfer
characteristics, light-weight radiators, and lesser fuel consumption”, said Muhammad Qasim et al. Muhammad Qasim et
al. have found that ZnO water nanofluids are promising for use in the automobile industry and heat exchangers because
of enhanced heat transfer properties, lightweight radiators, and reduced petrol consumption. This is because a 0.2 % by
volume concentration of such particles has resulted in decreased pressure drop and friction factor [35].

2. Selection of nanomaterials and base fluid

Aluminum oxide (AlyO3) nanoparticles are smaller than 100 nm. It has a huge surface area-to-volume ratio, which
makes it of great importance in uses such as catalytic agents, circuits, medicine, and the environment. Multi-walled
carbon nanotubes (MWCNTSs) are long and thin carbon cylinders that have high mechanical, electrical, thermal, and
optical properties. They are very strong and have high mechanical strength, which makes them among the hardest-known
compounds. However, MWCNTs present brilliant electric conductivity, so they are useful for electronic in addition to
energy applications. Zinc oxide nanoparticles (ZnO NPs) may be described as structures comprising zinc oxides that
are very small and typically have sizes within the nanometer spectrum, which is between 1 and 100 nanometers. They
possess some special characteristics, for instance, high photocatalytic activity, in which a material can decompose organic
molecules in a solution with UV light. Also, ZnO nanoparticles have bactericidal properties, which make them an effective
factor in the inhibition of bacterial as well as fungal development. This has made it compulsory to incorporate them in
quite many consumer goods, like textile antimicrobial coatings, packaging, and medical devices, among others. The
nanomaterials Alumina, MWCNTs, and ZnO nanomaterials are purchased from Nano Research Lab, Jharkhand.

Ethylene glycol is a clear, colorless, tasteless liquid often used as a capability of polymers. This molecule consists of
two hydroxyl groups; hence, it is a dihydric alcohol. One of the main uses of this substance is in motor vehicle cooling
systems as antifreeze in car radiators. As for the freezing point, it is considerably low, due to which ethylene glycol can
remain in the liquid state even at extremely low temperatures. The positioning of this property is useful in ensuring that
the radiator does not freeze during the winter period. However, the potency of the poison that it has is something to be
worried about. Ingestion of ethylene glycol causes deep poisoning because the compound gets metabolized in the body
to produce toxic products, which leads to kidney damage, neurological complications, and death. Considering the fact
that ethylene glycol is toxic, it is important to avoid contamination by handling and disposing of products that contain the
substance. This is in essence necessary to prevent any form of pollution to the environment or harm to any living species.
That is why ethylene glycol is considered dangerous but remains indispensable as an industrial material with critical uses
that are not limited to automotive ones. Some of these applications include the production of polyester fibers, plastics,
and as a solvent across various industries. Some thermo-physical properties of the nanomaterials and the base fluid are
listed in Table 1.
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TABLE 1. Thermo-physical properties of Nanoparticles and Base fluid

Name of the Molecular Thermal Specific Density | Boiling Melting
material Mass (g/mol) | conductivity (W/m-K) | Heat (J/Kg k) g/cm3) Point (°C) | Point (°C)
Al O3 101.96 17.65 525 3.97 2977 2055
MWCNTs 120.1 2586 550 2.1 4027 3550
Zn0O 81.38 49 494 6 2360 1975
Ethylene Glycol 62.08 0.253 2093 1.11 197.3 —-129

2.1. Characterization of nanoparticles using XRD and UV

2.1.1. UV and XRD analysis of Al;Os nanoparticles. UV-Vis spectroscopy is indispensable for the characterization of
Al>O3 nanoparticles due to its importance for the understanding of the optical, electronic, and surface characteristics
of nanoparticles. It can be used for finding absorption characteristics, transparency, band gap energy, size-dependent
characteristics, defects and impurities, SPR, concentration and stability investigations, interaction with other materials,
and surface functionalization. UV-Vis spectroscopy is especially helpful in determining UV protection, coatings, and
transparent ceramics in electronic and optoelectronic devices, surface plasmon resonance, and composites. It is also used
in defect sensing, impurity analysis, and surface plasmon resonance experiments. In conclusion, UV-Vis spectroscopy
plays a key role in controlling and improving the AloO3 nanoparticle properties essential for their application in modern
high-tech applications in optics, electronics, catalysis, and material science.

The UV-Vis absorption spectrum of synthesized AloO3 nanoparticles presented in Fig. 1 revealed considerably high
light absorption capability, with a with a marked “band edge” peak at around 400 nm. It ranges from 400 nm to 600 nm,
and the graph steadily drops as the wavelength increases. The spectrum also looks to extend down to the longer wave-
lengths, which is another way of saying that it is quite broad. The high value and the decrease rate demonstrate high
purity as well as crystallinity on the basis of absorbance and crystallinity, whereas the same sample contains numerous
different peaks that determine less impurity or secondary phase. Thus, a large absorption tail points to the existence of
different sizes of nanoparticles or variations in the surface states, which is quite typical for nanoscale materials. From the
UV-Vis absorption properties, there could be applications in ultra-violet protection coatings, sensors, and optical appara-
tus. Further characterization and comparison of these nanoparticles with doped or modified Al;O3 nanoparticles will help
to elucidate their optical properties.

The X-ray diffraction pattern for AloO3 nanoparticles illustrated in Fig. 2 has diffraction peaks. These peaks can
be used for the comparison with the standard diffraction pattern proves that the sample is crystalline. The peaks width
gives information about the crystallite size, while the broader peaks suggest a small crystallite size. The crystallite size

of Al,O3 nanoparticles was calculated using the Scherrer formula, D =

3 7 where, K is the shape factor (0.9), A is
cos

the X-ray wavelength (1.5406 A), § is the full width at half-maximum (FWHM), and 6 is the Bragg angle. The estimated
size was approximately 33 nm.

2.1.2.  XRD analysis of MWCNTs. The X-ray diffraction (XRD) pattern of the Multi-Walled Carbon Nanotubes (MWC-
NTs), as shown in Fig. 3, has specific features that include a prominent (002) peak at 26 = 26 °C, signifying the presence
of graphical carbon. The other two peaks can be indexed to the (100) and (004) crystallography planes of graphite. The
peak at 26 = 26° represents the highest intensity, which demonstrates high graphitization. The broadening of the first peak
indicates that the MWCNTs possess nanoscopic characteristics and structure the irregularity. Based on background noise
and a broad shoulder at 26 ~25°, there is usually amorphous carbon and a wide peak at 26 = 20° to 30°.

The XRD analysis of multi-walled carbon nanotubes showed a very prominent peak at 20 = 26° and indicated a
high degree of graphite formation as well as the presence of graphitic carbon. The crystallite size calculated through the
Scherrer formula was approximately 10.2 nm, confirming the nanoscale features of MWCNTs.

2.1.3. UV analysis of ZnO nanoparticles. The optical properties of the ZnO nanoparticles have been characterized using
UV-Vis spectroscopy. From Fig. 4 one can conclude that there is a strong absorption peak around 350-380 nm. This is
because the semiconductor is showing the band-gap transition.

2.2. Characterization of nanoparticles using SEM and TEM

2.2.1. TEM analysis of AloO3 nanoparticles. Further tests resulted for the presented Al,O3 nanoparticles from the Nano
Research Lab in Jamshedpur. As shown in Fig. 5, the morphology of the synthesized AloOs nanoparticles was spherical,
as revealed by TEM. In the case of the synthesized nanoparticles, the degree of purity can be marked as very high; their
composition is 99.9 %. The synthesized nanoparticles have particle sizes below 50 nm, and most of them are in the
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range of 30-50 nm. Aluminum oxide nanoparticles are also uniform in shape and size and have a fairly high purity level,
according to the obtained results. Due to this, these nanoparticles are preferable for use in settings that require frequent
supplies of high-quality nanomaterials.

2.2.2.  SEM analysis of MWCNTs. In the SEM image of MWCNTs shown in Fig. 6, it can be observed that they have
a very high entangled fibrous structure interconnected in various forms and different diameters. The image retains a sort
of purity in that both it and its neighboring pixels are free from blemishes and contamination, therefore the higher purity
value. The MWCNTs produced in this study have a good dispersion and no obvious agglomeration, and their size is
generally in the range of a few nanometers to tens of nanometers, which meets the requirements of various applications.

SEM data showed that the outer diameter ranged from 10 to 20 nm. With an interlayer spacing of 0.34 nm, the
average number of layers was estimated to be around 44. The internal channel diameter, calculated by subtracting the
wall thickness from the outer diameter, ranged from O to 0.28 nm, emphasizing their nanoscale features.

2.2.3. TEM analysis of ZnO nanoparticles. The TEM analysis of ZnO nanoparticles synthesized and offered by the
Nano Research Lab as mentioned in Fig. 7, declared an average particle size of 30-50 nm with a 99.9 % adsorption and
hence a nearly spherical morphology, which makes them more useful in advanced applications.

3. Synthesis of Nanofluids
3.1. Estimation of Nanofluid volume concentration

In this experiment, AloO3, MWCNTSs, and ZnO nanofluids were prepared. The weight of the nanoparticles for a
particular volume concentration can be expressed using the formula [12].
[1n2]
@ = m . ].00 (l)

Pnp Puf
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Where, np represents nanoparticles and b f represents base fluid.

3.2. Estimation of Hybrid Nanofluid volume concentration

Hybrid nanofluids, which consist of a combination of different nanoparticles like aluminum oxide (Al2O3) and multi-
walled carbon nanotubes (MWCNTs), are being extensively studied due to their improved thermal properties and possible
use in numerous heat transfer systems. The procedure for synthesizing nanofluids will significantly determine the devel-
opment of a stable hybrid nanofluid. Evidently, the ultrasonication process has been found to be most effective in forming
nanofluids, as identified by R. M. Mostafizur [21]. The nanofluids were synthesized at room temperature following a
two-phase dehydration-rehydration technique. The prediction of hybrid nanofluid volume concentration by the proposed
quantity (50:50) of multi-walled carbon nanotubes (MNCNT) and aluminum oxide (AlyOg3) nanoparticles was evaluated
by the equation.
e+ [

PMWCNT PAI203

WuwenT + Waizos + Wiy
PMWCNT PAI203 Pof

b =

-100 2

The focus and control of nanoparticle volume are important characteristics in the field of nanotechnology. Thus, it
aids in the determination of the distribution, activity, and interconnection of the nanoparticles in a certain environment.
The volume concentration of the nanoparticles with their respective weights is presented in Table 2.

3.3. Mixing of nano powder in the base fluid

The flowchart of the method used in the preparation of nanofluid is shown below in Fig. 8. The aim of the work is
to obtain steady nanofluids of ZnO, MWCNTs, and AlyO3 nanoparticles suspended in ethylene glycol (EG) using ultra-
sonication and probe sonication, each process taking 2 hours for the nanoparticles to be well dispersed in the base fluid.
This involves determining the mass of the nanoparticles, pouring the ethylene glycol into the beakers, and then adding the
nanoparticles to the ethylene glycol. The ultrasonication technique also controls the temperature of the solutions, while
probe sonication exposes the samples to more hours of sonication — 2 hours, to be precise. Subsequently, the resultant
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TABLE 2. Volume concentration of the nanoparticles along with their associated weight

S.No. Nanoparticles Volume Concentration (%) | Weight Concentration(grams)
1 Aluminium 0.1 0.4
2 Dioxide(Al2O3) 0.2 0.7
3 0.3 1
4 Multi-Wall Carbon 0.1 0.2
5 Nanotubes (MWCNT) 0.2 04
6 0.3 0.6
7 0.1 0.6
8 Zinc Oxide (ZnO) 0.2 1
9 0.3 1.7
10 0.25 0.6
11 Aly03 + MWCNT 0.35 0.84
12 0.45 1.08

samples will cool and be transferred to containers that are airtight to avoid the penetration of air after the process of
sonication.

Nano materials Dispersant
(AL,0;, MWCNT, Addition (Oleic
acid)

Testing Thermo-
physical properties

F1G. 8. Flow chart for the preparation of nanofluids

3.3.1. Dispersant for stability. Oleic acid (C1gH3405) can be blended with various kinds of ethylene glycol, and thus
the stability of the nanofluids containing ZnO, MWCNTs, and Al,O3 nanoparticles would greatly increase. Oleic acid
works as an emulsifying agent and prevents the aggregation of the particles, thus allowing an even distribution of the
nanoparticles.

The procedure entails measuring the necessary quantity of nanoparticles, transferring the ethylene glycol into beakers,
introducing the nanoparticle suspensions, incorporating oleic acid, and agitating the mixes. The ultrasonication procedure
entails immersing the suspensions in an ultrasonicator bath and subjecting them to sonication for duration of 1 hour.
Following the sonication process, the prepared nanofluids with different concentrations (0.1, 0.2, and 0.3 wt %) samples
are allowed to cool and then stored in containers.

4. Experimentation

4.1. Experimental measurement of viscosity

Viscosity, which is a measure of the fluid’s resistance to change in shape and form, plays a significant role in the hy-
drodynamic and thermal characteristics of the nanofluids used in automobile heat transfer systems. It affects the Reynolds
number, the coefficient of heat transfer, and the stability of the nanofluid; the nanoparticles should be uniformly distributed
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to obtain optimum results. Therefore, studies on the viscosity of nanofluids (ethylene glycol) with dispersed nanoparti-
cles like Al,O3, MWCNT, and ZnO are of immense importance in materials science and fluent dynamics. The fluids
of these nanocomposite materials express distinctly different rheological parameters that impact their viscous and flow
characteristics.

One of the traditional viscometers, namely the Redwood viscometer, has been used to measure the viscosity of
petroleum products, including nanofluids such as AloO3, ZnO, and MWCNT dispersed in the base fluid, ethylene glycol.
This method is easily understood, inexpensive, and ideal for obtaining viscosity values in the field or within industries.

4.1.1. Theoretical estimation of viscosity. The Einstein model is an effective method that can be used for the prediction
of the viscosity of nanofluids. It is for suspensions only and offers a means by which the viscosity of a dilute suspension
of spherical particles in a liquid can be approximated. The model hereby adopted accepts the premise that the viscosity
of a fluid loaded with particles or droplets is presumed to have the ability to be determined with the aid of the volume
fractions or concentrations of the particles and the base fluid viscosity. From the formula, one is in a position to estimate
the volume fraction of nanoparticles contained in a nanofluid. It is presumed that the nanoparticles in the model have a
low volume fraction, that they form a stable suspension, and that the particle size and shape do not change significantly. It
is most accurate where the concentration is low and where the effects of interactions between particles and their packing
are negligible. Application of nanoparticles to the base fluid can easily be explained by the Einstein model, depending on
the concentration of the nanoparticles.

fing = pof (1 +2.50) 3)
4.2. Experimental measurement of density

The investigation of density for these nanofluid systems in ethylene glycol is necessary to enhance their description.
Nanofluids cover nanoparticles suspended in a base fluid such as ethylene glycol, and it is not unusual for the density
of the new fluids to be significantly different than that of the base fluid solely due to the nanoparticles. Higher accuracy
density values provide significant information about the dispersion quality, stability, and movement of nanofluids. The
density of nanofluids in ethylene glycol is measured by an instrument known as a densitometer, as depicted in Fig. 9, since
it is not uncommon for nanofluids to exhibit some rather strange density trends in terms of the nanoparticles they contain.
The instruments, such as the densitometer, can correctly read the density of the liquid and, hence, the buoyancy or mass
of the sample, depending on the volume or displacement formulas formulated. It involves the generation of the required
nanoparticles, their dispersion in ethylene glycol, and putting the samples in the densitometer.

4.2.1. Theoretical estimation of density. The Pak and Cho model [37] is an empirical model to predict the density of
nanofluids that confines the former output, which is a developer of densities and volume fractions of the base fluid and
nanoparticles. The density of the nanofluid according to the given model can be expressed through the contributions of
the base fluid and nanoparticles. The formula for calculating the density of a nanofluid is:

When the volume fraction of nanoparticles is low, the Pak and Cho model becomes useful for estimating the density
of nanofluids in practical applications. This is a viable and simple way of determining the density of these nanofluids;
therefore, it can help in many applications of nanofluids in different areas.

4.3. Experimental measurement of thermal conductivity

The C-Therm Analyzer Setup (ASTM D7984) is a valuable equipment to determine the thermal conductivity of
nanofluids, as it allows doing that quickly and accurately and provides pleasing versatility given the ability to work
with rather various samples. So it is useful in deciding the heat transfer coefficient, materials to be used, and overall
performance. The C-Therm analyzer works on the modified transient plane source (MTPS) method, which shows a high
degree of accuracy and reliability. It is non-destructive; hence, the same sample can be tested over and over again, which
gives more accurate results. The analyzer is also usable for different types of samples and gives immediate results at
stable temperatures. It again necessitated a low sample volume, which can prove advantageous in cases where a large
amount of money is invested or a small amount of nanomaterial is available. In this study, some of the processes that have
been carried out are sample preparation, calibration, measurement, and obtaining the value of thermal conductivity. The
advantages of having accurate thermal conductivity include better thermal control, improved nanofluid composition, and
standardization.

4.3.1. Theoretical estimation of thermal conductivity. The current experimental data demonstrates that the thermal con-
ductivity of nanofluids is influenced by the thermal conductivities of both the base fluids and particles. Many mathematical
models have been derived by Maxwell et al. (1956), Hamilton and Crosser et al. (1962), Masuda et al. (1993), and H. S.
Chen et al. (2007) to enable the comparison of experimental data with theoretical data.

This model considers the thermal conductivity of the base fluid and the dispersed nanoparticles, as well as their
volume fractions, in order to compute the overall thermal conductivity of nanofluids. Maxwell’s model demonstrates that
the thermal conductivity of suspensions with spherical particles increases as the volume percentage of the solid particles
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increases. The thermal conductivity of suspensions containing non-spherical particles is influenced by factors beyond only
the volume fraction of the particles. The Maxwell model is the most appropriate mathematical model for determining the
effective thermal conductivity of solid-liquid mixtures containing nanoparticles [36].

- kp + 2k + 20(k, — ky)
" kp + 2k _@(kp — k)

cky 5)

5. Results and discussions
5.1. Thermal conductivity

Experiments on heat transfer using a C-thermal analyzer are comprised of ethylene glycol containing some nanopar-
ticles. The C-thermal analyzer is used primarily in computing thermal conductivity values for nanofluids by means of
the transient plane source (TPS) technique. A well-controlled heat pulse is produced during an electrical power supply,
providing such sensors as those placed between two samples, termed a plane source. When producing heat within itself
led to non-permanent thermal reactions, those were captured at that moment in the shape of sharp flats or rectangles made
up of common materials; in reference to them, such materials would have high degrees of heat transfer. The speed at
which those reactions spread out through these sample materials depends on the thermal conduction rate. While the heat
pulse traverses the sample, the device monitors the temporal temperature variations on both sides of the sensor. By closely
monitoring these temperature swings, it is feasible to determine the thermal conductivity of the material.

The findings of this study are shown in Figs. 9-12, along with a comprehensive report. The impact of temperature on
the thermal conductivity of ethylene glycol with nanoparticles is demonstrated in the following study.

The thermal conductivity of ethylene glycol, when mixed with nanoparticles of Al,O3, MWCNT, and ZnO, rises as
the quantities of the nanoparticles are raised while keeping the temperature constant. More precisely, when the volumetric
concentrations increase from 0.1 to 0.2 vol % and 0.3 vol %, the thermal conductivity improvement reaches a maximum
of 39.09 %.
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The thermal conductivity increases linearly as the volumetric concentration percentage increases, while keeping the
temperature constant. Furthermore, within the temperature range of 20 °C to 60 °C, the thermal conductivity of ethylene
glycol with these nanoparticles increases in a nearly linear fashion. At lower temperatures, the rise in thermal conductivity
is less significant compared to the rise observed at higher temperatures within the range of 20 °C to 60 °C.

While the experimental results show an increase in thermal conductivity within thestudied temperature range of 20 °C
to 60 °C and nanoparticle concentrations from 0.1 vol % to 0.3 vol %, extrapolation to higher temperatures and concentra-
tions requires caution. At highertemperatures, changes in the base fluid properties (e.g., viscosity reduction) and potential-
nanoparticle agglomeration could lead to non-linear effects. Similarly, at concentrationsexceeding 0.3 vol %, increased
inter-particle interactions and aggregation might diminish the thermal conductivity or even destabilize the nanofluid.
These factors need to be accounted for in theoretical models or further experimental investigations.

TABLE 3. Comparison of theoretical and experimental thermal conductivity

(a) Comparison of theoretical and experimental thermal conductivity of AloO3/EG

S. No. Samples Maxwell model (W/m-K) | Experimental value (W/m-K) | % Deviation
1 EG+Al203 0.1 vol% 0.3333 0.333 0.09
2 EG+Al;03 0.2 vol% 0.372 0.367 1.36
3 EG+Al203 0.3 vol% 0.40 0.394 1.5

(b) Comparison of theoretical and experimental thermal conductivity of MWCNT/EG

S. No. Samples Maxwell model (W/m-K) | Experimental value (W/m-K) | % Deviation
1 EG+MWCNTO.1 vol% 0.384 0.382 0.52
2 EG+MWCNTO.2 vol% 0.403 0.391 291
3 EG+MWCNTO.3 vol% 0.412 0.399 3.15

(c) Comparison of theoretical and experimental thermal conductivity of ZnO/EG

S. No. Samples Maxwell model (W/m-K) | Experimental value (W/m-K) | % Deviation
1 EG+ZnO 0.1 vol% 0.342 0.343 0.2
2 EG+ZnO 0.2 vol% 0.375 0.361 3.70
3 EG+ZnO 0.3 vol% 0.41 0.379 7.38

(d) Comparison of theoretical and experimental thermal conductivity of Al,O3+ MWCNT/EG

S. No. Samples Maxwell model (W/m-K) | Experimental value (W/m-K) | % Deviation
1 EG+Al;03/MWCNT 0.1 vol% 0.414 0.413 0.24
2 EG+Al;03/MWCNT 0.2 vol% 0.458 0.436 4.80
3 EG+Al; O3/ MWCNT 0.3 vol% 0.546 0.4972 8.65

From the obtained theoretical results of thermal conductivity at 20 °C represented in Tables 3(a-d), show that for all
the volumetric concentrations, ethylene glycol shows a better result at 0.1 vol % and 0.2 vol % for all nanofluids, and ethy-
lene glycol with ZnO and Al;O3+MWCNT at 0.3 vol % shows a higher percentage deviation due to the agglomerations
formed with the increase in mass concentration of the compositions.

The findings of the experiments shown in Fig. 13 indicated that for all nanofluid concentrations at 20 °C, the thermal
conductivity calculated exceeded the predicted values of the Maxwell model. In particular, the improvements varied
between a low of 2 % and a high of 12 % across types and amounts of the nano injection. A small increase of 2-8 %
was recorded for single-component nanofluids like EG + Al,O3 and EG + ZnO while double-phase nanofluids comprised
of EG and Al;O3 and MWCNT recorded the largest increase of up to 12 %. This demonstrates the significance of
nanoparticle concentration and synergism in tailoring thermal conductivity for advanced heat transfer applications.

5.2. Viscosity

Experimentation is carried out for the estimation of viscosity using a Redwood viscometer. Data on the variation of
the viscosity of ethylene glycol with nanoparticles is presented in Tables 4(a—d) with regards to its correlation with tem-
perature. The tables below provide the results of the dependency of the EG-nanoparticle solution’s viscosity at different
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concentrations on the nanoparticle type and temperature: 30 °C and 60 °C. Furthermore, this document also contains
theoretical viscosities, and the percentage deviation from experimental values. The comparison of the experimental and
calculated values of viscosity is represented in Fig. 14.

Experimental vs Theoretical Viscosity at 30°C

Experimental Viscosity at 30°C (kg/m-s)

0.0325 —#— Theoretical Viscosity at 30°C (kg/m-s)

0.0300

t 0.0275
0.0250
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s)
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Nanofluid Samples

FIG. 14. Viscosity of Nanofluids

It is established that there was a significant and rapid rise in viscosity based on the results obtained. When in-
creasing the temperature, the intermolecular bond interaction diminishes, and subsequently, the viscosity of ethylene
glycol-containing nanoparticles decreases. Thus, it is seen that the viscosity has a very significant change or a steep fall
with the increase in temperature. In the case of ethylene glycol, the viscosity increases with an increase in nanoparticles,
and the maximum viscosity enhancement is 39.24 %. The above observations were all made at a constant temperature.
Due to the higher inter-particle interaction, there is a direct relationship between the viscosity of the substance and the
concentration of nanoparticles. The results imply that nanoparticle concentration affects the degree of viscous behavior,
and a sharp increase can be seen when transitioning from a volume concentration of 0.1 % to 0.2 %.
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TABLE 4. Viscosity of EG

(a) Viscosity of EG with Al;O3 nanoparticles

S. No. Nanofluid Viscosity at 30 °C | Viscosity at 60 °C | Theoretical Viscosity %
Samples u (kg/m-s) 1 (kg/m-s) at 30 °C p (kg/m-s) | deviation
1 Base fluid 1.61x1072 1.15x1072 1.61x1072 0
2 EG+Al,03 0.1 vol% 2.01x1072 1.45x1072 2.012x1072 —0.09
3 EG+Al,03 0.2 vol% 2.39x1072 1.58x1072 2.415x1072 —-1.03
4 EG+Al,03 0.3 vol% 2.76x1072 1.96x1072 2.817x1072 —2.02
(b) Viscosity of EG with MWCNT nanoparticles
S. No. Nanofluid Viscosity at 30 °C | Viscosity at 60 °C | Theoretical Viscosity %
Samples u (kg/m-s) 1 (kg/m-s) at 30 °C p (kg/m-s) | deviation
1 Base fluid 1.61x1072 1.15x1072 1.61x1072 0
2 EG+MWCNT 0.1 vol% 2.05x1072 1.52x1072 2.012x1072 1.88
3 EG+MWCNT 0.2 vol% 2.32x1072 1.76x10~2 2.415x1072 -3.93
4 EG+MWCNT 0.3 vol% 2.56x1072 1.92x1072 2.817x1072 —9.12
(c) Viscosity of EG with ZnO nanoparticles
S. No. Nanofluid Viscosity at 30 °C | Viscosity at 60 °C | Theoretical Viscosity %
Samples w (kg/m-s) 1 (kg/m-s) at 30 °C p (kg/m-s) | deviation
1 Base fluid 1.61x1072 1.15x1072 1.61x1072 0
2 EG+ZnO0 0.1 vol% 1.89x1072 1.42x1072 2.012x1072 —6.06
3 EG+Zn0 0.2 vol% 2.09x1072 1.65x1072 2.415x1072 —13.45
4 EG+Zn0 0.3 vol% 2.38x1072 1.75x1072 2.817x1072 —15.51
(d) Viscosity of EG with Al,O3 + MWCNT nanoparticles
S. No. Nanofluid Viscosity at 30 °C | Viscosity at 60 °C | Theoretical Viscosity %
Samples 1 (kg/m-s) 1 (kg/m-s) at 30 °C p (kg/m-s) | deviation
1 Base fluid 1.61x1072 1.15x1072 1.61x1072 0
2 | EG+Al,03/ MWCNT 0.1 vol% 2.18x1072 1.92x1072 2.012x1072 8.34
3 | EG+Aly03/ MWCNT 0.2 vol% 2.78x1072 2.58x1072 2.415x1072 15.11
4 | EG+Al,03/ MWCNT 0.3 vol% 3.32x1072 4.15x1072 2.817x1072 17.85

Fluids based on ethylene glycol (EG) appear to be thickening with the addition of nanoparticles such as AlyOs,
MWCNTs, and ZnO, where stronger increases are seen with higher concentrations and Al,O3/MWCNT mixtures because
of the synergetic effect. Remembering also that high shear viscosity has an apparent relation with fluid temperature: As
the temperature rises, viscosity decreases; however, that would be an oversimplification, as higher concentrations bring
forth agglomeration, and that makes the results deviate away from the prediction. This emphasizes the significance of the
status of the particles and the interplay between them in determining the nature of the fluid.

5.3. Density

A densitometer is one of the most effective tools to determine the density of liquids, especially nanofluids with
ethylene glycol as the base fluid. The functioning of this device is based on Archimedes’ principle, which states that the
upward thrust that is exerted by fluid in which an object is fully or partly immersed is equal to the weight of the fluid
displaced by the body. Density is experimented with by carrying out trials using the densitometer at room temperature.
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TABLE 5. Comparison of Theoretical and Experimental Density results

(a) Comparison of Theoretical and Experimental Density results of AloO3/EG
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S. No. Samples Theoretical | Experimental %
value (kg/mg) value (kg/m3) Deviation
1 EG+Al;03 0.1 vol% 1396 1391.2 0.34
2 EG+Al,03 0.2 vol% 1482 1462.5 1.31
3 EG+Al;03 0.3 vol% 1596 1565.3 1.92
(b) Comparison of Theoretical and Experimental Density results of MWCNT/EG
S. No. Samples Theoretical | Experimental %
value (kg/m?’) value (kg/m?’) Deviation
1 EG+MWCNT 0.1 vol% 1199 1189.3 0.80
2 EG+MWCNT 0.2 vol% 1288 1273.1 1.15
3 EG+MWCNT 0.3 vol% 1377 1351.8 1.83
(c) Comparison of Theoretical and Experimental Density results of ZnO and ethylene glycol
S. No. Samples Theoretical | Experimental %
value (kg/m®) | value (kg/m®) Deviation
1 EG+Zn0O 0.1 vol% 1599 1592.9 0.38
2 EG+ZnO 0.2 vol% 1765 1752.1 0.73
3 EG+ZnO 0.3 vol% 1862 1821.9 2.19
(d) Comparison of Theoretical and Experimental Density results of Al,O3 + MWCNT and ethylene glycol
S. No. Samples Theoretical | Experimental %
value (kg/mg) value (kg/mg) Deviation
1 EG+Al;03/ MWCNT 0.1 vol% 1132 1125.2 0.60
2 EG+Aly03/ MWCNT 0.2 vol% 1186 1169.9 1.35
3 EG+Al;03/ MWCNT 0.3 vol% 1286 1237.1 3.80

The test for the density of a solution of ethylene glycol at increasing volumetric proportions of aluminum dioxide, multi-
wall carbon nanotubes, and zinc oxide is conducted with the help of a densitometer. It also has Ethylene Glycol impact
density, Aluminium Dioxide, Multi-Wall Carbon Nanotubes, and Zinc Oxide presented in tabular forms 5 (a-d) compared
with the theoretical model.

By comparing all the theoretical values and experimental values of density, the results shown in Fig. 15 indicated
that with 0.1 vol % and 0.2 vol % nanoparticles in ethylene glycol, the percentage deviation is less when compared to
0.3 vol % nanofluids. This percentage deviation is caused by the fact that with the increase in volume concentration, there
is a chance to form agglomerated particles, which may cause a reduction in some coolant properties.

5.4. Correlation between thermal conductivity, viscosity, and density

Thermal conductivity increases nearly in linear fashion with nanoparticle concentration and temperature, achieving
a maximum enhancement of 39 % at 0.3 vol % concentration and 60 °C. Viscosity exhibits a significant rise with in-
creased nanoparticle concentration but decreases with temperature due to weakened intermolecular forces. The maximum
observed increase in viscosity is 39.24 %. Finally, density shows minor deviations from theoretical predictions, with
higher concentrations leading to marginal increases in density due to nanoparticle agglomeration. These properties col-
lectively demonstrate the potential of the studied nanofluids in applications requiring efficient thermal management. High
thermal conductivity and controllable viscosity ensure enhanced heat transfer, while density stability supports consistent
performance.
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The remarkable thermophysical properties of the studied nanofluids make them optimal. The improved thermal con-
duction in the core industry results in the use of small and lightweight radiators that have high efficiency in cooling, thus
improving fuel economy and reducing emissions. With stable viscosity and density over temperature ranges, effective
and reliable engine cooling systems would be assured. In cars and in electronics industries, a high rate of heat dissipa-
tion avoids overheating of miniaturized electronic devices. Better thermal management increases the lifetime and good
efficiency of high-end devices like CPUs or GPUs.

6. Conclusions

The thermal conductivity of ethylene glycol increases linearly with the addition of Al,O3, MWCNT, and ZnO
nanoparticles, reaching a maximum of 39.09 % when volumetric concentrations increase from 0.1 to 0.3 vol % and
linearly within the temperature range of 20 °C to 60 °C.

This linear increase in thermal conductivity as temperature increases, especially at 60 °C, shows the great possibility
of nanofluids for thermal management in automobiles as well as in electronic appliances.

The study shows that as temperature increases, the viscosity of ethylene glycol-containing nanoparticles increases
because of a weak interaction between the particles. It does this at lower temperatures, though at higher temperatures the
viscosity decreases up to a maximum of 39.24 %.

It was observed that high concentrations of nanoparticles raised the viscosity of the solution, for instance, when going
from 0.1 % to 0.2 %. EG+ZnO nanofluid and EG+MWCNT/ Aly03at 0.2 and 0.3 vol % show the maximum deviation in
viscosity. It is expected to have this deviation due to experimental errors and the agglomeration of hybrid nanofluids.

The incorporation of Al,O3 and MWCNT nanoparticles into the base fluid EG raises the fluid’s viscosity, with a
minor effect on Al;O3 and a greater effect on MWCNT nanoparticles. It is observed that the mix of Al,O3 and MWCNT
has the highest increment in viscosity of the composites.

The density study shows that nanoparticles in EG (ethylene glycol) with 0.1 and 0.2 vol % exhibit a lower percentage
deviation than nanofluids with 0.3 vol %, which may reduce the coolant’s physical properties.
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ABSTRACT In this work, nickel-copper-containing alloy catalysts with different contents of nickel oxide were
prepared and used in the furfural hydroconversion to 2-methylfuran and furfuryl alcohol. The most active
catalyst (7Ni19Cu61Fe13Al) was chosen. We selected the reaction conditions, providing a high yield of 2-
methylfuran (81 wt. %) at 100 % furfural conversion in a batch reactor: 7' = 200 °C, P(H2) = 5.0 MPa, reaction
time 4 h. The selected catalyst was studied by a complex of physicochemical methods; we determined the
phase and surface composition, the morphology of the active component, and the possible cause of catalyst
deactivation during the reaction due to the irreversible sorption of reactants and reaction products, as well
as their polymeric structures on the catalyst surface. We have demonstrated the possibility of obtaining 2-
methylfuran for the 7Ni19Cu61Fe13Al catalyst with a selectivity of 70 % at 87 % conversion of furfural in a
flow-type reactor without solvent at LHSV =6 h~', T = 200 °C, P(H) = 5.0 MPa.
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1. Introduction

Currently, due to the depletion of fossil resources, there is an increasing relevance in the search for new alternative
sources used to produce raw materials. One of the sources for obtaining valuable chemical compounds are hemicelluloses,
which are extracted during the processing of plant materials [1]. Hemicelluloses are of particular interest to the industry
due to their low content of heavy metals, sulfur, and nitrogen, making them safer to process.

Furfural is obtained through the acid hydrolysis of hemicelluloses (Fig. 1a), and its world production in 2021 ex-
ceeded 300,000 tons [2]. Furfural is a platform for the synthesis of various chemicals due to its reactive aldehyde groups
and conjugated double bonds [3]. Furfural derivatives are widely used to produce organic solvents, pharmaceuticals, agro-
chemicals, perfumes, biofuels, fuel additives, and synthetic resins or rubber [4]. One of the most interesting and common
methods for processing furfural is hydroconversion, as the products obtained have a high value added [5]. For example,
2-methylfuran (2-MF), which is used in the fuel industry as an octane-boosting additive due to its high octane number
(101) [6], as well as in medicine and pharmaceuticals as a precursor in the production of dietary supplements and drugs.
The hydroconversion of furfural to 2-MF can proceed in two ways: through the intermediate formation of furfuryl alcohol
(FA) or directly through the hydrogenolysis of the C=0 double bond (Fig. 1b) [7, 8].

Traditional catalysts for the furfural hydroconversion to target products (2-MF, FA) are high-percentage copper-
chromium ones [10], as well as catalysts based on noble metals [11, 12]. However, despite their high activity, these
systems have several disadvantages. Use of chromium catalysts can contribute to toxic emissions due to the tendency
of Cr%" compounds to dissolve in many organic and inorganic solvents, including furfural [13, 14]. During the catalyst
preparation stage, substances containing Cr®" are used, and Cr%" is also present in the fresh oxide catalyst (for example,
in the following compounds: CuCrO,4, CuCrO4-Cu(OH)s, 2CuCrOy4 - 3Cu(OH)2-H20) [15, 16]. During preliminary
calcination or reduction in the preparation stage, the transition of chromium from the +6 state to the 43 state may be
incomplete, which subsequently leads to contamination of the target products. Additionally, in some cases, these catalysts
deactivate quickly, necessitating the use of high hydrogen pressure. In the case of noble metal catalysts, the primary
limiting factor is their high cost [17].

© Sumina A.A.. Selishcheva S.A.. Bulavchenko O.A.. Yakovlev V.A., 2025
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FIG. 1. a) The scheme for obtaining furfural from hemicelluloses [9]; b) The scheme of furfural hy-
droconversion over catalysts

Transition-based chromium-free systems can act as an alternative to the above-mentioned catalysts. Copper is one of
the most active metals in the hydroprocessing of organic substances, particularly in the conversion of furfural into various
C5-C6 organic compounds [18, 19]. Yunlong Yao et al. found that the Zn-modified Cu-containing catalyst demonstrated
good results in the hydrogenation of furfural (100 % conversion) to FA (~ 100 % yield) under the following reaction
conditions: 120 °C, 2.0 MPa, 0.2 g catalyst, 100 mL/min Hy, WHSV 0.3 hfl) [20]. However, such systems are not
suitable for obtaining 2-MF with high selectivity.

Doping of copper systems with nickel and cobalt accelerates furfural conversion and increases 2-MF yield [21, 22].
Munsuree Kalong et al. [23] describe monometallic copper samples supported on alumina, as well as the systems doped
with nickel and cobalt. The conversion of furfural in the batch reactor reached 100 % of all samples over a reaction time of
2 hours. However, the nickel-promoted catalyst proved to be the most efficient. The maximum 2-MF yield obtained was
47 — 50 % at a reaction time of 2 hours. The authors concluded that doping with nickel enhances the activity of the catalyst
and accelerates the reaction rate. In the work [24], the authors studied Ni—Fe catalysts obtained by co-precipitation; a 2-
MF yield of up to 80 % was achieved, with complete conversion of furfural and a reaction time of 10 hours in the batch
reactor over the catalyst. Apparently, high yields were due to the presence of fine metallic nickel particles and strong acid
sites on the catalyst surface, represented by metal oxides, which promote the activation of the aldehyde group and the
reduction of the C=0 bond. Acidic sites on iron oxide are often employed to activate oxygen in molecules of aldehydes,
acids, and alcohols [25], as well as in the Fischer—Tropsch process for the adsorption and activation of carbon monoxide
molecules [26].

It should be noted that the high content of transition metals promotes the hydrogenation of the furan ring, resulting in
the formation of tetrahydrofurfuryl alcohol (THFA), 1-pentanol, pentanal, 2-methyltetrahydrofuran (2-MTHF), etc. [27,
28]. However, at low concentrations, such additives enable the successful hydrogenation of the aldehyde group of furfural
while preserving the structure of the furan ring [29].

The work [30] examined CuFeAl catalysts, which were prepared by the fusion method. Metallic copper serves as
the active component of such systems. The modifying additives of aluminum and iron form a matrix for the active
component, promote the formation of fine particles of copper, prevent its sintering, and prolong the service life of the
catalyst. Nevertheless, this system is effective to produce FA; a higher content of a more active component is necessary in
the catalyst to obtain 2-MF. The addition of nickel to the composition of such a system can improve the 2-MF selectivity.
Previously, NiCu-containing catalysts were studied in the hydroconversion processes of bio-oil [31], as well as in its
model compounds (anisole, guaiacol) [32], and in the hydrotreatment of vegetable oils [33].

In this work, we considered high-percentage NiCu-containing alloy catalysts with different contents of nickel oxide
(5 - 10 wt.%) for the hydroconversion of furfural into FA and 2-MF. We tested the obtained catalysts in both a batch
reactor with diluted feedstock and a flow-type reactor with pure furfural. The first method is well-studied and found
in many works; however, the second method is less commonly used but more applicable for transition to industrial
conditions. We studied the physicochemical properties of such systems and selected the optimal metal content in the
catalyst to ensure maximum selectivity for the desired product (2-MF).

2. Experimental

We used the salt fusion method for the preparation of catalysts for the hydroconversion of furfural. We mixed the
calculated weights of aqueous nitrates of iron, aluminum, copper, and nickel in a quartz bowl and heated on an electric
stove to ~ 300 °C. Next, the catalyst was calcined in a muffle furnace at a temperature of 450 °C for an hour. As a result,
three catalysts were obtained: SNi19Cu63Fel13Al (5Ni), 7Ni19Cu61Fel13Al (7Ni), and 10Ni18Cu60Fe12Al (10Ni); value
indicates metal oxide content (wt. %) in the sample.
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The study of samples of the Ho-TPR method was carried out on a Chemosorb device (JSC Modern Laboratory
Equipment, Moscow, Russia).

The XRD, in situ XRD, XPS, HRTEM, CHNS methods, textural characteristics of the reduced catalysts, the amount
of chemisorbed CO on reduced catalysts at 250 °C, and qualitative and quantitative analysis of liquid products were
previously described in [19].

Furfural (GOST 10930-74) was used for hydroconversion experiments and was pre-purified in a vacuum distillation
unit. Isopropyl alcohol (GOST 9805-84) was used as a solvent to carry out the process in a batch reactor.

The furfural hydroconversion was carried out in a batch reactor with a volume of 300 cm®. The reactor is equipped
with a mechanical stirrer with a magnetic drive, a thermocouple, and a pressure sensor, as well as a control system for
stirring speed, temperature, and pressure. Reduction conditions: 7" = 250 °C, hydrogen flow = 100 ml/min, ¢ = 1 h;
reaction conditions: P(H3) = 5 MPa, mixing speed = 1800 rpm, 7" = 160 — 250 °C, ¢ = 4 h.

The furfural hydroconversion in a flow-type unit was carried out using a reactor with a volume of 10 cm?, into
which we placed a catalyst weighing 1 g (fraction size 0.25 — 0.50 mm) mixed with quartz in a volume ratio of 1:4. We
used crystalline purified quartz with a fraction size of 0.25 — 0.50 mm. Reduction conditions: 7" = 250 °C, hydrogen
flow = 100 ml/min, ¢ = 1 h; reaction conditions: P(Hs) = 5 MPa, "= 200 °C,LHSV =1-8 h L

The thermal analysis was carried out using an STA 449 C Jupiter synchronous thermal analysis instrument from
NETZSCH (Selb, Germany). For the study, the sample was placed in a crucible corundum. The rate of air supply to the
sample chamber was 30 ml/min. The sample was heated at a rate of 10 °C/min to 1000 °C. The experimental data were
analyzed using the NETZSCH Proteus Thermal Analysis software package (Selb, Germany).

3. Results and discussion
3.1. Characterization of fresh catalysts

We determined the reduction temperature of the obtained fresh catalysts using temperature-programmed reduction
with hydrogen (H2-TPR). The results showed that there are two regions of hydrogen uptake for all samples (Fig. 2). The
first region is in the low-temperature range (200 — 330 °C), where copper and nickel oxide particles are reduced. The
second region is in the high-temperature range (500 — 850 °C), where iron oxide is gradually reduced to metal.

Intensity, a.u.

T T T T
200 400 600 800

Temperature, °C

FI1G. 2. H,-TPR profiles of studied catalysts

Based on the data obtained from the Ho-TPR analysis, we chose a reduction temperature of 250 °C, which would
reduce fine copper and nickel oxides.

The study of unreduced catalysts to determine their phase composition was carried out using X-ray diffraction analysis
(XRD). For three catalyst samples (5Ni, 7Ni, and 10Ni) the X-ray patterns are similar (Fig. 3). The main peaks correspond
to reflections from hematite (Fe2O3), and the CuO reflection is also observed (the peak with a maximum at 20 = 38.8°
corresponds to the CuO reflection [111]). In the domain 260 = 35 — 37 °, there is a superposition of reflections [110] and
[11-1] of CuO and [110] of Fe;O3. The absence of reflections corresponding to NiO and Al,O3 can be explained by their
X-ray amorphous state.

The composition of the catalyst surface layer was studied using X-ray photoelectron spectroscopy (XPS). We exam-
ined three catalyst samples (5Ni, 7Ni, and 10Ni) after reduction at 250 °C.
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F1G. 3. X-ray patterns of unreduced catalysts

Figure 4a shows the Ni2p spectra of the studied catalysts. In the Ni2p spectra, we observed a reverse orbital splitting,
and two groups of peaks associated with the Ni2p3,5 and Ni2p, /» levels. In the spectra of the studied catalysts, a peak
for the Ni2p3 /5 bond was found in the region of 852.8 €V, along with a peak for plasma losses in the region of 858.9 eV.
Additionally, the presence of a peak in the region of 855.3 eV, accompanied by “main” satellite peaks in the regions of
857.1 and 862.0 eV, is typical for Ni>* compounds. Thus, after reduction treatment, a portion of the nickel is in the
metallic state (38 — 43 %), while the remainder is in the Ni?* state as nickel oxide (NiO) [34, 35].

Figure 4b presents the spectra of the Cu2p catalysts. We observe back-orbital splitting, and two groups of peaks
associated with the levels of Cu2ps/; (in the regions of 932.6 and 946.0 — 949.3 eV) and Cu2p, /,. The shape of the
spectra allows us to assert that almost all copper in the near-surface layer of the catalyst is in the reduced state [36-38].
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F1G. 4. Spectra a) Ni2p; b) Cu2p of the studied catalysts

According to XPS data, aluminum is completely in the oxide form (AlyOg3). Furthermore, it was found that iron is
predominantly in the Fe3/Fe®" state, which likely corresponds to partially reduced iron oxide (Fe3O,4), in which most
of the iron cations are in the Fe?™T state [39,40].

To determine the textural characteristics of the catalysts, we employed Ny physical adsorption (BET) and CO
chemisorption methods. Table 1 presents the results of the study on the fresh samples in oxide form and reduced catalysts.
It should be noted that the textural characteristics of the samples determined by using the BET method are practically
identical. However, based on the CO chemisorption data for pre-reduced samples (at 250 °C), it can be inferred that the
catalyst with 7 wt.% nickel oxide content may exhibit higher activity in the target process compared to the other sam-
ples. Apparently, in this case, the optimal Cu/Ni ratio is achieved, which promotes the formation of a larger number of
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active centers on the catalyst surface. Nickel doping of the 20Cu66Fe14Al catalyst increased the amount of adsorbed CO
from 31 pmol/gc,t [30] to 85 pumol/g.,:. Thus, we can assume that the main adsorption centers for the 7Ni sample are

predominantly nickel particles.

TABLE 1. Textural characteristics of catalysts in oxide® and reduced? forms

Catalyst | Aspr, m%/g Vpomgl, cm?®/g | Amount of adsorbed CO?, zmol/g
5Ni 50 0.11 58
7Ni 55 0.10 85
10Ni 53 0.11 49

The data obtained from the Ho-TPR and CO chemisorption methods correlate with each other: the optimal reduction
temperature for the catalysts is 250 °C, at which finely dispersed nickel oxide particles transition to a metallic state and
copper oxide is completely reduced.

3.2. Catalytic performance in a batch reactor

To compare the obtained catalysts, we studied them during the hydrogenation of furfural in a batch reactor and
established correlations between the product composition, reaction temperature, catalyst composition, and mass of the
loaded catalyst.

FA is the main product for the 5Ni catalyst; its weight content at low temperatures (160 °C) is 98 % (Fig. 5a). As
the temperature rises (200 — 250 °C), 2-MF begins to form, with a maximum yield of 32 % at 250 °C. In addition, under
these conditions, small quantities of by-products (2-MTHF and THFA) are formed (4 wt.%) (Fig. 5a).

The formation of 2-MF requires more stringent hydrogenation conditions, such as the presence of a catalyst with a
higher nickel oxide weight content. Over the 7Ni catalyst, the hydrogenation of furfural is faster compared to the SNi
catalyst; at 200 °C, the yield of 2-MF increases to 20 %, though by-products (THFA and 2-MTHF) are also formed. At
higher reaction temperatures (250 °C), the content of the target product (2-MF) increases to 67 %.

Further, increases in the mass content of nickel oxide in the catalyst lead to greater formation of by-products. For
example, over the 10Ni catalyst at 200 °C, the yield of by-products (THFA and 2-MTHF) doubles compared to the 7Ni
sample. As the reaction temperature rises to 250 °C, the yield of 2-MF decreases to 48 %, while the yield of FA almost
doubles (from 23 to 40 %).

The data obtained for the hydroconversion of furfural correlate with the CO chemisorption results: the most active
catalyst in the target process is 7Ni.

Based on the dependencies obtained, we selected the reaction conditions to achieve 100 % selectivity for FA under
relatively mild conditions (Hy 5.0 MPa, 160 °C, mass of 7Ni catalyst is 0.3 g, reaction time 4 h). Additionally, we
determined that the optimal temperature for the hydroconversion of furfural to 2-MF is 200 °C.

To increase the yield of the desired product (2-MF) at this temperature, we increased the catalyst loading to 1 g.

Comparing the three catalysts (Fig. 5b), we observed a greater reaction depth for the sample with a nickel oxide mass
content of 7 %. 2-MF was obtained in high yield, with relatively low concentrations of side products. The 7Ni catalyst
was chosen for further study, as it exhibits the highest activity in the target process and demonstrates a high yield of 2-MF
(81 %, 1 g of catalyst, 200 °C, 4 hours).
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FI1G. 5. The composition of the reaction mixture in the furfural hydroconversion over catalysts with
different nickel contents. Reaction conditions: batch reactor, P(Hz) = 5 MPa, V (furfural) = 4.8 ml,
V(i-PrOH) = 55.2 ml, ¢t = 4 h, a) mcar = 0.3 g; b) mcar = 1.0 g; * by-products — 2-MTHF, THFA
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3.3. Study of the 7Ni catalyst morphology and phase composition by HRTEM and XRD in situ methods

We used high-resolution transmission electron microscopy (HRTEM) and in situ X-ray diffraction (XRD) methods
for a detailed study of the surface morphology and phase composition of the reduced 7Ni catalyst.

Figure 6 shows the in-situ X-ray diffraction patterns of the catalyst during stepwise reduction. In the temperature
range of 30 — 175 °C, we do not observe any changes in the diffraction pattern. At a temperature of 200 °C, intense
reflections of Cu appear at 260 = 43.2° and 50.3 °.
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F1G. 6. In situ Ho XRD patterns for the 7Ni catalyst

With a further increase in temperature to 250 °C, the reflections of CuO and Fe;Oj3 disappear. Peaks corresponding
to reflections of iron oxide Fe304 and metallic copper appear. When the reduction temperature reaches 450 °C, there is a
significant decrease in the intensity of the Fe3O4 reflections and a reduction in the corresponding lattice parameter (from
8.38 to 8.21 A). Presumably, it is observed due to aluminum being incorporated into the lattice of iron oxide. The spinel
Feo AlO, forms, and a narrow peak appears at 44.6 °, corresponding to the metallic iron reflection. The diffraction pattern
at 550 — 600 °C predominantly shows reflections from Cu and Fe.

Based on the HRTEM data for the 7Ni catalyst reduced at 250 °C and passivated with ethyl alcohol, we can identify
several structural features of this sample. Copper is represented by a metallic phase (10 — 50 nm) covered with an oxide
layer (Fig. 7b). Aluminum and iron exist in the form of individual oxide phases (Fig. 7a), sized 2 — 3 nm and 10 — 20 nm,
respectively; these oxides create a matrix over which the copper and nickel phases are distributed. Nickel is primarily
represented by an oxide phase, sized 2 — 3 nm, distributed over the surface of the iron and aluminum oxides (Fig. 7b).
Additionally, nickel forms a core-shell structure with copper, where the core is nickel oxide, and the shell is copper oxide;
the total size of such particles varies from 3 to 5 nm (Fig. 7c).

Summarizing the data obtained for the 7Ni catalyst in both oxidized and reduced forms, we can draw a conclusion
about its phase composition and morphology. The fresh sample contains individual oxide phases of all metals. During
reduction (250 °C), copper is completely converted into a metallic form, while nickel is partially reduced to metal, and
iron and aluminum remain in oxide form (Fe3O4 and Al;QOg, respectively). Based on the obtained data, we assume that
the active component of the 7Ni catalyst is represented by finely dispersed metal particles of copper and nickel.

3.4. Study of spent 7Ni catalyst

At relatively high temperatures and due to the high activity of the catalyst, furfural and its hydroconversion products
can polymerize on the catalyst surface, resulting in the formation of polymer structures that deactivate the active sites.

To confirm the theory of catalyst deactivation during the reaction, a complex of physicochemical methods was used
to examine the spent 7Ni sample. The HRTEM results indicate that carbonization occurs on the catalyst surface. Mostly,
amorphous carbon is located on the particles of iron and aluminum oxide, forming filament-like structures with a metal-
containing center (Fig. 8a). Additionally, carbon is adsorbed on the catalyst surface, leading to its gradual deactivation
(Fig. 8b—c). The average particle size of the catalyst does not significantly increase, indicating that dispersity is preserved
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F1G. 7. HRTEM images: a) phases of hematite and aluminum oxide; b) individual phases of copper
oxide (2.52, 2.54 A are the interplanar distances corresponding to the [002] and [—111] reflections,
respectively) and nickel oxide (2.05, 2.09 A are the interplanar distances corresponding to the [200]
reflection); ¢) NiCu-O core-shell structure (2.12, 2.24 A — interplanar distances corresponding to reflec-
tions [200] of NiO and [200] of CuO, respectively)

during the reaction. On the surface of the spent sample, all metals are present in their oxide forms: CuzO, NiO, Fe30y,
and Al,Og3 (Fig. 8d).

F1G. 8. a) HRTEM image of filament-like C—Al and Fe—Al structures; mapped HRTEM images for
b) iron, copper, nickel; c) carbon; d) HRTEM image of nickel, copper, aluminum, ferric oxide, and
amorphous carbon

CHNS analysis of the spent 7Ni catalyst sample showed that the mass content of carbon in the catalyst reaches
4.7 wt.%.

A spent sample of the 7Ni catalyst was studied using thermal analysis (Fig. 9) to determine the content of adsorbed
water and organic compounds. The TG curve indicates that mass loss of the sample occurs in four steps. Analyzing the
DTG curve, the temperatures at which changes in the rate of weight loss occur were identified. The maximum values on
the DTG are illustrated by extremum points. The first extremum is detected at approximately 99 °C, which corresponds
to the evaporation of adsorbed water (4.4 wt.%). Additionally, two more regions of mass loss are observed at 239 °C
(2.6 wt.%) and 435 °C (0.9 wt.%), where reagents and products from two different groups of active sites of the catalyst
are likely desorbed. With a further increase in temperature, high-molecular compounds (0.7 wt.%) evaporate.

Based on the data obtained for the spent 7Ni catalyst, we can draw conclusions about the nature of deactivation
in such systems. During the reaction, products and reagents are adsorbed on the surface of active centers, leading to
their polymerization and the formation of high-molecular compounds. To reduce the amount of carbon deposits on
the catalyst surface and prevent its deactivation, it is necessary to either increase the hydrogen pressure in the system
or to preliminarily purify the raw material before the experiment (furfural is prone to polymerization during long-term
storage). These methods for reducing carbonaceous deposits are widely used in industry for hydroconversion processes
involving furfural. Additionally, the catalyst can be regenerated after the reaction in a stream of hydrogen at the reduction
temperature. For example, in the work [42], a copper-zinc catalyst was studied during the hydroconversion of furfural in
a batch reactor. The catalyst maintains its activity over 6 cycles of reaction and regeneration.
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F1G. 9. TG and DTG curves for the spent 7Ni catalyst

3.5. Testing the selected catalyst in a flow type reactor

To understand how the selected 7Ni catalyst will behave under near-industrial conditions, we conducted a series
of experiments in a flow-type reactor. The reaction conditions were established based on experiments conducted in a
batch reactor (flow reactor, P(Hs) = 5.0 MPa, T = 200 °C, meyt = 1.0 g, catalyst fraction = 0.25 — 0.50 mm,
catalyst:quartz = 1 : 4 (vol.)). By varying the liquid hourly space velocity (LHSV, 1 — 8 h™!), we obtained different ratios
of products; however, the conversion of furfural and selectivity to 2-MF were identified as the most important parameters
(Fig. 10).
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F1G. 10. Diagram of dependencies of furfural conversion and product selectivity on LHSV. Reaction
conditions: flow reactor, P(Hs) = 5.0 MPa, T' = 200 ° C, m¢at = 1.0 g, catalyst fraction = 0.25 —
0.50 mm, catalyst:quartz = 1 : 4 (vol.)

Based on the data obtained for furfural conversion and 2-MF selectivity, we chose a deliberately high LHSV value
(6 h™1), which allows for a faster evaluation of catalyst performance under severe conditions. Regarding the lower LHSV
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values in the range of 1 to 4, there is a complete furfural conversion but low selectivity for 2-MF. It is due to the reaction
of furan ring hydrogenation, resulting in the formation of 2-MTHF and THFA. At higher LHSV values, the conversion
of furfural decreases significantly due to a reduction in contact time. Thus, we obtained the dependence of furfural
conversion and 2-MF selectivity on the reaction time at LHSV = 6 h™!. During the first 4 hours of the reaction in flow
mode, the catalyst retains its activity (furfural conversion of 80 — 90 %, selectivity for 2-MF of 75 — 80 %). However,
after 4 hours, there is a decrease in selectivity to 60 — 65 %, while maintaining furfural conversion.

As a result, it can be noted that the activity of the 7Ni catalyst does not fall over time, and furfural conversion
is maintained at 80 — 90 % for 5 hours. During the reaction, there is a trend toward a decrease in selectivity for 2-
MF; however, selectivity for FA rises (Fig. 11). It is possible that during the reaction, the nickel centers, on which
hydroconversion to 2-MF partially depends, become deactivated [7,43]. Copper centers may also become deactivated, but
their quantity is higher than that of nickel centers due to the higher copper content in the catalyst. Thus, by choosing the
optimal reaction conditions over this catalyst, it is possible to achieve a high yield of both FA and 2-MF.

100 - ‘E 2-MTHF -2-|\/||: -FA‘ N
_ 'I'EI:D'EEZEk-@m

Selectivity, %

1 15 2 25 3 35 4 45 5 55 6 65
Time, h

F1G. 11. Diagram of dependencies 2-MF, FA, and 2-MTHF selectivity on time. Reaction conditions:
flow reactor, LHSV = 6 h™ !, P(H3) = 5.0 MPa, T = 200 °C, mca; = 1.0 g, catalyst fraction = 0.25 —
0.50 mm, catalyst:quartz = 1 : 4 (vol.)

The work [44] also studied the gas-phase hydroconversion of furfural in a flow reactor over copper-zinc catalysts.
The reaction was carried out in the gas phase at a temperature of 200 °C, and as a result, the yield of 2-MF reached 95 %
with 100 % conversion of furfural. Due to the lower LHSV (1.5 h™!) compared to our work, the catalyst retained its
activity after 10 hours of reaction. This process was also studied in liquid phase mode in work [45]. Hydroconversion
of furfural took place at 180 °C and elevated hydrogen pressure (1 MPa) over a cobalt-containing catalyst. As a result,
the conversion of furfural was 100 %, and the yield of 2-MF was 94 %, with a relatively low value of LHSV = 0.5 h~!
(calculated from the approximation that the bulk density of the catalyst is 1 g/cm?®).

Thus, the advantage of our method lies in higher LHSV values and, consequently, higher productivity. However, the
service life of the catalyst is reduced due to carbonization of the active sites. Possible ways to reduce the carbonization of
the catalyst include increasing the flow rate and pressure of hydrogen [46], as well as prepurifying the feedstock used in
furfural refineries.

4. Conclusions

New NiCu-containing catalysts with different nickel oxide contents were prepared by the alloy method for furfural
hydroconversion to 2-MF and FA. As a result of testing the obtained systems in a batch reactor in the target process, the
TNi19Cu61Fel13Al (7Ni) catalyst was chosen as the most active. 100 % conversion of furfural and 81 % yield of 2-MF
are achieved over 7Ni catalyst.

Analysis of the most active 7Ni catalyst by a complex of physicochemical methods showed that the fresh sample
contains individual oxide phases of all metals. When this catalyst is reduced (250 °C), copper is completely converted into
a metallic form, nickel is partially reduced to metal, and iron and aluminum are oxides (Fe3O,4 and Al»Og, respectively).
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The active component of the catalyst is represented by metallic copper (10 — 50 nm) and nickel (3 — 5 nm), which do not
form joint phases. During the reaction, the catalyst is deactivated due to the irreversible sorption of reagents and reaction
products on the surface, as well as their polymerization on the catalyst active sites. The total carbon content after the
reaction in a batch reactor was 4.7 wt.%.

The selected 7Ni catalyst was tested in a flow reactor in solvent-free furfural hydroconversion. We have shown the
possibility of obtaining 2-MF with a selectivity of 75 — 80 % at 80 — 90 % furfural conversion for 4 hours. After that, the
trend in selectivity changes: for FA it rises to 55 — 60 %, and for 2-MF it decreases to 35 — 40 % while maintaining the
furfural conversion. Compared to other catalysts used in this process, 7Ni demonstrates good results at a higher LHSV,
and therefore has higher productivity.

References

[1] Dietrich K., Dumont M.-J., Del Rio L.F., Orsat V. Producing PHASs in the Bioeconomy — Towards a Sustainable Bioplastic. Sustainable Production
and Consumption, 2017, 9, P. 58-70.

[2] Nhien L.C., Long N.V.D., Lee M. Novel hybrid reactive distillation with extraction and distillation processes for furfural production from an actual
xylose solution. Energies, 2021, 14 (4), 1152.

[3] Xu C., Paone E., Rodriguez-Padrén D., Luque R., Mauriello F. Recent Catalytic Routes for the Preparation and the Upgrading of Biomass Derived
Furfural and 5-Hydroxymethylfurfural. Chemical Society Reviews, 2020, 49 (13), P. 4273-4306.

[4] Zhang X., Xu S., Li Q., Zhou G., Xia H. Recent advances in the conversion of furfural into bio-chemicals through chemo-and bio-catalysis. RSC
advances, 2021, 11 (43), P. 27042-27058.

[5] Wang Y., Zhao D., Rodriguez-Padrén D., Len C. Recent Advances in Catalytic Hydrogenation of Furfural. Catalysts, 2019, 9 (10), 796.

[6] Li S., Li N, Li G., Wang A., Cong Y., Wang X., Zhang T. Synthesis of Diesel Range Alkanes with 2-Methylfuran and Mesityl Oxide from
Lignocellulose. Catalysis Today, 2014, 234, P. 91-99.

[7] Sitthisa S., Sooknoi T., Ma Y., Balbuena P.B., Resasco D.E. Kinetics and Mechanism of Hydrogenation of Furfural on Cu/SiO2 Catalysts. J. of
Catalysis, 2011, 277 (1), P. 1-13.

[8] Srivastava S., Jadeja G.C., Parikh J. Copper-Cobalt Catalyzed Liquid Phase Hydrogenation of Furfural to 2-Methylfuran: An Optimization,
Kinetics and Reaction Mechanism Study. Chemical Engineering Research and Design, 2018, 132, P. 313-324.

[9] Seo G. Hydrogenation of Furfural over Copper-Containing Catalysts. J. of Catalysis, 1981, 67 (2), P. 424-429.

[10] Dutta S., De S., Saha B., Alam M.I. Advances in conversion of hemicellulosic biomass to furfural and upgrading to biofuels. Catalysis Science &
Technology, 2012, 2 (10), P. 2025-2036.

[11] Sivec R., Hu§ M., Likozar B., Grilc M. Furfural Hydrogenation over Cu, Ni, Pd, Pt, Re, Rh and Ru Catalysts: Ab Initio Modelling of Adsorption,
Desorption and Reaction Micro-Kinetics. Chemical Engineering J., 2022, 436, 135070.

[12] WangZ., Wang X., Zhang C., Arai M., Zhou L., Zhao F. Selective Hydrogenation of Furfural to Furfuryl Alcohol over Pd/TiHg Catalyst. Molecular
Catalysis, 2021, 508, 111599.

[13] Dong F., Zhu Y., Zheng H., Zhu Y., Li X., Li Y. Cr-free Cu-catalysts for the selective hydrogenation of biomass-derived furfural to 2-methylfuran:
The synergistic effect of metal and acid sites. J. of Molecular Catalysis A: Chemical, 2015, 398, P. 140-148.

[14] Wang S., Zhao G., Lan T., Ma Z., Wang H., Liu Y., Lu Y. Gas-phase hydrogenation of furfural to furfuryl alcohol: A promising Cu/SiO2 catalyst
derived from lamellar Cu-based hydroxy double salt. Fuel, 2024, 372, 132095.

[15] Tyuryaeva I.Ya., Chistyakova G.A. Catalysts for basic organic synthesis, GIPH 68, Leningrad, 1967, 85.

[16] Chistyakova G.A., Zubritskaya N.G. Hydrogenation catalysts based on metal chromites. GIPH collection, 1973, 68, P. 5-13.

[17] Demirbas A. Progress and Recent Trends in Biofuels. Progress in Energy and Combustion Science, 2007, 33 (1), P. 1-18.

[18] Zhao Y., Tao L. Towards catalytic reactions of Cu single-atom catalysts: Recent progress and future perspective. Chinese Chemical Letters, 2024,
35 (2), 108571.

[19] Selishcheva S., Sumina A., Gerasimov E., Selishchev D., Yakovlev V. High-Loaded Copper-Containing Sol-Gel Catalysts for Furfural Hydrocon-
version. Int. J. of Molecular Sciences, 2023, 24 (8), 7547.

[20] Yao Y., YuZ., Lu C., Sun F, Wang Y., Sun Z., Wang A. Highly efficient Cu-based catalysts for selective hydrogenation of furfural: A key role of
copper carbide. Renewable Energy, 2022, 197, P. 69-78.

[21] Sebin M.E., Akmaz S., Koc S.N. Hydrogenation of Furfural to Furfuryl Alcohol over Efficient Sol-Gel Nickel-Copper/Zirconia Catalyst. J. of
Chemical Sciences, 2020, 132 (1), 157.

[22] Akmaz S., Algorabi S., Koc S.N. Furfural Hydrogenation to 2-methylfuran over Efficient Sol-gel Copper-cobalt/Zirconia Catalyst. The Canadian
J. of Chemical Engineering, 2021, 99 (S1), S562-S574.

[23] Kalong M., Hongmanorom P., Ratchahat S., Koo-amornpattana W., Faungnawakij K., Assabumrungrat S., Srifa A., Kawi S. Hydrogen-Free
Hydrogenation of Furfural to Furfuryl Alcohol and 2-Methylfuran over Ni and Co-Promoted Cu/y-Al2Og3 Catalysts. Fuel Processing Technology,
2021, 214, 106721.

[24] Wang Y., Hu D., Guo R., Deng H., Amer M., Zhao Z., Xu H., Yan K. Facile Synthesis of Ni/Fe304 Derived from Layered Double Hydroxides
with High Performance in the Selective Hydrogenation of Benzaldehyde and Furfural. Molecular Catalysis, 2022, 528, 112505.

[25] Rajabi F., Arancon R.A.D., Luque R. Oxidative Esterification of Alcohols and Aldehydes Using Supported Iron Oxide Nanoparticle Catalysts.
Catalysis Communications, 2015, 59, P. 101-103.

[26] Wang C., Zhang J., Gao X., Zhao T. Research Progress on Iron-Based Catalysts for CO2 Hydrogenation to Long-Chain Linear a-Olefins. J. of
Fuel Chemistry and Technology, 2023, 51 (1), P. 67-85.

[27] Sunyol C., Owen R.E., Gonzédlez M.D., Salagre P., Cesteros Y. Catalytic hydrogenation of furfural to tetrahydrofurfuryl alcohol using competitive
nickel catalysts supported on mesoporous clays. Applied Catalysis A: General, 2021, 611, 117903.

[28] LiZ., Zhu M., Chen X., Mei H. Catalytic performance of Ni/AloOg catalyst for hydrogenation of 2-methylfuran to 2-methyltetrahydrofuran. J. of
Fuel Chemistry and Technology, 2018, 46 (1), P. 54-58.

[29] Xu C., Paone E., Rodriguez-Padrén D., Luque R., Mauriello F. Recent Catalytic Routes for the Preparation and the Upgrading of Biomass Derived
Furfural and 5-Hydroxymethylfurfural. Chemical Society Reviews, 2020, 49 (13), P. 4273-4306.

[30] Selishcheva S.A., Smirnov A.A., Fedorov A.V., Bulavchenko O.A., Saraev A.A., Lebedev M.Yu., Yakovlev V.A. Highly Active CuFeAl-Containing
Catalysts for Selective Hydrogenation of Furfural to Furfuryl Alcohol. Catalysts, 2019, 9 (10), 816.



Nickel-copper-containing alloy catalysts for furfural hydroconversion... 115

[31] Yakovlev V.A., Khromova S.A., Sherstyuk O.V., Dundich V.O., Ermakov D.Yu., Novopashina V.M., Lebedev M.Yu., Bulavchenko O.A., Parmon
V.N. Development of New Catalytic Systems for Upgraded Bio-Fuels Production from Bio-Crude-Oil and Biodiesel. Catalysis Today, 2009,
144 (3-4), P. 362-366.

[32] Khromova S.A., Smirnov A.A., Bulavchenko O.A., Saraev A.A., Kaichev V.V., Reshetnikov S.I., Yakovlev V.A. Anisole Hydrodeoxygenation
over Ni—Cu Bimetallic Catalysts: The Effect of Ni/Cu Ratio on Selectivity. Applied Catalysis A: General, 2014, 470, P. 261-270.

[33] Selishcheva S.A., Lebedev D.Yu., Reshetnikov S.I., Trusov L.I., Yakovlev V.A. Kinetics of the Hydrotreatment of Rapeseed Oil Fatty Acid
Triglycerides under Mild Conditions. Catalysis in Industry, 2014, 6 (1), P. 60—-66.

[34] Alders D., Voogt E.C., Hibma T., Sawatzky G.A. Nonlocal screening effects in 2p X-ray photoemission spectroscopy of NiO (100). Physical
Review B, 1996, 54 (11), 7716.

[35] Van Veenendaal M.A., Sawatzky G.A. Nonlocal screening effects in 2p X-ray photoemission spectroscopy core-level line shapes of transition
metal compounds. Physical Review Letters, 1993, 70 (16), 2459.

[36] Batista J., Pintar A., Mandrino D., Jenko M., Martin V. XPS and TPR examinations of y-alumina-supported Pd-Cu catalysts. Applied Catalysis A:
General, 2001, 206 (1), P. 113-124.

[37] Bukhtiyarov V.I., Kaichev V.V., Prosvirin I.P. X-ray photoelectron spectroscopy as a tool for in-situ study of the mechanisms of heterogeneous
catalytic reactions. Topics in Catalysis, 2005, 32, P. 3-15.

[38] Mclntyre N.S., Cook M.G. X-ray photoelectron studies on some oxides and hydroxides of cobalt, nickel, and copper. Analytical chemistry, 1975,
47 (13), P. 2208-2213.

[39] Descostes M., Mercier F., Thromat N., Beaucaire C., Gautier-Soyer M. Use of XPS in the determination of chemical environment and oxidation
state of iron and sulfur samples: constitution of a data basis in binding energies for Fe and S reference compounds and applications to the evidence
of surface species of an oxidized pyrite in a carbonate medium. Applied Surface Science, 2000, 165 (4), P. 288-302.

[40] Tan B.J., Klabunde K.J., Sherwood P.M. X-ray photoelectron spectroscopy studies of solvated metal atom dispersed catalysts. Monometallic iron
and bimetallic iron-cobalt particles on alumina. Chemistry of Materials, 1990, 2 (2), P. 186-191.

[41] Fairley N., Carrick A., Fairley N. Recipes for XPS Data Processing. The Casa cookbook. Acolyte Science, Knutsford, 2005.

[42] Niu H., Luo J., Li C., Wang B., Liang C. Transfer hydrogenation of biomass-derived furfural to 2-methylfuran over CuZnAl catalysts. Industrial
& Engineering Chemistry Research, 2019, 58 (16), P. 6298-6308.

[43] Srivastava S., Jadeja G.C., Parikh J. Copper-Cobalt Catalyzed Liquid Phase Hydrogenation of Furfural to 2-Methylfuran: An Optimization,
Kinetics and Reaction Mechanism Study. Chemical Engineering Research and Design, 2018, 132, P. 313-324.

[44] Yang X., Xiang X., Chen H., Zheng H., Li Y. W., Zhu Y. Efficient Synthesis of Furfuryl Alcohol and 2-Methylfuran from Furfural over Mineral-
Derived Cu/ZnO Catalysts. ChemCatChem, 2017, 9 (15), P. 3023-3030.

[45] LiuP, Sun L., Jia X., Zhang C., Zhang W., Song Y., Li C. Efficient one-pot conversion of furfural into 2-methyltetrahydrofuran using non-precious
metal catalysts. Molecular Catalysis, 2020, 490, 110951.

[46] Forzatti P., Lietti L. Catalyst deactivation. Catalysis Today, 1999, 52 (2-3), P. 165-181.

Submitted 25 April 2024; revised 16 October 2024; accepted 10 December 2024

Information about the authors:

Anastasiya A. Sumina — Federal Research Center Boreskov Institute of Catalysis SB RAS, Lavrentiev Ave. 5, Novosibirsk
630090, Russia; ORCID 0009-0006-4393-7866; sumina@catalysis.ru

Svetlana A. Selishcheva — Federal Research Center Boreskov Institute of Catalysis SB RAS, Lavrentiev Ave. 5, Novosi-
birsk 630090, Russia; ORCID 0000-0003-2768-9680; svetlana@catalysis.ru

Olga A. Bulavchenko — Federal Research Center Boreskov Institute of Catalysis SB RAS, Lavrentiev Ave. 5, Novosibirsk
630090, Russia; ORCID 0000-0001-5944-2629; obulavchenko @catalysis.ru

Vadim A. Yakovlev — Federal Research Center Boreskov Institute of Catalysis SB RAS, Lavrentiev Ave. 5, Novosibirsk
630090, Russia; ORCID 0000-0001-5015-3521; yakovlev @catalysis.ru

Conflict of interest: the authors declare no conflict of interest.



NANOSYSTEMS: Kagilev A.A., et al. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2025, 16 (1), 116-122.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2025-16-1-116-122

Synthesis, structure and noncovalent interactions of mesityl(phenyl)phosphine oxide
glycolate based hydrogen-bonded nanosized organic framework

Alexey A. Kagilev?, llyas F. Sakhapov!?®, Zufar N. Gafurov'¢, Artyom O. Kantyukov!>¢,

llya K. Mikhailov'¢, Daut R. Islamov®/, Alexander V. Gerasimov*?, Oleg A. Filippov*",
Aidar T. Gubaidullin'/, Olga S. Soficheva'**, Oleg G. Sinyashin*, Dmitry G. Yakhvarov!>™

!Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center, Russian Academy of
Sciences, 420088, Kazan, Russian Federation

2A.M. Butlerov Institute of Chemistry, Kazan Federal University, 420008, Kazan, Russian Federation
3Laboratory for Structural Studies of Biomacromolecules, FRC Kazan Scientific Center, Russian Academy of
Sciences, 420111, Kazan, Russian Federation

4A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, 119991, Moscow,
Russian Federation

“al-kagilev@mail.ru, ilyas.sakhapov@iopc.ru, “gafurov.zufar@iopc.ru, “kant.art@mail.ru,
“tiimhailovilya@gmail.com, /daut1989@mail.ru, YAlexander.Gerasimov@kpfu.ru, "h-bond@ineos.ac.ru,
Jaidar@iopc.ru, *myaolechka@yandex.ru, ‘oleg@iopc.ru, ™yakhvar@iopc.ru

Corresponding author: D. G. Yakhvarov, yakhvar@iopc.ru

PACS 61.46.—w

ABSTRACT The reaction of glyoxylic acid monohydrate with mesityl(phenyl)phosphine in air led to the formation
of mesityl(phenyl)phosphine oxide glycolate. The synthesized mesityl(phenyl)phosphine oxide glycolate has
been characterized by various analytical methods including X-ray crystal structure analysis. The analysis of in-
termolecular interactions in the crystal revealed interesting modes of the noncovalent bonding between pairs of
molecules. These intermolecular interactions cause the formation of one-dimensional cylindrical channels with
diameter of 1 nm (10 A) and provide the crystal with the properties of precise nano-sized crystalline porous ma-
terial which can be served as the component for precise nanofiltration membranes improving the properties of
amorphous polymers which suffer from disordered pore structures and reduced selectivity towards separating
molecules.

KEYWORDS phosphine, phosphine oxide, glycolate, X-ray diffraction, noncovalent bonding
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1. Introduction

Covalent and noncovalent interactions, including hydrogen bonds, are objects of extensive study in the global sci-
entific literature [1-7]. The significant interest in utilizing hydrogen bonding to construct ordered crystalline networks
has prompted extensive research into hydrogen-bonded organic frameworks (HOFs). These frameworks rely on the as-
sembly of organic building blocks through hydrogen-bonding interactions, enabling the formation of two-dimensional
(2D) and three-dimensional (3D) crystalline nanosized networks [8]. Such a hydrogen-bonded nanocrystalline structures
has gained a great attention during the past decade mostly due to their applications in the fields of catalysis, energy,
biochemistry as well as the storage and separation of fine chemicals [4,9-14]. Due to the weakness of single hydrogen
bond, the stability of HOF can be significantly improved by creating multiple intermolecular forces including 7 - - - 7 and
CH- - - 7 interactions. Whereas, examples of C—H- - - C contacts are rather unusual and are rarely invoked in the descrip-
tion of nanomolecular aspects of crystal structures [15-19]. At the same time, these types of weak hydrogen bonds play
an important role in the formation of some intricate 3D supramolecular networks [20]. Nevertheless, one of the basic
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hydrogen bonding synthesizer motifs used to design HOFs is O-H- - - O interaction involving carboxylic acid group (-
COOH), which presence, however, often causes polymorphism due to the flexibility of hydrogen bonds [13]. It should
be also noted, that examples of phosphorus-based HOFs are rather uncommon in published literature, although P = O
groups of phosphine oxides are also known to form stable hydrogen bonds with diverse substance classes [21-24]. The
interest of our research group is focused on the synthesis of organophosphorus compounds, including unsymmetrically
substituted phosphines and phosphine oxides [25], which are commonly applied in asymmetric synthesis, both as chiral
ligands [26-28] and as organocatalysts [29-33].

2. Experimental
2.1. Materials and measurements

Diethyl ether was dried by standard method and freshly distilled before use. Glyoxylic acid monohydrate was pur-
chased from Sigma-Aldrich and used as received without further purification. Mesityl(phenyl)phosphine was prepared
according to the published procedure [34]. NMR spectra were recorded using a Bruker MSL-400 spectrometer. 'H and
13C{ 1H} chemical shifts are reported in parts per million (ppm) downfield of tetramethylsilane and were calibrated against
the residual resonance of the deuterated solvent, whereas >'P and 'P{'H} NMR spectra are referenced to an external
85 % H3PO,4 sample (0 ppm). Elemental analysis was performed on a EuroVector CHNS-O Elemental Analyser EA3000.

Data set for single crystal of mesityl(phenyl)phosphine oxide glycolate was collected on a Rigaku XtaLab Synergy
S instrument with a HyPix detector and a PhotonJet microfocus X-ray tube using Cu Ko (1.54184 A) radiation at low
temperature (100.0(2) K). Images were indexed and integrated using the CrysAlisPro data reduction package. Data were
corrected for systematic errors and absorption using the ABSPACK module: numerical absorption correction based on
Gaussian integration over a multifaceted crystal model and empirical absorption correction based on spherical harmonics
according to the point group symmetry using equivalent reflections. The GRAL module was used for analysis of sys-
tematic absences and space group determination. The structure was solved by direct methods using SHELXT [35] and
refined by the full-matrix least-squares on F? using SHELXL [36]. Non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were inserted at the calculated positions and refined as riding atoms. A solvent mask was calculated
and 156 electrons were found in a volume of 756A3 in one void per unit cell. This is consistent with the presence of 0.5
[CH3OH] per asymmetric unit which account for 162 electrons per unit cell. The figures were generated using Mercury
4.1 program [37]. CCDC 2093649 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via [38].

The powder diffractograms were obtained on a Bruker D8 Advance automatic X-ray diffractometer equipped with
a Vario attachment and a Vantec linear coordinate detector. Cu Ka1 radiation (A 1.54063 A), monochromatized with a
bent Johansson monochromator, 40 kV, 40 mA X-ray tube mode was used. The experiments were performed at room
temperature in Bragg-Brentano geometry with a flat sample. The sample was applied to the surface of a standard silicon
plate reducing background scattering. The diffractograms were recorded in the range of scattering angles 2-80°, step
0.008°, time of the spectrum acquisition at the point 0.1-0.5 sec. The results of 8 scans were summed up, so that the total
set time was equal to 1.2 sec per step. The data have been processed using the EVA software package [39].

Simultaneous thermal analysis was carried out using Simultaneous Thermal Analyzer — STA 449 F1 Jupiter® (Net-
zsch). All studies were carried out in an argon atmosphere with a flow rate of 75 ml/min and a heating rate of 10 °C/min.
The measurements were taken in the temperature range from 40 to 350 °C. For experiments, 5.6 mg sample was placed
in aluminium crucibles (40 pL) with lids having 3 holes, each of 0.5 mm in diameter.

The interactions in the crystal were analyzed with the CrystalExplorer program [40]. There are 15 neighbors for
single molecule of 1. Due to the symmetry of the crystal, there are only nine unique modes of the interaction between
pairs of molecules. The energies of the pairwise interaction were computed under the approach parametrized in the
CrystalExplorer [41] on the B3LYP/6-31G(d,p) level and provided in Table 1.

2.2. Preparation of mesityl(phenyl)phosphine oxide glycolate (1)

A solution of glyoxylic acid monohydrate (100 mg, 1.0 mmol) in 10 mL of diethyl ether was added to a solution
containing mesityl(phenyl)phosphine (0.2 mL, 1.0 mmol) in 10 mL of diethyl ether. After the addition of glyoxylic acid
monohydrate, the flask was opened to air and stirred for 24 hours at room temperature, after which the formation of a
white precipitate was observed. The resulting precipitate was filtered, washed with diethyl ether and dried under vacuum.
The yield was 223 mg (70 %).

'H NMR (400.17 MHz, DMSO-Dg, 300 K):§ (ppm) = 2.28 (s, 3H, p-CH3s of Mes), 2.47 (s, 6H, 0-CHj3 of Mes), 3.62
(s, IH, PCOH), 5.27 (d, ?Jppy = 6.1 Hz, 1H, PCH), 6.91 (s, 2H, m-H of Mes), 7.40-7.51 (m, 2H, o-H of Ph), 7.80-7.83
(m, 3H, m-. p-H of Ph). 13C{'H} NMR (100.62 MHz, DMSO-Dg, 300 K): 6 = 20.05 (s, p-CHj of Mes), 22.68 (s, 0-CH3
of Mes), 72.89(s, PCH), 127.99 (d, ®Jpc = 11.8 Hz, m-CH of Mes), 130.53 (d, ®Jpc = 11.6 Hz, m-CH of Ph), 131.02
(d, 'Tpc = 12.5 Hz, i-C of Ph), 135.69 (s, o-CH of Ph), 141.35 (s, p-CH of Ph), 143.93 (d, 'Jpc = 10.2 Hz, i-C of Mes),
170.36 (d, I pc = 10.6 Hz, COOH). 3'P{*H} NMR (161.70 MHz, DMSO-Dg, 300 K):§ (ppm) = 39.27 (s).

Anal. (%) calcd. for C17H1904P (318.29): C, 64.15; H, 6.02. Found: C, 64.10; H, 6.01.
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3. Results and discussion

In this article, we report on the synthesis, crystal structure analysis and hydrogen bonding motifs of a mesityl(phenyl)phosphine
oxide glycolate 1 which forms hydrogen-bonded nanosized organic framework (Fig. 1).

(o]
HO O @\ (] ©\!!
DY+ 4, e | T

Hj;)/ O oW MO o%‘)\OH oﬁ)\OH

OH OH

mesityl(phenyl)phosphine oxide
glycolate (1)

FIG. 1. Scheme 1. Synthesis of mesityl(phenyl)phosphine oxide glycolate 1

FIG. 2. The solid-state molecular structure of mesityl(phenyl)phosphine oxide glycolate (thermal el-
lipsoids at the 50 % probability level, hydrogen atoms except those of the -OH groups are omitted for
clarity) (a); its crystal packing featuring one-dimensional channels along the c axis (b)

The 3P NMR spectrum recorded after stirring the reaction mixture containing mesityl(phenyl)phosphine and gly-
oxylic acid monohydrate in 1:1 ratio in diethyl ether as a solvent for 24 h showed a signal at §p = —8.70 ppm attributed
to mesityl(phenyl)phosphine glycolate. However, the generated species rapidly oxidizes in air with formation of a new
signal at 0p = 39.27 ppm, which was ascribed to mesityl(phenyl)phosphine oxide glycolate (Scheme 1). After 6 days,
the formed precipitate was redissolved in DMSO-Dg and was analysed by 'H, 3'P{'H}, '3C NMR spectroscopy, which
revealed the formation of 1 as analytically pure product. The thermophysical properties of 1 were investigated using
synchronous thermal analysis. The results are shown in Fig. S1. The mass loss of the sample in the temperature range
40-164 °C does not exceed 3.3 % and is related to solvent removal. Subsequent steps of the mass loss are related to the
thermal decomposition of the sample and are accompanied by exo-effects. In addition to the exo-effects of decomposition,
the DSC curve clearly captures the endo-effect of melting with an onset temperature of 164 °C and a peak temperature of
172 °C.

The molecular structure of 1 was studied by X-ray diffraction analysis (Fig. 2a). According to powder X-ray diffrac-
tion data, the obtained mesityl(phenyl)phosphine oxide glycolate is a crystalline solid substance with well-formed crys-
tallites and almost no amorphous component (see Fig. S2). Thus, mesityl(phenyl)phosphine oxide glycolate crystallizes



Synthesis, structure and noncovalent interactions of mesityl(phenyl)phosphine oxide glycolate...

FIG. 3. Schematic representation of molecular model of a fragment of mesityl(phenyl)phosphine oxide
glycolate crystal packing showing its honeycomb network

(a)

(b)

FI1G. 4. Fragments of crystal packing showing two equivalent cyclic hydrogen bonds formed by each
molecule of 1, hydrogen atoms, except participated in the target hydrogen bonds are removed, carbon
skeleton shown as a wireframe
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TABLE 1. The results of the interaction energy analysis. Distances between centres of the interacting
molecules are in A, energies are in kJ/mol

# | distance Ecie Epo Edgisp | Erep Eiot Main interaction type

1| 802 | —1121|—-27.6|—-233]|1357| —75.4 OH---0 Intra-rod
2| 700 | —11.1 | =3.7 | —422 | 263 | —35.0 CHj - - - Mes Inter-rod
3] 633 —76 | —1.6 | —545| 363 | —343 CHs .- -7t Inter-rod
41 9.09 —54 | —17 | =261 | 162 | —=19.6 | CHFM...gMes Intra-rod
5| 7.84 —55 | 1.8 | —146| 25 | —183 CHs .- -7t Inter-rod
6| 9.8 —63 | =17 | =9.0 | 13.7 | =73 | CHI"...Qcarborvlic | nra-rod
7| 1120 | —04 | —03 | —88 | 27 | —6.7 vdW Inter-rod
8| 1164 | —23 | =03 | —1.1 | 0.0 | =36 vdW Inter-rod
9| 1211 | =05 | =01 | =21 | 0.0 | —25 vdW Inter-rod

in a trigonal crystal system (space group R-3 (no. 148)) with one molecule in the asymmetric part of unit cell. The
phosphorus atom displays the typical for phosphine oxides tetrahedral configuration, the Newman projection along the
C(10)-P(1) bond shows that mesityl group locates in trans-position to the C(10)-C(11) bond, while phenyl group in
gauche-position [torsion angles C(1)P(1)C(10)C(11) 173.26°, C(12)P(1)C(10)C(11) —54.44°]. Tetrahedral phosphorus
atom of phosphine oxide with three different substituents (phenyl, mesityl and glycolate) is chiral, and actual crystal
structure is a racemic. Expectedly, the P(1)-C(1) bond distance (1.826 A), is longer than that of the P(1)-C(12) bond
(1.799 A), while the P(1)-C(10) distance is 1.863 A. The H(10) and H(12) atoms engage into O—H- - - O hydrogen bonds
with O(1”) and O(4’) atoms on adjacent molecules in the lattice respectively [d(O(3)- - - O(1°)) =2.521 A, d(0Q2)- - 0(4"))
=2.791 A]. The O---H--- O angles are in the range of 152.6°~166.5°. Interestingly, these intermolecular interactions
together with C—H- - - C contacts (vide infra) causes the formation of one-dimensional cylindrical channels with diameter
of ~10 A(cylindrical approximation) in the crystal, these channels are directed along the c crystallographic axis (Fig. 2b,
8.5 % of unit cell volume, see Fig. S3 for details).

The analysis of the interaction energies in the framework of CrystalExplorer package helps us to understand the
peculiarities of the formed structure. Obviously, the strongest interaction in the crystal is a cyclic hydrogen bonds of
HOC-P=0 group with carboxylate fragment. Each molecule of 1 bind two neighbours via this motif. Energy of each
cyclic hydrogen bonding interaction is 75.4 kJ/mol, and it is also electrostatic (Table 1), verifying the nature of this
interaction [20, 42]. Actually, this type of interaction is responsible for the formation of helical chains (rods) of H-
bonded molecules along the ¢ axis. The formed rods are additionally stabilized by CH" - .. O=C and CH?" ... cCMes
hydrogen bonds with 7.3 and 19.6 kJ/mol energies. Notable that there are two types of rods each formed exclusively
by single enantiomer. In the packing these enantiomerically pure rods are alternating, finally forming a honeycomb-like
structure of racemate (Fig. 3).

After the rods formation there are no available OH groups to form an interrod connection, so the rods packing driven
by weaker interactions. Nevertheless, their energetic impact is still high, being 35 kJ/mol. The one of o—CHéVI ¢ form
dimer with another molecule of 1, additionally stabilized by the same Me group protons interaction with the carboxylic
OH oxygen atom, and the second o-CHéV[ €S interacts with the o-CH"", m-C™¢%  with some additional stabilization due to
CHM¢* ... Ph hydrogen bond (Fig. 4b). Notably the shortest intermolecular distance from p-CH3®* to any carbon atom is
3.1 A, making the CH3 group in the p-position of mesityl substituent almost non-interacting and turned inside the channel.
It is worth noting that the interaction of the two adjacent mesityl(phenyl)phosphine oxide glycolates responsible for the
interrod interaction in the crystal (see Fig. S4a). Also, the interaction energy between the two mesityl(phenyl)phosphine
oxide glycolates is due to a Van der Waals dimer (E;,; = —18.3 kJ/mol, of which only —5.5 kJ/mol is electrostatic) where
CHéV[ es ... Ph interaction (2.86 A) could be revealed (see Fig. S4b, S5 and Table 1 for details).

4. Conclusion

In summary, the unsymmetrically substituted organophosphorus compound mesityl(phenyl)phosphine oxide glyco-
late (1) has been synthesised from glyoxylic acid monohydrate and mesityl(phenyl)phosphine using one pot condensation
approach with good yield of 70 %. The structure characterization of 1 by means of single crystal X-ray analysis re-
vealed the one-dimensional cylindrical channels with diameter of ca. ~1 nm (10 A) in the crystal. Channels are formed
by honeycomb like aggregation of six three-pointed star shaped spiral rods. Each rod formed by single enantiomer via
strong cyclic hydrogen bonds, whereas CH3 groups of mesityl fragment are responsible for the joining of the alternating
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enantiomerically pure rods into a racemic pack providing precise nano-sized channels. Such crystalline porous materials
with precise nano-sized pores could overcome the limitations of traditional nanofiltration (NF) membranes, which are
typically composed for amorphous polymers and suffer from disordered pore structures and reduced solvent permeability.
Incorporating these crystalline materials into NF membranes, we offer a promising solution to enhance both permeability
and selectivity, potentially revolutionizing molecular separation processes.
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