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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)

© Manushkin A.A., Potrakhov N.N., Kostrin D.K., Guk K.K., 2025
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is described as a convolution of the ray projection of an object with a two-dimensional distribution h(x, y) of X-ray

brightness along the focal spot:

g(x, y) = f(x, y) ∗ 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:

F (u, v) =
G(u, v)

H(u, v)
, (2)

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× 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.

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:

∆A− 1

v2
∂2A

∂t2
= 0, (3)

where ∆ 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)eiωt (4)

and the wave equation is simplified to a linear homogeneous Helmholtz equation:

∆A+ k2A = 0, (5)

where k = ω/v. In vacuum, v = c and k = 2π/λ, where λ is the wavelength of the propagating radiation. Plane waves

of the form

Ak(r) = ei(k·r), (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:

A(r) =

∫

a(k)ei(k·r)dSk, (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 = (kx, ky, kz) of propagation of a plane wave is given

by its projections kx and ky onto the xy plane. Let’s put z = 0 in formula (7), then this formula will be rewritten in the

following form:

A(x, y, z = 0) =

∫

a(kx, ky)e
i(kxx+kyy)dkxdky. (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(kx, 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(ikzz), where

kz =
√

k2 − k2x ≈ k

(

1− k2x
2k2

)

≈ k

(

1− α2

2

)

. (9)

The interference of the incident wave and the wave scattered at an angle α forms interference fringes of size dx:

dx =
λ

2sinα
. (10)

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.

FIG. 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 z = R is expressed as a convolution of the amplitude of the initial A(x′, z = 0) with a Fresnel

propagator:

A (x, z = R) =

∫

A (x′, z = 0) exp

(

− i (x− x′)
2

2R

)

dx′. (11)

The dx′ integration regions can be divided into Fresnel zones with m indices. In the case of an incident plane wave,

the radii dm 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 ≈
√

λRm, m = 1, 2, 3 . . . (12)

For a spherical wave on an object with distances of R1 and R2, the same formula with an effective diffraction distance

R (lens formula) is valid:
1

R1
+

1

R2
=

1

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 R1 and R2 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 R2 → ∞ the increase in R reaches the maximum value of R1. 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 R1 and R2 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 + R2/R1 gives us a geometric blurriness

S = r(1 +R2/R1).
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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 = λ/ sinα be commensurate with the geometric blurriness. The

condition of the opposite phases of the direct and scattered waves is expressed by the formula:

kα2R = π. (14)

From equations (11) and (14), taking into account R ∼= R1 at R2/R1 � 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 ≈
√
2 dx =

√

λR1. (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).

FIG. 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 (R1 = 50 mm, R2 = 500 mm)

Formula (15) corresponds to a focal spot diameter of 1 µm, 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 µm 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 R1 from the source to the test object should be selected according to formula (15). For example, for a

spot diameter of 1 µm and energy of 60 keV, it is necessary to select a distance R1 of the order of 50 mm. The distance

R2 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 µm, 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 µm. The calculated absorption attenuation per 1 µm 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 dx 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]:

R =
dx2

2λ
n, n = 1, 2, 3 . . . (16)

In the geometry of a point source, the Fourier images will be magnified by (1 + R2/R1) times and will be observed

at distances determined by the ratio [17]:
1

R1
+

1

R2
=

2λ

dx2n
. (17)

The Fourier images are obtained at consistently increasing intervals up to the maximum positive value of n, after

which the value (dx2n)/(2λ) will be greater than R1. For λ = 0.021 nm (E = 60 keV) and dx = 1 µm, it turns out

dx2/(2λ) = 23.8 mm. This value determines the maximum distance R1 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 π/2 and a focus diameter of 1 µm.

FIG. 3. Calculated contrast profiles of the test with a phase-modulating grating period of 1 µm for a

radiation energy of 60 keV under shooting conditions with strong contrast (R1 = 33 mm). The focus

size is 1 µm

FIG. 4. Calculated contrast profiles of the test with a grating period of 1 µm for a radiation energy of

60 keV in the near-focus shooting mode. The focus size is 1 µm. 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 µm, 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 R1 = 8 mm,

R2 = 640 mm and dx = 1 µm.

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 R1 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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FIG. 5. Calculated diffraction grating images for different focal spot sizes. Radiation energy E =
60 keV, modulation depth of the lattice phase is π/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 δϕ in the X-ray diffraction grating is determined by the phase shift, which is determined by

the decrement of the refractive index δn and the thickness of the modulating layer t:

δϕ =
2πδnt

λ
. (18)

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:

δn =
Nre
2π

λ2, (19)

where N is the electron density, re is the classical electron radius.

For tungsten, the refractive index decrement is 8.59 · 10−7 for 60 keV. Thus, in order to obtain a phase shift of π/2,

6 micrometers of tungsten layer are needed.

To obtain deep phase modulation with a spatial frequency of 1 µm, 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 = a2/(λR),
where a is the size of the structure in the depicted object, R ≈ R1 (at R2 � R1) 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 NF 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:

σ = M
√
λR ≈ M

√

λR1. (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 (λ = 0.021 nm) and a distance

R1, 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(x) = 1 − cf(x), where c = 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.
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FIG. 6. Calculated profile of the normalized intensity modulation on the detector for different energies.

R1 = 0.5 mm, R2 = 1000 mm, the focal spot size is 100 nm

(a) (b)

(c) (d)

FIG. 7. Images of the test object (a), (b) and cross-section profiles of vertical test images after process-

ing with a median filter of size 1 × 201 (c), (d): (a), (c) – 60 kVp, 1.15 µA, 10 min; (b), (d) – 40 kVp,

0.7 µA, 20 min
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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).

FIG. 8. Results of the model calculation of the phase profile at the boundaries of test cylindrical objects

from a point source at R1 = 0.5 mm, R2 = 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 µm with a magnification factor of ×1000. 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.

FOR CITATION Kadet V.V., Vasilev I.V., Tiutiaev A.V. Effectiveness of the use of nanoaggregates for polymer

treatment in oil fields with hard-to-recover reserves. Nanosystems: Phys. Chem. Math., 2025, 16 (1), 14–21.

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 µm) or microgels

(from 0.1 to 30 µm).

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 µm and exhibit high

© Kadet V.V., Vasilev I.V., Tiutiaev A.V., 2025
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FIG. 1. Schematic of hyperbranched nanomaterial synthesis

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 (m0 = 11 %, K0 = 50 mD), medium-permeability (m0 = 12 %, K0 = 120 mD), and high-permeability

(m0 = 14 %, K0 = 202 mD). The density distribution functions (DDF) of the capillaries’ radii in these formations were

assumed to follow a log-normal distribution (Fig. 2).

FIG. 2. Lognormal distribution density functions of capillaries by radii f(r) for: 1 – Low permeability

reservoir (m0 = 11 %, K0 = 50 mD); 2 – Medium permeability reservoir (m0 = 12 %, K0 = 120 mD);

3 – High permeability reservoir (m0 = 14 %, K0 = 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 %.

FIG. 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).

FIG. 4. Dependence of the increase in oil recovery factor relative to the basic flooding option on the

concentration of the injected reagent (oil viscosity µ0 = 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 3.5

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−3 Cl− SO2−

4 Ca2+ Mg2+ K+ + 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 = 0.4 % and 3.3 hours at C = 1 %.

FIG. 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 T = 38 ◦C, corresponding to the reservoir tempera-

ture. The investigation was conducted across a range of shear rates (0.122 – 6.12) s−1 (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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FIG. 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 III 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, µm2 length, cm diameter, cm volume, cm3 volume, cm3

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. No 3 Exp. No 4 Exp. No 5

Residual oil saturation,
0.318 0.312 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 ◦C, 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 cm3/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, Residual oil saturation,

unit fraction µm2 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

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
2.2 0.353

Low permeability

reservoir element model 9.2

current tube
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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 Tres=80 ◦C. 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 Kios was 0.95.

The same reservoir water was used as the displacing agent. Displacement was performed at reservoir temperature

(Tres=80 ◦C) at a constant rate until complete water breakthrough in the effluent fluid. As a result, the residual oil

saturation Kros was 0.318, and the displacement efficiency Kdispl 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 (Tres=80 ◦C) 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 (Kios = 0.93 and

Kros = 0.298) was 0.679.

The oil displacement efficiency in the high-permeability reservoir element model (Kios = 0.95 and Kros = 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 Fe3O4 [3, 4], CeO2 [5–7], MnO2 [8], and TiO2 [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]. WO3 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 W+6 and oxidation of W+4/W+5 states [15, 16]. Oxidants, such as NO2 or H2O2, can also facilitate the

redox transitions of tungsten ions, thus tungsten oxides can act as probes for these species [17, 18]. The coordination of

WO3 nanoparticles with OH- or NH2-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].

WO3-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.
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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 WOx 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 Na2WO4 (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 ◦C. After stabilization, a clear colloidal solution of WOx 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 CuKα-

radiation in the 2θ 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 ζ-potential measurements were carried

out using a Photocor Compact-Z analyzer (Russia) equipped with a 636.65 nm laser at 20 ◦C. 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−1 with a spectral resolution of 2 cm−1 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 WOx 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 ◦C.

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 µM 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 ◦C.

A solution of TMB (40 mM, 0–150 µl) in an aqueous solution of 6M acetic acid, and hydrogen peroxide (2 M,

37.5 µl) were added sequentially to the buffer solution. The mixture was incubated at 37 ◦C for 2 min, then WOx sol

(20 mM, 75 µl) 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 WOx nanopar-

ticles demonstrated a monodisperse size distribution, with an average hydrodynamic diameter of 4.8 nm and a ζ-potential

of –20 mV. The solution of bare WOx 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 WOx@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 (2θ <10◦) can be attributed to the scattering on ultrasmall WOx

nanoparticles according to the previous reports [11, 30].

The IR spectra of the PVP powder and the dried WOx@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−1. The bands corresponding to stretching and bending vibrations of CH2 group are observed in the regions

of 2,900 cm−1 and 1,300–1,200 cm−1, respectively. Bands in the region 1,480–1,390 cm−1 were attributed to the N-C

stretching vibrations. The absorption bands in the region of 500–1,000 cm−1refer to skeletal vibrations of PVP: (C–C)

933 cm−1, δ(CH2) 843 cm−1, δ(N–C=O) 648 cm−1, 574 cm−1. The IR spectrum of the dried WOx@PVP sol also shows

absorption bands related to the valence vibrations of WO3 bonds (W=O) 955 cm−1, (O–W–O) 820 cm−1, 795 cm−1,

which agrees well with the recently reported data [30, 31].

The WOx@PVP sols exhibit a rapid change in color from transparent to blue under UV irradiation, due to the

reduction of W+6 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 WOx@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 ◦C.

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–c) shows the chemiluminescence curves after the addition of WOx@PVP or the bare WOx sol or PVP

solution to luminol-hydrogen peroxide mixture. As can be seen from the Fig. 3a, the addition of WOx@PVP sol at

concentrations of 10.2–510 µM 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 WOx 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 WOx nanoparticles that exhibit peroxidase-like activity, the luminescence kinetics of luminol

was recorded upon addition of a PVP solution in the concentration range 10 µM–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 µM.

In addition, the integral luminol luminescence intensity upon addition of the bare WOx sol is nearly 10 times higher

compared to the PVP-stabilized WOx 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 ◦C.

The decomposition of hydrogen peroxide results in the formation of hydroxyl radicals, which are capable of oxidizing
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FIG. 1. (a) Hydrodynamic diameter distributions for the WOx@PVP sol, bare WOx sol immediately

after the synthesis and after a week of storage under ambient conditions; (b) X-ray diffraction patterns

of the dried WOx@PVP sol and PVP powder; (c–d) FTIR spectra of PVP and WOx@PVP powders

FIG. 2. Photographs and UV-vis spectra of WOx@PVP sols (a) before and (b) after 30 s of the UV-

irradiation (λ = 365 nm)
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FIG. 3. Chemiluminescence kinetic curves for the H2O2/luminol solutions upon addition of (a)

WOx@PVP sol (10.2 – 510 µM), (b) bare WOx sol (10.2 – 510 µM) and (c) PVP aqueous solution

(10 µM – 8 mM). The experimental data were obtained via direct chemiluminescent measurements.

Control: luminol and H2O2 in a phosphate-buffered solution without WOx and/or PVP. (d) The integral

luminescence intensities of the reaction mixtures measured within 20 min after the addition of a tested

material

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 WOx nanoparticles demonstrated dose-dependent catalytic activity in the hydrogen peroxide decomposition re-

action. In turn, the activity of WOx@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 WOx nanoparticles (Fig. 5) were found to be fitted well to the Michaelis-Menten

equation

ν =
VMAX · [S]

KM + [S]

where ν is the initial reaction rate, VMAX is the maximum reaction rate, and KM 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 (R2 > 0.99). The Michaelis

constant was found to be (3.9 ± 0.5) × 10−3 M, the maximum reaction rate was determined to be (1.5 ± 0.2) ×10−7

M·s−1. The catalytic constant (kcat) is the rate constant defining the maximum number of substrate molecules undergoing

transformation per time unit. The kcat for the WOx nanocatalyst amounted to 1.5·10−4 s−1. These kinetic parameters are

in line with those typically reported for various inorganic nanoparticles [38–40].
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FIG. 4. The kinetics of TMB oxidation by hydrogen peroxide in the presence of (a) bare WOx (0.25–

4 mM) and (b) WOx@PVP (0.5–4 mM) nanoparticles as determined from the absorption at 652 nm.

FIG. 5. The kinetics of TMB oxidation by hydrogen peroxide in the presence of bare WOx sols and its

fitting to the Michaelis-Menten model. The light-purple band shows 95 % coincidence interval

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 KS = (3.9 ± 0.5) ×10−3 M,

VMAX = (1.5 ± 0.2) × 10−7 M·s−1 M·s−1 and kcat = 1.5·10−4 s−1.

The stabilization of the WOx nanoparticles with PVP substantially decreases their peroxidase-like activity, which is

10–20 times lower than the catalytic activity of the bare WOx nanoparticles. This behavior may be attributed to a shielding

of the available active sites on the nanoparticles surface.



28 M. A. Popkov, E. D. Sheichenko, A. D. Filippova, et al.

References

[1] Kang T., Kim Y.G., Kim D., Hyeon T. Inorganic nanoparticles with enzyme-mimetic activities for biomedical applications. Coord. Chem. Rev.,

2020, 403, P. 213092.

[2] Liang X., Han L. White Peroxidase-Mimicking Nanozymes: Colorimetric Pesticide Assay without Interferences of O2 and Color. Adv. Funct.

Mater., 2020, 30(28), P. 2001933.

[3] Gao L., Zhuang J., Nie L., et al. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol., 2007, 2(9), P. 577–583.

[4] Gao L. Enzyme-Like Property (Nanozyme) of Iron Oxide Nanoparticles. In: Iron Oxide Nanoparticles, IntechOpen, 2022.

[5] Yang Y., Mao Z., Huang W., et al. Redox enzyme-mimicking activities of CeO2 nanostructures: Intrinsic influence of exposed facets. Sci. Rep.,

2016, 6(1), P. 35344.

[6] Filippova A.D., Baranchikov A.E., Ivanov V.K. Enzyme-Like Activity of Cerium Dioxide Colloidal Solutions Stabilized with L-Malic Acid.

Colloid. J., 2023, 85(5), P. 782–794.

[7] Filippova A.D., Sozarukova M.M., Baranchikov A.E., Kottsov S.Y., Cherednichenko K.A., Ivanov V.K. Peroxidase-like Activity of CeO2

Nanozymes: Particle Size and Chemical Environment Matter. Molecules, 2023, 28(9), P. 3811.

[8] Zhao M., Tao Y., Huang W., He Y. Reversible pH switchable oxidase-like activities of MnO2 nanosheets for a visual molecular majority logic gate.

Phys. Chem. Chem. Phys., 2018, 20(45), P. 28644–28648.

[9] Lin S., Tan W., Han P., et al. A photonanozyme with light-empowered specific peroxidase-mimicking activity. Nano. Res., 2022, 15(10), P. 9073–

9081.

[10] Deng Z., Gong Y., Luo Y., Tian Y. WO3 nanostructures facilitate electron transfer of enzyme: Application to detection of H2O2 with high

selectivity. Biosens. Bioelectron., 2009, 24(8), P. 2465–2469.

[11] Kozlov D.A., Shcherbakov A.B., Kozlova T.O., et al. Photochromic and Photocatalytic Properties of Ultra-Small PVP-Stabilized WO3 Nanopar-

ticles. Molecules, 2019, 25(1), P. 154.

[12] Lee S.-H., Deshpande R., Parilla P.A., et al. Crystalline WO3 Nanoparticles for Highly Improved Electrochromic Applications. Adv. Mater., 2006,

18(6), P. 763–766.

[13] Aliannezhadi M., Abbaspoor M., Shariatmadar Tehrani F., Jamali M. High photocatalytic WO3 nanoparticles synthesized using Sol-gel method at

different stirring times. Opt. Quantum Electron., 2023, 55(3), P. 250.

[14] Huang Z., Song J., Pan L., Zhang X., Wang L., Zou J. Tungsten Oxides for Photocatalysis, Electrochemistry, and Phototherapy. Adv. Mater., 2015,

27(36), P. 5309–5327.

[15] Dong X., Lu Y., Liu X., Zhang L., Tong Y. Nanostructured tungsten oxide as photochromic material for smart devices, energy conversion, and

environmental remediation. J. Photochem. Photobiol. C Photochem. Rev., 2022, 53, P. 100555.

[16] Zeb S., Sun G., Nie Y., Xu H., Cui Y., Jiang X. Advanced developments in nonstoichiometric tungsten oxides for electrochromic applications.

Mater. Adv., 2021, 2(21), P. 6839–6884.

[17] George J.M., Antony A., Mathew B. Metal oxide nanoparticles in electrochemical sensing and biosensing: a review. Microchim. Acta, 2018,

185(7), P. 358.

[18] Can F., Courtois X., Duprez D. Tungsten-Based Catalysts for Environmental Applications. Catalysts, 2021, 11(6), P. 703.

[19] Kameneva S.V., Popkov M.A., Tronev I.V., Kottsov S.Y., Sozarukova M.M., Ivanov V.K. Photochromic aerogels based on cellulose and chitosan

modified with WO3 nanoparticles. Nanosyst. Physics., Chem., Math, 2022, 13(4), P. 404–413.

[20] Staerz A., Somacescu S., Epifani M., Russ T., Weimar U., Barsan N. WO3 Based Gas Sensors. In: EUROSENSORS 2018. MDPI, 2019, P. 826.

[21] Zhou Y., She X., Wu Q., Xiao J., Peng T. Monoclinic WO3 nanosheets-carbon nanotubes nanocomposite based electrochemical sensor for sensitive

detection of bisphenol A. J. Electroanal. Chem., 2022, 915, P. 116355.

[22] Anithaa A.C., Lavanya N., Asokan K., Sekar C. WO3 nanoparticles based direct electrochemical dopamine sensor in the presence of ascorbic acid.

Electrochim. Acta, 2015, 167, P. 294–302.

[23] Sharma A., Saini A.K., Kumar N., et al. Methods of preparation of metal-doped and hybrid tungsten oxide nanoparticles for anticancer, antibacte-

rial, and biosensing applications. Surfaces and Interfaces, 2022, 28, P. 101641.

[24] Bashir A., Khan S.R., Aqib A.I., Shafique L., Ataya F.S. Multifunctional integration of tungsten oxide (WO3) coating: A versatile approach for

enhanced performance of antibiotics against single mixed bacterial infections. Microb. Pathog., 2024, 189, P. 106571.

[25] Popov A.L., Han B., Ermakov A.M., et al. PVP-stabilized tungsten oxide nanoparticles: pH sensitive anti-cancer platform with high cytotoxicity.

Mater. Sci. Eng. C, 2020, 108, P. 110494.

[26] Jiang X., Liu W., Li Y., et al. WO3 nanosheets with peroxidase-like activity and carbon dots based ratiometric fluorescent strategy for xanthine

oxidase activity sensing and inhibitor screening. Talanta, 2024, 267, P. 125129.

[27] Sadashivanna R.H., Krishna H., Shivakumar A., Gangadhara N.Y., Mahesh Lohith K.S., Krishnegowda A. Oxalic acid capped tungsten oxide

nanozyme mimicking peroxidase activity, its synthesis characterization, and kinetic data validation via spectrophotometric studies. Nano-Structures

& Nano-Objects, 2024, 40, P. 101340.

[28] Robert A., Meunier B. How to Define a Nanozyme. ACS Nano, 2022, 16(5), P. 6956–6959.

[29] Zandieh M., Liu J. Nanozymes: Definition, Activity, and Mechanisms. Adv. Mater., 2024, 36(10), P. 2211041.

[30] Popov A.L., Savintseva I.V., Popova N.R., et al. PVP-stabilized tungsten oxide nanoparticles (WO3) nanoparticles cause hemolysis of human

erythrocytes in a dose-dependent manner. Nanosyst. Physics., Chem., Math, 2019, 10(2), P. 199–205.

[31] Basha M.A.F. Magnetic and optical studies on polyvinylpyrrolidone thin films doped with rare earth metal salts. Polym. J.., 2010, 42(9), P. 728–734.

[32] Pacheco M.L., Pinto T.V., Sousa C.M., et al. Tuning the Photochromic Properties of WO3 -Based Materials toward High-Performance Light-

Responsive Textiles. ACS Appl. Opt. Mater., 2023, 1(8), P. 1434–1451.

[33] Hussain M., Kalulu M., Ahmad Z., Ejeromedoghene O., Fu G. Rapid fabrication of polyoxometalate-enhanced photo responsive films from ethyl

cellulose (EC) and polyvinylpyrrolidone (PVP). Int. J. Biol. Macromol., 2024, 280, P. 136051.

[34] Jiang B., Duan D., Gao L., et al. Standardized assays for determining the catalytic activity and kinetics of peroxidase-like nanozymes. Nat. Protoc.,

2018, 13(7), P. 1506–1520.

[35] Zheng J.J., Zhu F., Song N., et al. Optimizing the standardized assays for determining the catalytic activity and kinetics of peroxidase-like

nanozymes. Nat. Protoc., 2024, 19, 3470–3488.

[36] Feng K., Wang G., Wang S., et al. Breaking the pH Limitation of Nanozymes: Mechanisms, Methods, and Applications. Adv. Mater., 2024, 36(31),

P. 2401619.
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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 NixCo1−xAl2O4 (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 H2 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 (τ = 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, CH4 and CO2 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 CO2 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):

CH4 +CO2 = 2CO+ 2H2 (∆rH
o = 247.3 kJ/mol) (1)

Due to a molar ratio of H2/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

H2 + 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 γ-Al2O3, MgO, SiO2, CeO2 and ZrO2 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 γ-Al2O3,

MgO, SiO2, CeO2 and ZrO2, 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/Al2O3 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 Al2O3 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 NixCo1−xAl2O4 (x = 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 H2 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 (τ ) was investigated

2. Experimental

2.1. Catalyst preparation

Catalysts with a general composition of NixCo1−xAl2O4 (x = 0.1 – 0.5) were prepared by co-precipitation method.

For comparison, Co1Al2O4 sample was prepared too. Metal nitrate salts (Ni(NO3)2 · 6H2O, Co(NO3)2 · 6H2O and

Al(NO3)3 · 9H2O (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 NH4OH

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 (SBET) 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

CuKα-radiation and a Mythen2R 1D (Dectris, Switzerland) multistrip detector. Scanning was made over an angular

range of 2θ = 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 H2 atmosphere was made by using a Bruker D8 Advance diffractometer (Bruker, Germany),

over an angular range of 2θ = 5 – 70◦ at a 0.03◦ step and counting time of 3 s. at each point using a LynxEye (1D) line

detector. The monochromatic CuKα-radiation (λ = 1.5418 Å) was used. The measurements were carried out using

an XRK-900 high-temperature reactor chamber (Anton Paar, Austria). The 10 % H2/ 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-H2 (temperature-programmed reduction) by 10 vol. % H2 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 H2 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 Å) 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 (MgKα radiation, hν = 1253.6 eV, 150 W). The

binding energy scale was calibrated using the levels of positions of the Au4f7/2 (Eb = 84.0 eV) and Cu2p3/2 peaks (Eb =
932.67 eV). Binding energy was calibrated against the position of the C1s peak (Eb = 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 % O2/N2 medium at 600 ◦C for 30 min

with further reduction at 700 ◦C for 1 h in a 5 vol % H2/He medium. In all cases, the DRM reaction was performed

at a reaction mixture composition of (15 vol % CH4 + 15 vol % CO2) in N2, the volumetric flow rate was 8 l/h, the

volume of the loaded catalyst was 0.07 ml, a contact time (τ ) 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 CH4 conversion (XCH4
, %), CO2 conversion (XCO2

, %), yield of H2

(YH2
, %), and yield of CO (YCO, %), which were as follow:

XCH4
, % =

C0
CH4

− CCH4

C0
CH4

· 100,

XCO2
, % =

C0
CO2

− CCO2

C0
CO2

· 100,

YH2
, % =

CH2

2C0
CH4

· 100,

YCO, % =
CCO

C0
CO2

+ C0
CH4

· 100,

where C0
i , [vol. %] is the concentration of reagent at the inlet and Ci, [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 NixCo1−xAl2O4 (x = 0.1 – 0.5) and comparison sample Co1Al2O4

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 (XCH4
) and carbon dioxide (XCO2

) conversion, on the hydrogen yield (YH2
)

and on the molar ratio of H2/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 Co1Al2O4 catalyst is less active compare to bimetallic NixCo1−xAl2O4 catalysts.

In the case of Co1Al2O4 catalyst at 700 ◦C XCH4
= 61 %, XCO2

= 62 %, and the hydrogen yield YH2
= 32 %, H2/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 x value in catalyst NixCo1−xAl2O4

from 0.1 to 0.5 leads to increase in the XCH4
from 64 to 77 %, the XCO2

from 65 to 76 %, the YH2
from 32 to 42 % and

H2/CO ratio from 0.63 to 0.69.

The rather low the values of H2/CO due to the reverse water gas shift reaction [2]:

CO2 +H2 = CO+H2O. (2)

According to the eq. (2), hydrogen reacts with CO2 and CO and H2O are formed. It leads to decrease in H2/CO ratio

in the reaction product compared to theoretical value H2/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 Ni0.35Co0.75Al2O4 and Ni0.1Co0.9Al2O4 catalysts.

TABLE 1. Catalytic properties of NixCo1−xAl2O4 samples (x = 0.1 – 0.5) and the comparison sample

Co1Al2O4 after 20 hours in the dry reforming of methane reaction at 700 ◦C

Sample XCH4
, % XCO2

, % YH2
, % YCO, %

H2/CO,

mole/mole

Result of long-

term test

Co1Al2O4 61 62 32 49 0.62 passed

Ni0.1Co0.9Al2O4 64 65 34 52 0.63 passed

Ni0.25Co0.75Al2O4 71 70 38 57 0.67 passed

Ni0.35Co0.65Al2O4 76 73 40 59 0.68 passed

Ni0.5Co0.5Al2O4 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 NixCo1−xAl2O4 (with x = 0.1 – 0.5) samples are

the same. The main peaks located at 2θ = 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 Ni2+ and Co2+ (Ni2+ = 0.74 Å, Co2+ = 0.72 Å). 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 m2/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 Ni0.35Co0.65Al2O4 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 CoAl2O4 catalyst

spinel and pure metallic Co0 phases were registered by XRD method. One can see the presence of spinel in comparison
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(a) (b)

(c) (d)

(e) (f)

FIG. 1. CH4 (a) and CO2 (b) conversions, hydrogen yield (c), CO yield (d), molar ratio H2/CO (e)

and their corresponding equilibriums curves as a function of temperature in DRM over Co1Al2O4,

Ni0.1Co0.9Al2O4, Ni0.25Co0.75Al2O4, Ni0.35Co0.65Al2O4, Ni0.5Co0.5Al2O4 catalysts. And time on

stream stability of DRM (f) over representative Ni0.35Co0.65Al2O4 and Ni0.1Co0.9Al2O4 catalysts
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FIG. 2. X-ray patterns of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),

Ni0.35Co0.65Al2O4 (4), Ni0.5Co0.5Al2O4 (5) samples, heated in air at 700 ◦C

(a)

(b) (c)

FIG. 3. TEM image (a), HAADF-STEM (b) image and corresponding EDX elemental mapping (c) of

the representative Ni0.35Co0.65Al2O4 sample calcined in air at 700 ◦C
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TABLE 2. Phase composition and structural properties of fresh catalysts NixCo1−xAl2O4 (x = 0.1 –

0.5) and the comparison sample Co1Al2O4 heated at 700 ◦C in air

# Sample Phase Lattice parameter, Å CSR, nm SBET, m2/g

1 Co1Al2O4 Spinel 8.0939 12.69 116

2 Ni0.1Co0.9Al2O4 Spinel 8.0947 11.90 108.2

3 Ni0.25Co0.75Al2O4 Spinel 8.0914 11.48 108.8

4 Ni0.35Co0.65Al2O4 Spinel 8.0908 10.18 123.7

5 Ni0.5Co0.5Al2O4 Spinel 8.0943 9.54 127.6

TABLE 3. Phase composition and structural characteristics of NixCo1−xAl2O4 (x = 0.1 – 0.5) cata-

lysts and the comparison sample Co1Al2O4 after work in DRM media

# Sample Phase Lattice parameter, Å CSR, nm

1 Co1Al2O4
Spinel (62 %)

Co0 (38 %)

8.042

3.540

3.62

3.99

2 Ni0.1Co0.9Al2O4
Spinel (83.5 %)

(0.33Ni–0.77Co) alloy (16.5 %)

8.031

3.537

3.69

3.90

3 Ni0.25Co0.75Al2O4
Spinel (82.9 %)

(0.3Ni–0.7Co) alloy (17.1 %)

8.049

3.539

3.06

3.67

4 Ni0.35Co0.65Al2O4
Spinel (82.3 %)

(0.29Ni–0.71Co) alloy (17.7 %)

8.041

3.540

2.93

3.04

5 Ni0.5Co0.5Al2O4
Spinel (81.7 %)

(0.42Ni–0.58Co) alloy (18.3 %)

8.039

3.530

3.89

3.75

sample Co1Al2O4 and bimetallic Ni–Co alloy phase in NixCo1−xAl2O4 (x = 0.1 – 0.5) due to the shift of characteristics

of the diffraction peaks at 2θ: 44.26 – 44.52◦. The X-ray diffraction patterns of the Ni–Co alloy shows the diffraction

peaks at 2θ: 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 Ni0.35Co0.65Al2O4 catalyst at first heated in air at 700 ◦C and then in situ reduced in 10 % H2/ 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 Co1Al2O4 sample the concentration of Co0 metal phase is

38 %. In NixCo1−xAl2O4 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 x = 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 Ni0.35Co0.65Al2O4 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. 6c 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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FIG. 4. X-ray patterns of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),

Ni0.35Co0.65Al2O4 (4), Ni0.5Co0.5Al2O4 (5) used catalysts with previous activation in hydrogen

at 700 ◦C

FIG. 5. X-ray patterns recorded during in situ reduction of representative Ni0.35Co0.65Al2O4 catalyst,

previously heated at 700 ◦C in air
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(a) (b)

(c)

FIG. 6. HAADF-STEM image (a), EDX elemental mapping (b) and HRTEM (c) of the representative

Ni0.35Co0.65Al2O4 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 NixCo1−xAl2O4 catalysts

lead to increasing their catalytic activity in DRM.

3.3. Catalysts reducibility (TPR–H2)

Before the reaction NixCo1−xAl2O4 (x = 0.1 – 0.5) catalysts and the comparison sample Co1Al2O4 previously

calcined at 700 ◦C in air, were activated by reduction of 5 vol. % H2/He mixture at 700 ◦C for 1 h. In order to study the

features of this activation, method of temperature-programed hydrogen reduction (TPR–H2) was applied. Obtained TPR–

H2 profilers for all catalysts are shown in Fig. 7. For CoAl2O4 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 Co3+ to Co2+. The peak at 670 ◦C may be identified with the

reduction of the part of Co3+ ions to Co0 with formation of metal compound. The high temperature reduction peak at

774 ◦C may be associated with the reduction of some part of Co(2,3)+ ions localized in strong interaction in the volume

of the spinel structure.

For NixCo1−xAl2O4 (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 (II 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 H2 consumption

increases from 4.9 to 5.6 mlmol H2/g with an increase in the nickel content in the samples from x = 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 H2

consumption in the I temperature region may indicate the reducibility of Ni2+ to Ni0 in (Ni–O–Co, Ni–O–Al) structures
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FIG. 7. TPR-H2 profiles of CoAl2O4 (1), Ni0.1Co0.9Al2O4 (2), Ni0.25Co0.75Al2O4 (3),

Ni0.35Co0.75Al2O4 (4), Ni0.5Co0.5Al2O4 (5) samples

localized on the surface of the spinel structure. Decreasing in Co3+ reduction temperature from 527 to 512 ◦C under

addition of Ni to CoAl2O4 indicates the decreasing strength of the metal-support interaction in these catalysts [36]. This

region of hydrogen uptake is associated with the reduction of Co3+ 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 CoAl2O4 greatly changes their reducing properties. Thus, in the NixCo1−xAl2O4

samples, as a result of activation, reduction of Ni2+ and Co3+ 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 Ni0.35Co0.65Al2O4 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 Ni2p3/2 peak is 854.8 eV which corresponds

to Ni2+ state [49, 50]. In Co2p spectrum peak position is 781.2 eV corresponding to Co2+ 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 Ni0 state [44]. Simultaneous, in Co2p spectrum additional shoulder with

BE = 778.2 eV is appeared. Such value of BE indicates the presence of Co0 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 Al3+ state [54,55]. XP spectra recorded in O1s region (Fig. 9d) indicate the peak at ∼531 eV due

to O− in the Al2O3 lattice.

Obtained results indicate that in fresh catalyst nickel is predominantly in the Ni2+ state and cobalt in Co2+ state,

alumina in Al3+ state. In the catalyst after reaction nickel in Ni0 state, cobalt in Co0 state are appeared. In both samples

Al3+ state is observed.

4. Conclusions

Highly active bimetallic Ni–Co catalysts supported on spinel-based structure with a general composition of

NixCo1−xAl2O4 (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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FIG. 8. Survey XP spectrum of the Ni0.35Co0.65Al2O4 catalyst before the reaction

(a) (b)

(c) (d)

FIG. 9. Ni2p (a), Co2p (b), Al2p (c), O1s (d) spectra of representative Ni0.35Co0.65Al2O4 catalyst

before (1) and after (2) reaction
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Ni2+ and Co2+ ions in the spinel structure. During the reduction in H2 or in situ reaction condition Ni0 and Co0 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 (τ = 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

# Catalyst
Preparation

method

DRM reaction

conditions

Best performance

achievements

Time of stream

(TOS) stability
Ref.

1
3.37 % Co –

11.2 % Ni/MgAl2O4

Incipient

wetness

impregnation

18825 ml/g·h;

CH4:CO2:N2 =

1:1:3;

600 ◦C

XCH4
= 9 %;

XCO2
=13 %;

H2/CO = 0.5

Only an initial

slight drop of

XCH4
; XCO2

after TOS 1.5 h

28

2
7.5 % Co –

7.5 % Ni/MgAl2O4

Incipient

wetness

impregnation

10000 ml/g·h;

CH4:CO2:N2 =

1:1:3;

600 ◦C

XCH4
=16 %;

H2/CO = 0.45

A small decrease

of XCH4
in the

first 90 min

38

3 8 % Co – 1 % Ni/Al2O3

Excess

volume

impregnation

22000 h−1

(GHSV);

CH4:CO2 = 1:1

700 ◦C

XCH4
=71 %;

XCO2
= 80 %

Deactivation

after 6 h
37

4 Ni0.375Co0.375Mg0.25Al2O4
Wet

impregnation

60000 h−1

(GHSV)

CH4:CO2:N2 =

2.3:4.6:1

(20 ppm H2S)

850 ◦C

XCH4
=40 %;

XCO2
= 32 %

Performance

decreases

in the first 6 h

56

5 NiCoAlO

One pot

evaporation-

induced self-

assembly

CH4:CO2 = 1;

700 ◦C

XCH4
=52 %;

XCO2
= 60 %;

H2/CO = 0.82

— 57

6 Ni/Al2O3 Impregnation
12000 ml/g·h;

700 ◦C

XCH4
=57 %;

XCO2
= 70 %

Performance

decreases

in the first 3 h

58

7
Ni0.5Co0.5Al2O4 (a);

Ni0.35Co0.65Al2O4 (b)

Co-

precipitation

120000 h−1

(GHSV)

(15 % CH4 +

15 % CO2)/N2

700 ◦C

XCH4
=77 %;

XCO2
=76 %;

H2/CO = 0.69 (a);

XCH4
= 76 %;

XCO2
= 73 %;

H2/CO = 0.68 (b)

Stable

performance

for 20 h

This

work
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ABSTRACT The study for the first time presents a method for producing indium-gallium-zinc oxide InGaZn2O5

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 (MoS2 [5], WSe2 [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]

(α–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 InGaO3ZnO5 on a substrate of single-crystal ZrO2 (stabilized by Y2O3). 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 (µ), threshold voltage (Vth), on/off current ratio

(Ion/Ioff ) 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 cm2/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

β-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 InGaZn2O5 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(NO3)3 · xH2O (chemically pure)], gallium

nitrate hydrate [Ga(NO3)3 · xH2O (chemically pure)], zinc nitrate hydrate [Zn(NO3)2 · xH2O (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 In3+:Ga3+:Zn2+ = 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

Kα, 40 kV, 30 mA, Ni filter) in the 2θ 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−1 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 BaSO4 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 InGaZn2O5 [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.

FIG. 1. XRD pattern of the InGaZn2O5 sample obtained at different temperatures, explanation in the legend

The morphology, size of agglomerates and particles of the InGaZn2O5 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 – In1.01Ga0.96Zn2.03O5. 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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FIG. 2. SEM image of InGaZn2O5 sample sintered at 500 ◦C for 6 hours

FIG. 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 InGaZn2O5 sample sintered

at 500 ◦C is X-ray amorphous.

FIG. 4. TEM images of InGaZn2O5 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−1. A broad absorption peak in the region of 3650 to 3000 cm−1 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−1, 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−1. The sample also had an absorption peak in the region of lower wave numbers from
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FIG. 5. TEM image of InGaZn2O5 sintered at 500 ◦C for 6 hours (high resolution)

1740 to 1280 cm−1, which most likely corresponds to the “–C=O” 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−1, as it contains information about the Me–O bonds. In our analysis, the 600 to 400 cm−1

region was examined only, due to hardware limitations. In this region, an absorption peak at ≈630 cm−1 is observed

which can be attributed to the In–O or Ga–O bond. The peak at ≈420 cm−1 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

0.15 eV.

FIG. 6. UV-Vis spectrum and Tauc plot (insert) for determining the optical band gap of InGaZn2O5

4. Conclusion

The nitrate-tartrate complex decomposition method has been successfully applied to the process of obtaining

InGaZn2O5. 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 InGaZn2O5 sample sintered at 500 ◦C is 3.10 eV.
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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.
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ABSTRACT The structural and phase transformations of La0.6Ca0.4Mn1−yCoyO3±δ (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 H2 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 La2CoO4 and Co and Ca2MnO4 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.

KEYWORDS Rudlesden–Popper-type perovskite, hydrogen reduction, lanthanum manganite, in situ XRD,

phase transition
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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–O) 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

La0.6Ca0.4Mn1−yCoyO3 sample was synthesized by the polymerizable precursor method. Appropriate amounts

of crystal hydrates of salts, including La(NO3)3 · 6H2O (ZRM, > 99 %), Ca(NO3)2 · 4H2O (Merck, > 99 %),

Mn(NO3)2 · 4H2O (Merck, > 99 %), Co(NO3)2 · 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 CuKα radiation in scanning with a step of 2θ = 0.05◦

point by point, and an ac-cumulation time of 3 s at each point in a range of the angles 2θ = 15 – 75
◦. Temperature

measurements were performed according to the following conditions: temperature rate of 10 ◦C/min with 30 % H2 +

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 La0.6Ca0.4Mn1−yCoyO3±δ 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 Å3 (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

Co3+ cations (0.59 ± 0.05 Å for Co3+ and 0.62 ± 0.02 Å for Mn3+), 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 La1−xCaxMnO3±δ [28], although

the formation of Co2+ cations is also allowed, as in LaMn1−yCoyO3±δ [29].

TABLE 1. Unit cell parameters of La0.6Ca0.4Mn1−yCoyO3±δ in initial state

Sample V , Å3 D, Å ε S, m2/g

La0.6Ca0.4Mn0.8Co0.2O3 227.37 590 0.0017 7.7

La0.6Ca0.4Mn0.7Co0.3O3 226.64 437 0.001 9.5

La0.6Ca0.4Mn0.6Co0.4O3 225.69 470 0.003 11.5

La0.6Ca0.4Mn0.5Co0.5O3 224.71 380 0.0035 11.8

La0.6Ca0.4Mn0.4Co0.6O3 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]. La0.6Ca0.4Mn1−xCoxO3 samples similarly to
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FIG. 1. XRD patterns of La0.6Ca0.4Mn1−yCoyO3±δ in initial state (a). HRTEM images of sample

morphology (b) and microstructure (c), EDX mapping for La0.6Ca0.4Mn0.5Co0.5O3 sample (d)

La0.5Ca0.5Mn0.5Co0.5O3 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 La0.6Ca0.4Mn0.8Co0.2O3).

FIG. 2. In situ XRD patterns of La0.6Ca0.4Mn0.8Co0.2O3 in He atmosphere (a), XRD patterns of

La0.6Ca0.4Mn1−yCoyO3 after treatments in hydrogen containing atmosphere (b)

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. 15-806), as well as Ca2MnO4 (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

La2CoO4, s.g. I4/mmm, PDF No. 34-1081) is also observed.
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For the sample with the highest content of Mn cations – La0.6Ca0.4Mn0.8Co0.2O3, 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 La0.6Ca0.4Mn0.4Co0.6O3 decomposition begins at 450 ◦C (Fig. 3a), while for La0.6Ca0.4Mn0.6Co0.4O3

the process does not begin earlier than 550 ◦C (see Fig. 3b) for La0.6Ca0.4Mn0.5Co0.5O3 it begins at 500 ◦C and for

La0.6Ca0.4Mn0.8Co0.2O3 – 600 ◦C.

FIG. 3. In situ XRD patterns obtained in hydrogen containing atmosphere La0.6Ca0.4Mn0.4Co0.6O3 (a)

and La0.6Ca0.4Mn0.6Co0.4O3 (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 La2CoO4. Apparently, this is due to the formation of a solid solution, with

the assumed composition of La2−xCaxCoO4−δ . The difference of 1 Å3 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 La0.85Ca0.15MnO3.

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

Sample V/Zinit., Å3 V/Ztetr., Å3 V/Zort., Å3

La0.6Ca0.4Mn0.8Co0.2O3 56.84 94.42 58.04

La0.6Ca0.4Mn0.7Co0.3O3 56.66 94.39 58.12

La0.6Ca0.4Mn0.6Co0.4O3 56.34 94.36 59.33

La0.6Ca0.4Mn0.5Co0.5O3 56.12 94.26 59.40

La0.6Ca0.4Mn0.4Co0.6O3 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 Co3+
→ Co2+. 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 H2 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 La2CoO4 is located mainly in

the near-surface layers of particles, since it is characterized by a high content of Co2+ 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 La0.6Ca0.4Mn1−yCoyO3 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 Å3 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 La0.6Ca0.4Mn0.4Co0.6O3

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 Co3O4.

FIG. 4. TG curves for the initial, reduced and oxidized La0.6Ca0.4Mn0.5Co0.5O3 in the air atmo-

sphere (a) and comparative XRD patterns of La0.6Ca0.4Mn0.4Co0.6O3, 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 La0.6Ca0.4Mn1−xCoxO3 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 La2CoO4-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.

FIG. 5. In situ XRD patterns demonstrating the processes of reoxidation of solid solutions La0.6Ca0.4Mn0.6Co0.4O3
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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. 6c) 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).

FIG. 6. EDX mappings and HRTEM images of La0.6Ca0.4Mn0.4Co0.6O3 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 La0.6Ca0.4Mn1−xCoxO3 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 Ca1−xMnxO 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 Fe2+ ions. The glass was melted at 1620 ◦C and heat-treated

between 660 ◦C and 800 ◦C, yielding nanocrystals of γ-Al2O3 (2 – 23 nm) and β-quartz solid solutions (8 –

40 nm). Fe2+ ions in octahedral coordination in the initial glass are responsible for absorption in the 1000 –

1400 nm range. Tetrahedrally coordinated Fe2+ ions in γ-Al2O3 are responsible for absorption at 1550 –

2300 nm. Crystallization of β-quartz solid solutions leads to decreasing the γ-Al2O3 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 Fe2+-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, γ-Al2O3 nanocrystals, nanocrystals of β-quartz solid solution, Fe2+

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 β-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 I.P., Bogdanov K.V., Zapalova S.S., Tenevich M.I.,
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the LAS system allowed us to develop transparent glass-ceramics based on spinel and β-quartz solid solutions (ss) and

doped with Ni2+ and Co2+ 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 µm, 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 Li2O, 24 Al2O3, and 64 SiO2 (mol%) [26] nucleated by 6 mol% TiO2 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.

FIG. 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 ×50 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−1. 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 ImageJ

software [27].

The X-ray diffraction (XRD) experiments were performed on the Shimadzu XRD-6000 diffractometer operating with

Cu Kα radiation and a Ni filter (λ = 1.5406 Å). The average crystal sizes were calculated from broadening of X-ray peaks

according to Scherrer’s equation [28]. The average size of γ-Al2O3 crystals was estimated from the peak with indices hkl

(440); the size of tieilite crystals, Al2TiO5, from the peak with indices hkl (020). The average size of crystals of β-quartz

ss was determined from the (220) peak, while the average size of crystals of β-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 γ-Al2O3

nanocrystals was estimated from the position of the peak with Miller’s indices hkl (440), those of Al2TiO5 from the peaks

with indices (002), (020), (110), (023) and (200). The lattice parameters of β-quartz ss were estimated from the positions

of the peaks with indices (110) and (211), while those of β-spodumene ss were estimated using the peaks with Miller’s

indices (111) and (102). The error is ±0.003 Å.

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 (Tg) at 698 ◦C. At higher temperatures, the DSC curve exhibits a strong

exothermic peak with crystallization onset temperature Tx = 852
◦C and crystallization peak temperature, Tp = 873

◦C,

which is explained by the crystallization of the lithium aluminosilicate with β-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 β-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 β-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, Tp, 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 β-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 Tp = 829
◦C is caused by crystallization

of γ-Al2O3 with cubic spinel structure, see Fig. 3(b), while the second peak is assigned to β-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 2θ = 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 β-quartz ss.

FIG. 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 Tg , ◦C Tp1, ◦C Tp2, ◦C

— 698±2 — 873±1

660/6 702±2 — 854±1

680/6 702±2 829±1 905±1

680/6+750/6 716±2 848±1 895±1
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FIG. 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−1, a band at

800 cm−1 and a broad band with maxima at ca. 917 cm−1 and ca. 1003 cm−1, see Fig. 4. The wing of this band extends

to 1200 cm−1. The detailed arguments in favor of the attribution of the bands at 482 cm−1, at 800 cm−1 and at 1003 cm−1

to the aluminosilicate glass network and the band located at ca. 917 cm−1 to titanium-oxygen tetrahedrons (TiO4) 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−1 becomes broader and

has a flatter top, see Fig. 4.

FIG. 4. Raman spectra of the initial and heat-treated glasses. λexc = 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−1. The curves are shifted for

the convenience of observation.

The maximum at 907 cm−1 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 890 cm−1 and is assigned to (TiO5) and (TiO6)

groups in aluminotitanate amorphous regions [30]. The high wavenumber wing of the broad band exhibits maximum at

ca. 1050 cm−1. The middle-range band becomes somewhat narrower, and its position slightly changes to 474 cm−1.
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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−1.

It is assigned to β-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−1, characteristic of solid solutions with β-quartz structure [32, 33].

A small peak at ca. 145 cm−1 is at the position of the strongest peak of metastable titania modification of anatase [32].

Two distinct maxima at 250 and 312 cm−1 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−1, they manifest crystallization of tieilite,

Al2TiO5 [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.

(a) (b) (c)

(d) (e) (f)

FIG. 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 – f) 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 β-quartz ss and Al2TiO5 nanocrystals appear

additionally during heat-treatments at 780 and 800 ◦C. The spinel lattice parameter a changes from 7.915 to 7.979 Å 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 γ-Al2O3 is in the range of a = 7.900 – 7.908 Å. The lattice parameters and sizes of β-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 c, and average sizes of Al2TiO5 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 Al2TiO5 with Miller’s indices hkl (110). It is the evidence of a small fraction of Al2TiO5.

Therefore, it is not possible to determine the lattice parameters. The lattice parameters b and c of Al2TiO5 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.

FIG. 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 γ-Al2O3, and β-quartz ss crystals

Heat-treatment schedule
γ-Al2O3 β-quartz ss

a, Å D, nm a, Å c, Å D, nm

680 ◦C, 6 h + 720 ◦C, 6 h 7.915 < 2 — —

680 ◦C, 6 h + 750 ◦C, 6 h 7.905 5 — —

680 ◦C, 6 h + 780 ◦C, 6 h 7.949 8 5.220 5.439 29

680 ◦C, 6 h + 800 ◦C, 6 h 7.979 23 5.199 5.433 39

TABLE 3. Lattice parameters a, b, and c, and average sizes of Al2TiO5 crystals

Heat-treatment schedule a b c D, nm

680 ◦C, 6 h + 780 ◦C, 6 h traces 20

680 ◦C, 6 h + 800 ◦C, 6 h 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 β-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 Fe2+:MgAl2O4 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 Fe3+ and Ti4+ 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 TiO2 was discussed

in [10] and assigned to an Fe3+–O–Ti4+ charge transfer. The shift of the absorption edge after preliminary heat-treatment
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FIG. 7. Density of glasses and glass-ceramics obtained by heat-treatment schedules listed on the X-

axis. The sign “+” designates the preliminary heat-treatment at 680 ◦C for 6 h.

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+ 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 Fe2+ 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 Fe3+/Fe2+ ions and Ti4+/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 γ-Al2O3. 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 β-quartz ss

the crystallinity fraction of γ-Al2O3 begins to decrease, which results in the decrease in the intensity of absorption band

assigned to Fe2+ ions in crystals of γ-Al2O3. The iron ions begin to enter the structure of β-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. Fe2+ ions are

octahedrally coordinated, which gives raise to the band with a maximum at about 1100 nm due to the 5T2 →
5E (5D)

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 γ-Al2O3 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 a increases from 7.915 to 7.979 Å. 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 5E →
5T2 (5D) 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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ABSTRACT A series of Ca1−xYxF2+x solid solution x = 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.
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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 Ca1−xYxF2+x 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 Ca1−xYxF2+x 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 Ca1−xYxF2+x 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 Ca1−xYxF2+x 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 Ca1−xYxF2+x 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. I. 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 CaF2–YF3 system [28]. Phase F denotes the Ca1−xYxF2+x solid solution

The objects of the experimental study of thermal conductivity in this work were single-crystal samples of Ca1−xYxF2+x

with yttrium trifluoride content x = 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 Ca1−xYxF2+x

samples with the content of the second component x = 0.005 and x = 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 Ca1−xYxF2+x single crystals

YF3 Content, mol. %
Temperature, K

50 100 150 200 250 300

0.05 59.5 29.5 19.2 14.2 11.2 9.3

0.3 26.7 21.9 16.1 12.5 10.2 8.7

0.7 12.5 14.8 12.7 10.7 9.2 7.9

1.3 6.90 9.14 9.02 8.20 7.43 6.8

2 4.70 6.85 7.30 6.97 6.53 6.0

3 3.27 5.20 5.82 5.78 5.51 5.1

4 2.36 3.93 4.65 4.80 4.64 4.45
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FIG. 2. Temperature-dependent thermal conductivity coefficient for Ca1−xYxF2+x 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(T ) 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 x > 0.05. This kind of transition has been

detected many times for various heterovalent solid solutions of the M1−xRxF2+x 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 Ca1−xYxF2+x 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 Y6F37, existing in

ordered fluorite-like phases, formed in the system CaF2–YF3 [24,64–66]. This point of view is confirmed by the results of

precision structural studies of Ca1−xYxF2+x 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.

FIG. 3. Fragment of the fluorite lattice (a), the Y6F37 cluster (b), and the Y6F37 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

k
=

1−A

β
√

k0

d
· arctan

(√

k0d
β

)
+

A

D +BT + CT 2
. (1)
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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”); β is a parameter depending on the type of rare earth dopant;

k0 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 k0 for the thermal conductivity of a nominally pure CaF2 crystal [68] is taken in accor-

dance with the following expression

k0 = a1 + a2 exp(a3/T ) T
−1. (2)

As can be seen in Fig. 1, the calculated curves have a slight deviation from the experimental k(T ) 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: a1 = 3.38 W·m−1K−1,

a2 = 1499 W·m−1, a3 = 104.7, β = 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)

YF3 Content, mol. % A
C,

W·m−1K−3

B,

W·m−1K−2

D,

W·m−1K−1

0.0005 0.11 −1.183 · 10−4 2.490 · 10−2 8.758

0.003 0.155 −2.852 · 10−4 1.036 · 10−1 1.137

0.005 0.17 −2.132 · 10−4 9.288 · 10−2
−0.506

0.007 0.21 −2.514 · 10−4 1.087 · 10−1
−1.881

0.01 0.25 −3.868 · 10−4 1.267 · 10−1
−2.983

0.013 0.30 −1.110 · 10−4 5.686 · 10−2
−0.326

0.02 0.40 −1.009 · 10−4 5.154 · 10−2
−0.362

0.03 0.48 −8.767 · 10−5 4.398 · 10−2
−0.347

0.04 0.55 −6.741 · 10−5 3.496 · 10−2
−0.244

0.05 0.60 −4.006 · 10−5 2.355 · 10−2 0.149

0.1 0.68 −1.807 · 10−5 1.378 · 10−2
−0.041

0.12 0.70 −1.728 · 10−5 1.288 · 10−2
−0.038

0.15 0.75 −1.288 · 10−5 1.021 · 10−2 0.071

0.2 0.77 −1.638 · 10−5 1.032 · 10−2
−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 Ca1−xYbxF2+x 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 x 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 k(x). It can be

seen that the new experimental points k(x) 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 Ca1−xYxF2+x 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 Ca1−xRxF2+x 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 Ca1−xYxF2+x (1) and Ca1−xYbxF2+x (2) solid solutions

FIG. 5. Dependence of the thermal conductivity of the Ca1−xYxF2+x 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 β-amyloid peptide (Aβ),

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 β-amyloid peptide fragment Aβ(25–35), Aβ(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

© Sudeshna Kar, Yian Tai, 2025
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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 (HAuCl4) 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.

FIG. 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 HCl and extracted with ethylacetate. The organic layer was washed with excess of water and dried

over anhydrous sodium sulphate, Na2SO4 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 I) [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 HCl (3×30 mL),

1 M sodium carbonate solution (3×30 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 NaHCO3 (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 HCl and extracted

with ethylacetate. The organic layer was washed with excess of water and dried over anhydrous Na2SO4 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

HCl (3×30 mL), 1 M sodium carbonate solution (3×30 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 Na2SO4 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 (HAuCl4) 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 (1H-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 1H 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 µg/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 µg/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 4.4±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−1 caused by N–H stretching

vibrations as well as a broad band at 3251.65 – 3271.6 cm−1 (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−1 (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−1 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−1 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=O stretching (Fig. A3, Appendix), no appreciable change in peak position was seen either.

We used a 1H-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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FIG. 2. Particle size distribution of (a) peptide I bound AuNPs and (b) Particle size distribution of

peptide II bound AuNPs

FIG. 3. EDX analysis of AuNPs synthesized by (a) peptide I and (b) peptide II. EDX analysis clearly

indicates the presence of Au nanoparticle along with C, N and O contributed by the peptide molecules

on the surface of AuNPs
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FIG. 4. FT-IR spectra of (a) peptide I and (b) peptide I bound gold nano-particles (AuNPs) in solid

state (3200 – 3430 cm−1 range)

FIG. 5. FT-IR spectra of (a) peptide I and (b) peptide I bound gold nano-particles (AuNPs) in solid

state (1680 – 1780 cm−1 range)
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TABLE 1. Comparison of 1H NMR Chemical Shift Values (in PPM) of Peptides and Peptide Bound

AuNP (In DMSO-D6 (500 MHz))

Functional group Peptide I
Peptide I

AuNP
Peptide II

Peptide II

AuNP

mABA-NH 9.446 9.698 9.685 9.445

Aib-NH 8.527 8.306 8.297 8.527

-OCH3 3.582 3.847 3.847 3.582

FIG. 6. 1H NMR spectrum of peptide I in DMSO-D6 (500 MHz) (7 – 10 ppm region)

FIG. 7. 1H NMR spectrum of peptide I bound AuNPs in DMSO-D6 (500 MHz) (7 – 10 ppm region)

After conjugation with AuNP, the 1H-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 Au3+.

Moreover, the Boc-CH3 1H-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 A5, Appendix).

After conjugation with AuNP, the 1H-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 1H-NMR signal for Boc-CH3 was displaced from 1.377 to
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FIG. 8. 1H NMR spectrum of peptide I in DMSO-D6 (500 MHz) (1 – 4 ppm region)

FIG. 9. 1H 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 1H-NMR study

led us to hypothesis that in these peptide molecules, the N-terminal amino acid is in charge of reducing the Au3+ 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 II and had similar size and shape. With the MTT assay, we were able to monitor the cell survival of the peptides

and peptide-bound AuNP 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.

FIG. 10. MTT assay for peptide I, II 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 l = 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 II 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)2, 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 (ζ-potentials) of peptide I attached AuNP solutions were

determined to be +12.47 ± 1.67 and +6.97 ± 1.63 mV, respectively. Experimental parameters have been mentioned in

Table A1 (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 ζ-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 II

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 Au3+

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 II, which act as capping agents, are distributed

in bulk on the AuNP, changing their +ve ζ-potential. A positive ζ-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 Au3+ 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 II bound AuNPs

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

TABLE A1. Experimental parameters of Zeta potential study

FIG. A2. FT-IR spectra of peptide II and peptide II bound gold nano-particles (AuNPs) in solid state

(3200 – 3600 cm−1 range)
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FIG. A3. FT-IR spectra of peptide II and peptide II bound gold nano-particles (AuNPs) in solid state

(1640 – 1760 cm−1 range)

FIG. A4. 1H NMR spectrum of peptide II in DMSO-D6 (500 MHz) (7 – 10 ppm region)

FIG. A5. 1H NMR spectrum of peptide I bound AuNPs in DMSO-D6 (500 MHz) (7 – 10 ppm region)
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FIG. A6. 1H NMR spectrum of peptide II in DMSO-D6 (500 MHz) (1 – 4 ppm region)

FIG. A7. 1H NMR spectrum of peptide II bound AuNPs in DMSO-D6 (500 MHz) (1 – 4 ppm region)

FIG. 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

Sample Control Peptide I Peptide II
Peptide I

AuNP

Peptide II

AuNP

Day 1 0.067 ±0.002 0.082 ± 0.005 0.078 ± 0.006 0.075 ± 0.008 0.065 ± 0.007

Day 3 0.068 ±0.003 0.065 ±0.003 0.066 ± 0.007 0.075 ± 0.014 0.065 ± 0.002

Day 5 0.068 ± 0.010 0.066 ± 0.008 0.077 ± 0.005 0.08 ± 0.005 0.067 ± 0.013
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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

Al2O3, 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 Al2O3 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.

KEYWORDS hybrid Nanofluids, thermal conductivity, viscosity, density, automobile
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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 (Al2O3), 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 Al2O3, ZnO, and MWCNTs, 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, Al2O3, 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 Al2O3 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].

Al2O3 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 Al2O3 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 Al2O3 nanoparticles. They

identified a maximum improvement of 79.4 %, which is similar to any volume flow rate of water. Nanoparticles of Al2O3

enhanced thermal conductivity by 1.988 %, which is enabled the diurnal average thermal efficiency [25].

Raviteja Surakasi et al. have identified the role of TiO2 nanoparticles as vital in environmental purification and

water treatment. The zeta potential of TiO2 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, Al2O3 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 Al2O3 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 Fe2O3/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 Al2O3 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 Al2O3-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. Al2O3-based nanoparticles indicated

reduced corrosion at acid electrolyte and an elevated Nusselt number at 1 L min−11 [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 (Al2O3) 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 (MWCNTs) 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)

Al2O3 101.96 17.65 525 3.97 2977 2055

MWCNTs 120.1 2586 550 2.1 4027 3550

ZnO 81.38 49 494 6 2360 1975

Ethylene Glycol 62.08 0.253 2093 1.11 197.3 −12.9

2.1. Characterization of nanoparticles using XRD and UV

2.1.1. UV and XRD analysis of Al2O3 nanoparticles. UV-Vis spectroscopy is indispensable for the characterization of

Al2O3 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 Al2O3 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 Al2O3 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 Al2O3 nanoparticles will help

to elucidate their optical properties.

The X-ray diffraction pattern for Al2O3 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 Al2O3 nanoparticles was calculated using the Scherrer formula, D =
Kλ

β cos θ
where, K is the shape factor (0.9), λ is

the X-ray wavelength (1.5406 Å), β is the full width at half-maximum (FWHM), and θ 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 2θ = 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 2θ = 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 2θ ≈25◦, there is usually amorphous carbon and a wide peak at 2θ = 20◦ to 30◦.

The XRD analysis of multi-walled carbon nanotubes showed a very prominent peak at 2θ = 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 Al2O3 nanoparticles. Further tests resulted for the presented Al2O3 nanoparticles from the Nano

Research Lab in Jamshedpur. As shown in Fig. 5, the morphology of the synthesized Al2O3 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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FIG. 1. UV Spectroscopy of

Al2O3 nanoparticles

FIG. 2. XRD Analysis of

Al2O3 nanoparticles

FIG. 3. XRD analysis

of MWCNTs

FIG. 4. UV Spec-

troscopy of ZnO

nanoparticles

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 0 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, Al2O3, MWCNTs, and ZnO nanofluids were prepared. The weight of the nanoparticles for a

particular volume concentration can be expressed using the formula [12].

Φ =
[
wnp

ρnp
]

[
wnp

ρnp
+

wbf

ρbf
]
· 100 (1)
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FIG. 5. TEM Pho-

tograph of Al2O3

nanoparticles

FIG. 6. SEM Analysis

of MWCNTs

FIG. 7. TEM Analysis of ZnO Nanoparticles

Where, np represents nanoparticles and bf 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 (Al2O3) nanoparticles was evaluated

by the equation.

Φ =





[

WMWCNT

ρMWCNT

]

+
[

WAl2O3

ρAl2O3

]

[

WMWCNT

ρMWCNT

]

+
[

WAl2O3

ρAl2O3

]

+
[

Wbf

ρbf

]



 · 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 Al2O3 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 0.4

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 Al2O3 + 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.

FIG. 8. Flow chart for the preparation of nanofluids

3.3.1. Dispersant for stability. Oleic acid (C18H34O2) can be blended with various kinds of ethylene glycol, and thus

the stability of the nanofluids containing ZnO, MWCNTs, and Al2O3 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 Al2O3, 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 Al2O3, 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.

µnf = µbf (1 + 2.5∅) (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:

ρnf = (1− ∅) ρbf + ∅ρnp (4)

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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FIG. 9. Thermal con-

ductivity Vs Tempera-

ture Al2O3/EG

FIG. 10. Thermal con-

ductivity Vs Tempera-

ture MWCNT/EG

FIG. 11. Thermal con-

ductivity Vs Tempera-

ture ZnO/EG

FIG. 12. Thermal con-

ductivity Vs Tempera-

ture Al2O3 + MWCNT

/EG

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].

knf =
kp + 2kf + 2∅(kp − kf )

kp + 2kf − ∅(kp − kf )
xkf (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 Al2O3, 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 Al2O3/EG

S. No. Samples Maxwell model (W/m·K) Experimental value (W/m·K) % Deviation

1 EG+Al2O3 0.1 vol% 0.3333 0.333 0.09

2 EG+Al2O3 0.2 vol% 0.372 0.367 1.36

3 EG+Al2O3 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+MWCNT0.1 vol% 0.384 0.382 0.52

2 EG+MWCNT0.2 vol% 0.403 0.391 2.91

3 EG+MWCNT0.3 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 Al2O3+ MWCNT/EG

S. No. Samples Maxwell model (W/m·K) Experimental value (W/m·K) % Deviation

1 EG+Al2O3/MWCNT 0.1 vol% 0.414 0.413 0.24

2 EG+Al2O3/MWCNT 0.2 vol% 0.458 0.436 4.80

3 EG+Al2O3/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 Al2O3+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 + Al2O3 and EG + ZnO while double-phase nanofluids comprised

of EG and Al2O3 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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FIG. 13. Thermal conductivity of Nanofluids

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.

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 Al2O3 nanoparticles

S. No. Nanofluid Viscosity at 30 ◦C Viscosity at 60 ◦C Theoretical Viscosity %

Samples µ (kg/m-s) µ (kg/m-s) at 30 ◦C µ (kg/m-s) deviation

1 Base fluid 1.61×10−2 1.15×10−2 1.61×10−2 0

2 EG+Al2O3 0.1 vol% 2.01×10−2 1.45×10−2 2.012×10−2 −0.09

3 EG+Al2O3 0.2 vol% 2.39×10−2 1.58×10−2 2.415×10−2 −1.03

4 EG+Al2O3 0.3 vol% 2.76×10−2 1.96×10−2 2.817×10−2 −2.02

(b) Viscosity of EG with MWCNT nanoparticles

S. No. Nanofluid Viscosity at 30 ◦C Viscosity at 60 ◦C Theoretical Viscosity %

Samples µ (kg/m-s) µ (kg/m-s) at 30 ◦C µ (kg/m-s) deviation

1 Base fluid 1.61×10−2 1.15×10−2 1.61×10−2 0

2 EG+MWCNT 0.1 vol% 2.05×10−2 1.52×10−2 2.012×10−2 1.88

3 EG+MWCNT 0.2 vol% 2.32×10−2 1.76×10−2 2.415×10−2 −3.93

4 EG+MWCNT 0.3 vol% 2.56×10−2 1.92×10−2 2.817×10−2 −9.12

(c) Viscosity of EG with ZnO nanoparticles

S. No. Nanofluid Viscosity at 30 ◦C Viscosity at 60 ◦C Theoretical Viscosity %

Samples µ (kg/m-s) µ (kg/m-s) at 30 ◦C µ (kg/m-s) deviation

1 Base fluid 1.61×10−2 1.15×10−2 1.61×10−2 0

2 EG+ZnO 0.1 vol% 1.89×10−2 1.42×10−2 2.012×10−2 −6.06

3 EG+ZnO 0.2 vol% 2.09×10−2 1.65×10−2 2.415×10−2 −13.45

4 EG+ZnO 0.3 vol% 2.38×10−2 1.75×10−2 2.817×10−2 −15.51

(d) Viscosity of EG with Al2O3 + MWCNT nanoparticles

S. No. Nanofluid Viscosity at 30 ◦C Viscosity at 60 ◦C Theoretical Viscosity %

Samples µ (kg/m-s) µ (kg/m-s) at 30 ◦C µ (kg/m-s) deviation

1 Base fluid 1.61×10−2 1.15×10−2 1.61×10−2 0

2 EG+Al2O3/ MWCNT 0.1 vol% 2.18×10−2 1.92×10−2 2.012×10−2 8.34

3 EG+Al2O3/ MWCNT 0.2 vol% 2.78×10−2 2.58×10−2 2.415×10−2 15.11

4 EG+Al2O3/ MWCNT 0.3 vol% 3.32×10−2 4.15×10−2 2.817×10−2 17.85

Fluids based on ethylene glycol (EG) appear to be thickening with the addition of nanoparticles such as Al2O3,

MWCNTs, and ZnO, where stronger increases are seen with higher concentrations and Al2O3/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 Al2O3/EG

S. No. Samples Theoretical Experimental %

value (kg/m3) value (kg/m3) Deviation

1 EG+Al2O3 0.1 vol% 1396 1391.2 0.34

2 EG+Al2O3 0.2 vol% 1482 1462.5 1.31

3 EG+Al2O3 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/m3) value (kg/m3) 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/m3) value (kg/m3) Deviation

1 EG+ZnO 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 Al2O3 + MWCNT and ethylene glycol

S. No. Samples Theoretical Experimental %

value (kg/m3) value (kg/m3) Deviation

1 EG+Al2O3/ MWCNT 0.1 vol% 1132 1125.2 0.60

2 EG+Al2O3/ MWCNT 0.2 vol% 1186 1169.9 1.35

3 EG+Al2O3/ 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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FIG. 15. Density of Nanofluids

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 Al2O3, 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/ Al2O3at 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 Al2O3 and MWCNT nanoparticles into the base fluid EG raises the fluid’s viscosity, with a

minor effect on Al2O3 and a greater effect on MWCNT nanoparticles. It is observed that the mix of Al2O3 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: T = 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−1, T = 200 ◦C, P (H2) = 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=O 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 Cr6+ compounds to dissolve in many organic and inorganic solvents, including furfural [13, 14]. During the catalyst

preparation stage, substances containing Cr6+ are used, and Cr6+ is also present in the fresh oxide catalyst (for example,

in the following compounds: CuCrO4, CuCrO4·Cu(OH)2, 2CuCrO4 · 3Cu(OH)2·H2O) [15, 16]. During preliminary

calcination or reduction in the preparation stage, the transition of chromium from the +6 state to the +3 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 H2, WHSV 0.3 h−1) [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=O 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: 5Ni19Cu63Fe13Al (5Ni), 7Ni19Cu61Fe13Al (7Ni), and 10Ni18Cu60Fe12Al (10Ni); value

indicates metal oxide content (wt. %) in the sample.
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The study of samples of the H2-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 cm3. 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: T = 250 ◦C, hydrogen flow = 100 ml/min, t = 1 h;

reaction conditions: P (H2) = 5 MPa, mixing speed = 1800 rpm, T = 160 – 250 ◦C, t = 4 h.

The furfural hydroconversion in a flow-type unit was carried out using a reactor with a volume of 10 cm3, 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: T = 250 ◦C, hydrogen

flow = 100 ml/min, t = 1 h; reaction conditions: P (H2) = 5 MPa, T = 200 ◦C, LHSV = 1 – 8 h−1.

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.

FIG. 2. H2-TPR profiles of studied catalysts

Based on the data obtained from the H2-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 2θ = 38.8 ◦

corresponds to the CuO reflection [111]). In the domain 2θ = 35 – 37 ◦, there is a superposition of reflections [110] and

[11-1] of CuO and [110] of Fe2O3. The absence of reflections corresponding to NiO and Al2O3 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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FIG. 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 Ni2p3/2 and Ni2p1/2 levels. In the spectra of the studied catalysts, a peak

for the Ni2p3/2 bond was found in the region of 852.8 eV, 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 Ni2+ compounds. Thus, after reduction treatment, a portion of the nickel is in the

metallic state (38 – 43 %), while the remainder is in the Ni2+ 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 Cu2p3/2 (in the regions of 932.6 and 946.0 – 949.3 eV) and Cu2p1/2. 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].

FIG. 4. Spectra a) Ni2p; b) Cu2p of the studied catalysts

According to XPS data, aluminum is completely in the oxide form (Al2O3). Furthermore, it was found that iron is

predominantly in the Fe3+/Fe2+ state, which likely corresponds to partially reduced iron oxide (Fe3O4), in which most

of the iron cations are in the Fe2+ state [39, 40].

To determine the textural characteristics of the catalysts, we employed N2 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 µmol/gcat [30] to 85 µmol/gcat. Thus, we can assume that the main adsorption centers for the 7Ni sample are

predominantly nickel particles.

TABLE 1. Textural characteristics of catalysts in oxide1 and reduced2 forms

Catalyst A1
BET, m2/g VporeΣ

1, cm3/g Amount of adsorbed CO2, µmol/g

5Ni 50 0.11 58

7Ni 55 0.10 85

10Ni 53 0.11 49

The data obtained from the H2-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 5Ni

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 (H2 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).

FIG. 5. The composition of the reaction mixture in the furfural hydroconversion over catalysts with

different nickel contents. Reaction conditions: batch reactor, P (H2) = 5 MPa, V (furfural) = 4.8 ml,

V (i-PrOH) = 55.2 ml, t = 4 h, a) mcat = 0.3 g; b) mcat = 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 2θ = 43.2 ◦ and 50.3 ◦.

FIG. 6. In situ H2 XRD patterns for the 7Ni catalyst

With a further increase in temperature to 250 ◦C, the reflections of CuO and Fe2O3 disappear. Peaks corresponding

to reflections of iron oxide Fe3O4 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 Å). Presumably, it is observed due to aluminum being incorporated into the lattice of iron oxide. The spinel

Fe2AlO4 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 Al2O3, 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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FIG. 7. HRTEM images: a) phases of hematite and aluminum oxide; b) individual phases of copper

oxide (2.52, 2.54 Å are the interplanar distances corresponding to the [002] and [−111] reflections,

respectively) and nickel oxide (2.05, 2.09 Å are the interplanar distances corresponding to the [200]

reflection); c) NiCu-O core-shell structure (2.12, 2.24 Å – 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: Cu2O, NiO, Fe3O4,

and Al2O3 (Fig. 8d).

FIG. 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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FIG. 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 (H2) = 5.0 MPa, T = 200 ◦C, mcat = 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−1), 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).

FIG. 10. Diagram of dependencies of furfural conversion and product selectivity on LHSV. Reaction

conditions: flow reactor, P (H2) = 5.0 MPa, T = 200 ◦ C, mcat = 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−1. 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.

FIG. 11. Diagram of dependencies 2-MF, FA, and 2-MTHF selectivity on time. Reaction conditions:

flow reactor, LHSV = 6 h−1, P (H2) = 5.0 MPa, T = 200 ◦C, mcat = 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−1) 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−1

(calculated from the approximation that the bulk density of the catalyst is 1 g/cm3).

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

7Ni19Cu61Fe13Al (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 (Fe3O4 and Al2O3, 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.
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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 Å) 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.
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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 π · · ·π and

CH· · ·π 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

© Kagilev A.A., Sakhapov I.F., Gafurov Z.N., Kantyukov A.O., Mikhailov I.K., Islamov D.R., Gerasimov A.V.,
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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. 1H 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 31P and 31P{1H} NMR spectra are referenced to an external

85 % H3PO4 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 Kα (1.54184 Å) 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 F2 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 756Å3 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 Kα1 radiation (λ 1.54063 Å), 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 Jupiterr (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 µL) 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 %).
1H NMR (400.17 MHz, DMSO-D6, 300 K):δ (ppm) = 2.28 (s, 3H, p-CH3 of Mes), 2.47 (s, 6H, o-CH3 of Mes), 3.62

(s, 1H, PCOH), 5.27 (d, 2JPH = 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{1H} NMR (100.62 MHz, DMSO-D6, 300 K): δ = 20.05 (s, p-CH3 of Mes), 22.68 (s, o-CH3

of Mes), 72.89(s, PCH), 127.99 (d, 3JPC = 11.8 Hz, m-CH of Mes), 130.53 (d, 3JPC = 11.6 Hz, m-CH of Ph), 131.02

(d, 1JPC = 12.5 Hz, i-C of Ph), 135.69 (s, o-CH of Ph), 141.35 (s, p-CH of Ph), 143.93 (d, 1JPC = 10.2 Hz, i-C of Mes),

170.36 (d, 2JPC = 10.6 Hz, COOH). 31P{1H} NMR (161.70 MHz, DMSO-D6, 300 K):δ (ppm) = 39.27 (s).

Anal. (%) calcd. for C17H19O4P (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).

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 31P 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 δP = −8.70 ppm attributed

to mesityl(phenyl)phosphine glycolate. However, the generated species rapidly oxidizes in air with formation of a new

signal at δP = 39.27 ppm, which was ascribed to mesityl(phenyl)phosphine oxide glycolate (Scheme 1). After 6 days,

the formed precipitate was redissolved in DMSO-D6 and was analysed by 1H, 31P{1H}, 13C 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
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FIG. 3. Schematic representation of molecular model of a fragment of mesityl(phenyl)phosphine oxide

glycolate crystal packing showing its honeycomb network

FIG. 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



120 A. A. Kagilev, I. F. Sakhapov, Z. N. Gafurov, et al.

TABLE 1. The results of the interaction energy analysis. Distances between centres of the interacting

molecules are in Å, energies are in kJ/mol

# distance Eele Epol Edisp Erep Etot Main interaction type

1 8.02 −112.1 −27.6 −23.3 135.7 −75.4 OH· · ·O Intra-rod

2 7.00 −11.1 −3.7 −42.2 26.3 −35.0 CH3 · · ·π
Mes Inter-rod

3 6.33 −7.6 −1.6 −54.5 36.3 −34.3 CH3 · · ·π
Ph Inter-rod

4 9.09 −5.4 −1.7 −26.1 16.2 −19.6 CHPh · · ·πMes Intra-rod

5 7.84 −5.5 −1.8 −14.6 2.5 −18.3 CH3 · · ·π
Ph Inter-rod

6 9.58 −6.3 −1.7 −9.0 13.7 −7.3 CHPh · · ·Ocarboxylic Intra-rod

7 11.20 −0.4 −0.3 −8.8 2.7 −6.7 vdW Inter-rod

8 11.64 −2.3 −0.3 −1.1 0.0 −3.6 vdW Inter-rod

9 12.11 −0.5 −0.1 −2.1 0.0 −2.5 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 Å), is longer than that of the P(1)–C(12) bond

(1.799 Å), while the P(1)–C(10) distance is 1.863 Å. 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 Å, d(O(2)· · ·O(4’))

= 2.791 Å]. 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 Å(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=O 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 c axis. The formed rods are additionally stabilized by CHPh · · ·O=C and CHPh · · ·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-CHMes
3

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-CHMes
3

interacts with the o-CHPh, m-CMes, with some additional stabilization due to

CHMes · · · Ph hydrogen bond (Fig. 4b). Notably the shortest intermolecular distance from p-CHMes
3

to any carbon atom is

3.1 Å, 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 (Eint = −18.3 kJ/mol, of which only −5.5 kJ/mol is electrostatic) where

CHMes
3

· · · Ph interaction (2.86 Å) 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 Å) 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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[3] Andrezálová L., Országhová Z. Covalent and noncovalent interactions of coordination compounds with DNA: An overview. Journal of Inorganic

Biochemistry, 2021, 225, P. 111624.

[4] Gao X., Zou X., Ma H., Meng S., Zhu G. Highly Selective and Permeable Porous Organic Framework Membrane for CO2 Capture. Advanced

Materials, 2014, 26, P. 3644–3648.
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