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Abstract. Chromium nanocomposites MCr,O, have been synthesized by a solid-state reac-
tion. The synthesized samples were characterized using X-ray powder diffraction technology
(XRD). The temperature of synthesis was 1000°C for NiCr,0, and 900°C for Zn Cr,0O,. Miller
indices (hkl) were calculated for the production, and the compounds were shown to have cubic
structure FCC. The lattice parameters were as follows: a = 8.26 A, Z= 8, V= 564.26A% and
a=82650A, Z=38, V=564.58 A3 for NiCr,0, and ZnCr,0, respectively. The space group
of symmetry is Fd3m for the both. The grain sizes were calculated by the Debye — Scherrer
formula for the two compounds and were 31.92 nm and 32.78 nm, respectively. The ZnCr,O,
and NiCr,0, nanoparticles’ morphology was examined using scanning electron microscopy

(SEM). The SEM images showed the agglomeration of the nanoparticles, which were formed
of square-shaped nanocrystallites.
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Annoramua. B paGoTe ObLIM CMHTE3MPOBaHBI HAHOKOMIIO3UTH xpoma MCr,0, MeTogom
TBepAO(A3HEIX peakuuii. 3HaueHusa Temreparypbl cuHTte3a coctapuan 1000°C mia NiCr,0O, u
900°C nna Zn Cr,O,. beim paccuntanbl nHAeKCh Muiiepa (hkl) v moka3aHo, 4TO COEAMHEHUS

00J1a1a10T rpaHEeLIeHTPUPOBAHHOMN KyOMUecKoi CTpyKTypoil. [TapameTphl peleTKu COCTaBUIM:
a=826A,Z=38, V=1564,26 A (NiCr,0,) ua= 28,2650 A, Z=8, V= 564,58 A* (ZnCr,0,).
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Jnss oboux XpOMHUTOB MpPOCTPAaHCTBEHHas rpynra cummerpun — Fd3m. Pa3mepnl 3epeH,
paccunTanHbie 1o (opmyne Hdebas — Ileppepa, cocrauau 31,92 um (NiCr,0,) u 32,78 um
(ZnCr,0,). Mopdonoris HaHOYACTUL ABYX CHMHTE3UPOBAHHBLIX XPOMWUTOB OblLIa M3yyeHa C
TMTOMOIIBIO CKAHUPYIOIIEH 3JIEKTPOHHON MUKPOCKONMMK. Ha mmoydyeHHBIX M300paxkeHUSIX ObIIa
BUIHA arjioMepalns HAaHOYACTUII, COCTOSIIASI N3 KBAAPATHBIX HAHOKPUCTAJINTOB.

Kmouessie ciosa: MCr,O,, IunuHesb, METOA TBEPAOMA3HBIX PEaKUU, pasMep 3epHa
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Introduction

Mixed oxides of chromium with transition metals MCr,O, where M = Ni, Zn, having a spinel
structure [1], have attracted a lot of attention due to their great importance in many technical
fields and their desirable industrial properties such as their high melting point, high resistance to
acids and alkalis, high activity, and low production cost [2]. In recent years this fact has prompted
researchers to improve and develop methods for synthesizing these materials. It is possible that the
most common method for obtaining these oxides is the solid-state reaction [3], which depends
on mechanical mixing of solid oxides and annealing them, in addition to many other chemical
techniques that allow obtaining nanometer materials with a high degree of purity and greater
homogeneity. Among them, such as the sol-gel method [2], the hydrothermal synthesis method
[4], the co-precipitation method [5], and the combustion reaction method [6] are widely used.

In this research, the solid-state reaction method was adopted to synthesize a chromite —
transition metal system, as the transition metal chromite has distinctive magnetic properties and
is used as a catalyst in many reactions and is also used in the manufacture of gas sensors [6 — 9].
The solid-state reaction method is one of the most important ones for obtaining these compounds
because of its ease of preparation, as it does not require special skills. Since some materials are
difficult to dissolve in water, this method provides a solution to this problem in terms of preparing
the desired compounds without the need to dissolve them in any solution. On the other hand,
this advantage constitutes a high economic feasibility for the solid-state method, as the only
material used in most of its reactions is acetone, which is used to facilitate the mixing of the solid
compounds during the sample preparation process and in relatively small quantities.

This method is characterized by giving a high-purity mixture of what it requires of high-purity
oxides without any impurities from different materials for synthesis when mixing compared to
other synthesis methods. Stoichiometric ratios of the raw materials are taken in their pure form to
ensure the completion of the reaction and obtain a single phase of the new pure material without
the presence of other phases of impurities or raw materials [10, 11].

Experimental part

The samples of nickel chromite and zinc chromite were prepared by the solid-state reaction
(SSR) method as powders by mixing appropriate amounts of nickel, zinc and chromium oxides
NiO: Cr,0,=1:1and ZnO : Cr,0, = 1: 1 in the presence of air. The primary nano oxides were
ZnO (99&0 VWR International Ltd.), NiO (99% Chem-Lab.), and Cr,0O, (99.1% Genral Purpose
Reagent). The chemical reactions between these oxides were as follows:

NiO + Cr,0, — NiCr,0,, (D)

Zn0O + Cr,0, — ZnCr,0,. 2)

The previous materials were ground and mixed using an agate mortar to ensure obtaining a
homogeneous mixture after adding an amount of acetone to improve the homogeneous mixing

© Kced P., FOced A., Haccud A., Kagxum L. A., 2026. Uznarens: Cankr-IleTepOyprckuii moauTeXHUYECKU
yHuBepcuret Iletpa Benukoro.
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Table 1

The calculated masses of raw materials

(oxides) used in the preparation
of 10 g of each chromite

Oxide M, g/mol m, g
NiO : Cr,0,=1:1 (see Eq. (1))
NiO 74.71 3.2951
Cr,0, 151.99 6.7048
ZnO : Cr,0,=1:1 (see Eq. (2))
Zn0O 81.37 3.487
Cr,0, 151.99 6.513
Cromites
NiCr,0, 226.645 9.9999
ZnCr,0, 233.332 10.0000

Notations: M, m are respectively the molar mass

and mass.

process for approximately 15 min until the
acetone dried. This process was repeated three
times in succession for each sample. After that,
the resulting mixture was dried by heating it to
a temperature of 100°C for a sufficient period of
time to ensure the elimination of moisture. The
raw materials' masses were calculated according
to Egs. (1) and (2) and are presented in Table 1.
The required masses were estimated to get a 10 g
amount of the resulting compound.
Subsequently, the powder was put inside
a porcelain crucible and heated at various
temperatures within the range from 600 to 1100°C
for nickel chromite and from 600 to 900°C for
zinc chromite. Six hours passed throughout the
annealing process. After the preparation of zinc-
and nickel-chromite nanoparticles the powder
was compressed using a hydraulic press to create
pellets with a radius of 0.5 cm and a thickness of
0.2 cm under a pressure of 10 t/m?. The pressing
process increased the interaction between the
particles by bringing them closer to one another.

Results and discussion

X-ray diffraction (XRD) analysis. The prepared samples were characterised by the X-ray

diffraction (XRD) technique (Philips-PW-1840, A =

1.7889 A). By XRD technique the

optimum temperature for synthesis was determlned which was the temperature that indicated
the appearance of a single phase, i.e. obtaining the desired compound. In this investigation, it
was 1000°C for the nickel chromite compound and 900°C for the zinc chromite compound,
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at which a single compound was obtained and
all diffraction peaks indicated the raw materials
NiO, ZnO, Cr,0, being absent.

The scanning process was carried out using
angles within the range 20 = (20 — 85)° with an
angle step of 0.02° and a time step of 2 s. The
same angular range was used for all scanning
processes. For the measurement procedure, the
powder samples were placed on special substrates
to eliminate background radiation, while the
pellet samples were placed directly on the sample
holder, aligned correctly with the substrate used
for the powder. After collecting the diffraction
data (peak positions and their intensities), the
intensity values were plotted against the Bragg
diffraction angle 20. The crystal lattice constants
were then calculated from the positions of the
characteristic peaks of the compound.

Nickel chromite NiCr,O,. Fig. 1 shows the
XRD patterns of NiCr, 6 samples which were
annealed in the temperature range from 600°C
to 1100°C for 6 hrs. This data exhibited that

the initial annealing process did not lead to
any reaction between the raw materials, as
the resulting peaks indicated a mixture of raw
materials, and there was no peak indicating the
desired compound.

20, deg

Fig. 1. XRD patterns of the prepared nickel
chromite annealed at different temperatures for
six hours
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Therefore, 600°C could not be considered an optimum temperature for the synthesis of nickel
chromite compound, and the resulting mixture was the one of thermally uncombined primary
oxides only. For this reason, we gradually raised the annealing temperature while monitoring the
synthesis through the resulting pattern, and we found that the primary oxides did not react with
each other at all, and the peaks’ locations or their intensities did not change until 900°C. At this
temperature, we noticed a clear decrease in the intensities of the peaks that were due to the raw
materials, but they did not disappear, in addition to the appearance of three new peaks indicating
the nickel chromite compound at the angles 20 = 35.6°, 42.2°, 68.3° which prompted us to
raise the annealing temperature to 1000°C to ensure that the synthesis was completed perfectly
at this temperature or higher temperatures were required to obtain better results. When the
resulting compound was annealed at 1000°C, we noticed that the peaks due to the primary oxides
disappeared completely and that all intensive diffraction peaks were attributed to the NiCr,O,
compound. Therefore, it could be considered that a pure phase of the NiCr,O, compound was
obtained that did not contain any intermediate phases or any phases of the starting materials
from which the synthesis process was finished at 1000°C. When the annealing temperature was
raised to 1100°C, we noticed the appearance of some peaks due to the starting materials again.
Consequently, it became clear to us that the NiCr,0, compound began to decompose at 1100°C
and that 1000°C was the optimal temperature for the synthesis of the NiCr,0, compound. The
result we reached is consistent with the published practical work [12].

All the diffraction peaks were indexed and compared with the standard JCPDS, ICSD data of
the starting NiO, Cr,O, oxides and NiCr,0, compound of the numbers 04-0835, 38-1479 and 23-
1271 respectively. Fig. 2 shows the XRD pattern of NiCr,O,, which was annealed at 1000°C for
6 hrs because that was the optimal temperature
for NiCr,O, compound synthesis.

10000 _— Mill_er indices of diff.raction peaks were
_ determined for the NiCr,O, compound.
8000 61 These peaks indicate that the NiCr,O, has a
ol L \ cubic structure and belongs to the F d3m space
é» &605+] o0 <40W group. From X-ray Qiffraction measurements
E » M i of NiCr,O,, the distance between crystal
= 4000 4 lattices d2 were calculated using the Bragg law
(111)WWWM [12]

2000 -M na = 2d'SiIl6,

20 40 205 60 80 where A = 1.7889 A is the X-ray wavelength

and 0 is the diffraction angle.
Fig. 2. XRD patterns of the prepared nickel chromite Then the values of the lattice constant

NiCr,0, annealed at 1000°C for six hours were determined using the relation of the
distance between parallel crystal plans in
Table 2 the case of the cubic crystal structure that is

given by the formula [14]:
The results of X-ray diffraction (XRD) analysis

for NiCr,0O, compound annealed at 1000°C d,)=al(h+k+P), (3)
20,dg | I1,% | d,A | a A (hkl) where q is the lattice constant.
35668 55 2919 | 8256 (220) The values of the distance between parallel

crystal plans and the lattice constant of

42.210 100 2483 | 8234 €12 NiCr,O, for each diffracting peak are listed

51.380 22 2.062 | 8.249 (400) in Ta%le 2.

63.901 22 1.689 | 8276 | (422) An anali/sids ofhthe I(3ata inkTelljblle 2 allows
us to conclude that the peaks belonging to

68.363 | 35 | 1.591 | 8.268 | (51D the Miller indexes (400), ?311), (220)%1regthe

75.122 50 1.467 | 8.296 | (440) most intensive, and we find that they meet

Notations: I/I, is the normalized intensity of the conditions:

diffraction peaks, d,,, is the interplanar distance, a is

the lattice constant, (#k/) are the Miller indices h+k=2k k+1=2n,h+1=2n.
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That is, the basic cell is face-centered and therefore the compound crystallizes in Face-
Centered Cubic (FCC) type. The average lattice constant of NiCr,O, is presented in Table 3. The
unit cell volume was also calculated by the following formula:

V=a “4)

and given in Table 3.
Table 3 The experimental density p, of NiCr,O
was measured by the pycnometer methoé

Additional structural data for NiCr,O, compound  (distilled water was used for immersion; its
density was 0.99705 g/cm® at 25°C). To

A A p, g/cm? ensure reproducibility of the results, we re-

a v, Theoretical | Experimental Z peated each measurement at least 3 times
for each sample. The average value is given

8.2634 | 564.26 5.3006 5.331 8 in Table 3. The theoretical X-ray density

Notations: a is the average value of the lattice constant,  for prepared nickel chromite was calculated
V is the unit cell volume, p is the compound density, Zis  as follows [11]:
the number of formulae in the unit cell.

p, = ZMI/N,V, (5)

where Z is the number of formula units in the unit cell (Z = 8 for the spinel lattice), M is the
molecular mass of the nickel chromite, NV, is the Avogadro number, V is the unit cell volume.
Regarding Z = 8, we can write the general formula for the content of the basic cell as follows:
Ni,Cr O,,. Thus, one cell contains eight nickel atoms, sixteen chromium ones, and 32 oxygen
ones éubstltutlng the value of Z as an integer in Eq. 5 gives us the value of the theoretlcal density
(see Table 3). The calculated result is very close to the experimental value, which proves the
accuracy of our theoretical calculations and the accuracy of our choice of the basic cell unit. The
crystallite size of the NiCr,O, compound was calculated using Scherrer’s formula [14, 15]:

L =0.91/(B-cos0), (6)

where 3, rad, is the full width at half-maximum (FWHM) of diffraction peaks; A is the X-ray
wavelength (A = 1.78897); 0 is the Bragg reflection angle.

The estimated values of crystallite size for each diffracting peak of NiCr,O, compound were
calculated using X'pert HighScore software and listed in Table 4. The average crystallite size was
31.92 nm, so the prepared compound had a nanostructure.

Table 4

The broadening of diffraction peaks and average grain size
of NiCr,0, compound annealed at 1000°C

Peak number Peak position | B, | B, | Grainsize L, nm
degrees Peak | Averaged

1 35.668 0.295 33.0

2 42.210 0.394 25.2

3 51.380 34.8

0.295 | 0.001 31.92

4 63.900 37.0

5 68.363 0.296 37.8

6 75.122 0.492 23.7
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Zinc chromite ZnCr,O,. Fig. 3 shows the X-ray diffraction patterns of the annealed nickel
chromite compound ZnCr,O4 within the temperature range from 600 to 900°C, where it appears
that annealing at temperatures of 600°C to 800°C led to the formation of the zinc chromite
compound, but with the presence of other peaks that refer to the raw materials, indicating
that the thermal reaction is incomplete. It was found from Fig. 3 that all intensive diffraction
peaks were attributed to the ZnCr,O, compound for the sample annealed at 900°C, where the
reaction between primary materials was completed. This indicates that the optimum temperature
for ZnCr,0, compound synthesis is 900°C which is lower than the temperature of nickel chromite

formation.
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Fig. 3. XRD patterns of the prepared zinc chromite
ZnCr,0, annealed at different temperatures for
six hours
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Fig. 4. XRD patterns of the prepared zinc
chromite ZnCr,0, annealed at 900°C for six hours

All the diffraction peaks were indexed and
compared with the standard JCPDS, ICSD
data of the starting ZnO and Cr,O, oxides
and ZnCr,0, compound of the numbers
36-1451, 38-1479 and 24-495 respectively.
Fig. 4 shows the XRD pattern of ZnCr,O,,
which was annealed at 900 °C for 6 hrs because
that is the optimal temperature for the ZnCr,0O,
compound synthesis.

Miller indices of diffraction peaks were de-
termined for ZnCr O, cromite. These peaks in-
dicated that ZnCr,O, had a cubic structure and
belonged to the space group Fd3m. From X-ray
diffraction measurements of ZnCr,O,, the dis-
tance between crystal lattices and the values of
the lattice constant were determined using the
Bragg law and Eq. 3 for cubic crystal structure.
The calculated result is listed in Table 5. The
results show that the compound belongs to the
cubic symmetry pattern, and all the Miller in-
dex values for all peaks agree with this crystal-
lization pattern, which is consistent with Eq. 3.

Table 5

The results of X-ray diffraction (XRD) analysis
for ZnCr,0, compound annealed at 900°C

20,dg | 1,% | d A | a A | (hk)
21.704 6 | 47484 | 8.2245 | (111)
35675 | 45 | 29186 | 8.2549 | (220)
42066 | 100 | 2.4909 | 8.2614 | (311)
44.031 7 | 23849 | 8.2615 | (222)
51246 | 16 | 2.0674 | 82692 | (400)
63.8476 | 13 | 1.6906 | 8.2824 | (422)
682505 | 35 | 1.5936 | 8.2804 | (511)
752356 | 40 | 1.4646 | 8.2852 | (440)

All notations are identical to those used in Table 2

The unit cell volume of ZnCr,O, was calcu-
lated by Eq. 4. This value and other structural
calculations such as the average lattice constant,
the experimental density, the theoretical X-ray
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density, and the number of formula units in
the single crystal cell are listed in Table 6.
Regarding Z = 8, we can write the gener-
al formula for the content of the basic cell

All notations are identical to those used in Table 3

A A p, g/em’ as follows: Zn Cr, O,,. The crystallite size of

“ £ Theoretical | Experimental i %le %n%rl O f_om{)oc;mdlwas CfaICUIiltflc_lt using
g. 6. The estimated values of crystallite size

8.2650 | 564.58 5.49 5.45 8 | for each diffracting peak of ZnCr,O, com-

pound were calculated using X'pert High-
Score software (see Table 7). The average

crystallite size was 32.78 nm. Hence, the prepared compound is characterized by a nanostructure.
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Table 7

The broadening of diffraction peaks and average grain size
of ZnCr,O, compound annealed at 900°C

Peak number Peak position | B, | B, Grain size L, nm
degrees Peak | Averaged
1 21.704 0.295 31.9
2 35.675 0.295 33.0
3 42.066 33.6
0.295
4 44.031 33.8
0.001 32.78
5 51.246 0.295 34.8
6 63.848 0.295 37.0
7 68.251 0.394 28.4
8 75.236 0.394 29.7
Table 8
A comparison of the results of structural
calculations for NiCr,O, and ZnCr,0O,
p, g/em’
Compound | a, A | V, A3 - Z| L
Experimental | Calculated
NiCr,0, | 8.2634 | 564.26 5.331 5.30 31.92
ZnCr,0, | 8.2650 | 564.58 5.450 32.78
Table 9

A comparison of our results with those obtained from literature

C d a, A v, A3
ompoun
pou Our work | Other authors | Our work | Other authors
) 8.32 17, 16] 575.96 [17, 16]
NiCr,0, 8.263 564.26
8.27[19, 18] 566.66 [19, 18]
8.280[17, 16 567.66 [17, 16
ZnCr,0, 8.265 [ ] 564.58 [ ]
8.325[19, 18] 576.96[19, 18]
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The results obtained from the previous calculations for both nickel chromite and zinc chromite
compounds are arranged in Table 8. Based on those mentioned earlier, we conclude that the
solid synthesis method, a straightforward and reasonably priced preparation technique, can create
chromium-based spinels at temperatures between 800 and 1000°C. Furthermore, the nanoscale
particle size produced by this preparation technique makes these compounds suitable for use in
gas sensitivity applications, electrodes, and other fields.

Table 9 shows a comparison of the results we obtained with some other scientific works.

Scanning electron microscopy (SEM). The morphology of the ZnCr,O, and NiCr,O,
nanoparticles was investigated using scanning electron microscopy (SEM). I*Zig. 5 displays the
SEM images of ZnCr,0, and NiCr,0O, nanoparticles synthesized by solid-state reactions. They
show the agglomeration of the nanoparticles, which are formed up of square-shaped nanofine
crystallites.

0w Iy 430 D0 Dol 0 VIO TLORAN
U BHOLEON s am 7
@ v 10 g W/ A0 Eungoen u-mvm';n

A A Dot

Fig. 5. SEM images of NiCr,0, (a) and ZnCr,O, (b) nanoparticles prepared
by the solid-state method at 1000°C (a) and 900°C (b) for 6 hours

Summary

This work has shown that the straightforward and economical solid-state reaction approach can
be used to synthesize nickel chromite and zinc chromite nanoparticles successfully, with the optimal
synthesis temperatures of 1000°C and 900°C, respectively. Both compounds had nanoscale grain
sizes of about 32 nm and crystallized in a face-centered cubic (Fd3m) structure. The solid-state
reaction approach is an effective method to create chromium-based nanocomposites since it can
yield highly pure, nanostructured spinel phases at comparatively low synthesis temperatures. The
produced compounds are excellent prospects for technical uses including gas sensors, electrodes,
and other cutting-edge functional materials because of these structural features.
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