
547 ©  M.N. Miroshnichenko, V.N. Kolosov, 2024

UDC 621.762.2:681.5.013:549.76+546.763
https://doi.org/10.32362/2410-6593-2024-19-6-547-554
EDN WTSOXP

RESEARCH ARTICLE

Highly dispersed chromium(III) molybdate powders 
obtained by solid phase synthesis
Marina N. Miroshnichenko , Valery N. Kolosov
Tananaev Institute of Chemistry – Subdivision of the Federal Research Center “Kola Science Center of the Russian Academy 
of Sciences”, Apatity, 184209 Russia

 Corresponding author, e-mail: m.miroshnichenko@ksc.ru 

Abstract
Objectives. To obtain highly dispersed powders of chromium(III) molybdate Cr2(MoO4)3 by solid phase synthesis and to study their 
porous structure.
Methods. After stirring in water, a mixture of Cr2O3 and MoO3 oxide powders was dried in air and subjected to heat treatment in the 
temperature range of 600–800°C. After heat treatment, the products were identified by X-ray phase and sedimentation analysis. The 
specific surface area was measured using the Brunauer–Emmett–Teller static adsorption method. Porosity parameters were measured 
using the Barrett–Joyner–Halenda (BJH) method.
Results. The Gibbs free energy ΔG of the reaction between chromium and molybdenum oxides was calculated and it was shown that 
the process is characterized by a significant negative value of ΔG. Concurrently, the Gibbs energy exhibits a relatively weak dependence 
on temperature. The highly dispersed chromium(III) molybdate powders with specific surface area of 15.3–29.7 m2·g−1 obtained in this 
way were pure according to X-ray diffraction analysis. A study of the volume, diameter, and pore size distribution was conducted through 
the utilization of nitrogen adsorption–desorption isotherms in accordance with the BJH model.
Conclusions. It was demonstrated that Cr2(MoO4)3 powders possess a mesoporous structure and are distinguished by a bimodal pore 
system comprising small pores with a diameter of 2–3 nm and larger pores with a diameter ranging from 15 to 30 nm.
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INTRODUCTION

Chromium(III) molybdenum Cr2(MoO4)3 belongs to 
the family of chemical compounds with the general 
formula A2M3O12, where A is a trivalent transition metal 
or lanthanide, and M is molybdenum or tungsten [1–6]. 
These compounds possess distinctive structural, 
thermal, magnetic, and electrical characteristics. These 
materials are distinguished by a phase transition from 
a low-temperature monoclinic structure (P21/a) to 
a high-temperature orthorhombic structure (Pbcn). Both 
structures are microporous, forming open interstitial 
cationless frameworks consisting of AO6 octahedra 
and MO4 tetrahedra connected by vertices. The 
AO6 octahedra are connected to the MO4 tetrahedra by 
a common oxygen atom at each vertex. In orthorhombic 
modification, compounds A2M3O12 exhibit negative 
thermal expansion, the causes of which have not yet 
been precisely determined [7]. Materials exhibiting 

negative thermal expansion have significant potential 
for use in the creation of composite materials with an 
adjustable coefficient of thermal expansion [8]. Based 
on the compounds A2M3O12, functional materials can be 
created for various purposes. In particular, chromium(III) 
molybdate is a ferrimagnet [9] and is characterized by 
two different conduction mechanisms [10]. Below the 
structural phase transition temperature (about 650 K) 
Cr2(MoO4)3 is a p-type semiconductor, while above it 
is an n-type semiconductor. Additionally, chromium(III) 
molybdate displays catalytic activity and can be 
employed as a catalyst in alcohol oxidation, n-octane 
dehydrogenation, and other chemical reactions [11–14].

In order to obtain Cr2(MoO4)3, the following are used: 
mechanosynthesis [15, 16]; solid-phase synthesis [17]; 
sol–gel method [9], co-precipitation of a soluble chromium 
salt and molybdenum acid [18]; and co-decomposition of 
a mixture of bichromate and ammonium paramolybdate 
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Аннотация
Цели. Получить высокодисперсные порошки молибдата хрома(III) Cr2(MoO4)3твердофазным синтезом и исследовать их пори-
стую структуру. 
Методы. Смесь порошков оксидов Cr2O3 и MoO3 после перемешивания в воде просушивали на воздухе и подвергали тер-
мообработке в температурном интервале 600–800°С. После термообработки продукты идентифицировали методами рентге-
нофазового и седиментационного анализа. Величину удельной поверхности измеряли адсорбционным статическим методом 
Брунауэра–Эммета–Теллера, а параметры пористости — методом Баррета–Джойнера–Халенды (BJH, Barrett–Joyner–Halenda).
Результаты. Рассчитана свободная энергия Гиббса ΔG реакции между оксидами хрома(III) и молибдена(VI). Показано, что 
процесс характеризуется значительной отрицательной величиной ΔG. При этом энергия Гиббса слабо зависит от температуры. 
Получены чистые по данным рентгеновского анализа высокодисперсные порошки молибдата хрома(III) с удельной поверхно-
стью 15.3–29.7 м2·г−1. С использованием изотерм адсорбции–десорбции азота при помощи модели BJH исследованы объем, 
диаметр и распределение пор по размерам.
Выводы. Показано, что порошки Cr2(MoO4)3 имеют мезопористую структуру и характеризуются бимодальной системой пор, 
состоящей из небольших пор с размерами 2–3 нм и более крупных пор с размерами от 15 до 30 нм.
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followed by calcination of the resulting product [19]. 
The techniques currently available possess certain 
disadvantages. These include the length of time required 
for the process, the necessity for maintaining a constant 
pH value of the reagent solutions, and the occurrence 
of hydrolytic processes in the solutions themselves. 
Furthermore, the resulting chromium(III) molybdenum 
powders exhibit an inadequate specific surface area. 
For example, the surface of powders obtained using 
mechanosynthesis is 1.3–3.6 m2·g−1 [15].

The objective of this study is to synthesize highly 
dispersed chromium(III) molybdate powders by means 
of a solid-phase approach with a view to investigating 
their porous structure.

MATERIALS AND METHODS

Oxides of MoO3 (pure, TU 6-094471-77, Khimreaktivnab, 
Russia) and Cr2O3 were used as precursors. 
Chromium(III) oxide was obtained by calcination of 
ammonium dichromate (NH4)2Cr2O7 (chemically 
pure, GOST 3763-761, Khimreaktivnab). Cr2O3 and 
MoO3 oxide powders were weighed in accordance with 
the stoichiometric ratio of chromium and molybdenum in 
the compound Cr2(MoO4)3. The oxides were then mixed 
in water in a solid/liquid phase ratio = 1 : 5 using an 
overhead stirrer RW16basic (IKA, Germany) for 3 h. The 
rotation speed of the mixer is 320 min−1. Following the 
mixing process, the mixture was subjected to drying in 
air at a temperature range of 80–85°C. Subsequently the 
mixture underwent heat treatment in a laboratory-based 
muffle furnace (Sikron, Russia) at an initial temperature 
of 600°C for a period of 5 h. This was followed by 
a repeated heat treatment in the range of 700–800°C for 
a further 6 h.

Phase analysis of the reagents and the products 
obtained was determined using a Shimadzu XRD-6000 
diffractometer (Japan) (CuKα-radiation) using the 
ICCD PDF-2 diffractometric database2. The average 
particle size D of Cr2(MoO4)3 powder was estimated 
under the assumption that they have a spherical shape, 
according to the formula:

BET

6 ,D
S

=
⋅r

 (1)

wherein SBET is the specific surface area of the 
powder, r is the density of Cr2(MoO4)3. The specific 
surface area was measured by means of the Brunauer–
Emmett–Teller (BET) adsorption static method. 
The porosity parameters were measured by the 

1 GOST 3763-76. State Standard of the USSR. Reagents. Ammonium bichromate. Specifications. Moscow: IPK Izdatelstvo Standartov; 1998.
2 https://www.icdd.com/pdf-2/. Accessed November 22, 2022.

Barrett–Joyner–Halenda method on a Micrometrics 
TriStar II 3020 device (Micrometrics Instrument 
Corporation, USA) using nitrogen adsorption–
desorption isotherms. The particle size distribution 
of the powders was analyzed on a photometric 
sedimentometer FSH-6K (Labnauchpribor, Russia).

RESULTS AND DISCUSSION

The synthesis of chromium(III) molybdate is based 
on a solid phase reaction between oxides of the 
corresponding metals:

Cr2O3 (solid) + 3MoO3 (solid) = Cr 2(MoO4)3 (solid) (2)

The Gibbs free energy ΔG of the reaction (2) was 
calculated as a function of temperature (Fig. 1).
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Fig. 1. Gibbs free energy ΔG as a function of the reaction 
temperature for the formation of chromium(III) molybdate

The calculation was carried out using the entropy 
method, while considering the aggregate state of the 
reaction participants. The necessary thermodynamic 
values of chromium oxides and molybdenum used in the 
calculations were taken from [20, 21]. The reaction (2) 
is energetically advantageous for synthesis within the 
specified temperature range. In this case, the Gibbs energy 
is observed to exhibit a relatively weak dependence on 
temperature. The chromium(III) molybdate powders, 
which were found to be of a high degree of purity 
according to X-ray phase analysis, were obtained as 
a result of double sintering of the charge. The initial 
charge and reaction products are displayed in Fig. 2, 
together with their respective diffractograms, subjected 
to heat treatment.

The research yielded chromium(III) molybdate 
powders with a specific surface area of 15.3–29.6 m2·g−1. 
Figure 3 illustrates the typical integral particle size 
distribution observed in powder samples.
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Figure 3 illustrates that, despite the considerable 
discrepancy in the value of specific surface area, 
the powder samples exhibit minimal variation in their 
particle size distribution. The majority of particles, 
comprising approximately 70% of the total, are 
smaller than 9 μm, with a further 25% less than 2 μm 
in size. According to calculations using formula (1), 
the average particle size of Cr2(MoO4)3 is in the 
range of 60–115 nm. It can thus be surmised that, in 
view of the specific surface area of the powders, the 
particles of the chromium molybdenum powder are 
to a considerable extent agglomerated. The process 
of agglomeration results in the formation of a porous 
material.

Figure 4 illustrates the relationship between the total 
surface area of the pores and their average diameter.

The total surface area of the powders obtained is 
approximately equivalent to the total surface area of 
the pores. Therefore, the outer surface area of the 
chromium(III) molybdate particles is insignificant 
in comparison to the developed inner porous surface 
area, which constitutes the majority of the powder’s 
surface area. The type of adsorption–desorption 
isotherms of Cr2(MoO4)3 powders is shown in 
Fig. 5. The isotherms observed for the powders can 
be classified as type IV according to the IUPAC 
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Fig. 2. Initial mixture of metal oxides (1) and the resulting 
diffractogram after heat treatment (2, 3). Sintering conditions: 
(2) 600°C, 5 h + 800°C, 4 h; (3) 600°C, 5 h + 800°C, 6 h
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Fig. 3. Integral particle size distribution  
of Cr2(MoO4)3 powders. Specific surface area of powders: 
(1) 15.3 m2·g−1,  
(2) 29.7 m2·g−1
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classification, with the presence of H3 hysteresis 
loops. Isotherms of this nature are typical of 
mesoporous substances, characterized by disordered 
aggregates forming slit-shaped pores [22, 23]. With 
an increase in the specific surface area of powders 
from 15.3 to 29.6 m2·g−1, the adsorption–desorption 
isotherms show an increase in the amount of 
adsorbed nitrogen (Fig. 5). This is a consequence of 
the increased porosity of the material, which allows 
for greater permeability.

As illustrated in Fig. 6, the pore size distribution of 
chromium(III) molybdenum powders exhibits a bimodal 
character in the mesoporous region. The subject of such 
materials is currently attracting a growing amount of 
attention. When employed in the context of catalysts, 
these materials have been demonstrated to effectively 
reduce the diffusion resistance and enhance the 
catalytic efficiency of heterogeneous reactions [24–26]. 
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According to [27], the bimodal pore distribution is due 
to the presence of solid aggregates in powders, in which 
there are two types of pores. One category of pores is 
of a smaller intra-aggregate size, while the other is of 
a larger inter-aggregate size. In accordance with this 
definition, the intraaggregate pores of the obtained 
chromium(III) molybdate powders have a diameter 
of 2–3 nm, while the interaggregate pores exhibit 
a broader distribution, with a diameter ranging from 
15 to 30 nm. Modifying the heat treatment parameters of 
the initial metal oxide mixture allows for the alteration 
of the pore density within the resulting powder. With an 
increase in the specific surface area of chromium(III) 
molybdate powders, the pore volume of both pore types 
increases (Fig. 6).
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CONCLUSIONS

A solid-phase method was employed at temperatures 
between 600 and 800℃ to synthesize chromium(III) 
molybdenum powders with a high degree of dispersion 
and a specific surface area of 15.3 to 29.7 m2·g−1, as 
determined by X-ray analysis. The pore distribution 
of powders is bimodal in nature. Intraaggregate pores 
are 2–3 nm, while interaggregate pores are at the level 
of 15–30 nm. The resulting powders can be used as 
precursors in the creation of catalysts.
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