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Homogeneous crystalline transition metal chromite spinels (MCroO4, where M = Co, Mn, and Ni)
were prepared by hydrothermal reaction of aqueous solutions containing the respective metal nitrate,
chromium(I1I) nitrate, and sodium hydroxide in stoichiometric amounts at 180-200 ° C and pH 10.5-11.5 for
11-13 h. The crystalline structure, microstructure, and thermal stability of the synthesized chromite products
were analyzed by X-ray diffraction (XRD), scanning electron microscopy, thermogravimetry, and differential
thermal analysis. The analysis results revealed that the CoCr204 and MnCr2 O4 crystalline phases were
thermally stable in the range of 750-800 ° C. UV-visible studies showed that higher characteristic bands cor-
responded to the region of the visible spectrum of cobalt (CoCrz Oy, bluish-green) and manganese-doped
cobalt chromites (Cog.5 Mno.5 CroO4, dark green). XRD powder diffraction data of specimens revealed
the formation of a well-crystallized spinel structure of transition metal chromite (approximately 98%) after
calcination at 550-750 ° C. The nanocrystallinity of synthesized CoCr2O4 was found to be in the range of
approximately 100-120 nm.

Key Words: Hydrothermal synthesis, nanocrystalline, chromite, spinel, microstructure, X-ray diffraction,

thermogravimetry, differential thermal analysis

Introduction

Chromite (FeO.Cro0O3) is one of the principal ores of chromium and is found in peridotite, intrusive igneous

rocks. ' =3 It is commonly associated with olivine, magnetite, serpentine, and corundum.* In Pakistan, chromite

*Corresponding author
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is located in the Muslim Bagh area of the Zhob district of Balochistan. Most of the chromite is of metallurgical
grade with 40% Cr, O3 and a chrome-to-iron ratio of 2.6:1. Spinel is an important class of mixed-metal oxides
and has the general chemical composition of AB3;O4 where A and B are cations occupying tetrahedral and
octahedral sites, respectively. Normally, A is a divalent and B is a trivalent atom. The cations occupy only
one-eighth of the tetrahedral sites and one-half of the octahedral sites.®~® Transition metal chromites MCroO4
(where M = Co, Cu, Mn, Ni, and Zn), with spinel-like structures, have attracted much attention because of

their tremendous technological importance as heat resistant pigments,® refractories with optical properties, °

and protective coating materials for interconnects in solid oxide fuel cell stack systems, '*

as well as catalysts for
the decomposition of chlorinated organic pollutants.? CoCry O4, MnCry Oy, and NiCro O4 are ferromagnetic
spinels; in single-crystal samples, the collinear ferrimagnetic ordering occurs at T, = 51 K, 93 K, and 74 K for
Mn, Co, and Ni, respectively. Yamasaki et al.'? reported the presence of ferroelectricity in CoCroOy4. Zinc
chromites (ZnCrg O4) are effective catalyst materials for the synthesis of biodiesel and the removal of methane
from compressed natural gas engines and sensor materials. *''> Copper chromite (CuCr; O4) spinel is one of the
most effective catalysts for CO oxidation in automobile-emission control and is also used as a burning catalyst
to increase the rates of combustion of solid rocket propellants. It increases the burning rate of propellants
at all pressures, producing a good catalytic effect on the decomposition and deflagration rate of ammonium
perchlorate and polystyrene solid composite. 16

The most widely used method for the synthesis of chromite spinels involves solid-state reaction metal
oxides at high temperatures. ™18 Solid-state reaction requires the long-range diffusion of metal ions, which may
result in inhomogeneity, larger and nonuniform grains (micron-sized), and poor control of stoichiometry. The
unavoidable sintering caused by the high-temperature calcination leads to materials with a small surface area. In
recent years, wet chemical routes have been used for the synthesis of homogeneous, sinterable chromite powders
with large surface areas. In the wet chemical process, the powders are synthesized in liquid systems by means

9 20 21 sol-gel,?? sol-spray processes, 2324

of coprecipitation,!® microemulsion,?? citrate-nitrate gel combustion,
polymeric gel,?® and hydrothermal processes.262” Among these methods, hydrothermal processes have the
major advantage of preparing homogeneous, fine crystalline oxide materials with controlled particle size and
morphology. The hydrothermal method is a cost-effective and easy route for preparing fine crystalline oxides at
low temperatures and in a short reaction time.2® The aim of the present work was to develop a low-temperature
hydrothermal route to synthesize nanosized transition metal chromite spinels. Microstructure evaluation and
examination of the crystallization phase and thermal decomposition behavior of synthesized chromite spinels
were conducted with scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetry (TG),

and differential thermal analysis (DTA) techniques.

Experimental

Materials

The starting materials used in the present study were cobalt nitrate 6-hydrate (Co(NO3)2.6H20), copper
nitrate 3-hydrate (Cu(NO3)2.3H2O), manganese nitrate 4-hydrate (Mn(NOg3)2 .4H2 O), nickel nitrate 6-hydrate
(Ni(NO3)2.6H20O), and chromium nitrate 9-hydrate (Cr(NO3)3.9H20) (all from Merck, 99.9%), and sodium
hydroxide pellets (NaOH, Merck). All chemicals were of analytical reagent grade and were used without further

purification.
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Procedure

Transition metal chromites MCro O4 (M = Co, Cu, Mn, and Ni) were synthesized by a hydrothermal process
according to the conditions given in Table 1. In a typical synthesis procedure, aqueous solutions containing the
respective metal chloride or nitrate and chromium(III) nitrate in different molar proportions were combined
and dissolved in a 250-mL evaporator flask. A NaOH aqueous solution (10 M) was added dropwise and the pH
of the suspension was maintained at 10.5-11.5 with an attached pH regulator. The evaporator flask was fitted
in a rotary apparatus (Laborota 4001, Heidolph) and maintained at a temperature of 70-80 °C for 4 h until
a homogeneous suspension was obtained. The suspension was transferred to a polytetrafluoroethylene-lined
stainless steel digestion bomb, which was kept in an oven at 180-200 °C for 11-13 h and finally cooled to
room temperature in the oven. The resulting white precursor was collected and washed with acid (0.1 N HCI),
followed by rinsing in deionized water and absolute ethanol alternately to remove the NaOH until a neutral pH
was obtained. The precursor was dried at 90 °C for 6 h in an oven. Finally, a dark green, soft powder was

obtained. The dried powder specimens were calcined at different temperatures (500-850 ° C) for 4 h.

Table 1. Hydrothermal reaction conditions for formation of transition metal chromites.

Specimens Mola{r proportion ( Reaction conditions
M2+ /Cr3* | Nat/Cr3t | pH | Temperature (°C) | Time (h)

CoCry0y 0.5 2.5 10.5 180 11

MnCry0y4 0.6 2.6 10.5 200 12
Cog.5sMng 5CraOy 0.5 1.5 11.0 200 13

NiCraOy4 0.6 2.9 10.0 200 13

CuCry0y4 0.5 2.5 10.3 180 11
Nip.§Cug.2CrsOy 0.6 2.8 11.5 200 12

Characterization

The thermal stability, dehydration, and decomposition of the synthesized powders were studied by TG and
DTA using a simultaneous thermogravimetric analyzer (STA-409, NETZSCH) with a temperature-programmed
furnace. All of the specimens were heated in a temperature range from ambient to 1000 ° C in air with a heating
rate of 10 °C/min. The crystallinity and phase analyses were conducted by XRD using a Geiger flux instrument
(Rigaku) with CuK, radiation (A = 0.154056 nm). The XRD data were collected in the 26 range from 15°
< 260 < 80° with step-scanning increments of 0.05° and a scanning rate of 5° /min. The morphologies of the
metal chromites were observed by SEM (JEOL). The sample for SEM observation was prepared by 10 min of
ultrasonic dispersion of a small amount of sample in ethanol, and a drop of the solution was put onto a clean and
polished aluminum stud and coated with a thin layer of gold. The densities of the powder chromite materials
were measured with an Ultrapycnometer 1000 (Quantachrome). UV-visible absorption spectra were measured
with a UV-Vis spectrophotometer (Specord 205, Analtik Jena). In order to obtain transparent colored phases,

the chromites were dissolved in a phosphoric acid solution process.2?
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Results and discussion

The thermogravimetric thermograms of CoCroO4 and MnCrs Q4 chromite powders are shown in Figures la
and 1b. The weight loss from room temperature to about 750 °C was 32.7% and 26.5% in the cobalt and
manganese chromites, respectively. Figures 2a and 2b show the DTA thermograms of CoCro O4 and MnCrOy4
powders, respectively. The DTA endothermic peak 4, at 102 °C (Figure 2a, CoCryO4) and at 127 °C (Figure
2b, MnCry O4) can be attributed to the dehydration of adsorbed water molecules. The endothermic peak ,q.
values at 321 and 418 °C (Figure 2a, CoCr2O4) and at 338 and 423 °C (Figure 2b, MnCr;0y4) are due to
the decomposition of partial hydroxyl and loosely bound nitrates. The exothermic peak around 524 °C (Figure
2a, CoCr20y4) is due to the initiation of a crystallization reaction of cobalt chromite (CoCreO4) within the
cobalt and chromium hydroxide gel. The exothermic peak around 768 °C shows the phase transformation
from cobalt and chromium hydroxide to the complete crystallization of cobalt chromite (CoCrsO4). Similarly,
the exothermic peak at 460 °C (Figure 2b, MnCr,0O4) is due to the initiation of a crystallization reaction of
manganese chromite (MnCrO4) within the manganese and chromium hydroxide gel. The second exothermic
peak at 770 °C shows the phase transformation from manganese and chromium hydroxide to the complete
crystallization of manganese chromite (MnCroO4). At these stages, weight loss was observed for the residue of
the alkaline solution. However, no further weight loss and no thermal effects occurred beyond these exothermic
peaks, indicating that decomposition does not occur above this temperature and that the stable residues may
be ascribed to CoCrsOy4 particles. The TG curves also show that there were no weight changes at the end of
the decomposition reaction after 700 °C. These results reveal that the CoCroO4 and MnCrsO4 crystalline
phases are thermally stable at 800 °C.30 An overview of the weight loss percentages and thermal stability of

the transition metal chromites is given in Table 2.
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Figure 1. TG curves of transition metal chromite spinels:  Figure 2. DTA curves of transition metal chromite

a) CoCr2 04 and b) MnCr,0y4. spinels: a) CoCr20O4 and b) MnCr204.

Figures 3a and 3b show the UV-Vis absorption spectra of CoCro 04 (Figure 3a) and CogsMng5Cra0Oy
(Figure 3b) solutions as a function of wavelength, in nanometers. The characteristic bands around 345-365 nm

are clearly pronounced in the optical absorption spectra of the chromite spinels. These bands are due to the
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assignments of Cr3* ions in the octahedral coordination. Additional bands at around 630-685 nm in the spectra
of cobalt chromite can be attributed to cobalt in the octahedral coordination. The appearance of these bands
is due to the interaction between cobalt, manganese, and chromium salts to form chromite spinel. These higher

bands correspond to the bluish-green/dark green region of the visible spectrum (654-694 nm).3!

The Fourier transform infrared (FTIR) spectra of CoCroO4 and CogsMng5CraO4 are shown in
Figures 4a and 4b. The infrared (IR) bands of other chromites (MnCroOy4, NiCroOy4, CuCr20Oy4, and
Nig5Cup.5Cra0y4) are given in Table 2. Transition metal chromite spinels are expected to exhibit the char-
acteristic absorption bands in the shortwave region around 690-650 cm ~!, 580-540 cm ~!, and 530-485 cm ~*
due to M-O and Cr-O stretching frequencies, respectively.?? The IR bands (600-540 cm ~!) for all chromite
samples could be attributed to the stretching vibration of the Cr-O bands of chromium atoms in the tetragonal
environment of the O atom. In the case of CoCryQy, the vibration frequency at 665 cm ~! is characteristic
of Co-O stretching modes in octahedral sites, i.e. the displacement of oxide anions relative to the chromium
cations in the direction of octahedral chains. Some properties of the transition metal chromites, such as density,
weight loss percentage, thermal stability, visible absorption bands, and IR bands, are summarized in Table 2.
The powder densities of MCrs O 4 are in the range of 70%-85% of the theoretical density.
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Figure 3. UV-visible spectra of transition metal chromite  Figure 4. FTIR spectra of transition metal chromite

spinels: a) CoCr204 and b) Coo.sMngs CraO4. spinels: a) CoCr20O4 and b) Cog.s Mng.5 CraOy4.

Figures 5a-5¢ show the XRD patterns of dried (100 °C) and calcined (550 and 750 °C) cobalt chromite
powders. The sharp and broad peaks appearing in the diffractograms in Figures 5b and 5c¢ confirm the formation
of a fine nanocrystalline, single-phase chromite spinel structure. A few characteristic peaks of chromium oxide
(Crz03) were also observed. The main peak (Figure 5¢) was centered at 20 = 35.85° and corresponds to a
crystal plane with Miller indices of 311, which is characteristic of the peak of face-centered cubic (FCC) spinel
CoCry04.%% The other sharp peaks in the XRD patterns were compared and were found to be similar to
the reported FCC spinel JCPDS 22-1084.34 The relatively sharp peaks were indexed and analyzed with unit
cell refinement.3® The results revealed that synthesized CoCroOy4 is a FCC spinel with cell parameter a =

8.315 A, unit cell volume = 575 A3, and space group = Fd3m. The grain size, as determined by Scherrer’s
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formula, 3% of CoCro Q4 dried at 110 °C and calcined at 550 and 750 ° C was approximately 90, 105, and 112

nm, respectively. The XRD results revealed that an increase in calcination temperature leads to a considerable

increase in peak intensity. Meanwhile, the widths of the diffraction peaks become narrower with the increase of

calcination temperature, indicating that the size of the particles increases.

Table 2. Physicochemical analysis of alkaline earth metal chromites.

Powder | Weight | Thermal Visible FTIR

Chromite materials | density loss stability | absorption | absorption bands
(gmL™") (%) (°C) (Amazima) (Vimagima)
CoCrs0y 4.22 32.8 800 685 593, 665
MnCry0y4 3.85 25.9 750 678 585, 660
Cog.5Mng 5Cra04 4.16 28.5 850 690 596, 668
NiCryOy4 3.95 24.6 800 694 535, 645
CuCry0y4 4.15 22.4 750 654 568, 640
Nip.gCug.oCra0y4 3.94 16.5 850 684 579, 660

The XRD patterns and phase analysis of MnCr, O 4, NiCroO4, Cog5Mng5Cra Oy, and Nig.gCug2Cro Oy

are presented in Figures 6a-6¢, Figures 7a-7c, and Figures 8a and 8b, respectively. The sharp peaks appearing in

the diffractograms indicate the presence of an ordered crystalline metal chromite phase with a spinel structure

along with a Cro O3 phase (approximately 2.5%). The mean crystallite sizes of these specimens, calculated by

Scherrer’s formula, are given in Table 3.
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Figure 5.

XRD patterns of cobalt chromite spinels,

CoCr204: a) dried at 110 °C, b) calcined at 550 °C
in air for 4 h, and c) calcined at 750 °C in air for 4 h.
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Figure 7. XRD patterns of nickel chromite spinels, Figure 8. XRD patterns of nickel- and copper-doped

NiCr2Oy4: a) powder dried at 110 °C, b) calcined at 550  chromite spinels: a) Nig.gs Cuo.2 Cr2O4 calcined at 750 °C

°C in air for 4 h, and c) calcined at 750 °C in air for 4 h.  in air for 4 h and b) Coo.5s MngsCr2O4 calcined at 850
°C in air for 4 h.

Table 3. XRD analysis of hydrothermally synthesized transition metal chromites.

Mean Cell Cell

Metal chromites XRD phase crystallite parameter volume | Symmetry JCPDS,
Cra03 | MCr05 | size (nm) (%) (A)? card no.**

CoCrs0y 2.6 97.4 112 £ 14 8.315 575 Cubic 22-084
MnCry0y4 2.5 97.5 125 £ 2.5 8.428 598 Cubic 75-1614
Cog.5Mng 5Cra04 1.8 98.2 128 £ 5.5 8.328 578 Cubic 70-2645
NiCryOy4 2.2 97.8 123 £ 4.7 8.297 571 Cubic 75-1728
CuCrz04 1.8 98.2 135 £ 8.7 | 6.029 | 7.768 282 Tetragonal | 34-0424
Nig.gCug.2Cra04 3.6 96.4 121 £5.9 | 5.987 | 7.737 277 Tetragonal | 37-0224

M = Co, Mn, and Ni

Figures 9a-9c show the morphologies of CoCroOy4 powder dried at 110 °C, as measured by SEM
at different magnifications. It can be observed that the CoCryO4 powder primarily consists of aggregated
microcrystals with an average grain size of about 1 pm (Figure 9a). Uniform nanosized crystals of CoCrsO4
can be seen at higher magnifications in Figures 9b and 9c. The mean diameter of the nanocrystals is <100
nm, which is in approximate agreement with the grain size (approximately 90 nm) as measured by Scherrer’s

formula using XRD data.
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Figure 9. SEM images of cobalt chromite spinel nanocrystals, CoCr2 O 4, obtained at 110 ° C with different magnifica-
tions: a) at x 5000, b) at x 25,000, and c¢) at x 30,000.

Conclusions

Nanocrystalline transition metal chromite spinels such as CoCroO4 (bluish-green), MnCroO4 (grayish-green),
CugsMng5Cra0y4 (green), NiCroO4 (sage green), CuCro Oy (blackish-green), and NiggCug2CroOy4 (dark
green) were synthesized successfully through a hydrothermal method. The formation of the spinel phase,
crystalline chromites, was confirmed by characteristic powder XRD. The physicochemical and thermal analysis
showed that the synthesized metal chromite products have a high percentage of the desired chromite spinel
phase and are thermally stable at up to 800 ° C. The results revealed that the average particle size was in the
range of approximately 100-120 nm. The XRD studies showed that MCroO4 (M = Co, Cu, Mn, and Ni) has
a FCC spinel structure.
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