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Abstract Chromite Spinel materials were synthesized in

this study by the citrate precursor method using four

divalent cations (Ni2?, Co2?, Zn2?, and Cu2?). Citrate

precursors consisting of mixed chromium citrates were first

subjected to a thermogravimetric (TG) analysis for deter-

mining optimum temperatures for annealing. TG of co-

precipitated chromium(III) citrate–zinc citrate gel has been

carried out separately in N2 and O2 atmospheres. In both

the cases, dehydration is followed by a four-step decom-

position. The TG data were subjected to kinetic/mecha-

nistic analysis, and the values of activation energy and

Arrhenius factor were approximated. TG curves of various

powders which were obtained on annealing at the two

temperatures did exhibit thermal instability when carried

out in N2 atmosphere. A large coercivity of 2701.01 Oe

was observed for NiCr2O4 at 650 �C. On the basis of the

results, 450 �C has been chosen for annealing treatment of

the four gels. The samples were accordingly annealed at

two different temperatures (450 and 650 �C) in a muffle

furnace for 1 h in each case. The annealed powders were

characterized using X-ray diffraction (XRD), SEM, and

vibrating sample magnetometer (VSM). The XRD patterns

show that annealing of CuCr2O4, NiCr2O4, and CoCr2O4 at

450 �C yields very small crystallites with poor Bragg

reflections, although ZnCr2O4 samples show better peaks in

XRD data. Annealing at 650 �C resulted in particle size

range of 8–89 nm in the four cases. In the case of ZnCr2O4,

the particle size was 8 nm.
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Introduction

Transition metal and rare earth oxides have been known to

exhibit interesting magnetic, electrical, and catalytic

properties bringing tremendous potentialities to these

materials. Lanthanum chromites [1], for example, have

been used as interconnect material in solid oxide fuel cells.

Copper chromite can be cited as another example which

has emerged as an effective catalyst for use with composite

solid propellants used for propulsion of rockets [2] which

imparts a pressure-independent catalytic effect on the

burning rate of oxidizers such as ammonium perchlorate.

Chromite in general (MCr2O4 where M is a divalent metal)

is a common accessory mineral present in most meteorites

and mantle rock. It crystallizes in cubic system, has a spinel

structure, and has a low Curie temperature. The ternary

metal oxide spinel has potential catalytic and chemical

sensing applications [3–6]. Unlike ferrites, the chromite

spinels have no B-site Fe3?. Still, these are relevant in view

of the principles involved as well as their technological

applications. In addition, strong negative exchange inter-

action, JBB(Cr–O–Cr) controls the magnetic behavior in the
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chromite spinel [7, 8]. The magnetic and crystalline con-

stant values for chromites have been presented earlier [9].

Several chromites have been synthesized in nanocrystal

form so far. ZnCr2O4 crystallizes well when the sintering

temperature is above 500 �C [3], and the product formed at

350 �C is in amorphous phase. The ceramic method has

been used for this synthesis. Pure MgCr2O4 has been

reported to have formed when appropriate mixture of pure

oxides is pressed into bars and sintered for several hours in

an electric furnace at 1,400 �C [10]. Some chromites, such

as MgCr2O4, CuCr2O4, NiCr2O4, ZnCr2O4, and CoCr2O4,

have been prepared using coprecipitation method, by the

process of recrystallization from pyridine followed by

ignition in the temperature range of 700–1,200 �C [7].

Nanometer size particles having perovskite structure were

reported to be formed [1] when partial substitution by

alkaline rare earth metals was carried out in lanthanum

chromites by urea combustion method, and this was fol-

lowed by calcination at 900 �C.

In the present study, thermal analysis of coprecipitated

chromium(III) citrate–zinc citrate gel atmosphere has been

carried out in N2 and O2 atmospheres and, on the basis of

the results, 450 �C has been chosen for the annealing

treatment of the four gels mentioned above. Annealing has

also been done at 650 �C in an attempt to obtain nano-

metric particles of chromites (MCr2O4) {M = Cu, Ni, Zn,

and Co} and to find out their magnetic properties which

could render them useful for chemical sensing applications,

etc. A comparison of the powders obtained at the two

temperatures has also been made. Thermogravimetric (TG)

data and their kinetic analysis provide clues to thermal

stability, kinetics, and thermodynamics of the
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Table 1 TG features shown by the chromium(III) citrate–zinc citrate gel

Steps Temperature

range/K

In N2/%

loss

In O2/%

loss

Best fitted

mechanism

Ea/kJ mol-1 ln A DS#/J K-1 mol-1

I (dehydration) 333–463 15.13 15.14 2D diffusion 46.730 7.361 -186.12

II 473–593 12.85 12.93 3D diffusion 80.624 9.412 -171.49

III 603–713 21.46 39.18 2D diffusion 153.021 19.278 -91.21

IV 723–803 10.95 5.32 1st Order 49.456 26.407 -33.39

V 873–1170 6.86 3.68 – – – –
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decomposition of complexes and other compounds [11–

22]. Phase changes caused by heating and influence of

structure defects on reactivity can have significances [23,

24], and these may have implications on the applications of

materials. In the present study, effort has been made to

choose the annealing temperature on the basis of the TG

data. On all the chromite samples the magnetization and

retentivity are very small as expected. However, coercivity

was found to change as the annealing temperature was

increased.

Experimental

M (NO3)n {M = Cu2?, Ni2?, Zn2?, and Co2?} and

chromium(III) nitrate were taken as per stoichiometric

requirements as the respective starting materials. Aqueous

solution of the salt was prepared by dissolving it in

minimal amount of deionized water while stirring con-

stantly. The corresponding solutions were then mixed

together. Aqueous solution of citric acid was prepared in

adequate quantity by weight and was added to the pre-

pared salt solutions. The mixture was heated at 60–80 �C

for 2 h with continuous stirring. This solution was allowed

to cool at room temperature and finally concentrated by

heating at 60–65 �C in an oven until formation of a brown

color fluffy mass. TG analysis of the precursor was
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for a NiCr2O4, b CoCr2O4,

c ZnCr2O4, and d CuCr2O4

annealed at 650 �C for 1 h

Table 2 Observed XRD and magnetic data of the four chromites annealed at 450 and 650 �C

Observed parameters ZnCr2O4 NiCr2O4 CuCr2O4 CoCr2O4

450 �C 650 �C 450 �C 650 �C 450 �C 650 �C 450 �C 650 �C

Phase (A = amorphous,

N = nanocrystalline)

A N A N N N A N

Crystalline size/nm – 8 – 89 29 24 – 12

Coercivity/G 37.12 408.32 154.30 2701 109.69 451.69 59.620 268.98

Retentivity/emu/g 1.045E-3 29.075E-3 5.275E-3 0.112 2.300E-3 10.065E-3 2.346E-3 33.462E-3

Magnetization/emu/g 840.14E-6 0.1837 0.11232 0.381 84.899E-3 95.315E-3 0.15624 0.28045
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carried out in oxygen at heating rate of 10 �C/min. The

sample of zinc citrate gel was dehydrated by heating up to

200 �C, and the measurement was carried out without

removing the sample from the instrument up to the

desired temperature range using O2 gas (Fig. 1). The

process was repeated at 10 �C/min in alumina crucible

using N2 as the purge gas (Fig. 2). The initial two steps

were common indicating no oxidation up to 330 �C. The

third step ends around 450 �C. In total, the thermal

decomposition has been found to be taking place in five

steps. All the gels were annealed separately at two dif-

ferent temperatures (450 and 650 �C) for 1 h in a muffle

furnace. By this process, the precursor was thermally

decomposed to give a powder that was later characterized

using X-ray diffractometer (XRD), SEM, and vibrating

sample magnetometer (VSM). TG curves were also

obtained for the annealed powders. Stoichiometry of all

the annealed powders was confirmed to be MCr2O4 on the

basis of percentage of metals. Kinetic studies have been

undertaken on the precursor using TG data. The thermal

analyses were carried out on Mettler TGA and NETZSCH

STA 449F3 instruments. Scherrer Formula (D = 0.9 k/b
cosh) was used to calculate the particle size [25]. SEM

(Model: Quanta 200 MK 2 Series FEI) was used for

confirming the crystallite sizes (1000, 2000, 5000, 10,000,

and 20,000 magnifications).

Results and discussion

Thermal analysis

The TG curves (Figs. 1, 2) of coprecipitated chromium(III)

citrate–zinc citrate gel show five-step decomposition

including dehydration in both the gaseous atmospheres (N2

and O2). The first two steps (ending at 330 �C) are iden-

tical. The third step involves oxidation when the purge gas

is O2. This step shows three peak temperatures (325.1,

337.1, and 346 �C) in the DSC curve. A clear horizontal

appears around 450 �C, and hence this temperature was

chosen for annealing of the four gels. Annealing has also

been done at 650 �C. The activation energy is quite high in

the steps following dehydration (Table 1). The kinetic trio

Fig. 9 a SEM of CoCr204 obtained upon annealing at 650 �C (the

scale depiction is in lm in the picture). b SEM of NiCr204 obtained

upon annealing at 650 �C (the scale depiction is in lm in the picture).

c SEM of CuCr204 obtained upon annealing at 650 �C (the scale

depiction is in lm in the picture). d SEM of ZnCr204 obtained upon

annealing at 650 �C (the scale depiction is in lm in the picture).

e SEM of CuCr204 obtained upon annealing at 450 �C (the scale

depiction is in lm in the picture)

c

Thermal, structural, and magnetic studies 201

123



has been approximated from the most linear plot [19, 26] of

ln k vs. 1/T using the following relation:

ln k ¼ ln A� E=RT

where, ln k = ln {(da/dt)/f(a)}. The values of DS# were

approximated using the thermodynamic equation:

DS# ¼ Rln Ah=kT

where DS# is the entropy of activation, A the frequency

factor, R is the gas constant, k the Boltzmann constant, and

T is the temperature at which a = 0.5.

Gaseous adsorption, dissociation, and other catalytic

properties of the copper chromite spinel surfaces have been

reported [27]. N2-adsorption is used to help us understand

surface morphology, and this has been done for copper

chromites and similar materials obtained by other methods

[28–30]. Reductive deoxygenation in N2 atmosphere of

chromites has also been reported [31]. In the case of the

powder of copper chromite annealed at 650 �C, N2-

adsorption is evident up to 600 �C after which dissociation

is taking place (Fig. 3). Similarly, annealing at 650 �C

makes the nickel chromite adsorb N2 up to 640 �C and

further heating causes dissociation (Fig. 4). No O2-

adsorption is taking place in any of the eight samples.

XRD, SEM, and magnetic studies

The XRD patterns and the magnetization curves of the

samples annealed at temperature 450 �C are shown in

Figs. 5 and 6, respectively. Amorphous chromites (except

copper chromite which is in poor crystalline state) are

formed when the annealing is done at 450 �C. An

annealing temperature of 500 �C has been found to be

necessary for fully incorporating the divalent metal into

spinel phase while preparing ferrites [8]. The XRD patterns

and room temperature magnetization curves for the sam-

ples annealed at temperature 650 �C are shown in Figs. 7

and 8, respectively. The observed data have been incor-

porated in Table 2. The coercivity, retentivity, magnetiza-

tion, and hysteresis loop area have been observed to be

increasing in nickel, zinc, and cobalt chromites, with the

annealing temperature increasing from 450 to 650 �C.

Copper compounds sometimes exhibit interesting magnetic

properties which are accounted for on the basis of their

structure [32].Here also; the copper chromite shows small

magnetization (0.28045 emu/g) and appears in particle size

of 24 nm (Table 2). The remaining chromites have small

magnetization at 650 �C, but no crystals are formed at

450 �C. Four hours of annealing has been reported to be

yielding stoichiometrically pure powder of NiCr2O4 [33].

XRD studies have earlier confirmed the absence of reactant

oxides of NiO, Fe2O3, and Cr2O3. Tetragonal structure

below 47 �C is believed to be because of Jahn–Teller

effect. In the present study, NiCr2O4 has shown the highest

coercivity of 2,701 G, while magnetization and retentivity

values are at 0.381 emu/g and 0.1123 emu/g, respectively.

ZnCr2O4 had minor amounts of ZnO when slurried mixture

was dried at 120 �C followed by calcination at 650 �C. A

mixed oxide of iron and chromium was also present [34].

The ZnCr2O4 particles furnished in the present study have

small crystallite size of 8 nm and have maximum coer-

civity and magnetization values (408 G and 0.1837 emu/g,

respectively). These results for the sizes have been sup-

ported by SEM studies (Fig. 9) on the four samples

annealed at 650 �C, and the CuCr2O4 sample obtained

upon annealing at 450 �C.

Fig. 9 continued
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Conclusions

• TG curves of coprecipitated chromium(III) citrate–zinc

citrate gel show five-step decomposition including

dehydration in both the gaseous atmospheres (N2 and

O2). The first two steps (ending at 330 �C) are identical.

The third step involves oxidation when the purge gas is

O2. The activation energy is quite high in the steps after

dehydration.

• In the case of copper chromite powder annealed at

650 �C, N2-adsorption is evident up to 600 �C, after

which dissociation takes place. Similarly, annealing at

650 �C makes the nickel chromite adsorb N2 up to

640 �C, and further heating causes dissociation

(Fig. 4). No O2-adsorption takes place in any of the

eight samples.

• Using the citrate precursor method, CuCr2O4 has been

obtained in nanocrystalline phase of particle size 29 nm

when the annealing temperature is 450 �C. ZnCr2O4 is

furnished in particle size of 8 nm when the annealing

temperature is 650 �C. The SEM studies support the

findings though particle size is not uniform.

• Largest coercivity 2,701 G was observed for NiCr2O4

which did show retentivity and magnetization of 0.112

emu/g and 0.381 emu/g, respectively.
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