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Abstract
Chromium substituted cobalt ferrites  CoFe2−xCrxO4 (x = 0; 1; 1.5) were synthesized through a soft chemistry method—the 
gluconate precursor route. The gluconate precursors were characterized by infrared spectroscopy (IR), ultraviolet–visible 
spectroscopy and thermal analysis. The spinel oxide powders were investigated by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), Mössbauer spectroscopy and Brunauer–Emmett–Teller  N2 adsorption–desorption analyses. XRD 
indicated the formation of the spinel-type phase with good crystallinity. The mean crystalline domains size decreased from 
23.8 to 17.8 nm with the increase in the chromium content. SEM revealed faceted particles for which the particle sizes 
varied significantly with the chromium content. The chromium substituted cobalt ferrites were found to have high catalytic 
performance.

Keywords Chemical synthesis · Chromium substituted cobalt ferrites · Scanning electron microscopy · Mössbauer 
spectroscopy · Catalytic activity

Introduction

Nanostructured spinel oxides such as ferrites, chromites or 
chromium substituted ferrites have been extensively stud-
ied due to their interesting magnetic, electrical and cata-
lytic properties. These spinel oxides have various potential 
applications as components of electronic devices, magnetic 
storage devices, microwave and high frequency absorbing 
materials, active components of ferrofluids and catalysts 

(Goldman 2006; Jauhar and Singhal 2014; Hankare et al. 
2011).

The nanosized cobalt-based spinel ferrites and chromites 
were found to be the best candidates for the catalytic com-
bustion of methane; among them cobalt chromite  (CoCr2O4) 
and cobalt ferrite  (CoFe2O4). They have high activity, high 
stability and, also, low cost (Fino et al. 2007; Chen et al. 
2013).

CoCr2O4 is a normal spinel due to the large octahedral 
ligand field stabilization energy of  Cr3+.  CoFe2O4 has a 
partial inverse spinel structure. The inversion degree of the 
spinel structure depends on the synthesis conditions.

It is well known that the addition of metal cations of dif-
ferent valence states in the tetrahedral and/or the octahe-
dral sites may improve the properties of the ferrites. The 
substitution of  Fe3+ with  Cr3+ in the cobalt ferrite leads to 
changes in the  A[B2]O4 structure, given that the  Cr3+ ions 
have strong preference for the B sites (Vadivel et al. 2014).

Taking into account these considerations, it was consid-
ered interesting to study the catalytic activity of chromium-
substituted ferrites in the methane combustion.

The method of preparation plays an important role in the 
composition, the structure, the morphology and implicitly, 
on the properties of the spinel oxides.
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Several methods, such as the coprecipitation (Vadivel 
et al. 2014; Pervaiz and Gul 2012), the hydrothermal and 
micro-emulsion routes (Zhang et al. 2016; Koseoglu et al. 
2012; Iqbal and Siddiquah 2008), the sol–gel/sol gel com-
bustion method (Bhasker and Ramana Reddy 2015; Raghas-
udha et al. 2016; Toksha et al. 2011), the combustion process 
(Gingasu et al. 2015a; Sijo 2017; Sharma et al. 2017) and 
the citrate precursor route (Hankare et al. 2009, 2011), have 
been developed.

The precursor method can be easily used to obtain nano-
sized spinel oxides due to the simplicity of the process and 
the low-temperature treatment (Mindru et al. 2014).

The main goal of this work is the preparation of nanocrys-
talline  CoFe2−xCrxO4 (x = 0; 1; 1.5) spinel-type oxide pow-
ders through thermal decomposition of multimetallic glu-
conate compounds—the gluconate precursor route. The 
catalytic performance of the chromium substituted cobalt 
ferrites in the total oxidation reaction of methane was 
evaluated.

Experimental

Reagents

All chemicals chromium nitrate (Cr(NO3)3·9H2O), iron 
nitrate (Fe(NO3)3·9H2O), cobalt nitrate (Co(NO3)2·6H2O) 
and δ-gluconolactone  (C6H10O6) were of reagent quality 
(Merck).

CoFe2−xCrxO4 ferrites preparation

Chromium substituted cobalt ferrites have been obtained by 
the same procedure as for chromium substituted copper fer-
rites described in our previous work (Mindru et al. 2015).

The following systems were investigated for the prepara-
tion of the gluconate precursors:

2(Fe2−x
3+, Crx

3+):1Co2+:8C6O7H11
−, where x = 0; 1; 1.5; 

 C6O7H11
− = gluconate anion.

The iron(III), chromium(III), and cobalt(II) nitrates were 
dissolved in minimum amount of water and mixed with an 
aqueous solution of gluconic acid  (C6O7H12), obtained by 
the hydrolysis of δ-gluconolactone  (C6H10O6) at 80 °C. The 
molar ratio of metal nitrates to gluconic acid was 2:1:8. The 
pH was raised to 6 by adding  NH4OH:CH3OH (1:1). Meth-
anol was added until light-grey precipitates were formed. 
After 24 h/4 °C, the precipitates were filtered and dried over 
 P4O10.

The elemental analysis was consistent with the formula:
(NH4)2[CoFe2(C6O7H11)4(OH)2]·2H2O I: Anal.: Calcd.: 

Fe% 10.60; Co%: 5.58; C%: 27.25; N%: 2.65; H%: 5.49; 
found: Fe% 10.35; Co%: 5.23; C%: 26.76; N%: 2.65; H%: 
5.13.

(NH4)2[CoFeCr(C6O7H11)4(OH)2]·6H2O II: Anal.: 
Calcd.: Cr%: 4.62; Fe% 4.98; Co%: 5.24; C%: 25.60; N%: 
2.49; H%: 5.69; found: Cr%: 4.79; Fe% 5.16; Co%: 5.43; 
C%: 25.95; N%: 2.80; H%: 5.21.

(NH4)2[CoFe0.5Cr1.5(C6O7H11)4(OH)2]·H2O III: Anal.: 
Calcd.: Cr%: 7.55; Fe% 2.71; Co%: 5.71; C%: 27.88; N%: 
2.71; H%: 5.42; found: Cr%: 7.35; Fe% 2.39; Co%: 5.53; 
C%: 27.92; N%: 2.81; H%: 5.60.

The calcination of these precursors at 700 °C for 1 h leads 
to the formation of well-crystallized  CoFe2−xCrxO4 (x = 0; 1; 
1.5) spinel-type oxide powders.

Characterization techniques

The metal content of the compounds was determined by 
atomic absorption spectroscopy with a SAA1 instrument; 
the C, N and H values were obtained using a Carlo Erba 
Model 1108 CHNSO elemental analyzer.

The IR spectra were recorded on KBr pellets with a 
JASCO FTIR 4100 spectrophotometer in the 4000–400 cm−1 
range.

The absorption spectra were recorded with a JASCO 
V-670 spectrophotometer in the domain 200–1800 nm.

The thermal measurements (TG and DSC) were per-
formed using a Netzsch TG 449C STA Jupiter. Samples 
were placed in an open alumina crucible and heated with 
10 °C min−1 from room temperature up to 900 °C, under a 
dried air flow of 20 mL min−1.

X-ray diffraction data were collected using Rigaku’s 
Ultima IV X-ray powder diffractometer, operating at 40 kV 
and 30 mA, with CuKα radiation (λ = 1.5406 Å) and graph-
ite monochromator, in parallel beam geometry with CBO 
optics, 0.02° step size and 0.5° min−1 scan speed. Phase 
identification was performed using Rigaku’s PDXL soft-
ware, with Whole Powder Pattern Fitting (WPPF) module, 
connected to ICDD-PDF-2 database.

The morphology of the spinel oxides was analyzed by 
SEM using a FEI Quanta 3D FEG apparatus. Micrographs 
were obtained from a secondary electron detector working at 
accelerating voltages of 5 kV. The elemental chemical com-
position was determined with an energy dispersive X-ray 
(EDX) spectrometer using an accelerating voltage of 30 kV.

The 57Fe Mössbauer spectra were recorded at room tem-
perature in transmission geometry, using a WissEL-ICE 
Oxford Mössbauer cryomagnetic system (Wissenschaftli-
che Elektronik GmbH, Starnberg, Germany, and ICE Inno-
vative cryogenic system, Oxford, UK) and a 15 mCi 57Co 
source in Rhodium matrix. α-Fe foil was used in a range 
of ± 10 mm s−1 for the velocity calibration.

Nitrogen adsorption/desorption isotherms were measured 
at 77 K using a Micromeritics ASAP 2020 automated gas 
adsorption system. The samples were degassed at 250 °C 
for 4 h before analysis. Specific surface areas (SBET) were 
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calculated by the Brunauer–Emmett–Teller (BET) equation 
using adsorption data in the relative pressure range 0.05–0.3, 
and pore size distribution from the desorption branch using 
the Barrett–Joyner–Halenda (BJH) model. The total pore 
volume (Vtotal) was estimated from the amount adsorbed at 
p/p0 of 0.99.

The hydrogen temperature-programmed reduction 
 (H2-TPR) measurements were carried out in a flow system 
with a Chembet 3000-Quantachrome instrument apparatus 
equipped with thermal conductivity detectors (TCD). The 
continuous flow of 5% volume  H2 in Ar (70 mL min−1) was 
passed over 50 mg powder of catalyst. The temperature was 
increased to 850 °C at a heating rate of 10 °C min−1.

The catalytic properties of the obtained cobalt ferrites 
were tested in  CH4 combustion. The reactions were carried 
out in a fixed bed micro reactor under atmospheric pressure 
and volume rate air/CH4 gas mixture 2/1. The composition 
of  CH4 gas mixture was 10%  CH4, 5%  N2, 85% Ar. The 
quartz micro reactor (I.D. = 6 mm) with 40 mg catalyst was 
placed inside a tubular electrical furnace. The measurements 
were performed on the samples heated stepwise in the tem-
perature range 200–600 °C in steps of 50 °C with 30 min 
at each temperature level.  CH4 and  CO2 in the effluent gas 
were analyzed online using a gas chromatograph equipped 
with Porapaq QS 80/100, carbon molecular sieve column 
and thermal conductivity detector (Gingasu et al. 2015b).

Results and discussion

The selection of the ligands is the most important step in 
the precursor method because the multimetallic complex 
compounds used as precursors must decompose at low tem-
peratures and generate only volatile products. The ligands 
that largely satisfy these requirements are the anions of car-
boxylic/polycarboxylic and polyhydroxycarboxylic acids: 
citrate, malate, tartrate, gluconate, etc. (Mindru et al. 2014). 
The gluconic acid  (C6H12O7) is well known as a very good 
metal sequestrant agent.

The following gluconate complex compounds have been 
isolated and investigated by infrared spectroscopy, ultravio-
let–visible spectroscopy and thermal analysis:

( N H 4) 2[ C o F e 2( C 6O 7H 1 1) 4( O H ) 2] · 2 H 2O  ( I ) , 
 (NH4)2[CoFeCr(C6O7H11)4(OH)2]·6H2O (II)  and 
 (NH4)2[CoFe0.5Cr1.5(C6O7H11)4(OH)2]·H2O (III).

Characterization of the gluconate precursors

The IR spectra of the gluconate compounds show the 
presence of two strong bands assigned to the coordinated 
 COO− groups—νasymOCO (at 1606 cm−1 for compound 

I, ~ 1614 cm−1 for compound II and 1616 cm−1 for com-
pound III) and νsymOCO (1398 cm−1 for I and 1384 cm−1 
for II and III) (Fig. 1).

The comparison of these spectra with the spec-
trum of the free acid emphasizes a change in the 
region 1030–1130 cm−1, a shift towards smaller values 
(1045–1090 cm−1), which is consistent with the coordi-
nation through one or several OH groups. This change 
demonstrates the formation of donor–acceptor bonds with 
metal ions and sustains the formation of a chelate ring 
upon complexation.

The spectra of the gluconate compounds also exhibit a 
broad and very intense band in the 3500–3000 cm−1 range 
which can be assigned to the vibration of water molecules/
the formation of hydrogen bonds between water and/or 
hydroxyl groups. The presence on this band of a shoul-
der at ~ 2940 cm−1 supports the presence of  NH4

+ ions (ν3 
stretching) (Nakamoto 1986; Petit et al. 1999).

The absorption spectra of gluconate compounds in the 
range 200–1800 nm were recorded to obtain information 
about the coordination modes of Co(II)  (d7), Fe(III)  (d5) 
and Cr(III)  (d3) ions (Fig. 2).

These spectra evidence the characteristic features of 
Cr(III)  (d3) and Co(II)  (d7) ions in an octahedral symme-
try. The intense band observed in the range 400–500 nm 
can be assigned to the spin allowed 4A2g → 4T1g (F) and 
4T1g → 4T1g(P) (ν3) transitions characteristics of the Cr(III) 
and Co(II), in octahedral environment, respectively. The 
broadband in the range 600–800 nm is most probably a 
superposition of three bands assigned to: the 4A2g → 4T2g 
(F) transition of the Cr(III)  (d3) ion, the 4T1g → 4A2g (ν2) 
transition of the Co(II)  (d7) octahedral high spin ion and 
the forbidden transition of an octahedral Fe(III)  (d5) high 
spin ion. A broad absorption band at ~ 1200 nm is present 
in all these spectra and can be assigned to a 4T1g → 4T2g 
(ν1) transition of the Co(II)  (d7) ion. The band/shoulder 
below 400 nm can most likely be assigned to CT transi-
tions (Lever 1984).

The thermal behavior of the gluconate precursors is 
very similar. Figure 3 presents, as an example, the thermal 
analysis TG-DSC recorded for the precursor (II).

The thermal decomposition of gluconate precursors 
takes place in the temperature range 30–400 °C. The elimi-
nation of  2NH3 molecules and  1H2O molecule (weight 
loss ~ 4.5 to 6% in TG curve) occurs below 140 °C. Above 
this temperature, the elimination of the remaining water 
molecules and the decomposition/oxidation of the gluco-
nate ligands take place up to 400 °C with the formation of 
the oxidic phase (weight loss between 69 and 75%). This 
process is accompanied by a very strong exothermic peak 
on the DSC curve. For this reason, the thermal decompo-
sition of the gluconate compounds can be considered a 
self-combustion process.
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Characterization of  CoFe2−xCrxO4 spinel powders

X‑ray diffraction

To obtain well-crystallized chromium substituted cobalt fer-
rites,  CoFe2−xCrxO4 (x = 0; 1; 1.5), the gluconate compounds 
were annealed at 700 °C/1 h. The X-ray diffractograms of 
the spinel oxides are presented in Fig. 4.

The X-ray diffraction patterns of  CoFe2−xCrxO4 (x = 0; 1; 
1.5) powders confirm the formation of the spinel structure 
phase (ICDD 00-022-1086, S.G. Fd3m). No other phase was 
detected.

The lattice parameters decrease with the increase of the 
chromium content from 8.386 Å for sample x = 0 to 8.344 Å 
for x = 1.5. This decrease in the lattice parameter can be 
attributed to the substitution of the larger  Fe3+ ion (0.78 Å) 
by the smaller  Cr3+ ion (0.615 Å) (Koseoglu et al. 2012). 
The values of the lattice parameters were similar to the val-
ues reported in literature (Table 1). The values of the mean 
crystalline domains size were 23.8 nm for  CoFe2O4, 20 nm 
for  CoFeCrO4, and 17.8 nm for  CoFe0.5Cr1.5O4.

Scanning electron microscopy

The SEM measurements of  CoFe2−xCrxO4 (x = 0; 1; 1.5) 
powder samples (Fig. 5) revealed faceted particles of spinel 
phase crystallites. The particle size varies significantly with 
the Cr content.  CoFe2O4 (Fig. 5a, d) exhibits typical sizes of 
a few hundred nanometers,  CoFe0.5Cr1.5O4 (x = 1.5) shows 
similarly shaped, faceted particles of smaller size (Fig. 5b, 
e), while  CoFeCrO4 (x = 1) has the finest particle sizes, with 
many primary particles in the nanometer range (Fig. 5c, f).

Dense agglomerates with well aligned crystalline 
domains can be observed in the SEM measurements of 
 CoFe2O4 (Fig. 5g). This behavior is explained by the occur-
rence of a magnetic self-alignment of the domains that facili-
tates early sintering of polycrystalline aggregates and rapid 
grain growth.

The EDX elemental chemical analysis of all powders 
reveals the homogeneous composition of the spinel phase 
in each sample (Fig. 5h, j).

Mössbauer spectroscopy

Room temperature Mössbauer spectra of  CoFe2−xCrxO4 
(x = 0; 1; 1.5) powders, together with the computer fit (con-
tinuous lines) are presented in Fig. 6. Dramatic changes of 
the Mössbauer patterns can be observed with the increase of 

Fig. 1  IR spectra of the gluconic acid (a) and gluconate pre-
cursor powders: b  (NH4)2[CoFe2(C6O7H11)4(OH)2]·2H2O 
(I), c  (NH4)2[CoFeCr(C6O7H11)4(OH)2]·6H2O (II) and d 
 (NH4)2[CoFe0.5Cr1.5(C6O7H11)4(OH)2]·H2O (III)

▸
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the Cr content in the samples. At x = 0, the spectrum exhibits 
a magnetic hyperfine like pattern with large and non Lorent-
zian line width (Fig. 6a).

To understand the deconvolution procedure of this 
spectrum, we have to remember some structural peculi-
arities of the iron-cobalt spinel. It is well known that the 
formula reflecting the cation distribution in the cobalt fer-
rite structure can be written as  (Co1−yFey)[CoyFe2−y]O4, 
where () stands for the tetrahedral sites and [] stands for the 
octahedral ones (Petit and Forester 1971). The octahedral 
sites have six cations placed in tetrahedral sites as second 
nearest neighbors and each A sites has 12 B cations in the 
first sphere of coordination (Petit and Forester 1971). In an 
inverse spinel the divalent cations are placed only in the 
octahedral sites. In the cobalt ferrite,  Co2+ ions can be also 
found in tetrahedral sites, being able to modify the magnetic 
hyperfine fields at octahedral  Fe3+ sites via supertransfered 

interactions (Rao et al. 2014). It is natural to suppose a ran-
dom distribution of  Co2+ ions in the tetrahedral sites. The 
Mössbauer spectrum will reflect this distribution through a 
number of octahedral magnetic sublattices with decreasing 
magnetic fields, corresponding to the number of  Co2+ ions 
in tetrahedral sites. The relative abundance of these magnetic 
sublattices depends on the probability of  Co2+ cations to 
occupy the tetrahedral sites (Sawatzky et al. 1969).

The best fit through the experimental points was obtained 
by taking into account one tetrahedral magnetic sublattice 
and four octahedral sublattices B0, B1, B2, B3 ascribed to 
the presence of 0, 1, 2 and, respectively, 3 divalent cobalt 
ions in the tetrahedral positions of the cobalt spinel struc-
ture. From the fit of the tetrahedral and octahedral areas 
one can calculate the value of the inversion parameter y 
(Sawatzky et al. 1969; Liu et al. 2016; Carta et al. 2009). 
The calculated y is 0.27 and, consequently, the formula for 
our sample is  (Co0.73Fe0.27)[Co0.27Fe1.73]O4.

The Mössbauer fit parameters: the isomer shift (IS), the 
quadrupole splitting (QS) and the magnetic hyperfine field 
(Hhf) are presented in Table 2. The tetrahedral magnetic sub-
lattice was associated with lowest IS and smaller Hhf based 
on structural considerations regarding the electric charge 
density at the  Fe3+ nucleus in the A sites and magnetic inter-
actions in the system (Rao et al. 2014).

At x = 1, the Mössbauer spectrum is represented by a 
collapsed magnetic hyperfine component together with a 
central quadrupole doublet. The best fit was obtained with 
a rather large magnetic hyperfine field distribution (continu-
ous green line in Fig. 6b) from ~ 4 to ~ 47 T and a central 
doublet (blue line in Fig. 6b) with IS = 0.245 mm s−1 and 
QS = 0.454 mm s−1. The magnetic field distribution could 
reflect a distribution in nanoparticle sizes, while the central 
doublet indicates the presence of a paramagnetic phase.

At x = 1.5, the Mössbauer spectrum consists only of 
a central quadrupole doublet with IS = 0.258  mm  s−1 

Fig. 2  Absorption spectra of gluconate precursor pow-
ders: (a)  (NH4)2[CoFe2(C6O7H11)4(OH)2]·2H2O (I), (b) 
 (NH4)2[CoFeCr(C6O7H11)4(OH)2]·6H2O (II) and (c) 
 (NH4)2[CoFe0.5Cr1.5(C6O7H11)4(OH)2]·H2O (III)

Fig. 3  TG, DTG and DSC curves of  (NH4)2[CoFeCr(C6O7H11)4(OH)2]·6H2O (II)
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and QS = 0.451 mm s−1. Within the errors limits, these 
parameters are close to the parameters of the doublet in 
the spectrum at x = 1. Consequently, one can claim the 
appearance of the chromium rich phase  CoFe0.5Cr1.5O4, 
even at lower Cr concentrations (x < 1.5).

Brunauer–Emmett–Teller (BET)  N2 adsorption–
desorption analyses

To determine the textural properties of the samples, the 
nitrogen adsorption–desorption isotherms were recorded 
(Fig. 7). All the samples exhibit similar type IV isotherms 
which are usually associated with slit-shaped pores (Sing 
et al. 1985). The hysteresis loops appear at very high relative 
pressure (> 0.9) which suggests that the porosity is generated 
by the spaces between laterally interconnected crystallites. 
 CoFe2O4 has the smallest specific surface area (4 m2 g−1), 
while the Cr substituted samples have almost similar SBET 
values: 19.5 m2 g−1 for  CoFeCrO4 and 19.8 m2 g−1 for 
 CoFe0.5Cr1.5O4. These results indicate that the substitution 
with Cr induces a significant increase of surface area which 
can be mainly attributed to the decrease of both crystallite 
domains size (from XRD measurements) and particle size 
(from SEM measurements). The total volume of pores also 
increases with gradual increasing of the chromium substi-
tution degree (0.04 cm3 g−1 for  CoFe2O4, 0.1 cm3 g−1 for 
 CoFeCrO4 and 0.18 cm3 g−1 for  CoFe0.5Cr1.5O4).  CoFeCrO4 
contains a small fraction of micropores (~ 7% according to 
t-plot analysis). As the content of Cr increases the micropo-
rosity disappears and the mesopores become larger, as can 
be seen in the pore size distribution graphs (Fig. 7).

Catalytic activity of  CoFe2−xCrxO4 for methane 
combustion reaction

The reducibility (oxygen mobility) of the cobalt ferrite 
 (CoFe2O4) and the chromium substituted cobalt ferrites 
 (CoFeCrO4,  CoFe0.5Cr1.5O4) was evaluated by  H2-TPR.

Figure 8 suggests that these ferrites are stable up to 
200 °C  (CoFeCrO4,  CoFe0.5Cr1.5O4) and 300 °C  (CoFe2O4).

Above 300 °C, a set of four reduction peaks related to the 
reduction of the spinel phase can be observed for  CoFe2O4 
sample.

As illustrate in the literature,  H2-TPR shows the effect of 
substituent on the reducibility and the influence of reduction 
conditions on the ferrite structure (Bellal et al. 2017; Mesh-
kani and Rezaei 2015; Devaiah and Smirniotis 2017; Sastri 
et al. 1982; Qwabe et al. 2015; Chagas et al. 2016).  H2-TPR 
of the pure iron oxide (α-Fe2O3) shows a characteristic curve 
with three peaks attributed to the partial reduction of  Fe3+ 
to  Fe2+, total reduction of  Fe3+ to  Fe2+ and the reduction of 
 Fe2+ to  Fe0 (Sastri et al. 1982; Dumitru et al. 2013; Nogueira 
et al. 2011). The formation of the  CoFe2O4 spinel phase 
changes the  H2-TPR profile; a broad peak and two or three 
peaks were identified. These peaks are associated with the 
reduction of CoO to metallic cobalt in conjunction with the 
reduction of  Fe2O3 to  Fe3O4, both present in ferrite phase.

The reduction peaks detected for the  CoFe2O4 sample 
occur at high temperatures of 514, 602, 715, 775 °C. These 

Fig. 4  XRD patterns of spinel oxide powders: a  CoFe2O4, b 
 CoFeCrO4 and c  CoFe0.5Cr1.5O4 obtained by thermal decomposition 
of gluconate precursors, calcined at 700 °C/1 h
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Table 1  Literature survey for the lattice parameter and the mean crystalline domains size of chromium substituted cobalt ferrites

Synthesis method of  CoFe2−xCrxO4 Mean crystalline 
domains size 
(nm)

Lattice parameter (Å) References

Hydrothermal method; 180 °C/24 h;  CoFe2O4/CoFe1.7Cr0.3O4, 29.8/27.7 8.388/8.286 Koseoglu et al. (2012)
Micro-emulsion method; 800 °C/3 h;  CoFe2−xCrxO4, (0 ≤ x ≤ 1) 40–75 8.385–8.355 Iqbal and Siddiquah (2008)
Citrate–gel auto combustion method; 500°C/4 h;  CoFe2−xCrxO4, 

(0 ≤ x ≤ 1)
35–13 8.40–8.28 Toksha et al. (2011)

Solution combustion method; 700°C/1 h;  CoFe2−xCrxO4, (0 ≤ x ≤ 2) 22.7–21.6 8.384–8.328 Gingasu et al. (2015a)
Citrate precursor method; 700°C/4 h;  CoFe2−xCrxO4, (0 ≤ x ≤ 2) 48–33 8.389–8.325 Hankare et al. (2009)
Gluconate precursor method; 700°C/1 h;  CoFe2−xCrxO4 (x = 0.0; 1.0; 

1.5)
23.8–17.8 8.386–8.344 This study

Fig. 5  SEM micrographs and EDX spectra of spinel oxide powders: a, d, g, h  CoFe2O4; b, e, i  CoFeCrO4; c, f, j  CoFe0.5Cr1.5O4
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peaks are attributed to the iron reduction in the cobalt ferrite. 
The  H2 consumption for the cobalt ferrite was 1.4 μmol of 
 H2/μmol which is lower than the theoretical value (3 μmol 
 H2/μmol cobalt ferrite) required for complete reduction of 
iron (Dumitru et al. 2013). This indicates that not all iron 
was reduced.

The chromium substituted cobalt ferrites display dif-
ferent profiles of bulk reduction from 200 to 800 °C. The 
first two peaks with very low intensity can be associated 
with the removal of oxygen species adsorbed in oxygen 
vacancies and the partial reduction of cobalt to  Co0 (Sastri 
et al. 1982; Tasca et al. 2011). The  H2 consumption is the 
same for these processes. The next three peaks are associ-
ated with the partial reduction of  Fe3+ to  Fe2+ and partial 
reduction of  Fe2+ to  Fe0.

The theoretical value of  H2 consumption required for 
the complete reduction of cobalt and iron in  CoFe2−xCrxO4 
(x = 1; 1.5) varies between 1.25 to 2.50 μmol of  H2/μmol 
ferrite. TPR results show lower  H2 consumption (0.9 
and 0.5 μmol of  H2/μmol) for  CoFeCrO4, respectively, 
 CoFe0.5Cr1.5O4 ferrites.

The  CoFeCrO4 recovered after  H2-TPR sample was 
characterized by XRD and SEM. Besides spinel phase, 
 Co0 (ICDD 00-015-0806) and  Fe0 (ICDD 00-006-0696) 
were identified (Fig. S1). The SEM measurements (Fig. 
S2) showed a noticeable refinement of particle size, and 
primary particle sizes corresponds very well with crystal-
line domains size calculated from XRD. Therefore, TPR 
causes the disaggregation of polycrystalline aggregates 
into individual nanoparticles with similar size (~ 20 nm) 
than XRD-determined size of coherent crystallite domains.

TPR confirm the stability of the chromium cations in 
+3 oxidation state (Meshkani and Rezaei 2015), empha-
size the different Fe-Co interactions after chromium sub-
stitution and evidence the oxygen mobility—very impor-
tant for applications in oxidation reactions. The reduction 
is reversible in the oxidation reactions. In air flow and high 
temperature, the reoxidation occurs more rapidly than the 
reduction (Qwabe et al. 2015; Nogueira et al. 2011).

The  H2-TPR for the  CoFe2O4 sample shows the reduc-
tion peaks at high temperatures. In contrast,  CoFeCrO4 
starts reducing at lower temperatures (Fig.  8). These 
results, together with the activity data, indicate a signifi-
cant increase in conversion above 400 °C  (CoFe2−xCrxO4; 

Fig. 6  Mössbauer spectra of spinel oxide powders: a  CoFe2O4, b 
 CoFeCrO4 and c  CoFe0.5Cr1.5O4 obtained through thermal decom-
position of gluconate precursors, calcined at 700 °C/1 h. Continuous 
lines represent the fit of the experimental points

Table 2  Mössbauer fit results 
on  CoFe2−xCrxO4 (x = 0; 1; 1.5) 
samples

a IS is given relative to α-iron

Sample ISa (mm/s) QS (mm/s) Hhf (T) Site/phase assignment

CoFe2O4 0.164 0.036 48.85 Tetra
0.334 − 0.001 51.42 B0
0.334 − 0.163 48.60 B1
0.343 0.046 46.90 B2
0.384 0.363 45.33 B3

CoFeCrO4 0.253 − 0.006 4.31–47.47 Hyperfine field distribution
0.245 0.454 – Paramagnetic phase

CoFe0.5Cr1.5O4 0.258 0.451 – Paramagnetic phase
Errors ± 0.002 ± 0.004 ± 0.02
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x = 1; 1.5) and 450 °C  (CoFe2O4), when partial reduction 
of cobalt and iron cations occurs (Fig. 9).

Figure 9 shows the variation of methane conversion with 
the composition of  CoFe2−xCrxO4 (x = 0; 1; 1.5) ferrites. 
Better activity was obtained for the chromium substituted 
cobalt ferrite samples. Total conversion was obtained for 
 CoFeCrO4 between 400 and 600 °C. The  CoFeCrO4 sample 
after catalytic test was characterized by XRD (Fig. S1) and 
SEM (Fig. S2). In the X-ray diffraction, single-phase spinel 
was detected. The SEM measurements showed the same 
morphology and texture of the polycrystalline powder than 
the sample before catalytic test.

Three temperature/conversion stages of the methane 
oxidation reaction can be observed in Fig. 9. This could 
be explained by the coexistence of Langmuir–Hinshel-
wood and the Mars–van Krevelen mechanisms during the 

reaction progress (Zasada et al. 2017). At low temperatures 
(200 °C < T < 400–450 °C) dominant is Langmuir–Hin-
shelwood mechanism. The oxidation is the result of  CH4 
and  O2 reaction adsorbed on the ferrite surface. At higher 
temperature the mechanism of methane oxidation is accord-
ing to the Mars–van Krevelen scheme and the conversion 
increase till 100%. The Mars–van Krevelen redox type 
mechanism considers the redox nature of the catalyst sur-
face (Bellal et al. 2017; Dumitru et al. 2013; Royer et al. 
2005). The catalyst activity depends strongly on the mobil-
ity of the lattice oxygen and on the reducibility (valence 
change) of the lattice metal ions. The oxygen species  [O2−]s 
interact with reduced metal ions, forming oxygen vacan-
cies on surface  [O2−]s + M → [*]S + [MO], and are being 
reformed by the reaction of the last with  O2 molecules 
[[*]S + 1/2O2 → [O2−]s].

In the case of the chromium substituted cobalt ferrites, 
 H2-TPR results evidence easily reducible cobalt ions. At 
lower temperatures (T < 400 °C) TPR profiles are similar 
for these ferrites. Significant variations can be observed at 
higher temperatures (Fig. 8). However, the conversion values 
are different for these samples at lower temperature (Fig. 9). 
This is due to the different mechanisms of the reactions that 
dominate before and after 400 °C temperature. These metal 
ions (Co, Cr, Fe) which exhibit more than one oxidation 
state, may participate in the cyclic electron process of the 
reaction. Simultaneously,  Cr3+ and  Fe3+ cations influence 
the properties regardless of  Co2+ properties in the ferrite 
structure.

Significantly lower conversion was obtained for  CoFe2O4 
catalysts (65%). It can also be observed that the maximum 
conversion is shifted to higher temperatures (550–600 °C).

According to literature (Chagas et al. 2016; Tasca et al. 
2011; Royer et al. 2005; Carta et al. 2009; Kantserova et al. 
2003), the ions located in the octahedral B-sites behave as 
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active sites, whereas the ions in the tetrahedral A-sites are 
catalytically inactive. The catalytic activity is due to the 
octahedrally coordinated cations which are almost exclu-
sively on the surface of spinel crystallites. The chromium 
substituted cobalt ferrites have an inverse spinel structure, 
indicating that the difference in their catalytic activity is 
most likely determined by the properties of the metal ions 
 M2+ in the composition of the spinels (Olar et al. 2004). 
The higher activity of the ferrite may be explained by the 
cations environment in the complex oxide, which facilitates 
the transfer of the transition metal ion into a higher oxida-
tion state.

The inversion parameter, y, for the  CoFe2O4 sample was 
calculated from the Mössbauer spectrum. The formula pro-
posed for this sample is  (Co0.73Fe0.27)[Co0.27Fe1.73]O4, indi-
cating a small number of cobalt ions and a higher number 
of iron ions in the octahedral sites.  H2-TPR shows that the 
ferrite is stable up to 500 °C, indicating the presence of sta-
ble  Co2+ ions. In this case, the catalytic effect is due to the 
 Co2+ ions from octahedral sites, their influence on the iron 
ions from the ferrite and the oxygen adsorption.

The catalytic tests indicate that all the catalysts show 
100% selectivity towards  CO2 in the investigated tempera-
ture range. No CO was observed during the reaction.

Conclusions

To summarize, we have successfully synthesized 
nanocrystalline  CoFe2−xCrxO4 (x = 0; 1; 1.5) spinel-
type oxide powders through the gluconate precursor 
route. Three new compounds have been isolated and 
characterized:  (NH4)2[CoFe2(C6O7H11)4(OH)2]·2H2O, 
 ( N H 4 ) 2 [ C o F e C r ( C 6 O 7 H 1 1 ) 4 ( O H ) 2 ] · 6 H 2 O  a n d 
 (NH4)2[CoFe0.5Cr1.5(C6O7H11)4(OH)2]·H2O.

The structural, morphological and textural properties of 
the  CoFe2−xCrxO4 spinel oxide powders have been investi-
gated. The X-ray diffractograms indicate the crystallization 
of a cubic spinel structure; no other phases were identified 
in the samples. The lattice constant and average crystallite 
size are found to decrease with the increase in chromium 
content. The SEM measurements revealed faceted particles 
of spinel phase crystallites.

With the increase of the chromium content in the ana-
lyzed samples, changes of the Mössbauer patterns can 
be observed. At x = 0, from Mössbauer data, the inver-
sion parameter y was found to be 0.27; the corresponding 
stoichiometric formula was calculated as  (Co0.73Fe0.27)
[Co0.27Fe1.73]O4. At x = 1, Mössbauer spectra evidenced 
a magnetic hyperfine field distribution accompanied by a 
quadrupole doublet. Finally, at x = 1.5, the Mössbauer spec-
trum consists in a quadrupole doublet with the hyperfine 
parameters IS and QS close to the doublet appearing at x = 1; 

this behavior suggests the initiation of  CoFe0.5Cr1.5O4 struc-
ture crystallization even at x = 1  (CoFeCrO4).

All chromium substituted cobalt ferrites  CoFe2−xCrxO4 
(x = 0; 1; 1.5) have been tested in methane oxidation reac-
tion. The maximum values of the methane conversion were 
reached for chromium substituted cobalt ferrites after 450 °C 
temperature of reaction.
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