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Abstract: In order to establish the formation patterns of the Co–Mg oxide system, samples with 

different Co:Mg ratios and heat treatment temperatures were synthesized and studied. Study of the 

samples confirmed the phase transition of MgxCo2–xO4 spinels into corresponding solid solutions at 

800–900 °C. The similarity of formation patterns for different compositions is shown. The rocksalt 

oxide in low-temperature samples is an anion-modified paracrystalline phase that forms a “true” 

solid solution only upon spinel decomposition. TPR profiles of decomposed Co3O4 spinel show 

surface Co3O4 peaks and a wide peak corresponding to well-crystallized CoO, while partial Co3O4 

TPR up to 380 °C results in dispersed and amorphous CoO. High-temperature non-stoichiometric 

samples are poorly reduced, indicating their low oxygen reactivity. Spinel reoxidation after heat 

treatment to 1100 °C by calcination at 750 °C showed complete regeneration for MgCo2O4–Co3O4 

samples and its absence in case of an excess of MgO relative to stoichiometry. Based on the data 

obtained, it can be concluded that the processes governing the formation of Co–Mg oxide systems 

are determined by both Co:Mg ratio and the heat treatment conditions, potentially providing the 

possibility of fine tuning for specific catalytic processes. 

Keywords: cobalt oxide; magnesium oxide; spinel; solid solution; reoxidation 

 

1. Introduction 

In recent years, the problem of treating gas emissions of industrial enterprises and vehicles has 

become increasingly relevant, leading to the development and diversification of various technologies 

aimed at reducing pollution. Depending on the type of harmful components, the treatment methods 

can be based on absorption, adsorption, as well as catalytic and membrane technologies and their 

combinations [1,2]. Among them, post-combustion technologies using various liquid and solid 

sorbents for carbon dioxide capture have recently gained particular importance among capture and 

purification technologies [3,4]. However, attempts at their use with real flue gases from thermal 

devices such as power plant boilers have shown that sorbents deactivate rapidly in the presence of 

impurities such as CO, NOx, SO2 and residual CHx [5]. Due to this problem, one of the current trends 

in the development of emission reduction methods is the use of integrated technologies, including 

preliminary gas treatment, primarily by catalytic means, followed by CO2 capture [6,7]. For this 
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reason, the development of effective, stable and cheap catalysts for gas treatment, in particular for 

CO and residual hydrocarbons combustion, is quite relevant. 

Currently the most effective catalysts for combustion of organic compounds are systems based 

on noble metals such as Pt and Pd, deposited on a monolith ceramic or metal support [8–10]. 

However, high cost of noble metals drives the search for other catalytic systems with comparable 

efficiency and lower cost [9,10]. Among such systems multicomponent oxide systems possess the 

most potential, being characterized by simple preparation technologies, good thermal stability, 

regenerative ability and easy disposal after the end of service life. Oxides active in combustion 

reactions include Co3O4, CuO, Cr2O3, MnO2 and their combinations [10,11]. For instance, commercial 

manganese-alumina catalysts, proposed in the mid-90s, are characterized by lower activity than 

standard oxidation noble metal- or oxide-based catalysts, but are uniquely stable at temperatures of 

900–1000 °C [12]. 

The search for active and stable oxide catalytic systems continues to this day, primarily through 

the study of binary and more complex combinations of transition and non-transition metal oxides 

[13–15]. Co3O4 is characterized by the highest activity values among different oxide catalysts for CO 

and hydrocarbons combustion reactions [11]. It is, as a rule, employed in supported systems such as 

Co3O4/Al2O3; however, when overheated, the active cobalt phase reacts with the support, forming 

low-active cobalt aluminate CoAl2O4 [10,14,15]. In this regard, the introduction of a third oxide 

component is commonly proposed, which, when overheated, binds alumina with itself, forming 

another aluminate and thus protecting the active cobalt phase from deactivation: as a rule, alkaline 

earth oxides are proposed for this purpose, primarily magnesia MgO [16–18]: It is known that Mg2+ 

and Co2+ ions are characterized by similar values of tetrahedral site preference energy in the 

aluminate spinels, determining their competitive nature in relation to spinel formation [19,20]. 

As part of a comprehensive study of the Co–Mg–Al oxide system, binary stoichiometric Co–Mg 

catalysts were previously studied in a wide range of heat treatment temperatures in order to establish 

the effect of magnesia on their structure and activity in the methane combustion reaction [21]. The 

results obtained indicate the complex nature of the processes of formation of the structure and phase 

composition in the Co–Mg-system, which has thus far been inconsistently described in the literature 

[16,18,22–25]. Also, an increased methane combustion activity of Co–Mg samples with a non-

stoichiometric composition has been shown [21]. For this reason, the issues of active phases formation 

in Co–Mg systems of various compositions, both stoichiometric (Co3O4 and MgCo2O4) and non-

stoichiometric, at different temperature conditions, are of particular relevance. This work is devoted 

to these issues. 

2. Results 

2.1. Phase Composition and Structure of Samples 

The phase composition and structure of the prepared samples were studied by X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and 

electron spin resonance (ESR) methods. 

The results of X-ray phase analysis of the synthesized samples are summarized depending on 

the composition and heat treatment temperature in Figure 1. 

The diffraction patterns (Figure 1) show reflections characteristic of the spinel phases Co3O4 

(PDF 42–1467) or MgCo2O4 (PDF 2–1073, 81–671) and the rocksalt MgO (PDF 45–946) and CoO (PDF 

48–1719) or their solid solution [15,21,25]. 

All samples, regardless of the Co:Mg ratio, show reflections of spinel phases in the low-

temperature range (calcination temperatures 400–800 °C). On Co3O4-based samples in this range no 

other phases are observed, while magnesia-containing samples, in addition to intense reflections of 

spinel phases MgCo2O4 or Co3O4, are characterized by the presence of reflections from the rocksalt 

(Co, Mg)O solid solution phase, the intensity of which gradually increases with the heat treatment 

temperature. 

In the high-temperature range (above 800–900 °C, which corresponds to the thermal 

decomposition of the Co–Mg spinel) [21,26], reflections of the rocksalt solid solution are 
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predominantly observed for the Co–Mg samples, while pure Co3O4 contains CoO and Co3O4 phases. 

This phenomenon, caused by the rapid reoxidation of surface CoO species during quenching after 

heat treatment [21,27], is especially evident in the case of pure Co3O4 and indicates that the 

reoxidation of pure CoO proceeds more easily than that of the (Co, Mg)O solid solution. 

 

Figure 1. X-ray diffraction patterns of samples with different ratios of Co and Mg, calcined at different 

temperatures: (a) Co1Mg1 series, (b) Co2Mg1 series, (c) Co4Mg1 series, (d) Co3O4 series; ♦ – MgCo2O4 

or Co3O4 spinel, * – (Co, Mg)O). 

The averaged lattice parameter values of the spinel and rocksalt phases, calculated from the 

corresponding diffraction maxima, are presented in the Table 1 and in the Figure 2. 

The temperature dependence of the lattice parameters of the spinel and rocksalt phases for 

different Co:Mg ratios is similar. For instance, the lattice parameter of Co3O4 in the low-temperature 

region is approximately constant and slightly higher than the theoretical value of 8.084 Å, probably 

due to the presence of defects and superstoichiometric oxygen in the lattice [28,29]. As the calcination 

temperature increases further, this value decreases and tends to the theoretical value. 
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In the case of Co–Mg spinels of various composition, in the low-temperature region, the lattice 

parameter value also gradually decreases with increasing heat treatment temperature, but at 750–800 

°C it increases sharply and, if the spinel phase continues to be observed at higher temperatures, 

remains approximately constant (Figure 2). Stoichiometric cobalt-magnesia spinel (Co2Mg1) is 

characterized by a wide spread of lattice parameter values [21–23, 30, 31], presumably due to different 

degrees of spinel inversion, depending on the preparation method. Our data for the low-temperature 

Co2Mg1 samples give an average value of 8.089 Å [21], meaning a low degree of spinel inversion 

obtained by the nitrate salts decomposition. At the same time, non-stoichiometric Co1Mg1 and 

Co4Mg1 samples are characterized by higher lattice parameter values (8.100 and 8.097 Å, 

respectively), maintaining the qualitative trend of their variation on the calcination temperature. 

Presumably, this is explained by their non-stoichiometry, which leads to an increased lattice volume, 

as well as, probably, by partial inversion of the spinel phases. 

Table 1. Lattice parameters of Co–Mg phases for samples calcined at different temperatures. 

Sample 
Lattice parameter (Å) 

Co1Mg1 Co2Mg1 Co4Mg1 Co3O4 

Co-Mg(400) 8.106 / 4.229 8.095 / 4.226 8.100 / – 8.089 / – 

Co-Mg(550) 8.104 / 4.220 8.091 / 4.223 8.100 / 4.229 8.092 / – 

Co-Mg(650) 8.101 / 4.221 8.087 / 4.222 8.097 / 4.222 8.090 / – 

Co-Mg(750) 8.094 / 4.229 8.085 / 4.228 8.093 / 4.230 8.091 / – 

Co-Mg(800) 8.095 / 4.242 8.093 / 4.243 8.097 / 4.242 8.088 / – 

Co-Mg(900) – / 4.242 8.091 / 4.249 8.098 / 4.255 8.088 / 4.263 

Co-Mg(1000) – / 4.240 – / 4.251 8.097 / 4.256 8.086 / 4.264 

Co-Mg(1100) – / 4.237 – / 4.249 – / 4.252 8.076 / 4.259 

 

Figure 2. Average lattice parameters of spinel (a) and rocksalt (b) phases of Co–Mg samples as 

function of temperature:  – Co1Mg1,  – Co2Mg1,  – Co4Mg1,  – Co3O4. 

The lattice parameter values of the rocksalt phase in the low-temperature range depend little on 

the composition and are equal to 4.225 ± 0.005 Å. As the heat treatment temperature further increases, 

this value increases sharply and at 900 °C diverges for different compositions, increasing linearly 

with increasing cobalt content. The dependence of the lattice parameter on composition for selected 

calcination temperatures is shown in Figure 3. 

As is known, the lattice parameter values of Co–Mg solid solution obey Vegard’s law [32–34]. 

Here, for high calcination temperatures this dependence is approximately true. The proximity of the 

lattice parameter values of the samples of different compositions at low temperatures is probably 

explained by the fact that under these conditions the rocksalt phase is predominantly comprised of 

magnesia, which is saturated with Co2+ only during the thermal decomposition of the spinel, forming 

a solid solution with a composition corresponding to the initial cobalt loading. The higher value of 

the lattice parameter of low-temperature MgO relative to the theoretical value (4.2112 Å) is confirmed 

in [35] and is explained by the paracrystalline structure of anion-modified low-temperature oxide 

systems [36]; this phenomenon can also be explained by the presence of microstresses and strain in 
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the structure [28,29]. The characteristic decrease of the lattice parameter values of both the spinel 

phase in the 400–750 °C range and the rocksalt phase formed during spinel thermal decomposition 

in the 900–1100 °C range is presumably explained by the stress relaxation together with 

decomposition of anionic residues in the phase structure. 

 

Figure 3. Lattice parameter values of the rocksalt phase calculated from the diffraction maxima of 2.12 

and 1.50 Å as function of the composition of samples:  – calcined at 550 °С,  – calcined at 800 

°С,  – calcined at 1100 °С. 

In order to determine the influence of the Co:Mg ratio and heat treatment temperature on the 

crystallite sizes of the phases under study, the average values of the coherent scattering domains 

(c.s.d.) were calculated from the X-ray diffraction data, presented in Figure 4. 

The calculations show that, in the case of crystallites of the spinel phase at low calcination 

temperatures, a gradual particles enlargement is observed, associated with an increase in their 

crystallinity, while at 900 °C the particle sizes of spinel crystallites sharply decrease due to the 

formation of a solid solution from spinel, with the small size of the spinel phase at higher 

temperatures referring to surface species reoxidized during quenching. Rocksalt phase particles 

retain approximately constant size values up to the decomposition temperature, where they also 

decrease, presumably due to a change in the composition of the rocksalt phase of the solid solution, 

and at higher temperatures particle growth occurs due to their sintering. 

The sizes and morphology of the sample particles were also studied by scanning electron 

microscopy. Typical micrographs of spinel and solid solution are shown in Figure 5 and 6. 

 

Figure 4. Average values of c.s.d. of the spinel (a) and rocksalt phases (b) of Co–Mg samples as 

functions of the heat treatment temperature:  – Co1Mg1,  – Co2Mg1,  – Co4Mg1,  – 

Co3O4. 
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Figure 5. SEM microphotographs of the Co4Mg1 samples: (a), (d) – Co4Mg1 (750); (b), (e) – Co4Mg1 

(1100); (c), (f) – Co4Mg1 (1100+750); (a), (b), (c) – magnification 5000; (d), (e), (f) – magnification 1000). 

 
Figure 6. SEM microphotographs of the Co3O4 samples: (a), (d) – Co3O4 (750); (b), (e) – Co3O4 (1100); 

(c), (f) – Co3O4 (1100+750); (a), (b), (c) – magnification 5000; (d), (e), (f) – magnification 1000). 

According to SEM data, the initial spinel phase (Figure 5 (a), (d)) is comprised of poorly 

crystallized irregular plate-type particles with sizes of 0.7–2.0 μm, connected into aggregates with 

sizes up to 10–15 μm. The rocksalt solid solution formed during heat treatment is comprised of 

faceted octahedral crystallites with sizes ranging from 0.5 μm, which are also prone to aggregation 

into structures up to 20 μm in size (Figure 5 (b), (e)). This is consistent with previously obtained data 

on the structure of particles in the Co2Mg1 system [21]. Reoxidation of the solid solution has little 

effect on the size of the crystallites, but reduces their crystallization, making the latter more similar 

to spinel particles (Figure 5 (c), (f)). 

It is significant that, in contrast to Co–Mg samples, in the case of Co3O4, secondary aggregates of 

spinel and rocksalt phases are formed by particles of much smaller sizes (Figure 6 (a), (d)), 

presumably due to the absence of magnesia. As Co3O4 transforms into CoO, the secondary 

aggregates' sizes do not change, although the primary particles become larger and more faceted, but 

do not reach the sizes characteristic of Co–Mg samples (Figure 6 (b), (e)). 

The results of the study of the samples' structure using Fourier-transform infrared spectroscopy 

(FTIR) are presented in the Figure 7 and in the Table 2. 
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Figure 7. IR spectra of Co3O4 and Co–Mg samples with different Co:Mg ratio, calcined at different 

temperatures: (a) Co1Mg1 series, (b) Co2Mg1 series, (c) Co4Mg1 series, (d) Co3O4 series. 

Table 2. Absorption bands (a.b.) positions on the IR spectra of Co3O4 and Co–Mg samples with 

different Co:Mg ratio, calcined at different temperatures. 

Temperature (oC) a.b. Co1Mg1 (cm–1) a.b. Co2Mg1 (cm–1) a.b. Co4Mg1 (cm–1) a.b. Co3O4 (cm–1) 

400 486, (553), 649 569, 661, (712) (553), 572, 664 575, 665 

550 479, 555, 653 571, 665 (548), 572, 667 576, 667 

650 478, 562, 655 (437), 573, 665 550, 573, 666 (558), 578, 667 

750 449, (565), 658 (431), 567, (652), 663 448, 550, 574, 665 
(557), 578, (589), 667, 

(670) 

800 449, (657) 
436, (552), 573, (643), 

665 
439, (550), 573, 665 555, 579, (587), 668 

900 460, (504) 426, 562, 663 428, 565, 664 571, 664 

1000 447 424, 557, 662 433, 564, 663 570, 664 

1100 445 436, 557, 662 423, 561, 661 568, 664 

In the case of pure Co3O4 (Figure 7), in the range corresponding to the Me–O stretching 

vibrations, two intense absorption bands (a.b.) are observed at 665 and 575 cm–1. These bands (ν1 and 
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ν2 Me–O, respectively) are commonly associated with vibrations of bonds between cations in 

octahedral sites (O–B3) in the case of ν1, and with vibrations of bonds between cations in tetrahedral 

and octahedral sites (A–B–O3) in the case of ν2 [37,38]. As shown in [39], the IR spectrum of the AB2O4 

cubic spinel is characterized by four a.b. (ν1, ν2, ν3, ν4), where ν3 and ν4 are typically in the far range 

of the spectrum. For the spinel Co3O4, the a.b. values of 672, 590, 392 and 220 cm–1 are given, further 

confirmed by similar values of 667, 580 and 385 cm–1 in [27,37]. 

As the heat treatment temperature increased, splitting of the ν2 band at 575 cm–1 was observed, 

with formation of a shoulder 555–557 cm–1 that at higher temperatures becomes an individual band, 

and another shoulder at 587–589 cm–1. As is known, generally the IR spectrum consists of longitudinal 

and transverse bands (LO and TO respectively). In the case of thin films, the spectrum consists 

predominantly of TO a.b., while for powders with a given particle size distribution, LO a.b. are more 

pronounced, with the LO/TO intensity ratio decreasing as the mean particle size increases [40]. In this 

regard, the appearance of shoulders at 575 cm–1 with increasing calcination temperature is explained 

by the sintering of Co3O4 particles. Preservation of spinel a.b. at heat treatment temperatures of 900 

°C and higher is associated with CoO reoxidation during quenching [27]; in this case, a shift of a.b. 

positions is observed to 664 and 568–571 cm–1. 

There is a distinct lack of IR studies of the CoO phase and its characteristic a.b., with the 

exception of [37], which gives a value of 507 cm–1 not confirmed by our data. Due to large CoO 

absorption in the IR range, the majority of known IR spectra of CoO were recorded not by 

transmission, but rather by reflection. According to [41,42], the main CoO a.b. is observed in the far 

region of the spectrum (a.b. at 375 cm–1). Our data show a shoulder of a broad peak with a rise from 

approx. 610 cm–1, qualitatively confirming the literature data. 

The IR spectra of Co–Mg samples show similar spinel a.b. (Figure 7). Changes in characteristic 

a.b. positions are presented in Figure 8. 

An increase in the magnesia content significantly changes the shape of the IR spectrum: the 

spinel a.b. 660–670 and 560–575 cm–1 broaden, while a wide a.b. at 420–430 cm–1 appears due to 

stretching vibrations of the Me–O bond in the MgO or (Co, Mg)O solid solution phase [21]. As the 

magnesia content increases, this a.b. shifts from to 445–460 cm–1. Spinel a.b. also shift with increase of 

magnesia content: in the range of Co:Mg ratios from 2:1 and higher, corresponding to the Co3O4–

MgCo2O4 system, this change occurs to a smaller extent, while excess MgO leads to a more significant 

a.b. shift. Similarly, in the case of samples calcined at 900–1100 °C, in the range of Co:Mg from 2:1 

and higher, the position of the Me–O a.b. corresponding to the solid solution formed during spinel 

thermal decomposition remains virtually unchanged, but a further increase of magnesia content leads 

to a strong shift to shorter wavelength values. 
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Figure 8. The average position of the key a.b. as function of the composition of samples:  – ν1 a.b. 

of samples calcined at 400–800 °C,  – ν2 a.b. of samples calcined at 400–800 °C,  – Mg–O a.b. of 

samples calcined at 900–1100 °C. 

To study the state of Co cations, the electron spin resonance (ESR) method was used. The results 

of the study are presented in Table 3 and Figure 9. 

Table 3. Relative ESR signal of the samples as function on the Co:Mg ratio and heat treatment 

temperature. 

Heat treatment 

temperature (°C) 

Ratio of signal and reference intensities at a given Co:Mg ratio 

Co1Mg1 Co2Mg1 Co4Mg1 Co3O4 

400 2.11 1.35 0.77 9.02 

550 2.37 1.46 1.19 9.88 

650 2.78 1.51 1.25 12.64 

750 3.03 1.56 1.31 17.70 

800 2.70 0.88 1.29 13.34 

900 1.53 0.58 0.68 3.63 

1000 1.65 0.49 0.62 2.38 

1100 2.91 0.51 0.64 0.93 

Co2+ ions at tetrahedral sites of the Co3O4 structure are paramagnetic and thus give a wide 

isotropic singlet in the ESR spectrum with g = 2.25 [38,43,44]. The structure of both normal and inverse 

MgCo2O4 spinel does not contain paramagnetic Co2+ ions and thus gives no ESR signal. However, in 

a CoO–MgO solid solution, Co2+ ions occupying octahedral vacancies give a signal with g = 4.23–4.28, 

though observed only at –153 °C or lower due to strong broadening related to the Jahn–Teller effect 

[45–47]. Thus, the presence of an ESR signal from Co2+Td may indicate the presence of Co3O4 species 

in the samples. This ESR signal can only be observed for isolated ions, because at higher 

concentrations, spin-spin interaction causes signal quenching, complicating the estimation of their 

absolute concentration. This may explain why, according to the ESR data of Co–Mg samples (Figure 

9), with increasing Co content the mean intensity decreases, increasing only in the case of Co3O4 

samples, which is probably due to the complete absence of magnesia. 

 

Figure 9. Relative the ESR signal intensity of Со2+Td ions as function of the of heat treatment 

temperature of the samples of various compositions:  – Co1Mg1,  – Co2Mg1,  – Co4Mg1, 

 – Co3O4. 
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The change in signal intensity with increase of the calcination temperature allows to assess the 

influence of the latter. At lower temperatures (up to 750 °C), an increase in signal intensity is observed 

in all samples, with a sharp decrease at 800–900 °C. This behavior is typical for the thermal 

decomposition of both Co3O4 and MgCo2O4. The small residual signal in the range above 1000 °C is 

due to partial CoO reoxidation of Co3O4 after quenching. The abnormally high signal intensity of 

high-temperature Co1Mg1 samples may be caused by the higher cobalt dispersion and the preferred 

formation of Co3O4 rather than MgCo2O4 spinel during reoxidation. 

2.2. Oxygen Reactivity of the Samples 

It is known that surface and lattice oxygen play a special role in the structure of deep oxidation 

catalysts [21]. Oxides such as Co3O4 catalyze combustion of hydrocarbons, especially methane, on 

active centers involving lattice oxygen [9–11], while CO oxidation on oxides proceeds according to 

both Langmuir–Hinshelwood and Mars–van Krevelen mechanisms involving surface and lattice 

oxygen, respectively [48,49]. In this regard, samples were studied using temperature-programmed 

reduction (TPR) and temperature-programmed desorption (TPD). 

Figure 10 shows the TPR profiles of the synthesized samples for different heat treatment 

temperatures. 

The Со3О4 TPR profiles consist of two peaks: a narrow low-temperature peak and a wider one 

with a flat top. The first peak corresponds to the reduction of Co3+ to Co2+, the second – Co2+ to Co0 

[24,25,37,49–51]. These peaks remain in up to calcination temperature of 800 °C, slowly merging and 

drifting to higher temperatures as the calcination temperature increases. This is explained by gradual 

sintering of Со3О4 crystallites (Figure 4) and the strengthening of diffusion inhibition. As shown 

earlier, Co3O4 is also present at higher temperatures as reoxidized Co3+ surface species with smaller 

particle sizes compared to the initial spinel crystallites, which presumably correspond to small low-

temperature peaks, compressed due to the removal of diffusion inhibition. 
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Figure 10. TPR profiles of synthesized samples at different heat treatment temperatures: (a) Co1Mg1 

series, (b) Co2Mg1 series, (c) Co4Mg1 series, (d) Co3O4 series. 

The characteristic flat-top shape of the second peak, corresponding to Co2+ → Co0, is due to a 

complex set of reactions occurring during the reduction of CoO, discussed in detail by Rabee et al. 

[50]. According to these authors, initially reduction proceeds to the stoichiometric mixture (CoO + 

Co0), which is then completely reduced to Co0. Based on the analysis of TPR profiles, the authors 

suggest that during this second stage of CoO reduction, Co0 with a small amount of Co5O charged 

clusters is formed. This conclusion is based on the presence of a shoulder at approx. 820 °C, and is 

not otherwise substantiated. In the case of our samples, such a shoulder appears on the TPR profiles 

at 650 °C and higher (Figure 10), increasing in area as the calcination temperature increases. From 900 

°C onward, this shoulder turns into a wide triangular peak with Tmax = 783–802 °C, similar to the peak 
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described in [37] and corresponding to the reduction of well-crystallized CoO (with crystallite sizes 

more than 36 nm, Figure 4). 

In order to study in detail the reduction of the spinel phase, TPR with stopping at certain 

temperatures was carried out. Figures 11 and 12 present the results of the SEM and XRD study of 

samples obtained with partial and complete reduction. 

 

Figure 11. SEM microphotographs of Co3O4: (a), (d) – before TPR; (b), (e) – after TPR to 430 °С; (c), (f) 

– after TPR to 1100 °С; (a), (b), (c) – magnification 5000; (d), (e), (f) – magnification 1000). 

 

Figure 12. Diffraction patterns of Co3O4 calcined at 550 °С: (a) original, (b) after TPR to 380 °С, (c) after 

TPR to 380 °С, (d) after TPD to 1100 °С, (e) after TPR to 1100 °С; ♦ – Co3O4, * – CoO, ○ – β-Co0. 

During Co3O4 TPR up to 430 °C (an intermediate temperature between two reduction peaks) 

SEM micrographs show no significant changes in the aggregates sizes, however, their surface is 

shown to become more porous (Figure 11 (b), (e)). This effect is due to the rapid decomposition of 

Co3O4 structure during reduction accompanied by the release of a gas product and preservation of 

the initial aggregate framework. XRD patterns show a wide halo corresponding to the X-ray 

amorphous phase appears, with partial amorphization observed even at 380 °C (Figure 12 (b), (c)). 
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This is further supported by the results of calculations of the c.s.d. sizes of CoO phase in these 

samples, which give the value of 12 nm for both reduction temperatures, showcasing the difference 

between CoO formed during reduction and during heat treatment (Figure 12 (d)), noted in [21]. 

After TPR up to 1100 °C, with oxygen corresponding to the second TPR peak removed, large 

grains corresponding to metallic cobalt are visible in SEM micrographs (Figure 11 (c), (f)), however, 

XRD patterns also show a characteristic halo, indicating a low degree of Co0 crystallization. Analysis 

of SEM micrographs suggests that the surface of these large grains contains small (0.2–1.0 μm) nuclei 

of the Co0 phase, presumably giving reflections in the diffraction pattern (according to calculations, 

mean c.s.d. size of Co0 is 44 nm). 

TPR profiles of cobalt-magnesia samples are similar to those of Co3O4 in the low-temperature 

range (Figure 10), however, their first peak maxima are shifted to higher values by 30–50 °C, while 

their second peak becomes wider, which is confirmed by the literature [16,18,24,25]. In this range, as 

the calcination temperature increases, there is a tendency for the second peak to narrow, especially 

in the pre-calcination range of 750–800 °C. For all sample compositions, the limiting temperature for 

the presence of spinel TPR peaks is 800 °C. 

The high-temperature profiles closest to each other in shape are those corresponding to the 

stoichiometric spinels Co3O4 and MgCo2O4, with a clearly defined single peak of CoO or (Co, Mg)O 

solid solution, with the solid solution reduction temperature shifting to 1014–1076 °C, similar to [16]. 

The reduction of Co1Mg1 sample calcined at 800 °C gives a single peak with Tmax = 452 °C 

corresponding to the Co3+ → Co2+ transition. This indicates a decrease in the thermal stability of spinel 

structures when they are diluted with magnesia exceeding the MgCo2O4 stoichiometry. However, 

high-temperature Co1Mg1 samples are characterized by a very wide range of solid solution reduction 

with maxima above 1100 °C, i.e., the (Co, Mg)O phase formed under these conditions is extremely 

stable (Figure 10). In this regard, the behavior of high-temperature Co4Mg1 is unexpected, with their 

TPR profiles showing a separate peak with Tmax = 758–806 °C from CoO after Co3O4 thermal 

decomposition and a further wide peak with Tmax > 1100 °C. That is, in contrast to stoichiometric 

spinels Co2Mg1 and Co3O4, in the case of non-stoichiometric samples the characteristic reduction peak 

of the rocksalt phase is not observed. At the same time, high-temperature samples of different 

compositions show a noticeable decrease in the intensity of the reoxidized Co3O4 reduction peaks 

with increasing magnesia content. 

The observed patterns of formation and decomposition during heat treatment and reduction can 

be partly explained by different rates of decomposition of cobalt and magnesium nitrate salts. 

According to thermal analysis data, cobalt nitrate has a lower decomposition temperature range (up 

to 300 °C) than magnesium nitrate (up to 450 °C) [52], and thus the initial formation of Co–Mg spinel 

occurs during the reaction of cobalt oxide crystal nuclei with magnesium salts. Such a process allows 

the formation of an amorphous oxide phase, which, as the heating temperature increases, gradually 

forms a well-crystallized spinel. Its restructuring requires a fairly high temperature, consistent with 

TPR data for low-temperature Co–Mg samples (up to 650 °C), where its anion-modified, 

paracrystalline structure is preserved, and only above this temperature the lattice begins to rearrange, 

transforming into a “true” spinel. The full transformation into the spinel phase under these conditions 

is impossible due to its decomposition at 800–900 °C with the transition of spinel phases into the 

rocksalt solid solution and the loss of lattice oxygen of the spinel. 

To clarify the process of this process, the temperature-programmed desorption (TPD) method 

was employed. TPD profiles of Co3O4 samples calcined at different temperatures are presented in 

Figure 13, while data on oxygen evolution are given in Table 4. 
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Figure 13. Thermal desorption profiles of Co3O4 samples at different heat treatment temperatures. 

Table 4. Thermal desorption characteristics of Co3O4 samples at different heat treatment 

temperatures. 

Sample 
Desorption peak temperature (°C) 

Volume of O2 released in the temperature 

range (μmol/g) 

1 2 3 1 2 3 

Co3O4(400) 197 680 873 3.711 32.14 2074.69 

Co3O4(550) 201 667 862 1.325 2.76 2073.68 

Co3O4(650) 257 657 854 0.802 0.90 2047.98 

Co3O4(750) 254 — 863 0.758 — 2092.33 

Co3O4(800) 270 — 869 0.979 — 2076.39 

Co3O4(900) 284 — 837 0.629 — 801.73 

Co3O4(1000) 273 — 842, 871 0.139 — 634.01 

Co3O4(1100) 263 — 805 0.115 — 240.26 

From the data shown in Figure 13 and Table 4, it follows that the release of oxygen occurs 

predominantly in three regions: 150–300, 600–700 and 700–900 °C. The most oxygen is released in the 

3rd region, corresponding to Co3O4 decomposition with CoO formation, compared to the 1st and 2nd 

regions, corresponding to the desorption of superstoichiometric oxygen of different nature. The 2nd 

region is observed for low-temperature samples, and starting from 650 °C it becomes a shoulder and 

is not observed further. The oxygen release in the 700–900 °C range for low calcination temperatures 

is characterized by small fluctuations in peak temperatures (854–873 °C) and released oxygen 

volumes (2075–2092 μmol/g). No oxygen evolution is observed at temperatures above 900 °C, which 

theoretically should indicate the absence of peaks after calcination at 900 °C and above. However, as 

shown earlier, reoxidation and partial regeneration occur during the sample quenching [27], with the 

resulting surface spinel formed on the surface of rocksalt phase (Figure 11). The amount of oxygen 
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released from the surface spinel gradually decreases with increasing calcination temperature. This is 

explained by sintering of the samples, reducing the possibility of reoxidation, further confirmed by 

the shift of TPD peaks to lower temperatures with increasing calcination temperature. 

2.3. Regeneration Ability of Samples 

One of the key characteristics of catalytic systems is their ability to regenerate after exposure to 

high temperatures. In this regard, one of the objectives of this work was to assess the possibility of 

regeneration of the spinel phases after high-temperature heat treatment. Samples calcined at 1100 °C 

were subjected to additional heat treatment at a temperature of 750 °C (below the point of spinel 

thermal decomposition) for 2 h. Changes in the structure and phase composition of the samples after 

reoxidation were studied by XRD, FTIR and TPR methods (Figures 14–16). 

 
Figure 14. Diffraction patterns of Co3O4 и Co–Mg samples calcined at 1100 °С before and after 

reoxidation at 750 °С. 
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Figure 15. FTIR-spectra of Co3O4 и Co–Mg samples calcined at 1100 °С before and after reoxidation 

at 750 °С. 

 

Figure 16. TPR profiles of Co3O4 и Co–Mg samples calcined at 1100 °С before and after reoxidation at 

750 °С. 
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As follows from XRD data for Co3O4 (Figure 14), after the reoxidation of pre-calcined samples, 

only Co3O4 reflections are observed, while CoO reflections disappear completely; similarly, after 

reoxidation, spinel a.b. increase is observed in the IR spectra (Figure 15) simultaneously with the 

disappearance of the shoulder in the 400–600 cm–1 range characteristic of CoO. TPR profile (Figure 

16) shows an almost complete disappearance of the peak at 783 °C, while smaller peaks at 409 and 

497 °C are transformed into a “classical” Co3O4 profile with Tmax = 449 and 547 °C, similar to samples 

calcined at 750 °C (Figure 10). These data together with SEM data (Figure 6 (c), (e)) indicate an almost 

complete regeneration of the spinel Co3O4 structure. 

With the introduction of magnesia, the regeneration process slows down in proportion to the 

increase in magnesia content. This effect is especially pronounced when adding magnesia beyond the 

stoichiometry of MgCo2O4 spined, that is, in Co1Mg1 samples (Figures 14–16). Regeneration of the 

Co1Mg1 sample is significantly hampered, which is reflected in the XRD patterns of the reoxidized 

sample as an increase in the halo in the 2θ range of 20–30° and a slight decrease in the intensities of 

the rocksalt phase reflections, as well as a small peak at the TPR profile with a maximum at 381 °C 

and a decrease of the wide high-temperature peak. 

The TPR profiles of reoxidized Co2Mg1 and Co4Mg1 samples (Figure 16) repeat the profiles of 

corresponding samples not subjected to high-temperature treatment (Figure 10). IR spectra also show 

the intensification of spinel a.b. with their positions unchanged (Figure 15), however, a Me-O 

shoulder near 400 cm–1 remains. XRD data similarly shows reflections of the rocksalt solid solution 

phase together with the regenerated spinel (Figure 14). The above makes it possible to assert that, in 

contrast to Co3O4, 2-hour reoxidation of Co–Mg solid solutions formed during MgxCo2–xO4 spinel 

decomposition does not lead to complete structure regeneration, but, nevertheless, occurs quite 

deeply. At the same time, excess magnesia above MgCo2O4 stoichiometry significantly slows down 

the regeneration rate. 

3. Materials and Methods 

3.1. Preparation of Samples 

Cobalt and cobalt-magnesia oxide samples were synthesized by thermal decomposition of 

nitrate salts. In the case of Co3O4, cobalt nitrate powder (Co(NO3)2·6H2O, ≥ 98%, Sigma–Aldrich) was 

used; in the case of Co–Mg samples, a mixture of cobalt and magnesium nitrate powders 

(Mg(NO3)2·6H2O, 99%, Sigma–Aldrich) were used in the molar ratios Co:Mg = 1:1; 2:1; 4:1 for samples 

of the Co1Mg1, Co2Mg1, Co4Mg1 series respectively. The powder mixture was dissolved in distilled 

water, with the solution subjected to evaporation on a heated magnetic stirrer with constant stirring; 

the stirrer was heated with a gradual increase in temperature from 100 to 180 °C for 8 h. After 

removing most of the water from the solution, the resulting dry product was transferred to a muffle 

furnace and subjected to heat treatment at 275 °C for 15 h. The resulting precipitate was crushed and 

then calcined at various temperatures. Heat treatment was carried out in a muffle furnace with a 

heating rate of 10 °/min and then kept at a given temperature for 1 h. After the end of heat treatment, 

the sample was quickly removed from the furnace and quenched to room temperature in air. The 

samples were designated CoxMg1 (T) in the case of Co–Mg-samples and Co3O4 (T) in the case of Co-

samples, where T is the sample calcination temperature. 

Additionally, the samples calcined at 1100 °C were subjected to further heat treatment at 750 °C 

for 2 h. The samples obtained in this way were designated CoxMg1 (1100+750) or Co3O4 (1100+750). 

3.2. Study of Samples 

In order to study the structure of the samples, the of X-ray diffraction (XRD), scanning electron 

microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), electron spin resonance (ESR), 

temperature-programmed reduction by hydrogen (H2-TPR), and temperature-programmed oxygen 

desorption (TPD) methods were employed. 

The X-ray diffraction study was carried out on a DRON-4-07 powder diffractometer 

(Burevestnik, Saint-Petersburg, Russia), Co Kα radiation, Ni filter. Shooting step 0.02°, shooting range 
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10–90°. The values of the lattice parameters were determined from the positions of the diffraction 

maxima. The average sizes of coherent scattering domains (c.s.d.) were determined in accordance 

with the Scherrer formula [37]: 

𝑑 =
0.9λ

𝐵 cos θ
 , (1) 

where d is the c.s.d. mean size (nm); λ = 0,1789 is the wavelength (nm), B is the full peak width at half 

maximum (rad), θ is the diffraction angle (°). 

The structure of the samples was studied by SEM method using a low-vacuum scanning electron 

microscope JSM-6610LV (JEOL, Tokyo, Japan). 

The FTIR study was carried out on a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, 

Milan, Italy) at room temperature in the range of 4000–400 cm−1. The samples were pressed into KBr 

pellets. 

The ESR study was conducted on a JES–ME–3X spectrometer (JEOL, Tokyo, Japan), 3 cm 

wavelength. The spectra were recorded at room temperature. The g-factor values of the samples were 

determined relative to the DPPH standard. 

Temperature-programmed reduction by hydrogen (H2-TPR) and temperature-programmed 

oxygen desorption (TPD) were carried out on a self-made installation with analysis of the gas flow 

on a Chromatek-Kristall 5000 chromatograph (Chromatek, Yoshkar-Ola, Russia) with a catharometer 

detector. The samples were reduced with a gas mixture of 5% H2 in Ar, desorption was carried out in 

a He flow. The flow rate was 30 cm3/min. Heating was carried out in linear mode at a rate of 10 °/min 

up to 1100 °C and followed by thermostatting at this temperature for 40 min. Сo3O4 (550) sample was 

studied in detail by TPR with stopping at different temperatures and cooling to room temperature in 

a flow of H2–Ar mixture. 

4. Conclusions 

As part of a comprehensive study of the Co–Mg–Al oxide system, samples of the Co–Mg binary 

oxide system were studied in order to establish its formation patterns in different temperature 

conditions. It was found that the characteristic phase transition of MgxCo2–xO4 spinels into the 

corresponding (Co, Mg)O solid solutions at 800–900 °C is observed over the entire studied range of 

Co:Mg ratios. Study of the behavior of lattice parameters and mean particle sizes of these phases 

showed the similarity of their formation patterns, particularly, in the case of the spinel phase a 

gradual improvement of its lattice structure up to the decomposition temperature is observed. It was 

shown that the rocksalt phase present in low-temperature Co–Mg samples is an anion-modified 

paracrystalline oxide that depends little on the initial Co:Mg ratio and only upon spinel 

decomposition forms a “true” solid solution that obeys Vegard’s law. Spinel thermal decomposition 

is accompanied by a decrease in the mean particle size of both phases for all Co:Mg ratios. In the case 

of Co3O4, spinel decomposition does not lead to its complete disappearance due to the formation of 

a surface spinel species due to samples quenching. 

TPR study of the samples confirmed the literature data on the reduction profiles of Co3O4 and 

Co–Mg spinel. High-temperature Co3O4 TPR profiles showcase peaks corresponding to surface Co3O4 

as well as a wide peak with Tmax = 780–800 °C corresponding to crystallized CoO (32 nm). At the same 

time, partial TPR of Co3O4 up to 380 °C showed the presence of well-dispersed amorphous CoO (12 

nm). 

It was shown that non-stoichiometric Co–Mg samples calcined at high temperatures are 

noticeably less susceptible to reduction compared to stoichiometric samples, which indicates their 

low oxygen reactivity. 

A study of the spinel regeneration process after high-temperature heat treatment up to 1100 °C 

by calcination at a lower temperature (750 °C) showed complete regeneration of the spinel phase 

within 2 h for samples of the MgCo2O4–Co3O4 system; in case of an excess of MgO relative to 

stoichiometry, this process is hindered. 
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To summarize, it can be concluded that complex processes occur in Co–Mg oxide systems that 

depend both on Co:Mg ratio and on heat treatment conditions, potentially providing the possibility 

of their fine-tuning to specific catalytic processes by varying the above parameters. 
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