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Abstract

In this work, Co-Mg-O oxide systems were prepared via a sol-gel technique. The
cobalt loading in the samples was varied from 1 to 45 wt% (in relation to Co;0,).
During the synthesis, magnesium methoxide was hydrolyzed by an aqueous solu-
tion of cobalt nitrate of corresponding concentration. The desired pH value of the
solution was set by the addition of ammonia or nitric acid. The decomposition of
xerogel was examined using thermogravimetric method. The prepared Co-Mg-O
oxide samples were characterized by low-temperature nitrogen adsorption, X-ray
diffraction analysis, and diffuse reflectance UV—-vis spectroscopy. Finally, the sam-
ples were tested in consecutive redox cycles (temperature-programmed reduction in
hydrogen followed by reoxidation in air) and in a model reaction of carbon mon-
oxide oxidation studied under prompt thermal aging conditions. As found, in the
case of as-prepared samples, cobalt interacts with MgO with the formation of such
a solid solution as MgCo,0,. With an increase in the Co;0, loading, this interac-
tion becomes stronger. Each reduction/oxidation cycle leads to an emergence of a
part of cobalt from the solid solution, thus increasing the amount of isolated Co;0,
particles distributed within the MgO matrix. The sample prepared with the ammonia
addition exhibited the highest stability in catalytic runs if compared with other sam-
ples. An increase in Co;0, loading from 5 to 30% decreases the light-off tempera-
ture in first runs but affects negatively the thermal stability.
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Introduction

Because of its redox properties, cobalt oxide is highly demanded for various electro-
chemical and catalytic applications [1-10]. In particular, supported Co;0, catalysts
are proven to be highly active in a number of oxidation processes, including oxida-
tion of carbon monoxide and hydrocarbons. Since the smaller size of the active com-
ponent particles corresponds to the higher catalytic activity, various materials have
been checked for the stabilization of the dispersed cobalt oxide species. For instance,
the choice of the support (CeO,, ZrO,, SiC, SiO, and Al,0;) has been shown to
affect the performance of Co;0, nanoparticles in the preferential CO oxidation in
an H,-rich environment [5]. Thus, the strength of the cobalt oxide-support interac-
tion defines the oxidation state of cobalt and, consequently, its catalytic activity. In
the case of weak interaction, like for ZrO,, the catalyst shows high activity. Oppo-
sitely, a strong interaction of Co;0, with Al,O, leads to the suppression of the Co’
state and the formation of methane. Another system, Co;0, supported on Ni foam
prepared by an electro-deposition, demonstrates higher specific activity and lower
activation energy in propane oxidation, in comparison with unsupported Co;0,, and
retained its catalytic activity for 40 h on stream [6]. Zhu et al. [9] have reported that
Co;0, nanoparticles supported on activated carbon exhibited ~100% conversion in
benzylic alcohol oxidation to benzaldehyde. Tang et al. [10] have studied the CO
oxidation reaction and found that monolithic Co;0,/TiO, catalysts appeared able to
oxidize CO completely at 120 °C, demonstrating excellent stability.
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The MgO-based cobalt-containing systems also attract attention of the research-
ers. They are applied as catalysts for a variety of redox reactions such as decompo-
sition of N,O [11-14], reforming of naphthalene [15], dehydrogenation of ethanol
[16], cyclohexane oxidation with molecular oxygen [17], CO oxidation [18], hydro-
gen peroxide decomposition [18, 19], etc. MgCo,0, spinel is attractive to be used as
cathode materials [20-23] and supercapacitors [24, 25].

In the case of Co;0,-MgO oxide systems, an interaction between Co;O, and
MgO can lead to the formation of two types of solid solutions: Co,Mg,_,O, formed
by the substitution of Mg?* ions in MgO lattice with Co**; and Mg,Co;_ O,, where
Mngr ions can be located in both tetrahedral and octahedral positions [26]. The frac-
tion of cobalt oxide dissolved in MgO increases with the calcination temperature,
and the complete formation of Co,Mg,_,O phase takes place at 1000 °C. No spi-
nel phase is present in this case [15, 27]. Mg?* ions can be intercalated into the
MgCo,0, structure with the formation of Mg,Co,0, rock salt phase, which opens a
possibility for MgCo,0O, to be used as a positive electrode in magnesium recharge-
able batteries [22, 28].

The method of temperature-programmed reduction with hydrogen (TPR-H,) is
informative and helpful in examination of phase composition of the Co;0,-MgO
systems. The reduction of bulk Co;0, occurs in a temperature range of 300-500 °C
via two steps: Co;0,— CoO (1), and CoO—Co® (2) [29]. These stages begin at
similar temperatures and, therefore, in the TPR-H, profiles, a peak assigned to the
step (1) appears as a left shoulder. However, in the case of Co;0, nanoparticles,
including supported ones, these two peaks are often separated [30].

As it was reported by Sadasivan et al. [31], the particle size of the Co,0, particles
significantly affects their behavior in reduction—oxidation-reduction experiments.
The reduction stage proceeds relatively easily. Contrary, re-oxidation of large Co
particles is constrained. This stage results in the formation of a core—shell struc-
ture with a thickness of cobalt oxide layer of ~3 nm. Complete oxidation of cobalt
requires higher temperatures and leads to the formation of hollow Co;0, spheres.
Reduction of such spheres results in their fragmentation and appearance of smaller
metallic cobalt particles.

The reduction of the Co;0,-MgO systems often proceeds through the mul-
tiple stages [15, 30]. In this case, the stages (1) and (2) usually occur at~340 °C
and~500 °C, respectively. Hydrogen uptake due to reduction of the MgCo,0,
and Co,Mg,_,O phases is registered in a wide temperature range with maxima
at~700 °C and~1000 °C. At the same time, the introduction of MgO in Co;0,/
Al,O;5 systems leads to a shift of the Co;0, reduction range to lower temperatures
despite the formation of Mg,Co;_,O, spinel [11, 14]. As reported, the catalytic
activity in N,O decomposition is higher for samples that contain MgO. Partial sub-
stitution of Co** in Co,0, with Mg?* weakens Co—O bonds and, therefore, increases
the activity. Similar effects were shown for the supported Co;O,—containing cata-
lysts of methane combustion [32]. In this case, the reaction rate evidently correlates
with the hydrogen uptake in TPR-H, experiments.

It should be noted that cobalt oxide is also considered as an oxygen carrier for
chemical looping processes but there are only a few works addressed to this topic.
Despite its favorable thermodynamics in oxidation processes, relatively high
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resistance to sintering and coking, the high toxicity and cost of cobalt compounds
and the low decomposition temperature of cobalt oxide (Co;0,) are the major con-
cerns [33-35]. Since the solid—solid interactions in Co;0,~MgO systems can lead to
the phases with improved thermal stability, their application as oxygen carriers is of
particular interest.

Previously, an alkoxide sol-gel method was successfully used to prepare a set of
MgO-based systems [36—39]. In the present work, the same technique was utilized
to prepare a series of Co—-Mg—O samples. Both the concentration of cobalt nitrate
and the pH of solution used for the hydrolysis of magnesium methoxide were var-
ied. The resulting xerogels and oxides were characterized by such physicochemical
methods as differential thermal analysis (DTA), low-temperature nitrogen adsorp-
tion, X-ray diffraction (XRD), and UV-Vis diffuse reflectance (DRS) spectros-
copy. Redox behavior of the samples was studied by the method of temperature-
programmed reduction in hydrogen atmosphere (TPR-H,). A model reaction of CO
oxidation performed under prompt thermal aging conditions was chosen to compare
the catalytic performance and the thermal stability of the samples.

Experimental
Preparation of the samples

The Co-Mg—O oxide systems were prepared via a sol-gel route as described else-
where [40]. At first, magnesium ribbon was dissolved in methanol, thus forming a
magnesium methoxide solution. For each 1 g of magnesium, 43 mL of methanol
was used. As shown previously [41], the addition of toluene during the synthesis of
magnesium hydroxide significantly improves its textural properties. Therefore, tolu-
ene was added to the solution of magnesium methoxide in a volumetric ratio of 1:1
with regard to methanol. The hydrolysis of magnesium methoxide was performed
using an aqueous solution of cobalt nitrate, which was added dropwise. Thus, a vis-
cous gel has been formed. The gel was dried at room temperature for 2 h and at
200 °C for another 2 h. The resulting xerogels were heated with a ramping rate of
1 °C/min up to 500 °C and calcined at this temperature for 1 h.

During this study, the effects of cobalt content and pH of the solution at the
hydrolysis stage were examined. With this regard, the concentration of cobalt nitrate
in the aqueous solution on the hydrolysis stage was appropriately varied. Thus,
0.067, 0.316, 0.668, 1.060, 2.575, or 4.915 g of Co(NO;),-6H,0 were dissolved in
3 mL of distilled water to obtain the cobalt loading (in relation to Co;0,) of 1, 5,
10, 15, 30, or 45 wt%, correspondingly. Note that pH of this solution is equal to 5.
In order to vary the pH values, nitric acid or ammonia were added into the cobalt
nitrate solution. Thus, the addition of nitric acid and ammonia resulted in pH 1 and
9, correspondingly. The prepared samples were labeled as X%Co-Mg—O(Y), where
X is the Co;0, content and Y is the pH value.

The reference sample of bulk Co;0, was obtained by calcining the
Co(NO;), x6H,0 precursor. In order to exclude any effects of preparation
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procedures, the reference sample was subjected to the same thermal treatment as the
Co-Mg—O samples.

Characterization of the samples

Low-temperature nitrogen adsorption technique was used to obtain the textural char-
acteristics of the Co-Mg-O samples (specific surface area, SSA; pore volume, V,,.;
average pore diameter, D, ). Note that the average pore diameter was calculated
using a simple cylindrical model. The nitrogen adsorption/desorption isotherms
were recorded at 77 K using an ASAP-2400 (Micromeritics, Norcross, GA, USA)
instrument.

Powder X-ray diffraction (XRD) analysis of the Co-Mg—O samples was carried
out using an X’TRA (Thermo ARL, Ecublens, Switzerland) diffractometer with Cu
K, radiation source. The patterns were recorded in a 20 angle range of 15°-85° with
accumulation time in each point of 5 s. Average crystallite sizes were calculated
using TOPAS software (Bruker, Billerica, MA, USA).

Diffuse reflectance UV-vis spectra of the samples were recorded between 190
and 800 nm using a UV-vis spectrometer Varian Cary 300 UV/VIS Bio (Agilent
Technologies, Palo Alto, CA, USA) with a IRS-250A diffusion refection attach-
ment and a DRA-CA-3300 integrating sphere (Labsphere, North Sutton, NH, USA).
The spectra were transformed into the Kubelka-Munk function F(R) = (1 —R)*2R,
where R is the experimentally measured reflectivity coefficient of the samples [42].

The reduction/oxidation behavior of the samples was studied by means of tem-
perature-programmed reduction in a hydrogen atmosphere (TPR-H,). The specimen
(200 mg) was loaded into a quartz reactor and kept in a nitrogen flow at 30 °C for
30 min. Then, the reactor was fed with a mixture of 10 vol% H, in N,. The total flow
rate was 57.8 mL/min. The reactor was heated up to 700 °C with a ramping rate
of 10 °C/min and maintained at this temperature for 15 min. The outlet hydrogen
concentration was measured using a gas analyzer GAMMA-100 (Analitpribor, Smo-
lensk, Russia) equipped with a thermal conductivity detector. Then, the reactor was
cooled down to 30 °C. For the re-oxidation of the sample, the reactor was fed with
a flow of air diluted with nitrogen in a ratio of 2:1 (10 mL/min of air, 5 mL/min of
N,), heated up to 500 °C at a ramping rate of 20 °C/min, maintained at the final tem-
perature for 30 min and cooled down to 30 °C. Such a reduction/oxidation cycle was
repeated seven times. The reference sample of bulk Co;0, was examined using the
described TPR-H, technique in five cycles. In this case, the specimen was 100 mg.
The reducibility values were calculated using the following equation:

Reducibility (%) = Total hydrogen uptake (mmol/g)/Theoretical uptake (mmol/g) X 100%,

Here theoretical uptake is a value calculated assuming that all the CoO, species
are in the form of Co;0,. Therefore, the reducibility can exceed 100% if an excess
of the Co>* species is present. Note that the measurement uncertainty of this method
was +3%.
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The catalytic performance of the samples was investigated in a model reaction of
CO oxidation. The experiments were carried out under prompt thermal aging condi-
tions, which allowed monitoring the thermal stability as well [43, 44]. The specimen
(300 mg, fraction of 0.25-0.5 mm) was loaded into a quartz flow-through reactor.
The reactor was fed with a reaction mixture containing 0.15 vol% CO, 14.0 vol%
oxygen, and balance nitrogen with a flow rate of 334 mL/min. In each catalytic
cycle, the reactor was heated from 50 °C to the final temperature with a ramping
rate of 10 °C/min. The final temperature was varied in cycles and corresponded to
320 °C (cycles 1 and 2), 600 °C (cycles 3 and 4), 800 °C (cycles 5 and 6), 900 °C
(cycles 7 and 8), 1000 °C (cycles 9 and 10), and 500 °C (cycle 11). CO concentra-
tion was monitored every two seconds using a gas analyzer ULTRAMAT 6 (Sie-
mens AG, Karlsruhe, Germany). The temperature of 50% CO conversion (Ts;) was
used as a criterion to compare the samples.

Results and discussions

It is well known that processes occurring during the thermal treatment procedures
can significantly affect the porous structure and the textural characteristics of well-
dispersed materials. In order to study the thermal decomposition of the Co-Mg—OH
xerogels, the samples were collected after drying at 200 °C. The results of the ther-
mogravimetric measurements are presented in the Supplementary Information.

Textural characteristics and phase composition of the samples
Such characteristics as specific surface area (SSA), pore volume (Vpore)> and aver-

age pore diameter (D,,) of the samples were examined by low-temperature nitro-
gen adsorption/desorption. Table 1 summarizes these data. Comparing the samples

Table 1 Textural characteristics of the studied Co-Mg—O samples

Sample Co30, content, pH SSA, m%/g Viores cm’/g D,, nm
%
1%Co-Mg-0O(5) 1 5 233 0.77 13
5%Co-Mg—0(5) 5 5 177 0.81 18
15%Co-Mg—O(1) 15 1 119 1.31 44
15%Co-Mg-O(5)* 15 5 165 0.88 21
15%Co-Mg-0(9) 15 9 71 0.63 36
30%Co-Mg-O(5) 30 5 147 0.63 17
45%Co-Mg-O(5) 45 5 120 0.56 19
15%Co-Mg-O(5)r** 15 5 57 0.18 12
30%Co-Mg—O(5)r** 30 5 35 0.15 17
45%Co-Mg-O(5)r* 45 5 27 0.16 24

Pt

*These data are taken from recently reported paper [36]; **The samples labeled by “r” are after the TPR-
H, experiments
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prepared at different pH, it can be seen that the total pore volume decreases in a
row: 15%Co-Mg-O(1)> 15%Co-Mg—O(5) > 15%Co-Mg—-0O(9). At the same time,
the 15%Co-Mg—O(5) sample possesses the highest SSA value among this series
(165 m?/g). The observed tendencies can be explained by the difference in ionic
strength during the gel formation stage as well as by the pH effect on the hydrolysis
and polymerization rates. Thus, the polymerization rate is higher at the higher pH
values. This leads to the formation of larger sol particles and appearance of larger
MgO particles after the calcination stage [45]. The local temperature increase due
to the previously mentioned exothermic effect also facilitates an enlargement of the
xerogel particles being formed.

The effect of the Co;O, loading on the textural characteristics is also
well seen from Table 1. The SSA value decreases in the following order:
1%Co-Mg—0(5) > 5%Co-Mg-0(5) > 15%Co-Mg-0(5) > 30%Co-Mg-O(5
) >45%Co-Mg—O(5). The total pore volume shows a volcano-shaped dependence
with a maximum at 15% of Co;0,. It can be assumed that an increase in the ionic
strength of the solution at the hydrolysis stage reduces the stability of the magne-
sium hydroxide sol, thus leading to a rapid particle aggregation. As a result, the par-
ticles grow in size, and the pore radius increases accordingly.

The X-ray diffraction patterns for the samples obtained at varied pH are shown
in Fig. 1. Note that the detailed XRD data for the 15%Co-Mg—O(5) sample were
reported recently [36, 40]. All the patterns are represented by the reflections attrib-
uted to MgO phase and cobalt oxide Co;0,. The results of the XRD analysis are pre-
sented in Table 2. It should be noted that the lattice parameter of MgO is increased
in comparison with the literature value of 4.211 A (PDF#45-0946). The similar
phenomenon was earlier reported for the MgO-based systems [36]. Since the lattice

Co,0,
MgO
3
©
:_f. 15%Co-Mg-O(1) .
2. AN
o |15%Co-Mg-0(5) ]
-t H |
=N B ot
15%Co-Mg-0(9) |
| /N
45%Co-Mg-0(5)
1 N
T v v v — T — v v v T — v —
20 40 60 80

20, degree

Fig. 1 XRD patterns for the 15%Co-Mg—O samples obtained at various pH and for the 45%Co—
Mg-O(5) sample

@ Springer



240 Reaction Kinetics, Mechanisms and Catalysis (2023) 136:233-250

Table 2 Quantitative results of

Sampl MgO ph Co;0, ph
XRD analysis for the 15%Co— ample gV phase 0374 Phase
Mg-O samples obtained at a(A) D Estimated a(A) D
various pH (nm)  content (nm)
(wt%)
15%Co-Mg-O(1) 4.221(1) 8 6 8.13 4.0
15%Co-Mg-0O(5) 4.219(1) 9 6 8.13 55
15%Co-Mg-0(9) 4.220(1) 8 7 8.12 25

parameter of CoO (a=4.26 A, PDF#43-1004) is higher than the lattice parameter
of MgO, this shift can also be explained by the substitution of Mg>* ions with Co**
ions in the magnesium oxide lattice. The lattice parameter of Co;0, (a=8.083 A,
PDF#42-1467) is also shifted. It is close to the value expected for MgCo,0O,
(a=8.123 A, PDF#02-1073). Thereby, the formation of the Mg, Co;_,O, solid solu-
tions is confirmed by the XRD data. The crystallite size of the particles depends
on the pH value at the hydrolysis stage (Table 2). The largest crystallites (5.5 nm)
are observed in case of the 15%Co-Mg-O(5) sample. When ammonia or HNOj; are
added, the particles are noticeably smaller in size. It is important to note that no
intensive reflexes related to the Co;O, phase can be found even in the case of the
45%Co-Mg—O(5) sample containing the highest amount of cobalt. This allows sug-
gesting that the higher amount of Co;0, does not lead to the formation of an odd
amount of the spinel-type phase. The excess cobalt dissolves in the MgO matrix and
participates in the formation of Mg;_,Co,0O solid solutions. Such a supposition cor-
relates with the TPR-H, data presented later on.

25
. 1—— MgO
4O,.MgO 2—— 15%Co-Mg-O(1)
CT Co* 3—— 15%Co-Mg-O(5)
204 l tet 4—— 15%Co-Mg-0(9)
154
3
L 104

f

200 300 400 500 600 700 800

1 t Coo,(co})

A, NM

Fig. 2 Diffuse reflectance UV-vis spectra of the 15%Co-Mg-O samples prepared at different pH
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Fig. 2 demonstrates the diffuse reflectance UV—vis spectra of pure MgO and the
samples 15%Co-Mg—O(1), 15%Co-Mg—0O(5), and 15%Co-Mg—0(9). The absorp-
tion spectra, excluding the band at 190-220 nm corresponding to O®~ over the
MgO surface (surface five-fold coordinated anions, 6.6 eV, 0% surface four-fold
coordinated anions on the edge, 5.6 eV), are defined by cobalt. They are charac-
terized by the two intensive bands at 415 and 700 nm, corresponding to the tran-
sitions 'A},— 'T,, and 'A;,—'T, of Co® in octahedral positions of the Co;0,
spinel particles [46—48]. The band of the charge transition between oxygen ligands
and Co?" in tetrahedral symmetry at 270 nm is typical for spinel-type oxides like
MgCo,Al,_,0O, [48, 49] and Mg,Co;_,0, [30, 50]. Note that this band is absent in
the case of Co;0,, and its appearance in spectra confirms the presence of MgCo,O,,
which is consistent with the XRD data.

As follows from the presented spectra (Fig. 2), the intensi-
ties of the bands 1Alg—>1T2g and 1Alg—>1Tlg of Co*" increase in a row:
15%Co-Mg—0(9) < 15%Co-Mg-O(1) < 15%Co-Mg—O(5). Such an increase in
the band intensity for the nanosized particles at similar cobalt concentration can
be attributed to the enlargement of the particles. This assumption correlates well
with the XRD data. The charge transition band is shifted towards the region of
long wavelengths that can also be connected with the size effects (the energy-gap
width decreases with the particle size increase). The intensities of the four-fold
and five-fold coordinated O*~ anions over the MgO surface decreases in a row:
15%Co-Mg—0(5) > 15%Co-Mg—0(9) > 15%Co-Mg—O(1), thus approaching to that
for pure MgO. This denotes the possible differences in morphology or size of MgO
particles within the studied series.

Study on reducibility and redox behavior of the samples

The reduction behavior of the samples was studied using the method of temperature-
programmed reduction in hydrogen (TPR-H,). Firstly, the reference sample of bulk
Co;0, was studied. The TPR-H, profiles for five consecutive cycles are presented
in Fig. 3. The reduction of the fresh sample takes place in a wide temperature range
from 200 to 450 °C. The profile has one maximum at 400 °C and two shoulders at
295 and 355 °C. The appearance of the low-temperature shoulder can be attributed
to the reduction of the smaller Co;0, particles or the surface oxygen species. Then,
Co;0, reduces via the two-stage process [29]. The calculated hydrogen uptake cor-
responds to the value expected for the stoichiometric phase Co;0,, and the reduc-
ibility degree is equal to 100%. Starting from the second cycle, the reducibility
degree rapidly falls down, reaching 15.5% in the fifth cycle. Such a behavior is evi-
dently connected with the sintering of cobalt oxide particles.

The cobalt-containing MgO-based systems behave in a different manner. The cor-
responding TPR-H, profiles are shown in Fig. 4.

In the case of the 15%Co-Mg—O(1) sample (Fig. 4a), there are few peaks, which
can be attributed to the different states of cobalt. The low-temperature peak at
180 °C corresponds to the reduction of oxygen species over the surface of dispersed
Co;0, particles [30]. The next two peaks at 285 and 465 °C seem to be the stages
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Cycle 1 (100 %) '

Cycle 2 (28.7 %) \ 400
Cycle 3 (18.4 %)
Cycle 4 (17.9 %)
Cycle 5 (15.5 %)

Hydrogen uptake, a.u.

100 200 300 400 500 600
Temperature, °C

Fig.3 TPR-H, profiles and reducibility degree values in five consecutive redox cycles for bulk Co;0,
(reference sample)

Co030,—Co0O and CoO— Co, correspondingly [29]. These peaks are evidently
separated on the temperature scale that is typical for supported cobalt oxide. The
peak at~680 °C can be assigned to the reduction of MgCo,0O, spinel. As calculated
(Table 3), the total hydrogen uptake reaches 87.7% of the theoretical value. This
testifies towards the presence of other cobalt species in the samples, which require
higher temperatures to be reduced. For instance, solid solution Co,Mg,;_,O does
not reduce under such conditions. In the subsequent cycles, a shift of the peaks
towards the low-temperature region is observed. Such a behavior can be suppos-
edly explained by the weakening of cobalt interaction with the MgO matrix during
the TPR-H, experiments. At the same time, the reducibility degree in the last cycle
achieved 92.3%.

The reduction behavior of the 15%Co-Mg—O(5) sample prepared without addi-
tion of ammonia or nitric acid is similar to that described above (Fig. 4b). The posi-
tions of the hydrogen uptake peaks coincide within 10-15 °C. However, the higher
values of reducibility degree are well seen (Table 3).

The highest total hydrogen uptake value in the first cycle was demonstrated by the
15%Co-Mg—0(9) sample (Table 3). As known, ammoniac complexes of cobalt (II)
can be easily oxidized in air to complexes of cobalt (III). Thereby, this sample can
supposedly contain a higher amount of Co>* species. The changed shape of the peak
at 290 °C indirectly confirms this supposition. In the subsequent cycles, the posi-
tions of the peaks remained practically the same but their intensities changed. As
shown by the XRD and UV-vis techniques, the Co;O, particles in this sample are
of the smallest size. Therefore, their sintering is complicated due to stronger inter-
action with the MgO matrix. For instance, Moogi et al. have reported [51] that the
smaller Co;0, particles in Co;04-based catalysts are less prone to sintering if com-
pared to the larger ones. Indeed, the reducibility degree in the seventh cycle (78.0%)
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Fig.4 TPR-H, profiles for the studied samples: a 15%Co-Mg-O(1); b 15%Co-MgO(5); ¢ 15%Co-
Mg-0(9); d 5%Co-Mg-0(5); e 30%Co-Mg-O(5); f 45%Co-Mg—O(5). The hydrogen uptake intensity is
normalized to cobalt content. The number of cycle is written above each curve

Table 3 Reducibility degree of
the Co-Mg—O samples in the

first and seventh TPR-H, cycles

Sample Reducibility degree (%)
First cycle Last cycle

5%Co-Mg-0(5) 99.6 85.4
15%Co-Mg-0(1) 87.7 92.3
15%Co-Mg-0(5) 93.7 96.6
15%Co-Mg-0(9) 104 78.0
30%Co-Mg-0O(5) 57.1 62.5
45%Co-Mg-0(5) 61.9 70.4

is noticeably lower if compared with the 15%Co-Mg-O(1) and 15%Co-Mg-0O(5)
samples (Table 3). Moreover, the additional peak at 670 °C has appeared.

In order to analyze the effect of the cobalt loading on the reduction behavior,
the profiles shown in Fig. 4b—f should be compared. The TPR-H, profiles for the
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5%Co-Mg—-O(5) sample (Fig. 4d) resemble the data for the 15%Co-Mg—O(9) sam-
ple. Such a similarity in the reduction behavior can be explained by a relatively
close size of the Co;0, particles in these samples. In the first cycle, the two peaks
at 290 and 340 °C correspond to the two-stage reduction of Co;0, to CoO. Then,
from cycle to cycle, the intensity of the first peak decreases along with the increase
in contribution of the second peak. During the experiments, cobalt partly trans-
forms into the hardly-reducible species, and the reducibility degree falls from 99.6
to 85.4%.

An opposite situation is observed for the high-loaded samples 30%Co-Mg-O(5)
and 45%Co-Mg—O(5). There is an increase in the contribution of cobalt in the form
of MgCo,0O,, which reduction occurs at~670 °C (Fig. 4e, f). The lower values of
the reducibility degree (Table 3) testify towards the formation of a solid solution
Co,Mg,_,O. As in case of the 15%Co-Mg—O(5) sample, part of cobalt leaves these
solid solutions after the first cycle of reduction/oxidation. In subsequent cycles, the
hydrogen uptake peaks assigned to the reduction of Co;0, and CoO have appeared
at~280 °C and ~400 °C, accordingly. Contrary to the 15%Co-Mg—O(5) sample, for
these two samples, the low-temperature hydrogen uptake (at~ 150 °C), correspond-
ing to the reduction of surface oxygen on the Co;0, species, is significantly lower.
Thereby, a worse dispersity of the Co;0, particles can be assumed. The cyclic
reduction/oxidation of cobalt species leads to the redispersion of coarse particles,
and an increase in the reducibility degree is observed for these samples.

The samples 15%Co-Mg—O(5), 30%Co-Mg—O(5), and 45%Co-Mg-O(5) after
the seven redox cycles were additionally characterized by low-temperature nitrogen
adsorption (Table 1). As seen, all the textural characteristics changed significantly.
Thus, the SSA values decreased in 3-3.5 times, while the total pore volume dimin-
ished in 4-5 times. For the average pore size, an inverse relationship is observed.
In the case of 15%Co-Mg—0(5), the D,, decreased from 21 to 12 nm. No changes
happened with the 30%Co-Mg—O(5) sample. And for the 45%Co-Mg—O(5) sample,
the D,, increased from 19 to 24 nm. All these observations can be explained by
the high-temperature processes leading to the enlargement of MgO crystallites along
with Co-containing species.

Catalytic performance in CO oxidation under promt thermal aging conditions

The catalytic performance of the Co-Mg—O samples was studied in a model reaction
of CO oxidation. The catalytic tests were performed under prompt thermal aging
(PTA) conditions, when the final temperature after each second catalytic cycle was
increased. The final temperature values were as follows: 320 °C; 600 °C; 800 °C;
900 °C; 1000 °C. The use of the PTA approach allows monitoring the thermal sta-
bility as well. The typical light-off curves are shown in Fig. 5a. The temperature of
50% CO conversion (Ts;) was used as a criterion. As seen, each change of the final
temperature affects the position of the light-off curve, thus indicating deactivation
(when T increased) or reactivation (when Ty, decreased) of the active species.

Fig. 5b, c present the Ts, values depending on the number of catalytic cycle.
The samples prepared at various pH are compared in Fig. 5b. In general, the
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Fig.5 Light-off curves for the 15%Co-Mg—O(5) sample (a). Comparison of Ty, in catalytic cycles for
the 15%Co-Mg-O samples obtained at various pH (b). Light-off curves for the 5%Co-Mg-O(5) sample
(c). Comparison of Ts in catalytic cycles for the Co-Mg-O(5) samples with different cobalt concentra-
tions (d)

samples behave similarly until the eighth cycle. The 15%Co-Mg-O(1) and
15%Co-Mg—-0O(5) systems exhibit slightly better catalytic performance if com-
pared with the 15%Co-Mg-0(9) sample. As mentioned, the Co-containing spe-
cies in the latter case are the smallest and strongly interacted with MgO. After the
heating up to 900 °C, rapid deactivation is observed for the first two samples. At
the same time, 15%Co-Mg—0(9) demonstrates remarkable stability. Such a simi-
lar behavior of the 15%Co-Mg-0O(1) and 15%Co-Mg-O(5) systems is expected,
taking into account the characterization results discussed above. It should be also
noted that a shift of the light-off curves towards lower temperatures is evident for
all the samples after the heating up to 600 °C. As already mentioned, the substitu-
tion of Co*" ions with Mg”* ions in the Co;0, lattice can be responsible for the
observed changes in catalytic performance. The formation of the solid solutions
of a spinel type during the thermal treatment of CoO,/MgO systems in an oxida-
tive atmosphere has been also reported in the literature [52]. It is important to
mention that the amount of Mg”* ions in the Co;0, lattice should be optimal to
exhibit the best catalytic performance [12]. Further increase in the aging tem-
perature leads to the agglomeration of the cobalt oxide particles, which affects the
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catalytic properties negatively. Moreover, the aging at 900 °C changes the shape
of the light-off curves (Fig. 5a). Finally, when the aging temperature reaches
1000 °C, almost complete dissolution of cobalt oxide inside the MgO matrix with
the formation of solid solutions Mg,_,Co,O occurs [27], and the shape of the
light-off curves changes even more dramatically.

Thereby, there are two main factors affecting the catalytic activity, which are the
dispersion of the active cobalt species and the textural characteristics of the MgO
matrix. When the pH values are 1 and 5, the highest SSA values (119 and 165 m?/g,
accordingly) are obtained (Table 1). The 15%Co-Mg—O(9) sample is characterized
by the worse SSA of 71 m?/g. Consequently, despite the better dispersion of the
cobalt species, this sample demonstrates the worst initial catalytic performance.
Then, the SSA of the 15%Co-Mg-0(1) and 15%Co-Mg-0O(5) samples diminishes
significantly during the high-temperature aging, thus resulting in the observed rise
of the Ts, values (Fig. 5b). This process is accompanied by the movement of cobalt
into the bulk of the MgO matrix and the formation of the Mg,_,Co,O solid solu-
tions. In the case of 15%Co-Mg—0(9), the changes occurred are not so dramatic.

Fig. Sc presents light-off curves for the
5%Co-Mg—O(5) sample and Fig. 5d shows the effect of cobalt loading on
the catalytic behavior and stability of the prepared samples. Note that for the
5%Co-Mg—-O(5) sample, 50% of CO conversion was not achieved in the first two
cycles, when the final temperature did not exceed 320 °C. According to the posi-
tion of light-off curves in the first runs, the samples can be ranked as follows:
5%Co-Mg-0(5) < < 10%Co-Mg—0O(5) < 15%Co-Mg-0(5) < 30%Co-Mg-0O(5) =
45%Co-Mg-0O(5). All the samples, except of 30%Co-Mg—O(5), show the reacti-
vation effect after the heating at 600 °C, as described above. The most noticeable
changes in catalytic performance are observed for the 5%Co—Mg—O(5) sample. The
shift of the light-off curves after the third cycle is attributed to the reconstruction
of the active sites under the action of the reaction medium [52]. Another possible
reason could be that CoO, species, which are initially located in the bulk of the
as-prepared samples, move to the surface due to the high-temperature treatment.
Later on, a cycle-to-cycle deactivation is observed for these samples. After aging at
1000 °C, the best catalytic performance and, therefore, better thermal stability are
demonstrated by the low-loaded samples 5%Co-Mg—O(5) and 10%Co-Mg—O(5).
The observed catalytic properties of the samples illustrate the decisive role of such
factors as the strength of cobalt interaction with the MgO matrix, the dispersity of
the cobalt species, and the porous structure of the MgO matrix.

Conclusions

In the present work, a sol-gel approach was applied to synthesize the Co-Mg-O
oxide systems. Two parameters, the loading of cobalt and the pH of the hydrolyz-
ing solution, were varied within this study. It was found that despite the appear-
ance of the exothermic effects during the thermal decomposition of the samples
prepared with addition of ammonia or nitric acid, they possess high textural proper-
ties. According to XRD, the size of the Co;0, particles decreases in a row: 5.5 nm
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(pH 5); 4.0 nm (pH 1); 2.5 nm (pH 9). The cyclic reduction/oxidation experiments
revealed that both the pH and the cobalt content sufficiently affect the redox and
catalytic properties of the Co-Mg-O catalysts. Thus, the 15%Co-Mg-0(9) sample
showed the most reproducible behavior in TPR-H,. An increase in the Co loading
diminishes the hydrogen uptake and the reducibility degree, which is supposedly
due to the stronger interaction of cobalt oxide with the MgO matrix and the possible
formation of a solid solution (MgCo,0,). The catalytic performance was studied in
the CO oxidation reaction under prompt thermal aging conditions. The best thermal
stability in the consecutive catalytic cycles was observed for the 15%Co-Mg-0(9)
sample characterized by the smallest particle size of Co;0,. An increase in the
cobalt loading in a range of 5-45% enhances the catalytic behavior but worsens the
thermal stability. Additionally, the reactivation effect was oversaw after aging at
600 °C for all the samples, excluding 30%Co-Mg—O(5).
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