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Porous (0.6-30 nm) and non-porous spherical silica nanoparticles are synthesized. These silicas with different
morphologies are decorated with cobalt (2.9 wt%) using Co(NO3)2-6H20 as precursor. Co-SiOy particles are
studied by Nj sorption, TEM, XRD, XPS, FTIR and TPR-H; methods. Specific surface area (SSA) of the prepared
materials is 10-1200 m?/g. The main crystalline phase is identified as Co304. The activity of Co-5i0y composites
in the CO oxidation and preferential oxidation of CO (PROX) in a Hy-rich gas mixture improves with increasing
atomic ratios of Co/Si and Co®*/Co?" on the silica surface. Catalysts with the large mesopores containing mainly
Co%" are the least active. Co-SiO, composites based on synthetic opal grown by sedimentation of non-porous
silica particles with the lowest SSA demonstrate the highest catalytic activity. The CO conversion reaches
100% at 150 °C in the absence of hydrogen, while in PROX the 90% conversion of CO is achieved at 170 °C. The
large Co304 aggregates between non-porous spherical silica particles of opal are the most active and stable
during CO-PROX reaction. The lower interaction of Co3O4 nanoparticles with this support promotes the stabi-

lization of the oxidized state Co>" and provides a higher yield of CO, in CO-PROX reaction.

1. Introduction

Oxidation of carbon monoxide with oxygen is of interest in terms of
the development of fundamental concepts of heterogeneous catalysis
[1,2]. At the same time, the search for inexpensive and effective cata-
lysts for the process, especially for CO-PROX in a Hy-rich gas mixture, is
a significant practical problem [3,4]. Cobalt oxides attract the attention
due to the high activity in CO oxidation, which is only slightly inferior
compared to catalysts based on noble metals [2,5-7]. Researchers are
looking for the most effective structures of nanosized cobalt oxides [8]
and promoters enhancing their catalytic ability and stability [9,10]. The
best results are achieved with the combined use of cobalt and copper/
cerium oxides [11,12]. Cerium oxides, along with less active ZrOo,
Aly03, SiO2 and zeolites, are used as supports for the stabilization of
cobalt oxides [13-16]. In all cases, the characteristics of the catalysts are
extremely dependent on the method of synthesis, its conditions, the
nature and concentration of the precursor, the carrier used, etc. [16-19].
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The literature discusses the participation of Co304 and CoO oxides, as
well as mixed-valence cobalt-oxo complexes (Co®t—0-C0?") in the
activation of oxygen and the oxidation of carbon monoxide
[9,10,19-21]. In most cases, the catalytic activity correlates with the
Co>*/Co?* ratio. The high activity and stability of Co-modified zeolites
of the ZSM-5 type are associated with the formation in the zeolite
channels of cobalt-oxo cations active in catalysis [16].

Silicas due to their unique characteristics, such as high specific sur-
face area (>1000 m?/g), large pore volume (up to 1 cm®/g), variable
morphology and pore size, ease of surface modification, both external
and internal, chemical inertness and temperature stability, are widely
used as adsorbents, catalyst supports, molecular sieves, chemical sen-
sors, nanoreactors [22,23]. The use of silica to stabilize cobalt oxides
remains a challenge due to some advantages and disadvantages of this
support. Silica allows avoiding undesirable interactions of cobalt oxide
with support [2]. The strong oxide-oxide interaction with, e.g. Al,O3 or
TiO4 leads to the formation of non-active phases and reduces the activity
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of Co304 in CO oxidation [24,25]. But the weak cobalt oxide - silica
interaction reduces the thermal stability of cobalt supported catalysts.
To overcome this problem novel forms of silica are used. Mesoporous
silicas are highly suitable and efficient to attain a good dispersion of
active phases and promoters, owing to their high specific surface area
and mesoporous structure, particularly, SBA-15 [11] and MCM-41 [15].
Promising activity was found for nanoclusters of Co304 inserted in the
mesoporous SBA-15 [26,27]. No deactivation after calcination at 400 °C
was observed for this catalyst, whereas CoOx impregnated in silica lost
half of the activity. Other aspects that should be taken into account are
an accessibility of active phase for reactants in the pore structure of
silica and the cobalt oxide reducibility. Co-MCM-41, which contains
mainly cobalt incorporated into the framework, has been used as a
heterogeneous, low cost, and easily recyclable catalyst for the oxidation
of renewable substrates [28]. This material has shown better perfor-
mance in the terpene oxidation that SiO; prepared by the conventional
sol-gel method. For the further application of Co/SiO; in catalysis, a
detailed study of the effect of silica morphology on their catalytic
behavior is required. Silica porous structure becomes one of the key
factors determining the cobalt oxide particles’ size, their distribution in
silica structure and the cobalt electronic state.

In this work, nanosized silica particles of various morphologies were
used as supports for the synthesis of Co-containing catalysts. The
methods developed by the authors of this work for the synthesis of
spherical silica particles with a size of 400-800 nm made it possible to
vary their specific surface area within a wide range from 11 to 1620 m%/
g [29-32]. The catalytic properties of cobalt oxides introduced into the
amorphous silica particles are compared in the CO oxidation with oxy-
gen both in an inert atmosphere and in the presence of hydrogen. The
aim of the work was to establish the effect of silica morphology on the
structure and properties of the obtained Co-SiO; composites.
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2. Experimental
2.1. Synthesis of samples

Porous amorphous silicas of 4 types consisting of spherical particles
were used as supports: synthetic opal formed from close-packed non-
porous particles (SiOz-n), mesoporous particles (SiOz-m), micro-
mesoporous particles (SiOz-mm) and particles with large mesopores
(SiO2-Im). The procedure for the samples’ preparation is schematically
depicted in Scheme 1.

The synthesis of SiO,-n particles with a diameter of 760 + 20 nm was
carried out via hydrolysis of tetraethoxysilane (TEOS) in a mixture
NH3-H20-CoHs0H [29]. The synthesized particles were annealed in air
at 900 °C and then redispersed in deionized water. Opals were grown
from an aqueous suspension of SiO,-n particles by sedimentation. The
resulting sediment was dried at a temperature of 100 °C and annealed at
800 °C. The volume available for filling was up to 26% of the total opal
volume, and the specific surface area (according to the Brunauer-
Emmett-Teller (BET) method) was 11 mz/g.

Particles of SiO2-m were synthesized via basic hydrolysis of TEOS in a
mixture NHs-H,0-C,HsOH in the presence of cetyltrimethylammonium
bromide (CTAB). The molar ratio of the reagents TEOS:CoHsOH:H,0:
NH3:CTAB was 1:250:45:400:0.25, respectively. To remove organic
compounds the synthesized particles were annealed in air at 550 °C. The
diameter of the particles was 390 + 35 nm, pore size — 2.5-3.7 nm, pore
volume — 0.48 cm3/g, specific surface area (BET) — 735 mz/g. The
procedure for the synthesis of SiO-m is described in [30].

Particles of SiO,-mm possessing pores of 0.9-3.5 nm in size were
synthesized via basic hydrolysis of silicon-containing precursors (TEOS
and [3-(methacryloyloxy)propylltrimethoxysilane (MPTMOS)) in a
mixture NH3-H20-C2HsOH-CTAB [31]. The molar ratio of the reagents
(TEOS + 20 mol% MPTMOS):NH3:H>0:CoHsOH:CTAB — was
1:60:370:230:0.2, respectively. To remove organics the synthesized
particles were washed with an alcoholic solution of HCI (0.01 M) and
then were annealed in a flow of O at 400 °C for 5 h. The outer diameter,
specific surface area and pore volume of SiO,-mm were 510 + 50 nm,

H,0O, NH,, C,H,OH mixture

TEOS
+TEOS +0203 + CTAB
900°C, MPTMOS
in air 550°C, 400°C,
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Scheme 1. Schematic illustration of the Co-SiO; composites preparation.
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1620 m2/g (BET) u 0.69 cm3/g, respectively.

To increase the size of mesopores to 5-25 nm, a freshly prepared
aqueous solution (50 mL) of H,0, and NH3 with concentrations of 3 M
and 10 M, respectively, were added to a glass beaker containing a
weighed portion of SiOz-mm (0.5 g) [32]. The resulting suspension was
heated with stirring to a temperature of 65 °C and kept for 1 h, and then
it was cooled in air to room temperature. The particles thus treated were
washed three times in deionized water and dried at 100 °C. The outer
diameter of the particles did not change. The specific surface area (BET)
and pore volume of the obtained SiO,-Im particles were 515 m2/g and
0.79 cm®/g, respectively.

The introduction of cobalt oxide into the pores of the opal and SiO,
particles included several steps. First, a weighed portion of silica was
impregnated with a 2 M aqueous solution of Co(NO3),-6H20 under
ambient conditions, then dried at 70 °C. Thereafter, the temperature was
increased to 350 °C (with a 10 °C/min step). Then, heat treatment was
carried out at 350 °C under normal conditions for 3 h. The Co content in
all Co-SiO, composites was 2.9 wt% (based on the mass ratio of silica
and cobalt nitrate).

2.2. Characterization

The Co content was analyzed by total reflection X-ray fluorescence
(TXRF) on S2 PICOFOX energy-dispersive spectrometer (Bruker Nano,
Germany). Mo Ka radiation was used for sample excitation. Co Ka (6.9
keV) was used for measurements. A mixture of concentrated HCI and HF
was used to dissolve Co-SiOz. The experimental values of Co-content in
all Co-SiO7 composites are listed in Table 1.

The porous structure of samples was studied with a Micromeritics
ASAP 2020 analyzer at a temperature of 77 K, with nitrogen as the
adsorbate. The specific surface area was calculated by the BET method,
the pore volume was measured at relative pressure P/Py = 0.995. The
pore size distribution was found using the nonlocal density functional
theory (NLDFT).

The phase composition of Co-SiO, was analyzed by powder X-ray
diffraction (XRD) analysis using a D2 Phaser, Bruker (CuKa radiation).
Transmission electron microscopy (TEM) studies were performed using
a Jeol JEM-2100F microscope (accelerating voltage 200 kV, point-to-
point resolution 0.19 nm) equipped with Bruker XFlash 6 T-30 energy
dispersive X-ray (EDX) spectrometer.

X-ray photoelectron spectroscopy (XPS) analysis of the samples
before and after catalysis was performed with an Axis Ultra DLD spec-
trometer (Kratos Analytical Limited, UK) with a monochromatic Al Ka
source (hv = 1486.7 eV, 150 W). All data were acquired at a pass energy
of 40 and 160 eV for high-resolution and survey spectra, respectively.
Kratos charge neutralizer system was used, Si2p spectra with a binding
energy of 103.6 eV characteristic for silica were used for calibration.

The infrared spectra (FTIR) of the samples were obtained on an

Table 1
Structural parameters of Co-SiO, composites.
Support SiOs-n SiOy-mm SiOy-m SiO,-Im
Co, wt. % 2.9 3.2 2.9 3.1
S (BET-equivalent), mz/g 10/11 1205/ 695/735 410/515
Co-Si0,/Si0, 1620
Total volume of pores 0.025/ 0.54/0.69 0.47/0.48 0.60/0.79
(inside the silica 0.03
particles), cm®/g Co-
Si0,/Si0y
Pore width (NLDFT), nm n/a 0.8-3.0/ 2.2-6.0/ 0.8-2;
Co-5i0,/Si0, 0.9-3.5 2.5-3.7 5-30/
0.8-5;
7-30
Silica particle diameter, nm 760 + 510 + 50 390 + 35 500 + 40
20
CSA of Co304, nm 25.1 + 47 +£0.1 5.1 +0.1 7.8 +£0.1
0.3
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Infralum FT-801 (Lyumeks-Sibir, Russia) Fourier spectrometer with a
resolution of 2 cm™!. One milligram of each powder sample was diluted
with 75 mg of potassium bromide (KBr) powder.

Temperature-programmed reduction (TPR-Hy) of Co-SiO catalysts
was performed using a USGA-101 (UNISIT, Russia) chemisorption
analyzer. The samples (0.06 g) were preliminary heated at 300 °C in Ar
flow for 0.5 h, than cooled down to 30 °C. The reduction was performed
in a diluted hydrogen flow (30 mL/min, 5 % Hj, 95 %n Ar) at a heating
rate of 10 °C/min from 30 to 850 °C.

2.3. Catalytic tests

Co-SiO; catalysts were tested in a quartz fixed-bed flow reactor (i.d.
= 6 mm) operated at atmospheric pressure at temperatures of 50-250 °C
in heating—cooling modes (2-4 cycles). Temperature control was carried
out using a Ursamar-RK42 programmer (Germany). The samples were
preliminarily heated in a flow of helium at 370 °C for 30 min. The re-
agent gas consisted of CO: Os: He = 1: 1: 98 vol% or CO:05:Hy:He =
1:1:49:49 vol% for CO oxidation and PROX, respectively; 250 mg of
catalyst (40-60 mesh) mixed with 250 mg of quartz sand were used. The
reactants and products were analyzed on line by GC (thermal conduc-
tivity detector; packed column Porapak Q 1 m long, a column temper-
ature of 30 °C, a flow rate of 10 cm>/min) using a Crystal 2000
chromatograph. A software package Ecochrome was used for data pro-
cessing. Absolute sensitivity for all analyzed substances did not exceed
1073 vol%. For the comparison of catalytic activity of different samples
the temperature dependencies of the steady-state CO conversion as well
as temperatures of the 10% and 50% conversion of CO (Tyo and Tsg)
were used.

3. Results and discussion
3.1. Structural characteristics of Co-SiO2 composites

Fig. 1a shows nitrogen adsorption isotherms at 77 K of Co-SiO2
composites. The isotherms of Co-SiOy-m, Co-SiO2-mm and Co-SiOg-lm
composites have a step-like form characteristic of M41S materials [23]
and belong to type IV [33]. The isotherms of the Co-SiOz-m and Co-SiOy-
Im composites exhibit a hysteresis at P/Py > 0.4, which is due to capil-
lary condensation in mesopores>5 nm. The isotherm of the Co-SiOz-n
composite is characteristic of non-porous materials and belongs to type
I1I [33]. Nevertheless, there are two types of interparticle pores between
close-packed spherical SiO,-n particles in opal: octahedral (O) and
tetrahedral (T). At point contacts between SiOx-n particles, the diameter
of hypothetical spheres inscribed in the pores is: ~ 0.41 D (for O-pores)
and ~ 0.23 D (for T-pores), where D — diameter of SiO»-n particles. The
diameter of the bottlenecks of the horn-shaped channels connecting the
O- and T-pores is ~ 0.15 D [34]. At D = 760 nm, the interparticle pore
size in the opal is 100-300 nm. These pores are not detectable by the
method of low-temperature nitrogen adsorption since -capillary
condensation occurs in them at P/Pg ~ 0.99.

The results of calculating the pore size distribution performed by the
NLDFT method are shown in Fig. 1b. They are also listed in Table 1
together with the values of specific surface area (calculated by BET in
the range 0.05 < P/Py < 0.20) and pore volume (at P/Py ~ 0.995) in
comparison with the characteristics of initial silicas. Reference charac-
teristics for initial silicas were calculated from the data shown in Fig. S1.
Based on the comparison of these data (Figs.1, S1, Table 1) it can be
concluded that the porous structure of the composites after the intro-
duction of cobalt oxide is preserved, but a redistribution of cobalt oxide
between outer and inner silica surface leads to a decrease in the specific
surface area and some changes in pore volume of SiO. The pore volume
could change due to two factors: the inclusion of cobalt species inside
the pores and the deposition of cobalt oxide particles on the outer sur-
face closing some pores. The most noticeable changes are seen for SiO»-
Im and SiO,-mm materials. The introduction of cobalt into SiO-Im leads
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Fig. 1. Nitrogen adsorption—desorption isotherms at 77 K (a) and pore size distribution calculated by NLDFT (b) of Co-SiO5 composites.

to a decrease in the total surface area, pore volume and in the size both
of small pores (from 0.8-5 nm to 0.8-2 nm) and large pores (from 7-30
to 5-30 nm). In contrast to this, the pore sizes of Co-SiO,-mm practically
did not change upon the introduction of cobalt, but the surface and pore
volume also decreased significantly, which indicates that a significant
part of the oxide particles are located on the outer silica surface. Some
enlargement in the pore size for the Co-SiO,-m sample (from 2.5-3.7 nm
to 2.2-6.0 nm) indicates that cobalt oxide probably penetrates into the
pores. At the same time, the total pore volume and surface have changed
insignificantly. As can be seen from the TEM below, the content of cobalt
oxide particles on the silica surface is different.

The presence of crystalline Co304 in the composites was confirmed
by XRD. The diffraction curves (CuK, radiation) of all Co-SiO, com-
posites (Fig. 2) exhibit a set of reflections corresponding to Co3O4
(JCPDS 42-1467), no impurity phases were found. Particle sizes esti-
mated on the base of coherent scattering area (CSA) correlate with pore
sizes in composites. Thus, the average CSA size of Co304 calculated by
the Rietveld refinement for Co-SiO2-mm was found to be 4.7 & 0.1 nm,
for Co-SiOz-m — 5.1 £ 0.1 nm, for Co-SiO2-Im — 7.8 £+ 0.1 nm, for opal -
25.1 + 0.3 nm. From Table 1, it can be seen that the size of Co304
crystallites decreases with an increase in the specific surface area of the

Co-SiO,-n

Intensity (a.u.)

Co-SiO,-mm

Co-SiO,~im

Co,0, (JCPDS 42-1467)
I [ I o

10 20 30 40 50 60 70
260 (degree)

Fig. 2. XRD patterns of Co-SiO, composites.

samples. Based on the XRD patterns of the samples, it can be concluded
that the main crystalline phase in all composites is Co304. But the for-
mation of amorphous oxides or cobalt silicates cannot be completely
ruled out, especially in the micropores of silica. The silica surface in
them is the most chemically active due to the greater curvature and, as a
result, a large number of broken bonds in the silicon-oxygen framework.

Fig. 3 shows TEM images of the obtained Co-SiO, composites. It is
seen that the particles remain spherical after the introduction of cobalt.
The dark spots observed on the surface of Co-SiO2-mm particles probably
contain an element with a large atomic number - Co (Fig. 3c). The TEM
image of the particle region near one of these dark spots is shown in
Fig. 4b. A crystalline material is observed on the silica surface, the
crystallite size reaches 10 nm. The somewhat overestimated value of the
CSA size of Co304 compared with the pore size in SiO,-mm (Table 1) is
possibly due to the presence of Co304 particles on the outer silica sur-
face.. The crystallites observed in TEM images contribute to the calcu-
lated CSA size. At the same time, there are almost no Co304 crystallites
on the surface of SiO,-m and SiOz-Im (Fig. 4b,c). In the enlarged image of
the near-surface region of Co-SiOz-Im (Fig. 4c,d), one can see crystallites

SU0

300 in
e ]

Fig. 3. TEM images: (a) Co-SiOy-n, (b) Co-SiOx-m, (c) Co-SiOp-mm, (d) Co-
SiO,-Im.
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Fig. 4. Enlarged TEM images. (a) Co-SiOx-m, (b) Co-SiOz-mm, (c,d) Co-SiO-Im.

(dark areas) in the pores of a silica particle. The interplanar distance
observed in the HRTEM image of one of the crystallites corresponds to
d311 = 0.25 nm in CO304.

As one can see from Fig. 5a, cobalt oxide is located between SiO2-n
particles in the form of individual crystallites tens of nanometers in size
and their groups, some of the interparticle pores in opal are completely
filled (Fig. 5a). The microdiffraction pattern of the composite is shown in
Fig. 5b. There is a set of reflections corresponding to polycrystalline
Co304 (JCPDS 042-1467). Dark-field TEM (Fig. 5c) and HRTEM
(Fig. 5d) images also demonstrate that the cobalt oxide in the opal
interparticle pores is polycrystalline.

EDX analysis confirmed that all the composites consist of Si, O, Co. A

Z0U ni
el

Fig. 5. TEM image of a fragment of Co-SiO,-n composite (a), SA micro-
diffraction pattern from an interparticle pore filled with cobalt oxide (b), dark-
field image using (111) reflection of Co304 (c), HRTEM image of a filler (d).
The Co304 reflections at panel (b) are indicated.
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typical EDX spectrum is shown in Fig. 6e. Fig. 6b-d shows the distribu-
tion maps for the main elements in the Co-SiO2-n composite. There are
objects tens of nanometers in size containing cobalt on the surface of
SiO2-n particles. An interparticle pore completely filled with cobalt
oxide is also observed. Table 1 summarizes the results of structural
studies of the obtained composites in comparison with initial silicas.

3.2. XPS studies

Only peaks attributed to oxygen, cobalt, silicon and carbon were
observed in XP-spectra (Fig. S2) of Co-SiO» composites. The concentra-
tions of elements on the surface of the samples according to XPS data are
listed in Table 2.

The O1s XP-spectra of all samples indicate the presence of two
components with binding energies of 530.0-530.1 and 532.8-533.0 eV
corresponding to oxygen in cobalt oxides (O—Co) and silica [35]. The
O—Co fraction was 1-5% in all Co—SiO; as-prepared and spent samples
(Table 3). A slightly higher content of oxygen bound to cobalt is typical
for the samples with higher Co content (with respect to Si) on the surface
of Co-SiO2-mm and Co-SiOz-n particles.

The Co2p XP-spectra are shown in Fig. 7. To analyze the fractions of
Co?" and Co" they were fitted with the CASAXPS software, the U2
Tougaard background in the binding energy range between about 775
and 812 eV was used (see Suppl. Section). For Co>" component the
constrains were built using the Co2p spectrum of ScCog gsFe.0503 [36]
that contained a major part of Co atoms in a Co>" state. The Co?" syn-
thetic component was constructed based on the typical Co?" spectrum
with a high contribution of satellites, such as that of CoO or Co(OH),
[35]. The fractions of cobalt atoms in the oxidation states +2 (Ep =
781.1-781.7 eV) and +3 (Ep = 779.6-780.0 eV) derived from the
decomposition of the spectra of the samples before and after catalysis
are listed in Table 3, the accuracy of determining the fraction of cobalt
atoms in various oxidation states was + 5-10%.

The Co2p spectra of Co-SiO,-mm, Co-SiO2-m, and Co-SiOz-n have a
similar shape and show a significant contribution from both di- and
trivalent cobalt. As can be seen from the Table 3 in all three cases Co®™ is
predominant, however, the ratio of cobalt atoms in the two oxidation
states is somewhat different. The highest value close to the ratio of these
states in the Co304 structure was obtained for Co-SiO,-mm and Co-SiOz-n
after catalysis. In contrast to the listed composites Co-SiOz-Im contained
mainly divalent cobalt, the fraction of Co®" slightly increased after
catalytic tests.

The difference in the electronic state of cobalt on the surface of Co-
SiO2-lm silica with the large mesopores from other samples may be due
to the fact that some Si-O-Si bonds are broken under the action of HyO5
during synthesis forming coordination unsaturated silicon atoms. In this
case the new Co-O-Si bonds can be more easily formed when a solution
of cobalt nitrate (Co®") is introduced. The incorporation of Co>™ cations
into SiO should lead to the formation of compounds similar to that of
cobalt phyllosilicates [37,38], which may be amorphous and, thus, are
not detected by XRD. In this case, the oxidation of Co?* cations to Co>*
during annealing will be difficult.

The additional information on the state and properties of cobalt
oxides on the silica surface can be obtained using IR spectroscopy and
TPR-H, studies of Co-SiOa.

3.3. FTIR spectroscopy studies

Fig. 8 shows the FTIR spectra of different Co-SiO, samples. The
appearance of two distinctive bands at 560-566 em! (v1) and 659-661
em™! (vy) caused by stretching vibrations of the metal — oxygen bond,
confirms the formation of the Co304 spinel oxide [39-41]. The v; band is
associated with OB vibrations in the spinel lattice, where B indicates the
Co®" in an octahedral position, and the v, band is attributed to the ABO3
vibrations, where A stands for the Co®" in a tetrahedral holes [39,40].
The highest frequency of stretching vibration band of octahedrally
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Fig. 6. HAADF STEM image (a), EDX maps of O (b), Co (c¢) and Si (d) in Co-SiO2-n composite. EDX spectrum taken from an interparticle pore filled with cobalt

oxide (e).

Table 2
Concentrations of elements on the surface of Co-SiO, (at%) according to high-
resolution XP-spectra.

Co-Si02 Co [0} C Si
Co-SiOz-Im as-prepared 0.9 58.9 17.5 22.7
spent 1.0 60.4 15.9 22.7
Co-SiO2-mm as-prepared 1.5 61.0 15.9 21.6
spent 1.5 60.0 16.6 21.9
Co-Si0z-m as-prepared 0.3 60.8 17.1 21.8
spent 0.3 61.1 16.9 21.7
Co-SiOzn as-prepared 2.1 55.8 18.8 23.3
spent 2.1 64.9 7.5 25.5
Table 3

Fractions of C02+, Co®" (at%) and oxygen in cobalt oxides and silica on the
surface of Co-SiO, according to XPS data.

Co-SiO, Co*"  Co®*t  Co*ly Co/Si  0-Co/

Co** O-Si

Co-Si0x-lm as- 92 8 0.1 0.040 0.01
prepared

spent 84 16 0.2 0.044 0.01

Co-Si05- as- 39 61 1.6 0.069 0.03
mm prepared

spent 39 61 1.6 0.068 0.03

Co-SiO>-m as- 41 59 1.4 0.014 0.01
prepared

spent 43 57 1.3 0.014 0.01

Co-SiO2-n as- 45 55 1.2 0.090 0.05
prepared

spent 37 63 1.7 0.083 0.04

coordinated Co>* (1), close to the frequency of pure Co304 [40], is
observed in the Co-SiOz-n containing the largest (25 nm) Co304 particles
(Table 1). In other samples with an oxide particle size of 5-8 nm, the two
bands slightly shift to a lower wave number due to a large number of
defects at the surface of the smaller nanoparticles that weaken the Co - O
bond strength [39]. The largest red shift of the Co-O vibration bands, as
can be seen from Fig. 8, is observed for the Co-SiO2-m and Co-SiO2-lm
samples, in which, according to XPS data and texture studies, the
interaction of oxide particles with the silica surfaces is the strongest. As
mentioned above, a significant decrease in the content of cobalt on the
outer surface of Co-SiOz-m (Table 2) indicates a greater dispersion of
oxide particles and an increase in their interaction with the support up to
the formation of cobalt-silicate structures. A decrease in the Co®>" /Co?*

Co-SiO,-n as-prepared

R

Co-SiO,-m spent

Co-SiO,-m as-prepared

Intensity (a.u.)

810 800 790 780
Binding Energy (eV)

Fig. 7. Co2p XP-spectra of the Co-SiO2 samples before (as-prepared) and after
catalysis (spent). Co*"g, and Co®*g, correspond to satellite substances.

ratio for the Co-SiO4-Im as well as O—Co/O-Si ratios for Co-SiO-Im and
Co-SiO2-m (Table 3) confirms this assumption. The difference in the
cobalt oxide particle size, their distribution and strength of interaction
of cobalt atoms with silica surfaces in the mesoporous and large porous
samples can be also revealed through their ability to be reduced.

3.4. TPR-H>

Fig. 9 compares the measured TPR profiles of all Co-SiOz samples. As
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Fig. 8. FTIR spectra of Co/SiO, samples in KBr.

355
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T T T T T
400 500 600 700 800
Temperature (°C)
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Fig. 9. TPR-profiles of Co-SiO, samples.

one can see, the profile for Co-SiOz-n is very different from the profiles
for other samples. It only contains two main Hy-consumptions in the
temperature range 300-400 °C associated with the two-step reduction of
Co304: Co304 to CoO (peak at temperatures 305-320 °C) and CoO to co®
(peak at temperatures 355-400 °C). This type of profile is characteristic
for bulk cobalt oxide and large Co304 nanoparticles that weakly interact
with the support [24,25,40,42,43]. In contrast to this, there are several
peaks corresponding to hydrogen absorption in the range 350-600 °C in
TPR profiles of three other samples of Co-SiO5 (m, mm, Im), the disper-
sion of oxide particles in which is much higher than that in Co-SiO2-n
(see Table 1). The manifestation of several peaks of the reduction of
oxide particles in a wide temperature range is apparently associated
with the presence of oxide particles of different sizes in the samples and
also with their different distribution on the support surface (inside and
outside the particles), which is reflected in their reducibility. An increase
in the reduction temperature with a decrease in the particle size on the
surface of silicate supports was observed, for example, in [42]. The high-
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temperature peaks above 550-780 °C are associated with Co species
with stronger interaction with support [42,43]. A broad peak appeared
in the TPR profiles of Co-SiO2-mm and Co-SiO2-Im at 710-780 °C can be
assigned to the reduction of cobalt — phyllosilicates [37,42,43].

Summarizing the structural data, we can conclude that a fraction of
cobalt oxide deposited on the outer surface of silica in comparison with
that incorporated into pore space decreases in the series Co-SiO2-n > Co-
SiO2-mm > Co-SiO2-lm > Co-SiOz-m. A size of Coz04 crystallites on the
surface of SiO, decreases from 25 to 5 nm in inverse proportion to the
sillica surface area and correlates with pore size. Polycrystalline Co304
aggregates in Co-SiOz-n are mostly located in the interparticle space of
the opal structure. Thus, the morphological characteristics of silica
determine the cobalt oxide particle size, their distribution in the support
structure, and, correspondingly, the degree of cobalt species — silica
interaction. This is reflected in the electronic state of cobalt, reducibility
of Co-SiOz samples and their behavior in catalysis.

3.5. Catalytic activity in oxidation of CO

The temperature dependences of CO conversion in an inert atmo-
sphere for Co-SiO; composites are shown in Fig. 10a. It can be seen that
the oxidation of CO is quantitatively carried out in the temperature
range 150-210 °C. Multiple tests in heating—cooling modes have shown
that all samples are stable. Deviations in temperatures for 10 and 50%
conversion of CO (T and Ts5¢) do not exceed + 3 degrees in 4 successive
cycles. To characterize the catalysts, we used Ty and Ts( temperatures
reached during the second test cycle. The values of Ty and Tsq for all
studied Co-SiO; composites are listed in Table 4. As can be seen from
these data Co-SiO»-n exhibited the highest activity in CO oxidation. The
high activity of this sample obtained on silica (synthetic opal) with the
lowest specific surface area was unexpected.

Fig. 10b shows temperature dependences of the CO conversion in
CO-PROX reaction. Characteristic temperatures T19 and Tsg of CO
oxidation in a Hy-rich gas mixture are given in Table 4. As one can see
from a comparison of data in Fig. 10 (a and b) and Table 4 the tem-
perature dependences of CO conversion in the presence of hydrogen are
shifted to higher temperatures. This is due to the competitive adsorption
of CO and H, molecules on active sites on the surface of cobalt oxide and
their simultaneous oxidation with the formation of CO, and HyO. The
mechanism of selective CO oxidation and the nature of active sites on the
surface of Co304 are discussed in detail in [8-10]. It is known that the
activation energy of CO oxidation is lower than that of hydrogen [17].
Therefore, the predominant process at relatively low temperatures is the
oxidation of CO. With an increase in temperature, the contribution of the
competitive Hy oxidation becomes significant, and the CO conversion
decreases. As seen from Fig. 10b the temperatures of the maximum CO
conversion for the studied samples are very different, the corresponding
Tmax values are listed in Table 4.

The Co-SiO,-n sample also turned out to be the most active in CO-
PROX. The CO conversion reaches its maximum value of 90% already
at 170 °C. At the same time, the most large-porous Co-SiO2-Im is the least
active in CO-PROX as well as in the case of the total oxidation. The
maximum CO conversion in PROX for this sample is only 73% at tem-
perature above 230 °C.

According to these data the synthesized composites are arranged in a
row Co-SiOz-n > Co-SiO;-mm > Co-SiOz-m > Co-SiOz-lm both in the
absence and in the presence of hydrogen. Recently, a similar effect of the
support structure on the efficiency of catalysts in the CO-PROX was
observed in [44]. Using CuO-CeO,/SiO; the authors showed that cata-
lysts with a specific surface area S = 20 m?/g possessed higher activity
compared to the same samples with S up to 650 m?/g. A high (>90%)
CO conversion was observed in the same temperature range 140-210 °C.

Based on structural data, TPR-H; and spectral (XP and FTIR) studies
of Co-SiO2 we can conclude that a reason for such different catalytic
properties of Co-SiO, with different morphologies may be associated
with the size of cobalt oxide particles, their distribution and Co
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Fig. 10. The temperature dependences of CO conversion for the Co-SiO, samples in the reaction of CO oxidation in the mixture (a) 1% CO, 1% O, 98% He and (b)

1% CO, 1% O, 49% H,, 49% He (the heating and cooling cycles are displayed).

Table 4

Ty and Tsp (°C) in the CO oxidation and PROX on Co-SiO, catalysts, and Tmax
temperatures at which maximum CO conversion (CO pay, %) is reached in the
presence of Hy,

Catalyst Co-Si0s-n Co-Si0y-mm Co-Si0y-m Co-SiOa-lm
Co-0x" Tio 72 98 100 120

Tso 112 140 145 162
CO-PROX” Ty 88 118 120 138

Tso 128 165 180 195

Tmax 170 210 190 230

CO max, % 90 86 55 73

2 In 1 vol% CO, 1 vol% O,, 98 vol% He at a total flow of 10 mL/min
% In 1 vol% CO, 1 vol% O, 49 vol% Ha, 49 vol% He at a total flow of 10 mL/
min

electronic state on the surface of silica. The most active Co-SiOs-n con-
tains the largest Co304 particles in the interparticle space of opal, in this
case the Co/Si ratio reaches the largest value (0.09, Table 3). These
particles interact less with the silica support and can be easier reduced.
The maximum Co>*/Co?* ratio during the tests is also achieved on this
most active Co-SiOx-n. A correlation between catalytic activity and
reducibility in the CO oxidation was found for a number of catalysts
based on cobalt oxides [16,39,45,46].

At the same time a possibility of the participation of CoO or Co?*
cations within oxo complexes as active centers of adsorption and
catalysis is also discussed [19-21]. However, the Co-SiOa-Im strongly
different in composition from the others, and containing mostly Co?",
turned out to be less active in CO oxidation.

Comparison of XPS data for catalysts before and after reaction (Fig. 7
and Table 3) shows that the Co®" fraction slightly increases for Co-SiOz-n
and Co-SiOz-Im and doesn’t change for the Co-SiOz-m and Co-SiOz-mm.
The Co/Si and O-Co/O-Si ratios change very slightly, which indicates
high stability of Co-SiO, composites during catalysis.

The greatest changes in the activity upon the introduction of
hydrogen into the reaction mixture are observed for the Co-SiOz-m
composite. Fig. 10b and Table 4 show that the maximum CO conversion
on this catalyst in CO-PROX reaction reaches only 55%, and then begins
to decrease. At the same time, the maximum CO conversion is 86% at
210 °C for the Co-SiOz-mm composite having a similar activity in the
absence of hydrogen (see Fig. 10a). It should be noted that the electronic
state of cobalt in both composites corresponds to Co3O4 oxide (see
Table 3). The observed significant difference in the activity of Co-SiO2-m
and Co-SiO,-mm in CO-PROX is presumably associated with the different
distribution of cobalt oxide nanoparticles on the catalyst surface.
Indeed, from the Table 2 it is seen that the surface Co content for the Co-

SiO2-m composite is only 0.3 at%, while for the Co-SiO2-mm this value is
5 times higher (1.5 at%). Apparently, the pore size of the first sample,
which is almost twice larger, promotes the formation of Co3O4 nano-
particles not only on the outer surface, but also inside the pores of the
Co-SiO2-m catalyst, which is confirmed by TEM (Figs. 3 and 4). Probably,
the higher dispersion of Co304 nanoparticles facilitates more efficient
adsorption and activation of hydrogen on their surface and, as a result, a
decrease in the selectivity of CO, formation.

On the contrary, larger Co304 nanoparticles in the interparticle pores
of opal on the surface of Co-SiOz-n (Fig. 5) turned out to be surprisingly
more active not only in the CO oxidation but also in CO-PROX reaction.
Possibly, the formation of agglomerates of relatively large (~25 nm)
cobalt oxide nanoparticles separated by silica particles provides favor-
able conditions for electron transfer processes associated with the
reversible transition in the Co®>"/Co?* redox couple when interacting
with CO and oxygen molecules, respectively. According to XPS a slight
increase in the fraction of Co>* compared to Co?" is observed for the Co-
SiO2-n catalyst after the reaction. It also attests to the fact that the for-
mation of Co304 agglomerates inside the macropores between SiO,
particles of opal may stabilize the oxidized state Co>* in such compos-
ites. A possible interaction of smaller Co304 nanoparticles with silica
support will not facilitate such stabilization. A similar conclusion about
the importance of Co304 nanoparticles - support interactions was made
on the example of Al,O3 in [45]. A catalyst with the weak particle -
support interaction provided both a higher yield of CO5 and selectivity
in CO-PROX reaction compared to the sample where this interaction was
stronger.

Note that a slight increase in the fraction of Co>* after the reaction
occurs not only in the most active Co-SiO»-n catalyst, but also in the least
active — Co-SiOs-Im. In accordance with XPS and XRD data the number of
Co304 nanoparticles in the Co-SiOa-Im composite is significantly less
than in the other Co-SiO2 composites, and their size is close to 8 nm
which is higher than that in the Co-SiOz-m and Co-SiOz-mm. As a result of
the larger size of oxide nanoparticles and correspondingly smaller effect
of the interaction with support, redox processes in the Co?*/Co>* couple
under the action of Oz, CO, and Hy seem to proceed a little easier.
However, Co-SiO2-Im composite is less active because initially most of
the cobalt on this support is present in the oxidation state of + 2
(Table 3) which is unfavorable for oxidation reactions.

The characteristics of the Co-SiO2 composites (Table 4) correspond to
or exceed those for catalysts based on supported cobalt oxides. For
example, the use of high-loaded 10% Co304/Al203 under similar con-
ditions makes it possible to achieve the maximum CO conversion in CO-
PROX reaction of 98% at 170 °C [45]. On catalysts with lower cobalt
content (1-7 wt% of CoO) with the use of catalytically active CeO; as a
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support the CO conversion reached only 67-84% at 230-240 °C [46].
For Co304 nanoparticles [8] the temperatures for 10% CO conversion in
the absence of Hy were 100 and 150 °C depending on the particle
morphology. The maximum CO conversion in PROX for more active
Co304 nanoplates was only 75% at 170 °C. For comparison, the best Co-
SiOg-n catalyst (2.9% Co) based on synthetic opal first prepared in this
work provides the 90% conversion of CO at 170 °C. Another important
advantage of silicas decorated with cobalt oxides is maintenance of their
structural and catalytic properties in repeated cyclic tests both in the
absence and in the presence of hydrogen. The stabilization of the most
active electronic and coordination state of cobalt under conditions of
selective CO oxidation is an important task on the way of creating
effective catalysts based on cobalt oxides.

4. Conclusion

To study the impact of silica morphology on the Co/SiO structure
and catalytic activity in the CO oxidation and CO-PROX in a Ha-rich gas
mixture non-porous and porous spherical silica particles with pores
0.6-30 nm in size were synthesized. They were decorated with cobalt
oxides using the capillary impregnation method. The Co content in all
Co-SiOz composites was about 3 wt%. The composition and structure of
the obtained materials were studied using nitrogen adsorption poros-
imetry, TEM, EDX, XRD, XPS, FTIR spectroscopy and TPR methods. It is
shown that the obtained Co-SiO2 composites are microporous (Co-SiOz-
mm, S = 1200 m2/g), mesoporous with pores of a few nanometers (Co-
Si05-m, S =700 m?/ g) and tens of nanometers (Co-SiOz-Im, S = 400 m?/
g) and macroporous (opal grown from non-porous Co-SiOs-n, S = 10 m?/
g, interparticle pores up to 300 nm) materials. According to XRD data,
the main crystalline phase in all composites was identified as Co3O4, the
particle size is inversely proportional to the sillica surface area and
correlates with pore size. A fraction of cobalt oxide deposited on the
outer silica surface in comparison with that incorporated into pore space
decreases in the series Co-SiO2-n > Co-SiO2-mm > Co0-SiO,-lm > Co-SiO4-
m. Co-decorated silicas were active in the CO oxidation and CO-PROX
reaction. The oxidation of CO proceeds quantitatively in the tempera-
ture range 150-210 °C. Both in the absence and in the presence of Hy the
activity of Co-SiO5 composites improves with increasing atomic ratios of
Co/Si and Co%"/ Co®" on the silica surface. According to catalytic ac-
tivity, the synthesized composites can be arranged in the order Co-SiO»-
n > Co-SiOz-mm > Co-SiOz-m > Co-SiOz-Im. Using the synthetic opal
grown by sedimentation of non-porous silica SiO2-n particles with the
lowest specific surface area as a support for cobalt oxides resulted in the
most active catalyst. CO conversion reaches 100% at 150 °C in the
absence of hydrogen and 90% at 170 °C in the PROX reaction. The
highest activity of Co304 aggregates between spherical silica particles in
Co-SiOz-n correlates with their reducibility. Large Co3O4 nanoparticles
weakly interacting with non-porous silica and containing the largest
Co®* fraction provide a higher yield of CO, in CO-PROX reaction. In
contrast to this Co-SiO,-Im containing mainly Co?* species was the least
active.

All Co-SiO, composites were stable in the reducing conditions during
CO-PROX reaction, the CO conversion did not decrease after multiple
repeated catalytic cycles. This study shows a new economically prom-
ising way to synthesize active and stable catalysts based on cobalt ox-
ides. The fact of unusually high activity of the new material - synthetic
opal decorated with cobalt oxides deserves great attention from the
point of view of understanding the mechanism of action of cobalt oxides
in catalysis and their applications in the wide range of redox reactions.
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