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Abstract—Two types of nanosilicas with different pore structures are synthesized and decorated via impreg-
nation with cobalt and cerium oxides. Meso—microporous spherical silica particles with thin walls of SiO,
nanochannels having specific surface area and pore volume of up to 1400 m?%/g and 0.8 cm?/g, respectively,
are used. Macroporous three-dimensionally ordered structures based on SiO, (so-called synthetic opals)
consisting of close-packed submicron spherical silica particles with respective porosity characteristics of
11 m?/g and 0.2 cm?/g are also used. The synthesized materials are characterized via low-temperature nitro-
gen adsorption, X-ray diffraction, SEM, XPS, and Fourier transform IR spectroscopy, and tested as catalysts
for the selective oxidation of CO in excess H, (CO-PROX). The effect of silica, the ratio of introduced oxides,
and the order of their introduction on the structure and catalytic properties of Co—Ce/SiO, are revealed. The
catalytic behavior of the synthesized materials is determined from the specificity of interactions among the

metal oxides and with the silica surface.
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INTRODUCTION

Silicon dioxide (or silica) is commonly used in the
composition of various materials, both in mineral
form and as a synthesized product consisting of colloi-
dal particles or a dry powder. The characteristics and
quality of silica are strongly affected by the grain size
and pore structure of SiO,. The problem of revealing
and analyzing the relationship between the structure
and properties of silica particles with a controlled size
and a given porosity is of both scientific and practical
importance [1, 2]. There are numerous applications of
amorphous nanosilicas in the production of cosmetic,
biomedical, pharmaceutical, polymeric, building, and
other materials [3]. Porous silica particles are used in
filters for purifying water of heavy metals and different
organic compounds [4, 5], in biomedicine for diag-
nostics and drug delivery [6, 7], in biocatalysis [8, 9],
and as adsorbents [10, 11]. Of particular interest is
using them in heterogeneous catalysis as supports or
templates for synthesizing catalysts [12—15]. The
greatest advantage of using nanosilicas in catalysis is
their highly developed surface, which contributes to
the best dispersion of the active phase and its stabiliza-

tion due to interaction with the silanol groups of the
support. In addition to metal—support interaction, the
chemical composition of the surface, the pore size,
and the thickness of support walls are of fundamental
importance [16]. Varying the conditions of synthesis
allows us to control these parameters, making nano-
silicas attractive for use in catalysis.

There are two main ways of synthesizing nanosili-
cas: sol—gel and deposition using tetraecthoxysilane
(TEOS), natural raw materials, or silicon-containing
industrial waste as sources of silicon [17]. However,
TEOS-based sol—gel synthesis remains the preferred
way of synthesizing nanosilica, due to its simplicity
and the high yield of the final product. The size and
morphology of the synthesized particles are deter-
mined by the conditions of synthesis, so the resulting
materials have different properties [18].

A way of improving the porosity of silica particles
by making the walls thinner, increasing the number of
mesopores, and forming an additional system of
micropores was developed in [19]. The use of two
organosilanes in the synthesis of meso—microporous
silica (diethoxy(3-glycidyloxypropyl)methylsilane
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(DEGPMS) and methacryloxypropyltrimethoxysi-
lane (MPTMOS)) ensured the formation of silica par-
ticles with specific surface area and pore volume of up
to 1400 m?/g and 0.8 cm?/g, respectively.

Macroporous three-dimensionally ordered struc-
tures based on SiO, (so-called synthetic opals) con-
sisting of close-packed submicron spherical silica par-
ticles are also of great interest. Opal has two types of
pores between close-packed SiO, particles: octahedral
and tetrahedral, with sizes of ~0.41D and ~0.23D
(where D is the diameter of a spherical SiO, particle),
respectively [20]. Filling the opal pores with target
substances ensures the synthesis of various nanocom-
posites with desired properties; varying the parameters
of filling allows us to control the size and distribution
of nanoparticles in the pores. Ways of synthesizing
bulk synthetic opals and using them as matrices for
stabilizing ensembles of metal oxide clusters were
described in [20, 21].

Eurov et al. [22, 23] proposed that opals and nano-
silicas decorated with cobalt oxide can be used as cat-
alysts for the total (TOX) and preferential oxidation
(PROX) of CO in an inert or hydrogen atmosphere.
Against expectations, it was found that among silicas
with different pore structures, the highest activity in
catalysis was exhibited by Co;0, aggregates occupying
the gaps between the spheres of amorphous SiO, in the
structure of synthetic opal with the least developed
specific surface area.

The oxidation of carbon monoxide was chosen as a
model for determining the relationship between the
structure and properties of CO-decorated silicas, since
this reaction is of great fundamental importance when
analyzing the nature of active sites and the main stages
of heterogeneous catalytic processes [24, 25]. It is also
important in terms of protecting the environment from
harmful emissions. Interest has risen lately in design-
ing selective catalysts for the oxidation of CO in the
presence of hydrogen, which are required for purifying
the hydrogen used in fuel cells of CO impurities [26].
Promising systems capable of competing with catalysts
based on noble metals are metal oxides, where the
joint use of cobalt and cerium oxides, and composites
and supported catalysts based on them, is of consider-
able interest [27—32].

The aim of this work was to synthesize nanosilicas
decorated with cobalt and cerium oxides that would
have different pore structures, and reveal the relation-
ship between their structure and catalytic behavior
during CO-PROX in excess hydrogen. Two silicas with
particle sizes of 500—800 nm were chosen as matrices:
(a) meso-microporous silica with a specific surface
area and pore volume of 1400 m?/g and 0.8 cm?®/g,
respectively, and (b) synthetic opal with a low specific
surface area of around 10 m?/g and a pore volume of
0.2 cm?/g. The content of cobalt and cerium oxides,
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their ratio, and the order in which they were intro-
duced were varied.

EXPERIMENTAL

The substances and reagents used in this work were
cetyltrimethylammonium bromide C,(H;3N(CH5);Br
(CTAB), 99+% (Acros); aqueous ammonia NHj;,
24 wt %, 299.99%; ethanol C,H;OH, 95 wt %; deion-
ized water H,O, 10 MQ; TEOS Si(OC,Hy),, 99+%
(Acros); DEGPMS C,;H,0,Si, 97% (Aldrich);
MPTMOS H,C=C(CH;)CO,(CH,);Si(OCH,;)s,
98% (Aldrich); hydrochloric acid HCI, 37 wt %,
299.99%; cobalt nitrate hexahydrate Co(NO;),"6H,0,
98% (Aldrich); and cerium acetate sesquihydrate
Ce(CH;C00)5'1.5H,0, 99.9% (Aldrich).

SiO, particles with diameters of 8§20 £ 30 nm were
synthesized by hydrolysis of TEOS in an NH;—H,0—
C,H;OH mixture [21]. The synthesized particles were
calcined in air at 900°C and then redispersed in deion-
ized water. Opals (Si,,) were grown from an aqueous
suspension of SiO, particles via sedimentation. The
resulting precipitate was dried at a temperature of
100°C and calcined at 800°C. The volume of pores
accessible to filling was as high as 26% of the total vol-
ume of the opal, and the specific surface area (deter-
mined using the Brunauer—Emmett—Teller (BET)
model) was 11 m?/g.

Meso-microporous spherical silica particles (Si,,,)
with diameters of 550 *+ 40 nm were synthesized
according to a procedure developed in [19] for the
basic hydrolysis of silicon-containing precursors
(TEOS, DEGPMS, MPTMOS) in an NH;—H,0—
C,H;OH—CTAB mixture. The molar ratio of reagents
(TEOS + DEGPMS + MPTMOS) : NH; : H,O :
C,H;OH : CTAB was 1 : 60 : 370 : 230 : 0.2, respec-
tively, and the weight of the solution was 1 kg. The
temperature of the reaction mixture was 40°C, and the
synthesis duration was 2 h. To remove organics, the
synthesized particles were washed in an alcoholic
solution of HCI (0.01 M) and then calcined for 5 h in
a flow of O, at a temperature of 400°C. The specific
surface area and pore volume of the synthesized parti-
cles were 1400 m?/g and 0.8 cm?/g, respectively.

Cobalt oxide was introduced into the Si,, and Si,,,
silicas via capillary impregnation with a 2 M aqueous
solution of Co(NO;),6H,0 at room temperature.
Each sample was dried at 70°C. The temperature was
then raised to 120°C, and heat treatment was done
under normal conditions for 8 h with the temperature
being raised again to 400°C (at a rate of 10°C/min).
Heat treatment at 400°C was carried out for 2 h.

Cerium and cobalt oxides were introduced in
sequence or simultaneously. When cerium oxide was
introduced first, a weighed portion of silica was
impregnated with a 1 M aqueous solution of
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Table 1. Composition of silicas decorated with Co and Ce

ROSTOVSHCHIKOVA et al.

Silica Sample _ Orderof [Col*,wt% | [Cel*,wto | COFCeatomic
introduction ratio
Macroporous SiO,-opal | 3Co—2Ce/Si,, Simultaneous 2.9 2.3 3:1
Macroporous SiO,-opal | 2Ce/3Co/Si,, 1—Co; 2—Ce 2.9 2.3 3:1
Macroporous SiO,-opal | 3Co/14Ce/Si,, 1—Ce; 2—Co 2.9 13.8 1:2
Meso-microporous SiO, | 3Co/Sim, — 2.9 — —
Meso-microporous SiO, | 3Co/2Ce/Siym 1—Ce; 2—Co 2.9 2.3 3:1
Meso-microporous SiO, | 15Co/Si,, — 14.6 — —
Meso-microporous SiO, | 9Ce/15Co/Siy, 1—-Co; 2—Ce 14.6 8.6 4:1

*According to inductively coupled plasma atomic emission spectroscopy (iCAP 6300 Duo, Thermo Fisher Scientific, United States).

Ce(CH;COO);1.5H,0 at room temperature and then
dried at 70°C. The temperature was then raised to
120°C, and heat treatment was done for 8 h under nor-
mal conditions. At the next stage, a 2 M aqueous solu-
tion of Co(NO;),"6H,0 was introduced. The sample
was then dried at 70°C and calcined for 8 h at 120°C
under normal conditions. In the final stage, the tem-
perature was raised to 400°C (at a rate of 10°C/min),
and heat treatment was done for 2 h. The samples into
which cobalt oxide was introduced first were prepared
according to the same procedure with the oxides intro-
duced in the opposite order. The compositions and
denotations of the synthesized samples are given in
Table 1. The contents of cobalt and cerium oxides were
converted to the contents of metal.

Microphotographs of the surface of the samples
were recorded via scanning electron microscopy
(SEM) on a JSM 6000 NeoScope instrument (JEOL,
Japan), with the samples on opal preliminarily
ground.

The phase composition of the nanocomposites was
determined via X-ray diffraction on a Bruker D2
Phaser system (CuK, radiation). Our interpretation of
the diffraction patterns was based on data from the
ICDD database (Release 2014, PDF2). The average
sizes of the coherent scattering regions (CSRs) of indi-
vidual phases were calculated by means of full profile
analysis according to Rietveld, using the Bruker Topas 5
software package and the Scherrer formula

I
BipcosO’
where L, is the average size of a CSR, A is the wave-

length, 0 is the Bragg angle, and B, is the integral
width. The accuracy of calculation was as high as 1%.

L . =

vol

The pore structure of the particles was studied on a
Micromeritics ASAP 2020 analyzer at a temperature of
77 K using nitrogen as the adsorbate. Pore size was cal-
culated using the embedded software in terms of the
nonlocal density functional theory (NLDFT). Spe-
cific surface area was calculated according to
Brunauer—Emmett—Teller (BET) method, and the
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specific pore volume was determined at relative pres-
sure P/P; = 0.994. In opal consisting of spheres with
an average diameter of 820 nm, the sizes of pores
between the particles were 100—300 nm [20]. These
pores could not be detected by nitrogen adsorption
porosimetry because capillary condensation in pores
of the given size occurs at P/P; ~ 0.99. The pore vol-
ume in opal was therefore determined gravimetrically,
according to the difference between the apparent den-
sities of an opal sample calcined at 500°C (with pores
containing air) and a sample impregnated with water
(assuming the pores were filled completely).

X-ray photoelectron (XP) spectra were recorded
on an Axis Ultra DLD spectrometer (Kratos Analyti-
cal, United Kingdom) using a source of monochro-
matic AlK,, radiation (hv = 1486.7 eV, 150 W). The
pass energy of the analyzer was set at 160 and 40 eV.
The energy scale of the spectrometer was calibrated
against the bonding energy of the Au 4f;,, (83.96 V),
Ag 3ds,, (368.21 eV), and Cu 2p;, (932.62 €V) internal
levels of pure metallic gold, silver, and copper. Sam-
ples in the form of powder were fixed on a holder using
nonconductive double-sided adhesive tape. A charge
neutralization system was used with the energy posi-
tion of the spectra calibrated against the Si 2p line’s
bonding energy of 103.6 eV, which is typical of silica.
In view of the reduction of cerium on the surface
Ce 3d of the samples under the action of radiation, the
spectra were recorded at short and long periods of signal
acquisition. The inelastic loss background and the
decomposition of the spectra into components were
calculated using the CasaXPS software (version 2.3.24)
as described in [33] for cerium-containing systems.
The bonding energies of the Ce*" and Ce*" compo-
nents of the Ce 3ds,, spectrum varied in the ranges of
880.9—881.2 and 882.7—882.9 eV, respectively. The
component of the CeLLM line of the Auger spectrum,
which overlapped with the spectrum of Co 2p, was
also considered in decomposition. The Co 2p spectra
were interpreted using data from [34—36]. The com-
ponents with bonding energies in the ranges of 781.2—
781.7 and 779.7—780.2 eV of the Co 2p;,, spectrum
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Fig. 1. Scanning electron microscopy images of (a) 2Ce/3Co/Si,, and (b) 9Ce/15C0/Sip,y, samples.

were attributed to the Co?" and Co®" states, respec-
tively.

Infrared spectra of the samples were recorded on
an Infralum FT-801 Fourier transform spectrometer
(Lyumeks-Sibir, Russia) in the range of 2000—
450 cm™! at a resolution of 2 cm™!. Our studies were
performed using tablets prepared by mixing the sam-
ples with a KBr powder at different ratios of dilution.

Catalytic testing was done using a reaction mixture
composed of 1 vol % CO, 1vol % O,, 49 vol % H,, and
49 vol % He in a flow quartz reactor with heating—
cooling cycles, as described in [23]. The cyclic tests
were repeated many times. A mixture of a catalyst
(250 mg) with quartz sand was used, with the samples
being preheated for 1 h at 350°C in a flow of He. The
composition of the gas mixture at the outlet of the
reactor was analyzed using a Kristall 2000 chromato-
graph equipped with a thermal conductivity detector.
The flow rate was 10 cm?/min. Under our conditions,
the process resulted in the formation of CO, and H,O
exclusively, and no CH, was observed. The catalytic
properties of the samples were compared using the
temperature dependences of CO conversion, and
parameters whose values were determined from them:
the maximum conversion of CO, the temperatures at
which 50% and the maximum conversion of carbon
monoxide (75, and T,,,,) were achieved.

RESULTS AND DISCUSSION
Morphology of Original and Decorated Silicas

Typical SEM images of samples on silica of two
types (Si,, and Si,,) are shown in Fig. 1. The
2Ce/3Co/Si,, image (Fig. 1a) clearly shows the (111)
planes of the face-centred cubic structure of opal—
i.e., the opal-like structure that formed during the
slow sedimentation of silica particles was preserved
after introducing the cobalt and cerium oxides. This
structure did not have time to form during the drying
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of the synthesized meso—microporous particles, and
there are no fragments of a regular structure in the
9Ce/15Co/Si,,,,, image (Fig. 1b).

Figure 2a shows nitrogen adsorption isotherms at
77 K for both types of nanosilicas before and after dec-
orating them with cobalt and cerium. It is clear that
the isotherms for the meso—microporous particles
(Fig. 2a, curves I, 2) have a step-like form (type IV
[37]) that can be attributed to the capillary condensa-
tion of nitrogen in the mesopores. The specific surface
area and pore volume calculated for the original Si,,

particles were 1400 m?/g (in terms of the BET model)
and 0.8 cm?/g, respectively.

The textural characteristics of the original and dec-
orated silicas, along with structural data determined
via X-ray diffraction, are presented in Table 2. The
pore size distribution (Fig. 2b, curve /) calculated via
NLDFT has two pronounced maxima, at ~1.3 and
~2.6 nm. The specific surface area and pore volume of
the particles fell considerably after decorating the par-
ticles with cobalt and cerium, and the calculated val-
ues were 970 m?/g and 0.5 cm?/g. It would seem the
introduced oxides not only occupied a certain number
of pores inside the particles but could also block access
to other pores and make them inaccessible to the
adsorbate. The cobalt and cerium oxides also
increased the apparent density of the particles (by
~30%), reducing the specific surface area and pore
volume. A shift of the two maxima was also observed
that was attributed to a reduction in both micro- and
mesopores (Fig. 2b, curve 2). The reduction in the
pore size of particles after decorating their inner sur-
faces with Co and Ce could be due to several factors.
One is the chemisorption of Co?* and Ce3* ions from
solutions by active silanol groups on the silica surface
during the capillary impregnation of the particles [38].
Another is cobalt and cerium oxide crystallites being
formed on the inner surface of particle pores after the
decomposition of the respective salts. Yet another is
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Fig. 2. (a) Nitrogen adsorption—desorption isotherms at 77 K for the original and decorated silicas: (1) Si;,, (2) 15Co/Sipm,

3 Si

the pore diameter being reduced during heat treat-
ment, due to the low temperature stability of meso—
microporous particles [19, 39].

The isotherms of the opals (Fig. 2a, curves 3, 4) are
of type I1I [37], which is characteristic of nonporous
materials. As noted above, however, opal contains
large macropores (100—300 nm) that cannot be
detected via low-temperature nitrogen adsorption.
The specific surface area of Si,,, calculated according
to BET before and after decoration with cobalt and
cerium, were 11 and 8 m?/g, respectively. The pore
volume calculated from the apparent densities (deter-
mined gravimetrically) of a dry sample and a sample
impregnated with water was almost identical for the
original and filled opals (~0.2 cm?/g).

The structure and phase composition of nanosili-
cas containing cobalt and cerium oxides were studied
via X-ray powder diffraction. The diffraction patterns
of the samples (Fig. 3) displayed a set of reflections
corresponding to Co;0, and CeO,. No impurity crys-

op> and (4) 2Ce/3Co/Siyp. (b) Pore size distribution for (1) Sipp, and (2) 15Co/Sip .

talline phases were detected. The patterns also exhib-
ited broad haloes with maxima in the region of 26 ~
22°, which were attributed to diffuse reflection from
amorphous SiO, (the template material). The diffrac-
tion peaks of Co;0, and CeO, were broadened, sug-
gesting that the oxides in the nanosilica pores were
nanocrystalline. The degree of crystallinity of the fill-
ers in the meso—microporous particles, was also lower
than in the opal. The average sizes of CSRs in the opal
and silica particles were 2.4 = 0.1 and 1.5 £ 0.1 nm,
respectively, for CeO,. They were 31.8 = 0.7 and 5.2 =
0.1 nm, respectively, for Co;0, (Table 2). Note that
the sizes of the CSRs for cerium oxide were approxi-
mately 2 nm in two of our samples (2Ce/3Co/Si,, and
9Ce/15Co/Si,,), and the degree of cobalt oxide dis-
persion correlated with the pore sizes of the silica. The
Co;0, particles were much smaller in the meso-
microporous sample than in the macroporous opal.

Table 2. Specific surface area (Sg,), pore volume (V,,,.), and pore diameter (D) of decorated silicas, plus average CSR

sizes (L) for cobalt and cerium oxides

Ly, nm
Sample Seps m?/g Voores cm’/g Dy ore, NM
Co304 CeO,
Sigp [23] 11 0.2 100—300 — —
3Co/Si,, [23] 10 0.2 100—300 25 —
2Ce/3Co/Siy, 8 0.2 100—300 32 2.4
Si 1400 0.8 0.9-5.0 - —
15Co/Sim 970 0.5 0.9-4.0 — —
9Ce/15Co/Sim, 930 0.5 0.9-4.0 5.2 1.5
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 97 No. 9 2023



EFFECT OF THE PORE STRUCTURE OF NANOSILICAS

1983

A
1
E
=
-
| 2
3 ‘ I I I " " 1 1
4 L ‘.II e
10 20 30 40 50 60 70 80 90
20, deg

Fig. 3. Diffraction patterns of (/) 2Ce/3Co/Sip,
042-1467).

—_ CO3+
o C02+
— Ce LMM

(@)

9Ce/15C0/Simm

Intensity, pps

2Ce/3Co/Siy,

(2) 9Ce/15C0/Si s (3) CeO, (PDF201-075-9470), and (4) Co;0, (PDF2 00-

(b) 9Ce/15Co/Simm

Intensity, pps

810 800 790 780
E, eV

920 910 900 890

Fig. 4. (a) Co 2p and (b) Ce 3d XPS spectra of the 2Ce/3Co/Si,, and 9Ce/15C0/Siy, samples. The Ce 3d spectra were recorded
at short periods of signal acquisition, and £ is the energy of bonding.

FElectronic State of Metals According to X-ray
Photoelectron Spectroscopy (XPS)

Our XP spectra of the samples exhibited lines of
cobalt, cerium, oxygen, silicon, and carbon. Typical
examples of the high-resolution Co2p and Ce 3d
spectra and their decomposition into components are

shown in Fig. 4.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

The atomic fractions of Co and Ce in different
electronic states and the ratios of elements on the sur-
face of the samples, calculated from the recorded
spectra, are summarized in Table 3. It is clear that all
the composites contained cobalt in the Co** and Co?*
states, and the fraction of the higher state of oxidation
predominated in almost all the samples, as is charac-
teristic of Co;0, oxides. Introducing a small amount
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Table 3. Atomic fractions of the states of Co and Ce, and the XPS ratios of elements on the surfaces of samples

Co 2p;)5, at % Ce 3ds, at % Atomic ratio
Sample Co3*/Co?*

Co?* Co** Ce’* Ce** Co/Si Ce/Si Co/Ce
3Co/Si,, [23] 45 55 1.22 — — 0.09 — —
3Co-2Ce/Si,, 43 57 1.33 10 (40) 90 (60) 0.15 0.10 1.6
2Ce/3Co/Si,, 42 58 1.38 7 (35) 93 (65) 0.04 0.16 0.26
3Co/14Ce/Si,, 50 50 1.0 0(09) 100 (91) 0.21 1.14 0.18
15Co/Sip, 39 61 1.56 — — 0.05 — —
9Ce/15Co/Si 57 43 0.75 7 (46) 93 (54) 0.06 0.04 1.5

Values in parentheses were obtained with long periods of signal acquisition.

of cerium (Co/Ce = 3) on an opal surface raised its
fraction of Co®*, while a large increase in the amount
of cerium in the 3Co/14Ce/Si,, composite was
accompanied by a drop in the fraction of Co®'.
Cerium was in this case mostly in the form of CeO,
and, unlike the 2Ce/3Co/Si,, and 3Co—2Ce/Si,,
composites with low contents of Ce, varied only
slightly under the conditions of recording the spectra.

The state of the metals in the 9Ce/15Co/Si,,,
bimetallic sample on meso—microporous silica dif-
fered from that in the other composites. The fraction
of cobalt in the lower state of oxidation (Co?") was in
this case higher than in the sample’s monometallic
15Co/Si,,,,, counterpart. It is also clear from Table 3
that the ability of cerium in this sample to be reduced
under the action of X-ray radiation was enhanced, rel-
ative to that in the composites on opal. This resulted in
a larger increase in the fraction of Ce3".

The observed differences are likely attributable to
the structural features of the silicas and the different
patterns of interaction between their surface groups
and cobalt and cerium oxides. The penetration of
oxides into the porous structure of silicas can be
assessed by comparing quantitative data on the com-
position of elements on the surfaces of the modified
supports and in their bulk, while remembering that
XPS allows us to analyze only the surface layer of each
sample (about 5 nm). The data in Table 3 suggest that
the relative amounts of Co and Ce on the surface were
lowest in the 15Co/Si,,,,, and 9Ce/15Co/Si,,,,, samples
on meso—microporous silica, despite their high con-
tent in bulk. This finding is consistent with a drop in
the pore volumes (Table 2) of the Si,,,, samples after
decoration and indicates stronger interaction between
the introduced components and the surfaces of meso—
microporous silica.

On opal, the fraction of cobalt on the surface of the
bimetallic systems depended on the order in which the
components were introduced. When cobalt was intro-
duced second or along with cerium, the amounts of
Co on the surfaces were higher than on their 3Co/Si,,
monometallic counterpart (the Co/Si ratio rose from
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0.09 to 0.15—0.21 when cerium was used). At the same
time, the fraction of Co on the surfaces fell consider-
ably when the order of introducing the components
was reversed. The Co/Ce atomic ratio on the
2Ce/3Co/Si,, surface was almost 6 times less in com-
parison with the 3Co—2Ce/Si,, sample of the same
composition (0.26 and 1.6, respectively). The Co/Ce
ratios on the surfaces of all composites were lower than
volume ratios of 3: 1 and 4 : 1. The closest values of ~2
were obtained by introducing two components into
opal Si,, simultaneously, and on the 9Ce/15Co/Si
sample when introducing the components into Si,, in
sequence.

Infrared Spectroscopy of the Prepared Samples

The interaction among the introduced cobalt and
cerium oxides and the silica surfaces was studied via
transmission Fourier transform IR spectroscopy. Fig-
ure 5 compares spectra of the original and decorated
silicas in the region of intense bands of vibrations of
the supports, recorded at a high ratio of KBr dilution.
The absorption bands in the region of 1100—1200 and
805—807 cm ™! were attributed to the asymmetric and
symmetric stretching vibrations of Si—O—Si bonds,
while the bands at 940 and 476 cm ™! correspond to the
bending vibrations of Si—OH and Si—O-—Si bonds
[40]. It is clear from the figure that the introduction of
metal oxides had almost no effect on the position of
the bands of Si—O-—Si vibrations in macroporous opal
Si,p, while the bands of the asymmetric stretching
vibrations shifted to the region of high frequencies in the
meso—microporous Si., supports (from 1086 cm™! in
the original Si,, to 1092 and 1096 cm™' in
3Co/2Ce/Si,,,, and 3Co/Si,,,, respectively). At the
same time, the band of symmetric vibrations shifted
toward lower frequencies. The frequency of the
Si—O-Si bending vibrations at 476 cm ™! also grew to
484 or 488 cm ™! upon introducing cobalt oxide or two
different oxides into 3Co/2Ce/Si,,,,. The observed
spectral changes suggest that the surface groups of sil-
ica Si,,, interact with the modifying additives of cobalt
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Fig. 5. Infrared spectra of original and Co/Ce-decorated
silicas of different compositions.

and cerium cations. Note that the effect the interac-
tion between cerium and silicas had on the spectra of
the silicon—oxygen supports was greater than the one
caused by introducing cobalt.

Figure 6 shows the IR spectra recorded for more
concentrated mixtures of samples with KBr. The
emergence of two distinct bands at 565—568 (v,) and
661—662 cm™! (v,) attributed to the stretching vibra-
tions of metal—oxygen bonds confirms the formation
of'a Co;0, oxide spinel on the surfaces of the modified

A (a)
—— 3Co/14Ce/Sis, 568 \/
—— 3C0-2Ce/Si,,
——2Ce/3Co/Sis,
—— 3Co/Siq, \/
[wi
[a+]
S
o
J 566
700 650 600 550

v, cm’!

1985

silicas [23, 41, 42]. The v, band can be attributed to the
vibrations of Co*' in the octahedral position on the
spinel lattice, while the v, band corresponds to the
vibrations of Co?" in the tetrahedral holes [41, 42]. It
is clear from Fig. 6a that the bands of vibrations of
Co0,0, in the spectra of the bimetallic composites on
opal shifted slightly toward higher frequencies, relative
to the bands of Co/Si,,. The largest shifts (from 566 to
568 cm™!), which were accompanied by band broad-
ening, were observed for the v, band of the Co**—0
vibrations in the composites with large amounts of
cerium oxide (3Co/14Ce/Si,,) or in those synthesized
via the co-introduction two oxides (3Co—2Ce/Si,,).
Similar changes in the spectra of cobalt oxide that tes-
tify to interaction between the oxides of the two metals
were observed earlier for Co;0,—CeO, systems [43].

It is clear from Fig. 6b that the spectra of Co- and
Co/Ce-modified silicas Si,,, containing 3% Co,
unlike those of the samples of the same composition
on Si,, (Fig. 6a), did not exhibit the v, and v, absorp-
tion bands characteristic of the stretching vibrations of
oxide Co;0,. Only when the amount of cobalt was
raised by 5 times did the spectra of the 15Co/Si,,,, and
9Ce/15Co/Si,,,, composites begin to exhibit bands of
cobalt oxide spinel at 662 and 565 cm™!, the positions
of which depended only slightly on the presence of
cerium. However, cerium had a strong effect on the
position of the band of the Si—O—Si bending vibra-
tions of the original Si,,,, support, as was seen with
high ratios of dilution at 476 cm™! (Fig. 5). At lower
ratios of dilution, it took the form of a broad peak at
489 cm™! (Fig. 6b). The frequency of this vibration
grew for all samples of the modified silicas. With the

—_— ISCO/Slmm
— 3CO/2C6/Slmm
— 3CO/Simm A

— Simm

662

Absorbance

807

900 800 700 600 500

Fig. 6. Infrared spectra of Co/Ce-modified (a) Siy, and (b) Sip,p, silicas of different compositions.
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composites containing cerium, the frequency rose to
502 and 508 cm™! for 9Ce/15Co/Si,,, and
3Co/2Ce/Si,,,, respectively (Fig. 6b). The observed
changes in the spectra of the original support and the
lack of cobalt oxide bands in the spectra of the modi-
fied 3Co/Si,,,, and 3Co/2Ce/Si,,,, silicas suggest that
cobalt and cerium cations interacted strongly with the
surface hydroxyl groups of Si,,,,. This agrees with our
XPS data (Table 3), which show that the content of
cobalt and cerium on surfaces was much lower than in
bulk, even in the samples containing 15% Co.

Results from our physicochemical studies of the
samples suggests that the distribution of cobalt and
cerium oxides, the degree of dispersion of the parti-
cles, and the electronic state of the metals were largely
determined by the morphology of SiO, particles and
the pattern of the interaction among the introduced
oxides and the silica surface. These differences in the
structure of the samples affect their behavior in the
CO-PROX process.

Catalysis of the Selective Oxidation of CO

Typical temperature dependences of CO conver-
sion are shown in Fig. 7, using the example of
2Ce/3Co/Si,, and 3Co/14Ce/Si,, samples and data
obtained in [23] for a monometallic 3Co/Si,, sample.
These dependences have the shape typical of CO con-
version in excess hydrogen. Conversion began to fall
upon reaching a certain temperature (7,,,,), due to
competition with H, oxidation—an undesirable pro-
cess [23, 32, 44]. The curves recorded in the heating
and cooling cycles virtually coincide. The greatest
conversion of CO was nearly 100% with the most
active 2Ce/3Co/Si,, bimetallic sample. It fell only
slightly when the temperature was raised, in contrast
to the 3Co/Si,, monometallic composite, for which
the conversion of CO was less than 90% at 170°C and
then fell abruptly. It is known that introducing cerium
oxide enhances the catalytic ability of cobalt oxide,
even though cerium oxide is inactive in the oxidation
of CO [28—32]. Introducing a larger amount of cerium
(Co/Ce = 0.5) reduced the activity of the
3Co/14Ce/Si,, catalyst at low temperatures, com-
pared even to that of 3Co/Si,,. The activity of this
sample grew when the temperature was raised. The
maximum conversion of CO reached the values
obtained with the monometallic sample, and
remained virtually the same when the temperature was
raised to 190°C.

The catalytic properties of all studied samples are
compared in Table 4. It is clear from a comparison of
the data for the samples with the optimum composi-
tion on opal, which were synthesized with the sequen-
tial (2Ce/3Co/Si,,) and simultaneous introduction of
the components (3Co—2Ce/Si,,), that the order of
introduction affected the catalytic properties only
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Fig. 7. Temperature dependences of CO conversion (0cg)
inthe CO-PROX process with Co/Ce/Si,. The solid lines
and colored symbols show heating cycles; the dashed lines
and partially colored symbols represent cooling cycles.

slightly. The choice of silica had a strong effect. Both
mono- and bimetallic samples on Si,,,, with a Co con-
tent of 3% exhibited weak activity in the oxidation of
CO (T5, > 200°C). Hydrogen was largely oxidized at
high temperatures, therefore, it is not possible to
achieve high conversion of CO with these catalysts.
Raising the content of Co in the 15Co/Si,,, and
9Ce/15Co/Si,,,, samples improved their catalytic
properties somewhat, but even those samples in which
the amount of cobalt was quintupled were inferior to
the decorated opals in activity. It is also clear from
Table 4 that introducing cerium oxide worsened the
catalytic ability of cobalt oxide slightly in the case of
Si,,,, rather than improving it.

These differences can be attributed to different pat-
terns of distribution of the introduced oxides in the
structure of the Si,, and Si,,, silicas. In the structure
of opal consisting of densely packed particles of non-
porous silica, fairly large Co;0, particles form in the

Table 4. Temperatures 755 and 7,,,, and maximum values
of CO conversion for studied samples

Sample Tso, °C Trnax> °C CO, x> %
3Co/Si,, 128 170 90
3Co0-2Ce/Si,, 124 170 96
2Ce/3Co/Si, 118 170 97
3Co/14Ce/Siy, 138 170 88
3Co/Sipm 215 230 58
3Co/2Ce/Sipm 215 230 58
15Co/Siym 145 170 78
9Ce/15Co/Siym 155 190 75
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gaps between the spheres. These particles are less
prone to interacting with the silanol groups of silica
and more readily allow the electronic transitions in
Co*"/Co?* pairs that are required for catalysis [23].
X-ray diffraction showed that regardless of the silica
structure, cerium oxide particles have similar sizes of
around 2 nm (Table 2), but their distributions in Si,,
and Si,,,, are different. In opal, they most likely form
on the surfaces of large cobalt oxide particles in the
gaps between nonporous SiO, spheres. This provides
the best conditions for the synergistic effect of Co and
Ce in catalysis. The reasons for it are associated with
the formation of new Co—O-—Ce active sites, the
emergence of a supplementary source of active oxy-
gen, and an increase in the stability of cobalt oxide
with regard to reduction and poisoning by oxidation
products such as CO, and H,O upon interacting with
cerium oxide [28—32, 44].

The considerable surface area and developed thin-
walled porous structure of Si,,, (Table 2) result in a
large number of reactive silanol groups on its surface,
with which the introduced precursors primarily inter-
act [45]. IR spectroscopy showed that cobalt oxides
did not form in samples with low contents of cobalt
(3%), which displayed weak activity in catalysis.

Raising the content of cobalt to 15% resulted in
finely dispersed Co;0, particles around 5 nm in size,
which is comparable to the size of pores in Si,,,,. These
particles were most likely localized in the silica pores,
as was indicated by the low surface concentration of
cobalt (Table 3). When introduced in addition to
cobalt oxide, cerium oxide (which is prone to interact-
ing with silica) probably occupies free regions of the
surface or partially blocks the silica pores in which
cobalt-containing particles active in catalysis are
localized. This reduced the catalytic activity of the
bimetallic sample somewhat, relative to that of its
cobalt-containing counterpart (Table 4). XPS also
showed that much of the cobalt in this sample was kept
in the less active Co®" state, as was the case in the orig-
inal cobalt nitrate (Table 3). This also indicates there
was the strong interaction with surface silanol groups,
which is unfavorable for catalysis and is likely to result
in the formation of cobalt phyllosilicates [46].

CONCLUSIONS

The best conditions for the joint action of Co and
Ce were ensured by introducing them into large pores
in the gaps between the spheres in the opal structure.
Cerium oxide particles formed mostly on the surface
of large cobalt oxide particles, due to small area and
lack of a system of tiny pores in the opal. This resulted
in the formation of new Co—O—Ce active sites in
which the electronic transitions in Co*"/Co?" and
Ce’"/Ce*" pairs that are responsible for catalytic
activity readily occured. In terms of activity, these
samples are comparable or even superior to catalysts
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based on bulk cobalt and cerium oxides. With 10%
Co50,/Ce0,, a CO conversion of 94% was achieved at
175°C [29]. The oxidation of CO predominated at
temperatures up to 175°C when the order of depositing
10% CeO, on a Co;0, surface was reversed. The oxi-
dation of H, then began and the conversion of CO was
reduced [44]. Under similar conditions, supported
catalysts based on zeolites modified with Co and Ce
ensured 95% conversion of CO at 190°C [32]. Their
activity was associated with the formation of new cat-
alytic sites in the zeolite pores. Meso—microporous
Si,, silicas decorated with cobalt and cerium oxides
displayed weak activity, since strong interaction
between the active components in these samples and
the support hindered their joint action in catalysis. A
similar effect of weakening the joint action of Cu and
Ce in the CO-PROX process upon raising the specific
surface area of SiO, from 20 to 650 m?/g was observed
in [47]. A comparison of these data and the results
from this study suggests that the low specific surface of
silica contributed to better contact between the active
components and raised the efficiency of their joint
action as catalysts. In this context, synthetic opal
could be a promising support in creating bimetallic
catalysts for various processes. The regular structure of
this material and the system of wide pores in the gaps
between the silica spheres, which ensure the formation
and stabilization of the active phase, favorable condi-
tions for the diffusion of the reactants and reaction
products, and chemical inertness and high thermal
stability, allow us to consider synthetic opal as a nano-
reactor for the implementation of catalytic processes.
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