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The role of zirconia in cobaltosic oxide catalysts for
low-temperature CO oxidation
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A series of Co3z04/ZrO, catalysts for low-temperature CO oxidation was prepared with different ZrO,
loadings and different preparation methods, and then characterized by low-temperature N, adsorption/
desorption, XRD, TEM, XPS, UV-vis, CO-TPR, CO adsorption and CO, desorption. The results show that
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ZrO, not only increases the specific area and decreases the crystal size of Coz04 in CZ-c-20 and CZ-f-

20, but also promotes production of Co?* and —O~, which shows the high catalytic activity for CO
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1. Introduction

Catalytic oxidation of CO has become increasingly important
in the catalytic field owing to its applications in cleaning
indoor air and purifying the effluent gas from various
industrial sources, automobile exhausts and fuel cells. To
effectively eliminate CO, many catalytic systems, such as
noble catalysts (Pt, Pd, Rh, Au),"™* perovskite catalysts®” and
transition metal oxides (TMOs) catalysts,®** have been
employed. Among these catalysts, although supported noble
metal catalysts showed high activity for CO oxidation with
100% CO conversion from 100 °C upward in excess oxygen
atmospheres,»>**® the major disadvantages, such as high
cost, easy poisoning and possibility of sintering during the
treatment of the exhaust gases, limit their commercial
applications and finding alternative TMOs catalysts is highly
desired.

Among the TMOs, Coz;0y, as an alternative to a noble metal,
exhibits high catalytic activity for low-temperature CO oxida-
tion**** owing to its advantages of low Co-O bond energy, high
adsorption ability for CO, and perfect capability to activate
oxygen.”® Over the last few decades, the properties of Coz;0,
materials with various morphologies, such as nanospheres,
nanocubes, and mesoporous structures, obtained from
different preparation methods have been investigated, and it
has been shown that their catalytic performances strongly
depend on the exposed facet as well as the morphology. The
experimental and theoretical results*****?¢?® indicated that
oxygen activation plays a very important role in the reaction
processes on the surface of Co;0, and oxygen vacancies are
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catalytic stability for CO oxidation.

oxidation. The facile decomposition of carbonate and the high redox properties over ZrO, promote the

thought to be the key active sites for CO oxidation. Hence, it
should be a useful method to increase the CO oxidation
performance of Co;0,4 by tuning the amount of surface oxygen
vacancies through pretreatments under different conditions,*
doping heteroatoms in the bulk of Co;0,4,>* etc. Unfortunately,
Co;0, can easily lose its catalytic activity for because its surface
is very sensitive to surface carbonate species® and the water
concentration of the feed gas, which is thought to inhibit the O,
activation.”?*® Therefore, further improving the -catalytic
stability via doping with heteroatoms is imperative.

To further improve the catalytic activity and stability for CO
oxidation, Co;0, is often supported or promoted by other
oxides, such as CeO,,** Si0,,*' TiO,,** and iron oxide.** In recent
years, Co/ZrO, has been found to be an active and selective
catalyst for the preferential oxidation of CO** and cobalt sup-
ported over ZrO, shows much higher activity for preferential
oxidation of CO than CuO or Fe,O; supported over ZrO,.** Zhao
et al.*® also found that Co;0,4/ZrO, showed the higher catalytic
activity for preferential oxidation of CO than other supports
(Ce0,, Si0,, Al,03, and TiO,) for it had higher cobalt dispersion
and more exposed sites for CO adsorption. Xiao and co-
workers®” also found that Co;0,/ZrO, displayed higher methane
combustion activity than Co;0, supported over TiO,, Al,O; and
MgO. By virtue of its versatile properties, such as acid, alkaline,
oxidation and reducibility, ZrO, is widely used as a supporter of
catalysts for methanol synthesis, methanol steam reforming
and low-temperature catalytic CO oxidation. It not only
supports and disperses the metal component, but also
promotes the catalytic performance through forming strong
interactions with the metal component, which can promote
species spillover between the metal and the ZrO, as well as
stabilizing the active site of the metal component by forming
oxygen vacancies. In our previous work, we also found that
ZrO, not only promoted water molecules to dissociate and
form Cu® active sites over Cu/ZrO,, but also accelerated the
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decomposition of formate and carbonate species to CO,.*®
Furthermore, Petrik* found that the water molecules strongly
adsorbed on the surface of ZrO, readily dissociate to produce
H,, while water adsorbed over Coz;0, is unable to decompose to
H,. By means of XPS, Sun et al.*® also found that ZrO, could
promote water molecule to dissociate, and then CoO was
oxidized to Co?" over Co/ZrO,. As is well known, adsorbed water
and the formed carbonate species can result in deactivation of
Co30, for CO oxidation, so introduction of ZrO, in Co;0, might
be an effective method of inhibiting its deactivation.

In the present work, three types of Co;0, catalysts, in which
ZrO, was introduced by impregnation, fractionated precipita-
tion and co-precipitation method, and different interactions
were formed because of different dispersions between zirconia
and Co;0,, were prepared for low temperature catalytic CO
oxidation. We found that ZrO, and its introduction methods
have a remarkable effect on the catalytic performance for CO
oxidation. On the basis of its physicochemical properties,
surface species and the adsorption ability for CO, the role of
ZrO, in promoting Co;0,'s catalytic activity for CO oxidation
was investigated. In addition, the effect of ZrO, on the catalytic
stability of Co;0,4 was also discussed.

2. Experimental section
2.1 Catalyst preparation

2.1.1 Co-precipitation method. Accurately measured stoi-
chiometric aqueous mixtures of Co(NOs),-6H,O (A.R., Sino-
pharm Chemical Reagent Ltd.) and ZrOCl, (A.R., Sinopharm
Chemical Reagent Ltd.) as well as of an aqueous solution of
Na,CO; (0.5 M, A.R., Sinopharm Chemical Reagent Ltd.) were
added to the precipitating reactor under vigorous stirring at
40 °C, while the pH value of the reaction medium was kept at 9.
Subsequently, these reaction media were aged under stirring for
1 h at 40 °C for 1 h. After filtration and washing with de-ionized
water until the filtrate was neutral, the precursor was dried at
120 °C for 12 h, and then calcined at 450 °C for 4 h. The ob-
tained Co3;0,/ZrO, samples were denoted as CZ-c-x, in which ¢
represents the co-precipitation method and x is the % ZrO,
mass content (the same notation is used below), and Coz;0,
without ZrO, was denoted as C-c.

2.1.2 Impregnation method. 5 g of C-c powder was poured
into the 50 mL aqueous solution with stoichiometric Zr(NOs),
under vigorous stirring at 40 °C for 4 h. After drying off excess
water at 60 °C, the remainder was further dried at 120 °C for 12 h
and calcined at 450 °C for 4 h, and the product was denoted as CZ-
i-x.

2.1.3 Fractionated precipitation method. An aqueous
solution of Co(NO3), (0.5 M) and an aqueous solution of
Na,CO; (0.5 M) were added to the precipitating reactor under
vigorous stirring at 40 °C and pH 9. Subsequently, a solution
of Zr(NO3), and a solution of Na,CO; were added under the
same precipitation conditions as in Section 2.1.1. The pro-
cessing procedure used for the suspension liquid was the
same as that described in Section 2.1.1 and the obtained
catalyst was labeled as CZ-f-x.
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2.2 Catalytic activity testing

The catalytic activities of the prepared catalysts for CO oxidation
were determined in a fixed-bed flow reactor at atmospheric
pressure. 200 mg of catalyst (40-60 mesh) and 500 mg of silica
sand were mixed and placed in the center of a quartz reactor
(diameter 6 mm). After being pretreated in N, flow (30 mL
min~", purity: 99.99%) at 300 °C for 1 h and then cooled down
to reaction temperature, the feed gas consisting of 2% CO, 10%
0, and 88% N, (30 mL min ") was passed through the catalysts.
The reaction temperature was controlled by a cold trap filled
with some amount of liquid nitrogen, in which different
temperatures are obtained at different heights above the liquid
level of the liquid nitrogen. The concentrations of CO and CO,
in the tail gas from the reactor were analyzed on-line by a gas
chromatograph (GC 2060), in which CO and CO, were separated
by TDX-01 column, and were then converted into methane by
a methane reforming furnace, then finally analyzed with
a hydrogen flame ionization detector.

2.3 Characterization of the catalysts

The BET surface areas of the samples were measured by N,
adsorption-desorption at —196 °C on a micromeritics ASAP-
2020 instrument, and were calculated by the Brunauer-
Emmett-Teller (BET) method. Powder X-ray diffraction (XRD)
patterns were recorded on a PANalytical PW 3040/60 X'Pert Pro
powder diffractometer using Cu-Ka radiation, which was oper-
ated at 40 kV and 40 mA with a scanning speed of 4° min . The
crystal size of Co;0, was calculated from XRD spectra by using
the Scherrer equation. High resolution transmission electron
microscopy (HR-TEM) images were obtained on a Hitachi
Model H-800 microscope operated at 200 kV, and the sample to
be measured was first dispersed in ethanol and then collected
on a copper grid covered with carbon film. After the liquid
phase was evaporated, the grid was loaded into the microscope.
Energy dispersive X-ray (EDX) and dot maps of the catalysts were
characterized by scanning electron microscopy (type HITACHI
S-4800) with an accelerating voltage of 3 kV. UV-vis diffuse
reflectance spectroscopy measurements were carried out on
a UV-3600 spectrometer equipped with an integration sphere. X-
ray photoelectron spectra (XPS) were recorded using a JEOL JPS-
9000MX with Mg Ka radiation at 10 kV and 10 mA using C;S
284.2 eV as an internal standard. All the catalysts were pre-
treated for 1 h in N, at 300 °C before UV-vis and XPS
measurements.

CO adsorption and CO, desorption were performed in
a quartz tube reactor system equipped with a quadrupole mass
spectrometer (MS, IPC 400, INFICON Co. Ltd.). 200 mg of
sample (40-60 mesh) was pretreated in N, (purity: 99.99%) at
300 °C for 60 min then cooled down to room temperature.
Subsequently, a mixture of 5% CO/N, was passed through the
catalysts at 30 mL min~" for 30 min; meanwhile the signals of
CO (m/z = 28) and CO, (m/z = 44) were recorded using a quad-
rupole mass spectrometer. After that, the sample was swept
with a 40 mL min~" He stream (purity: 99.99%) until no CO
signal was determined. Finally, the sample was heated in 40 mL
min~" He flow from ambient temperature to 750 °C at
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a ramping rate of 10 °C min '; meanwhile, the CO and CO,
signals were recorded.

The redox properties of the catalysts (CO-TPR) were deter-
mined in a quartz U-tube equipped with a quadrupole mass
spectrometer (MS, IPC 400, INFICON Co. Ltd.). 200 mg of
catalyst was pretreated in N, (purity: 99.99%) at 300 °C for
60 min, then cooled down to room temperature, and then
exposed in the flow of 10 vol% H,/N, mixture (30 mL min ).
After obtaining a balanced baseline, the sample was heated
from room temperature to 800 °C at a ramping rate of 10 °C
min~'; meanwhile the CO signal was recorded.

3. Results

3.1 Catalytic performance

To clarify the effect of ZrO, on the catalytic activity for CO
oxidation over Co0;0,/ZrO,, the variation trends of catalytic
activity on the ZrO, are presented in Fig. 1. It is clear that the
ZrO, components brought about the remarkable influence on
the catalytic activity for CO oxidation, in which the lowest
temperature of complete conversion (LTCC) decreased from
—50 °C to —85 °C with increasing ZrO, loading from 0% to 10%,
maintained at —85 °C from 10% to 20% ZrO,, increased to
—45 °C with 40% ZrO, and sharply increased to 150 °C with 50%
ZrO,. These results illustrated that the main component being
Co30, in CZ catalysts is necessary to obtain the high activity for
CO oxidation. As is well known, Co30, is easy to deactivate even
in the presence of trace amounts of vapor in the feed gas;
accordingly, the catalytic stability at the LTCC is also shown in
Fig. 1. When 3% ZrO, was introduced, the duration of complete
conversion of CO at the LTCC decreased to 60 min relative to C-
¢, which should be attributed to the decrease of the reaction
temperature (LTCC). Moreover, it further increased with further
increased ZrO, loading and reached 130 min with 20% ZrO,,
then decreased to 60 min with further increase of ZrO,.
Therefore, CZ-c-20 (with 20% ZrO,) showed the optimal catalytic
performance with the dual nature of the highest catalytic
activity and the highest stability.

140
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LTCC/°C
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-100

The duration of 100% conversion at LTCC /min

T T T T 50
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Fig. 1 Effects of ZrO, loading on catalytic activity for CO oxidation
over Coz04/ZrO,, in which solid and hollow circles represent the
lowest temperature of complete conversion (LTCC) for CO and the
duration of the catalysts maintaining complete CO conversion at
LTCC, respectively.
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Fig. 2 The catalytic activities for CO oxidation over Coz04/ZrO, with
different preparation methods.

As shown in Fig. 2, the preparation methods have
a significant influence on the performance of the catalyst for
CO oxidation. Among them, CZ-c-20 exhibits the highest
catalytic activity with 100% CO conversion at —85 °C while
CZ-i-20 shows the lowest activity with 100% CO conversion at
—20 °C. Furthermore, CZ-f-20 shows a little lower catalytic
activity than CZ-c-20 with an LTCC of —75 °C, and C-c shows
an LTCC of —40 °C.

The stability of the CZ catalysts with different preparation
methods during the CO oxidation reaction was also investi-
gated in on-stream operation at the LTCC and the results are
displayed in Fig. 3. Among them, the catalytic stability
decreased in the order of CZ-f-20 > CZ-c-20 > C-c > CZ-i-20,
which is similar to the activity variation trends except for
the sequence of CZ-f-20 and CZ-c-20 was reversed. In spite of
the highest activity of CZ-c-20, CZ obtained from the frac-
tionated precipitation method exhibited the highest stability
with much higher activity relative to that of C-c; in contrast,
impregnation of ZrO, over CozO, markedly lowered the
activity and stability, illustrating that the physical state of
ZrO, and interaction between Coz0,4 and ZrO, could signifi-
cantly affect the catalytic performance.
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Fig. 3 Stability tests of the catalysts for CO oxidation.
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Table 1 Physical properties of Coz04/ZrO, catalysts

Sample Sggr/m” g~ Crystal size of Co;0,/nm
C-c 124 17.5
CZ-i-10 95 16.9
Cz--20 169 15.8
CZ-c-5 161 16.0
CZ-c-10 160 16.1
CZ-c-20 167 15.6
CZ-c-40 156 16.9

3.2 N, adsorption-desorption and XRD

With the help of low-temperature N, adsorption, the BET
surface areas (Spgr) of the catalysts were determined to clarify
the effect of ZrO, on the specific area of Co;0,. As shown in
Table 1, pure Co3;0, exhibited the largest surface area of 124
m? g~ ', which could account for the high activity of C-c. With
the introduction of ZrO,, the specific areas of the catalysts
showed a different change; for example, that of CZ-i-10
dropped to 95 m> g~ ', while those of CZ-f-20 and CZ-c-20
increased to 169 and 167 m* g ', respectively. Combined
with the variation trend of catalytic activities, it is clear that
introduction of ZrO, with co-precipitation or fractionated
precipitation can lead to the increase of the specific area of
Co030, and then promote the catalytic activity, but doping
ZrO, with impregnation methods can lower the catalytic
activity due to the decrease of the specific area. As shown in
Fig. 4, the XRD patterns of all catalysts exhibited the char-
acteristic diffraction peaks of the cubic spinel structure
Co30, (JCPDS card 43-1003), but were absent of any peaks of
Zr0,, illustrating that ZrO, is in the highly dispersed state or
amorphous state. Moreover, the crystallite sizes of C0;0y,
which were calculated by Scherrer's equation** and are shown
in Table 1, show that the crystal size of cobaltosic oxide
decreases in the order of C-¢c < CZ-i-10 < CZ-f-20 < CZ-c-20,
illustrating that ZrO, introduced through co-precipitation
or fractionated precipitation method remarkably promotes
the dispersion of Co30,.

Intensity /a. u.

T T T T T
30 40 50 60 70 80

20/ °

Fig. 4 XRD spectra of C-c (1), CZ-i-10 (2), CZ-f-20 (3) and CZ-c-20
(4).
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3.3 Transmission electron microscopy (TEM)

As shown in Fig. 5, the morphologies of C-c, CZ-f-20 and CZ-c-20
observed using transmission electron microscopy (TEM) reveal
that the particles composing all the catalysts are ellipsoidal and
C-c displays the distribution of particles of size 15-19 nm,
which is reduced to 14-16 nm with the introduction of ZrO, and
is consistent with the results of crystal size from the Scherrer
formula from the XRD data. It is difficult to distinguish Co;0,
from ZrO, in the TEM images, but the (111) planes with spacing
of 0.462 nm present in all samples, illustrating that the ZrO,
promoter does not obviously change the morphology of Co;0,.

3.4 EDX analysis

The EDX analyses of prepared samples are shown in Fig. 6 to
illustrate the elements dispersion and distribution on the
surface of the catalysts. As shown in Fig. 6, the component
distributions of both samples are uniform in spite of the
different catalyst preparation methods. Compared with the
ratios of components, it is shown that the contents of Zr and O
are higher on the surface of CZ-f-20 than those on the surface of
CZ-c-20, illustrating that the subsequent precipitation of the Zr
component in the process of the fractionated precipitation
method can cause enrichment of Zr and O on the surface of the
CZ catalysts.

3.5 X-ray photoelectron spectroscopy (XPS)

As we all know, the XPS spectra of CoO, samples consist of two
main peaks at about 780 eV for Co 2p3,, and at 795.5 eV for Co
2p1/2- Although the binding energies of Co 2p;,, and Co 2p;, of
Co”" are relatively vicinal, the Co®" can be distinguished by the
shake-up satellite peaks at ~787.0 and 804.0 eV, arising from
the presence of unpaired electrons in the 3d orbital of Co>".
Unlike the Co®" compounds, Co®" is almost always absent from
unpaired electrons and is in a low spin state in the octahedron

Fig. 5 TEM images of C-c (a), CZ-f-20 (b) and ZC-c-20 (c).

RSC Adv., 2016, 6, 111070-111078 | 111073
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Fig. 6 EDX analysis of, CZ-f-20 (a) and ZC-c-20 (b).

coordination, therefore the shake-up satellite peaks are not
observed owing to no energy transfer to an unpaired electron.*
As shown in Fig. 7(a), the satellite peaks at 787 and 804 eV
increase in the sequence of C-c < CZ-f-20 < CZ-c-20, illustrating
that introduction of ZrO, can increase the content of Co*".
The O 1s XPS spectra shown in Fig. 7(b) consist of a main
peak at 529.9 eV with a shoulder peak at 531.1 eV attributed to

Co2p,,

Satellite i Satellite

C.P.S./a. u.

13

T T T T T
8 800 790 780 770

Binding energy / eV

c.p.s./a. u.

530 535
Binding energyl/eV

Fig. 7 The Co 2p (a) and O 1s (b) XPS spectra of C-c (1), CZ-f-20 (2)
and CZ-c-20 (3).
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Table 2 Curve-fitting results from XPS data on the O 1s binding
energies (BE), and the relative amount (%) of the oxygen-containing
species in various samples

Catalyst C-c CzZ-£-20 CZ-c-20

529.86 (45%)
530.97 (55%)

529.96 (35.4%)
531.09 (64.6%)

529.99 (42.6%)
531.17 (57.4%)

¢ The position of OI or OII based on which the curve of OI/OII was fitted
and the relative amount of OI or OII, which is shown in parentheses and
was the ratio of the intensity of the OI or OII peak to that of the total O 1s
peak.

two types of oxygen species. In general, the peak at ~529.9 eV is
associated with lattice oxygen species (-O> -, denoted as OI)
and that at 531.1 may be ascribed to oxygen species (denoted as
OII) in hydroxyl groups or -O™.*»** Deconvolution of the original
O 1s features was carried out based on the position at about
529.9 and 531.1 eV and the peak positions and their relative
contents are summarized in Table 2. It is clear that the ratio of
OII : Ol decreases in the sequence of C-c < CZ-c-20 < CZ-f-20. It is
well known that ZrO, can promote the dissociative adsorption
of water to form the hydroxyl over the catalysts, which illustrates
the increase of OII species.

3.6 UV-vis diffuse reflection spectroscopy

The catalysts were also investigated by UV-visible reflection
spectroscopy (UV-vis), which is shown in Fig. 8(a). C-c shows two
distinct absorption bands centered at about 430 and 735 nm,
which were assigned to the ligand to metal charge transfer
(LMCT) events, such as 0>~ — Co®" for the first adsorptions (1 <
500 nm) and O, — Co®" for the second adsorptions (A > 750
nm).**** With the introduction of ZrO,, the absorption edge
shifted to lower energy longer wave length, with CZ-f-20 and CZ-
¢-20 centering at about 399 and 690 nm and CZ-i-10 at 356 and
653 nm. Furthermore, the absorption band gap (Eg) of the
catalysts could be estimated by the following relation: (Ahv)* =
B(hv — Ey),">*¢ in which hv is the photon energy (eV), 4 is the
optical density, B is a constant, and E, is the band gap described
above. The plot of (4av)* vs. hv is drawn to calculate the band
gap by extrapolating the linear region in the plot of (ahv)® vs. hv,
which is shown in Fig. 8(b). The C-c exhibits two E, values of
1.37 and 2.62 eV which are ascribed to the E; of the 0,” — Cco**
(Eg1) and O>° — Co®" (Ey,) charge transfer processes, respec-
tively, and are close to the values obtained from Co;0, nano-
particles.*® Introduction of ZrO, components in Co;0, leads to
the decrease of both of E¢; and Eg,; for example, the E; of CZ-i-10
are 1.33 and 2.22 eV, those of CZ-f-20 and those of CZ-c-20 are
1.33 and 2.4 eV.

3.7 CO adsorption and CO,-TPD

In order to monitor the responsivity of the surface of the cata-
lysts to CO, the adsorption of CO was carried out and the results
are shown in Fig. 9(a). When CO was introduced through the
catalysts, some amount of CO was adsorbed with a small
amount of CO, released. With the lengthening of the adsorption

This journal is © The Royal Society of Chemistry 2016



Paper

a
4
1
s 3
@
o
=
©
2
2 2
Qo
<
N\
T T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800
Wave length / nm
2 -
1 , b,
/ -
5 / / w3
o 262eV S / 1m£
£ // wg
< | 137ev 222eV PR
1336V °
»
s _ 2
2 3 4 54 2 3 4 5 [
=] 3 i 4 i an
=
-

(Ahv)/a. u
8 8
N
\
N\
\
)

! 2
239eV w L
134eV ”

° /’ }/ o
i 3 )

H 3
hviev

3
hvieV

Fig.8 UV-vis spectra (a) of C-c (1), CZ-i-10 (2), CZ-f-20 (3) and CZ-c-
20 (4) and the plot of (Ahw)? versus hv (b) for C-c (1), CZ-i-10 (2), CZ-f-
20 (3) and CZ-c-20 (4).

time, CO adsorption gradually reaches saturation state and the
CO adsorption signal becomes a horizontal line. Comparing
with CO adsorption signals over the different catalysts in
Fig. 9(a), it is clear that the amount of CO adsorption increases
in the sequence of CZ-i-10 < CZ-c-20 < C-¢c < CZ-f-20 and the
amount of released CO, increased in the order of C-c < CZ-i-10 <
CZ-c-20 < CZ-f-20. Furthermore, it is illustrated that the ZrO,
can promote the CO, to release and C-c shows the high amount
of CO adsorption despite the lower amount of CO,.

After CO adsorption saturation, CO,-TPD was carried out
and is shown in Fig. 9(b). It is shown that all catalysts exhibit
a broad CO, desorption peak at 70-350 °C, and its intensity over
CZ-f-20 and CZ-c-20 is much larger than that over C-c and CZ. In
addition, C-c shows a very strong desorption peak centered at
about 400 °C, which illustrates that carbonate species over it are
stable and decomposed at higher temperature and also
accounts for the large amount of CO adsorption with less CO,
release.

3.8 Redox properties

It is well known that the redox cycles are repeated on the surface
of catalysts, hence the redox properties of a catalyst are a key
factor to illustrate the catalytic activity and stability for CO
oxidation. As shown in Fig. 10, no evident reduction peaks are
observed over C-c in the first CO-TPR, whereas introduction of
zirconia can remarkably promote reduction of cobalt, in which

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 CO adsorption profiles (a) of C-c (1), CZ-i-10 (2), CZ-f-20 (3)
and CZ-c-20 (4) and TPD profiles of CO, (b) after CO adsorption at
ambient temperature for 30 min over C-c (1), CZ-i-10 (2), CZ-f-20 (3)
and CZ-c-20 (4).

the intensity of the reduction peak increases in the sequence of
CZ-i-10 < CZ-f-20 < CZ-c-20. After the first TPR, the catalysts were
oxidized at ambient temperature and were used for the second
TPR. The results of the second TPR demonstrate that all
samples displayed reduction peaks that were shifted to a lower
temperature position than that of the first TPR. Among them,
CZ-c-20 shows the strongest reduction peak whereas CZ-i-10 has
the weakest peak, illustrating that the redox properties of Cz-c-
20 and CZ-i-10 are the highest and the lowest, respectively,
which is also in agreement with the results of catalytic activity
for CO oxidation.

CO consumption signals / a. u.

T T T T T T
100 200 300 400 500 600 700
Reduction temperature / °C

Fig.10 CO-TPR profiles of C-c (1), CZ-i-10 (2), CZ-f-20 (3) and CZ-c-
20 (4), in which the solid and dashed lines are the profiles of the first
and the second TPR, respectively.
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4. Discussion

ZrO, is widely used as a supporter or promoter in many reac-
tions, such as methanol synthesis, methanol steam reforming,
and Fischer-Tropsch (F-T) synthesis, in which ZrO, not only
serves as the supporter to improve the dispersion of the active
site and the specific surface area of the catalysts, but also to
promote the electron interaction and species spillover between
mental and zirconia. Chen et al.*® found that the increase of the
Co/Zr ratio in Co/ZrO, prepared by coprecipitation method can
promote the reduction of cobalt species and then enhance the
activity for F-T synthesis. In previous work, we also found that
the interaction between copper and zirconia had a remarkable
effect on the catalytic performance for methanol synthesis*” or
methanol steam reforming;** moreover, enrichment of zirconia
on the surface of the catalysts is propitious to promote the
catalytic activity.***’ As regards CO oxidation, ZrO, could rein-
force the cobalt oxide and support interaction, promote the
redox properties of spinel Co;0,, and then promote the catalytic
activity for CO preferential oxidation.***”

To clarify the role of ZrO, in Co3;0,4, the performance of
C030,4/ZrO, prepared with different Co/Zr ratios via co-
precipitation method was investigated at first. As we expected,
introducing the zirconia in Co;0, can enlarge the surface area
and hinder the aggregation of the Coz;0, crystal grains.
However, the change in the trend of catalytic activity is not in
agreement with that of the specific areas, illustrating that
factors other than the specific area and crystal size should be
taken into account. When the loadings of ZrO, go beyond 20%,
the LTCC of CZ-40 increases in spite of further increase of the
specific area. Furthermore, CZ-c-50 shows an LTCC of 150 °C.
These results illustrate that the major component of the catalyst
must be Co;0, to ensure the high activity for CO oxidation.
Zhao et al.®*® suggested that using ZrO, as a supporter can
promote the formation of Coz;0,4, which is considered as the
active site. Because Co30, is present over Co/ZrO, but is absent
over Co/TiO,, the former shows more activity for methane
combustion than the latter.*® When ZrO, loading is high, it can
overlay over Co;0, to hinder adsorption of the reactant on
Co304, hence the catalytic activity is suppressed.

To further illustrate the effect of the ZrO, promoter, ZrO, was
introduced by different methods of impregnation, fractionated
precipitation and co-precipitation, in which impregnation can
produce a weak interaction between cobalt and zirconia, and in
contrast cobalt oxide and zirconia with fractionated precipita-
tion or co-precipitation are well dispersed among each other
except that ZrO, is specifically enriched on the surface of CZ-f-
20 because of the latest precipitation process of zirconium
species. Based on the catalytic activity results, it is clear that CZ-
i-10 shows the lowest catalytic activity because the majority of
the surface of the Co;0, is covered by zirconia. Both CZ-f-20 and
CZ-c-20 show much higher catalytic activity owing to the Coz0,
components being well dispersed and the surface of Coz0, is
well exposed, which is evidenced by the results of XRD, TEM
and EDX. From the EDX data, it is clear that the components of
O and Zr are enriched on surface of CZ-f-20, which can cause
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a decrease in the exposed surface of Co;0,4 and lower catalytic
activity for CO oxidation than that of CZ-c-20.

With respect to the active site of Co;0y,, it is still debatable.
For example, Xie et al.>* proposed that the Co®" species over
Co30, nanorods should account for its perfect catalytic perfor-
mance because the predominant exposed surface is (110) facets,
while Pollard et al.*® believe that Co®" is the active site because
Co;04 with a low Co> :Co®" ratio of approximately 1:4
produced by calcination at 300 °C in air shows 20% lower
activity than that with a higher Co**: Co®" ratio obtained by
calcination at 200 °C. Furthermore, the oxidation of CO over
Co30, has been proposed to follow the redox cycle mechanism,
that is, the lattice oxygen on the surface of Coz;0, is reduced by
adsorbed CO on a cobalt site to produce CO, with the formation
of an oxygen vacancy. Subsequently, the oxygen vacancy is
healed by oxidation of molecular oxygen in the feed gas to
ensure the recommencement of the new redox cycle. Based on
this mechanism, Sadykov and co-workers® proposed that the
weakly bound oxygen species over Co;0, induced by pretreat-
ment in He at 350 °C should confer the high catalytic activity for
CO oxidation. Yu and co-workers?® also found that pretreatment
of Coz0, in inert gases also promotes the formation of surface
oxygen vacancies, which has the strong adsorption ability to O,
and then promote the catalytic for CO oxidation. In this case, all
the catalysts are pretreated at 450 °C in N, atmosphere to enrich
those active sites.

Based on the above views, the evolution of the active site is
proposed as follows. As shown in Scheme 1, with the increase of
the pretreatment temperature in the inert gas, the -O> -
bonded with Co®" in octahedral coordination is broken by
oxidation scission to produce -O~ and Co*-v in the octahedral
site, in which v denotes an oxygen vacancy. CO adsorbed on the
Co**-v can be oxidized by the adjacent -O~ to produce CO and
Co**, moreover, an oxygen molecule can be also adsorbed on
the Co**-v site to produce -O~ or O°~ and Co**. With the help of
0,-TPD, Yu?® proposed that O, adsorbed on the surface of Co;0,
evolves through the process of O, — O,” — 20~ — 20%7,
hence it is reasonable that the process of 0>~ to O~ of Co;0,4
occurs in the anoxic atmosphere. In addition, using UV-vis,
Gomez and coworkers* found that the shoulder at around
490 nm in the absorption bands, which is ascribed to Co** in
the octahedral coordination, further certifying the rationality of
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Scheme 1 The proposed evolution of the active site in CO oxidation
process.
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the above mechanism. In addition, we also believe that Co*"-v
should be the active sites for molecular CO or O,. Based on the
view of coordination chemistry, Co®" not only provides the
vacancy to adsorb CO or O,, but also a low value of Co*" is
propitious to the feedback of the electron in its d-orbital to the
antibonding orbital of CO, the 27 orbital, or that of O,, the 17,
orbital, hence the bond strength of C-O or O-O is weakened, as
is further evidenced by the fact that the stretching-vibration
wavenumber of CO bonding with Co*" is 30-50 cm ™" lower
than that with Co**.5* Unfortunately, in the UV-vis spectra
herein, the region near 490 nm is the overlay of absorption
bands ascribed to the LMCT of 0>~ — Co*" and 0, — Co*",
and then the evident absorption band of Co** in the octahedral
coordination is hardly identified. However, with the introduc-
tion of ZrO,, both Eg; and Eg, decrease, illustrating that ZrO,
can promote the process of Co**~0*" to Co®*-v and O™ -, which
is further evidenced by the XPS results, which shows that ZrO,
can lead to the increase of Co®" and oxygen species, except for
0°". Yu®® also proposed that the O~ species can promote
adsorbed CO to be oxidized to produce CO,, which is further
evidenced in CO adsorption, in which the ZrO, promoter can
accelerate the release of CO,. The redox properties of catalysts
with the help of CO-TPR illustrate that ZrO, can promote the
redox capacity of Co;0,, further illustrating the electron trans-
mission between the oxygen species and the cobalt ions because
of the introduction of ZrO,. Relative to C-¢, CZ-f-20 and CZ-c-20
show lower E,; and E,, in UV-vis, high amounts of Co”" and OII
species in XPS, and much easier redox properties, hence display
much higher catalytic activity for CO oxidation.

It is well known that the main shortcoming of Co;0,4, which
limits its wider use, is its low stability. In general, the surface
carbonate species were considered as one possible reason for
the deactivation of CO oxidation over Co304,>**”7*° which could
cause the surface reconstruction®' and local change of oxidation
state.> The results of theoretical calculation also confirmed that
surface carbonate species tightly occupied on the active sites of
Co,0, inhibit the process of CO oxidation.** The stability of the
CZ catalysts shows the same trend whereby the catalytic activi-
ties of all catalysts dramatically dropped after a certain time on
stream, illustrating that accumulation of carbonate can lead to
the catalyst deactivation. From the TPD of CO,, it is clear that
a large amount of CO, was desorbed at around 400 °C, illus-
trating that the stable carbonate species formed over C-c;
therefore, it is easy to lose catalytic activity. As discussed
above, ZrO, can enrich -O~ species, which can promote CO
immediate oxidation to release CO, and then inhibit to form the
stable carbonate over Coz;0,; therefore, the stability of CZ-f-20
and CZ-c-20 is improved remarkably. Because of the weak
interaction between ZrO, and Co3;0, as well as less exposed
surface of Co;0, induced by impregnation of zirconium species,
CZ-i-10 shows the lowest catalytic activity and stability. In
addition, a trace amount of water in the feed can cause deac-
tivation of Co;0,, which originated from the fact that most of
the active sites of Co;0, are covered by H,O. Although the role
of water in CO oxidation over Coz;0, is not investigated in this
work, according to the literature, ZrO, has much stronger
adsorption ability for water than Co;0,, furthermore, adsorbed
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water over ZrO, can easily decompose to H, (ref. 40) and surface
oxygen species. These findings further illustrate that ZrO, can
promote the catalytic stability for CO oxidation.

5. Conclusions

A series of C030,/ZrO, was prepared with different ZrO, load-
ings and different preparation methods. CZ-c-20 showed the
highest activity and stability, but the activity drops with further
increase of ZrO, content. Compared with the catalytic perfor-
mance with different preparation methods, CZ-c-20 shows the
highest activity and CZ-f-20 exhibits the optimum stability, but
CZ-i-10 shows the lowest activity and stability. The character-
ization results show that ZrO, increases the specific area and
decreases the crystal size of Co;0, in CZ-c-20 and CZ-f-20
because of the good dispersion of ZrO, and Co;04. On the
other hand, ZrO, can promote the production of Co>* and -0~
over CZ catalysts and then promote the catalytic activity for CO
oxidation. Moreover, ZrO, can also promote adsorbed
carbonate to decompose to CO,, further enhancing the redox
properties of Coz0,4, hence promoting the catalytic stability.
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