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The Co30, catalysts supported on TiO, with different crystalline structures (anatase (A), rutile (R) and
P25 (Degussa)) were prepared by a deposition-precipitation method, and characterized by nitrogen
adsorption/desorption, XRD, HR-TEM, EPR, Raman spectroscopy, XPS and H,-TPR techniques. The
results show that Co;0,4/TiO,(A) exhibited the highest activity among three Co30,/TiO, catalysts: CO can
be completely oxidized to CO, at —43 °C. When rutile TiO, or P25 were used as the support, its catalytic
activity was decreased obviously, because the TiO, crystal structure has an influence on the
physicochemical and catalytic properties of the Co;0, catalysts. The results show that the Co;04/TiO5(A)
catalyst contains Ti’* species, which is of unstable state and can affect the properties of Co;04 by the
interaction between the deposited Co;0,4 and anatase TiO, support. The Co30,/TiO,(A) catalyst exhibits
highly defective structure and good oxygen adsorption ability. The reducibility of Co;0, is improved by
anatase TiO, support, resulting in Co3;04/TiO,(A) possessing the better redox property than other

C0304/TiO, catalysts, which is an important factor for its high catalytic activity.

1. Introduction

Low-temperature oxidation of CO, as one of the most extensively
studied reactions in the heterogeneous catalysis field, is becoming
increasingly important in cleaning air and lowering automotive
emissions'?. For the catalysts for CO oxidation, the precious
metals (Pd, Pt and nano-Au) are well-known catalysts with high
activity’ °, but the reaction temperature of CO complete
conversion over precious metals (such as Pt) are still pretty high
and their stabilities are poor. To overcome the high cost of
precious metals, researchers try to design and develop the
non-precious metal catalysts, such as the metal oxide catalysts.
Among them, cobalt oxide (Co;0,4) is thought to be a potential
catalyst’ ', because of its high activity for CO oxidation even at
below 0 °C'"'%. Hence, the Co;0, catalysts for low-temperature
CO oxidation are widely studied,'™'*'* including mix-valenced
Co0,, ? supported Co;04,'* noble metal (Au, Pt) supported on
C0;04,'""? and Fe(or Ce)-doped Co;0, catalyst,'>!® etc. These
researches above for Co3;0, catalysts are mainly focused on the
preparation of Co;0, and foreign element doping; for supported
Co30, catalysts, their catalytic activities need still to be improved
and the effects of structure and physicochemical properties of
support on the catalytic performance of Co;0, are less studied.
Titanium oxide (TiO,) is extensively used in the solid catalysts,
particularly as a catalyst support'’ 2°. When nano-metal particles
supported on TiO,, there are often a strong metal-support
interaction (SMSI)?'. TiO, possesses multi-crystalline structures,
and is mainly classified into anatase, rutile and brookite phases,
among which anatase and rutile TiO, are generally used as
engineering materials more frequently than the brookite phase
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TiO,. As a photo-catalyst, TiO, crystalline phases can affect
obviously on its photo-catalytic activity?® **. Palladium supported
on anatase TiO, shows a higher activity than that on rutile TiO,
for the selective hydrogenation of long chain alkadienes, due to
the superior SMSI between Pd and anatase TiO,*. Nanba et al.?®
studied the catalytic decomposition of acrylonitrile over Ag
supported on TiO, with different crystal phases, and found that
Ag/TiO, containing anatase TiO, exhibited higher NH; and N,
selectivity at low and high temperatures, whereas Ag/TiO, with
only rutile phase exhibited medium N, and higher NO, selectivity
at low and high temperatures. This may be that different
crystalline phases of TiO, support can affect the SMSI '8
electronic density, oxidation state, crystal size’® and metal
dispersion®’ of the deposited metal components. These changes in
deposited metals (or metal oxides) supported on TiO, with
different crystalline phases can have a dramatic impact on
catalytic performance.

Herein, we investigated mainly the effect of TiO, crystalline
phases on the catalytic performance of Co;0,/TiO, for CO
oxidation, to look for the approach of preparing a high effective
C0304/TiO, catalyst. Three kinds of TiO, with different
crystalline structures were utilized as the supports of Co;0,
catalyst. We have found that Co;04 supported on anatase TiO,
(Co304/TiOy(A)) exhibits very excellent catalytic activity and CO
is completely conversed at —43 °C. On the basis of the
physicochemical properties of Co;04/TiO,(A) obtained, the role
of different crystalline phases of TiO, on promoting its catalytic
activity was discussed.

s

s 2. Experimental Section

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 1



2

2

3

3

4

4

5

5

o

=5

@

S

o

=5

by

=

5

=]

b

Catalysis Science & Technology

2.1. Catalysts preparation

The TiO, supports used here are anatase phase (TiO,(A)), P25
and rutile phase (TiO,(R)) respectively. TiOy(A) (99.8% purity)
and TiO,(R) (99.8% purity) were purchased from Aladdin
industrial corporation. P25 contains both anatase and rutile phase
was purchased from Degussa Co.

The Co3;04/TiO, catalysts were prepared by a deposition-
precipitation (DP) method. Weighed Co(NO;),6H,0 were
dissolved in 100 ml de-ionized water at room temperature, and
then 3 g TiO, (less than 100 mesh) fully dispersed in the above
solution. The sodium carbonate solution (1 M) was added to this
suspension under continuous stirring until pH reached 10. This
suspension was aged under stirring for 30 min and statically for 2
h, and then the precipitates were filtered, washed with de-ionized
water several times, dried in air at 80 °C and calcined at 350 °C
for 3 h in a muffle furnace. The synthesized catalysts are denoted
as  Co0304/TiOy(A), Co0304/TiO5(P25) and Co304/TiO,(R)
according to the crystalline phase of the TiO, support. The metal
oxide loading was 10 wt.% on the support.

2.2. Catalytic activity testing

The activities of catalysts for CO oxidation were tested in a
continuous flow quartz tube micro-reactor (® 8 mm X 23 cm).
200 mg catalyst (40-60 mesh) was packed in the middle of the
reactor. The flow rate of feed gas consisted of 1 % CO, 10 % O,
and 89 % N, was 20 ml/min. Before activity testing, the catalyst
was pretreated in N, flow at 450 °C for 30 min and then cooled
down to room temperature.

2.3. Characterization of catalysts

The BET surface areas of samples were measured by N,
adsorption/desorption at —196 °C on a micromeritics ASAP-2020
instrument, and 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 with CuKa radiation, which was operated at 40 kV
and 40 mA and a scanning speed was 0.5 °/min. High resolution
transmission electron microscopy (HR-TEM) images were
obtained on a JEOL JEM-2100 microscope operated at 200 kV,
and the sample to be measured was first dispersed in ethanol and
then collected on a copper grids covered with carbon film. After
the liquid phase was evaporated the grid was loaded into the
microscope. The EPR spectra were obtained on a Bruker
EMX-8/2.7 EPR Spectrometer. Laser Raman spectra of samples
were obtained on a Renishaw Raman spectrometer at ambient
condition and the 514 nm line of a Spectra Physics Ar’ laser was
used as an excitation. The laser beam intensity and the spectrum
slit width were 2 mW and 3.5 cm, respectively. X-ray
photoelectron spectroscopy (XPS) spectra of samples were
obtained on a Kratos Axis Ultra-DLD photoelectron spectrometer
equipped with AlKo (1486.6 ¢V) radiation as the excitation
source. All binding energies (BE) were determined with respect
to the Cls line (284.8 eV) originating from adventitious carbon.
H,-Temperature programmed reduction (H,-TPR)
performed in a quartz U-tube with 50 mg sample. After the
sample was pretreated in N, at 450 °C for 30 min, it was cooled
down to room temperature, and then the reduction gas of 10
vol.% Hy/N, (25 ml/min) was used instead of N,. The heating rate

was

75

80

was 10 °C/min. The uptake amounts of H, were measured by a
thermal conductivity detector (TCD).

3. Results and Discussion
3.1. Catalytic activity

The catalytic conversions of CO as a function of the reaction
temperature over three catalysts under dry or moist conditions are
shown in Fig. 1. The results show that three catalysts exhibit
pretty good activity for CO oxidation under dry condition, and
CO can be oxidized to CO, at ambient temperature. Among the
three catalysts, C030,4/TiO,(A) shows the best activity for CO
oxidation, in which the reaction temperature of the CO complete
conversion (7o) is —43 °C. For the Co03;04/TiO,(P25) and
C0304/TiO,(R) catalysts, their 7)oy are increased to —2 °C and
45 °C respectively. Under moist condition (0.1 % H,0), the
activities of three catalysts are decreased, their 75, (the reaction
temperature for 50% CO conversion) are raised by 6—8 °C. The
reason is that water might occupy the active sites of cobalt oxide,
resulting in a deactivation of the catalyst.

100
80:
60:
40:

204

CO conversion (%)

0+

— T 77— .
-100 -80 -60 -40 -20 0 20 40 60 80

Temperature (°C)

Figure 1. The catalytic activities of Co3;04/TiO, catalyst (200 mg) for CO
oxidation under dry condition (solid symbol) and 0.1 % H,O condition
(hollow symbol).
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Figure 2. The long-term stabilities of Co;04/TiO, catalysts for CO
oxidation under dry condition (solid symbol) and 0.1 % H,O condition

(hollow symbol) at 15 °C.

The stabilities of the catalysts under dry or moist condition
were also tested at 15 °C. As the results in Fig. 2 show, the
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stability of C0304/TiO,(A) is the best among three catalysts, its
CO conversion can be maintained at 100 % after 180 min of
reaction under dry condition, and then its activity is decreased.
Under moist condition, because of the poison effect of water, the

s activity of Co3;0,4/TiOy(A) is decreased much faster than that
under dry condition. As for Co;04/TiO»(P25) and Co304,/TiO,(R),
their activities are decreased since the reaction begins, and totally
lost after 60 min of reaction, no matter under dry or moist
condition.

1o Even so, the results above (Figures 1 and 2) indicate that the
crystalline phase of TiO, support has an obvious influence on the
performance of Co;04/TiO, catalyst for CO oxidation. As
C0304/TiO,(R) deactivates more early than other two samples, its
light-off curve shows the shallower slope than that of other two

1s samples, because a deactivation of the active sites on
C0304/TiO,(R) have taken place ceaselessly when the reaction
temperature rose.

3.2. N, adsorption-desorption and XRD

With the help of low-temperature N, adsorption, the BET surface
wareas (Sger) of Co3;04/TiOy(A), Co3;04/TiO,(P25) and

Co;04/TiO5(R) were measured, and 91.8 m%/g, 48.7 m*/g and

38.0 m%g, respectively. These results illustrate that Cos0,

supported on anatase TiO, owns a larger BET surface area than

other two catalysts, which may be one of the reasons for its high
25 catalytic activity for CO oxidation.

I ' \ ConMllOz(R)

I Co0304/Ti02(P25)

Co0304/TiO2(A)

L A TiO2(R)
J TS | TiO2(P25)

[ A TiO2(A)

10 20 30 40 50 60 70 80
20(°)
Figure 3. XRD patterns of the Co3;04/TiO, catalysts and the TiO,
supports.

Intensity (a.u.)

Table 1. The BET surface area (Sggr), crystal size and 7' values of the
30 catalysts.

Catalyst Sger (M*/g) Crystal size (nm) T100 (°C)
Co0304/TiO5(A) 91.8 15.60 —43
Co304/TiO,(P25) 48.7 20.02(A), 20.39(R) -2
Co0304/TiO5(R) 38.0 22.88 45

The XRD patterns of three TiO, supports and three
Co0304/TiO, catalysts are shown in Fig. 3. The characteristic
diffraction peaks of anatase TiO, were detected at 20 = 25.4°

35 (101), 37.9° (004) and 48.1° (200), and the diffraction peaks of
rutile TiO, are located at 20 = 27.5° (110), 36.1°(101) and 54.4°
(211). The crystallite sizes of the supports were calculated by
Sherrer’s equation®® and shown in Table 1. The results show that
the crystallite size of TiO,(R)>Ti0,(P25)>TiO,(A). In the XRD

40 patterns  of Co;0, supported on different supports, the

characteristic  XRD peaks of Co304 cannot be observed,
indicating that Co;0, particles highly dispersed on the support or
its particles are too small to be detected by XRD.

3.3. High-resolution Transmission Electron Microscopy
45 (HR-TEM)

Representative =~ HR-TEM  images of  Co0304/TiO,(A),
C0304/Ti0,(P25) and Co304/TiO,(R) catalysts are shown in Fig.
4. The crystallite sizes of three catalysts are 10-30 nm and the
rank of the crystallite size is Co;0,/TiO(A)>Co03;04/TiO,(P25)>
s0 Co304/Ti0,(R), which is in agreement with the calculated results
by Scherrer formula on the basis of the X-ray diffraction peak
broadening. It is difficult to distinguish Co;04 from TiO, in the
TEM images. In the HR-TEM image (Fig. 4B), Co;0, crystallites
can be observed by the help of the ordered fingerprints with the
ss space distance (0.243 nm) between (311) facets in the crystalline
Co;04 (in white rectangle). The TiO, crystallites which were
shown in white circle can be distinguished by the space distance
(0.352 nm) between (101) facets in the crystalline anatase TiO,.

Figure 4. HR-TEM images of (A and B) Co;04/TiOx(A), (C)
C03;04/TiO2(P25) and (D) Co;04/TiO,(R) catalysts.

3.4. Electron Paramagnetic Resonance (EPR)

EPR is a useful technique for obtaining information on the
es electronic structure of solid catalysts. The EPR spectra of
Co0504/TiO, catalysts are shown in Fig. 5A, and that of TiO,
supports are shown in Fig. 5B. The signals of g values less than 2
were assigned to Ti*" (3d")!"?*%. Ti** species are produced by
the trapping of electrons at defective sites in TiO,’'. The signals
w0 for g = 1.996 and g = 1.966 can be attributed to electrons
trapped in Ti** sites”™>?. As can be observed, the EPR signal of
Ti*" can be found on Co;04/TiO5(A) and TiO(A) support, and
their EPR spectra are almost the same, indicating that Ti** exists
in TiO,(A) and after Co30,4loading it still maintains. Comparing
75 with Co304/TiO,(A), and the Ti*" signals on Co304/TiO,(P25)
and Co030,4/TiO,(R) are weakened and broadened, which are
contributed to the formation of diamagnetically coupled Ti*" pairs
or the coupling of no-diamagnetic Ti** ions.** For TiO,(R), its
EPR signal is obviously increased after Co;0, loading, and Ti**
so ions in Co3;04/TiO,(R) tend to coupling. As for TiO,(P25) or
Co0304/TiO,(P25), both the EPR signals are very weak and broad,

This journal is © The Royal Society of Chemistry [year]
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attributing to the structure complexity of the catalyst or a mixture cm ', the lowest wavenumber among three catalysts, which is a
of anatase and rutile TiO,. 3 sensitive indication for the highly defective structure®. The
It was reported that, the g values in the EPR spectra of TiO, defective structure is known to play crucial role in the CO
are usually bellow 2.1%7% and a resonance at g=1.979 is oxidation**, which may be related to its high catalytic activity.
s characteristic of electrons trapped in tetrahedral Ti*" sites in rutile For the Co;0,4/TiOy(P25) catalyst, there are two bands of Co30,
TiO,**. In the EPR spectrum of Co30,/TiO,(R), the signal at g = at 475 and 682 cm ™.

2.019 is probably caused by the interaction between Co3;0O4 and
TiO,(R), and the resonance at g=2.278 is caused by the widening
of the peak, relating to the relaxation time of spin transition. The
10 formation of Ti*" ions can be assumed to represent an unstable
state, which can have a significant influence on the crystalline
and interfacial region of TiO, between deposited Co;0, and TiO,
support. The strong signal of Ti*" in Co;04/TiO,(A) indicates that
the catalyst contains defective structure, which promotes the
15 catalytic performance of Co;0,/TiO,(A) for CO oxidation.

Intensity (a.u.)

A C0304/TiO2(A)
2=1.996 T T T T T T T T
2278 100 200 300 400 500 600 700 800 900

. -1
Raman shift (cm )
Figure 6. Laser Raman spectra of the synthesized catalysts and supports.

/ 3.6. X-ray photoelectron spectroscopy (XPS)

The surface properties of the supported catalysts were further

2079 | explored by XPS, and the peak-fitting Co 2p XPS spectra of three

g-1.966 45 catalysts are shown in Fig. 7. It was reported the binding energies

0 35 30 25 20 1s of C03'+ anai5 Co*" ions are 780.2 + 0.6 and 781.8 + 0.6 eV,

respectively™, and the energy difference between the Co 2ps),

peak and the Co 2p;,, peak is approximately 15 eV. Two small

peaks at 786.3 eV and 804.8 eV are the shake-up satellite peaks

B so of Co®". The binding energies of Co 2ps, and Co 2p,, of

C0304/TiO, catalysts were summarized in Table 2. The results

show that the binding energies of Co 2p in the spectra of

Co0304/TiO5(A) and Co030,4/TiO,(P25) are smaller than that of

Co0304/TiO,(R), indicating that the electron binding ability of Co

TiOz(R)/ ss ions in the Co;0,/TiO,(R) catalyst is bigger than that in other two

catalysts and the structure nature of TiO, support affects the

electron transfer ability of Co ions on the TiO, support. In

addition, we can find, the peak area of Co;04/TiO,(R) is the

40 3.5 3.0 25 20 1’5 highest among three catalysts, which might be caused by the

g o lowest surface area of TiO,(R). As the Co;0, loading is the same

Figure 5. EPR spectra of the Co;04/TiO, catalysts (A) and the TiO, for three catalysts, the smaller surface area makes the
supports (B). concentration of Co relatively higher.

C0304/TiO2(P25) 40

C0304/TiO2(R

Co0304/TiO2A(A)

Intensity (a.u.)

Intensity (a.u.)

20 3.5. Laser Raman Spectroscopy

Fig. 6 shows the laser Raman spectra of the TiO, supports and
C0304/TiO, catalysts. The results show that the vibration bands
of anatase TiO, are located at 142, 197, 396, 516, and 639 cm™!
3537 and the vibration bands of rutile TiO, are located at 236,
25 447, and 610 cm ' **%. It the Raman spectrum of TiO,(P25),
there are the vibration bands of anatase and rutile TiO,. After
Co030, loading, the Raman vibration bands of TiO, are
broadened, which may be attributed to an interaction of TiO, with
cobalt species and disorder in the oxygen sublattice™. It was
30 reported that there are some vibration bands at 193, 475, 516,

Co304/Ti02(R)

Intensity (a.u.)

770 780 790 800 810

615, and 680 cm ™! in the Raman spectra of C0;0,7"*! in which o
the band around 680 cm™' is attributed to the Ay symmetry.*? Binding energy (eV)
The vibration band of A;, on Co;04/TiO,(A) appeared at 679 Figure 7. The Co 2p XPS spectra of Co;04/TiO; catalysts.
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Table 2. XPS data (binding energies of Co 2ps», Co 2py, and O ls,
0,45/O1ar 0f Co304/Ti05(A), Co3;04/TiOy(P25) and Co304/TiO(R).

5

10

15

20

25

30

Co Co Ols Ti Ti
Catalyst 2ps2 2pin @V) 0.0/Oe~ 2P3n 2Py,
(eV) (eV) (eV) (eV)
Co0304/TiO(A) 779.8 7949 529.7 0.58 458.6 464.4
7814 796.6 530.3
531.6
Co;04/TiOy(P25) 779.6 7947 5299 0.49 4589 464.7
7812 7964 530.5
531.8
Co;04/TiO(R) 780.8 7959 530.2 0.72 4589 464.7
782.5 7977 531.1
532.4
Oﬂds
(o) 5324
C0304/TiO2(R) ;
~ o
5 1
8 '
> . !
£’ | Cos04/TiO2(P25) ,' '
= ! '
[} ! 1
~ 1 |
= ;
1
Co0304/TiO2(A) (316
T T T T T
524 526 528 530 532 534 536
Binding energy (eV)

Figure 8. The O 1s XPS spectra of Co;04/TiO; catalysts.

Fig. 8 shows the O 1s XPS spectra of three catalysts. The O 1s
peak can be fitted to three kinds of Gaussian peaks. The peak at
529.0-530.2 eV (binding energy) should be assigned to surface
lattice oxygen (Oy,), the peak at 530.3-531.1 eV can be assigned
to adsorbed oxygen (O, O, O, or 0,%) species, and the peak
at 531.6-532.5 eV is commonly ascribed to adsorbed H,O or
surface carbonate*®*®. The adsorbed oxygen species of O~ and
O, are known to be active for oxygen exchange and CO
oxidation***!. The results in Fig. 8 show that, the O,y peak
gradually shifted to higher binding energy from Co;0,/TiO,(A)
to Co3;04/TiO5(R), indicating that the electronic density of
oxygen is decreased, which may be attributed to the contribution
of surface hydroxyl group bounded to cobalt or titanium ion. The
peak of surface hydroxyl and carbonate on Co3;0,/TiO,(R) is
much stronger than that on other two catalysts, resulting in
blocking of the active sites for CO adsorption, which is usually
considered as a deactivation reason of the catalysts for CO
oxidation®>%. Therefore, the surface of Co;04/TiOx(R) is easily
covered by carbonate and hydroxyl groups, resulting in a
decrease in its catalytic activity, which can be further verified by
the O 1s peak of surface carbonate at 532.4 eV. The ratios of
0,45/Ojy In Table 2 show that, Co;04/TiO,(A) with O,4/Op =
0.58 exhibits the highest activity, and Co;04/TiO(A) with
0,45/O1 = 0.72 shows that the lowest activity, which should be
ascribed to the presence of carbonates on Co;04/TiO,(A) to
inhibit adsorption of CO on the catalyst surface. The results
above show that a relatively clean surface with more adsorbed

35

40

45

oxygen is beneficial to improve the catalytic activity of the
C030,4/TiO, catalyst for CO oxidation.

In the Ti 2p XPS spectra in Fig. 9, the peaks of Ti 2ps/, and Ti
2py; are located at 458.6 and 464.4 eV respectively, which agree
well with the values reported.”* As can be observed, the peak
intensity of Co;04/TiOy(R) is much lower than other two
catalysts, which may be caused by its lower surface area. The Ti
2p peaks of Co;04/Ti0,(P25) and Co304/TiO,(R) shifts to higher
binding energy than Co0304/TiO,(A), indicating that Ti ions in
Co0304/TiO,(P25) and Co0304/TiOy(R) possess higher valence
state than that in Co30,/TiO,(R). The binding energies of Ti 2p
are listed in Table 2.

4589
464.7

C0304/TiO2(R)

4589

Co304/Ti02(P25

Intensity

Co0304/TiO2(A)
455 460 465 470
Binding Energy (eV)
Figure 9. The Ti 2p XPS spectra of Co;0./TiO, catalysts.
3.7. H-TPR
—~ 0304/TiO2(R
=
S TiO2(R)
=)
=
=
g* Co304/TiO2(P25)
2 TiO2(P25)
=)
o
o Co304/TiO2(A)
o~ 0304/ 11
an
A~ TiOxA)
| S B e S B FI AN B e s . p—
100 200 300 400 500 600 700 800
Temperature ("C)
Figure 10. H,-TPR profiles of the Co;04/TiO, catalysts and TiO,

supports.

so The H,-TPR profiles of the Co30,/TiO, catalysts and TiO,

55

supports are shown in Fig. 10. The results show that the TiO,
supports exhibit the pretty weak reduction peaks, so that the
reduction peaks of the Co30,/TiO, catalysts are mainly results
from the reduction of Co030,; Co0304/TiO,(A) exhibit two
reduction peaks at ~297 °C and 445 °C. The peak at 200-350 °C
may be attributed to the reduction of Co** to Co®", and the peak at
350700 °C can be attributed to the reduction of Co*" to Co?.3>
For the Co;04/TiOy(P25) catalyst, its TPR reduction peaks are
similar to that of the Co304/TiO,(A) catalyst, except the small

o peak at 325 °C. However, the reason of the reduction peak

formation at 325 °C is unclear, and it may be the reduction of
Co™ on the interfacial region between anatase and rutile TiO,.
Unlike the TPR curves of Co3;04/TiO,(A) and Co30,4/TiO,(P25),
the high-temperature reduction peak of Co3;04/TiOy(R) shifts

This journal is © The Royal Society of Chemistry [year]
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~575 °C. Thus Co®* on anatase TiO, is easily reduced compared
with Co?" on rutile TiO,. That is to say, the reducibility of Co;04
(special for Co®") is obviously affected by the structure of TiO,
support. Anatase TiO, supported Co;0, catalysts shows the best
reducibility, which results probably in its high catalytic
performance for CO oxidation.

3.8. Discussion

For the supported catalysts, the supports often play a crucial role
in the performance of catalysts with the help of an interaction
between active components and support. TiO, has three main
crystalline structures: anatase (tetragonal [4/amd), brookite
(orthorhombic Pcab), and rutile (tetragonal P42/mnm), and
anatase and rutile are usually used as catalyst supports, among
them, anatase tends to be more stable at low temperature and
rutile is the stable form at higher temperature. And the reactivity
of anatase is higher than rutile. Nanba et al.*® found that TiO,
crystal phase could affect the oxidation state of Ag supported on
TiO, catalyst for acrylonitrile decomposition, that is Ag particles
on anatase TiO, was of an oxidized state and that on rutile was
metallic. Kang ef al.”’ investigated CO oxidation over CuO/TiO,,
and found that CuO dispersion, an interaction between CuO and
TiO, and the oxidation state of copper component were changed
by the crystal structure of TiO, support, and the catalytic activity
of the catalyst supported on rutile TiO, was the highest. For
different reactions with different catalysts, the effect of the crystal
phase of TiO, on the catalytic performance might not be the
Herein, the CO oxidation over Co3;04,/TiO, was
investigated, and the effect of the crystal phase of TiO, on the
catalytic performance of Co;0, catalyst was discussed.

The Co;0,/TiO,(A) catalyst exhibits the higher activity and
better stability for CO oxidation than Co0304/TiO,(P25) and
Co0304/TiO5(R) (Figs. 1 and 2), which may be attributed to the
following reasons. (1) The Co304/TiO5(A) catalyst owns a higher
BET surface area and smaller crystalline size than other two
35 catalysts. As the diffraction peaks of Co;0,4 cannot be detected in
the XRD profiles (Fig. 3), Co;0, is highly dispersed on TiO,
support and close interacted with the support. (2) The EPR results
(Fig. 5) indicate that Ti*" species only exists in Co;04/TiO(A),
which is of unstable state and has a significant influence on the
catalytic property of the catalyst. (3) In the Raman spectra (Fig.
6), the A;, peak of Co;0, shifted to lower wavenumber when
anatase TiO, was used as the support, which illustrates a highly
defective structure of Co;04/TiO,(A) and plays a crucial role in
the CO oxidation. (4) The electron transfer ability of Co ions was
enhanced by the help of the anatase TiO, support, resulting in a
good oxygen adsorption ability of Co;0,/TiO,(A) by means of
the clean surface, which were verified by the XPS results (Figs. 7
and 8). (5) The H, reduction behaviour of Co;0, is improved due
to the presence of anatase TiO, support (Fig. 10), unlike
C0304/T102(R) and C0304/T102(P25)

The results above show that the physicochemical properties of
Co50, can be varied by the crystal structure of TiO, support. The
presence of Ti*" ions in Co;04/TiO,(A) as a defective structure, is
in favour of forming oxygen vacancies>*, which was observed in
Raman spectra (Fig. 6). The oxygen vacancies can adsorb oxygen
from gas phase and weaken its bond to form the activated oxygen
species”. The activated oxygen species could accelerate the
oxygen exchange and surface diffusion to promote the catalytic

same.

o
S

S

S

%
=3

S

3

oxidation of CO. In other words, the defective structure can

e accelerate the oxygen exchange and surface diffusion to prevent

the formation of carbonate species and slow down the
accumulation of carbonate species, resulting in an increase in the
catalytic activity for CO oxidation, which was verified by the Ols
XPS spectra (Fig. 8), because the accumulation of carbonate
species on the surface would lead to the decrease of the catalytic
activity for CO oxidation 2°*,

Furthermore, the reducibility of Co30, is also affected by the
crystalline structure of the TiO, support, and the reduction
temperature of Co304/TiO,(A) is lower compared with the other
two catalysts. In the process of CO oxidation, the reduction of Co
ions is a very important step in the redox catalytic cycle, which
plays a crucial role in the CO oxidation.

4. Conclusions

Highly dispersed Co3;0,4 nanoparticles supported on three sorts of
TiO, with different crystalline structures (anatase phase TiO, (A),
P25 (Degussa) and rutile phase TiO, (R)) were prepared by a
deposition-precipitation method. The results show that the
crystalline structure of TiO, would affect obviously the
physicochemical and catalytic properties of the Co304/TiO,
catalysts, and the Co0304/TiO,(A) catalyst exhibits the highest
activity for CO oxidation among three Co;0,/TiO, catalysts. The
excellent catalytic performance of the Co;04/TiO,(A) catalyst for
CO oxidation can be attributed to the following reasons:

(1) The Co304/TiO4(A) catalyst owns a higher BET surface
area and smaller crystalline size than Co3;04/TiO,(P25) and
C0304/TiO,(R). And Co030;, is highly dispersed on TiO, support
and close interacted with the support.

(2) The Ti*" species exists in Co;04/TiO5(A), which is of
unstable state and has a significant influence on the catalytic
property of the catalyst. And Co;04/TiO,(A) exhibits a highly
defective structure that plays a crucial role in the CO oxidation.

(3) The electron transfer ability of Co ions was enhanced by
the help of the anatase TiO, support, resulting in a good oxygen
adsorption ability of Co304/TiOy(A) by means of the clean
surface. The reducibility of Co;0, is improved due to the
presence of anatase TiO, support, so that Co304/TiO,(A)
possesses the best redox property among three Co;0,/TiO,
catalysts.
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Effect of TiO, crystal structure on the catalytic performance

of Co3;0,4/TiO, catalyst for low-temperature CO oxidation
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The Co304 supported on TiO, (anatase (A), rutile (R) and P25 (Degussa)) catalysts

were prepared by a deposition-precipitation method. Co0304/TiO(A) shows very

excellent activity for CO oxidation with 100% conversion at —43 °C, which is

attributed to its highly defective structure, high oxygen adsorption ability and redox

property.
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