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The Co304 and Bi,03-Co304 were prepared by precipitation and co-precipitation method. The samples
were characterized by XRD, BET, H,-TPR, Raman, XPS and EPR. The low-temperature CO oxidation on
the catalysts was also investigated. The results showed the deposition of BiO; enhanced the activity
and stability of Co304 for CO oxidation. 20 wt.% Bi,O3-Co304 could completely convert CO as low as
—89°C, and maintain the complete oxidation of CO at —75°C for 10 h. XRD and Raman results showed
Keywords: Bi» O3 could enter the lattice of Co304, and Promote the formation of the lattice di.stort'ion and structural
C0304 . defect. H,-TPR results showed that reduction of C03Q4 was promoted and th.e diffusion of ox_ygen was
Bi, 05 accelerated. XPS and EPR results showed the surface richness of Co3* and the increase of Co?* in 20 wt.%
Bi03-C0304. The formation of more Co?* in 20 wt.% Bi03-Co304 could produce structure defects and
lead to the formation of more oxygen vacancy, which was suggested to play the critical role in promoting
the catalytic activity and stability of 20 wt.% Bi;O3-C0304.
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1. Introduction

CO catalytic oxidation has drawn great attention due to its
wide application and academic studies in the catalysis field [1-4].
Supported noble metal catalysts show very high activity for CO
oxidation. Among them, the gold catalysts behaved extraordinar-
ily active for low temperature CO oxidation [3]. Goodman and
coworker [4] investigated the effect of catalyst structure on the
CO oxidation activity over Au/TiO-. Qiao et al. [5] prepared a ferric
hydroxide supported Pd catalyst over which total oxidation of CO
could be achieved at —15°C. Li et al. [2] reported that Pt/Fe; O3 can
completely transform CO into CO, at room temperature in the pres-
ence of water vapor for more than 3000 h. But the high cost of noble
metals limited the application of supported noble metal catalysts.

Co304 was considered as an alternative to noble metal and
behaved very high activity for low-temperature CO oxidation under
dry feed gas condition [6-10]. Co304 is one kind of transition metal
oxides with spinel-type structure, containing Co3* in an octahedral
coordination and Co?* in a tetrahedral coordination [10]. For CO
oxidation over Co304, only Co3* was supposed to have the activ-
ity [10-12]. The DFT study also proposed that CO was adsorbed on
the surface-exposed Co3* site [13]. Shen et al. [10] prepared Co304
nanorods with predominantly exposing (110) planes through the
morphology control, which could completely oxidize CO as low as
—77 °Cdue to the richness of active Co3* sites on the surface. In gen-
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eral, the enhancement of CO adsorption and activation is beneficial
for CO oxidation over Co304.

The activation of O, is also another key factor for CO oxidation by
0,. For example, the adsorption and activation of O, on supported
Au catalysts was regard as a rate-limiting step since oxygen disso-
ciation was inhibited on single gold crystals [5]. The high activity
of the support to supply reactive oxygen was also suggested as the
origin of Au/Mg(OH), and Au/MgO catalysts, which exhibited high
activity for low temperature CO oxidation even at —89°C [14]. Liu
et al. [15] proposed that a large amount of oxygen adsorbed on
the FeOyx support was accounted for the high activity of supported
Pt and Pd catalysts for low-temperature CO oxidation. The surface
oxygen state has also great effects on the activity and deactivation
of Co304, and the pretreatment conditions can influence its surface
state. The CO oxidation activity increased and the deactivation rate
suppressed with the increase of O, concentration [9,16]. The activ-
ity of preoxidized Co304 was much higher than the prereduced one
[17]. Yu et al. [18] reported that the activity for CO oxidation over
Co304 could be enhanced by promoting the activation of O, after
pretreatment at moderate temperature.

Hence if the adsorption, dissociation and activation of O, could
be enhanced, the activity and stability of CO oxidation over Co304
were suggested to be improved. Oxygen vacancy played a very
important role in activating oxygen [19-21]. Shapovalov and Metiu
[20] proposed that the oxygen vacancy could adsorb oxygen from
the gas and weaken its bond. At the same time, the diffusion of
activated oxygen could be accelerated due to the good mobility of
surface vacancy [22].

In this paper, Co304 and 20 wt.% Bi,03-Co304 were prepared
and the activities for CO oxidation were investigated. The X-ray
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diffraction (XRD), BET surface, Raman, X-ray photoelectron spec-
troscopy (XPS), Electron Paramagnetic Resonance (EPR) and H
temperature programmed reduction (H,-TPR) were used to study
the effects of Bi, O3 on the structure, surface properties and redox
properties.

2. Experimental
2.1. Catalyst preparation

The Co304 and Bi;03-Co304 were prepared by precipitation
and co-precipitation method, respectively. The cobalt acetate
(Co(CH3C00),-4H,0) and bismuth chloride (BiCl3) were used as
precursor salts, and sodium carbonate(Na; CO3 ) was used as precip-
itant. The preparation method was similar to Ref. [10]. 4.98 g cobalt
acetate and matching bismuth chloride were dissolved into 80 ml
ethylene glycol, and the system was degassed by vacuum. Then the
mixture was heated to 160 °C and kept in N5 flow for 40 min. 200 ml
0f0.22 M Na,COj; solution heated at 80 °C was added into the above
solution prepared, and mixture was further aged at 160°C for 1h
under vigorously stirring. The precipitate was washed using dis-
tilled water until no Cl~ was detected by AgNOs. After filtering, the
solid powder obtained was dried at 65 °C overnight and calcined at
350°C for 4h in air. The calculated contents of Bi,O3 were 15, 20
and 25 wt.%.

2.2. Catalyst characterization

The XRD patterns of catalysts were obtained with Rigaku D/max
2550 VB/PC diffractometer using a Cu Ka radiation (A =1.54056 A).
The X-ray tube was operated at 40kV and 40 mA. The intensity
data were collected in a 260 range from 10° to 80° with a scan rate
of 6°/min.

The surface area was measured by nitrogen adsorption at liquid
nitrogen temperature using a Quantachrome NOVA 4000e appara-
tus. Before measurement, the samples were degassed at 180 °C for
6h in vacuum.

The X-ray photoelectron spectroscopy (XPS) analysis of 20 wt.%
Bi;03-Co304 and pure Co304 catalysts were performed with a
Thermo ESCALAB 250. The spectra were excited by the Al Ko source
(1486.6 eV). The binding energy was calibrated with respect to the
C 1s peak energy set at 284.8 eV arising from adventitious carbon.

The temperature-programmed reduction (TPR) experiments
were performed with a commercial temperature-programming
system. 50 mg of the catalyst was heated in the flow of 5 vol.% H, /N,
(20 ml/min) at a heating rate of 10 °C/min from room temperature
to 850°C. The amount of H, uptake during the reduction was mea-
sured by thermal conductivity detector (TCD). Before experiments,
the samples were pretreated at 350 °C for 40 min in 20 vol.% O3 /N,.

Raman spectra were recorded with thin wafer on a Renishaw
spectrometer using a 514 nm Ar”* laser as the excitation source at
room temperature. The laser beam intensity and the spectrum slit
width were 2mW and 3.5 cm™!, respectively.

The EPR spectra were obtained by a Bruker EMX-8/2.7 EPR Spec-
trometer. Before the experiments, the samples were pretreated at
350°C for 40 min using 20 vol.% O, /N5 (50 ml/min).

2.3. Evaluation of the catalytic performance

The activity of catalyst for CO oxidation was evaluated in a
fixed-bed reactor at atmosphere pressure, and 200 mg catalyst
(40-60 mesh) was used. The feed gas of 1 vol.% CO and 20 vol.% O,
in N, passed though the catalytic bed at a flow rate of 50 ml/min.
Before the experiments, the catalyst was pretreated at 350°C for
40 minin 20vol.% O, /N, (50 ml/min). The dry feed gas was obtained
by passing the feed gas though molecular-sieve trap cooled to
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Fig. 1. The effect of doped content of Bi, O3 on the catalytic activity, () pure Co304;
(<) 15wt.% Bi;03-C0304; (@) 20 wt.% Bi;03-C0304; (¥) 25wt.% Bi;03-C0304; (4)
the stability of pure Co304 was measured at —40°C under dry condition; (%) the
stability of 20 wt.% Bi, O3;-Co304 was measured at —75 °C under dry condition.

—80°C. The conversion of CO was measured from room tem-
perature to the temperature of CO conversion below 20%. The
temperature was controlled by using ethanol and liquid nitrogen
mixture. The concentrations of CO and CO, in the outlet stream
were measured by an on-line gas chromatograph after the catalyst
bed temperature stabilized at the settled value for 15 min to obtain
the steady state.

3. Results and discussion
3.1. The catalytic activities of Co304 and Bi;03—Co304

The catalytic performances of CO oxidation over pure Co304 and
Bi»03-Co304 are showed in Fig. 1. Pure Co304 showed good activity
for CO oxidation, and the lowest temperature of complete conver-
sion (LTCC) of CO was —40 °C. The catalytic activity of Bi;03-Co30,4
was improved with the increase of Bi, O3 content up to 20%. 20 wt.%
Bi;03-Co304 catalyst behaved the highest activity and the LTCC of
COwasaslow as —89 °C. Continuously increasing the Bi, O3 content,
the activity of catalyst decreased significantly. At the same time, the
stability of Co304 was enhanced by the doped Bi, 03 greatly. Under
dry feed gas condition, the complete CO conversion was maintained
at —40°C for 80 min over pure Co304, while 20 wt.% Bi;03-C0304
could completely oxidize CO at —75 °C for 600 min.

3.2. Structure properties

XRD patterns of the 20 wt.% Bi;O3-Co304 and pure Co304 are
shown in Fig. 2. For 20 wt.% Bi;03-Co30y4, the characteristic peaks
of Bi; 03 were observed at about 30.46 and 32.79°, and the diffrac-
tion peaks of Co304 behaved a slight shift. It indicated that the
Bi3* inserted the lattice of Co304 in the preparation process, and
changed the lattice parameter of Co304 due to the larger radius
of Bi3* (r=0.103nm). At the same time, the characteristic peak
of Co304 became broad obviously after the deposition of Bi,Os,
which revealed the reduction of particle size. The crystalline sizes
of pure Co304 and 20 wt.% Bi; 03—-Co304 calculated based on Scher-
rer equation were 7.3 and 5.4 nm, respectively. It was implied that
the insertion of Bi; O3 induced the structure defect of Co304 and
suppressed the growth of crystal.

The BET surface area of Co304 prepared was 121.6 m?/g. The
deposition of Bi,O3 increased the surface area of Co30,4 signifi-
cantly. The surface area of 20 wt.% Bi;03-Co304 was 133.6 m2/g.
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Fig. 2. XRD patterns of 20 wt.% Bi;03—-Co0304 (a) and pure Co304 (b).

Combined with the results of XRD, the increase of surface area
was suggested to be related to the small particle size of 20 wt.%
Bi;03-Co304. In general, the larger surface area and smaller grain
size can supply more sites for CO and O, adsorption, which could
promote CO and O, activation.

3.3. Hp-TPR

The TPR profiles of Co304, Bi; 03 and 20 wt.% Bi;O3-Co304 are
shown in Fig. 3. There was a broad reduction peak at the tempera-
ture range at 350-600 °C over Bi; O3. Three peaks were observed on
Co304. Among them, the peak at 130°C (o) should be attributed to
the reduction of surface oxygen species, the peak at 320°C (a3 ) was
attributed to the reduction of Co3* to Co?*, and the peak at 625 °C
(a3) was aroused by the reduction of Co2* [23-27]. Yu et al. [18]
reported that there were four kinds of oxygen species in O,-TPD,
molecular oxygen species adsorbed on oxygen vacancy, surface
oxygen ion bound with Co?* and Co3*, surface oxygen ion bound
with three Co3* cations and bulk oxygen, respectively. Hence, the
peaks a1, ay, a3 in Hy-TPR were suggested to be assigned to the
reaction of H, with oxygen species adsorbed on surface, oxygen
species bound with Co3* cation and bulk oxygen, respectively.

For the reduction of 20 wt.% Bi;03-Co0304, the reduction peak
B, corresponded to the reduction of Co3* shifted slightly to the
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Fig. 3. H,-TPR profiles of 20 wt.% Bi;03-C0304 (a), Co304 (b) and Bi, 03 (c).
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Fig. 4. Raman spectra of 20 wt.% Bi,03-Co0304 (a) and pure Co304 (b).

lower temperature. The new peak 35 at 414 °C could be ascribed to
the reduction of Bi,O3. Compared with the bulk Bi, O3, the highly
dispersed Bi, O3 on the support could be reduced easily by H,. The
reduction peak of Co%* also shifted to lower temperature after the
deposition of Bi;03, which might be induced by the interaction
between the Bi; O3 and Co304. At the same time, a new sharp reduc-
tion peak 34 was detected at about 615 °C, which also attributed to
the reduction of Co2*.

XRD results indicated that the doped Bi,O3 could enter the
lattice of Co304, and produce the structure defects. The oxygen dif-
fusion in bulk of Co304 was accelerated significantly due to the
structure defects and the interaction between Bi; 03 and Co30y4,
whichinduced the reduction of Co?* in a narrow temperature range.
It revealed the deposition of Bi; O3 could promote the reduction of
Co304 and improve the oxygen mobility in the bulk Co30y4.

3.4. Raman spectra

Fig. 4 shows the Raman spectra of 20wt.% Bi;03-Co304 and
pure Co304. For the pure Co30,, there are five Raman-activated
modes. The Raman peaks at 191, 481, 524, 617 and 688 cm™!
were corresponded to the F(z?, Eg, F(Zzg), F(zlg) and 0}71 symmetry of
Co304 [28-30], respectively. 20 wt.% Bi;03-Co304 gave the sim-
ilar Raman spectra with Co304, while the characteristic peaks of
Bi; O3 could not be detected [31,32]. Compared with Co30y4, the
peak at 617 cm~! disappeared, and all of the rest Raman peaks on
20 wt.% Bi; 03-Co304 shifted to the lower frequencies and broad-
ened, which associated with the lattice distortion or residual stress
of the spinel structure[33]. The XRD results showed that part of
Bi, O3 entered the lattice of Co304 over 20 wt.% Bi;O3-C030y4, the
interaction between Co304 and Bi; O3 aroused the lattice distor-
tion and lattice defect. The highly defective structure formed on
20 wt.% Biy03-Co304 could accelerate the adsorption and activa-
tion of O,, which was suggested to be related to the better catalytic
performance.

3.5. XPS characterization

Fig. 5 shows the Co 2p XPS spectra of Co304 and 20wt.%
Bi»03-C0304. It is very difficult to detect Co?* from Co3* by Co
2p spectra because of the tiny difference in their binding energy
(BE) values. The spin-orbit splitting of the Co 2p peaks (AE) was
reported to be well correlated with the oxidation state of cobalt
[9], the value of AE is 16.0eV for CoO, 15.0eV for Co,03 [34], and
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Fig. 5. XPS spectra of Co 2p on pure Co304 (a) and 20 wt.% Bi; 03-Co304 (b).

15.2 eV for the mixed-valence Co304 [35,36]. In our experiments,
the AE value of Co 2p was 15.1 eV for the pure Co304, and 14.9eV
for 20 wt.% Bip03-Co304, which indicated the surface richness of
Co3* ions after the doping of Bi,03. The Co3* ions were regarded to
be the active site for CO oxidation [10,13,37,38].

At the same time, Co 2p spectrum of 20wt.% Biy03-C0304
shifted tolower binding energy. Itindicated the decrease of electron
binding ability of Co3*, which further illustrated the enhancement
of electron donor ability of Co3* after the deposition of Bi,Os.
Giamello [39] reported oxides with good qualities of electron con-
ductivity were beneficial for oxygen activation on the vacancies.
Hence, the increase of electron donor ability of Co3* might also
accelerate the activation of O, and produce more activated oxy-
gen species, which improved the activity and stability of 20 wt.%
Bi»03-Co304 for CO oxidation greatly.

3.6. EPR spectra

The EPR spectra of pure Co304 and 20wt.% Bi;03-Co304 are
showed in Fig. 6. In these catalysts, only Co?* could be detected by
EPR due to the unpaired electron of Co?*[40]. The stronger peak
intensity and larger peak area of Co?* demonstrate that there are
more Co?* ions in 20 wt.% Bi;03-C030,4 than that in pure Co30y4,
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Fig. 6. EPR spectra obtained at room temperature, (a) pure Co304 and (b) 20 wt.%
Bi203—C0304.

which implies more oxygen vacancies produced after the deposi-
tion of Bi,03. However, the XPS results showed more Co3* ions
existing on the surface of 20 wt.% Bi;03-C0304, which seemed to
be contradict with the EPR results. It was reasonable to suggest that
the doped Bi,03 increased the Co3* concentration on the surface,
meanwhile, promoted the formation of Co?* in the bulk phase. The
richness of surface Co3* could promote the adsorption and acti-
vation of CO, and the increase of Co?* benefited the formation of
oxygen vacancy.

The active surface oxygen species always exhibit great influence
on the catalytic activity for low-temperature CO oxidation [41,42].
The oxygen vacancy can adsorb oxygen from the gas phase and
weaken its bond to form the activated oxygen species [20,43]. The
existence of a larger amount of oxygen vacancies could produce
more activated oxygen species, which could accelerate the oxygen
exchange and surface diffusion, and promote the catalytic ability of
oxides for CO oxidation [43,44].

Many investigations have shown that the formation and accu-
mulation of carbonate species on the surface can arouse the
deactivation on the Co304 [10,45]. And when increasing the O,
concentration, the deactivation rate could decrease and the activity
could be improved [12]. The TPR, Raman and EPR results showed
that more oxygen vacancies were produced on the Co304 after the
doping of Bi, 03. The vacancy could accelerate the oxygen exchange
and surface diffusion, which was suggested to be unavailable for the
formation of carbonate species and slowdown the accumulation of
carbonate species. Also, Bi, O3 behaved stronger Lewis acidity com-
pared with Co304[46,47], which could reduce the adsorption of CO,
on the surface and decline the accumulation of carbonate species.
It might be one of the reasons for 20 wt.% Bi; 03-Co304 owning the
high activity and stability.

4. Conclusion

The Co304 and 20 wt.% Bi, 03-Co304 samples were prepared by
precipitation and co-precipitation method. 20 wt.% Biy03-C030,4
shows much better catalytic activity for CO oxidation than that of
pure Co304. Under dry feed gas condition, after deposition of Bi; O3,
the LTCC decreased from —40°C on Co304 to —89°C over 20 wt.%
Bi; 03-Co304 catalyst. The complete CO conversion was maintained
at —40°C for 80 min over pure Co304, while 20 wt.% Bi;03-C0304
can completely oxidize CO at —75 °C for 600 min. The doped Bi;03
can enter the lattice of Co304 and induce the lattice distortion and
structure defects. The reduction of Co304 was promoted by the
structure defects and the interaction between Bi; O3 and Co30y4,
especially for the reduction Co?* in the bulk phase, which indicated
the oxygen diffusion was accelerated remarkably.

XPS results showed the richness of Co3* on the surface of 20 wt.%
Bi; 03-Co304, which could promote the adsorption and activation
of CO. The EPR results confirmed the increase of Co%* in 20 wt.%
Bi;03-Co304, which could produce structure defects and lead to
the formation of more oxygen vacancies. The oxygen vacancy accel-
erated the adsorption and activation of oxygen, and improved the
diffusion of activate oxygen. It implied that the oxygen vacancy
played the critical role in promoting the catalytic performance of
20 wt.% Bi;O3-C0304.
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