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� Co3O4/CeO2-rod exhibited the high
catalytic activity of CH2Br2 oxidation.

� CeO2 morphology strongly affected
Co3O4-CeO2 interactions and
structures of Co3O4/CeO2 catalysts.

� Co3+ species, surface-adsorbed
oxygen and oxygen vacancies were
most abundant on Co3O4/CeO2-rod.

� The reaction mechanism for CH2Br2
oxidation over Co3O4/CeO2 catalysts
was proposed.
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Brominated hydrocarbons are a typical pollutant in purified terephthalic acid (PTA) exhaust gas, which is
harmful for human health and the environment once released to the atmosphere. In this study, three
Co3O4/CeO2 catalysts with different CeO2 morphologies (rod, plate, and cube) were prepared and were
used for low temperature dibromomethane (CH2Br2) oxidation, which was used as the model compound
for brominated hydrocarbons. The experimental results showed that Co3O4/CeO2-rod achieved signifi-
cantly higher catalytic activity, with a T-90 of approximately 312 �C for CH2Br2 oxidation and higher
selectivity to CO2 than Co3O4/CeO2-plate and Co3O4/CeO2-cube. All of the Co3O4/CeO2 catalysts investi-
gated were stable for at least 30 h at 500 ppm CH2Br2 and 10% O2 at a GHSV of 75,000 mL/(g�h)�1, and
the final products were COx, Br2, and HBr, without the formation of other Br-containing organic byprod-
ucts. The higher catalytic activity of Co3O4/CeO2-rod was attributed to the high content of Co3+, more
surface-adsorbed oxygen, and more oxygen vacancies in their exposed {100} and {110} planes. In addi-
tion, Co3O4 had a stronger interaction with CeO2-rod, making it superior for CH2Br2 oxidation. Moreover,
on the basis of the analysis of products and in situ DRIFTS studies, a credible reaction mechanism for
CH2Br2 oxidation over Co3O4/CeO2 catalysts was proposed.

� 2017 Published by Elsevier B.V.
1. Introduction

Volatile organic compounds (VOCs) not only are recognized as
one of potent and important contributors to air pollution [1], but
also put human health and the environment at risk [2]. Particu-
larly, increasing attention is being paid to purified terephthalic acid
(PTA) exhaust gas because of its high toxicity and difficulty of
treatment [3], and the staging of massive protests against such
projects in China in recent years. The PTA exhaust gas contains var-
ious organic compounds, such as p-xylene (PX), brominated hydro-
carbons, and acetic acid methyl ester [4]. Among all of the
treatment methods, catalytic oxidation is one of the most popular
methods to treat PTA exhaust gas, by reason of its low energy
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consumption and lower contents of secondary pollutants [5]. Nev-
ertheless, the existence of brominated hydrocarbons in PTA
exhaust gas demands that the catalyst must have the ability to
resist bromine-poisoning. Therefore, the key issue in this method
is to develop a high-performance catalyst to remove brominated
hydrocarbons.

Currently, researchers are mainly focusing on two types of cat-
alysts for brominated hydrocarbons oxidation, including noble
metals [6] and transition metal oxides [3]. In spite of noble metal
catalysts display prominent catalytic activity, the low resistance
to bromine-poisoning and high cost limits their industrial applica-
tions. In contrast, transition metal oxide catalysts have gained
increasing attention on account of their low cost, high catalytic
activity, and high stability to brominated hydrocarbons oxidation.
Thus, it is of great interest to develop transition metal oxide cata-
lysts for brominated hydrocarbons oxidation.

Among many transition metal oxides, the Co-based catalyst has
been proven to have a good catalytic performance for brominated
hydrocarbons oxidation [7]. However, the catalytic activity,
product-selectivity, and stability of the Co-based catalyst need to
be further improved. CeO2 is often used as a support in the cat-
alytic reaction, such as CuO/CeO2 [8], Au/CeO2 [9], and FeOOH/
CeO2 [10], by reason of its prominent oxygen mobility [11], high
oxygen storage capacity [12], and some acidic properties [13]. In
addition, CeO2 as a support can promote the dispersion of metal
oxides and increase the metal-support interaction [14]. In the past
few years, it has been found that the catalytic performance of CeO2

is affected by exposed lattice planes [15]. Generally, different lat-
tice planes are exposed in different CeO2 morphologies. For
instance, CeO2 nanorods are prone to expose two {100} planes
and four {110} planes [16], while CeO2 nanocubes expose six
{100} planes [17]. On the basis of density functional theory, the
chemical activities of the different CeO2 planes follow the order:
{111} < {100} < {110}[18], which reveals that it is easier to pro-
duce oxygen vacancies on the CeO2 {110} plane. Until now, there
have been many reports about morphology effects of the CeO2 sup-
port on dry-reforming of methane [18] and oxidation of CO [19]. It
is reported that Co3O4/CeO2 catalysts have been studied in the field
of catalysis due to their unique physicochemical properties. For
example, Guo et al. reported that Co3O4/meso-CeO2 had a good cat-
alytic performance for CO preferential oxidation in H2-rich gases
because of the high dispersion of cobalt oxides on meso-CeO2 sup-
ports [20]. Tian et al. found that (Co3O4)50%/CeO2 had a better
reducibility and activity oxygen species, which coincided with its
high catalytic activity for CO oxidation [21]. However, research
about Co3O4/CeO2 catalysts, relating the effect of CeO2 morphology
on the catalytic performance for brominated hydrocarbons oxida-
tion, is rare.

In this study, Co3O4/CeO2 catalysts with different CeO2 mor-
phologies (rod, plate, and cube) were prepared and were used for
dibromomethane (CH2Br2) oxidation, which was chosen as the
model compound for brominated hydrocarbons. The physicochem-
ical properties of Co3O4/CeO2 catalysts with different CeO2 mor-
phologies were studied. The CH2Br2 conversion, analysis of
products, and catalyst stability were also investigated. On the basis
of the analysis of products and in situ DRIFTS studies, a credible
reaction mechanism for CH2Br2 oxidation over Co3O4/CeO2 cata-
lysts was proposed.
2. Experimental section

2.1. Catalyst preparation

CeO2 nanorods and nanocubes were prepared by the hydrother-
mal method. Typically, 3.48 g Ce(NO3)3�6H2O and 19.2 g NaOH
were dissolved in 40 mL ultrapure water, respectively. Next, the
NaOH solution was dripped into the Ce(NO3)3 solution, and the
mixed solution was magnetic stirred for 60 min. Then, the mixed
solution was transferred into a stainless steel reaction kettle with
Teflon lining and maintained at constant temperatures (rods:
100 �C; and cubes: 180 �C) for 24 h.

CeO2 nanoplates were prepared by the CTAB (Cetyltrimethyl
Ammonium Bromide)-assisted hydrothermal method. Typically,
0.73 g CTAB and 2.61 g Ce(NO3)3�6H2O were dissolved in 80 mL
ultrapure water and magnetic stirred for 30 min. Subsequently,
8 mL NH3�H2O was dripped into the mixed solution and magnetic
stirred for 30 min, and then the mixed solution was transferred
into a stainless steel reaction kettle with Teflon lining and main-
tained at 100 �C for 24 h.

After filtering and washing with ultrapure water, the obtained
precipitates were dried at 60 �C for 12 h, and then calcined at
500 �C for 3 h in air.

Co3O4/CeO2 catalysts with different CeO2 morphologies (rod,
plate, and cube) were prepared by the impregnation method.
CeO2 powders were mixed with Co(NO3)2�6H2O solution under
magnetic stirring at 60 �C to gain Co3O4/CeO2 (5 wt% Co/CeO2).
The samples were dried at 60 �C for 12 h, and then calcined at
500 �C for 3 h in air. The samples were flagged as CeO2-rod,
CeO2-plate, CeO2-cube, Co3O4/CeO2-rod, Co3O4/CeO2-plate, and
Co3O4/CeO2-cube.

2.2. Catalyst characterization

X-ray diffraction (XRD) were performed on the Shimadzu
XRD-6100, and the diffractograms were obtained in the 2h range
of 10�–80�, with a scanning velocity of 10�/min. The N2

adsorption-desorption isotherms were collected using a physical
adsorption instrument (Nova 2200e) at �196 �C. Before each
experiment, the samples were pretreated under the condition of
vacuum at 200 �C for 3 h. The specific surface area was obtained
by the multipoint BET model. Raman spectra were recorded on a
SENTERRA R200 microscope. The excitation source was the
532 nm line of Ar ion laser. The morphology of the samples was
observed using transmission electron microscopy (TEM) (JEOL-
2100F) and scanning electron microscope (SEM) (JSM-7800F).
Before each experiment, the samples were evenly dispersed in
ethanol solution under the condition of ultrasound. Chemical anal-
ysis of the samples was performed on the inductively coupled
plasma (ICP) spectrometer with iCAP 6000 Radial. The H2-TPR
experiments were performed on an automatic chemical adsorption
instrument (AutoChem II, 2920). Before each experiment, the
100 mg samples were degassed in Ar flow at 300 �C for 2 h. Subse-
quently, after cooling to 100 �C, the samples were heated up to
1000 �C in 10% H2/Ar flow, with a heating rate of 10 �C/min. The
NH3-TPD experiments were also performed on an automatic chem-
ical adsorption instrument (AutoChem II, 2920). Before each exper-
iment, the 500 mg samples were degassed in He flow at 300 �C for
2 h. Then, after cooling to 50 �C, NH3 adsorption was performed in
10% NH3/He flow at 50 �C for 1 h. Subsequently, the samples were
treated in He flow for 30 min to remove gaseous NH3, and then
heated up to 800 �C in He flow, with a heating rate of 10 �C/min.
X-ray photoelectron spectroscopy (XPS) was carried out on a
PHI-5300 (PE) spectrometer using Mg Ka radiation as the excita-
tion source, the binding energy was calibrated using the C 1 s line
at 284.8 eV as an internal standard.

2.3. Catalytic performance evaluation

The catalytic performance for CH2Br2 oxidation was investi-
gated by a fixed-bed flow reactor (i.d 6 mm). 120 mg catalyst
was placed in the middle of the reactor using silica wool. The gas
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mixture contained 500 ppm CH2Br2, 10% O2, 0 or 2% H2O, 0 or
500 ppm p-xylene (PX), and N2 as the balance. The gaseous CH2Br2
was produced by a nitrogen-blowing method, passing N2 flow
through a bottle containing pure CH2Br2 in a thermostatic oil bath.
The gaseous H2O and PX were produced by the same method,
respectively. The total gas flow was 150 mL/min, giving a gas
hourly space velocity (GHSV) of 75,000 mL/(g�h)�1. The range of
catalytic temperatures was from 150 to 450 �C. The concentration
of CH2Br2 was monitored by a GC-9790 equipped with a FID, and
the data were collected at each evaluated temperature after stabi-
lizing for 30 min. The catalytic activity was evaluated in terms of
CH2Br2 conversion, defined as follows:
XCH2Br2 ¼
Cin � Cout

Cin
� 100% ð1Þ

where Cin and Cout are the CH2Br2 concentrations corresponding
to the inlet and outlet, respectively.

The outlet gas products were determined by a GCMS-QP2010.
The concentrations of Br2 and HBr were determined by the titra-
tion method. The gas containing Br2 and HBr was first absorbed
in a KI solution of a certain concentration. Next, the concentration
of Br2 was determined by the titration using Na2S2O3 solution with
starch solution as an indicator. The concentration of bromide ions
in the absorbed solution was determined by an ion chromatogra-
phy. The concentrations of CO and CO2 were monitored by a GC-
14B equipped with a FID and a methane conversion oven. The
selectivity to CO, CO2, Br2, and HBr were defined as follows,
respectively:
SCO ¼ Cco

Cin � Cout
� 100% ð2Þ
SCO2 ¼
CCO2

Cin � Cout
� 100% ð3Þ
SBr2 ¼
CBr2

Cin � Cout
� 100% ð4Þ
SHBr ¼ CHBr

2ðCin � CoutÞ � 100% ð5Þ
100  CeO2-cube
where Cco and CCO2 are the concentrations of CO and CO2 (ppm) in
the outlet, CBr2 and CHBr are the concentrations of Br2 and HBr
(ppm) in the outlet.
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Fig. 1. Conversion curves for CH2Br2 oxidation as a function of temperature over the
CeO2 and Co3O4/CeO2 catalysts investigated.
2.4. In situ DRIFTS studies

In situ DRIFTS experiments were carried out on a Fourier trans-
form infrared spectrometer (FTIR, Nicolet 6700) fitted with a MCT
detector. The DRIFTS cell was fitted with ZnSe windows and a heat-
ing chamber. Real reaction conditions were simulated by a temper-
ature controller and mass flow controllers. The in situ DRIFTS
spectra were collected in the range of 4000–800 cm�1 at a resolu-
tion of 4 cm�1 and over 100 scans. Prior to each experiment, the
samples were pretreated with 10% O2/N2 at 400 �C for 2 h to
remove surface contaminants, and then cooled to 50 �C. Spectra
of the clean catalyst surface were collected and used as the back-
ground. Next, a gas stream containing 500 ppm CH2Br2/10% O2/
N2 was exposed to the DRIFTS cell at 50 �C for 1 h. Finally, the cat-
alyst was treated in 10% O2/N2 from 50 to 400 �C. In situ DRIFTS
spectra were collected from 50 to 400 �C.
3. Results and discussion

3.1. Catalytic performance

The activity of the CeO2 and Co3O4/CeO2 catalysts investigated
for CH2Br2 oxidation is shown in Fig. 1. It is obvious that CH2Br2
conversion over all of the catalysts increased with the increase of
temperature, and an apparent difference in the activity was also
found. Pure CeO2 supports exhibited considerable activity, particu-
larly, the activity of CeO2-rod was the highest among the three
CeO2 supports, with a T-90 (the temperature needed for 90% con-
version) of approximately 370 �C, followed by CeO2-plate and by
CeO2-cube, which was the least active. With the addition of Co,
the activity was significantly improved and the conversion curves
shifted to lower temperatures. Co3O4/CeO2-rod exhibited the high-
est activity, with a T-90 of approximately 312 �C, followed by
Co3O4/CeO2-plate and by Co3O4/CeO2-cube, which was the least
active.
3.2. Catalyst characterization

Fig. 2 shows the TEM and HRTEM images of Co3O4/CeO2 cata-
lysts with different CeO2 morphologies. The TEM images indicated
that the three different CeO2 catalysts still kept their original
morphologies after the addition of Co. Fig. 2a displayed that
Co3O4/CeO2-rod was composed of nanorods with a width of
approximately 10 nm and length varying from 20 to 100 nm.
According to the HRTEM image (Fig. 2b), two types of lattice fringe
directions, corresponded to (220) and (200) planes, were found
for Co3O4/CeO2-rod, which had interplanar spacing of 0.19 and
0.27 nm, respectively. Therefore, Co3O4/CeO2-rod grew along the
[110] direction and mainly exposed the unstable {110} and
{100} planes [22]. The TEM image of Co3O4/CeO2-plate displayed
that it consisted of hexagonal plates with a diameter of approxi-
mately 18 nm (Fig. 2c). The HRTEM image in Fig. 2d displayed that
the lattice fringe attributed to the (111) plane, with an interplanar
spacing of 0.32 nm, belonged to the {111} plane [23]. The Co3O4/
CeO2-cube was cube with uneven size varying from 15 to 60 nm.
The HRTEM image in Fig. 2f displayed that the lattice fringe
assigned to the (200) plane with an interplanar spacing of
0.27 nm, belonged to the {100} plane. The morphology of Co3O4/
CeO2-cube matched with that of a cube exposed by six {100}
planes [24]. Interestingly, the lattice fringes attributed to Co3O4

were not observed for all three Co3O4/CeO2 catalysts, indicating



Fig. 2. TEM and HRTEM images of Co3O4/CeO2-rod (a, b), Co3O4/CeO2-plate (c, d), and Co3O4/CeO2-cube (e, f).
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that Co3O4 had a good dispersion on the surface of all three CeO2

supports. To further obtain the morphology information of
Co3O4/CeO2 catalysts with different CeO2 morphologies, SEM
experiment was also conducted, and the images of SEM (Fig. S1)
were consistent with those of TEM. The above results revealed that
the desired morphologies of Co3O4/CeO2 catalysts with different
CeO2 planes were successfully synthesized.

Fig. 3 shows the XRD patterns of the CeO2 and Co3O4/CeO2 cat-
alysts investigated. The diffraction peaks at 28.5, 33.0, 47.5, 56.3,
59.1, 69.4, 76.8, and 79.1� were ascribed to the face-centered cubic
fluorite structure of CeO2 in all of the samples [25]. Interestingly,
only a very weak peak at 36.9�, assigned to Co3O4 [26], was
observed in Co3O4/CeO2 catalysts, indicating thorough dispersion
of Co3O4 or amorphous Co-containing species on the CeO2

supports.
The chemical compositions of the CeO2 and Co3O4/CeO2 cata-

lysts investigated were measured by ICP and the results were listed
in Table 1. Co/CeO2 mass ratios of the three Co3O4/CeO2 catalysts
were basically consistent with the nominal values. The N2

adsorption-desorption isotherm and pore size distribution of the
CeO2 and Co3O4/CeO2 catalysts investigated are shown in Fig. S2,
and the physical properties estimated by N2 physisorption were
also listed in Table 1. As shown in Fig. S2(a), the N2 adsorption-
desorption isotherms of the CeO2 and Co3O4/CeO2 catalysts inves-
tigated were assigned to type IV with a type H3 hysteresis loop at
high relative pressure. As shown in Fig. S2(b), it was found that the
pore size distribution of the CeO2 and Co3O4/CeO2 catalysts inves-
tigated was not uniform and all the CeO2 and Co3O4/CeO2 catalysts
investigated had porosity structures. As listed in Table 1, the aver-
age pore size of CeO2-rod, CeO2-plate, and CeO2-cube were 25.1,
23.4, and 19.8 nm, respectively. With the addition of Co, the aver-
age pore size became small and decreased to 24.9, 22.2, and
18.3 nm for Co3O4/CeO2-rod, Co3O4/CeO2-plate, and Co3O4/CeO2-
cube, respectively. In addition, the pore size of Co3O4/CeO2-rod,
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Co3O4/CeO2-plate, and Co3O4/CeO2-cube was centered on approxi-
mately 3, 10, and 25 nm, respectively. Moreover, the specific sur-
face area of CeO2-rod, CeO2-plate, and CeO2-cube were 67.1, 52.9,
and 26.8 m2 g�1, respectively. After the addition of Co, the specific
surface area of CeO2-rod, CeO2-plate, and CeO2-cube decreased to
58.9, 44.7, and 15.4 m2 g�1, respectively. The specific surface areas
were consistent with the crystallite sizes calculated by the results
of XRD where Co3O4/CeO2-rod had the smallest Co3O4 particle size
at approximately 10.44 nm while that for Co3O4/CeO2-cube
(approximately 16.50 nm) was the largest. The larger specific sur-
face area of CeO2-rod was beneficial for the dispersion of Co3O4,
which was conducive to the catalytic performance.

Fig. 4 shows the Raman spectra of the CeO2 and Co3O4/CeO2 cat-
alysts investigated. For pure CeO2 supports, a distinct vibrational
mode (F2g) at 462 cm�1 was observed, which was belong to the
symmetrical stretching vibration of the CeO2 phase [27]. The max-
imum half width (MHW) values of the F2g peaks were in the
sequence of CeO2-rod > CeO2-plate > CeO2-cube. Generally, the
higher MHW values of the F2g peaks, the higher concentrations of
oxygen defects [18]. Thus, CeO2-rod had the highest concentration
of oxygen defects, followed by CeO2-plate, and CeO2-cube had the
least. The Raman spectra of Co3O4/CeO2 catalysts had similarities
with those of CeO2 catalysts. However, the bands assigned to cobalt
oxide species were not found, which revealed that they were well
dispersed. In addition, the presence of Co led to not only a slight
red-shift of F2g peaks from 462 to 443 cm�1 but also the increase
of the MHW values. The red-shift together with band broadening
revealed the incorporation of Co ions into the surface of CeO2 sup-
Table 1
The structural and physical properties of the CeO2 and Co3O4/CeO2 catalysts investigated.

Catalyst Co/CeO2 (wt%) SBET (m2 g�1) Da

Co3O4/CeO2-rod 4.68 58.9 24
Co3O4/CeO2-plate 4.71 44.7 22
Co3O4/CeO2-cube 4.70 15.4 18
CeO2-rod – 67.1 25
CeO2-plate – 52.9 23
CeO2-cube – 26.8 19

Co/CeO2: Co/CeO2 mass ratio measured by ICP.
SBET: Specific surface area estimated by N2 physisorption.
Da: Average pore diameter estimated by N2 physisorption.
V: Pore volume estimated by N2 physisorption.
DCeO2: CeO2 crystallite size calculated by Scherrer equation from XRD.
DCo3O4: Co3O4 crystallite size calculated by Scherrer equation from XRD.
ports, but without changing the original CeO2 cubic structure,
which resulted in the increase of oxygen vacancies.

Fig. 5 shows the H2-TPR profiles of the CeO2 and Co3O4/CeO2

catalysts investigated. It can be seen that the CeO2 supports only
showed two reduction peaks, while Co3O4/CeO2 catalysts showed
three reduction peaks. For CeO2 supports, the low-temperature
reduction peak was assigned to the reduction of CeO2 particles
with small size while the high-temperature reduction peak was
attributed to the reduction of particles with large size [28]. For
Co3O4/CeO2-rod, the former two reduction peaks at approximately
275 and 329 �C were assigned to the reduction of Co3+ to Co 2+ and
Co2+ to Co0, respectively [29], while the last reduction peak was
assigned to the reduction of CeO2. Similar profiles were also
observed for Co3O4/CeO2-plate and Co3O4/CeO2-cube, except that
the reduction peaks shifted to higher temperatures. The results
suggested that the interaction between Co3O4 and CeO2-rod was
the strongest among the three Co3O4/CeO2 catalysts. As well
known, the stronger the interaction between Co3O4 and CeO2 sup-
ports, the higher the redox ability of cobalt species [30].

Fig. 6 shows the XPS spectra of Co 2p, Ce 3d, and O 1s for the
Co3O4/CeO2 catalysts investigated. As can be seen in Fig. 6(a), for
the three Co3O4/CeO2 catalysts, two main peaks ascribed to Co
2p3/2 and Co 2p1/2 at 781.5–782.7 and 797.0–798.1 eV, respec-
tively, with satellite peaks, were observed. The Co 2p3/2 spectra
could be decomposed into two characteristic peaks, of which the
peak with the lower binding energy was corresponded to Co3+,
while the peak with the high binding energy was related to Co2+

[31]. According to Table 2, the proportion of Co3+ to the total Co
(nm) V (cm3 g�1) DCeO2 (nm) DCo3O4 (nm)

.9 0.363 11.68 10.44

.2 0.264 14.63 13.21

.3 0.135 19.67 16.50

.1 0.461 13.38 –

.4 0.332 15.41 –

.8 0.244 20.52 –
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on Co3O4/CeO2-rod, Co3O4/CeO2-plate, and Co3O4/CeO2-cube was
0.66, 0.63, and 0.59, respectively. Thus, the proportion of Co3+ on
Co3O4/CeO2-rod was higher than that on Co3O4/CeO2-plate and
Co3O4/CeO2-cube, and it is believed that the better catalytic perfor-
mance of Co3O4/CeO2-rod is associated with the high content of
Co3+ [7].

Fig. 6(b) shows the XPS spectra of Ce 3d for the Co3O4/CeO2 cat-
alysts investigated. The spectra of Ce 3d could be resolved into
eight peaks, of which six peaks denoted as v, v2, v3, u, u2, and u3

were assigned to Ce4+, while the other two peaks, denoted as v1
and u1, were assigned to Ce3+ [32]. According to Table 2, the pro-
portion of Ce3+ to the total Ce on Co3O4/CeO2-rod, Co3O4/CeO2-
plate, and Co3O4/CeO2-cube was 0.18, 0.15, and 0.11, respectively.
It is reported that the transformation between Ce3+ and Ce4+ could
produce oxygen vacancies in previous literatures, revealing that
the higher the proportion of Ce3+, the more oxygen vacancies are
formed [33]. Combined with the results of Raman spectroscopy,
the oxygen vacancies of Co3O4/CeO2-rod were more than those of
Co3O4/CeO2-plate and Co3O4/CeO2-cube. Therefore, it was likely
that the better catalytic performance of Co3O4/CeO2-rod was
related to the higher proportion of Ce3+.

The O 1s XPS spectra of Co3O4/CeO2-rod, Co3O4/CeO2-plate, and
Co3O4/CeO2-cube are shown in Fig. 6(c). The asymmetrical O 1s
peak was divided into two components: one at BE = 528.8–
529.1 eV was corresponded to the surface-lattice oxygen (Olat),
and the other at BE = 531.2–531.6 eV was related to the surface-
adsorbed oxygen (Oads) [7,34]. According to Table 2, the ratio of
Oads/(Oads + Olat) for Co3O4/CeO2-rod was higher than those for
Co3O4/CeO2-plate and Co3O4/CeO2-cube, revealing Co3O4/CeO2-
rod had more surface adsorbed oxygen, which was beneficial for
catalytic oxidation.
537 534 531 528 525
Binding energy / eV

Fig. 6. XPS spectra of (a) Co 2p, (b) Ce 3d and (c) O 1 s for Co3O4/CeO2 catalysts: ①
Co3O4/CeO2-rod, ② Co3O4/CeO2-plate and ③ Co3O4/CeO2-cube.
3.3. Analysis of products

It is learned that the desired decomposition products of bromi-
nated hydrocarbons are CO2 and Br2 or HBr. To our disappoint-
ments, almost none of the treatment technologies can achieve
complete mineralization. In this study, the products after reaction
at different temperature over Co3O4/CeO2-rod, Co3O4/CeO2-plate,
and Co3O4/CeO2-cube were determined by GCMS, which are shown
in Tables 3, S1, and S2. As can be seen in Table 3, for Co3O4/CeO2-
rod, the products were CO, CO2, HBr, and H2O at low temperatures
(below 200 �C), while Br2 was generated above 250 �C. Of particu-
lar note is that no other bromine products were generated at each
evaluated temperature. Moreover, exactly the same results were
also observed for Co3O4/CeO2-plate and Co3O4/CeO2-cube, as
shown in Tables S1 and S2, respectively.

It is also necessary to investigate the selectivity to CO, CO2, HBr,
and Br2. Fig. 7 shows the selectivity to CO, CO2, Br2, and HBr as a



Table 2
XPS parameters of the Co3O4/CeO2 catalysts investigated.

Catalyst Surface composition (at.%) Co3+/(Co2+ + Co3+) Ce3+/(Ce3+ + Ce4+) Oads/(Oads + Olat) Co/Ce

Co Ce O

Co3O4/CeO2-rod 0.71 6.89 53.54 0.66 0.18 0.25 0.13
Co3O4/CeO2-plate 0.87 6.19 54.33 0.63 0.15 0.22 0.14
Co3O4/CeO2-cube 0.98 8.92 51.71 0.59 0.11 0.20 0.11

Table 3
Products in outlet at different temperature over Co3O4/
CeO2-rod.

Temperature (�C) Detected substances

150 CH2Br2, CO, CO2, HBr, H2O
200 CH2Br2, CO, CO2, HBr, H2O
250 CH2Br2, CO, CO2, HBr, Br2, H2O
300 CH2Br2, CO, CO2, HBr, Br2, H2O
350 CO, CO2, HBr, Br2, H2O
400 CO, CO2, HBr, Br2, H2O
450 CO, CO2, HBr, Br2, H2O
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function of temperature over the Co3O4/CeO2 catalysts investi-
gated. It was found that their selectivity were different, depending
on the catalysts used. As can be seen in Fig. 7(a), for Co3O4/CeO2-
cube, when the temperature increased, the selectivity to CO and
HBr gradually decreased, while that to CO2 and Br2 gradually
increased. Similar results were also observed for Co3O4/CeO2-
plate and Co3O4/CeO2-rod. The increase of CO2 was due to further
oxidation of CO, and the generation of Br2 might be assigned to
the Deacon reaction (4HBr + O2 = 2Br2 + 2H2O) [7]. For Co3O4/
CeO2-cube, the selectivity to CO2 and Br2 were approximately
76% and 54%, respectively, at 350 �C, while the selectivity to CO2

and Br2 were approximately 80% and 65%, respectively, at 350 �C
for Co3O4/CeO2-plate, and approximately 84% and 69%, respec-
tively, at 350 �C for Co3O4/CeO2-rod. The results revealed that
Co3O4/CeO2-rod had the highest selectivity to CO2 and Br2 among
the three Co3O4/CeO2 catalysts.
Fig. 7. Selectivity to CO, CO2, Br2, and HBr as a function of temperature over Co3O4/
CeO2-cube (a), Co3O4/CeO2-plate (b), and Co3O4/CeO2-rod (c).
3.4. The effect of water or p-xylene (PX)

Water vapor usually exists in the PTA exhaust gas, and it is nec-
essary to consider the resistance of the catalyst to humidity. Thus,
the CH2Br2 oxidation was performed in the presence of 2 vol% H2O.
As shown in Fig. 8 at low temperatures, the CH2Br2 conversion
slightly increased when H2O was present, and T-10 (the tempera-
ture needed for 10% conversion) decreased by approximately
10 �C. It was most likely that the promotional effect of H2O on CH2-
Br2 oxidation at low temperatures was on account of the removal
of surface bromine species, based on the reverse Deacon reaction:
H2O + Br� � HBr" + OH�[3]. However, a decrease in CH2Br2 con-
version was observed at high temperatures, due to the occupation
of H2O on a part of active sites.

Commonly, there are many organic compounds in PTA exhaust
gas. However, it is not realistic to simultaneously study the effect
of all of the organic compounds on CH2Br2 oxidation. Hence, we
mainly focused on the characteristics of reactions involving binary
organic pollutants. Thus, the effect of p-xylene (PX) on CH2Br2 oxi-
dation over Co3O4/CeO2-rod was also investigated. As shown in
Fig. 8, the CH2Br2 conversion was obviously inhibited when PX
was present, both at low and high temperatures, and T-90 shifted
to 355 �C, which might be due to the decrease of oxygen species
caused by consumption of surface-active oxygen during PX
oxidation.
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3.5. Catalyst stability

To examine the catalytic stability, a long-duration CH2Br2 oxi-
dation test was performed at a constant temperature. The on-
stream evolution of CH2Br2 conversion with time at 300 �C for
Co3O4/CeO2 catalysts with different CeO2 morphologies is shown
in Fig. 9. Within 30 h, Co3O4/CeO2-rod presented a stable conver-
sion of approximately 82%. During the long-duration CH2Br2 oxida-
tion test, the selectivity of product was nearly constant, revealing
that the composition and structure of the active component was
stable. In addition, there is a popular belief that the catalytic activ-
ity of Co-based catalyst is reduced due to the accumulation of Br
species. XPS analysis (Fig. S4) indicated the deposition of only
1.2% Br on the surface of Co3O4/CeO2-rod after 30 h of reaction,
which might be ascribed to the fast reaction of Br species on the
surface of Co3O4/CeO2-rod. Moreover, Co3O4/CeO2-plate and
Co3O4/CeO2-cube also showed good catalytic stability. The results
revealed that all of the three Co3O4/CeO2 catalysts were stable for
CH2Br2 oxidation.

The stability of Co3O4/CeO2-rod in the presence of 2 vol% water
at 300 �C was also investigated. As shown in Fig. 10, the CH2Br2
conversion was always stabilized at approximately 82% within
the first 3 h. Then, after the introduction of H2O (2 vol%), an appar-
ent decrease in CH2Br2 conversion from 82% to 62% occurred,
revealing that H2O showed a suppression effect on the catalytic
reaction, on account of the competitive adsorption of CH2Br2 and
H2O on the active sites. The catalytic activity of Co3O4/CeO2-rod
was stabilized within 24 h. When H2O was cut off, the CH2Br2 con-
version basically regained its value of 82%. The results revealed
that the catalytic activity of Co3O4/CeO2-rod was sustainable and
showed good resistance to water-penetration.

3.6. In situ DRIFTS studies

To get a deep insight into the catalytic behaviors of CeO2 and
Co3O4/CeO2 catalysts, in situ DRIFTS experiments were carried
out, and the results are displayed in Fig. 11. As can be seen in
Fig. 11(a, b), for CeO2-rod, after treated in the mixture of
500 ppm CH2Br2, 10% O2, and N2 at 50 �C for 1 h, the DRIFTS spectra
exhibited bands at 3070, 2985, 1595, 1560, and 1198 cm�1. The
bands at 3070, 2985, and 1198 cm�1 were assigned to antisymmet-
ric stretching, symmetric stretching, and wagging of methylene
species (–CH2–), respectively, in CH2Br2 molecules [35]. When
the temperature increased, these bands gradually decreased in
intensities and could not be observed above 100 �C, revealing
either desorption or reaction of CH2Br2 molecules. The band at
1560 cm�1 was ascribed to the formate species (–COOH) [7]. The
band at 1595 cm�1 was attributed to H2O on the surface of CeO2

[36], which was gradually removed when the temperature
increased. In addition, the removal of the bands assigned to CH2Br2
Fig. 12. A credible reaction mechanism for CH
molecules was along with the appearance of some new bands at
2933, 2876, 2850, 2819, 2719, 1539, 1369, and 1360 cm�1. The
bands at 2876, 2850, 2719, 1539, 1369, and 1360 cm�1 (including
1527 and 1344 cm�1 developed at 350 and 400 �C) were assigned
to the formate species (–COOH) [3,37,38], while the other bands
at 2933 and 2819 cm�1 were related to methyl antisymmetric
stretching and symmetric stretching of the methoxy species (–
CH3O), respectively [39]. All of the bands generated with the
decomposition of the absorbed CH2Br2, revealing that the formate
and methoxy species were the main intermediate products pro-
duced on the surface of CeO2-rod.

On the basic of in situ DRIFTS experiments, a believable reaction
pathway for CH2Br2 oxidation over CeO2 is shown in Fig. S5. The
reaction pathway is described as follows: (1) A CH2Br2 molecule
is adsorbed on oxygen vacancies through two bromine atoms. (2)
The two bromine atoms are extracted by the adjacent nucleophilic
oxygen, forming bidentate methoxy species, which were not
observed due to their instability. (3) Formate and methoxy species
are formed by the Cannizzaro type disproportionation of bidentate
methoxy species. (4) The formate and methoxy species are further
oxidized by active oxygen species to produce CO and CO2.

In the case of Co3O4/CeO2-rod (Fig. 11(c, d)), the similar DRIFTS
spectra were observed at 50, 100, 150, 200, and 250 �C, except that
some bands assigned to the formate species disappeared and a new
band was observed at 1489 cm�1, assigned to scissoring of methy-
lene species (–CH2–) [39], which revealed that the reaction
pathway was not fundamentally changed by the addition of Co.
When the temperature increased, the band intensity was
decreased obviously at 250 �C and complete disappeared at
300 �C. The results revealed that the presence of Co further pro-
moted the decomposition of intermediate species at high temper-
atures. Furthermore, no bands corresponding to CO, CO2, and HBr
as the final products could be observed, due to the quick desorp-
tion of these species.

For Co3O4/CeO2 catalysts, the dissociation of C-Br and C–H
bonds was easier on account of the electrophilicity and high
valence of Co3O4, and the high catalytic activity was ascribed to
the strong interaction between Co3O4 and CeO2. In the process of
reaction, Co3+ was reduced to Co2+, after which the lattice oxygen
of CeO2 transferred to Co to reoxidize Co2+ to Co3+. At the same
time, CeO2 released lattice oxygen that could be quickly reoxidized
by gas-phase oxygen due to its excellent oxygen storage capacity.
To get a deeper understanding of the reaction, a credible reaction
mechanism for CH2Br2 oxidation over Co3O4/CeO2 catalysts, con-
sisting of five steps, is schematized in Fig. 12: (1) A CH2Br2 mole-
cule is adsorbed on oxygen vacancies through two bromine
atoms. (2) The two bromine atoms are extracted by the adjacent
nucleophilic oxygen, forming bidentate methoxy species, which
were not observed due to their instability. (3) The gas-phase
oxygen is adsorbed on the catalyst surface to supplement the con-
2Br2 oxidation over Co3O4/CeO2 catalysts.
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sumed oxygen. (4) Formate and methoxy species are formed by the
Cannizzaro type disproportionation of bidentate methoxy species.
(5) Formate and methoxy species are further oxidized by active
oxygen species to generate CO and CO2. Additionally, the Br species
are quickly removed from the Co3O4/CeO2 surface in the form of
Br2 by the Deacon reaction (4HBr + O2 = 2Br + HBr), or in the form
of HBr by the chemical reaction of the dissociatively adsorbed Br
and surface hydroxyl groups.

4. Conclusions

Three Co3O4/CeO2 catalysts with different CeO2 morphologies
(rod, plate, and cube) were prepared by the hydrothermal and
impregnation methods, and the morphology effect of CeO2 on the
catalytic performance of Co3O4/CeO2 catalysts for CH2Br2 oxida-
tion, used as the model compound for brominated hydrocarbons,
was investigated. Among the three Co3O4/CeO2 catalysts, Co3O4/
CeO2-rod achieved significantly higher catalytic activity, with a
T-90 of approximately 312 �C for CH2Br2 oxidation and higher
selectivity to CO2 than Co3O4/CeO2-plate and Co3O4/CeO2-cube.
The HRTEM images revealed that the Co3O4/CeO2-rod predomi-
nately exposed {100} and {110} planes. Based on the results of
Raman and XPS, the Co, Ce valences, surface oxygen species, and
oxygen vacancies were dependent on morphology. The high cat-
alytic activity of Co3O4/CeO2-rod was attributed to the high con-
tent of Co3+, more surface-adsorbed oxygen, and more oxygen
vacancies related to their exposed {100} and {110} planes. In addi-
tion, Co3O4 had a strong interaction with CeO2-rod, making it supe-
rior for CH2Br2 oxidation. The results of long-duration stability
experiments confirmed that Co3O4/CeO2-rod could be considered
as an excellent catalyst for CH2Br2 oxidation. Moreover, on the
basis of the analysis of products and in situ DRIFTS studies, a cred-
ible reaction mechanism for CH2Br2 oxidation over Co3O4/CeO2

catalysts was proposed.
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