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Ordered  mesoporous  Co3O4 (3D) and  the bulk  counterpart  Co3O4 (B)  were  prepared  by  a  nanocasting
route and  precipitation  method,  respectively.  Pd  was  next  loaded  on both  of  them  by  an  impregna-
tion  method.  All catalysts  were  tested  for  the  total  oxidation  of  o-xylene  in  the temperature  range  of
150–300 ◦C. Mesoporous  Co3O4 (3D)  exhibited  better  activity  than  Co3O4 (B),  and  Pd  addition  further
improved the  catalytic  activity  of  both  the  mesoporous  and  bulk  Co3O4. The  BET  and  TEM  results  indi-
cated  that  the mesoporous  catalysts  had  uniform  channel  dimensions  and  the  mesostructure  was  little
rdered mesoporous
obalt oxide
alladium
atalytic oxidation
-Xylene

affected  by  Pd  addition.  The  TPR  and  XPS  data  indicated  that  Pd  was  much  more  exposed  on  the  sur-
face  of  Co3O4 (3D)  than  that  of Co3O4 (B). TPD  results  showed  that Pd/Co3O4 (3DL)  could  activate  the
oxygen species  more  easily  than  Pd/Co3O4 (BL).  Therefore,  Pd/Co3O4 (3DL)  presented  the  best  activity
among  the  four  catalysts  and  achieved  90%  conversion  of  150  ppm  o-xylene  at 249 ◦C  at  a space  velocity
of  60,000  mL  g−1 h−1.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Volatile organic compounds (VOCs) are harmful to human
ealth and the environment. Benzene, toluene and xylene (BTX)
mitted from various industrial processes and transportation activ-
ties are among the major VOCs in air at large scale [1]. Many
echniques have been developed for the abatement of BTX emission
2,3], such as adsorption, thermal oxidation, photocatalytic oxida-
ion and catalytic oxidation. Catalytic oxidation is considered to be
he most suitable pathway for the removal of VOCs owing to its easy
pplication, high efficiency and low production of thermal NOx [4].

Over the last several years, the complete catalytic oxidation of
TX has been widely studied over supported noble metal and metal
xide catalysts. Supported noble metal catalysts such as those con-
aining palladium, platinum, rhodium, silver and gold are regarded
s promising catalysts for the oxidation of BTX. Among them, Pd-
ased catalysts are the most widely investigated catalysts due to
heir low cost and high catalytic activity for BTX oxidation in the

ow temperature range. Liotta [5] synthesized several catalysts by
upporting noble metals on Al2O3, and found that Pd/Al2O3 was  the
est catalyst for the catalytic oxidation of benzene. Kim and Shim

∗ Corresponding author. Tel.: +86 10 62849123; fax: +86 10 62849123.
E-mail address: honghe@rcees.ac.cn (H. He).

ttp://dx.doi.org/10.1016/j.cattod.2014.06.032
920-5861/© 2014 Elsevier B.V. All rights reserved.
[6], and Centi [7] showed that Pd-based catalysts showed superior
performance compared to other noble metals or mixed oxides for
the oxidation of methane and BTX. The activity of Pd-based cata-
lysts is greatly influenced by the characteristics of the support [7],
such as porosity and redox properties.

In recent years, ordered mesoporous transition metal oxides
have received great attention owing to their uniform channel
dimensions, open porous structure and multiple oxidation states
[8–13]. Ordered mesoporous Co3O4 was  fabricated by some groups
using different silica templates, such as KIT-5, SBA-15, SBA-16,
KIT-6, and forming different replica mesoporous structures ((2d-
hexagonal P6mm) (bicontinuous cubic Ia3d) (Im3n)) [11,14–18].
It was  shown that the three-dimensional cubic Ia3d mesoporous
structure had a more open porous system than other mesostruc-
tures, facilitating the absorption and diffusion of the VOC molecules
during the catalytic oxidation of short-chain VOCs [13,18,19]. Due
to their unique physicochemical properties, ordered mesoporous
transition metal oxides have been directly used as catalysts for the
oxidation reaction and also used as the supports for noble metals
[13].

As reported in our previous work, a series of Pd/Co3O4 cat-

alysts were prepared, and the effect of the different Pd loading
methods on three-dimensional ordered mesoporous Co3O4 (Co3O4
(3D)) for catalytic oxidation of o-xylene was discussed in detail
[20]. In this work, in order to further confirm the advantage of

dx.doi.org/10.1016/j.cattod.2014.06.032
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.06.032&domain=pdf
mailto:honghe@rcees.ac.cn
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Fig. 1. o-Xylene conversion as a function of reaction temperature over
the  catalysts under the condition of o-xylene concentration = 150 ppm and
Y. Wang et al. / Catalysi

D structure for o-xylene oxidation, non-mesoporous Co3O4 (B)
nd mesoporous Co3O4 (3D) were used as supports for Pd addition
Namely, Pd/Co3O4 (3DL) and Pd/Co3O4 (BL)) and the effect of dif-
erent structure of the catalysts were studied.

. Materials and methods

.1. Catalyst preparation

Mesoporous Co3O4 (3D) was prepared using 3D cubic KIT-6 as
 hard template [20].

Bulk Co3O4 (B) was prepared by the precipitation method [21].
ypically, 17.46 g cobalt nitrate hexahydrate (Co(NO3)2·6H2O) was
issolved in 150 mL  of distilled water. The aqueous solution of
o(NO3)2 was heated to 50 ◦C and poured into 150 mL  of aqueous
a2CO3 solution kept at 50 ◦C, then stirred for 3 h. The precipitate
as thoroughly washed with distilled water and filtered. The solid

btained was dried at 100 ◦C overnight and calcined in air at 300 ◦C
or 3 h to transform it to Co3O4.

1%Pd/Co3O4 (BL) and 1%Pd/Co3O4 (3DL) were prepared by
mpregnation of Co3O4 (B) and Co3O4 (3D) using an aqueous solu-
ion of Pd(NO3)2 (palladium(II) nitrate hexahydrate, Aldrich). After
tirring for 2 h, the excessive water was removed in a rotary evap-
rator at 60 ◦C. The samples were dried overnight at 110 ◦C and
alcined at 500 ◦C for 3 h in air to decompose the metal salt adsorbed
n the support.

.2. Catalysts characterization

Power X-ray diffraction (XRD) was used to identify the crys-
alline phase present in the catalysts. A Bruker D8 Advance
iffractometer with monochromatic Cu K� source operated
t 40 kV and 40 mA  was used. TEM images were obtained
sing a JEOL JEM-2100 microscope, operating at 200 kV. N2
dsorption–desorption isotherms were measured using a Quanta-
hrome Quadrasorb IQ at liquid nitrogen temperature (77 K). The
2 temperature programmed reduction (H2-TPR) tests were car-

ied out on a mass spectrometer (Hiden HPR20). Prior to each TPR
un, the catalyst was pretreated in an air flow at 300 ◦C in a quartz
eactor. After the reactor cooled to room temperature, Ar gas was
ed into the reactor at 30 mL  min−1 for 30 min  to purge any resid-
al oxygen. The catalyst was then heated to 700 ◦C at a constant
eating rate of 10 ◦C min−1 under 5% H2-Ar flow of 30 mL  min−1.
he O2-temperature-programmed desorption (O2-TPD) tests were
arried out on a Micromeritics Auto chem II 2920. The catalyst was
retreated in an oxygen flow at 300 ◦C in a quartz reactor. After
he reactor was cooled to −50 ◦C, Ar gas was fed into the reac-
or at 50 mL  min−1 for 30 min  to purge any residual oxygen. The
atalyst was then heated to 700 ◦C at a constant heating rate of
0 ◦C min−1 under 10% H2-Ar flow of 50 mL  min−1. X-ray photo-
mission (XPS) measurements were recorded on a Scanning X-ray
icroprobe (AXIS Ultra, Kratos Analytical, Inc.). Binding energy was

alibrated with C 1s = 284.8 eV.

.3. Catalytic activity tests
The catalytic activities of the catalysts were evaluated in a
ontinuous flow fixed-bed quartz microreactor between 150 and
00 ◦C with 100 mg  of catalyst (40–60 mesh). The reactant feed
flow rate = 100 mL/min) was composed of 150 ppm o-xylene and
ir, with the weight space velocity (WHSV) of 60,000 mL  g−1 h−1.
he outlet gas was analyzed online by a GC–MS (Agilent 6890-
973N, HP 5MS) and a GC (Shangfen GC-112A, TDX-01 column).
WHSV = 60,000 mL  g−1 h−1.

3. Results and discussion

3.1. Catalytic performance

According to Fig. 1, catalytic performance was  in the order
Pd/Co3O4 (3DL) > Pd/Co3O4 (BL) > Co3O4 (3D) > Co3O4 (B). The
reaction temperatures T50% and T90% (corresponding to VOC  conver-
sion = 50% and 90%, respectively) were used to evaluate the catalytic
performance, and the results are summarized in Table S1. It is seen
that a T90% value of 249 ◦C for o-xylene oxidation was  achieved over
Pd/Co3O4 (3DL), whereas the T90% value was  277 ◦C for o-xylene oxi-
dation over Pd/Co3O4 (BL). CO2 and H2O were the only products and
the carbon balance was around 99.5%, indicating that o-xylene can
be completely oxidized on the catalyst. It is clear that mesoporous
catalysts performed much better than bulk catalysts, suggesting
that the structure is important for catalytic performance of the
catalysts.

3.2. Structure analysis

3.2.1. XRD
The low-angle XRD patterns of the Co3O4 (3D) and Pd/Co3O4

(3DL) catalysts are shown in Fig. 2(a). It can be seen that the hard
template (KIT-6) exhibits the well-resolved diffraction peaks (2 1 1)
and (3 3 2) and the shoulder peak (2 2 0), characteristic of a cubic
ia3d mesostructure and indicating a high degree of ordering of this
material [22]. The Co3O4 (3D) presented the (2 1 1) reflection at
2� value of 1◦ with a peak intensity lower than that in the KIT-
6 sample, suggesting that the mesostructure in the Co-containing
catalysts was less ordered than their silica template. The Pd addi-
tion to Co3O4 resulted in a slight decrease of XRD peak intensity,
but the mesoporous structure of Pd/Co3O4 (3DL) still remained,
indicating that Pd addition had slight effect on the mesoporous
Co3O4.

The large angle XRD patterns of the four catalysts are shown
in Fig. 2(b). The materials exhibited peaks at 31.3◦, 36.9◦, 44.5◦,
55.6◦, 59.4◦, and 65.3◦ (2�). All diffraction peaks could be assigned

to the cobalt oxide according to JCPDS PDF 74-1657, indicating that
the cobalt precursor was  completely turned into crystalline cobalt
oxide after calcination. No characteristic diffraction peaks of metal-
lic Pd or oxidized Pd were observed in Pd/Co3O4 (3DL) and Pd/Co3O4
(BL), suggesting that Pd was well dispersed on the Co3O4.
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Fig. 2. Low-angle (a) and large-angle (b) XRD patterns of the Pd/Co3O4 catalysts.

Fig. 3. TEM images of the catalysts: (a) Co3O4 (3D), (b) Pd/Co3O4 (3DL), (c) Co3O4 (B), (d) Pd/Co3O4 (BL); HRTEM images of (e) Pd/Co3O4 (3DL) and (f) Pd/Co3O4 (BL).
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tra (Fig. 6), the atomic concentration of Pd, Co, O and Pd/Co atomic
ratios are calculated and shown in Table 1. Based on the amount of
Co, it is obvious that Pd/Co3O4 (3DL) presented much greater Pd/Co
atomic ratio (5.60%) than that (0.58%) of Pd/Co3O4 (BL), suggesting

Table 1
XPS results for Pd/Co3O4 (3DL) and Pd/Co3O4 (BL): atomic concentration of Pd, Co,
and O; the atomic ratio of Pd/Co.

Catalyst Atomic concentration (%) Pd/Co (%) Pd particle
size (nm)
ig. 4. N2 adsorption–desorption isotherms and pore size distributions of the cata-
ysts.

.2.2. TEM
The catalysts were subjected to TEM measurements for their

tructure. Fig. 3 shows the TEM images of Co3O4 and Pd/Co3O4 cat-
lysts. As shown in Fig. 3(a), the ordered mesoporous structure was
learly observed in Co3O4 (3D). After Pd loading, the mesopores
ere partially destroyed; however, the mesoporous structure still

emained in the Pd/Co3O4 (3DL) catalysts (Fig. 3(b)). As shown in
ig. 3(c) and (d), the bulk Co3O4 (B) and Pd/Co3O4 (BL) did not show
ny ordered mesoporous structures. No obvious PdO species can be
irectly observed in the TEM images. As shown in Fig. 3(e) and (f),
RTEM images of Pd/Co3O4 (3DL) and Pd/Co3O4 (BL) showed the
.28 nm lattice spacing of Co3O4 (2 2 0) as well as the 0.46 nm (1 1 1)

attice spacing, and PdO was not observed by HRTEM.

.2.3. BET
N2 adsorption–desorption isotherms and pore size distributions

inset) of four catalysts are shown in Fig. 4. The sorption curves of
oth Co3O4 (3D) and Pd/Co3O4 (3DL) catalysts (in Fig. 3a) exhib-

ted slightly distorted Type-IV isotherms in the relative pressure
ange of 0.4–0.8, reconfirming the formation of a mesoporous struc-
ure [15]. The capillary condensation steps of the Co3O4 (3D) and
d/Co3O4 (3DL) are not pronounced, indicating the relatively small

izes of ordered domains [11]. From the data of pore size distribu-
ions (inset in Fig. 4A), it can be seen that there were peaks at 4.8
nd 3.4 nm observed over Co3O4 (3D) and Pd/Co3O4 (3DL), respec-
ively. The mesoporous Co3O4 (3D) and Pd/Co3O4 (3DL) both have
Fig. 5. Pd 3d XPS spectra of Pd/Co3O4 (3DL) and Pd/Co3O4 (BL).

a narrow distribution of pore size. Compared with the mesoporous
catalysts, both Co3O4 (B) and Pd/Co3O4 (BL) exhibited Type H3
loops (Fig. 4B), which indicates the aggregation of Co3O4 particles,
giving rise to slit-shaped pores [15].

The textural properties of these catalysts were shown in Table
S2. The surface area of Co3O4 (3D) was  82 m2/g. After Pd loading,
the surface area of Pd/Co3O4 (3DL) decreased to 65 m2/g, possibly
because the mesostructure was  partial destroyed by Pd introduc-
tion. In addition, the Co3O4 (B) and Pd/Co3O4 (BL) catalysts showed
higher surface area than the mesoporous catalysts, presenting the
surface area of 98 and 108 m2/g, respectively. It is interesting
to note that the surface area of Pd/Co3O4 (3DL) decreased with
the average pore diameter decreased, but that is the opposite for
Pd/Co3O4 (BL). The observed difference in surface area due to that
surface energy for Co3O4 is due to changes in the bulk structure,
such as variations in Co3+ distribution in the defect spinel struc-
ture [27]. The surface area is not the main factor which affects the
catalytic activity of these catalysts.

According to XRD, TEM and BET characterization, the results
showed that the Co3O4 (3D) and Pd/Co3O4 (3DL) catalysts had the
3D-ordered mesoporous structure. Compared to bulk samples, the
presence of the 3D-ordered mesoporous structure is favorable for
the diffusion of the reactant molecules to the active sites [18,19].
Therefore, the ordered mesoporous structure was  more beneficial
for o-xylene oxidation.

3.3. Surface analysis—XPS

The XPS analysis was performed to verify the state and atomic
concentration of Pd on the surface. As shown in Fig. 5, the Pd 3d XPS
spectra clearly indicated that Pd was  present as the oxide (BE(Pd5/2)
higher than 335.6 eV) on both catalysts [23]. From the XPS spec-
Pd O Co

Pd/Co3O4 (3DL) 1.69 68.37 29.94 5.60 8.2 [20]
Pd/Co3O4 (BL) 0.19 67.51 32.30 0.58 –
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Fig. 6. The XPS spectra of Pd/Co3O4 (3DL) and Pd/Co3O4 (BL).

hat PdO is more exposed on the surface of Co3O4 (3D). For its open
esoporous structure, the surface includes both inner and outer

urfaces of the mesopores in surface layers of Pd/Co3O4 (3DL). The
bvious difference of the Pd/Co atomic ratios was related to the dif-
erent structure of the catalysts. It seems that most of PdO species
ere exposed on the surface of pore wall of the mesostructure with-

ut embedding, because the particle size (8.2 nm) of Pd species was
arger than the thickness (6.3 nm)  of the pore wall and its structure
s an open 3D mesostructure [20]. For the Pd/Co3O4 (BL) catalyst,
dO species might be embedded in the pores accumulated by the
ulk Co3O4 (B) particles, resulting in the weaker XPS peak intensity.

.4. Chemical characteristic

.4.1. H2-TPR
With different structure and exposed active site, the catalysts

xhibited different catalytic performance because of the different
hemical characteristic.

To investigate the reducibility of the samples, the H2-TPR pro-
les of the catalysts were measured. Fig. 7 shows the H2-TPR
rofiles of the catalysts. The Co3O4 (3D) sample shows three reduc-

ion peaks at 190, 320 and 430 ◦C assigned to the surface oxygen
PeakI), Co3+ → Co2+(PeakII) and Co2+ → Co0 (PeakIII) reductions,
espectively [22,24]. A sharp reduction peak (Peak0) at 164 ◦C due to

Fig. 7. H2-TPR profiles of the catalysts.
Fig. 8. O2-TPD of Co3O4 and Pd/Co3O4 catalysts.

the PdO reduction and PeakI were observed on the Pd/Co3O4 (3DL)
sample. PeakII and PeakIII of Pd/Co3O4 (3DL) were both shifted to
lower temperature, indicating that the introduction of PdO facil-
itated the reduction of Co3O4 (3D) due to the H2 spillover effect.
PeakII and PeakIII appeared at 275 and 365 ◦C on Co3O4 (B), and
were shifted to 260 and 344 ◦C on Pd/Co3O4 (BL) by H2. As shown
in Fig. 7, the reduction peak intensity of PeakII for Pd/Co3O4 (3D)
and Pd/Co3O4 (BL) is larger than the intensity for Co3O4 (3D) and
Co3O4 (B). The difference results from the interaction between Pd
and Co3O4. When PdO was  reduced to Pd0, adjacent cobalt oxides
were reduced to Co0 in a single step (PeakII) due to the H2 spillover.
The same phenomenon was  also found in the literature [28]. It is
obvious that after Pd addition the reducibility of Pd/Co3O4 (3DL) is
enhanced much larger than that of Pd/Co3O4 (BL) catalyst due to
the strong interaction between PdO and the Co3O4 (3D) support. A
wide Peak0 (PdO reduction) was observed at 225 ◦C on Pd/Co3O4
(BL), which is a much higher temperature than that (164 ◦C) on
Pd/Co3O4 (3DL). But it is clearly seen that the Peak0 of Pd/Co3O4
(3DL) is separate and occurs at low temperature, compared to the
peak of Pd/Co3O4 (BL), indicating that PdO on Co3O4 (3D) had a
better redox property than that on Co3O4 (B) because of the lower
temperature for Pd reduction. For the Pd/Co3O4 (BL) catalyst, the
reduction peaks of PdO and Co3O4 (Peak0 and PeakII) were over-
lapped, which was  not the same as the separate reduction peak
of PdO (Peak0) of Pd/Co3O4 (3DL). These results suggested that
PdO is more exposed on the surface of Co3O4 (3D) than that of
Co3O4 (B), which agreed with the XPS result that Pd species seemed
embedded on Pd/Co3O4 (BL). The XPS and TPR results reveal that
the mesostructure would provide more exposed PdO species on
the surface, which could improve the catalytic performance of the
catalysts for o-xylene conversion.

3.4.2. O2-TPD
To clarify whether there is a relationship between the activity

and the desorbed oxygen species on the catalyst, O2-TPD exper-
iments were performed over the catalysts. Fig. 8 shows O2-TPD
profiles of fresh catalysts. The PO2 -I peak obtained at 100–300 ◦C
is ascribed to the desorption of surface oxygen species such as
O2− and O−, and the PO2 -II peak above 300 ◦C is attributed to the
desorption of lattice oxygen in Co3O4 [22]. Compared to Co3O4

(B) and Pd/Co3O4 (BL), a clear PO2 -I peak was observed on Co3O4
(3D) and Pd/Co3O4 (3DL), indicating that the mesoporous samples
have more surface oxygen species. In addition, both Co3O4 (3D)
and Co3O4 (B) presented PO2 -II peaks, and the PO2 -II peaks were
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Table  2
The amount of oxygen species desorbed in PO2 -I and PO2 -II.

PeakO2-x Pd/Co3O4 (3DL) Co3O4 (3D) Pd/Co3O4 (BL) Co3O4 (B)

PO -I (�mol/g cat)a 290 150 140 29
468
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The amount of oxygen species was calculated from PO2 -I and PO2 -II of each profile

learly strengthened after Pd loading because PdO activated the
attice oxygen [25,26]. For better comparison, the amounts of O2
esorbed in PO2 -I and PO2 -II (integration area) are listed in Table 2.
s shown in Table 2, Co3O4 (3D) has much larger PO2 -I and PO2 -II
eak areas than Co3O4 (B), and Pd/Co3O4 (3DL) has the largest peak
rea among the four catalysts, indicating that the mesoporous sam-
les have more surface oxygen species for the o-xylene oxidation

n the low temperature range. The reaction occurred in the temper-
ture range from 100 to 300 ◦C over Co3O4 (3D) and Co3O4 (B), and
he surface oxygen species of Co3O4 (3D) were much more than that
f Co3O4 (B), indicating that the better catalytic activity of Co3O4
3D) was attributed to more surface oxygen species. The more sur-
ace oxygen species was also confirmed by XPS measurement. As
hown in the Co 2p XPS data (Fig. S1), Co3O4 (3D) exhibited higher
olar ratio of Co2+/Co3+ and OSurface/OLattice than Co3O4 (B), which

ndicated higher surface oxygen vacancy density on the surface of
o3O4 (3D), resulting in more surface oxygen species activated. This
esult confirms the facile activation of oxygen molecules on Co3O4
3D). After Pd loading, the catalysts showed better activity than
he supports (Fig. 1) and an interaction between Pd and Co3O4 was
esponsible for their activity enhancement. It is obvious that the
wo desorbed oxygen peaks (PO2 -I and PO2 -II) were overlapped,
ndicating that the lattice oxygen of cobalt oxides was clearly acti-
ated by Pd and the activated oxygen atoms are rather mobile
nd reactive, readily reacting with the adsorbed o-xylene through
pillover [29]. Therefore, both surface oxygen and activated lattice
xygen plays an important role in the o-xylene oxidation reaction
ver Pd/Co3O4 (BL) and Pd/Co3O4 (3DL).

Based on these findings, we can reveal that the mesoporous
tructure could provide more exposed PdO species and more sur-
ace oxygen species. In addition, a stronger interaction between Pd
nd Co3O4 would offer more activated lattice oxygen species. The
esostructure and interaction had an important influence on the

atalytic activity for o-xylene oxidation.

. Conclusions

Compared with Co3O4 (B), mesoporous Co3O4 (3D) exhibited
igher activity for catalytic oxidation of o-xylene. The loading of Pd
hows slight effect on the original mesoporous structure of Co3O4
3D), and Pd addition greatly enhanced its catalytic performance.
he Pd/Co3O4 (3DL) catalyst showed the highest activity for o-
ylene oxidation among the four catalysts and it presented 90%

-xylene conversion at 249 ◦C. The excellent catalytic performance
f Pd/Co3O4 (3DL) might be due to the mesoporous structure, the
ore exposed PdO species on Co3O4 (3D) and the high activity of

xygen species. The surface oxygen and activated lattice oxygen

[
[
[
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. 5.

of cobalt oxides would be responsible for their activity in o-xylene
oxidation.
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