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Introduction

Volatile organic compounds (VOCs) are among the most

common air pollutants released by chemical, petrochemical,
and related industries. VOCs are the key precursors for the for-

mation of tropospheric ozone and secondary organic aerosols
(SOA), leading to serious environmental pollutions.[1] Also,

some kinds of VOCs such as benzene derivatives (benzene, tol-
uene, and xylene, BTX) are highly toxic to human health. With

the increasingly stringent environmental standards, effective

control of VOCs emissions is becoming a very important issue.
Catalytic oxidation is considered to be an effective and envi-

ronmentally friendly technology for the removal of VOCs
owing to its easy application, high efficiency, and no secondary

pollution. Noble-metal catalysts are efficient catalysts in the
total oxidation of VOCs molecules at low temperatures. Pt, Pd,

and a few alloys catalysts are widely investigated for the cata-

lytic oxidation of VOCs.[2] The performance of Pd-based

catalysts for VOCs oxidation has been reported to be depen-

dent on many factors,[3] such as Pd loading, Pd particle sizes,
Pd state, support type, etc. Although numerous studies have

been performed to distinguish the role of each factor, the in-
fluencing mechanisms of some factors are still not quite clear.

Especially, although the Pd state has been investigated by sev-
eral researchers, the effect of the Pd state on the catalytic oxi-

dation of VOCs remains controversial. Some authors showed

that the metallic species (Pd0) is more active than the oxide
forms (PdO/Pd2 +) for catalytic oxidation below 200 8C,[2g, 3d]

whereas others affirmed that both species (PdO/Pd0) are active
for oxidation reaction.[2f, 3a, 4] We previously observed that if Pd

catalyst was supported on g-Al2O3, the catalytic activity of Pd
for o-xylene oxidation was considerably dependent on the
metallic Pd species below 200 8C.[3c] However, we recently

found that the well dispersed PdO species was responsible for
the complete catalytic oxidation of o-xylene over ordered mes-
oporous Pd/Co3O4 at low temperature (<240 8C),[5] indicating
that the influence of the Pd state on activity is also closely re-

lated to the support type.
The supports were reported to participate in controlling the

Pd amount anchored on the catalyst surface.[6] It has also been

found that the supports could be directly involved in the reac-
tion pathway if reducible oxides are employed.[7] In addition, it

is shown that both oxidation state and stability of Pd species
are closely dependent on the acid–base properties of the sup-

ports.[3a] Generally, Pd species loaded on acidic supports are
easily oxidized, whereas Pd species supported on basic sup-

ports are difficult to oxidize.[3a, f] Therefore, it is necessary to

consider employing different supports during preparation, pre-
treatment, and also oxidation reaction to obtain a better un-

derstanding of the effect of the Pd state on the catalytic oxida-
tion of VOCs.

In this study, we prepared Pd supported on a series of
oxides such as Al2O3, TiO2, SiO2, CeO2, MnO2, and Co3O4. The

Pd-based catalysts are long known to be efficient for catalytic
oxidation of volatile organic compounds (VOCs), but the effect

of the Pd state on the activity remains controversial. In this

study, we prepared a series of Pd supported on Co3O4, MnO2,
CeO2, TiO2, Al2O3, SiO2 catalysts. The as-prepared catalysts were

pretreated by NaBH4 and H2 reduction, respectively, and then
tested towards o-xylene oxidation. The samples were next
characterized to investigate how the Pd state and the support

type affect the catalytic activity. The test and characterization
results clearly show that the metallic Pd species is much more

active than the Pd oxide species for o-xylene oxidation at low

temperatures, independent of the presence of reducible oxides
as supports. Furthermore, NaBH4 pretreatment could avoid un-

desired support reduction; thus, it is a more appropriate
method than H2 reduction for the preparation of supported
metallic noble-metal catalysts.
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as-prepared catalysts were pretreated by NaBH4 and H2 reduc-
tion, respectively, and then tested towards the catalytic oxida-

tion of o-xylene. The changes of the physicochemical proper-
ties of both Pd species and supports were examined by using

N2 physisorption (BET method), powder X-ray diffraction (XRD),
and X-ray photoemission spectroscopy (XPS) methods to eluci-

date how the Pd state and the support affect the catalytic ac-
tivity. Based on the test and characterization results, we affirm
that the metallic Pd species is much more active than the Pd

oxide species for o-xylene oxidation at low temperatures, inde-
pendent of the presence of reducible oxides as supports.

Results

Catalytic activity

The PdO/MOx, Pd/MOx-H2, and Pd/MOx-NaBH4 catalysts were

tested for the catalytic oxidation of o-xylene in the condition
of 10 % v/v water vapor, and the results are shown in Figure 1.

Without pretreatment, all the PdO/MOx catalysts exhibited
almost no catalytic activities for o-xylene oxidation if the reac-
tion temperature was below 190 8C. With increasing tempera-
ture, the o-xylene conversion was gradually enhanced and

reached 100 % conversion over PdO/TiO2, PdO/SiO2, PdO/CeO2,

and PdO/Al2O3 at approximately 250 8C and over PdO/Co3O4,
and PdO/Mn2O3 at approximately 270 8C. After NaBH4 reduc-
tion, all the Pd/MOx-NaBH4 catalysts showed much better activ-
ity than the corresponding PdO/MOx in the temperature range

from 110 to 230 8C. Especially, the Pd/MOx-NaBH4 (Al2O3, TiO2,
CeO2, Mn2O3, Co3O4) catalysts achieved 100 % o-xylene

conversion at 210 8C. Pd/SiO2-NaBH4 exhibited 100 % conver-
sion of o-xylene at 230 8C. In contrast, H2 reduction exerted a

complicated influence on the activity of Pd-based catalysts.
The H2 reduction clearly improved the activities of PdO/MOx

(Al2O3, TiO2, SiO2, CeO2) catalysts and shifted the curves of o-
xylene conversion to lower temperatures, although it showed

no promotion on the PdO/Mn2O3 catalyst, and Pd/Mn2O3-H2

showed a very similar activity to PdO/Mn2O3. Exceptionally, the
H2 reduction dramatically decreased the activity of PdO/Co3O4

and shifted the curve of o-xylene conversion to higher temper-
atures. These results suggest that NaBH4 reduction could effi-
ciently improve the catalytic performances of all Pd-based cat-
alysts for o-xylene oxidation, whereas the effect of H2 pretreat-

ment on the Pd-based catalysts was closely dependent on the
support type.

XRD and BET analyses

To investigate the reason for the different catalytic behaviors

of the reduced catalysts, all samples were characterized by
XRD and BET measurements. The XRD patterns of PdO/MOx,

Pd/MOx-H2, and Pd/MOx-NaBH4 catalysts are presented in
Figure 2. As shown in Figure 2 A, a small PdO peak at 2q=

34.38 was detected over Al2O3 support before the reduction.

After H2 and NaBH4 treatments, the PdO peak disappeared and
a small Pd peak at 2q= 40.28 appeared, indicating that the
PdO species were reduced into the metallic Pd species.[8] In
contrast, both H2 and NaBH4 reduction showed no influence

on the crystal structure of Al2O3 support and all three samples
exhibited similar XRD patterns of g-phase Al2O3. As shown in

Figure 1. Conversion of o-xylene as a function of temperature over PdO/MOx, Pd/MOx-H2, and Pd/MOx-NaBH4 catalysts in the condition of 10 % v/v water-
vapor addition; M = A) Al, B) Ti, C) Si, D) Ce, E) Mn, F) Co.
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Figure 2 B,D, the H2 and NaBH4 treatments showed no influ-
ence on the XRD patterns of both TiO2- and CeO2-supported
catalysts. The samples presented XRD patterns identical to ana-

tase TiO2 or fluorite-phase CeO2, respectively. No peaks of PdO
or Pd species were observed possibly resulting from their high
dispersion on TiO2 and CeO2 supports. As for the SiO2-support-
ed catalysts (Figure 2 C), a very samll PdO peak was detected

before the two kinds of reduction treatments, which disap-
peared whereas a weak Pd peak at 40.28 could be observed

after H2 or NaBH4 treatments. Also, both reduction treatments
induced no change of the SiO2 support. As for the Mn2O3- and
Co3O4-supported catalysts (Figure 2 E and Figure 2 F, respective-

ly), no peaks of PdO and Pd species were observed before and
after the reduction treatments. The NaBH4 reduction showed

no influence on the XRD patterns of the samples. In contrast,
H2 pretreatment induced dramatic changes of the Mn2O3 and

Co3O4 supports, of which Mn2O3 was transformed into MnO,

and Co3O4 was almost completely reduced into metallic Co.
Based on the XRD patterns, we also calculated the particle

sizes of the metallic Pd species over the Pd/Al2O3-H2 and
Pd/Al2O3-NaBH4 samples according to the peak half-width

using the Scherer formula, and the results are given in Table 1.
The Pd particle sizes over Pd/Al2O3-H2 and Pd/Al2O3-NaBH4 are

similar with 7.9 and 7.5 nm, respectively. As the peaks of Pd
species over Pd/SiO2-NaBH4 and Pd/SiO2-H2 were very weak,

we did not calculate the particle sizes of the Pd species in

these two samples.
The specific surface area (SBET), average pore size (d), and

total pore volume (V) of all catalysts before and after H2 and
NaBH4 pretreatments were next measured, and the results are
also listed in Table 1. The H2 and NaBH4 pretreatments had
little impact on the parameters of Al2O3-, TiO2-, CeO2-, and

SiO2-supported catalysts, but the H2 pretreatment sharply de-
creased the pore sizes and pore volumes of Mn2O3 and Co3O4

catalysts, which was attributed to the crystal-phase transforma-

tion of Mn2O3 and Co3O4 supports during H2 reduction.

XPS analysis

The samples were next studied by XPS to obtain the chemical

states of the Pd species. The Pd 3d XPS spectra of the Pd-
based catalysts are shown in Figure 3. Before reduction, the

Pd 3d5/2 peaks appeared at binding energies (BEPd 3d5=2Þ higher
than 336.6 eV, indicating that the Pd species mainly existed in

the oxidized state[9] over all PdO/MOx catalysts. After H2 and
NaBH4 pretreatment, the Pd 3d5/2 peaks shifted to lower BE at

Figure 2. XRD patterns for PdO/MOx, Pd/MOx-H2, and Pd/MOx-NaBH4 catalysts; M = A) Al, B) Ti, C) Si, D) Ce, E) Mn, F) Co.
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approximately 335.0 eV, which is attributed to the metallic Pd

species,[10] demonstrating that both H2 and NaBH4 treatment

could effectively reduce the Pd oxides into metallic Pd species
over these catalysts.

The chemical states of the oxide supports are presented in
Figure 4, and the calculated elemental components are sum-

marized in Table 2. Clearly, TiO2, Al2O3, SiO2, and CeO2 (Fig-
ure 4 A–D) showed the almost identical XPS spectra before and

after the two reductions, confirming that the H2 and NaBH4

pretreatments have no much influence on their chemical

states. In contrast, as shown in Figure 4 E,F, the NaBH4

pretreatment caused only little change of the Mn 2p

and Co 2p XPS spectra, whereas the H2 pretreatment
shifted the peaks of Mn 2p and Co 2p XPS to lower

binding energies. The Mn 2p XPS peaks in PdO/
Mn2O3 and Pd/Mn2O3-NaBH4 were located at approxi-
mately 641.7 eV, which belongs to Mn2O3.[11] After H2

reduction, the Mn 2p peak appeared at 641.2 eV,
which is ascribed to Mn2+ , showing that the Mn2O3

was reduced into MnO.[12] The XPS spectra of Co
were curve-fitted, and the results are shown in Fig-
ure 4 F and summarized in Table 2. The Co3 +

(779.6 eV) and Co2 + (781.1 eV) species coexisted on

the PdO/Co3O4 catalyst,[13] and their percentages
were 67 % and 33 %, respectively. The NaBH4 pretreat-

ment showed no clear effect on the chemical state of

Co species and only caused a slight change of the
Co3+ and Co2+ percentage (63 % Co3+ and 37% Co2+).

The H2 pretreatment induced a dramatic change of the
Co3O4 chemical state, and the Co3+ was completely re-

duced to Co2+ or Co0. The percentages of Co2+ and
Co0 were 29% and 71 %, respectively.

Discussion

Based on the XRD and XPS results, it was shown that H2 and
NaBH4 pretreatments both could reduce PdO into metallic Pd
species on all tested supports (Al2O3, TiO2, SiO2, CeO2, Mn2O3,

and Co3O4). NaBH4 pretreatment exhibited no influence on
crystal structures and chemical states of the supports even

though CeO2, Mn2O3, and Co3O4 are reducible. The test results

Figure 3. Pd 3d XPS spectra of PdO/MOx, Pd/MOx-H2, and Pd/MOx-NaBH4 catalysts; A) Al, B) Ti, C) Si, D) Ce, E) Mn, F) Co.

Table 1. Physical properties of the catalysts.

Catalyst Surface area Average pore Pore volume Pd particle
[m2 g@1] size [nm] [cm3 g@1] size [nm]

PdO/Al2O3 266 13.7 0.91 –
Pd/Al2O3-NaBH4 261 12.7 0.83 7.9
Pd/Al2O3-H2 241 13.9 0.84 7.5
PdO/TiO2 58 29.3 0.43 –
Pd/TiO2-NaBH4 58 27.4 0.39
Pd/TiO2-H2 57 28.6 0.42
PdO/SiO2 161 3.4 1.38 –
Pd/SiO2-NaBH4 155 4.0 1.55 –
Pd/SiO2-H2 156 3.5 1.37 –
PdO/CeO2 122 3.6 0.11
Pd/CeO2-NaBH4 120 3.6 0.11
Pd/CeO2-H2 121 3.7 0.11
PdO/Mn2O3 17 29.6 0.13
Pd/Mn2O3-NaBH4 22 29.7 0.16
Pd/Mn2O3-H2 16 11.7 0.05
PdO/Co3O4 29 17.4 0.20
Pd/Co3O4-NaBH4 39 17.3 0.31
Pd/Co3O4-H2 22 3.3 0.17
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(Figure 1) showed that each of the Pd/MOx samples reduced

by NaBH4 treatment is much more active than the unreduced

sample, indicating that the metallic Pd species is the active site
for the catalytic oxidation of o-xylene at low temperature

range. The H2 pretreatment showed no influence on the crystal
structures of Al2O3, TiO2, CeO2, and SiO2 supports; therefore,

the Pd/Al2O3-H2, Pd/TiO2-H2, Pd/ CeO2-H2, and Pd/SiO2-H2 sam-
ples exhibited the much higher activities than the unreduced
ones, further confirming that the metallic Pd species is the

active center. In contrast, H2 treatment induced a dramatic
change of crystal structures and chemical states of the Mn2O3

and Co3O4 supports. Therefore, even though H2 reduction ef-
fectively reduced PdO into metallic Pd on Mn2O3 and Co3O4

supports, the activities of Pd/Mn2O3-H2 and Pd/Co3O4-H2 sam-
ples were not enhanced; on the contrary, the H2 reduction

sharply dropped the activity of Pd/Co3O4-H2 catalyst, indicating
that the support was also involved in the catalytic oxidation re-
action over Pd-based catalysts.

If the Pd species are in the metallic state and the supports
keep their physicochemical properties, the Pd particle size will

be a key factor affecting the catalytic activity.[14] As shown in
Table 1, the Pd particle sizes over Pd/Al2O3-H2 are similar to

those over Pd/Al2O3-NaBH4 ; therefore, these two catalysts

showed similar activities.
H2 treatment is the most commonly used method to reduce

a metal oxide into its metallic state, especially for the prepara-
tion of supported noble-metal catalysts. The above results

show that H2 treatment could induce changes in the crystal
structures and chemical states of some reducible metal oxides

Figure 4. XPS spectra of the supports with different pretreatments; A) Al 2p, B) Ti 2p, C) Si 2p, D) Ce 3d, E) Mn 2p, F) Co 2p.

Table 2. Element components on catalyst surfaces calculated based on
XPS spectra.

Catalyst Element Peak [eV] FWHM Component [%]

PdO/Al2O3 Al 74.1(2p3/2) 2.03 Al2O3(100)
Pd/Al2O3-NaBH4 74.1(2p3/2) 2.06 Al2O3(100)
Pd/Al2O3-H2 74.1(2p3/2) 1.99 Al2O3(100)
PdO/TiO2 Ti 458.5(2p3/2) 1.11 TiO2(100)
Pd/TiO2-NaBH4 458.5(2p3/2) 1.11 TiO2(100)
Pd/TiO2-H2 458.5(2p3/2) 1.12 TiO2(100)
PdO/SiO2 Si 103.5(2p3/2) 1.78 SiO2(100)
Pd/SiO2-NaBH4 103.5(2p3/2) 1.76 SiO2(100)
Pd/SiO2-H2 103.5(2p3/2) 1.80 SiO2(100)
PdO/CeO2 Ce[a] 886.4(3d5/2) 2.91 Ce3+(14.4)

882.5(3d5/2) 2.16 Ce4+(85.6)
Pd/CeO2-NaBH4 886.4(3d5/2) 2.87 Ce3+(14.6)

882.5(3d5/2) 2.13 Ce4+(85.4)
Pd/CeO2-H2 886.4(3d5/2) 2.90 Ce3+(14.3)

882.5(3d5/2) 2.14 Ce4+(85.7)
PdO/Mn2O3 Mn 641.7(2p3/2) 2.57 Mn2O3(100)

646.2(2p3/2) 2.96 Sat.
Pd/Mn2O3-NaBH4 641.7(2p3/2) 2.54 Mn2O3(100)

646.2(2p3/2) 2.98 sat.
Pd/Mn2O3-H2 641.2(2p3/2) 2.27 MnO(100)

645.3(2p3/2) 2.91 sat.
PdO/Co3O4 Co 779.6(2p3/2) 2.21 Co2O3(67)

781.2(2p3/2) 2.12 CoO(33)
Pd/Co3O4-NaBH4 779.6(2p3/2) 2.16 Co2O3(63)

781.1(2p3/2) 2.65 CoO(37)
Pd/Co3O4-H2 780.3(2p3/2) 2.25 CoO(29)

778.4(2p3/2) 2.14 Co(71)

[a] The surface atomic concentration of Ce3 + and Ce4 + were calculated
by the curve-fitted Ce 3d XPS spectra.
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that were employed as supports. As both Pd species and sup-
port have a great influence on the catalyst activity, the

changes in the support properties introduced by the reduction
step make it more difficult to estimate the role of the Pd state

in catalysis. This is one of the reasons for the long-time contro-
versy about the effect of Pd state on activity. In contrast,

NaBH4 treatment, which is performed at room temperature,
could only reduce the PdOx into the metallic Pd species, but
showed no capacity to reduce the support oxides. Therefore,

the NaBH4 reduction should be a better way for the prepara-
tion of supported metallic noble-metal catalysts.

Conclusions

We have found that reduced Pd species on metal-oxide (Al2O3,
TiO2, SiO2, CeO2, MnO2, Co3O4) supported Pd catalysts are much

more active for the complete oxidation of o-xylene in the tem-
perature range 90–230 8C than PdOx. To the best of our knowl-

edge, it is thus confirmed for the first time that the metallic Pd
species are the active sites for the oxidation of volatile organic

compounds at low temperatures. The previous confusion
about the effect of Pd valence states on the activity therefore

mainly resulted from the reduction-induced changes of the va-
lence state or crystal structure of the support. In addition, we

found that NaBH4 pretreatment avoids undesired support re-

duction; therefore, it is a more appropriate method than H2 re-
duction for the preparation of metallic noble-metal supported-

catalysts.

Experimental Section

Catalyst preparation

TiO2 was commercially available Degussa P25 and SiO2 was pur-
chased from Aldrich (99.9 % purity). And g-Al2O3 was prepared
from boehmite (AlOOH, Shandong Aluminum Corporation) by cal-
cining at 600 8C for 3 h. Co3O4, MnO2, and CeO2 were synthesized
by homogeneous precipitation method with urea as the precipita-
tor. Typically, the aqueous solutions of the precursors and excessive
urea aqueous solution were mixed. The mixed solution was then
heated to 90 8C and held there for 12 h with vigorous stirring. After
filtration and washing with deionized water, the resulting precipi-
tates were dried at 100 8C overnight and subsequently calcined at
400 8C for 6 h in air conditions.

The 1 wt. % Pd-supported catalysts were then prepared by impreg-
nation of the supports with aqueous Pd(NO3)2 (Aldrich) for 1 h.
After impregnation, the excess water was removed in a rotary
evaporator at 60 8C. The samples were dried at 110 8C for 12 h and
then calcined at 400 8C for 6 h. The as-prepared samples were de-
noted PdO/MOx. The PdO/MOx catalysts were further pretreated by
H2 reduction to obtain the reduced samples (denoted Pd/MOx-H2).
For the H2 reduction process, the PdO/MOx catalysts were treated
in a flow of H2 at 50 mL min@1 for 60 min at 300 8C for PdO/MOx

(Al2O3, TiO2, SiO2, and CeO2) catalysts and at 200 8C for PdO/MnO2

and PdO/Co3O4 catalysts. In addition, the reduced catalysts were
also prepared by NaBH4 reduction process. The oxide powders
were dispersed in deionized water and then a certain amount of
aqueous Pd(NO3)2 was added into the suspension. Next, a NaBH4

aqueous solution as reducing agent was added into the mixture of
Pd(NO3)2 and MOx (NaBH4/Pd = 10, molar ratio) at room

temperature under stirring for 1 h. After filtration and washing
with deionized water, the samples were dried at 60 8C overnight
without further calcination. The obtained samples were denoted as
Pd/MOx-NaBH4.

Catalyst characterization

Power XRD analysis was used to identify the crystalline phases
present in the catalysts. A Bruker D8 Advance diffractometer with
monochromatic CuKa source operated at 40 kV and 40 mA was
used. The specific surface areas, pore sizes, and volumes of the cat-
alysts were measured at @196 8C using a Quantachrome Quadra-
sorb SI-MP analyzer. Prior to the N2 physisorption, the catalysts
were degassed at 300 8C for 5 h. Specific surface areas were calcu-
lated from the isotherms by applying the BET equation in the 0.05–
0.30 partial pressure range. XPS measurements were recorded on a
Scanning X-ray Microprobe (AXIS Ultra, Kratos Analytical, Inc.). The
binding energy was calibrated with C 1s = 284.8 eV.

Catalytic activity tests

The catalytic activities of the catalysts were evaluated in a continu-
ous-flow fixed-bed quartz microreactor between 70 and 300 8C
with 100 mg of the catalyst. The reactant feed (flow rate =
100 mL min@1) was composed of 150 ppm o-xylene, 10 % H2O and
air, with the weight hour space velocity (WHSV) of
60 000 mL g@1 h@1. The outlet gas was analyzed online by a GC–MS
(Agilent 6890-5973 n, HP-5MS) and a GC (Shangfen GC-112A, TDX-
01 column).
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