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a  b  s  t  r  a  c  t

High  temperature  reduction  generally  induces  the  sintering  of supported  noble  metals,  therefore  result-
ing in a negative  effect  on  their  performance.  Here,  we show  that  high  temperature  reduction  was  able  to
dramatically  increase  the  activity  of  Pd/TiO2 for ambient  HCHO  oxidation.  We  prepared  a  Pd/TiO2 cata-
lyst  and  pre-reduced  it with  H2 at low  temperature  (300 ◦C)  and high  temperature  (450 ◦C),  respectively,
and  then  tested  the  activity  for HCHO  oxidation  at ambient  temperature.  The  Pd/TiO2-450R  catalyst
showed  a much  better  performance  than  Pd/TiO2-300R  at room  temperature.  100%  HCHO  conversion
could  be obtained  on the Pd/TiO2-450R  catalyst  at a GHSV  of  95000  h−1 and  140  ppm  inlet  HCHO.  The
catalysts  were  then  characterized  by  using  Brunauer-Emmett-Teller  (BET),  X-ray  diffraction  (XRD),  High-
angle annular  dark-field  scanning  transmission  electron  microscopy  (HAADF-STEM)  and  other  methods.
MSI
xygen vacancies
eaction pathway

The  results  indicate  that  high  temperature  reduction  could  induce  the  strong  metal-support  interaction
(SMSI),  decreasing  the  surface  Pd  particle  size  by  partially  encapsulating  and  trapping  Pd  clusters  with
TiO2,  and  also  could  produce  more  oxygen  vacancies,  beneficial  to the  activation  of O2 and  formation
of  surface  OH groups,  opening  a more  effective  pathway  for  ambient  HCHO  oxidation.  Therefore,  the
Pd/TiO2-450R  catalyst  demonstrated  high  activity  for ambient  HCHO  oxidation.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Increasing numbers of people are suffering from Sick Building
yndrome (SBS) due to the fact that we are spending more time
n airtight houses. Formaldehyde (HCHO) is one of the most com-

on  and noxious gaseous pollutants [1]. Long-term exposure to
ndoor air containing HCHO, even at very low ppm levels, may  lead
o serious health problems including nasal tumors, irritation of the
ucous membranes of the eyes and respiratory tract, skin irritation,
ecreased concentration, and weakened immunity [2]. Therefore,

∗ Corresponding author at: Key Laboratory of Urban Pollutant Conversion, Insti-
ute  of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China.
∗∗ Corresponding author at: State Key Joint Laboratory of Environment Simula-
ion  and Pollution Control, Research Center for Eco-environmental Sciences, Chinese
cademy of Sciences, Beijing, 100085, China.

E-mail addresses: cbzhang@rcees.ac.cn (C. Zhang), hhe@iue.ac.cn,
onghe@rcees.ac.cn (H. He).

ttp://dx.doi.org/10.1016/j.apcatb.2017.06.023
926-3373/© 2017 Elsevier B.V. All rights reserved.
to reduce public health risk, the effective abatement of indoor air
HCHO is urgently needed.

Conventional methods to remove HCHO include adsorption,
photo-catalysis, plasma technology and catalytic oxidation [3–6].
Due to its high effectiveness in complete oxidation of HCHO into
harmless CO2 and H2O without any secondary pollution, catalytic
oxidation is regarded as the most promising method for HCHO
removal [7,8]. Compared with metal oxide catalysts (Ag, Mn, Co)
[9–12], supported noble metal (Pt, Au, Pd) catalysts are considered
to be especially suitable for indoor HCHO elimination because of
their excellent performance in HCHO oxidation at room tempera-
ture [13–28]. However, the high cost of Pt- or Au- based catalysts
limits their wide application. By contrast, Pd-based catalysts are
much less expensive and thus have the potential for more extensive
application in indoor air HCHO purification.
It has been reported that the performance of Pd-based catalysts
is closely related to the reduction treatment used [17], presence of
metal promoters [19,22,24] and morphology of the support [29],
etc. In particular, the reduction temperature can have great effects
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n the activity of Pd-based catalysts for some reactions, such as the
O/H2 reaction [30], hydrogenation of acetylene and vinylacety-

ene [31], methane [32] and o-xylene [33] oxidation, etc.  Generally,
 high reduction temperature may  induce sintering of supported
etals, which is detrimental to catalyst performance. [31,32,34]
owever, for reducible oxide supports (such as TiO2, CeO2 and
o3O4, etc.), high temperature treatment may  induce the strong
etal-support interaction (SMSI), which may  possibly result in the

ncapsulation of metal clusters and increase their sintering resis-
ance, thus having a positive effect on catalyst performance. [35]
n addition, TiO2 is liable to form surface oxygen vacancies with
igh temperature reduction, leading to dissociation of chemisorbed
2O to form surface hydroxyl, [36] which has been found to play
n important role in the HCHO oxidation reaction [13]. Consider-
ng the above information, it is worth exploring the influence of
eduction temperature on Pd/TiO2 catalysts for HCHO oxidation.

In this study, a Pd/TiO2 catalyst was prepared and pre-reduced
ith H2 at low temperature (300 ◦C) and high temperature (450 ◦C)

efore being tested for HCHO oxidation at ambient tempera-
ure. It was found that the Pd/TiO2 catalyst reduced at 450 ◦C
as much more active for HCHO oxidation than that reduced

t 300 ◦C, and 100% conversion of 140 ppm HCHO at a GHSV
f 95000 h−1 could be reached using Pd/TiO2-450R at room
emperature. The catalysts were then characterized by X-ray
iffraction (XRD), Brunauer-Emmett-Teller (BET), CO chemisorp-
ion, High-angle annular dark-field scanning transmission electron

icroscopy (HAADF-STEM), Temperature programmed reduc-
ion by H2 (H2-TPR), X-ray photoelectron spectroscopy (XPS),
n situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
in situ DRIFT) and Temperature-programmed desorption by HCHO
HCHO-TPD) methods. Based on the results, the mechanism of the
romotion effect of high temperature reduction is discussed and
lucidated.

. Experimental

.1. Catalyst preparation

1 wt.% Pd/TiO2 was prepared by impregnation of TiO2 with
queous Pd(NO3)2, according to our previous study [19,22]. Before
ctivity testing and characterization, the samples were reduced
ith H2 at 300 ◦C and 450 ◦C for 1 h, and denoted as Pd/TiO2-300R

nd Pd/TiO2-450R respectively.

.2. Catalyst characterization

X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) analysis,
O pulsed chemisorption, H2 temperature-programmed reduc-
ion (H2-TPR), X-ray photoelectron spectroscopy (XPS) and O2
emperature-programed desorption (O2-TPD) were carried out
ccording to our previous work [19]. Before the characterization,
he Pd/TiO2 catalyst was first reduced with H2 at 300 ◦C or 450 ◦C for

 h followed by purging with He for 30 min  and then the system was
ooled down to 25 ◦C. Typically, for H2-TPR, the Pd/TiO2-300R/450R
atalysts were pretreated by 10% O2/He for 30 min  followed by
urging with He for 30 min  at 25 ◦C. Then, the system was  cooled
own to −50 ◦C followed by reduction with 10% H2/Ar from −50 to
00 ◦C at a rate of 10 ◦C/min.

High-angle annular dark-field scanning transmission electron
icroscopy (HAADF-STEM) was performed on a JEOL JEM-ARM

00F with Cs-corrected probe operated at 200 kV. The surface-

eighted particle size ds was calculated according to the previous
ork [37].

Fourier transform infrared (FTIR) spectra were recorded at
oom temperature on a Thermo Fisher IS 50 spectrometer
onmental 217 (2017) 560–569 561

equipped with an MCT  detector. Samples were loaded into an
infrared cell equipped with ZnSn windows. The scan region was
4000–1000 cm−1 (16 scans, resolution of 0.5 cm−1). The samples
were also pre-reduced with H2 at 300 ◦C or 450 ◦C for 1 h, followed
by purging with He for 30 min  at 300 ◦C to desorb H2 and H2O.
Then, the system was  cooled down to room temperature before
introduction of reactants. To investigate surface hydroxyl groups
of samples, FTIR spectra of dry Pd/TiO2-300R/450R catalysts were
recorded according to the previous work [25,27]. Typically, a Bruker
Tensor 27 FTIR Spectrometer was  used to collect FTIR spectra. About
2 mg  samples was mixed with 100 mg  KBr followed by drying under
a heat lamp, then the mixture was pressed into a transparent pellet
die before FTIR tests.

HCHO temperature program desorption (HCHO-TPD) was per-
formed on a Micromeritics AutoChem II 2920 apparatus equipped
with a MS  detector. The apparatus is also equipped with a vapor
generator, in which some paraformaldehyde was loaded. In HCHO-
TPD experiment, HCHO gas was generated by heating the vapor
generator at around 45 ◦C, and the helium gas carried the HCHO
gas into the reactor for HCHO adsorption on catalysts. The cata-
lysts (∼ 100 mg)  were first pre-reduced with 50 mL  10% H2/Ar at
300 ◦C or 450 ◦C for 1 h, followed by flushing in 50 mL  He flow at
300 ◦C for 30 min. Subsequently, the system was cooled down to
25 ◦C and the gas switched to 50 mL  10% O2/H2 containing 40%
RH for 30 min, followed by He purge for 30 min. After that, the
catalyst was  further cooled down to 0 ◦C and HCHO adsorption
was carried out for 1 h, followed by He purge for 30 min, then
HCHO-TPD was  conducted in He from 0 to 400 ◦C at a rate of
10 ◦C/min.

2.3. Catalyst activity testing

Catalyst activity testing for HCHO oxidation and carbon bal-
ance calculation were performed according to our previous works
[19,38]. Typically, before activity testing, the catalysts were pre-
reduced with H2 flow at 300 or 450 ◦C for 1 h, followed by He
flow purge at 300 ◦C for 30 min, and then cooled down to room
temperature. The activity duration testing was performed under a
harsher condition with 300 ppm HCHO. Conversion of HCHO (�, %)
was calculated as follows:

� = [HCHO]in − [HCHO]out

[HCHO]in
× 100%

Where [HCHO]in and [HCHO]out are inlet and outlet HCHO con-
centration, respectively. Moreover, the carbon balance was  also
calculated and the results are presented in Table S1 (supporting
information).

Turnover frequency (TOF, s−1) was obtained based on a separate
experiment where the conversion of HCHO was  kept below 30% by
varying the inlet HCHO concentration and GHSV, with negligible
heat and mass-transfer effects and TOF was  calculated according to
the following equation [39]:

TOF = n’
HCHO

n’
Pd

= [HCHO]in · � · V/Rg

mcat. · �Pd · DPd/MPd

Where the parameters are the molar weight of consumed
HCHO per second (n′

HCHO, mol s−1 ), molar weight of Pd exposed
on TiO2 surface (n’

Pd, mol), initial inlet concentration of HCHO

([HCHO]in, ppm), total flow rate (V, Ls−1), molar volume of gas
at 25 ◦C and 101 kPa (Rg, 24.5 L mol−1), weight of catalyst (mcat.,
g), loading percentage of Pd (�Pd, %), Pd dispersion (DPd, %) and
molecular mass of Pd (MPd, gmol−1), respectively.
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Fig. 1. HCHO conversion over Pd/TiO2-300R and Pd/TiO2-450R catalysts. Reaction conditions: 140 ppm HCHO, 20% O2, 40% RH, He balance, GHSV 95000 h−1. (Inset: Stability
test  of Pd/TiO2-450R catalyst at room temperature with 300 ppm HCHO and other conditions as above.).

Table 1
Specific surface area (SBET ), Pd dispersion (DCO), Pd mean particle size (ds), TOF, relative amount of surface OH groups (Ti-OH) and ratio of Pd0/Pd2+ for Pd/TiO2-300R and
Pd/TiO2-450R catalysts together with TiO2.

SBET (m2/g) DCO
a (%) ds (nm) TOFx10−2 b (s) Ti-OH c (%) Pd0/Pd2+ d

TiO2 58.3
Pd/TiO2-300R 57.2 21.4 4.9 0.18 14.9 1.65
Pd/TiO2-450R 58.0 16.9 3.8 13.5 23.3 1.76

a Pd dispersion measured with CO pulse chemisorption.
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b Turnover frequencies (TOF) calculated from Dco.
c Concentration of Ti-OH calculated from the XPS of O 1s.
d Concentration of Pd0/Pd2+ calculated from the XPS of Pd 3d.

. Results and discussion

.1. Activity in HCHO oxidation

The performance of Pd/TiO2-300R and Pd/TiO2-450R for HCHO
xidation was tested and the results are shown in Fig. 1. For the
d/TiO2-300R catalyst, only 10% HCHO conversion was  achieved at
oom temperature and 85% HCHO conversion at 125 ◦C. In contrast,
00% HCHO conversion was achieved on Pd/TiO2-450R in the inves-
igated temperature range of 25–125 ◦C. The carbon balance results
Table S1) showed that the HCHO were selectively converted into
O2 and H2O, and no by-products was produced. Moreover, the
d/TiO2-450R catalyst exhibited an excellent stability, maintaining
0% conversion of 300 ppm HCHO for 30 h (insert in Fig. 1). These
esults showed that the Pd/TiO2 reduced at 450 ◦C was much more
ctive for HCHO oxidation than that reduced at 300 ◦C.

.2. Characterization of catalysts

.2.1. Structural features of catalysts
The XRD patterns of reduced Pd/TiO2 catalysts and TiO2 are

hown in Fig. 2. No diffraction peaks of Pd species, including Pd0
r PdO, were observed on the Pd/TiO2 catalysts, indicating that the
d species are highly dispersed on the catalyst surface. The specific
urface area (SBET) results for Pd/TiO2-300R and Pd/TiO2-450R are
isted in Table 1. The two catalysts showed similar specific surface
Fig. 2. XRD patterns of Pd/TiO2-300R and Pd/TiO2-450R catalysts together with TiO2

sample.

areas, indicating that reduction processing had little effect on the
physical properties of the catalysts.
3.2.2. Pd dispersion and particle size
CO pulsed chemisorption was used to determine the Pd disper-

sion (Dco), and the results are listed in Table 1. The Pd dispersion was
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ig. 3. HAADF/STEM images and particle size distribution of Pd/TiO2-300R (a, dark 

amples.

1.4% on the Pd/TiO2-300R catalyst, while the Pd dispersion was
ecreased to 16.9% on the Pd/TiO2-450R catalyst, which should be
ttributed to agglomeration of Pd particles [32]. To verify the above
peculation, HAADF/STEM measurements were carried out to
bserve the variation in Pd particle size. The HAADF/STEM images
nd Pd particle size distribution of Pd/TiO2-300R and Pd/TiO2-450R

re shown in Fig. 3. There was little difference between the results
f dark field and bright field images of Pd/TiO2-300R (Fig. 3a and 3c)
r Pd/TiO2-450R (Fig. 3b and 3d) catalysts. The average particle size
ds) was 4.9 nm on the Pd/TiO2-300R catalyst. Contrary to expec-
c, bright field; e, HRTEM) and Pd/TiO2-450R (b, dark field; d, bright field; f, HRTEM)

tations, the Pd particle size on Pd/TiO2-450R catalyst decreased to
3.8 nm,  rather than increasing. This kind of abnormal phenomenon
has been also observed on a CeO2-Pt/La-Al2O3 catalyst calcined at
high temperature, resulting from Pt nanoparticles being trapped
by the support when undergoing sintering at elevated tempera-
tures, which is known as a type of strong metal-support interaction

(SMSI) [40]. According to previous works, it is believed that sup-
ported metals with large surface energies (such as Pt, Pd and Rh)
could be easily encapsulated by reduced oxides with small surface
energies (such as TiO2-x and CeO2-x), especially when reduced at
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Fig. 4. H2-TPR profiles of Pd/Ti

igh temperature [41,42]. Comparing this result with the HRTEM
mage of Pd/TiO2-300R (Fig. 3e), it is obvious that partial encap-
ulation of Pd particles by TiO2 had occurred on the Pd/TiO2-450R
atalyst (Fig. 3f) [43]. It is well known that encapsulation could
ead to the suppression of adsorption of small molecules such as CO
nd H2 on the supported metals [44–46]. Therefore, in the present
ork, the decrease of Pd particle size could be ascribed to the fol-

owing phenomenon: at high reduction temperature, reduced TiO2
TiO2-x) diffused, partially encapsulated and finally trapped the Pd
articles. Accordingly, it is easy to understand the seeming contra-
iction between the decrease in CO chemisorption and increase in
d dispersion.

Based on the results of Pd dispersion, the turnover frequencies
TOF) over the two catalysts were calculated at 25 ◦C, and the results
re summarized in Table 1. The Pd/TiO2-300R and Pd/TiO2-450R
atalysts presented TOF of 0.18 × 10−2 and 13.5 × 10−2 s−1, respec-
ively. It is clear that the high temperature reduction significantly
nhanced the activity of the Pd/TiO2-450R catalyst, with a TOF 70
imes higher than the Pd/TiO2-300R catalyst.

.2.3. H2-TPR
The effect of reduction temperature on the reducibility of

he catalysts was investigated by H2-TPR measurements, and the
esults are shown in Fig. 4. The catalysts exhibited two peaks in
he temperature range of −50–100 ◦C. The negative peak at around
0 ◦C can be assigned to hydrogen spillover [47] and the other peak
t −1 ◦C on Pd/TiO2-300R catalyst and at −6 ◦C on Pd/TiO2-450R
atalyst should be the reduction of surface chemisorbed oxygen
pecies, indicating that the catalyst reducibility was  enhanced
fter the high temperature reduction. Moreover, Pd/TiO2-450R
ossessed more chemisorbed O2 according to the area of H2 con-
umption.

.2.4. XPS studies
To demonstrate the electron states of Pd and O elements on the

atalyst surface, XPS measurements were carried out next, and the
esults are shown in Fig. 5. As shown in Fig. 5a, two kinds of Pd
pecies were observed on both Pd/TiO2-300R and Pd/TiO2-450R
atalysts. The peak located at 336.5 eV should be assigned to PdO
48], which may  be attributed to the re-oxidation of metal Pd par-
icles by O2 and/or H2O in air during transfer of the sample to the

PS chamber [37]. The peak at 335.1 eV on the Pd/TiO2-300R cata-

yst and 334.7 eV on the Pd/TiO2-450R catalyst can be ascribed to
etallic Pd [49]. It can be observed that a negative shift in Pd bind-

ng energy occurred on the Pd/TiO2-450R catalyst, which could be
0R and Pd/TiO2-450R samples.

attributed to the increase in the electron density of the metal [50]. It
was reported that more oxygen defects (TiO2-x) could be obtained
on the Pd/TiO2 catalyst during the high temperature reduction pro-
cess, [42] which facilitates the electron transfer from the TiO2-x to
the metallic Pd [51,52] and then leads to electron enrichment on
the Pd particles. As a result, O2 adsorption on Pd can be enhanced
through back donation of electrons from Pd species to the anti-
bonding �* orbital of O2 [17,53]. The distribution ratio of Pd0/Pd2+

on the two  catalysts was  calculated and the results are presented
in Table 1. The two  catalysts possessed similar ratio of Pd0/Pd2+,
therefore HCHO decomposition was not affected by the distribu-
tion ratio of Pd0/Pd2+. As shown in Fig. 5b, the catalysts contained
two kinds of O species. The main peak centered at 529.7 eV can
be assigned to the lattice oxygen of bulk TiO2 and the shoulder
peak at 531.4 eV can be ascribed to the surface OH species (Ti-OH)
[15,54]. The relative ratio of Ti-OH species was calculated, and the
result is listed in Table 1. The percentage of Ti-OH was 14.9% on
the Pd/TiO2-300R catalyst, while it markedly increased to 23.3%
on the Pd/TiO2-450R catalyst. The phenomenon was also demon-
strated by the results of FTIR measurements on the dry samples
(Fig. S2). The peaks at 3430 cm−1 and 1628 cm−1 are assigned to
the stretching and bending vibrations of surface OH, respectively
[25,27]. It is obvious that Pd/TiO2-450R catalyst possesses more
surface OH groups than Pd/TiO2-300R catalyst. It has been reported
that surface OH groups are formed by water dissociation on oxygen
vacancies [36,55,56] or on metal surfaces through water-oxygen
interaction [57–59]. The OH species could facilitate O2 adsorption
and activation on TiO2 (110) [17,60] and enhance the diffusion of
oxygen along the surface Ti (5c) to the metal-support interface,
which has long been recognized as the active site. [60,61]. We  next
carried out the O2-TPD and the results are shown in Fig. S1. It is clear
that Pd/TiO2-450R catalyst possessed more chemisorbed O2 than
Pd/TiO2-300R catalyst, and the O2 desorption temperature shifted
to lower temperature by about 30 ◦C, further confirming a higher
mobility of chemisorbed O2 on Pd/TiO2-450R catalyst. In addition,
the surface OH could accelerate the partial oxidation of HCHO to
formate and also could directly react with formate species to finally
produce CO2 and H2O at ambient temperature [13,15].

3.2.5. The role of H2O on the Pd/TiO2-300R/450R catalysts
To clarify the role of surface OH groups in HCHO oxidation,
the performance of the catalysts was  also investigated with H2O
startup-shutdown cycling, and results are shown in Fig. 6. As shown
in Fig. 6a, whether the reaction gas contained H2O or not, the
Pd/TiO2-300R catalyst showed a very low activity, with only 10%



Y. Li et al. / Applied Catalysis B: Environmental 217 (2017) 560–569 565

ples:

H
h
I
t
a
d
v
t
r
r
p

Fig. 5. XPS spectra of Pd/TiO2-300R and Pd/TiO2-450R sam

CHO conversion and little CO2 generation, indicating that H2O
ad little effect on HCHO oxidation for the Pd/TiO2-300R catalyst.

n contrast, when the Pd/TiO2-450R catalyst (Fig. 6b) was exposed
o a gas flow of 300 ppm HCHO/He/H2O (RH 40%)/O2 (zone 1),
bout 80% HCHO conversion was achieved. After 2 h without any
eactivation, the H2O was shut off (zone 2), and then HCHO con-
ersion sharply dropped to 20%. When H2O was re-introduced into

he gas flow (zone 3), the activity of Pd/TiO2-450R was completely
ecovered. Next, the activity sharply decreased again following the
emoval of H2O (zone 4). The above findings showed that H2O has a
romotion effect on the Pd/TiO2-450R catalyst for HCHO oxidation,
 (a) Pd 3d (insert: Distribution ratio of Pd0/Pd2+), (b) O 1s.

confirming that the surface hydroxyl group plays an important role
in HCHO oxidation, and that it could be effectively recovered on the
Pd/TiO2-450R catalyst.

3.2.6. The reaction pathways of HCHO oxidation on the
Pd/TiO2-300R/450R catalysts

To identify the intermediates formed on the Pd/TiO2-300R and

Pd/TiO2-450R catalysts at room temperature, in situ DRIFTS spectra
were collected in a flow of 140 ppm HCHO/He/H2O (RH 40%)/20%
O2, and the results are shown in Fig. 7. Two major surface species
were observed on the Pd/TiO2-300R catalyst (Fig. 7a), including



566 Y. Li et al. / Applied Catalysis B: Environmental 217 (2017) 560–569

F HO+H
H HO, 2

a
a
1
s
1
P
m
c
i

H

i
o
s
s
c

n

ig. 6. H2O effect on the activity of a) Pd/TiO2-300R catalyst (zone 1 and 3, HC
CHO+He+O2+H2O; zone 2 and 4, HCHO+He+O2). Reaction conditions: 300 ppm HC

dsorbed water (3327 cm−1 for �(OH) and 1645 cm−1 for �(H2O))
nd bidentate formate (2865, 2740 cm−1 for �(CH) and 1582,
359 cm−1 for �(COO)) [62,63]. Meanwhile, peaks for the two
pecies (3327, 1652 cm−1 for adsorbed water and 2870, 2760,
576, 1352 cm−1 for surface formate) were also obtained on the
d/TiO2-450R catalyst (Fig. 7b). However, no peaks associated with
olecular HCHO were observed on either of the catalysts, since it

ould be immediately oxidized by the surface oxygen or OH after
ts adsorption [13,27,38,62,64], which can be described as follows:

CHO
[O]sor[OH]s→ [HCOO]s + H2O (1)

Therefore, the formate species were considered to be the main
ntermediate of HCHO oxidation. It is worth noting that the rate
f formate accumulation on the Pd/TiO2-450R catalyst was much
lower than that on Pd/TiO2-300R, indicating that the formate

pecies could be more effectively oxidized on the Pd/TiO2-450R
atalyst [23].

HCHO-TPD was further carried out to investigate the mecha-
ism of HCHO oxidation on Pd/TiO2 catalysts treated by low and
e+O2+H2O; zone 2, HCHO+He+O2) and b) Pd/TiO2-450R catalyst (zone 1 and 3,
0% O2, 40% RH, He balance, GHSV 95000 h−1.

high temperature reduction. The HCHO-TPD profiles are shown
in Fig. 8. As shown in Fig. 8a, a broad desorption peak of CO was
observed on the Pd/TiO2-300R catalyst, starting at 60 ◦C and reach-
ing a maximum at 110 ◦C. A CO2 desorption peak was also obtained
starting at 35 ◦C, and it gradually reached its maximum along with
the decrease and disappearance of the CO desorption peak. Mean-
while, a small amount of H2 was  also observed in the range of
35–230 ◦C, which may  due to the water-gas-shift reaction between
CO and the limited number of surface OH groups [65,66]. The above
results indicated that CO was another main intermediate, due to
the decomposition of surface formate during HCHO oxidation on
the Pd/TiO2-300R catalyst, and it could further be oxidized by the
surface oxygen species to form CO2 [14,38]. The main process can
be described as follows:

[O]s
[HCOO]s → [CO]s → CO2 (2)

In comparison, only the CO2 desorption (45–290 ◦C) was
observed on the Pd/TiO2-450R catalyst (Fig. 8b) with no desorption
peak associated with CO or H2 detected in the examined tempera-
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Fig. 7. in situ DRIFT spectra of HCHO adsorption on a) Pd/TiO2-300R and b) Pd/TiO2-450R samples at room temperature. Reaction conditions: 140 ppm HCHO, 20% O2, 40%
R

t
f
o
b
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w
t
f

[

4

7

H,  He balance.

ure range, indicating that there may  be a more effective pathway
or the direct oxidation of surface formate. According to the previ-
us works, the formate species could be easily and directly oxidized
y surface OH groups to form CO2 and H2O [13,23,67,68]. The
d/TiO2-450R catalyst contained more surface OH groups and also
as efficient for its recovery. Therefore, the HCHO oxidation on

he Pd/TiO2-450R catalyst should follow a new pathway of direct
ormate oxidation by OH groups as described in equation (3).

HCOO]s + [OH]s → CO2 + H2O (3)
. Conclusions

It was found that the Pd/TiO2 reduced at 450 ◦C possessed a TOF
0 times higher than the Pd/TiO2-300R catalyst, and 100% con-
version of 140 ppm HCHO could be reached on Pd/TiO2-450R in
a GHSV of 95000 h−1 at room temperature. The SMSI induced by
high temperature reduction could partially encapsulate the Pd par-
ticles, resulting in a smaller particle size on the catalyst surface,
and subsequently promoting the activation of O2. In addition, the
partial reduction of TiO2 at high temperature resulted in more oxy-
gen defects and further enhanced the dissociation of H2O to form
abundant surface OH groups. The surface formate formed by partial
oxidation of HCHO could be directly oxidized into the final products
CO2 and H2O by surface OH groups on the Pd/TiO2-450 catalyst.
In contrast, HCHO oxidation on Pd/TiO2-300R followed a slower

pathway of formate decomposition to CO. Hence, the Pd/TiO2-450R
catalyst exhibits much higher activity than Pd/TiO2-300R for HCHO
oxidation at room temperature.
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Fig. 8. HCHO-TPD profiles of a) Pd/
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