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Influence of alkali metals on Pd/TiO2 catalysts for
catalytic oxidation of formaldehyde at room
temperature†

Yaobin Li, Changbin Zhang, Hong He,* Jianghao Zhang and Min Chen

We previously observed that sodium (Na) addition had a dramatic promotion effect on Pd/TiO2 catalysts

for formaldehyde (HCHO) oxidation. In this study, a series of alkali metal (Li, Na, K, Cs) doped Pd/TiO2 cata-

lysts were prepared and tested for ambient temperature HCHO oxidation. The results showed that the

doped alkali metals have a common promotion effect on the performance of the Pd/TiO2 catalysts for

HCHO oxidation under ambient temperature, which followed the order K > Cs > Na > Li. X-ray diffraction

(XRD), Brunauer–Emmett–Teller (BET), CO chemisorption, Transmission Electric Microscopy (TEM),

temperature-programmed reduction by H2 (H2-TPR), X-ray photoelectron spectroscopy (XPS) and

temperature-programmed desorption by O2 (O2-TPD) methods were used to characterize the alkali metal

doped catalysts to investigate the mechanism of the alkali metal promotion effect. The results showed that

a negatively charged and well-dispersed Pd species was induced and stabilized by alkali metal addition,

which facilitates the activation of chemisorbed oxygen, and then enhances the performance of alkali metal

doped Pd/TiO2 catalysts for room temperature HCHO destruction. The K–Pd/TiO2 catalyst in particular

possessed the highest Pd dispersion degree with active sites, attributing to the best activity in ambient tem-

perature HCHO oxidation.

1. Introduction

Formaldehyde (HCHO) is recognized as a major indoor air
pollutant, which is mainly emitted from consumer products
and building/furnishing materials.1 Long-term exposure to
indoor air containing even very low concentrations of HCHO
may be detrimental to human health, leading to serious
health problems including nasal tumors, irritation of the
mucous membranes of the eyes and respiratory tract, and
skin irritation.2,3 Increasingly, humans are paying more atten-
tion to indoor air pollutants, therefore, the effective abate-
ment of indoor air HCHO is urgently needed to improve
indoor air quality and reduce public health risk.

Over the past decades, four technologies including adsorp-
tion, photo-catalysis, plasma technology and catalytic oxida-
tion were investigated for use in the removal of HCHO.4–9

Among these methods, catalytic oxidation is known as the
most promising method for HCHO removal, which could
selectively decompose HCHO to harmless CO2 and water at a
low temperature without any secondary pollution.10,11 For

decades, researchers paid attention to conventional catalysts
including metal oxides (Co, Ni, Mn, Ag)3,12–20 and supported
noble metal (Pt, Au, Pd, Rh) catalysts21–33 for HCHO oxida-
tion. A relatively high temperature is generally needed to
completely oxidize HCHO using the metal oxide catalysts. In
contrast, complete oxidation of HCHO can achieved on noble
metal catalysts, such as Pt-, Au- and Pd-based catalysts,
around room temperature.21–24,27,31 Therefore, the supported
noble metal catalysts are more suitable for indoor air HCHO
purification.

Alkali metals can serve as electronic or textural promoters
for catalysts in various catalytic processes34 including NO35

and CO oxidation,36,37 CO hydrogenation38 and the water-gas
shift reaction.39–41 Recently, we found that the performance
of the Pt/TiO2 catalysts for formaldehyde oxidation was dra-
matically improved by the addition of alkali metal ions (such
as Li+, Na+ and K+), which due to an atomically dispersed Pt
species was induced and stabilized.24 Then, we further
reported that the performance of the Pd/TiO2 catalysts for
HCHO destruction under ambient conditions was also pro-
moted by Na addition, which resulted from the fact that a
negatively charged and well-dispersed Pd species was induced
and stabilized by Na species addition.31 Therefore, it is worth
exploring whether other alkali metals (such as Li, K and Cs)
also have a common promotion effect on the Pd/TiO2 catalysts
for HCHO oxidation.

Catal. Sci. Technol., 2016, 6, 2289–2295 | 2289This journal is © The Royal Society of Chemistry 2016

State Key Joint Laboratory of Environment Simulation and Pollution Control,

Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,

Beijing, 100085, China. E-mail: honghe@rcees.ac.cn; Fax: 86 10 62849123;

Tel: 86 10 62849123

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5cy01521a

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 R
E

SE
A

R
C

H
 C

E
N

T
R

E
 F

O
R

 E
C

O
-E

N
V

IR
O

N
M

E
N

T
A

L
 S

C
IE

N
C

E
S,

 C
A

S 
on

 1
8/

04
/2

01
6 

04
:0

8:
11

. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c5cy01521a&domain=pdf&date_stamp=2016-03-24
http://dx.doi.org/10.1039/C5CY01521A
http://pubs.rsc.org/en/journals/journal/CY
http://pubs.rsc.org/en/journals/journal/CY?issueid=CY006007


2290 | Catal. Sci. Technol., 2016, 6, 2289–2295 This journal is © The Royal Society of Chemistry 2016

In the present work, a series of alkali metal (Li, Na, K, Cs)
doped Pd/TiO2 catalysts were prepared and their HCHO per-
formance were tested at low temperature. It was found that
all the alkali metals enhanced the performance of the Pd/
TiO2 catalysts and the promotion effect followed the order K
> Cs > Na > Li. Among them, the K–Pd/TiO2 catalyst showed
the best performance in ambient temperature HCHO oxida-
tion. Based on the characterization results, the mechanism of
the influence of alkali metals on Pd/TiO2 catalysts was further
elucidated.

2. Experimental
2.1. Catalyst preparation

1 wt% Pd/TiO2 and alkali metal doped 1 wt% Pd/TiO2 cata-
lysts with the same alkali metal/Pd mole ratio were prepared
by co-impregnation of TiO2 (Degussa P25, BET surface area
59 m2 g−1) with aqueous PdĲNO3)2 (Sigma-Aldrich) and alkali
metal nitrate of Li, Na, K, or Cs (Sinopharm Chemical
Reagent Beijing Co., Ltd). After impregnation, the excess
water was removed in a rotary evaporator at 60 °C. The sam-
ples were dried at 110 °C for 12 h and then calcined at 400
°C for 2 h. Before activity testing and characterization, the
samples were reduced with H2 at 350 °C for 30 min, and
denoted as TiO2, Pd/TiO2, Li–Pd/TiO2, Na–Pd/TiO2, K–Pd/TiO2

and Cs–Pd/TiO2. The samples without pretreatment are
denoted as TiO2-fresh, Pd/TiO2-fresh, Li–Pd/TiO2-fresh, Na–
Pd/TiO2-fresh, K–Pd/TiO2-fresh and Cs–Pd/TiO2-fresh.

2.2. Catalyst characterization

X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET), CO
chemisorption, inductively coupled plasma optical emission
spectrometry (ICP-OES), temperature-programmed reduction
by H2 (H2-TPR), X-ray photoelectron spectroscopy (XPS) and
temperature-programmed desorption by O2 (O2-TPD) were
carried out and the methods and instruments for the charac-
terization were the same as our previous work.31 Typically,
the C 1s peak (284.8 eV) was used to calibrate the binding
energy (B. E.) values and the spectra are shown in Fig. S1
(ESI†). Transmission electron microscopy (TEM) was carried
out on a Tecnai G2 F20 U-Twin field emission system oper-
ated at 200 kV.

2.3. Catalyst activity testing

The method and equipment for catalyst activity testing were
the same as in our previous work.31 Typically, the relative
humidity was kept 30% balanced by helium. The total inlet
flow rate was 100 mL min−1, corresponding to a gas hourly
space velocity (GHSV) of 190 000 h−1. Measurements of the
turnover frequency (TOF) were obtained in a separate experi-
ment where the conversion of HCHO was kept below 30% by
varying the inlet HCHO concentration and GHSV, with negli-
gible heat and mass-transfer effects. The conditions of the
TOF measurement are shown in Table S1 (ESI†).

3. Results
3.1. Activity test

The performance of Pd/TiO2 and the Li-, Na-, K-, Cs-doped
Pd/TiO2 catalysts for HCHO oxidation was tested and the
results are shown in Fig. 1. When the concentration of HCHO
was 140 ppm, the Pd/TiO2 catalyst exhibited about 30%
HCHO conversion to CO2 at 25 °C and achieved 100% conver-
sion at around 125 °C. After doping with the alkali metals,
the performance of the Pd/TiO2 catalyst was dramatically
enhanced. The Li–Pd/TiO2 catalyst exhibited nearly 35%
HCHO conversion at room temperature and achieved 100%
conversion at around 100 °C, while the Na–, K– and Cs–Pd/
TiO2 catalysts achieved almost 100% HCHO conversion at 25
°C. When tested under harsh reaction conditions of 550 ppm
HCHO and a GHSV of 640 000 h−1, the HCHO conversion was
around 20% for the Na–Pd/TiO2 catalyst, while it was
improved to around 43% and 60% for the Cs–Pd/TiO2 and K–
Pd/TiO2 catalysts, respectively. According to the above results,
the alkali metals all enhanced the performance of the Pd/
TiO2 catalyst for formaldehyde (HCHO) oxidation and the
promotion effects appreciably depended on the nature of the
doped alkali metals, following the order K > Cs > Na > Li.

3.2. Characterization of catalysts

3.2.1. Structural features of samples. The XRD patterns of
Pd/TiO2 and the alkali metal doped Pd/TiO2 catalysts together
with TiO2-fresh are shown in Fig. 2. There was no Pd species
(Pd0, PdO) observed for any samples, which indicated that
the Pd species were highly dispersed on the TiO2 sup-
port. However, Pd loading was identified by ICP-OES, as
listed in Table 1. The actual Pd loading on the catalysts is
close to the nominal ones. The results of the specific surface
area (SBET), average pore size (dp) and total pore volume of
Pd/TiO2 and alkali metal-doped Pd/TiO2 catalysts together
with fresh TiO2 are listed in Table 1. Compared with the bare

Fig. 1 HCHO conversion over Pd/TiO2 and alkali metal (Li, Na, K, Cs)
doped Pd/TiO2 catalysts. Reaction conditions: 25 °C, 140 ppm HCHO,
20% O2, 30% RH, He balance, GHSV 190000 h−1 (inset: HCHO
conversion over Na–, K– or Cs–Pd/TiO2 catalysts at 25 °C with 550
ppm HCHO, GHSV 640000 h−1 and the other conditions are the
same).
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TiO2, the SBET, pore volume and dp of the Pd/TiO2, Li–, Na–,
K–, and Cs–Pd/TiO2 catalysts decreased to different degrees,
which may be ascribed to diffusion of alkali metal species
into the small pores of TiO2.

42 In order to eliminate the influ-
ence of the surface area, the normalized reaction rate per
unit area (Rs) at 25 °C with HCHO conversion kept below
60% was calculated and listed in Table 1. The Rs results also
illustrated that all the alkali metal addition improved the per-
formance of the Pd/TiO2 catalyst for formaldehyde (HCHO)
oxidation, which followed the order K > Cs > Na > Li.

3.2.2. Pd dispersion and particle size. Pd dispersion was
measured by CO chemisorption and the results are listed in
Table 1. Without alkali metal addition, the Pd dispersion was
only 9.8%. With Li addition, the Pd dispersion increased
slightly to 13.1%. In contrast, the Pd dispersion was remark-
ably increased to 32.9%, 40.6% and 48.2% by Na, Cs and K
addition, respectively. It is clear that the alkali metals all
improved the Pd dispersion, depending on the nature of the
alkali metals. Based on the results of Pd dispersion, the TOFs
were calculated at 25 °C. The value of TOF is 0.44 × 10−2 s−1

for the Pd/TiO2 catalyst. After the alkali metal addition, it
improved to 0.54 × 10−2 s−1, 0.97 × 10−2 s−1, 4.05 × 10−2 s−1

and 2.35 × 10−2 s−1 for the Li–, Na–, K– and Cs–Pd/TiO2 cata-
lysts, respectively. To directly show the Pd particle size on the
catalysts, TEM was also carried out and the results are shown

in Fig. S2† and Table 1. The TEM results indicated that the
Pd particle size was obviously decreased after the alkali metal
addition, which further confirmed that the alkali addition
had a promotion effect on the Pd dispersion.

3.2.3. H2-TPR. Fig. 3 shows the hydrogen temperature-
programmed reduction (H2-TPR) profiles conducted over the
fresh TiO2 and Li-, Na-, K- or Cs-doped TiO2 (Fig. 3a) together
with Pd/TiO2 and the Li-, Na-, K- or Cs-doped Pd/TiO2 cata-
lysts (Fig. 3b) to study the reducibility of the catalysts. Pure
TiO2 exhibited no H2 consumption peak from the −50 to 600
°C range, since TiO2 reduction normally occurs at T > 600
°C.22,43 There was a broad peak at 150–510 °C over Li/TiO2, at
200–450 °C over Na/TiO2, at 200–580 °C over K/TiO2 and at
310–590 °C over Cs/TiO2, which may be ascribed to the reduc-
tion of residual Li, Na, K and Cs nitrates, respectively. After
Pd was loaded, a sharp PdO reduction peak appeared at
around 0 °C on the Pd/TiO2 catalysts.

44 With the further addi-
tion of alkali metals, the PdO reduction peak shifted to a
higher temperature at about 47 °C over the Li–Pd/TiO2 cata-
lyst, at about 58 °C over Na–Pd/TiO2 and Cs–Pd/TiO2 catalysts
and at about 70 °C over the K–Pd/TiO2 catalyst. However, the
reduction peak of alkali metal nitrates on the Li–Pd/TiO2,
Na–Pd/TiO2, K–Pd/TiO2 and Cs–Pd/TiO2 catalysts shifted to
200–275, 113, 108 and 127 °C, respectively. The above results
indicated an interaction between the alkali metal species and
Pd species, which resulted in the alkali metal species stabiliz-
ing the PdO for the fresh catalysts and, after the PdO was
reduced, the existence of the Pd metal species facilitated the
reduction of the residual alkali metal nitrates.39 Besides, also
observed in the HR-TEM results of the Na–Pd/TiO2 catalyst
(see Fig. S2f†) is a partially covered Pd particle by NaOx on
the Na–Pd/TiO2 catalyst, which further indicated the exis-
tence of the promoter–metal interaction.39 In addition, the
H2 consumption of PdO on the samples was quantified and
further converted to the Pd content. The results are shown in
Table 1 which indicated that H2 consumption was in agree-
ment with expected Pd contents on the samples.

3.2.4. XPS analysis. The states of Pd, Ti and O on the cata-
lyst surface were next identified with XPS measurements.
Fig. 4 showed the XPS spectra of the catalysts and Table 2
summarized the binding energies and the percentages of

Fig. 2 XRD patterns of Pd/TiO2 and alkali metal (Li, Na, K, Cs) doped
Pd/TiO2 catalysts together with fresh TiO2 samples.

Table 1 Pd composition, specific surface area (BET), average pore size (dp) and total pore volume of Pd/TiO2 and alkali metal doped Pd/TiO2 catalysts
together with fresh TiO2, Pd mean particle size, Pd dispersion (DCO), TOF and normalized rate per unit area (Rs) for Pd/TiO2 and alkali metal doped Pd/
TiO2 catalysts

Sample
Pd compa

(wt%)
Pd compb

(wt%)
BET
(m2 g-1)

dp
(nm)

Pore volume
(cm3 g−1)

Pd particle
size (nm)

DCO
c

(%)
TOFd

(×10−2 s−1)
Rs

e

(nmol s−1 m−2)

TiO2-fresh 58.3 28.2 0.43
Pd/TiO2 0.95 1.11 53.1 28.7 0.38 6.1 9.8 0.44 2.0
Li–Pd/TiO2 0.98 1.06 44.4 38.4 0.42 5.7 13.1 0.54 2.8
Na–Pd/TiO2 0.98 1.07 56.9 31.7 0.40 4.7 32.9 0.97 5.2
K–Pd/TiO2 0.97 1.08 53.6 31.5 0.42 3.4 48.2 4.05 19.3
Cs–Pd/TiO2 0.96 1.02 48.7 30.1 0.37 4.2 40.6 2.35 17.7

a Pd composition was measured by ICP-OES. b Pd composition was calculated based on the H2 consumption of PdO in H2-TPR.
c Dispersion of

Pd measured by CO chemisorption. d TOF is calculated on the basis of DCO with the HCHO conversion kept below 30%. The conditions are
shown in Table S1 (ESI). e The amount of HCHO reacted per unit time and per unit area.
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calculated XPS peak areas. Based on Fig. 5a, the peak at
336.4 eV on all catalysts should be attributed to PdO,45 which
is due to re-oxidation of metallic Pd by O2 and/or H2O in air
during transfer of the sample to the XPS chamber.39 The
peak at 335.4 eV on Li–Pd/TiO2 and 335.1 eV on the other Pd/
TiO2 catalysts should be ascribed to metallic Pd.46,47 With
alkali metal addition, a third peak appeared at 334.3, 334.1,
333.9 and 333.8 eV over the Li–, Na–, K–, Cs–Pd/TiO2 cata-
lysts, respectively. These results clearly showed that the
doped alkali metals, as electron donors, increased the
electron density of Pd0 by their interaction with metallic
Pd,48–50 and this electron donation effect became stronger
with the increase in the atomic number of the alkali metal.
In addition, according to the relative ratio of Pd species of
the samples (Table 2), the negatively charged metallic Pd spe-
cies were dominant on the alkali metal-doped Pd/TiO2 cata-
lyst surfaces, therefore playing the key role in HCHO oxida-
tion under ambient temperature.

The Ti 2p peaks of the series of Pd/TiO2 catalysts together
with those of fresh TiO2 are shown in Fig. 4b. The peak at
458.8 eV for the fresh TiO2 catalyst was ascribed to Ti4+.29 A
negative shift of 0.3 eV for Pd/TiO2 occurred after Pd was
loaded, which should be ascribed to partial reduction of TiO2

during the H2 pretreatment.51 Compared with the Pd/TiO2 cat-
alyst, a further negative shift of 0.4, 0.5 and 0.7 eV occurred

after Na, K, and Cs doping, respectively, which is attributed to
electron transfer from the alkali metals to Ti and O of TiO2

50

or may be partially attributed to further TiO2 reduction caused
by the alkali metal addition52,53

The O 1s XPS spectra of the catalysts are shown in Fig. 4c.
All samples exhibited two kinds of O species. The main peak
in the range of 529.7–529.0 eV was ascribed to the lattice oxy-
gen of bulk TiO2 (OI), and the shoulder peak at 531.5–530.9
may be assigned to the Ti–OH species (OII).

54 Table 2 shows
the relative ratio of the Ti–OH species and lattice oxygen spe-
cies, denoted as OII/OI. The ratio over the TiO2-fresh, Pd/TiO2

and Li–Pd/TiO2 samples was about 0.10, while it increased to

Fig. 3 H2-TPR profiles of fresh samples: (a) TiO2 and alkali metal (Li,
Na, K, Cs) doped TiO2; (b) Pd/TiO2 and alkali metal (Li, Na, K, Cs) doped
Pd/TiO2 samples.

Fig. 4 XPS spectra of Pd/TiO2 and alkali metal (Li, Na, K, Cs) doped Pd/
TiO2 catalysts together with TiO2 sample: (a) Pd 3d, (b) Ti 2p and (c) O 1s.
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0.14, 0.16 and 0.15 with Na-, K- and Cs-doped Pd/TiO2,
respectively, indicating that Na, K and Cs addition may
increase the concentration of surface OH groups.55

3.2.5. O2-TPD. In order to investigate O2 activation and
mobility over the Pd/TiO2 and alkali metal doped Pd/TiO2 cat-
alysts, O2-TPD experiments were carried out and the results
are shown in Fig. 5. Only one broad O2 desorption peak
between 50 °C and 400 °C appeared on all the Pd/TiO2 sam-
ples. For the Pd/TiO2 catalyst, the O2 desorption peak was
located at 221 °C. After alkali metal addition, the O2 desorp-
tion peak shifted to lower temperatures, located at 200 °C for
Li–Pd/TiO2, 180 °C for Na–Pd/TiO2 and about 175 °C for K–
Pd/TiO2 and 173 °C for Cs–Pd/TiO2 catalysts, which indicated
that alkali metal addition enhanced the mobility of the
chemisorbed oxygen over the doped Pd/TiO2 catalysts.

4. Discussion

As shown in Fig. 1, the alkali metals had a common promo-
tion effect on the Pd/TiO2 catalysts for HCHO oxidation,

which followed the order K > Cs > Na > Li. Among them,
the K–Pd/TiO2 catalyst in particular possessed the best perfor-
mance in HCHO oxidation under ambient temperature.
Based on the characterization results, it is indicated that the
promotion effect should be closely related to several factors,
including Pd dispersion, the negatively charged metallic Pd,
surface oxygen and OH species.

The SBET results (Table 1) show that the SBET, pore volume
and dp of the Pd/TiO2, Li–, Na–, K–, and Cs–Pd/TiO2 catalysts
decreased to different degrees compared with the bare TiO2.
However, the Rs results were in line with the activities shown
in Fig. 1, indicating that the reaction rates of the samples did
not depend on their SBET. As shown in Fig. 1 and Table 1,
there is a correlation between the performance of the cata-
lysts for HCHO oxidation and their Pd dispersion, indicating
that the Cs, Na and K addition led to a significant improve-
ment of Pd/TiO2 catalyst performance by inducing more dis-
persed Pd species on the catalyst surface and exposing more
Pd sites for HCHO oxidation. The improved Pd dispersion
may be ascribed to the strong metal–promoter interaction,
which can be observed from the results of H2-TPR (Fig. 3). In
addition, the interaction also had an effect on the electron
density of metallic Pd. Based on Fig. 4a and Table 2, com-
pared with the Pd/TiO2 catalyst, negatively charged metallic
Pd species were formed and were dominant on all the alkali
metal doped samples. The alkali metal species, as electron
donors, increase the electron density of Pd0 through interac-
tion with metallic Pd.49 It has been reported that these nega-
tively charged metallic Pd species could enhance O2 adsorp-
tion through electron transfer from Pd metal to the anti-
bonding π* orbital of O2.

29,56

The results of Ti XPS (Fig. 4b) show that the alkali metal
addition may facilitate the reduction of TiO2. It has been
reported that water could readily dissociate on TiO2 defects
to form OH groups,57 which can be demonstrated by the
results of O 1s XPS (Fig. 4c). The O 1s XPS results indicated
that the concentrations of OH groups for the Na–, K–, and
Cs–Pd/TiO2 catalysts were enhanced after Na, K, and Cs addi-
tion. It has been reported that surface OH, on the one hand,
can accelerate partial oxidation of HCHO to formate24,26,28

and then facilely oxidize formate under ambient tempera-
ture;24,26 on the other hand, the OH species can not only
facilitate O2 adsorption on the defects on TiO2 (110) but also
increase the diffusion of oxygen along the surface Ti (5c) to
the alkali metal–Pd–TiO2 interface.58,59 The adsorbed oxygen
was then activated by the negatively charged metallic Pd spe-
cies and subsequently oxidized the adsorbed HCHO. There
was little difference observed in the concentration of the sur-
face OH groups and the mobility of chemisorbed O2 for the
Na-, K- and Cs-doped catalysts; however, the K–Pd/TiO2 cata-
lyst exhibited much higher TOFs (see Table 1) than the Na–
and Cs–Pd/TiO2 catalysts, which may be attributed to the
smaller Pd particle size over K–Pd/TiO2 catalyst with more
metal–support interface. On the one hand, the adsorbed H2O
can easily dissociate into a surface OH group on oxygen
vacancies,57 especially in the proximity of the Pd particles at

Table 2 Pd 3d XPS data and the relative ratio of Pd species of Pd/TiO2

and alkali metal doped Pd/TiO2 catalysts, and the relative ratio of oxygen
species

Sample

Pd 3d

OII/OIB. E. (eV) Ratio (%)

Pd/TiO2 336.4 34.0 0.10
335.1 66.0

Li–Pd/TiO2 336.4 12.3 0.11
335.4 16.0
334.3 71.7

Na–Pd/TiO2 336.4 6.1 0.14
335.1 14.4
334.0 79.5

K–Pd/TiO2 336.4 7.3 0.16
335.1 13.6
333.9 79.1

Cs–Pd/TiO2 336.4 9.8 0.15
335.1 13.9
333.8 76.3

Fig. 5 O2-TPD profiles of Pd/TiO2 and alkali metal (Li, Na, K, Cs)
doped Pd/TiO2 samples. Conditions: the samples were pre-reduced
with 10% H2/Ar for 1 h at 350 °C, followed by purging with He and
cooling down to 50 °C. Then the gas was switched to O2 for adsorp-
tion for 30 min and He for purging for 1 h.
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the metal–support interface.60 On the other hand, the dissoci-
ation of the molecularly adsorbed mobile oxygen may also
take place at the metal–support interface.60 The activated sur-
face OH and O species play important roles in direct HCHO
oxidation.24

5. Conclusions

The series of alkali metals show a common promotion effect
on the Pd/TiO2 catalyst for ambient temperature HCHO oxi-
dation. The addition of Li, Na, K and Cs all could induce and
stabilize a negatively charged metallic Pd species on the TiO2

surface through the promoter–metal interaction, and then
enhanced the chemisorption of surface oxygen species. Fur-
thermore, the Na, K, and Cs addition could also induce more
reaction sites by improving the Pd dispersion and number of
surface OH groups, and enhance the mobility of chemisorbed
oxygen. The K–Pd/TiO2 catalyst in particular possessed the
highest Pd dispersion and smaller Pd particles with more
metal–support interfaces which facilitated chemisorption and
dissociation of oxygen and formation of surface OH groups,
contributing to its highest activity among the alkali metal
doped catalysts.
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