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a  b  s  t  r  a  c  t

The  purpose  of  this  study  was  to develop  a structured  perovskite-type  oxide  catalyst  for  the  water  gas  shift
(WGS)  reaction,  which  could  make  lattice  oxygen  mobile  at a low  external  heat  energy  by  preparing  it  as
a thin  catalyst  layer  on a  metal  plate.  The  thickness  of  the  formed  LaCoO3 layer  was  about  20  �m,  which
was  confirmed  by  FE-SEM  and  EDX  analysis.  For  enhancing  its WGS  reaction  performance,  a  palladium
(Pd)  component  was  supported  on  the  structured  catalyst  using  various  Pd  precursors.  When  using  a
PdCl2 aqueous  solution  which  was  prepared  by filtration  of  the  PdCl2 slurry  (the  filtration  liquid),  the
Pd-supporting  LaCoO3 structured  catalyst  showed  a  high  and  stable  activity.  The reason  for  such  an
enhanced  activity  was  that  the  supported  Pd was  in a highly  dispersed  state,  which  was  derived  from
the  electrostatic  interaction  between  [PdCl3(H2O)]− as the  anionic  charged  precursor  in the  filtration
liquid  and  the  oppositely  charged  LaCoO3 support  surface  confirmed  by  a UV–vis  measurement.  In order
dCl2 to  remove  the  remaining  chloride  ligand  from  the  Pd-supporting  LaCoO3 catalyst  surface,  a washing
treatment  was performed  by immersing  the  as-made  catalyst  in  water,  NH3 (aq)  or  NaOH  (aq)  at  pH  11.5
for 30  min.  Consequently,  these  washing  processes  were  effective  for  eliminating  the  remaining  chloride
ion  from  the  catalyst  surface  and  improving  the  shift  activity  of  the  catalyst.  The  catalyst  washed  using
NH3 (aq)  showed  the highest  activity  among  these  catalysts.

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

The fuel cell is one of the attractive technologies in terms of a
ighly efficient and clean energy resource. Hydrogen for the poly-
er electrolyte membrane fuel cell (PEMFC) is produced via the

team reforming of hydrocarbons [1,2]. The reformed gas contains
ot only H2, but also CO. The CO must be converted below 10 ppm

n the reformed gas because CO deactivates the Pt electrodes of fuel
ells [3]. The water gas shift (WGS, Eq. (1)) reaction is one of the
ost effective reactions for CO reducing processes.

O + H2O � CO2 + H2 �H0
298.15 = −41.2 kJ/mol (1)

he WGS  reaction is an exothermic reaction and the equilibrium

onversion is low at high temperature due to thermodynamic lim-
tations. Therefore, the reaction temperature should be lowered
o achieve a higher CO conversion, though the reaction rate is

∗ Corresponding author.
E-mail address: tcfukuh@ipc.shizuoka.ac.jp (C. Fukuhara).

ttp://dx.doi.org/10.1016/j.apcata.2014.03.005
926-860X/© 2014 Elsevier B.V. All rights reserved.
kinetically suppressed at low temperature. For the industrial pro-
cesses, the WGS  reaction is performed using two stage catalytic
processes; i.e., a high temperature shift (HTS) and low tempera-
ture shift (LTS). The HTS is carried out with a Fe2O3–Cr2O3 catalyst
at a high temperature range (583–723 K) [4–6], and the LTS is
performed with a Cu/ZnO/Al2O3 catalyst for decreasing the CO
level to less than 1% in the low temperature range (483–523 K)
[7–15]. Recently, a variety of catalysts has been reported; a highly
active Pd/K/Fe2O3 catalyst at the mild temperature of 573 K [16],
an alkali-promoted Pt/SiO2 catalyst for the low temperature shift
[17] and sustainable Cu/Al2O3 catalyst for the daily start-up and
shutdown (DSS) like operation [18]. In addition, nano-sized gold
has emerged as a prominent catalyst for the WGS  reaction after the
pioneering work of Haruta et al. [19], and a multitude of studies
for an effective Au catalyst has been performed, such as the novel
Au/La2O3 and Au/La2O2SO4, Au/Fe2O3 and Au/CeO2 as promising

low-temperature shift catalysts [20–22]. However, the price of pre-
cious metals has increased every year. In terms of the cost for
precious metals, a more efficient and low-cost catalyst needed to be
developed.

dx.doi.org/10.1016/j.apcata.2014.03.005
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.03.005&domain=pdf
mailto:tcfukuh@ipc.shizuoka.ac.jp
dx.doi.org/10.1016/j.apcata.2014.03.005
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Scheme 1. Preparation of the structured LaCoO3 catalyst.

A preliminary study showed that the reduction temperature of
he catalyst could influence the catalytic performance of the WGS
eaction [23,24]. A precious metal supported on a perovskite-type
xide has the unique property; the reduction temperature of the
erovskite-type oxide is significantly reduced by supporting novel
etals such as platinum (Pt) and palladium (Pd). The reduction by

he loading of Pd or Pt resulted in an increased of WGS  reaction
ctivity, in other words, the easier release of lattice oxygen, more
O was oxidized to CO2 by the lattice oxygen in the LaCoO3, and also
ccompanied by a change in the produced hydrogen. The mobility
f the lattice oxygen in the catalyst was found to be a key point for
chieving a high activity.

For the application for the perovskite-type catalyst to a fixed-
ed reaction system, the lattice oxygen in the catalyst at the center
f the reactor is not effectively utilized, compared to the catalyst
n the vicinity of the reaction wall because a severe temperature
radient is generated from the reactor wall toward the center. For
ffectively utilizing the lattice oxygen in the catalyst, we focused
n a plate type catalyst on a metal substrate [25–27]. The plate
ype catalyst, which is commonly called a structured catalyst, is
omposed of a regularly arranged catalyst on the metal plate. By
lacing the catalyst on the metal plate, an effective heat transfer to
he reaction field could be achieved due to the conductional heat
ransfer. Furthermore, such a catalyst could overcome the disad-
antage of a poor heat conductivity of the perovskite-type oxides,
nd high mobility of the lattice oxygen would be acquired at a low
emperature due to the effective utilization for the external heat
nergy.

In this study, a plate-like LaCoO3 catalyst was developed on
he metal substrate by the following procedures; a viscid perov-
kite precursor solution was coated on a stainless steel substrate,
hen the coated substrate was calcined several times. The WGS
erformance of the plate-like LaCoO3 catalyst was then investi-
ated. Furthermore, for enhancing the WGS  activity, the effects of
d supported on the structured LaCoO3 catalyst were examined by
hanging the types of Pd precursors.

. Experimental
.1. Preparation of the structured LaCoO3 catalyst

Scheme 1 shows steps in the preparation of the structured
aCoO3 catalyst. The preparation procedure of the catalyst was  as
PdCl2 filtration liquid

Scheme 2. Preparation of PdCl2 filtration liquid.

follows: metal ion nitrates included in the perovskite type oxide
were dissolved in distilled water, then citric acid was added to the
solution at the 1/3 molar ratio of total metal ions/citric acid. It was
then evaporated to form a powder at 353 K for 10 h. Following that,
the powder was dissolved in H2O again and a viscid gel solution
was obtained. The adherence of the perovskite-type oxide onto the
star-shaped metal substrate (20 mm� × 30 mm length) was  carried
out by immersion of the substrate in the viscid gel solution. The
metal substrate was  stainless steel with a 100 �m thickness. After
the gel coating, calcination of the coated substrate was  performed
at 673 K for 2 h. Finally, the substrate was calcined at 873 K for 10 h.
The prepared catalyst in this way  was represented as the structured
LaCoO3 catalyst.

2.2. Loading method of Pd on the structured LaCoO3 catalyst

The Pd loading was  performed by immersing the structured
LaCoO3 catalyst in an aqueous solution of the Pd precursor salt of
Pd(NH3)4Cl2 or Pd(ethylenediamine)2Cl2 (denoted as Pd(en)2Cl2)
for 2 min. The Pd-dipped catalyst was  then dried at room temper-
ature for 30 min. These operations were repeated until a 1 wt% Pd
loading was  achieved. In addition, Pd(acetylacetonate)2 (denoted as
Pd(acac)2), which was dissolved in an acetone solution, was used as
the precursor. PdCl2 was also used as the precursor, however, the
PdCl2 hardly dissolved in the H2O and organic solvents, unlike the
other reagents. Therefore, a solution with a trace amount of the Pd
component dissolved in H2O was  utilized as the precursor. Namely,
the PdCl2 reagent was dispersed in H2O (denoted as the slurry) and
the slurry was stirred for 24 h at room temperature. Filtration of
the slurry was then performed, and the filtration liquid was  used
as the Pd precursor solution. Scheme 2 shows steps in the prepa-
ration of this PdCl2 filtration liquid. The pH of this filtration liquid
was 2.5. After the Pd loading, the substrate was calcined at 823 K
for 2 h.

The washing procedures for the highly active catalyst were
applied in order to remove the chloride ligand from the Pd com-
plexes loaded on the support. The washing agents were water, an
aqueous solution of NH3 or NaOH at pH 11.5. The washing proce-
dure was  employed by immersion of the Pd-supporting structured
catalyst without calcination in each solution for 30 min  without
stirring. After immersion in each solution, the structured catalyst
was washed with distilled water for 2 min. The catalyst was then
calcined at 823 K for 2 h.

2.3. WGS  performance
The WGS  performance test of the prepared catalyst was  per-
formed at 573 K in a conventional flow reactor system. After setting
the prepared catalyst in the reactor, the reactants of CO and H2O
were supplied at 12.2 and 24.4 ml  min−1, respectively. The ratio of
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shows the CO conversion and selectivity to CO2 and CH4 at the time
when a stable activity was  obtained over the Pd-supported catalysts
prepared using various palladium precursors. The CO conversion

Table 1
CO conversion and selectivity over the Pd/LaCoO3 catalysts prepared with different
types of palladium precursors.

Pd precursor CO conversion/% Selectivity/%

CO2 CH4

Pd(acac)2 20.3 99.4 0.6
Pd(NH3)4Cl2 12.1 93.3 6.7
Pd(en)2Cl2 13.2 99.8 0.2
PdCl2 filtrate 58.6 98.3 1.7
Bare  LaCoO3 0.3 100.0 0.0
Pd/Al2O3

a 1.0 100.0 0.0
R. Watanabe et al. / Applied Ca

team to carbon was 2. The catalyst weight was 0.5 g excluding
he substrate weight. The gaseous reactants and products, such as
O, CO2 and CH4, after the trapping of steam in the effluent gas
hrough the cold trap were collected by a gas-tight syringe, then
njected into the off-line thermal conductivity detection gas chro-

atograph (GC-8A; Shimadzu Co., Ltd., Japan). After sampling at
0 min  for the first plot, subsequent samplings were carried out
very 20 min. The CO conversion and CO2 selectivity were evalu-
ted using Eqs. (2) and (3), in which [CO], [CO2] and [CH4] denote
he concentration of CO, CO2 and CH4 in the outlet gas from the
eactor. The carbon balances of these investigations amounted to
98%.

O conversion (%) = [CO2] + [CH4]
[CO] + [CO2] + [CH4]

× 100 (2)

O2 selectivity (%) = [CO2]
[CO2] + [CH4]

× 100 (3)

.4. Characterization of LaCoO3 catalysts and Pd precursors

The crystalline structure of the catalyst was obtained by an XRD
nalysis (40 kV, 40 mA)  using a X-ray diffraction meter (RINT-2200,
igaku Co., Ltd.) and CuK� radiation source filtered by Ni. The sur-

ace structural properties of the catalyst were analyzed by Field
mission-Scanning Electron Microscope (JSM-7001F, JEOL Co., Ltd.)
quipped with EDX and by a High Resolution-Transmission Elec-
ron Microscope (JEM-2010, JEOL Co., Ltd.).

The H2-temperature-programmed-reduction (H2-TPR) mea-
urements were performed by a TAPS3000S (Bruker AXS Co., Ltd.).
he catalyst sample (20 mg)  was placed in the center of the muffle.
he heating rate was 10 K min−1 from 323 to 873 K. The weight loss
f zero was defined as the starting weight of the catalyst at 323 K.

UV–vis spectroscopy measurements for clarifying the Pd species
n the filtration liquid of the PdCl2 slurry were carried out at room
emperature by a UV-vis instrument (UV-1700, Shimadzu Co., Ltd.)
n the range of 190–550 nm.  Scans were performed with a data
nterval of 1 nm and a scan rate of 90 nm min−1.

An X-ray photoelectron spectroscopy (XPS, ESCA-3400; Shi-
adzu Co., Ltd.) measurement was also performed using

on-monochromatic AlK� radiation. The pass energy of the ana-
yzer was at 23.5 eV. Binding energy of C1s at 284.7 eV was  used for
alibration.

. Results and discussion

.1. Morphology of the structured LaCoO3 catalyst

Fig. 1 represents the XRD pattern of the as-made catalyst which
as peeled off the stainless steel substrate. The peaks of the as-
ade catalyst corresponded to the perovskite structure of LaCoO3

nd no impurity phases were detected. For calculating the crystal-
ite sizes using the Scherrer equation and the peak at 2� = 32.9◦,
he diameter was estimated to be 15.2 nm.  This value was close to
hat in the literature [28,29]. Fig. 2(a) and (b) shows SEM images of
he surface and cross section of the catalyst, including the results
f the elemental analyses by EDX. As shown in Fig. 2(a), the cata-
yst surface was composed of sintered spherical particles of 50 nm
iameter that produced a porous-like structure. From the cross sec-
ional view in Fig. 2(b), the thickness of the formed layer, which
as composed of La, Co and O elements, was about 20 �m.  Based
n these results, a LaCoO3 catalyst layer was uniformly formed on
he stainless steel substrate. In addition, the pores, which were
bserved on the LaCoO3 surface as shown in Fig. 2(a), were con-
idered not to reach the substrate surface.
Fig. 1. XRD pattern of the coated catalyst component peeled off the stainless steel
substrate.

3.2. WGS  performance of structured LaCoO3 and Pd supported
catalyst

In order to evaluate the catalytic performance of the struc-
tured LaCoO3 catalyst, the WGS  reaction was carried out in the
reaction temperature range of 523–873 K. Fig. 3 represents the CO
conversion as a function of the reaction temperatures. The cat-
alytic activity over the structured LaCoO3 catalyst increased with a
change in the reaction temperature as follows; 0.7% at 523 K, 3.9%
at 573 K, 14.7% at 623 K, 39.9% at 673 K, 64.5% at 723 K and 78.3% at
773 K. Although CH4 was  also produced as a by-product, the selec-
tivity of CH4 was  less than 0.3% within the reaction temperature
range from 523 to 873 K. The structured LaCoO3 catalyst was a
highly active and selective catalyst for the WGS  reaction at high
temperature, but the activity was not significantly high at the low
temperatures from 523 to 573 K.

The loading of a precious metal promoted the ability of releas-
ing the lattice oxygen, and such promotion resulted in an increased
WGS performance [23,24]. In order to enhance the WGS  activity of
the structured catalyst, the LaCoO3 catalyst supported Pd compo-
nent was prepared and was  its performance investigated. Table 1
Reaction condition: CO and H2O were supplied at 12.2 and 24.4 ml  min−1,
respectively; Catalyst weight was  0.5 g excluding the substrate weight; Reaction
temperature was  573 K.

a PdCl2 filtrate was  used as Pd precursor.
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(1/3)La Co O + (1/6)H → (1/2)La Co O + (1/6)H O (5)
Fig. 2. SEM images and elemental analyses by EDX for (a) the

as as follows: 20.3% over the catalyst prepared using Pd(acac)2,
2.1% over Pd(NH3)4Cl2 and 13.2% over Pd(en)2Cl2. However, when
sing the filtration liquid of the PdCl2 slurry, a higher conversion
f 58.6% was obtained. It was found that the types of Pd precursors
eriously affected the WGS  performance and the use of the filtration
iquid was the most suitable. Since a Pd/Al2O3 catalyst prepared
sing the filtration liquid and a bare LaCoO3 catalyst showed a sig-
ificantly low activity of 1.0% and 0.3% CO conversion at 573 K, as
hown in Table 1, the activity progression by loading Pd would be
ue to a synergistic effect between the LaCoO3 and the Pd compo-
ent. In other words, the mobility of the lattice oxygen would be
nhanced by the supported Pd on the LaCoO3 and such progression
ight improve the WGS  performance of the structured catalyst.
dditionally, the CH4 selectivity was only 1.7% over the Pd/LaCoO3
atalyst prepared using the PdCl2 filtration liquid. It was found that
he Pd/LaCoO3 catalyst was highly selective for the WGS  reaction.

.3. Role of Pd for WGS  reaction
For clarifying the promotion by the supported Pd, H2-TPR mea-
urements were performed over the bare LaCoO3, the as-made
d/LaCoO3 and the Pd/LaCoO3 after the WGS  reaction (denoted
s spent catalyst). Fig. 4 shows the reduction behavior of these
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Fig. 3. CO conversion over the structured LaCoO3 catalyst.
ce and (b) the cross section of the structured LaCoO3 catalyst.

catalysts. The left axis denotes the weight loss and the right axis
represents the differential value of the weight loss (� weight loss)
which was  obtained by dividing the weight loss by the tempera-
ture. From Fig. 4, a two-step reduction over the bare LaCoO3 was
observed at 654 and 837 K, which was  known to occur; LaCoO3
was reduced to LaCoO2.5 (1/2La2O3 + CoO) corresponding to the
Co3+ reduction to Co2+ at about 654 K, followed by LaCoO2.5 being
reduced to LaCoO1.5 (1/2La2O3 + Co) corresponding to the Co2+

reduction to Co0 at about 837 K. By supporting the Pd compo-
nent, the reducibility of the Co cation was enhanced as shown in
Fig. 4. The as-made Pd/LaCoO3 catalyst has three peaks at 386, 461
and 809 K as confirmed by the � weight loss, although the bare
LaCoO3 catalyst has two  peaks at a higher temperature. Chiarello
et al. reported that loading Pd promoted the reduction of the Co
cation in LaCoO3, and Co3+ to Co2+ was  reduced in two steps [30].
The two-step reduction was  explained by Eqs. (4) and (5) on the
catalyst:

LaCoO3 + (1/3)H2 → (1/3)La3Co3O8 + (1/3)H2O (4)
3 3 8 2 2 2 5 2

They also found that these reactions progressed by incorpo-
ration of Pd as the B-site in LaCoO3. Due to the incorporation of
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Pd/LaCoO3 and the spent Pd/LaCoO3 catalyst.
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might be the darker portion because heavier elements such as Pd
appeared darker due to scattering of the electrons in the catalyst in
the TEM measurements. The supported Pd was sintered during the
reaction and its particle size grew to about 2–5 nm. Although the
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Fig. 5. Overview of the filtrati

d, the reduction of LaCoO3 occurred through the intermediate
hases with the general formula LanConO3n−1. The initial and sec-
nd reduction steps corresponded to n = 3 (Eq. (4)) and 2 (Eq. (5)),
espectively. From Fig. 4, the two-step reduction of Co3+ to Co2+

as confirmed over the as-made Pd/LaCoO3 catalyst as stated by
hiarello. Therefore, the supported Pd might be initially incorpo-
ated into the B-site of the LaCoO3.

On the other hands, the spent catalyst did not show a two-
tep reduction, but one moderate reduction at about 578 K was
bserved. The reason for the one moderate reduction might be
erived from no-interaction of Pd with the bulk Co3+ in the perov-
kite structure because the Pd originally incorporated into the
-site appeared on the surface during the WGS  reaction. Such sur-

ace Pd clusters triggered the dissociative adsorption of H2, and
 adatoms were subsequently formed. The H adatoms lead to the
onsumption of the lattice oxygen at a lower reduction tempera-
ure as compared to the bare LaCoO3. Such a reduction promotion,
hich meant improvement of the releasing ability of the lattice

xygen, might improve the WGS  performance. A preliminary study
howed that the reaction mechanism of the WGS  reaction was Mars
an Krevelen using lattice oxygen by Eqs. (6) and (7) [24]:

O + O2−
lat → CO2 + Vox + 2e− (6)

2O + Vox + 2e− → H2 + O2−
lat (7)

n these equations, O2−
lat and Vox denote the lattice oxygen and lat-

ice vacancy in the catalyst, respectively. The key point of the WGS
erformance enhancement was improvement of the mobility of the

attice oxygen. Hence, the supported Pd produced a high mobility
f the lattice oxygen and enhanced the WGS  performance.

In addition, as shown in Fig. 4, a smaller weight loss was
bserved over the spent catalyst as compared to the as-made
d/LaCoO3. The imbalance of the release rate (Eq. (6)) and the
egeneration rate of the lattice oxygen (Eq. (7)) was considered to
roduce a lattice vacancy in LaCoO3. In other words, the release rate
f the lattice oxygen was higher than its regeneration rate. There-
ore, the lattice oxygen diffused from the bulk to the surface of the
aCoO3 catalyst, and a lattice vacancy was subsequently produced.

The synergistic effect as already mentioned could be controlled
y changing the pH of the filtration liquid. Excluding pH = 2.5, the
djustment of the filtration liquid pH was carried out by adding
aOH aq.  or HNO3 aq.  to the original filtration liquid. Fig. 5 shows a
hotograph of the filtration liquids with different pHs. By increasing
he pH of the filtration liquid from 2.5 to 9, precipitation of the
d component was found to proceed in the solution. On the other
and, when the pH further increased from 9 to 13, the precipitated
d component was dissolved again. The Pd-supporting structured

atalyst was prepared with these solutions, and the activity test
as performed. Fig. 6 shows the CO conversion over the catalysts
sing the filtrate of pH = 1, 2.5 (the original filtration liquid), 3, 5, 7,
, 11 and 13. The result showed that the CO conversion over these
uids with different pH values.

catalysts at a steady-state was  as follows; 19.5% (99.5%) for pH = 1,
65.9% (98.3%) for pH = 2.5, 61.7% (98.2%) for pH = 3, 16.2% (100%) for
pH = 5, 3.2% (100%) for pH = 7, 2.9% (100%) for pH = 9, 2.7% (100%)
for pH = 11 and 22.0% (99.8%) for pH = 13. The value in parenthesis
was the selectivity for CO2, which was  not shown in Fig. 6. The
selectivity for CO2 was  almost the same over these catalysts. In
terms of the activity, the optimum pH value of the filtration liquid
was 2.5 for producing a high WGS  performance. The reason for such
an optimization will be discussed in the next section.

3.4. Relationship between WGS  performance and Pd state of the
filtration liquid

For elucidating the reason for the high performance obtained
over the catalyst prepared using the filtration liquid of PdCl2, TEM
measurements were carried out. Fig. 7(a) and (b) shows TEM images
of the as-made and the spent Pd/LaCoO3 catalyst, respectively.
Here, the spent catalyst denotes the catalyst after a 190-min WGS
reaction. In Fig. 7(a), the Pd species were not clearly determined.
The size of Pd on the as-made catalyst might be less than 1 nm, or
Pd might be incorporated into the B-site of the LaCoO3. As for the
spent catalyst in Fig. 7(b), there was  a portion indicated by the arrow
whose color was  darker than the LaCoO3 layer. The supported Pd
Time on s tre am /  min

Fig. 6. Effect of pH of the filtration liquid on CO conversion at 573 K: (♦) pH = 1, (�)
pH = 2.5 (original), (�) pH = 3, (�) pH = 5, (©) pH = 7, (�) pH = 9, (�) pH = 11 and (�)
pH  = 13.
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Fig. 7. TEM images of (a) the as-made Pd/LaC

article growth proceeded, the particle size was found to be quite
mall after the reaction. For investigating the advantage of the pro-
osed method, we compared the different catalysts prepared by
he impregnation method. Supporting data 1 shows TEM images
f the as-made catalyst prepared by the impregnation method. In
upporting data 1, particles indicated by the arrow were considered
o be Pd. Its diameter was larger than 6 nm.  Comparing the particle
ize of the catalyst prepared with the filtration liquid to that of the
atalyst prepared by the impregnation method, the smaller Pd was
btained over the catalyst prepared with the filtration liquid. This
roposed method using the filtration method had the advantage of
d particle size.

The Pd species in the filtration liquid was identified by a UV–vis
easurement. Fig. 8 shows the UV–vis spectra of the original filtra-

ion liquid and the solutions after several dip-coatings. From Fig. 8,
wo peaks at 210 and 238 nm were observed, and these peaks were
ound to decrease with the change in number of dip-coatings. These
wo peaks were assigned to the complex of the [PdCl3(H2O)]− [31].
he decrease in the absorption peaks in the spectrum is due to
he decrease in the [PdCl3(H2O)]− concentration of the solution.
amely, the [PdCl3(H2O)]− was loaded on the structured LaCoO3
atalyst. The PdCl2 is known to be hardly dissolved in H2O, however,

 trace amount of Pd was dissolved as [PdCl4]2−, [PdCl3(H2O)]− and
dCl2(H2O)2. Also, the state of Pd was dependent on the concentra-

ion of the chloride ion and proton in the solution [32]. As shown
n Fig. 8, only the [PdCl3(H2O)]− species was observed in the filtra-
ion liquid in this study. The following reaction (Eq. (8)) proceeded
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ig. 8. UV–vis spectra of the PdCl2 filtrate and solutions after the dip-coating.
atalyst and (b) the spent Pd/LaCoO3 catalyst.

in the filtrate after a trace amount of PdCl2 was  dissolved in the
solution as [PdCl4]2− [33].

[PdCl4]2− + H2O � [PdCl3(H2O)]− + Cl− (8)

By the way, the pH of the filtrate of the PdCl2 slurry was 2.5. Braisted
et al. reported that the LaCoO3 support surface carried a net pos-
itive charge in the solution at a low pH [34]. Therefore, the Pd
loading on the support surface was considered to be driven by
an electrostatic interaction between the anionic charged precur-
sor of [PdCl3(H2O)]− and the oppositely charged support surface.
The electrostatic interaction might produce highly dispersed Pd on
the structured catalyst. Table 2 shows the concentrations of the
[PdCl3(H2O)]− in the filtrate of the PdCl2 slurry and after the dip-
coating (2 min, 5 times) on the structured LaCoO3 catalyst which
were measured by ICP. The concentration of the as-made filtrate
was 793 ppm, on the other hand, the concentration of the filtrate
after the dip-coating was 589 ppm. The decrease in the concentra-
tion of [PdCl3(H2O)]− proceeded by only immersing the structured
catalyst in the filtration liquid, which was  due to the electrostatic
interaction between the Pd precursor and the support. The reason
for the optimum pH of the Pd precursor solution was  considered
to be derived from the Pd state in the precursor solution. It was
reported that a Pd(OH)2 species precipitated by increasing the pH
of the filtration liquid as noted by the following reaction (Eq. (9))
[33].

[PdCl3(H2O)]− + H2O � Pd(OH)2 + 3Cl− + 2H+ (9)

There was no electrostatic interaction between Pd(OH)2 and the
cationically charged support surface, which might lead to a low
Pd dispersion state. It might cause a significantly lower activ-
ity over the catalyst prepared using the filtrate at a pH of more
than 3. In addition, the low CO conversion when pH = 1 might
be due to the chloride ion in the Pd precursor solution. The
solution (pH = 1) was  prepared from the original Pd precursor
solution (pH = 2.5) by adjusting with HCl. Namely, the chloride
ion was  more contained in the solution (pH = 1). To confirm the
effect of the chloride ion on the catalytic performance, the Pd

solution, which nearly 4-fold chloride ion was  contained in, was
prepared. The prepared catalyst was  denoted as the Pd/LaCoO3
(Cl excess). Supporting data 2 shows the CO conversion over
the Pd/LaCoO3 catalyst prepared with the filtration liquid, which

Table 2
Concentration of the [PdCl3(H2O)]− in the filtrate of the PdCl2 slurry and after the
dip-coating.

Condition Concentration/ppm

As-made filtrate 793
Filtrate after 5 dippings for 2 min 589
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untreated and the treated catalysts. By washing the Pd-supported
catalyst, the CO conversion was improved as follows: 83.6% at
10 min  for washing with water; 82.0% for the NH3 and 85.4% for
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Fig. 9. XPS spectra of Cl2p for the Pd/LaCoO3 catalyst (a) in each

as abbreviated as the Pd/LaCoO3 (original), and the Pd/LaCoO3
Cl excess) catalyst. The CO conversion at a steady-state was 65.9%
or the Pd/LaCoO3 (original) catalyst and 6.6% for the Pd/LaCoO3
Cl excess) catalyst. Such a result indicated that the chloride ion
nhibited the catalytic activity for WGS  reaction. The activity sup-
ression by chloride ion was reported by other researchers. Oh et al.
eported that the dual role of Cl− in suppressing the CO preferential
xidation (CO + 1/2O2 → CO2) activity over the Au/Al2O3 catalyst
as accelerating the agglomeration of Au particles and poisoning

he active sites [35]. The work of Lin et al. suggested that the low
atalytic activities for CO oxidation in the Au/TiO2 catalyst with high
hloride contents may  also be due to an inhibitive effect [36]. They
repared catalysts by introducing AuCl3 on TiO2 using the incipi-
nt wetness method and observed that the activity for the Au/TiO2
educed with H2 at 500 ◦C was 40-fold higher than those reduced
t 200 ◦C. The improvement in catalytic property was  accompanied
y a threefold decrease in the residual Cl− content of the catalyst
ut no significant change in the particle size of Au. In our results,
he residual Cl− had the impact on the catalytic properties, which

ight be due to the poisoning the active sites. The low CO con-
ersion when pH = 1 would be due to the chloride ion in the Pd
recursor solution.

.5. Effect of post-treatment of the Pd-supported catalyst on
erformance

The [PdCl3(H2O)]− of the Pd precursor contains chloride ions in
ts Pd complex. Generally, the presence of chloride ions causes a

etal particle growth and deactivates the active site for the CO
dsorption [35,37]. The XPS spectra of Cl2p over the Pd/LaCoO3
atalyst before calcination, as-made and after the reaction were col-
ected for elucidating whether or not chloride ions were present.
ig. 9(a) shows the XPS spectra of these catalysts. Surface chloride
on was detected over these catalysts. The chloride ion remained
nd seemed not to be affected by the thermal treatment on the
upport surface, although the calcination was performed at the
igh temperature of 823 K for 2 h to eliminate the chloride ion on
he support surface. Xu et al. reported that the remaining chlo-
ine on the catalyst surface could be removed by washing [38]. A
ashing procedure was then applied to remove the chloride lig-

nds from the [PdCl3(H2O)]−. For the chloride removal, a washing
rocedure by a basic agent was performed because the presence

f a basic agent would permit the substitution of the chloride ions
y hydroxyl groups. The washing agents were aqueous solutions of
H3 and NaOH. Additionally, the effect of washing with water was
lso examined. Fig. 9(b) shows the Cl2p XPS spectra of the untreated
Bin din g energy  / eV

and (b) with washing treatment of basic solution and/or water.

and treated catalysts. From Fig. 9(b), the chloride ion was detected
and the remaining chloride ion of the as-made catalyst was  partially
eliminated on the support surface, based on the decline of the Cl2p
peak intensity. From the XPS spectra of Pd3d over the untreated
and treated catalysts, Pd was  confirmed to be the divalent state as
shown in supporting data 3. The Pd3d5/2 and Pd3d3/2 spin-orbital
splitting photoelectrons for these catalysts were located at bind-
ing energies of 336.9 and 342.4 eV, which were assigned to Pd2+.
For evaluating whether or not the chloride ion was eliminated, the
ratio of the intensity for Cl2p- to Pd3d-level photoelectron peaks
(ICl/IPd), which reflected the atomic ratio of Cl to Pd elements on
the surface layers, was calculated. These values are also shown in
Fig. 9(b). The values of ICl/IPd were 0.51 for the catalyst without
treatment, 0.10 for the NH3-treated catalyst, 0.11 for the NaOH-
treated catalyst and 0.15 for the water-washed catalyst. The water
or base treatment was  found to be effective for elimination of the
chloride ion on the catalyst.

Fig. 10 shows the CO conversion over the untreated catalyst and
the treated catalysts. The value in parentheses is the CO2 selectiv-
ity at a steady-state. The product except for CO was CH over the
Time on  stream /  min

Fig. 10. CO conversion over the Pd/LaCoO3 structured catalysts: (�) untreated, (♦)
with H2O washing, (�) with NaOH aq.  washing (pH = 11.5), (�) with NH3 aq.  washing
(pH = 11.5).
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[36] S.D. Lin, M.  Bollinger, M.A. Vannice, Catal. Lett. 17 (1993) 245–262.
[37] C.K. Costello, M.C. Kung, H.-S. Oh, Y. Wang, H.H. Kung, Appl. Catal. Gen. 232

(2002) 159–168.
[38] Q. Xu, K.C.C. Kharas, A.K. Datye, Catal. Lett. 85 (2003) 229–235.
2 R. Watanabe et al. / Applied Ca

he NaOH. Especially, the CO conversion over the NH3-treated cat-
lyst increased with time on stream and a 91.3% conversion was
btained at 190 min. Post-treatment by NH3 was the most effec-
ive for improvement of the WGS  activity. The CO2 selectivity over
he treated catalysts was as follows; 96.9% over the NH3-treated
atalyst, 97.6% over the NaOH-treated catalyst and 97.6% over the
ater-washed catalyst. Compared with the CO2 selectivity of 98.3%

ver the untreated structured catalyst, the treated catalyst showed
 slightly lower selectivity. Such a slightly lower selectivity was  due
o the production of methane which was produced from the unre-
cted CO and the produced hydrogen. Although a trace amount of
hloride ion remained on the support surface, the washing process
ad a positive effect for further improving the WGS  performance
ver the Pd-supported structured catalyst.

In summary, the structured LaCoO3 catalyst prepared with
tilizing a singular precursor of [PdCl3(H2O)]− showed high perfor-
ance for the WGS  reaction. Additionally, the Pd loading method
as a very simple, which was only dipping in the precursor solu-

ion with a few times, and the resulting Pd particle size was a quite
mall. Further enhancement of the catalytic performance would
e expected by the optimization of washing treatment with NH3
or eliminating the chloride ligand. Its simple dip-coating method
nd washing procedure might contribute to the effective loading of
ctive metals on the structured catalyst.

. Conclusion

The novel structured LaCoO3 perovskite-type catalyst was
eveloped for effectively converting CO via the WGS  reaction.
mong the various Pd-supported LaCoO3 catalysts, the catalyst
repared by the filtration liquid of the PdCl2 slurry showed the
ighest activity. High activity was due to the electrostatic inter-
ction between [PdCl3(H2O)]− as the anionic charged precursor
nd the oppositely charged LaCoO3 support surface, which pro-
uced highly dispersed state of Pd on the support. For removing
he chloride ligand from the [PdCl3(H2O)]−, washing procedures
f the Pd supported catalyst were applied using water, NH3 and
aOH. Consequently, the catalytic performance was  improved by
ll washing processes. Especially, the post-treatment by NH3 was
he most effective for improvement of WGS  performance.
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