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a b s t r a c t

The detailed structures of bimetallic Pd-Cu on various CeO2 and Al2O3 supports were investigated by
X-ray absorption technique in-situ in hydrogen and WGS conditions. No indication of the neighboring Pd
atoms in both Pd-K edge and Cu-K edge EXAFS fittings showed that Pd is highly dispersed in the lattice
of metallic Cu. The Cu-Cu bond distance was markedly shortened by alloying with Pd and correlated to
decrease of coordination number, which reflects particle size. A higher coordination number for Pd-Cu
than that for Cu-Cu on Al2O3 support suggested that Pd is in the interior of the nanoparticles on Al2O3
eywords:
xtended X-ray absorption fine structure
EXAFS)
eO2-supported Pd-Cu
imetallic catalyst
d-Cu alloy

while these coordination numbers were close on CeO2 support indicating a uniform distribution of Pd
and Cu atoms. The CO shift activity was not simply correlated to the Cu-Cu bond distance or particle size,
but the high activity of Pd-Cu/CeO2 was attributed to surface Pd interacting with Cu on CeO2 surface.

© 2016 Published by Elsevier B.V.
xygen-enhanced water gas shift (OWGS)

. Introduction

Water gas shift (WGS) is one of the key steps in fuel processing
or H2 production for low-temperature fuel cell applications [1,2].
u-based catalysts have traditionally been employed for this reac-
ion [3]. In the case of a Cu-Zn-Al oxide catalyst, a linear relationship
as obtained between copper surface area and activity, but the lin-

arity is not valid when the preparation method differs, meaning
hat the WGS is structure-sensitive [4]. Zinc and aluminum oxides
re used as the support of catalyst where zinc addition increases the
pecific rate (activity per Cu surface area) through decrease of heat
f CO adsorption [5] and increases dispersion of Cu while aluminum
ddition only disperses the Cu phase [6]. Although numerous efforts
ave been made for increasing activity and stability, the Cu-based
atalysts have drawbacks of easy sintering and pyrophoricity [1].
CeO2-supported Cu catalyst is one of the non-pyrophoric alter-
atives. While the surface of Cu/Al2O3 is saturated with a copper
urface phase, fine CuO crystallites are formed on Cu/CeO2/Al2O3

∗ Corresponding author.
∗∗ Corresponding author. Current address: Department of Applied Chemistry, Kobe
ity College of Technology, 8-3 Gakuen-higashimachi, Nishi-ku, Kobe, Hyogo 651-
194, Japan.

E-mail addresses: jkugai@kobe-kosen.ac.jp (J. Kugai), csong@psu.edu (C. Song).

ttp://dx.doi.org/10.1016/j.apcata.2016.09.010
926-860X/© 2016 Published by Elsevier B.V.
catalyst due to an interaction between the CeO2 and copper phase
[7]. Thus, the reaction pathway should be different. Copper is
immiscible to CeO2 lattice and enrichment of copper on the sur-
face was identified by XPS [8]. Proposed active sites includes Cu1+

species that originates from interaction of copper clusters with oxy-
gen species on ceria surface [9], and an isolated copper oxo species
formed on CeO2-containig supports [10].

In the effort to improve WGS activity at low temperature, our
group has developed a method called oxygen-enhanced water gas
shift (OWGS) in which a small amount of oxygen is added to a
WGS feed [11]. Since catalyst should stand the oxidative condi-
tion, a new formulation, CeO2-supported Pd-Cu and Pt-Cu catalysts,
were developed. We have found that with these catalysts CO shift
is significantly promoted by O2 addition to the feed without deac-
tivation [12]. Through kinetic analysis, we found that CO order is
low on monometallic noble metal (Pd or Pt) due to high CO cov-
erage on the active surface while CO order is high on Cu and it is
moderate on Pd-Cu and Pt-Cu bimetallics. H2O order showed an
opposite trend to the CO order, which suggested that the reaction
proceeds through the association of chemisorbed reactants [13].
By adding oxygen into the feed, only the CO order increased, which

suggested that oxygen removes the chemisorbed CO to free up the
sites for H2O chemisorption and to balance these surface reactants.
The oxygen addition did not promote CO shift on Al2O3-supported
catalyst and low-surface-area CeO2-supported catalyst (<2 m2/g)

dx.doi.org/10.1016/j.apcata.2016.09.010
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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mailto:jkugai@kobe-kosen.ac.jp
mailto:csong@psu.edu
dx.doi.org/10.1016/j.apcata.2016.09.010


6 ysis A: General 528 (2016) 67–73

w
C
o
m
fi
t
t

2

n
a
s
d
a
C
6
m
w
c
w
T
i
t
i
C
t
a
h
p
C

b
l
A
e
r
fl
w
w
h
p
K
l
g
a
s
f
a
8
t

A
w
i
9
a
n
6
t
1

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

8960 8980 9000 9020 9040

Pd(2)Cu(5)/Al2O3
Pd(2)Cu(5)/CeO2(H)
Pd(2)Cu(5)/CeO2(N)
Pd(2)Cu(10)/CeO2(R)
Cu(10 )/CeO2(R)

8.96            8.98           9.00            9.0 2           9. 04
Energy (keV)

μ 
(n

or
m

al
iz

ed
)

Fig. 1. Cu K-edge XANES of the catalysts measured at room temperature in helium
after  hydrogen reduction at 260 ◦C.
From the top, Pd(2)Cu(5)/Al2O3; Pd(2)Cu(5)/CeO2(H); Pd(2)Cu(5)/CeO2(N);
Pd(2)Cu(10)/CeO2(R); Cu(10)/CeO2(R).
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Fig. 2. Cu K-edge XANES of Pd(2)Cu(10)/CeO2(R) catalysts measured in various con-
ditions.
8 J. Kugai et al. / Applied Catal

hile over 90 m2/g of surface area the turnover rate leveled off for
eO2-supported catalysts [14]. However, the structural variation
f Pd-Cu on different supports and its impacts on catalytic perfor-
ance were not yet clear. In the present study, X-ray absorption

ne structure of Pd-Cu bimetallic catalysts was investigated to find
he factor to control the catalytic activity. We  have also investigated
he Pd-Cu structure in an in-situ CO shift atmosphere.

. Experimental

The Pd-Cu bimetallic catalysts were prepared by incipient wet-
ess co-impregnation using a mixed acetone solution of Pd (II)
cetate and Cu (II) nitrate hemipentahydrate on ceria or alumina
upports [14]. Three ceria supports, commercial HSA15 from Rho-
ia Co. (155 m2/g of specific surface area, denoted as CeO2(R)),
nother commercial CeO2 from Rhodia ( > 200 m2/g, denoted as
eO2(H)), CeO2 prepared by calcination of cerium (III) nitrate at
00 ◦C for 2 h (74 m2/g, denoted as CeO2(N)), and commercial alu-
ina Puralox TH100/150 from Sasol (150 m2/g, denoted as Al2O3)
ere used. All the samples were calcined at 450 ◦C for 5 h after

o-impregnation of the precursors. The nominal metal loadings
ere approximately 2 wt.% for Pd and 5 wt.% or 10 wt.% for Cu.

he catalyst composition is designated as Pd(2)Cu(5)/CeO2(R), for
nstance, where inside the parenthesis following metal species is
he metal loading in weight percent. The actual Cu/Pd atomic ratio
n Pd(2)Cu(5)/CeO2(R) was determined to be 4.18 using Inductively
oupled Plasma Atomic Emission Spectroscopy, which is close to
he nominal value. For comparison, monometallic Cu catalyst was
lso prepared by impregnating aqueous solution of Cu(II) nitrate
emipentahydrate on CeO2(R) support and monometallic Pd was
repared by impregnating acetone solution of Pd(II) acetate on
eO2(R).

X-ray absorption measurements were conducted on the
ending magnet beam line (10BM) of the Materials Research Col-

aborative Access Team (MRCAT) at the Advanced Photon Source,
rgonne National Laboratory. The detailed method is described
lsewhere [11]. The measurements were conducted in-situ with
eduction atmosphere in transmission mode using a continuous-
ow EXAFS reactor cell (18 in. long, 0.75 in diam.). The catalysts
ere reduced in 4% H2/He at 260 ◦C for 30 min  followed by purging
ith He at the same temperature for 30 min  to desorb chemisorbed

ydrogen and decompose Pd-H, followed by cooling to room tem-
erature in He atmosphere. Then the Pd K-edge (24.350 keV) or Cu
-edge (8.979 keV) spectra were obtained. Spectra were also col-

ected at 260 ◦C in He, 260 ◦C in H2, and 260 ◦C in a model water
as shift feed (1%CO, 3%H2O balanced by He). Spectra of Pd foil
nd Cu foil were acquired simultaneously with those of Pd-Cu/CeO2
amples for energy calibration. Experimental phase and amplitude
unctions were prepared from Pd and Cu foil. Theoretical phase and
mplitude functions for Pd-Cu and Cu-Pd were prepared using FEFF

 and calibrated to Pd and Cu foils to determine the appropriate S0,
he Debye-Waller factor, and off-set in R.

The methods for catalytic test are described elsewhere [14].
bout 0.1 g of the catalyst (sieved into 0.25–0.50 mm in diameter)
as packed in a quartz fixed-bed down-flow reactor with 4 mm

nner diameter (aspect ratio = ∼1.5). The feed gas composition was
.7% CO/22.8% H2O/6.3% CO2/37.9% H2/6.9% air (1.4% O2)/argon bal-
nce. For measuring WGS  activity, the air was simply switched to

itrogen with the same flow rate. The space velocity was  around
4,400 h−1 (dry, excluding air and argon). Prior to the catalytic reac-
ion, catalyst was reduced in situ in 7.5% H2/N2 flow at 260 ◦C for

 h.
From the top, at room temperature in helium after hydrogen reduction at 260 ◦C; in
hydrogen at 260 ◦C; in a WGS  stream at 260 ◦C.

3. Results and discussion

3.1. Cu K-edge spectra

Fig. 1 shows Cu K-edge XANES spectra of Pd-Cu catalysts with
various CeO2 and Al2O3 supports in comparison with that of
Cu(10)/CeO2(R) catalyst. All the spectra were typical of metallic
Cu. The edge energy and very similar shape of the XANES region
for Pd(2)Cu(5)/CeO2(N), Pd(2)Cu(10)/CeO2(R), and Cu(10)/CeO2(R)
shows that the oxidation state and electronic structure of Cu is not
much influenced by Pd addition. The slight shifts of the maximums
of oscillation at around 9003 eV and 9020 eV towards lower energy
by Pd addition could be an indication of a shorter first neighbor
distance. The Pd addition to Cu leads to hybridation changes and
charge transfer between Cu and Pd resulting in the small net charge
transfer from Cu to Pd [15]. The white line in the XANES of Pd-Cu
supported on CeO2(H) and Al2O3 was  slightly larger due to the pres-
ence of a small amount of oxidized Cu. A linear combination fit of
the spectra to a combination of reference spectra (Cu0, Cu1+ and
Cu2+) showed decrease of Cu0 and increase of Cu1+ oxide. Fig. 2
compares the XANES spectra of Pd(2)Cu(10)/CeO2(R) catalyst col-
lected after various treatment conditions: in helium atmosphere
at room temperature after reduction, in H2 at 260 ◦C, and in a WGS

stream at 260 ◦C. The XANES were basically identical suggesting lit-
tle structural change occurs by heating or changing the atmosphere
to the WGS  stream after catalyst was  reduced.
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Table  1
Fitting parameters of Cu K-edge EXAFS spectra.

Sample Condition Scatter N R(Å) DWF(×103) Eo(eV) Particle size (Å)

Cu(10)/CeO2(R) He R.T. Cu-Cu 11.0 2.55 1.0 0.9 75
Pd(2)Cu(5)/Al2O3 He R.T. Cu-Cu 5.5 2.48 4.0 −7.6 14

H2 260 ◦C Cu-Cu 5.5 2.46 8.0 −8.9
WGS  260 ◦C Cu-Cu 5.5 2.47 8.0 −8.8

Pd(2)Cu(5)/CeO2(N) He R.T. Cu-Cu 7.3 2.50 3.0 −4.3 24
H2 260 ◦C Cu-Cu 7.7 2.49 8.0 −5.5
WGS  260 ◦C Cu-Cu 7.6 2.48 8.0 −6.7

Pd(2)Cu(5)/CeO2(H) He R.T. Cu-Cu 4.9 2.46 5.0 −8.2 12
Pd(2)Cu(10)/CeO2(R) He R.T. Cu-Cu 9.0 

Fitting was  conducted with k range of 2.8–10.8 Å−1 and R range of 1–3 Å.
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Fig. 3 shows typical Cu K-edge EXAFS oscillations in k space for
onometallic Cu and bimetallic Pd-Cu catalysts and Fig. 4 shows

he Fourier transform (FT) of various catalysts. For all the samples,
he spectrum had a strong scattering at around 2.5 Å (phase cor-
ected) which represents Cu neighbor. No Pd was apparent from
he FT of Cu K-edge spectra likely due to the high Cu:Pd ratio.
eak intensity reflects the coordination number and therefore par-

icle size. The peak intensity decreased significantly by Pd addition
Compare the FTs of Pd(2)Cu(10)/CeO2(R) and Cu(10)/CeO2(R)). The
ow-Cu samples containing 5 wt.% of Cu showed lower peak inten-
ity than the samples containing 10 wt.% of Cu since the crystallites
2.53 2.0 −1.5 41

are smaller with low Cu content, as expected [16]. The Pd-Cu on
CeO2(H) and Al2O3 showed further lower peak intensity, meaning
that their particle sizes are very small. Small-size particles have
fraction of oxidized Cu as evidenced in the XANES spectra shown
in Fig. 1; however, the Cu-O scattering was too small to be fit in
the EXAFS in Fig. 4. One of the reasons for the formation of such
small particles could be high specific surface area of these sup-
ports, over 200 m2/g for CeO2(H) and 150 m2/g for Al2O3. However,
support surface area is not a sole factor since Pd-Cu on CeO2(R)
has larger particles (∼40 Å, see Table 1) regardless of the high spe-
cific surface area of CeO2(R) (155 m2/g). Other conceivable factor
is the structure of support surface. In literature, it was  reported
that the coordination environment of Cu2+ ions depends on the
exposed crystal plane of CeO2 surfaces, a five-coordinated CuO on
the (111) and (110) planes and an eight-coordinated CuO on the
(100) plane, which results in the differences in the interactions of
the components in the CuO/CeO2 catalysts [17]. In a liquid-phase
Pt/CeO2 synthesis, the Pt size was  significantly decreased by dehy-
drating CeO2 through simply calcining the support at 600 ◦C [18]. It
is also plausible that morphology of the support affects the Pd-Cu
structure in the impregnation process. The structure of support sur-
face, such as exposed crystal planes, hydrophobicity, and support
morphology, could affect the strength of anchoring metal species
on support surface in the reduction process.

Table 1 summarizes the fitting results of Cu K-edge spectra of
supported Pd-Cu with various metal compositions and supports
measured in various gas streams. For all catalysts containing both
Pd and Cu, there was  no indication of Pd neighbors in the fittings
of EXAFS spectra even though the Pd K-edge analysis implies that
Pd-Cu bonds exist (in a number of about 2.4 around each Cu for
Pd(2)Cu(5)/Al2O3, given that Pd is surrounded by 9.8 Cu atoms and
that the Pd/Cu atomic ratio is 0.24, see Table 2) and there is enough
room for identifying them separately in view of the k range and R
range used. This is likely due to the low Pd/Cu fraction in the catalyst
and to similar bond distances for Cu-Pd and Cu-Cu which makes
difficult to separate these oscillations. Though Cu K-edge EXAFS
analysis did not give any indication of Pd neighbors, it gave rough
number of neighbors around Cu. The fit of the Cu EXAFS shows that
Cu-Cu bond distance of Pd-Cu catalyst is much shorter than that of
monometallic Cu catalyst suggesting an electronic perturbation in
these catalysts. The Pd-Cu bond distance is also short, close to or
even shorter than Cu-Cu bond distance of pure copper, which will
be shown later in the results of Pd K-edge spectra.

In an atomic-scale STM imaging combined with topography of
tunneling conductance (dI/dV)  for Pd-Cu alloy on Cu(111) surface,
it was  found that Pd atoms can substitute into Cu surface with little
geometric changes [19]. The dI/dV topography showed Pd atoms
dispersed in a Cu lattice are almost electronically identical to their
Cu-Cu bonds which drives Pd to be dispersed in Cu lattice. If Pd is
readily dissolved and randomly distributed in the Cu NP’s, the Cu
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Table 2
Fitting parameters of Pd K-edge EXAFS spectra.

Sample Condition Scatter N R(Å) DWF(×103) Eo(eV) Particle size (Å)

Pd(4)/SBA-15 H2 400 ◦C Pd-Pd 8.1 2.73 1.0 −0.2 30
Pd(2)/CeO2 He RT Pd-Pd 5.5 2.71 4.0 −1.3 13

WGS  260 ◦C Pd-Pd 5.8 2.72 5.0 −0.5
WGS  350 ◦C Pd-Pd 6.0 2.71 6.0 −0.4

Pd(2)Cu(5)/Al2O3 He RT Pd-Cu 9.8 2.56 2.0 −0.1
H2 260 ◦C Pd-Cu 9.6 2.54 6.5 −1.6
WGS  260 ◦C Pd-Cu 9.8 2.54 6.5 −1.7
WGS  350 ◦C Pd-Cu 9.8 2.53 8.0 −1.8

Pd(2)Cu(5)/CeO2(H) He RT Pd-Cu 5.4 2.53 4.0 −1.9
Pd(2)Cu(5)/CeO2(N) He RT Pd-Cu 7.8 2.56 3.0 1.4
Pd(2)Cu(5)/CeO2(R) He RT Pd-Cu 8.4 2.55 3.0 0.2

H2 260 ◦C Pd-Cu 8.4 2.53 7.0 −1.6
WGS  260 ◦C Pd-Cu 8.5 2.55 7.0 −1.0
WGS  350 ◦C Pd-Cu 8.5 2.54 7.5 −0.5

Pd(2)Cu(10)/CeO2(R) He RT Pd-Cu 9.8 2.56 3.0 1.3
H2 260 ◦C Pd-Cu 9.6 2.54 7.0 0.6
WGS  260 ◦C Pd-Cu 10.3 2.54 7.0 -1.0
WGS  350 ◦C Pd-Cu 10.3 2.54 7.5 -0.1

Fitting was  conducted with k range of 2.6–12.3 Å−1 and R range of 1–3 Å.
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Fig. 6. Pd K-edge XANES of the catalysts measured at room temperature in helium
ig. 5. Correlation between Cu-Cu coordination number and Cu-Cu bond distance
n  Pd-Cu catalysts.
he error range of bond length was about 0.02 Å in the fitting.

XAFS would be expected to be dominated by the high fraction of
u-Cu scattering.

Fig. 5 shows a relationship between Cu-Cu bond distance and
u-Cu coordination number. The latter reflects particle size. The
u-Cu bond distance decreased as the Cu-Cu coordination num-
er decreased. When the coordination number was  11 for the
onometallic Cu(10)/CeO2 case, which corresponds to 75 Å of par-

icle size, the bond distance was 2.55 Å, which is typical of the
u-Cu distance of bulk copper. By adding Pd to Cu, the bond
istance became even shorter than that of bulk copper. For the
d(2)Cu(5)/CeO2(N) sample, the coordination number was 7.3,
hich corresponds to 24 Å of particle size, the bond distance was

.50 Å, which is clearly shorter than that of bulk copper. The lattice
hrinkage becomes more remarkable when the size was smaller
RCu-Cu = 2.46 Å for the Pd(2)Cu(5)/CeO2(H) sample), indicating that
here is a strong electronic perturbation on Cu through interactions
ith Pd.

In EXAFS studies of supported Pd-Cu, bond lengths are not so
hortened as that observed in the present study. Molenbroek et al.
eported that Cu-Cu bond length is little influenced by a particle-
ize reduction of Pd-Cu on Al2O3 support although they also
ommented that the anharmonic vibrations cause underestimation
f the coordination number for small particles [20]. Batista et al.
nvestigated effect of metal loadings and reported no big impact
n the bond distance in Pd-Cu/Al2O3 [21]. The Pd-Cu distance was
oughly the arithmetic mean of distances of two monometallic sys-
ems. Fernandez-Garcia et al. showed that bond distance around a
after hydrogen reduction at 260 ◦C.
From the top, Pd(4)/SBA-15; Pd(2)/CeO2(R); Pd(2)Cu(10)/CeO2(R);
Pd(2)Cu(5)/CeO2(R); Pd(2)Cu(5)/Al2O3.

Cu center increases by c.a. 10% by alloying and that around a Pd cen-
ter decreases by c.a. 2% by alloying [22]. Li et al. detected a slight
lattice compression of Cu in their Cu@Pd core-shell nanowire by the
XRD pattern [23]. They suggested a strain of the embracement of Pd
layer as the reason, but no further detail was  pursued. Compared
to these reports, our Pd-Cu system exhibited a marked shrinkage
of Cu owing to the very small particle size (<ca. 4 nm), which was
realized by the preparation condition using palladium acetate as a
metal source.

3.2. Pd K-edge spectra

Fig. 6 shows Pd K-edge XANES spectra of monometallic Pd and
bimetallic Pd-Cu on various supports. The spectra of monometal-
lic Pd were typical of bulk Pd while those of Pd-Cu samples were
clearly different indicating formation of an alloy. The decrease in
white line intensity indicates an increase of charge on the unoccu-
pied orbitals of Pd. Many XPS studies show that there is electronic
rearrangement induced by intermetallic bond, i.e. binding energy
of Pd shifts to higher energy by Cu addition and that of Cu shifts
to lower energy by Pd addition [24–27]. Some reports concluded
that the charge moves from Pd to Cu based on XPS measurements

while the others accounted the experimental results for hybrida-
tion and polarization of orbitals. Since the work function of Pd is ca.
0.5 eV higher than that of Cu, the latter is more probable. According
to the theoretical study by Fernandez-Garcia et al., the charge in



J. Kugai et al. / Applied Catalysis A: General 528 (2016) 67–73 71

-2

0

2

0 2 4 6 8 10 12 14

k2
χ(

k)
 (Å

-2
)

wavenu mbe r (Å-1)

Pd(4)/SBA-15 Pd(2)Cu(5)/ Al2O3

Fig. 7. Pd K-edge EXAFS oscillations in k space (k2-weighting) of Pd(4)/SBA-15 and
Pd(2)Cu(5)/Al2O3 catalysts.
Blue: Pd(4)/SBA-15 measured at room temperature in helium after hydrogen reduc-
tion at 400 ◦C; Red: Pd(2)Cu(5)/Al2O3 measured at room temperature in helium after
hydrogen reduction at 260 ◦C. (For interpretation of the references to color in this
figure legend, the reader is referred to the web  version of this article.)

0.0

1.0

2.0

0 1 2 3 4 5 6

Pd(4)/SBA-15
Pd(2)/CeO2(R)
Pd(2)Cu(10)/CeO2(R)
Pd(2)Cu(5)/CeO2(R)
Pd(2)Cu(5)/Al2O3

0         1          2         3          4         5          6

2

1

0

|χ
(R

)| 
(Å

-4
)

R (Å)

Fig. 8. Fourier transform of Pd K-edge EXAFS of the catalysts treated in hydrogen at
260 ◦C and cooled to room temperature in helium.
k2: �k  = 2.6–12.3; Pink: Pd(4)/SBA-15; dashed red: Pd(2)/CeO2(R); dashed purple:
P
(
r

t
c
i

1
X
(
f
l
l
s
t
A
H
3
fi
t

m
a
T
i
t
p

d(2)Cu(10)/CeO2(R); dashed blue: Pd(2)Cu(5)/CeO2(R); black: Pd(2)Cu(5)/Al2O3.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web  version of this article.)

he Pd 4d and Cu 4sp subbands are decreased by polarization and
harge transfer, respectively, and charge in the Pd 5sp subbands is
ncreased by the Pd-Cu bond formation [15].

The spectra of monometallic Pd supported on CeO2 or SBA-
5 was very close to the Pd foil except that the amplitude of the
ANES region for these samples was smaller than that of Pd foil

not shown in the figure). The smaller amplitude of the oscillation
or Pd(2)/CeO2(R) compared to Pd(4)/SBA-15 would be due to the
ower coordination number, which probably comes from low Cu
oading and thus smaller particle size in the former. Among Pd-Cu
amples, the XANES spectra were all similar regardless of Cu con-
ent. Highly dispersed Pd in Cu would make a similar environment.
lso, the XANES spectra taken in helium at room temperature after
2 reduction, in H2 at 260 ◦C, and in WGS  stream at 260 ◦C and
50 ◦C were identical though the spectra were not presented in the
gure. Again, there was no effect of the atmosphere and tempera-

ure conditions on the local structure of Pd-Cu.
In Fig. 7, typical Pd K-edge EXAFS oscillations in k space for

onometallic Pd and bimetallic Pd-Cu catalysts were presented
nd Fourier transforms of various catalysts were shown in Fig. 8.
wo peaks at 2.5 Å and 2 Å (phase not corrected) in Fig. 8 are typ-
cal of monometallic Pd crystal. Smaller peaks for Pd(2)/CeO2(R)
han Pd(4)/SBA15 is ascribed to lower Pd content and thus smaller
article size. The small peaks at R = 3.7, 4.6, and 5.1 Å seen in the
Fig. 9. WGS  and OWGS activities of Pd-Cu catalysts on various supports.
Feed: 9.7% CO/22.8% H2O/6.3% CO2/37.9% H2/6.9% N2 (for WGS) or air (for OWGS)
balanced by argon. Temperature: 260 ◦C. GHSV: 64,400 h−1 (dry).

FT of EXAFS spectra of Pd(4)/SBA-15 are coherent with the larger
Pd particle size obtained for this catalyst since they coincide with
the peaks in bulk Pd [28]. The Pd-Cu samples had a single peak at
shorter distance indicating that the neighbor of Pd is mainly Cu. The
fitting parameters were given in Table 2. In all the Pd-Cu catalysts,
only Cu neighbors were visible, i.e. metallic Pd is surrounded by
Cu atoms. The Pd-Pd bond distance in monometallic Pd was 2.72 Å,
which is slightly shorter than that of Pd foil, 2.75 Å. The Pd-Cu bond
distance in Pd-Cu catalysts was  2.55 Å, which is about 0.10 Å shorter
than the sum of the atomic radii, (2.75 + 2.55)/2, or 2.65 Å, and close
to that of Cu foil. The geometry of Pd neighbor seems very similar
to the monometallic Cu [19].

The Al2O3-supported catalyst showed much lower coordination
number for Pd-Cu obtained from Pd K-edge spectra than that for Cu-
Cu obtained from Cu K-edge spectra while CeO2-supported samples
showed similar values. This means that the elemental distribu-
tion in the nanoparticles differs on Al2O3 and CeO2 supports. On
the former, Pd is primarily at the interior of the nanoparticles and
with a Cu-rich surface, i.e., a Pd core-Cu shell morphology, while
on the latter Pd and Cu are randomly distributed. It is known that
Cu interacts with Al2O3 strongly to bring an enrichment of Cu on
the surface of Pd-Cu particles when they are supported on Al2O3
support [21,29]. The surface enrichment is due partly to the lower
surface free energy of Cu than Pd [30,31]. This also occurs on SiO2
[20,31] and MCM-41[26], but lesser extent. For Pd-Cu/C prepared
by a polyol method with citric acid stabilizer, Pd was  more on the
surface [32]. In this case, the presence of a strong adsorbate (citric
acid in this case) would bring Pd to the surface [19]. Consistent with
literature, Cu seems to interact strongly with Al2O3 in the present
study while both Pd and Cu seem to interact with CeO2. This is also
inspired by our previous study of temperature-programmed reduc-
tion where Pd-Cu oxides were partly reduced in hydrogen below
the room temperature on Al2O3 while Pd-Cu oxides were reduced
simultaneously above room temperature on CeO2 support [14]. The
higher was  the surface area of CeO2, the less reducible was the
metal species. The weaker interaction of Pd and Al2O3 could lead
Pd to nucleate the metallic nanoparticles during the calcination in
the air or in an early stage of the hydrogen reduction. On the other
hand, the strong interaction of both Pd and Cu with CeO2 would
lead to homogeneous distribution of the two  components in the
particles.

3.3. Catalytic activities and Pd-Cu structure
The activity data for WGS  and OWGS were presented in Fig. 9.
The “WGS in OWGS” is the percentage equivalent to the net H2
production and “CO oxidation in OWGS” is the difference of total
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O conversion and “WGS in OWGS”. O2 addition increased CO
onversion significantly and net H2 production to certain extent.
onsidering that Pd-containing catalysts show severe H2 com-
ustion (low selectivity for CO oxidation) with O2 addition [33],
romotion of CO shift would be significant on CeO2-suported
atalysts. On Al2O3-supported Pd-Cu, there was no WGS  (H2 pro-
uction) in OWGS while there was a measurable WGS  rate in the
bsence of O2, which would be attributed to both lack of selectiv-
ty for CO oxidation and poor activity for CO shift. This difference
s likely caused by the differences in Pd-Cu surface structure and

etal-support interaction. Since Pd is distributed more in the inte-
ior of nanoparticles on Al2O3 support, the surface would have Cu
haracter which less chemisorbs CO. In terms of the metal-support
nteraction, the activation of H2O would be weak on Pd-Cu with
l2O3 support. Our previous kinetic study, in which the reaction
rder in CO drastically increased by O2 addition to a WGS  feed on
eO2-supported Pd-Cu, but not on Al2O3-supported Pd-Cu, led to
he conclusion that O2 addition removes a part of CO to free up
he sites for H2O chemisorption and effectively to activate H2O on
eO2-supported Pd-Cu [14].

Although there is no data taken in a gas containing O2 and thus
AS spectra in OWGS conditions could be different from those in
GS  conditions, we think the structural change in the presence

f O2 is minor for two reasons. First, the local structure (XANES
pectra) of copper in Pt-Cu/CeO2 was almost identical for H2 stream
nd PROX stream (10%CO, 5%O2, 10%H2, and N2 balance) at 100 ◦C
ccording to literature [34]. Second, Haruta et al. observed only
urface morphology change in Au nanoparticle supported on CeO2
n various CO/air mixed atmospheres using in-situ TEM technique.

hen CO/air ratio was small, the edge site of Au particle became
ound, suggesting some surface rearrangement of atoms occurred
35]. Though Pd-Cu is more vulnerable to an oxidizing atmosphere
han the Au/CeO2 system, our OWGS condition is quite reducing
O2 is present in excess H2), thus the bulk structure of Pd-Cu would
ot change much by the addition of small amount of O2 and change
f nanoparticle structure would be rather superficial.

Among the CeO2-supported Pd-Cu, the catalysts with high-
urface-area CeO2 support tends to give high catalytic activity, but
t is not strictly true, e.g. Pd-Cu/CeO2(R) is more active than Pd-
u/CeO2(H), meaning that CeO2 surface area is not a sole factor
ontrolling the reaction. Also, activity was irrelevant to the alloy
article size estimated from the Cu K-edge EXAFS, meaning that the
eripheral length of alloy particles (metal-CeO2 interfacial length)

s not a direct factor either. The structure of metal-CeO2 interface
r the balance of electronic interactions among Pd, Cu, and CeO2
ould be of importance. The electronic interaction between two
etal components on CeO2 was different from those on other sup-

orts as evidenced by the less reducible property in our previous
PR study.

It should be noted that Pd(2)Cu(5)/CeO2(R) outperformed
d(2)Cu(5)/CeO2(H) in the OWGS stream containing H2 and CO2
hile these catalysts performed almost identically in an OWGS

tream without H2 and CO2 [14]. One negative factor for high
urface area CeO2 would be a slow CO2 desorption and easy accu-
ulation of carbonate on the surface. Another negative factor could

e the small Pd-Cu nanoparticle size. In methanol electrooxidation
eaction, the size reduction of Pt catalyst below 5 nm drastically
ncreases the number of unsaturated Pt atoms on the surface,

hich causes strong retention of intermediate CO [36,37] and oxy-
enated species like OH [38,39]. Similar negative effect is possible
or the present Pd-Cu system. The metal-support interaction and/or
nterfacial structure could affect these chemisorption properties of

ntermediates and products. Further investigation is necessary for
lucidating the quantitative contributions of the two  factors.

[

[

[

: General 528 (2016) 67–73

4. Conclusions

Using the X-ray absorption technique, the local structures of
Pd and Cu in Pd-Cu catalysts were investigated in comparison with
monometallic catalysts. From Cu K-edge spectra, only Cu neighbors
were recognized and Pd neighbor was  invisible. The particle size
estimated from the Cu-Cu coordination number was much smaller
for Pd-Cu system than monometallic Cu. The Cu-Cu bond distance
in the Pd-Cu system was much shorter than that of monometallic
Cu, which was  correlated to the small particle size. The Pd K-edge
XANES looks like an alloy, but in the EXAFS spectra, only Cu neigh-
bors were identified. Thus, Pd is atomically dispersed in the Cu
lattice. The Fourier transform of Pd K-edge spectra showed that Pd
is geometrically identical to Cu, i.e. the Pd-Cu bond distance is much
shorter than that of monometallic Pd (2.75 Å) and is close to Cu-Cu
bond distance of monometallic Cu (2.55 Å). Although such struc-
tural feature (small particle size and lattice shrinkage) of Pd-Cu is
not a sole factor for the enhanced CO shift activity, the interac-
tions among these two metal components and CeO2 support were
suggested to control the CO shift activity.
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