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Our recent work demonstrated that Cu-Pd bimetallic catalyst supported on a nano-crystalline CeO,
synthesized by urea gelation method is effective for oxygen-assisted water-gas shift (OWGS) reaction. The
present study focuses on the roles of Cu and Pd in CuPd/CeO, bimetallic catalysts containing 20-30 wt%
Cu and 0.5-1 wt% Pd used in the OWGS reaction employing a combined bulk and surface characterization
techniques such as EXAFS, XRD, TPR, CO chemisorption, and in situ XPS. The catalytic activity for CO
conversion and the stability of catalyst during on-stream operation increased by the addition of Cu to
Pd/Ce0O; or Pd to Cu/CeO, monometallic catalysts, especially when the OWGS reaction was performed at
low temperatures, below 200°C. The TPR of monometallic Cu/CeO; showed reduction of CuO supported
Water-gas shift on CeO; in two distinct regions, around 150 and 250°C. The high temperature peak disappeared and
Oxygen-assisted water-gas shift reduction occurred in a single step around 150°C upon Pd addition. In situ XPS studies showed a shift
Ce02 in Cu 2p peaks toward lower binding energy (BE) with concomitant shift in the Pd 3d peaks toward
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gﬁ'pdt ati higher BE. An inward diffusion of Pd into the CeO, support occurred upon reduction. On the other hand,
Tpﬁrac erization inward diffusion of Cu occurred when Pd was present in the sample. These observations indicated the

XPS existence of synergistic interactions between Cu and Pd in these catalysts which could be responsible
EXAFS for the improved catalytic activity and stability of CuPd/CeO, bimetallic catalyst. The EXAFS analysis of
Cu showed no clear evidence of Cu-Pd alloy formation at the copper edge. However, evidence for Pd-
Cu alloy was shown in the Pd edge, and Pd atoms are surrounded only by Cu atoms in the reduced

CuPd/CeO; bimetallic catalyst as revealed by EXAFS.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen (H) is considered to be a major clean energy car-
rier in the future because it can be used in more energy-efficient
fuel cells and may be produced from various renewable and non-
renewable sources [1-8]. Catalytic reforming of gaseous and liquid
hydrocarbons, carbohydrates and alcohol fuels is an attractive op-
tion for hydrogen (H;) generation for proton-exchange membrane
(PEM) fuel cells. One of the down falls in generating H, by re-
forming these fuels is the co-production of large amounts of CO,
which is a poison to fuel cell anode catalysts when the CO concen-
tration in the reformed gas exceeds 30 ppm. The CO is therefore
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removed in the downstream by water-gas shift (WGS) reaction or a
combined WGS and preferential oxidation (PrOx) reactions. Conse-
quently, the downstream CO clean up step occupies over 50% of the
volume of the reforming process, making it highly inconvenient,
especially for onboard production of Hy for fuel cell applications
[9]. Furthermore, the catalysts used are mainly Cu-based, which is
pyrophoric and undergo rapid deactivation during on-stream and
repetitive start-up-and-stop operations [10,11]. Improved WGS pro-
cess and catalysts are therefore required in order to reduce the
catalyst volume and hence the size of the reactor [12].

We have recently reported on the oxygen-assisted water-gas
shift (OWGS) reaction over CeO, supported Cu-Pd bimetallic cata-
lysts [13], wherein a small amount of oxygen is added in the WGS
reactions, as an efficient process for removing CO from the re-
formed gas at relatively lower temperature. It is believed that the
added oxygen promotes the WGS reaction by facilitating the ad-
sorption and decomposition of water [14,15]. A systematic study
has been performed to optimize the CeO, preparation method,
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metal loadings and the method of metal loadings, reaction oper-
ating conditions and so on in order to achieve high CO conver-
sion efficiency. A high catalytic performance has been observed
over Cu-Pd bimetallic catalysts with a Cu loading between 20
and 30 wt% and Pd loading between 0.5 and 1 wt% supported on
nano-crystalline CeO, synthesized by urea gelation method. Bet-
ter catalytic performance has been observed over Cu-Pd bimetallic
catalyst than monometallic catalyst containing either Cu alone or
Pd alone supported on the CeO, support. However, the role of Cu
and Pd on the catalytic performance in the OWGS reaction and the
surface nature of the Cu-Pd bimetallic catalysts have not been well
understood.

The objective of the present work was therefore to investi-
gate the roles of Cu and Pd in the CuPd/CeO, bimetallic cata-
lyst for the OWGS reaction through detailed characterization. The
catalysts have been characterized by various analytical and spec-
troscopic techniques, including pseudo in situ X-ray photoelectron
spectroscopy (XPS) and extended X-ray absorption, fine structure
(EXAFS) spectroscopy to understand the nature of the catalysts and
to correlate the properties with the catalytic performance.

2. Experimental
2.1. Catalysts preparation and characterization

The support CeO, was prepared by urea gelation method as de-
scribed elsewhere and had a BET surface area of about 215 m?/g
[13]. Cu and Pd metals were deposited onto the support surface by
incipient wetness impregnation (IWI) method, where a minimum
amount of solvent is used to deposit the metal on the substrate.
The support saturation limit was determined by adding solvent
drop by drop. The limit (the incipient wetness volume) was de-
termined to be 0.5 mL/g for CeO, prepared by urea gelation. Cu
salt [Cu(NO3),-2.5H,0] was first dissolved in deionized water then
added drop by drop to the support. After all of the solution was
added, a small amount of water was used to rinse the beaker
and add residual salt. The mixture was then placed in an oven
at 120°C. Due to high copper loads this step was repeated until
all the desired Cu salt was added. The Pd salt [Pd(CH3COO);] was
then dissolved in acetone and added drop by drop. The bimetallic
catalyst was oven dried at 120°C for 1 h. After drying the catalysts
were calcined to 400°C at a heating rate of 2°C/min and held for
3-4 h. The monometallic catalysts were prepared in the same man-
ner using the appropriate salt solution. All catalysts were reduced
under 5% H; in Ar at a heating rate of 5°C/min up to 225°C and
held for 1 h.

Experimental details concerning the elemental analysis by ICP-
AES, temperature programmed reduction (TPR), X-ray diffraction
(XRD) and the BET surface area of the unreduced catalysts were
determined as previously described [13,16]. The metal dispersions
were determined by CO chemisorption method on a Micromerit-
ics AutoChem 2910 TPR/TPD instrument that was used for the
TPR experiments. A 10.5% CO-He gas mixture was used as a
probe molecule. The sample was pre-reduced in situ at 5°C/min
to 225°C, held for 30 min followed by cooling down to ambi-
ent temperature. The chemisorption data were collected step-wise
at 50°C. The total metal dispersion was calculated from the CO
chemisorption data using the following equation

VSF

PD=100| ————
SW x 22,414

)GMWcalc, (1)
where V; is the volume of absorbed gas, SF is the calculated sto-
ichiometric factor, which is taken as 1 for both Pd and Cu, SW
is the sample weight, and GMW is the calculated gram molecular
weight in g/mol.

X-ray absorption measurements were made on the insertion-
device beam line of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source, Argonne Na-
tional Laboratory. A cryogenically cooled double-crystal Si (111)
monochromator was used in conjunction with an uncoated glass
mirror to minimize the presence of harmonics. The monochro-
mator was scanned continuously during the measurements with
data points integrated over 0.5 eV for 0.07 s per data point. Mea-
surements were made in transmission mode with the ionization
chambers optimized for the maximum current with linear re-
sponse (~10' photons detected/s) using a mixture of nitrogen
and helium in the incident X-ray detector and a mixture of ca.
20% argon in nitrogen in the transmission X-ray detector. A copper
foil, or Pd foil, spectrum was acquired simultaneously with each
measurement for energy calibration.

Dried catalyst samples were pressed into a cylindrical holder
with a thickness chosen to give a total absorbance (wx) at the
CuK (8.979 keV) edge, or PdK (24.350 keV) edge, of about 2.0
and an edge step (Aux) of ca. 0.5. The catalysts were treated in a
continuous-flow EXAFS reactor cell (18 in. long, 0.75 in diam.) fit-
ted at both ends with polyimid windows and valves to isolate the
reactor from the atmosphere. The spectra were obtained at room
temperature. The Cu catalysts were analyzed as received and re-
duced at 250°C for 30 min in of 4% Hy/He. The Pd catalysts were
analyzed after reduction in 4% Hy/He at 300 °C for 30 min followed
by purging with He at 300°C for 30 min to desorb chemisorbed
hydrogen and decompose Pd-H.

Phase shifts, backscattering amplitudes and XANES references
were obtained from reference compounds: CuO (Aldrich),
Cu(H20)g-2.5H,0 (Aldrich), Cuy0 (Aldrich), Cu foil and Pd foil. The-
oretical phase and amplitude functions were calculated for Pd-Cu
backscattering pair using FEFF8. The Cu XANES fits from 8.95 to
9.02 keV of the normalized spectra were made by linear combi-
nation of experimental standards. Standard procedures based on
WINXAS97 software were used to extract the EXAFS data. The co-
ordination parameters were obtained by a least square fit in g-
and r-space of the isolated nearest neighbor, k2-weighted Fourier
transform data. The data fit equally well with both k' and k3
weightings.

XPS measurements of both unreduced as well as reduced cat-
alysts were performed by a “pseudo in situ method” at the En-
vironmental Molecular Sciences Laboratory facility, Pacific North-
west National laboratory [17]. About 100 mg of the catalysts were
loaded in a quartz reactor and reduced under 5% Hy/Ar mix-
ture (50 cc/min). The samples were reduced at a heating rate of
5°C/min up to 225°C and kept at this temperature for 1 h be-
fore cooling down to room temperature. The reactor was sealed
and transferred into a glove box with O, concentration maintained
below 0.4 ppm. In the glove box, the reduced catalysts were re-
trieved and mounted for XPS analysis. The samples were then
loaded into the XPS chamber without exposing to air. The XPS data
were acquired on a Physical Electronics Quantum 2000 Scanning
ESCA Microprobe instrument using a focused monochromatic AlK«
X-ray source (1486.7 eV). The vacuum at the spectrometer and the
sample introduction chamber were 1.8 x 1079 and 1.5 x 10~6 Torr,
respectively. The BE scale was calibrated using the BEs of Au 4f7,3,
Ag 3ds/2, and Cu 2p3/; at 83.96, 368.21, and 932.62 eV, respec-
tively. The data were collected using a pass energy of 46.95 eV
and referenced using the BE of Ce 3d3, 4f0 at 917 eV. The surface
chemical compositions are quantitatively determined from the high
energy resolution data using peak areas after Shirley background
subtraction and atomic sensitivity factor of elements: O (0.733),
Cu (2.626), Pd (5.637), Ce (12.0), and C (0.314). The surface carbon
was detected in all samples, but not included in the calculation of
surface composition.
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Physicochemical properties of unreduced CeO, supported CuPd-bimetallic catalysts.

4SABET
(m?/g)

Catalyst

bMetal dis.
*)

“Metal loadings

(wt%)
Cu

Pd

dcrystallite size
(nm)

CuO

CEOZ

€d-Interplanar spacing

(nm)
CuO

CEOZ

Pd/Ce0, 156
Cu/Ce0, 62
CuPd/Ce0, 97
CuPd/Ce0,-NH3 leach 62
CuPd/Ce0,-HNOs3 leach 93
CuPd(1)/Al,03 7
Cu/ZnO-Al,05f f60

38.5
0.5
0.8
1.0

293
0.3

18.1
25.0
20.5
0.9
20.4
f42.0

0.5

0.5
0.6
0.3
0.4

7.54
9.42
10.32
ND
ND
ND

3.86
6.46
6.94
7.88
5.70

0.17
0.17
0.18
ND
ND
ND

0.20
0.20
0.20
0.20
0.20

ND = not determined.

@ BET surface area determined by N, adsorption.
Metal dispersions determined by CO chemisorption measurements.
Determined by ICP-AES.

b
C
d Determined by Debye-Scherrer equation at the Cu(111) and CeO,(111) peaks.
e

Determined by the Bragg equation at the (111) peak, 0.31248 nm for CeO; (ICDD #81-0792) and 0.25444 nm for CuO (ICDD #44-0706).

f As reported by the manufacturer, Siid Chemie for the commercial Cu/ZnO-Al,03 catalyst: C18-7-01.

2.2. Catalytic studies

Oxygen-assisted water-gas shift (OWGS) reaction was per-
formed in the temperature range between 180 and 240°C in a
fixed-bed down-flow reactor as described earlier [13]. A dry gas
mixture containing 4% CO, 10% CO,, 2% compressed air, 26% Ar and
balance (about 60%) Hy was used as received. This gas mixture was
then combined with steam at a CO/H,0 molar ratio of 1/10. Steam
was generated by passing distilled water at a fixed flow rate using
a HPLC pump through a heated line kept around 140 °C. The efflu-
ent of the reactor was analyzed on-line using an Agilent 3000 A
Micro GC equipped with thermal conductivity detectors with a CO
detection limit of below 10 ppm. Prior to the reaction, the cata-
lyst was reduced in situ at 225°C for 1 h in Hy flow. Commercial
catalyst was reduced at 300°C as was determined to be optimal
temperature under previous experiments. All catalytic studies were
repeated at least once to insure reproducibility of the results.

3. Results
3.1. Catalytic activity

The CeO, supported Cu-Pd bimetallic catalysts tested in the
present study, their chemical compositions and textural properties
are summarized in Table 1. The fresh catalysts contained Cu load-
ings between 20 and 25 wt% and Pd loading around 0.5 wt%. These
catalysts have been tested in the OWGS reaction in the tempera-
ture range between 180 and 240°C continuously for a period of
about 72 h (3 days).

Fig. 1 displays the effect of temperature on the OWGS re-
action over monometallic Pd/CeO, and Cu/CeO, catalysts and a
bimetallic CuPd/CeO, catalyst compared at 35 h on-stream (top
panel) and 70 h on-stream (bottom panel). A comparison of data
at 35 h on-stream operation (top panel) indicates that, at 180°C,
the monometallic Pd/CeO, and Cu/CeO; catalysts exhibit about 60%
CO conversion. The bimetallic Cu-Pd/CeO, catalyst shows a higher
conversion of about 70%. The CO conversion increases with in-
creasing reaction temperature and attains about 100% at 240°C
on all the catalysts. The data compared at 70 h on-stream op-
eration (bottom panel) also show similar trend. However, due to
catalysts deactivation, the CO conversion dropped to about 40%
over the monometallic Pd/CeO, while the conversion remains al-
most unchanged over Cu/CeO, and CuPd/CeO, catalysts. It can also
be noticed that, although the monometallic Pd/CeO, exhibits the
lowest CO conversion, especially at 70 h on-stream operation at
180 °C, the catalyst exhibits the highest conversion of about 85% at
210°C.
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Fig. 1. Effect of Pd loading on CO conversion at different temperatures over CeO,
supported CuPd-bimetallic catalysts in the OWGS reaction under H,-rich atmo-
sphere. (Top panel) Data collected around 35 h time-on-stream; (bottom panel)
data collected around 70 h time-on-stream. Experimental conditions: temp. = 180-
240°C; COJair = 1/0.5; CO/H,0 = 1/10; CO: 4%; CO,: 10%; 26% Ar and balance H,.
GHSV = 24,000 h~'.

Fig. 2 shows the time-on-stream (TOS) performance of the
monometallic and bimetallic catalysts collected at 180 °C contin-
uously for a period of 72 h (3 days). For comparison, the per-
formance of a Cu-Pd bimetallic catalyst supported on Al,03 (Cu-
Pd/Al;03) has also been included in the figure. The data collected
are somewhat scattered, within +10% CO conversion levels. It is
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Fig. 2. Effect of Pd on the stability of CeO, supported CuPd-bimetallic catalysts in
the OWGS reaction under H,-rich atmosphere. Experimental conditions: temp. =
180°C; CO/air = 1/0.5; CO/H,0 = 1/10; CO: 4%; CO,: 10%; 26% Ar and balance H,.
GHSV = 24,000 h~'.

probably due to the sequential catalyst deactivation-self regener-
ation of catalyst under the present operating conditions, experi-
mental error or both. However, for better understanding of the
performance of the catalyst during on-stream operation, straight
lines have been drawn passing the line between the points. The
results then indicate that the monometallic Pd/CeO, shows the
lowest CO conversion of about 50% as an average with a slight de-
activation. On the other hand, the monometallic Cu/CeO, exhibits
an initial CO conversion of about 75%, but undergoes deactivation
to about 60% CO conversion within 70 h. However, the CuPd/CeO,
bimetallic catalyst exhibits much higher initial CO conversion, close
to 80% and the conversion remains almost unchanged. The results
thus imply that an improved catalytic activity and stability could
be achieved when both Pd and Cu are present together.

The monometallic Pd/CeO; and Cu/CeO; catalysts are well
known for the WGS and CO oxidation reactions [18-23]. These
catalysts are known to undergo deactivation during on-stream
operations. Wang et al. [19] have studied the deactivation mecha-
nisms for Pd/CeO, during the WGS reaction through accelerating
aging tests at 250 and 400 °C. It has been found that the deactiva-
tion is due to loss of Pd surface area.

The beneficial effect of CeO, support compared to the Al,03
in the catalytic performance of Cu-Pd bimetallic catalysts in the
OWGS reaction can be clearly seen from the data. The Al,03 sup-
ported catalyst exhibits the lowest CO conversion of about 40%.
The CO conversion is doubled when the Al,03 support is replaced
by CeO,, which suggests that the redox properties and probably
the strong metal-support interactions of CeO; support also play
an important role in the reaction. In fact, CeO, is known to par-
ticipate in the WGS as well as in CO oxidation catalysis [19,22,24].
The reaction has been reported to occur through a bifunctional re-
dox mechanism in which CO adsorbed on the supported metal (Pd
or Cu) is oxidized by CeO,, which in turn, is oxidized by water.

The scanning electron microscopy (SEM) of the CuPd/CeO; cat-
alyst used in the present study indicated the existence of separate
Cu-rich and CeO-rich regions [13]. This raised a question if the
bulk CuO or small CuO clusters dispersed on CeO, are active in the
OWGS reaction. In order to investigate this phenomenon, leach-
ing studies have been undertaken over these catalysts. The Cu-
Pd/Ce0, bimetallic catalyst has been treated separately in HNO3 or
in 30% aqueous NHj3 solution (NH4OH) and leached for 15 h. As
can be seen from the data in Table 1, only about 5 wt% loss in Cu
content has been observed by NH3 leaching, while HNO3 leaching
removed most of the CuO and also about 50% of PdO. OWGS re-
action has been performed over these leached samples under the

1007 240°C
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Fig. 3. Effect of leaching on the catalytic activity of CeO; supported CuPd-bimetallic
catalysts in the OWGS reaction under Hy-rich atmosphere. Experimental conditions:
temp. = 180°C; CO/air = 1/0.5; CO/H20 = 1/10; CO: 4%; COy: 10%; 26% Ar and
balance Hp. GHSV = 24,000 h~1.

same experimental conditions used for the CuPd/CeO; bimetallic
catalyst and the results after 35 h of on-stream operation are com-
pared in Fig. 3. Since the performance of the leached samples was
very poor at 180°C, the data collected at 240°C are compared.
The catalytic performance of a commercial Cu/ZnO-Al,03 catalyst
containing about 40% Cu has also been compared under the same
experimental conditions.

As can be seen from the figure, the commercial Cu/ZnO-Al,03
catalyst exhibits the lowest CO conversion of about 40%, com-
pared to the CuPd/CeO, fresh catalyst, which exhibits about 100%
CO conversion under the same experimental conditions. On the
other hand, the conversion dropped to about 50% over the NHj3
leached sample (CuPd/CeO, NHj3 leach) and to about 60% over
HNO3 leached sample (CuPd/CeO, HNO3 leach). Note that the Cu
and Pd contents in the CuPd/CeO; NHs leached sample are close
to that of the fresh CuPd/CeO, bimetallic catalyst. The lower cat-
alytic performance after NH3 leaching could be due to poisoning of
the catalyst surface by NH3. On the other hand, the HNO3 leached
sample, although the Cu content has been reduced to about 1 wt%
and the Pd to about 0.3%, the catalyst still exhibits about 60% CO
conversion. The loss of about 50% Pd together with Cu could ac-
count for the observed decrease in CO conversion. It should be
noted that the catalyst containing about 1 wt% Cu and 1 wt% Pd
supported on CeO; exhibited lower conversion than a catalyst con-
taining about 25 wt% Cu and 1 wt% Pd [13]. This implies that cop-
per loading has an impact on the performance of the CuPd/CeO;
catalysts in the OWGS reaction. The observed results are in con-
trast to Liu et al. [25] and Li et al. [21], who have observed no
appreciable difference in catalytic activity with increasing Cu con-
tent of Cu supported on La modified CeO, catalysts in WGS and
CO oxidation reactions. However, the nature of the catalyst and the
reaction conditions used in the present study are completely dif-
ferent from those earlier studies. Consequently, the structural and
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Fig. 4. XRD patterns of (a) Pd/CeO,; (b) Cu/Ce0O;; (c) CuPd/CeO,; (d) CuPd/CeO,-
NH3 leach; (e) CuPd/CeO,-HNOs leach. * indicates peaks corresponding to CuO.

redox properties of the catalysts of the present study have been
investigated by EXAFS, XRD, TPR and in situ XPS measurements in
order to further understand the observed phenomenon and the re-
sults are discussed in the following sections.

3.2. Catalysts characterization

3.2.1. Bulk properties

The bulk properties of the catalysts are investigated by XRD
and TPR experiments. Fig. 4 depicts the XRD patterns of CeO,
supported Cu-Pd bimetallic catalysts while the crystallite sizes of
CuO and Ce0O; determined by Scherrer equation are included in Ta-
ble 1. As can be seen, all samples show characteristic CeO, peaks
centering around 29, 33, 48 and 57° two theta and these peaks
correspond to (111), (200), (220) and (311) planes, respectively.
In addition to the CeO;, peaks, sharp peaks centering around 36
and 39° two theta are also observed in the Cu-containing samples
and they are attributed to (111) and (200) planes of CuO crystals.
These peaks are relatively sharp and narrower compared to CeO;
peaks and this is in line with earlier reports [21,25]. The crystallite
sizes of CuO particles as calculated from Scherrer equation are in
the range between 7 and 10 nm. Peaks corresponding to PdO are
not observed probably due to the low weight percent of PdO (be-
low 1 wt%) in the catalyst. This also suggests that small crystals
(<5 nm) of the PdO particles, which are undetectable by XRD, are
dispersed on the CeO; support.

The CeO, supported Cu-Pd bimetallic catalysts leached with
NH3 also exhibit peaks corresponding to CeO, and CuO while the
sample leached with HNO3 shows only the CeO, phase, suggest-
ing that the finely dispersed CuO particles (<5 nm), are present in
the HNO3 leached samples. It should be recalled that, HNO3 leach-
ing decreases the Cu concentrations from about 25 to about 1 wt%
and the Pd loading from 0.5 to 0.3 wt% (Table 1). The intensities of
peaks for CeO; and CuO are dramatically decreased in the leached

(@
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Fig. 5. TPR profiles of (a) Pd/CeO;; (b) Cu/CeO;; (c) CuPd/CeO;; (d) CuPd/CeO,-NH3
leach; (e) CuPd/Ce0,-HNO;3 leach.

samples, implying that leaching processes also decrystallizes the
sample.

The redox properties of the catalysts have been investigated
by TPR experiments and the results are presented in Fig. 5. The
monometallic Pd/CeO, catalyst without Cu shows a single reduc-
tion peak centering at 153 °C, and this can be attributed to the
reduction of PdO interacting with the CeO; support. On the other
hand, the Cu/Ce0O, catalyst exhibits reduction peaks at two differ-
ent temperature regions, one below 200 °C, with a doublet center-
ing at 159 and 179 °C, and the other above 200 °C. The peak below
175°C has been generally assigned to the reduction of dispersed
CuO clusters while the peak above 200°C has been attributed to
the reduction of CuO particles, similar to that of bulk CuO [24]. In-
terestingly, the CuPd/CeO, bimetallic catalyst possesses an intense
peak centering around 160 °C together with a broad envelop up to
310°C, indicating the formation of at least two different CuO clus-
ters dispersed on the CeO, support together with some bulk-like
CuO particles. No separate peak for the reduction of PdO could be
seen, suggesting that the presence of Pd along with Cu makes the
CuO and PdO reduction as a single broad peak. This reveals that in
addition to the Pd-Ce and Cu-Ce interactions, a Cu-Pd interaction
also exists in the present catalyst system. The synergistic interac-
tion between Cu and Pd further improves the reducibility of Cu
species.

The sharp peak centering at 130°C in the HNOj3 treated sample
can be attributed to the reduction of CuO clusters highly dispersed
on the CeO; and interacting closely with PdO. The sharpening of
the peak and the absence of the high temperature shoulder clearly
indicates that significant amounts of bulk-like CuO species were
removed by the HNO3 treatment. Similar sharp peak at low tem-
perature can also be observed together with an additional shoulder
around 200°C in the NHs3 treated sample, suggesting that the sam-
ple consists of significant amount of bulk-like CuO.

3.2.1.1. Cu EXAFS and XANES The XANES from 8.95 to 9.02 keV of
CuO, Cuy0 and Cu foil references are given in Fig. 6 and the EX-
AFS in Fig. 7. Linear combination of these reference spectra were
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Fig. 6. XANES Cu reference compounds (8.95-9.02 eV). Red: Cu;0; blue: CuO; green:

Cu foil. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. EXAFS of Cu reference compounds (k%: Ak = 2.75-12.2 A=!). Red: Cu;0,
Ncu-o =2, R =1.85 A; blue: CuO, Ncy_o =4, R =1.96 A; green: Cu foil, Ncy-cu =
12, R =2.55 A. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 2
Cu XANES and EXAFS fits.

Sample Treatment  XANES Backscatter CN R DWF  Eg
30% Cu-1% Pd/CeO, Air 1.0 Cu0 Cu-O0 3.9 1.94 0.0031 —9.8
H, at 250°C 1.0 Cu® Cu-Cu 10.1 2.55 0.0001 0.1
30% Cu/Ce0; Air 1.0 Cu0 Cu-O0 4.0 1.94 0.0031 —9.5
H, at 250°C 1.0 Cu® Cu-Cu 8.9 2.55 0.0001 0.3
30% Cu-1% Pd/Al,03 Air 1.0 CuO Cu-O0 4.2 1.94 0.0031 —9.0
H, at 250°C 1.0 Cu® Cu-Cu 10.0 2.55 0.0001 —0.6

fit to the catalyst samples. The XANES fits of all samples in air was
consistent with CuO, Table 2. A typical fit is shown in Fig. 8 for
30% Cu/CeO;. Coordination numbers and bond distances were de-
termined from fitting the magnitude and imaginary parts of the
Fourier transform. A typical fit for the first shell, i.e, Cu-0, of 30%
Cu-1% Pd/Al,03 in air is shown in Fig. 9. An Ncy_o of 4.2 at a bond
distance of 1.94 A is also consistent with CuO. The higher shell Cu-
0-Cu distance was not fit, but is at a position similar to the higher
shell of CuO, which confirms TPR results.

The XANES fits of all samples treatment at 250 °C in 4% H;/He
indicated that the Cu was completely reduced. The EXAFS fits of
the first shell are given in Table 2 and the magnitude of the Fourier
transform of the catalysts and Cu foil is shown in Fig. 10. The
bond distance of 2.55 A for all catalysts is consistent with metal-

Normalized Absorption

8.96 8.98 9.00 9.02
Photon Energy [keV]

Fig. 8. XANES fit from 8.95 to 9.02 keV for Cu/CeO; in air. Red: data; blue: fit, 1.0
Cu,0. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 9. Fit of first shell (Cu-0) of CuPd/Al,Os in air (k*: Ak =2.7-12.0 A~!, AR =
0.9-1.9 A). Red solid: data-real part of FT; red dotted: data-imaginary part of FT;
black solid: fit-real part of FT; black dotted: fit-imaginary part of FT; fit: Ncy_o = 4.2,
R =1.94 A. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 10. Magnitude of FT for Cu catalysts reduced at 300°C (k?: Ak =2.7-12.0 A1,
AR = 0.9-1.9 A). Red: CuPd/CeO; (Ncy_cu = 10.1, R = 2.55 A); blue: Cu/Ce0O;
(Ncu-cu = 8.9, R =2.55 A) green: CuPd/Al;03 (Ncy-cu = 10.0, R = 2.55 A); pink: Cu
foil (Ncu-cu = 12, R = 2.55 A). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

lic Cu. The Ncy-cy of 30% Cu-1% Pd/CeO, and 30% Cu-1% Pd/Al,03
is slightly larger than that of 30% Cu/Ce0O,, 10 and 9, respectively.
An estimate of the particle size from the Ncy_cy indicates that the
metallic Cu particles in 30% Cu/CeO; is about 40 A, while those
in 30% Cu-1% Pd/CeO;, and 30% Cu-1% Pd/Al,03 are approximately
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Fig. 11. Pd XANES (24.30-24.40 keV). Red: Pd foil: Npg_pg = 12.0 at 2.75 A; blue:
Pd/Ce03: Npg_pq = 5.7 at 2.71 A; black: PdCu/Al,03: Npg_cy = 9.4 at 2.57 A; pink:
PdCu/CeO3: Npg_cy = 4.0 at 2.55 A. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 3

Pd EXAFS fits.

Sample Treatment Backscatter CN R DWF Egp

30% Cu-1% Pd/CeO, 4% Hp 300°C + Pd-Cu 40 255 0.005 -25
He at 300°C

1% Pd/Ce0; 4% Hp 300°C +  Pd-Pd 57 271 0.005 -2.2
He at 300°C

30% Cu-1% Pd/Al,03 4% H, 300°C + Pd-Cu 9.4 257 0005 0.5

He at 300°C

55 A [26]. For the samples which contain Pd, there is no clear in-
dication from the Cu edge that there are Pd neighbors, but the Cu
content (30 wt%) is much higher than Pd (1 wt%), so further anal-
ysis was conducted at Pd edge.

3.2.1.2. Pd EXAFS and XANES The Pd K edge XANES of Pd foil, 1%
Pd/Ce0, 30% Cu-1% Pd/CeO, and 30% Cu-1% Pd/Al;03 are shown
in Fig. 11. The shape and position of the edge for 1% Pd/CeO; is
similar to that of Pd foil except that the peaks have lower inten-
sity. The XANES spectra for 30% Cu-1% Pd/CeO, and 30% Cu-1%
Pd/Al, 03, however, are significantly different from that of metallic
Pd indicating a different coordination environment around the Pd
atoms.

The fits of the Pd EXAFS are given in Table 3. The Npgq_pq of 5.7
indicates small metallic Pd particles of approximately 15 A [26].
Fig. 12 shows the Fourier transform of 1% Pd/CeO; and Pd foil. The
shift to lower R of the imaginary part of the Fourier transform in
1% Pd/CeO, indicates a shorter bond distance. The Pd bond dis-
tance is 2.71 A compared to 2.75 A in Pd foil and is consistent
with small metallic particles.

The Pd EXAFS of 30% Cu-1% Pd/CeO; and 30% Cu-1% Pd/Al,03
are significantly different from that in metallic Pd. Fig. 13 shows
the Fourier transform of 30% Cu-1% Pd/Al,03 and Pd foil. The po-
sition of the metallic peak is significantly shifted to lower R in the
catalyst. Fit of this peak with a Pd-Cu FEFF reference indicates that
(metallic) Pd has about 4 Cu neighbors in 30% Cu-1% Pd/CeO, and
9 Cu neighbors in 30% Cu-1% Pd/Al;0s3. The fit of the Fourier trans-
form for the first shell Pd-Cu peak of 30% Cu-1% Pd/Al,O3 is given
in Fig. 14. In both catalysts Pd has formed a Pd-Cu alloy where
the Pd atoms are surrounded by only Cu atoms. Fig. 15 shows the
Fourier transform of the two Pd-Cu catalysts. There is a small de-
crease in the Pd-Cu bond distance in 30% Cu-1% Pd/CeO,, which
has the smaller Npq_cy.

0.04

0.02

0.0

FT[K? * Chi(k)]

0.02 -

2
R[A]

Fig. 12. Fourier transform of Pd/CeO, reduced at 250 °C and He at 250 °C compared
with Pd foil (k%: Ak =2.8-12.3 A=1). Red: Pd foil: Npg_pq = 12.0 at 2.75 A; blue:
Pd/Ce03: Npg_pq = 5.7 at 2.71 A. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Fourier transform of Pd EXAFS of CuPd/Al,03 reduced at 250°C and He
at 250°C compared with Pd foil (k?: Ak =2.8-12.3 A=1). Red: Pd foil: Npg_pq =
12.0 at 2.75 A; black: PdCu/Al;03: Npg_cy = 9.4 at 2.57 A. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 14. Fit of the Fourier transform for PdCu/Al,03; reduced at 250°C and He at
250°C (k?: Ak =2.8-12.3 A=1). Red solid: data, magnitude of FT; red dotted: data,
imaginary part of FT; black solid: fit, magnitude FT; black dotted: fit, imaginary part
of FT; fit: Npg-cy = 9.4 at 2.57 A. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Fourier transform of PdCu/Al,03 and PdCu/CeO; reduced at 250°C and He
at 250°C (k?: Ak =2.8-12.3 A1), Black: PdCu/Al,03: Npg_cy = 9.4 at 2.57 A; pink:
PdCu/Ce0y: Npg_cy = 4.0 at 2.55 A. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3.2.2. Surface properties

The surface properties of the Cu-Pd/CeO, catalysts have been
investigated by CO chemisorption and in situ XPS measurements.
The CO chemisorption has been used to determine the metal dis-
persions, and the results are included in Table 1. The monometal-
lic Pd/CeO; catalyst shows a Pd dispersion of 38.5%. On the
other hand, the monometallic Cu/CeO; catalyst shows a very low
Cu metal dispersion of about 0.5%. It should be noted that CO
chemisorption has not been observed in some supported Cu and
Pd catalysts [27] although CO chemisorption on Cu and Pd-based
catalysts are very well known [24,28-30]. In fact, in a recent
study by Lambert et al. [31] on the CO chemisorption over Cu-
Pd bimetallic catalysts supported on SiO, hypothesized that CO
is chemisorbed only on Pd, but not on Cu. Consequently, the dis-
persion of only the Pd metal has been determined for a series of
Cu-Pd/SiO; catalysts. Alternative approaches such as the one sug-
gested by Vannice and co-workers [32], using N,O adsorption, may
be used to determine the dispersion of individual metal in bimetal-
lic catalyst system. However, due to the unavailability of the ex-
perimental set up, the present authors used the CO chemisorption
technique to estimate the metal dispersion of the present bimetal-
lic catalyst system.

The dispersion data for the Cu-Pd/CeO, bimetallic catalyst sys-
tems shown in Table 1 gives valuable information. For instance,
the metal dispersion increased from 0.5% for Cu/CeO, to 0.8%
for CuPd/CeO, bimetallic catalyst. The metal dispersion further
increases upon leaching with NH3 or HNOs. Thus, the sample
leached with HNO3 shows a metal dispersion of 29.3%. If we as-
sume that, the CO chemisorption in the CuPd/CeO, bimetallic cat-
alyst occurs only on Pd, then the observed results imply that, the
presence of Cu drastically suppresses the Pd dispersion. On the
other hand, if CO chemisorption on the Cu in these catalysts is
significant, then the results suggest that large clusters of Cu are
present on the CeO, surface and that the addition of Pd improves
the Cu metal dispersion.

XPS studies have been performed under “pseudo in situ” con-
ditions on these catalysts before and after reduction in order to
further investigate the surface nature of Cu and Pd in these sam-
ples. Fig. 16 depicts the core level X-ray photoelectron (XP) spectra
in the Cu 2p region for Cu/CeO; and CuPd/CeQ, catalysts and
their XPS parameters are summarized in Table 4. The unreduced
samples exhibit XP spectra typical of Cu?* with Cu 2p32 and
2p1/2 main peaks appearing around 933 and 952.5 eV, respec-
tively together with strong satellite speaks on higher BE sides.
However, significant differences in peak positions and full-width
at half maximum (FWHM) are observed in the spectra between
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Fig. 16. Cu 2p XP spectra of (a) Cu/CeO;; (b) CuPd/CeO,. (Top panel) Unreduced
samples; (bottom panel) reduced samples.

Table 4

Cu 2p XPS and Cu Auger parameters of CuPd/CeO;, bimetallic catalysts.

Catalyst BE FWHM BE FWHM AE  KE of Cu o
2p32 Cu2ps;a 2p12 Cu2pipz (eV) L3sMgsMas  (eV)
(eV) (eV) (eV) (eV) (eV)

Cu/Ce0;, 932.9 35 9525 3.5 19.6 917.8 1850.7

CuPd/CeO, 932.7 25 9523 25 19.6 917.5 1850.2

Cu/CeO; (red.) 9324 15 9522 15 19.8 918.8 1851.2

CuPd/CeO; (red.) 932.0 15 9516 15 19.6 919.4 1851.4

Cu0? 9346 - - - - 917.1 1851.7

Cuy0? 932.8 - - - - 916.5 1849.3

Cu metal? 932.8 - = — - 918.6 1851.4

(red.) = reduced.

2 Ref. [40].

the monometallic and the bimetallic catalysts. The monometallic
Cu/CeO; exhibits the Cu 2p3/2 and Cu 2pj,, main peaks at 932.9
and 952.5 eV, respectively with a FWHM of 3.5 eV. The peak po-
sitions are shifted towards lower BE by 0.2 eV and the FWHM
decreases to about 2.5 eV for the Cu-Pd/CeO, bimetallic catalyst.
A shift in lower BE in XPS is usually associated with an increased
electron density or reduction to a lower oxidation state. Thus, the
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Table 5
Pd 3d XPS parameters of CuPd/CeO, bimetallic catalysts.
Catalyst BE of FWHM of BE of FWHM of AE
Pd5/2 Pd5/2 Pd3/2 Pd3/2 (EV)
(eV) (eV) (eV) (eV)
Pd/CeO, 337.8 1.5 343.0 1.5 5.2
CuPd/Ce0, 337.3 3.0 342.5 3.0 5.2
Pd/CeO; (red.) 335.0 1.9 340.0 1.9 5.0
CuPd/CeO; (red.) 335.3 1.6 340.3 1.6 5.0
PdCl,? 337.8
PdO? 336.3
PdO," 337.9
Pd metal® 335.0
(red.) = reduced.
a Refs. [41,42].
b Ref. [43].

results indicate that the Cu?* in the Cu/CeO; system becomes par-
tially reduced when Pd is added to the Cu/CeO, system. This is
further supported by a decrease in intensity of satellite peaks.

Upon reduction, the satellite peaks in the Cu 2p core level XP
spectra disappeared and the peaks are narrowed down and shifted
towards lower BE. The monometallic Cu/CeO, catalyst shows a
sharp and intense peak at 932.4 eV for Cu 2p3/; and at 952.2 eV
for Cu 2pq,2 with a spin-orbit coupling energy of 19.8 eV. The
CuPd/CeO, bimetallic catalysts shows the Cu 2p3;> and 2p Cuy,;
peaks at 932.0 and 951.6 eV, respectively and these are lower by
0.4-0.6 eV compared to the monometallic Cu/CeO, catalyst. The
loss of satellite peaks and shift in the peak positions towards lower
BE compared to the unreduced samples clearly indicates the reduc-
tion of Cu** to Cut or metallic state (Cu®).

A combined core level XPS and Auger electron spectroscopy
(AES) should be used to distinguish the three oxidation states of
Cu (Cu®, Cut and Cu?t). The Cu?t species can be distinguished
from Cut and Cu® from the difference in the BE (>1 eV) and also
from the appearance of satellite peaks. However, because both Cu™
and Cu® will have the same BE in the core level XPS (see Table 4),
the KE of electron measured in the AES and the modified Auger
parameter («’), which is defined in Eq. (2), should be used to fur-
ther confirm the chemical state of copper [33].

o' =hv + (KE Cupvm — KE Cu 2p3,2), (2)

wherein, hv is the energy of the incident photon, and KE Cupym
and KE Cu 2p3/, are kinetic energy of Auger electron for the final
state, L3MysMys and 2p3/, core level photoelectron, respectively.

Fig. 17 shows the Auger electron (AE) spectra of unreduced
(top panel) and reduced samples (bottom panel) while their KE
and Auger parameters («’) are included in Table 4. The unreduced
samples exhibit a main peak centering around 917.5 eV with an
Auger parameter of 1850.2 eV, indicating the existence of CuO-
like species. The spectra of reduced samples exhibit sharp peaks
around 919 eV. The peak for the monometallic Cu/CeO, occurs
at 918.8 eV with an Auger parameter of 1851.2 eV while for the
bimetallic CuPd/CeO, system, the peak appears at relatively higher
KE of 919.4 eV with an Auger parameter of 1851.4 eV. The ob-
served KE and Auger parameters of the reduced bimetallic catalyst
closely match with that of metallic copper rather than Cu!* as can
be seen from the data presented in Table 4. Thus, Auger electron
spectra confirm that copper in the reduced catalysts are present in
their metallic state.

The Pd 3d core level XP spectra of unreduced (top panel) and
reduced samples (bottom panel) are shown in Fig. 18 and their XPS
parameters are gathered in Table 5. The unreduced monometallic
Pd/Ce0, catalyst (top panel) exhibits an intense doublet center-
ing at 337.8 and 343 eV, attributed to Pd 3ds;; and Pd 3ds,
respectively with a spin-orbit coupling energy of 5.2 eV (see Ta-
ble 3). The doublet for CuPd/CeO, bimetallic catalyst appears at
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Fig. 17. Cu LMM Auger electron spectra of (a) Cu/CeO3; (b) CuPd/CeO;. (Top panel)
Unreduced samples; (bottom panel) reduced samples.

relatively lower BE of 337.3 and 342.5 eV, respectively. The ob-
served BE values closely match with that of PdCl, and PdO; but
slightly higher compared to that reported for PdO (336.3 eV) as
shown in Table 5. Since the Pd precursor used in the present study
was Pd(CH3COO), but not PdCl;, the observed BE should be better
interpreted for PdO having a lower electron density on Pd?* cation
or species similar to that of PdO,. The shift in the BE by 0.5 eV
toward lower BE and broadening of the peaks (FWHM = 3 eV)
in the bimetallic CuPd/CeO; catalyst compared to the monometal-
lic Pd/CeO, (FWHM = 1.5 eV) indicates that the PdO species are
highly dispersed in the Cu/CeO; matrix and as a consequence they
are more cationic than does in the monometallic catalyst.

The reduced samples also exhibit similar doublets, but relatively
at lower BE (Fig. 18, bottom panel). The Pd 3ds,, and 3ds/; peaks
in monometallic Pd/CeO; occurs at 335 and 340 eV together with a
shoulder at 337 eV, indicating the existence of Pd metal along with
a fraction of PdO species. This peak is vanished in the CuPd/CeO,
bimetallic catalyst system, indicating that Cu aids the reduction of
Pd cations. Furthermore, the peaks are shifted by 0.3 eV towards
higher BE, suggesting the existence of more cationic Pd species.
Note that the Cu 2p peak is shifted towards lower BE and the in-
tensity is decreased dramatically upon addition of Pd (see Fig. 16,
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Fig. 18. Pd 3d XP spectra of (a) Pd/CeO,; (b) CuPd/CeO;. (Top panel) Unreduced

samples; (bottom panel) reduced samples.

Table 6
Surface chemical compositions of CuPd/CeO; catalysts determined by XPS.

Catalyst Unreduced (at%) Reduced (at%)

(0] Cu Pd Ce (0] Cu Pd Ce
Pd/CeO; 69.5 - 1.8(3.6) 28.7 682 - 1.2(2.3) 30.6
Cu/CeOy 58.6 24.5(32.3) - 16.6 50.7 25.1(275) - 24.2
CuPd/CeO, 60.0 19.0(23.9) 1.8(3.8) 19.2 56.2 16.0(17.6) 1.2(2.2) 26.6

Values in parentheses are wt%.

bottom panel). The observed results indicate the existence of a
strong interaction between these two metals. It suggests that there
is a modification of the electron density on the metal sites, such
as a shift in electron transfer from Pd to Cu.

The surface chemical compositions determined from XPS peaks
are summarized in Table 6. The results indicate that the surface
concentration of Pd decreased from 1.8 to 1.2 at% in both Cu-
free and Cu-containing Pd/CeO, catalysts upon reduction. While
the Cu concentration remains almost unchanged in the Pd-free
Cu/CeO, sample, it decreased from 19.0 at% (23.9 wt%) to 16.0 at%
(17.6 wt%) upon reduction. In contrast to Pd and Cu concentrations,
the Ce concentration in all the sample increased upon reduction. It
can be inferred from these results that a part of Pd diffuse inward
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Fig. 19. Ce 3d XP spectra of (a) Cu/CeO;; (b) Pd/CeO,, (c) CuPd/CeO;. (Top panel)
Unreduced samples; (bottom panel) reduced samples.

into the CeO, support upon reduction. However, the inward diffu-
sion of a part of Cu occurs in the presence of Pd. These inward
diffusions of Pd and Cu in these catalysts make the Ce concentra-
tions at the surface to increase upon reduction. A similar inward
diffusion of copper upon reduction treatment of CuPd/SiO, cata-
lyst is known in the literature [34].

Fig. 19 exhibits the XP spectra of unreduced and reduced cat-
alysts of the present study in the Ce 3d region. At least six peaks
centering around 882, 889, 899, 901, 908 and 917 eV are observed
in both unreduced and reduced samples and they are assigned to
Ce 3ds;; 4f?, Ce 3ds;, 4f!, Ce 3dsj 4f° Ce 3d3, 4f2, Ce 3d3)
4f' and Ce 3ds/; 4f°, respectively for Ce** species in CeO, [35,
36]. Peaks for Ce3* are not observed even in the reduced samples.
This is in contrast to our recent results on similar Ni-Rh bimetal-
lic catalysts supported on CeO,, wherein a part of Ce was found in
3+ oxidation state [37]. The retention of Ce in 4+ oxidation state
even after reduction in the present catalysts could be due to the
lower reduction temperature of around 225 °C employed compared
to 433°C employed in a NiRh/CeO, bimetallic system. The major
difference between XP spectra of unreduced and reduced samples
in the Ce 3d region is that the reduction treatment improved the
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Fig. 20. Valence band XP spectra of CeO, supported CuPd-bimetallic catalysts. (Top
panel) Unreduced samples; (bottom panel) reduced samples.

peak intensity and this is due to an increase in the surface Ce con-
traction as a consequence of inward diffusion of a part of Pd and
Cu metals upon reduction as discussed above.

XP spectra in the valance band region, below 15 eV were also
collected in order to understand the electronic structure of the ma-
terials as these bands are essentially involved in delocalization or
chemical bonding. The spectra in the present study recorded be-
low 10 eV for both unreduced and reduced samples are depicted
in Fig. 20. The unreduced Pd/CeO, shows band maximum around
4 eV due to the contributions from various final states of Pd 4d
orbital. The band structure becomes relatively sharp, intense and
shifted towards lower BE, around 3.7 eV, when Cu is present in
the sample and this is attributed to contributions from Cu 3d or-
bitals of Cu?* species [38].

The valence band spectra of reduced samples (bottom panel)
show that the overall spectral intensity decreases upon addition
of Pd and the peaks, especially for Cu-containing samples, further
shifted towards lower BE of around 3 eV. This peak corresponds
to 3d orbital of metallic copper [38]. The observed results fur-
ther support the core level XPS observations that the surface Cu
concentration decreases upon Pd addition, especially upon reduc-
tion. Also, significant signal intensity could be seen near the Fermi
level (Ef =0) in the Cu-containing samples, suggesting that Cu 3d
bands are located close to the Fermi energy and that the Cu species
in the present CuPd/CeO, bimetallic catalysts are more effectively
involved in the catalytic reaction.

4. Discussion
4.1. Nature of Cu and Pd surface species

One of the prime objectives of the present research was to elu-
cidate the chemical nature and distribution of Cu and Pd on the
catalyst surface and correlate with observed catalytic properties.
Depending upon the nature of metals and support used, the met-
als in the bimetallic catalyst systems are known to have a strong
synergistic interaction and/or highly dispersed metal particles with
surface segregation of either of the metal [34,39]. The disappear-
ance of high temperature CuO reduction peak and broadening of
PdO reduction peak around 160 °C in TPR of the present CuPd/CeO;
bimetallic catalyst system (Fig. 5) suggest that both CuO and PdO
are reduced together and they are in close interaction with each
other. This is supported by the EXAFS analysis at the Cu and Pd
K edges, which showed that Pd is surrounded only by Cu atoms.
A dramatic drop in Pd dispersion from 38.5% for the monometal-
lic Pd/CeO; to below 1% for the bimetallic CuPd/CeO; (see Table 1)
clearly indicates that the CO chemisorption is impaired upon Cu
addition, supporting the above conclusion. The decrease in Cu 2p
BE by 0.4 to 0.6 eV and concomitant increase in the BE of Pd in Pd
3d XP spectra of reduced CuPd/CeO, bimetallic catalysts compared
to their respective monometallic Cu/CeO, and Pd/CeO, systems
substantiates the TPR and CO chemisorption results and this fur-
ther substantiates the conclusion on the existence of a synergistic
interaction between these two metals.

The Cu 2p XPS of reduced samples indicate a dramatic decrease
in intensity (Fig. 16, bottom panel) and surface Cu content upon
Pd addition. However, the surface Pd content remains largely un-
affected by the presence of Cu (see Table 6). These results suggest
that most of the added Pd stays on the surface while significant
amount of Cu is diffused or distributed in deeper layers, below the
surface. This is highly possible, taking into account a large amount
(25-30 wt%) of Cu loading (see Table 1) and also because, the
CuPd/CeO;, bimetallic catalyst in the present study has been pre-
pared by co-impregnation by depositing Cu and Pd on the CeO,
[13]. The observed results are in agreement with Batista et al. [40]
who, by means of AES depth profile analysis on Cu-Pd/Al,O3 cat-
alyst, have reported the distribution of Cu in deeper layers below
the surface of alumina support and Pd being on the top of the Cu
layer for catalyst synthesized by a similar impregnation method.

4.2. The role of Cu and Pd

The catalytic data on OWGS reaction shown in Fig. 2 indicates
that an improved catalytic activity and stability could be achieved
when both Pd and Cu are present together. The monometallic
Cu/CeO, is more active but undergoes rapid deactivation, proba-
bly due to metal sintering and reoxidation of Cu metal under the
present operating conditions. Deactivation has also been observed
over the monometallic Pd/CeO, catalyst in WGS reaction and the
observed result has been attributed to metal sintering [19]. It is
likely that the close interaction between Cu and Pd metals of the
present bimetallic catalyst system prevents both Cu and Pd from
sintering, thereby improving the catalyst stability. In addition, dif-
ferential scanning calorimetry experiments showed exotherms at
much higher temperature than the monometallic Cu/CeO, and this
indicated that the CuPd/CeO, bimetallic catalyst was significantly
less pyrophoric than the Cu/CeO; catalyst (unpublished results).
Thus, it can be concluded that, the addition of the second metal,
Pd or Cu to the monometallic Cu/CeO, or Pd/CeO, improves the
catalytic performance for CO conversion and catalyst stability and
this is due to the existence of a synergistic effect between these
two metals. Based on the valence band XP spectra (Fig. 10), it is
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likely that Cu is more involved in the catalytic reaction and that
added Pd improves the performance and stability of the catalyst.

The results from EXAFS analysis indicate the formation of Pd-
Cu alloys in the presence of free Cu. Alloy formation at the Pd
edge is in line with the TPR spectra that shows decreases in TPR
peak temperatures of CuO upon Pd addition and there are two
distinct regions of reduction for CuPd/CeO,. The first region at
lower temperature may be attributed to the Pd-Cu sites, while the
higher temperature reduction peak may be more due to CuO par-
ticles. It is likely that Pd addition helps to keep Cu in reduced
state under OWGS conditions and thus improves the catalyst sta-
bility. The higher coordination number of Pd-Cu on Al;03 (9 Cu
atoms surrounding each Pd atom) versus CeO, (4 Cu atoms sur-
rounding each Pd atom) could also partly account for the increased
activity of the ceria supported Cu-Pd catalyst. These results in
combination with recent studies [44,45] are important for devel-
oping a fundamental understanding of Cu-Pd/CeO, catalyst and
for further improved catalytic performance for hydrogen produc-
tion.

5. Conclusions
The present study leads to the following important conclusions:

(1) The CuPd/CeO; bimetallic catalysts containing 20-30 wt%
Cu and 0.5-1 wt% Pd are more active compared to the
monometallic Pd/CeO, and Cu/CeO, catalysts in the oxygen-
assisted water-gas shift (OWGS) reaction performed under
H,-rich conditions, especially at lower reaction temperature,
below 200 °C. The bimetallic catalyst exhibits a stable CO con-
version activity during 3 days of on-stream operation. The
higher activity and stability of the bimetallic catalyst has been
attributed to the existence of a synergistic interaction between
Cu and Pd in the CeO,-supported bimetallic catalysts.

(2) Addition of Pd to Cu/CeO, system decreased the surface Cu
concentration, especially upon reduction, while the surface
concentration of Pd remains unaffected by the presence of Cu
in these catalysts. The lower coordination number of Pd in Pd-
Cu on CeO; (4 Cu atoms surrounding each Pd atom), compared
to that on Al;03 (9 Cu atoms surrounding each Pd atom) as
revealed by EXAFS, could also partly account for the increased
activity of the CeO,-supported Cu-Pd catalyst.

(3) A significant charge transfer between Cu and Pd occur with Cu
being more electron rich and Pd being electron deficient. Such
synergistic interaction exists even in their oxidic state of the
present catalyst system.

(4) In the CuPd/CeO; bimetallic catalyst system, Cu metal could be
more effectively involved in the catalytic reaction for the con-
version of CO by OWGS. The addition of Pd further improves
the performance and stability of copper catalyst.

(5) Cu loading has an impact on the catalytic performance of
CuPd/CeO, bimetallic catalysts in the OWGS reaction. Cata-
lyst containing 20-30 wt% Cu was found to be more active
compared to that containing lower Cu loading of about 1 wt%
obtained by HNO3 leaching.

(6) EXAFS analysis indicates the Pd-Cu alloy is formed at the Pd
edge, which explains the increase in stability and durability of
the catalysts over the monometallic counterparts. EXAFS, TPR,
XPS and catalytic reaction data in combination suggest that Pd
addition helps to keep Cu in reduced state and thus improves
the catalyst stability.
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