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a b s t r a c t

The catalytic activities of Re–Co/CeO2 bimetallic catalysts for the water gas shift (WGS) reaction were
investigated and compared with activities of Co/CeO2. It was found that the rate of WGS reaction over
Re–Co/CeO2 bimetallic catalysts was higher than that of a single catalyst of Co on ceria. It seems that
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Re influences the catalysts and the catalyst performance in several ways. XRD and Raman spectroscopy
results indicate that metal oxides were dispersed on ceria surface and H2-chemisorption indicated better
dispersion of Co on the ceria surface upon addition of Re. X-ray absorption near edge structure (XANES)
spectra of Re–Co/CeO2 indicate that Re promotes the reduction of surface ceria to Ce2O3 and provides
oxygen vacancies that facilitate the redox process at the surface. XANES also indicated that electron

n fro
creas
ater gas shift reaction
xygen vacancies

densities were withdraw
effects contribute to an in

. Introduction

The water gas shift (WGS) reaction is an important step in reduc-
ng the amount of CO from H2 feed gas that will be used in fuel cells.

2 feed gas is obtained as the major product of a reforming reaction
ogether with a small amount of by-products such as CH4, H2O, and
O. Among these impurities, CO is poisonous to the Pt electrode in
PEM fuel cell and decreases Pt activity. Removal of CO from the

eed gas is necessary, and the water gas shift reaction which can
educe the amount of CO to less than 0.5–1% is a candidate for this
tep.

In the WGS reaction, carbon monoxide is converted to carbon
ioxide by water vapor. The WGS reaction is described by the fol-

owing reaction,

O + H2O � CO2 + H2 �H = −41.2 kJ/mol

This reaction is exothermic and the rate equilibrium conver-
ion is lower with increasing temperature. In order to keep good
onversion rates at low temperature, catalysts must be employed.

The catalysts that are widely used are metal–ceria based cat-

lysts [1–6]. Ceria (CeO2) is a suitable support due to its high
xygen storage capacity, high reducibility and high oxygen mobil-
ty [7–11]. Many precious metals such as Pt, Pd, Rh, Ru and Au
ave been reported to show high WGS reaction rate when they
re doped on ceria supports [12–21]. Among these metals, Pt and

∗ Corresponding author. Tel.: +66 43202222x12243; fax: +66 43202373.
E-mail address: sunhen@kku.ac.th (S. Hengrasmee).
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m Co d-state to Re, leading to weaker Co-adsorbate bonds. All of these
e in the WGS reaction rate.

© 2011 Elsevier B.V. All rights reserved.

Au which are rare and expensive are the most promising promoters
because of their better catalytic activity at low temperature. Many
research groups are trying to develop new types of catalysts from
metals that are less expensive and more abundant. Many studies
have shown that a combination of two metals can provide rather
good WGS activities. Many bimetallic systems have been studied
for many reactions, for example Pt–V/CeO2, Pt–Re/CeO2–ZrO2 and
Au–M on iron(III) oxide (M = Ag, Bi, Co, Cu, Mn, Ni, Pb, Ru, Sn and
Tl) have been found to increase the rates of WGS reactions [22–26],
while Pt–Sn/Nb2O5 is also active for selective CO-oxidation [27,28].
Among the second metals that have been used to form bimetal-
lic catalysts, Re is the most widely studied. Apart from increasing
the WGS rate, Pt–Re/carbon has also been reported to be active for
many other reactions such as hydrocarbon reforming [29] and con-
version of glycerol to synthesis gas [30]. Our initial investigation
found that Re also increased the rate of WGS reaction when it was
doped on Co/CeO2.

The manner in which Re improves the catalytic performance
varies. For the WGS reaction, Choung et al. [23] indicated that the
effect was partly due to better dispersion of Pt on the support, but
the actual role was more complex. Iida and Igarashi [25], in compar-
ing the rate of WGS reaction of Pt–Re/TiO2 (rutile) and Pt–Re/ZrO2,
indicated that the effect of Re on Pt dispersion and catalytic activ-
ity was largely affected by the state of the Re. In a recent paper on
conversion of glycerol by Pt–Re catalysts [30], Re was reported to

participate in weakening the binding energy of CO to the neighbor-
ing Pt sites. X-ray absorption spectroscopy was employed to study
the oxidation state of Re and Pt. Hilbrig et al. [31] demonstrated that
X-ray absorption near edge structure (XANES) can be used to deter-
mine the degree of reduction/interaction of bimetallic catalysts and

dx.doi.org/10.1016/j.molcata.2011.03.006
http://www.sciencedirect.com/science/journal/13811169
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T 64000 Raman spectrometer equipped with BX51 Olympus opti-
cal microscope. The Raman spectrometer was used to observe the
0 K. Chayakul et al. / Journal of Molecul

eported XANES-TPR studies of Pt–Re/Al2O3 and silica-supported
t/Ni catalysts [31,32]. Apart from identifying the binding energies
nd oxidation state, XANES can also indicate changes in electron
ensity of the metal d-band. Study of Pd L3 near-edge absorption

n Ag-promoted Pd catalyst indicated increases in the Pd d-band
lectron densities upon addition of Ag [33]. Pereira et al. [34] used
ANES to study bonding of CO on Pt-based bimetallic catalysts
nd found increases of Pt 5d-band vacancies for Pt–M/C bimetal-
ic catalysts, which indicated a lowering of electron back-donation
o the CO molecules. In studying the activity of Re–Co/alumina in
he Fischer–Tropsch reaction, Re was reported to be a reduction
romoter that facilitated the rate of reduction of cobalt species

nteracting with the support and generated more available active
obalt metal sites to participate in the reaction [35].

In WGS reaction, the oxidation–reduction process is one of the
ate limiting steps that control the reaction rate. Many studies
eported that the reducible support (CeO2, ZrO2, TiO2, etc.) is usu-
lly used due to its participation in enhancing the WGS reaction.
eO2 can store and release oxygen to undergo oxidation–reduction
ycles and promote catalytic activity for this reaction. Several stud-
es have reported that metal-modified ceria has a higher oxygen
torage capacity and reducibility than pure ceria [36–38]. Sanchez
nd Gazquez [39] proposed that oxygen vacancies in the fluo-
ite structure of the supported catalysts alter the morphology
nd dispersion of the supported metal. In an attempt to dope
t/CeO2 catalysts with many metal cations, Panagiotopoulou and
o-worker [40] reported that the WGS activities of Pt/Ce–Me–O cat-
lysts (Me = metal cations) depended on the nature of the dopants
mployed and the promotions affected the reducibility and oxy-
en ion mobility of the CeO2 support. Creation of oxygen vacancies
ead to an improvement of oxygen mobility from the support to the
dsorbed species on the catalyst surface.

In this paper, we report the enhancement of WGS reaction rate
hen Re is doped to Co/ceria catalysts. The catalysts were prepared

y the incipient-wetness impregnation method and character-
zed by X-ray diffraction (XRD), N2-adsorption, H2-chemisorption,
aman spectroscopy and H2-temperature programmed reduction
H2-TPR). XANES of the catalysts was employed to investigate the

ovement of metal d-electrons in the catalysts.

. Experimental

.1. Catalysts preparation

.1.1. Preparation of support
CeO2 support was prepared by the urea gelation method which

as similar to the process described by Kundakovic and Flytzani-
tephanopoulos [5] and Bickford et al. [41]. An appropriate amount
f cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99%, Aldrich) and
2 g of urea (H2NCONH2, 98%, Aldrich) were dissolved in 100 mL of
eionized water. The mixture was stirred and heated at 100–120 ◦C
ntil the salts were dissolved. While the mixture was heated, 2 mL
f ammonium hydroxide (NH4OH, Aldrich) was added dropwise to
btain a yellow precipitate. The suspension was heated and stirred
or 4 h to remove excess ammonia and to age the support. After
ging, the precipitate was filtered and washed with boiling deion-
zed water. The filtered support was dried overnight at 110 ◦C in a
urnace and calcined at 450 ◦C for 4 h.

.1.2. Preparation of catalysts

The incipient wetness impregnation method with a minimum

mount of solvent was used to prepare the catalysts. The desired
mounts of ammonium perrhenate (NH4ReO4, 99%, Aldrich) and
obalt(II)nitrate hexahydrate (Co(NO3)2·6H2O, 98%, Carlo Erba)
ere dissolved in a minimal amount of deionized water. The
alysis A: Chemical 340 (2011) 39–47

solution was added dropwise to the prepared CeO2 support. The
impregnated supports were dried at 110 ◦C overnight and calcined
at 650 ◦C for 8 h.

2.2. Catalyst characterization

2.2.1. Standard characterization
XRD patterns of ceria based catalysts and all doped metal–ceria

based catalysts were obtained from Bruker XRD D8 Advance GX 280
with Cu K∝ radiation of wavelength 1.5406 Å. The diffractograms
were recorded in the range of 2� = 20–80◦ with a scan speed of 0.5 s
per step. The crystalline sizes of the samples, dhkl, were estimated
from Scherrer’s equation

dhkl = 0.9�

FWHM cos �
(1)

where � is the X-ray wavelength of Cu K∝ radiation (1.5406 Å),
FWHM is the broadening (in radians) at half-maximum of the
(1 1 1) crystallographic plane which is the most intense peak and
� is the diffraction angle corresponding to the (1 1 1) plane. Lat-
tice parameter (a) is calculated by Bragg’s equation with the same
crystallographic plane.

The specific surface areas of the catalysts were obtained from
the N2 adsorption isotherm at 77 K using the Brunauer Emmett
Teller (BET) method by Quantachrome Autosorb 1-C instrument.
The catalysts were degassed at 300 ◦C for 3 h prior to an adsorp-
tion experiment. The specific surface area was calculated by the
multipoint-BET method and the average pore volume and diameter
were determined at relative pressure P/P0 ∼ 0.99.

H2-chemisorption of all catalysts was studied by Quantachrome
Autosorb 1-C instrument. The catalysts were first pretreated by
Helium at 120 ◦C (rate 20 ◦C/min) for 30 min, then H2 (99.999%,
Thai Industrial Gas) was flowed over the sample while the tem-
perature was raised at the rate of 20 ◦C/min to reach 350 ◦C and
was held at this temperature for 120 min. After sample preparation,
the sample was cooled down under vacuum to room tempera-
ture (40 ◦C). The adsorbing gas (H2) was sequentially added to the
sample. An adsorbed volume (V) vs. Equilibrium pressure (P/P0)
isotherm was generated. The H2 chemisorbed and the percentage of
metal dispersion can be deduced from this chemisorbed isotherm.
The method used to obtain the volume of monolayer uptake (Vm) is
an extrapolation method. The monolayer of hydrogen uptake (Nm)
is expressed in �mol of hydrogen per gram of sample, that is

Nm = 44.61Vm (2)

where Vm (cc/g) is determined by extrapolating the isotherm to
zero pressure. The percent metal dispersion (D) can be estimated
from the equation

D = NmSM

100L
(3)

where S is the adsorption stoichiometry of H2 which is equal to
2, M and L are the molecular weight of loading metal and percent
loading of the supported metal, respectively.

2.2.2. Raman spectroscopy
The Raman spectra of all catalysts were recorded by Jobin Yvon
vibrational mode of prepared catalyst powder and the vibrational
signal was detected by Charge Coupled Device (CCD) detector. The
samples were irradiated by Ar ion laser with an output power
30 mW and wavelength of 514.532 nm. The Raman spectra were
collected in the range of 200–2000 cm−1.



ar Catalysis A: Chemical 340 (2011) 39–47 41

2

i
1
g
s
a
t

2

r
w
t
T
t
c
f
t
D
o
i
T
a
t
(
D
C

u
w
e
e

r

w
fl
X

X

d

2

i
L
m
a
a
d
a
T
s
o
n
a
m
s
t
fl

20 30 40 50 60 70 80

In
te

n
si

ty
 (

a.
u

.)

2theta

(c) 5%Co/CeO 2

(b) 1%Re/CeO 2

(h) 1%Re-10%Co/CeO2

(g) 1%Re-7.5%Co/CeO2

(f) 1%Re-5%Co/CeO2

(e) 1%Re-2.5%Co/CeO2

(d) 1%Re-1%Co/CeO2

(420)

(331)

(400)(222)

(311)(220)

(200)

(111)

(a) CeO2
K. Chayakul et al. / Journal of Molecul

.2.3. H2-temperature programmed reduction (H2-TPR)
H2-TPR was carried out using the Quantachrom Autosorb 1-C

nstrument. The samples were pretreated by helium at 120 ◦C (rate
0 ◦C/min) for 30 min. After cooling down to room temperature, a
aseous mixture of 5%H2 in 95%N2 was flowed over the pretreated
ample while the temperature was increased from 40 ◦C to 1000 ◦C
t a rate of 10 ◦C/min. The products were analyzed with TCD detec-
or and H2-consumption was plotted as a function of temperature.

.3. Water gas shift catalytic activity test

WGS catalytic activities of all samples were tested with a flow
eactor in the temperature range of 150–600 ◦C. 20 mg of catalysts
ere packed and sandwiched between two layers of quartz wool in

he quartz tube reactor with 0.6 cm ID, 0.8 cm OD × 30 cm length.
he quartz tube was placed inside the temperature controllable
ube furnace. The temperature was monitored by K-type thermo-
ouple that was placed at the top of the catalyst bed. The flow of
eed gases was controlled by mass flow controllers (Dywer). Both
emperature and flow rate were monitored by Data Logger Wisco
L2100B. The initial feed gas, consisting of CO and He at a flow rate
f 5 and 85 mL/min respectively, was flowed into a water-saturator
n which the temperature was kept at 47 ◦C to pick up water vapor.
he mixed feed gas containing 5%CO, 10%H2O and 85%He, was
llowed to pass through the catalyst bed of the reactor. The reac-
ants and products were analyzed by on-line gas chromatography
Agilent 6890N Series, Agilent Technology) equipped with HEYSEP

Packed Column and TCD detector. The percentage conversion of
O was plotted as a function of temperature.

The rates of reaction were obtained from separate experiments
nder differential conditions, where the conversions of reactants
ere lower than 10% and with this condition heat and mass transfer

ffects were negligible. The rates were calculated by the following
xpression

CO = FCO × XCO

Wcat
(4)

here rco is the conversion rate of CO (mol g−1 s−1), Fco is the molar
ow rate of CO (mol s−1), Wcat is the mass of the catalysts (g) and
co is the conversion of CO which is defined as

CO = C in
CO − Cout

CO

C in
CO

(5)

The rco reported in this manuscript is an average of three repro-
ucible experiments.

.4. X-ray adsorption near edge structure

X-ray absorption spectroscopy (XAS) measurements were stud-
ed in the XANES region on Beamline 8 [42] at the Synchrotron
ight Research Institute (SLRI), Nakhon Ratchasima, Thailand. The
easurements were carried out in fluorescence mode for Re M5

nd Co K absorption edges and transmission modes for Ce L3
bsorption edge. Synchrotron radiation is tunable by a fixed-exit
ouble crystal monochromator (DCM) equipped with InSb(1 1 1)
nd Ge(2 2 0) crystals for low and high energy ranges, respectively.
he monochromatic flux at the sample was 108–1010 phs/s. The
amples were deposited over the Kapton window which was placed
n the sample frame. Ion chambers were filled with a mixture of
itrogen and helium for Re M5 absorption measurement and with

rgon and helium for Ce L3 and Co K absorption edge measure-
ents. These chambers were installed in front of and behind the

ample which continuously detected the incident (Io) and transmit-
ed (I1) X-ray beams. A Lytle detector was used to detect sample
uorescence. The software Athena was used to process the data
Fig. 1. XRD patterns of (a) CeO2, (b) 1%Re/CeO2, (c) 5%Co/CeO2 and (d)–(h)
1%Re–X%Co/CeO2 (X = 1.0, 2.5, 5.0, 7.5 and 10.0) catalysts.

reduction. Data reduction was carried out by pre-edge background
removal and normalization by division of the height of the adsorp-
tion edge.

3. Results and discussion

3.1. Standard characterization

XRD patterns of CeO2, Co/CeO2 monometallic and Re–Co/CeO2
bimetallic catalysts are shown in Fig. 1. All of these samples exhibit
diffraction peaks which correspond to the fluorite type structure of
CeO2. Neither Re nor Co oxide phases were observed in all spectra.
This suggests that the metal oxide species were highly dispersed
on the ceria surface [43,44].

The lattice parameters of ceria and metal–ceria based catalysts
were calculated by (1 1 1) crystallographic planes which are based
on Bragg’s equation. For pure CeO2 support, the lattice parameter
is 0.541 nm which is in agreement with other works [40,45]. The
lattice parameter of other catalysts (Co/CeO2, and Re–Co/CeO2) also
displayed similar values varying from 0.544 to 0.547 nm. It can be
concluded that addition of Co or Re did not lead to modification of
crystal structures.

The results from particle analysis together with the XRD results
are summarized in Table 1. Increases in crystalline sizes were
observed for all samples of doped ceria. This result is suggested
to be due to agglomeration and growth of metal–ceria crystallites
after calcination at high temperature [46]. The BET surface area
of CeO2 is 68.3 m2/g which is in agreement with others [5,36,47].
Introduction of metals onto the ceria surface by the impregnation
method led to particle pore blocking and gave rise to lowering of
surface area and pore volume and consequently the pore diameter
was enlarged.

The results from H2-chemisorption and % active metal disper-
sion are also displayed in Table 1. H2 was not chemisorbed on Re
and the data on H -chemisorption and % active metal dispersion
2
are referred to Co metal. The% metal dispersion data indicate that
Re helped to disperse Co metal on ceria support. However, the
dispersion decreased with an increase of Co. This result, as also
indicated by XRD, was due to agglomeration and the growth of
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Table 1
Specific surface area, crystalline size, lattice constant, H2 chemisorbed and % dispersion of various catalysts.

Sample SBET

(m2/g)
Crystalline
sizea (nm)

Lattice
constanta (nm)

H2 chemisorbed
(�mol/g)

% dispersion

CeO2 68.3 14.2 0.541 – –
1%Re/CeO2 26.8 22.6 0.545 – –
5%Co/CeO2 28.0 21.6 0.544 39.1 9.2
1%Re–1%Co/CeO2 22.9 23.5 0.547 45.2 53
1%Re–2.5%Co/CeO2 26.9 19.5 0.544 46.0 22
1%Re–5%Co/CeO 22.9 21.5 0.545 45.3 11
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1%Re–7.5%Co/CeO2 25.3 26.0
1%Re–10%Co/CeO2 22.9 19.0

a Calculated from the (1 1 1) crystallographic plane.

etal–ceria crystallites. As the result of better metal dispersion,
he H2-chemisorption increased.

.2. Raman spectroscopy

Raman spectroscopy is a powerful technique sensitive to
bserving M–O bond arrangement and lattice defects [48]. Ceria
ith fluorite structure (space group Fm3m) has a very simple vibra-

ion structure with only one Raman active mode. The Raman
pectra of pure CeO2 displays only one prominent peak at 464 cm−1

ue to F2g Raman active mode of the fluorite structure [49] as shown
n Fig. 2. This vibration mode is a symmetric breathing mode of 8
xygen atoms around each Ce cation. Incorporation of some ions of
imilar size but different charges into the CeO2 lattice would lead to
hifting and lowering of the intensity of the 464 cm−1 peak, along
ith the appearance of a small additional peak due to vibration of

xygen around the added atom, and these phenomena indicate the
xistence of oxygen vacancies [50].

In studying the Raman spectra of cobalt oxide on �-alumina,
acharaki et al. [51] reported 5 characteristic bands due to the crys-

2+ 3+
alline Co3O4 spinel with Co and Co located at tetrahedral and
ctahedral sites, respectively. These bands were identified as A1g
694 cm−1), F2g (622 cm−1), F2g (527 cm−1), Eg (487 cm−1) and F2g
198 cm−1).
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(f) 1%Re-5%Co/CeO
2

(e) 1%Re-2.5%Co/CeO
2

(d) 1%Re-1%Co/CeO
2

(c) 5%Co/CeO
2

(b) 1%Re/CeO
2

487
523

689

(a) CeO
2

ig. 2. Raman spectra of (a) CeO2, (b) 1%Re/CeO2, (c) 5%Co/CeO2 and (d)–(h)
%Re–X%Co/CeO2 (X = 1.0, 2.5, 5.0, 7.5 and 10.0) catalysts.
0.545 45.5 7.2
0.544 46.6 5.5

In our Raman spectra, the 464 cm−1 band was assigned to Ce–O
vibration and other peaks were assigned to the existence of small
crystallites of Co3O4 which are present at the surface of CeO2. The
occurrence of the CoO phase may also be possible since the 484
and 691 cm−1 CoO bands coincide with the Co3O4 band [52]. The
Re–O vibration band was not observed due to very low Re con-
tent. Upon investigating the 464 cm−1 band of CeO2, it is clearly
seen that the addition of Re or Co did not lead to additional peak
of other metal oxide species and this result indicates the preserva-
tion of the bulk structure. However, the intensities of the 464 cm−1

band were gradually lowered and a slight red shift of 2–3 cm−1 was
observed with the increase of the added metals. This result may due
to the presence of Ce3+at the catalyst surface which is produced
upon reduction of surface Ce4+ by Co and by Re.

3.3. H2-temperature programmed reduction

H2-TPR profiles of ceria, monometallic (Re/CeO2 and Co/CeO2)
and bimetallic catalysts (Re–Co/CeO2) are presented in Fig. 3. For
CeO2, there are two main reduction peaks at 520 and 880 ◦C which
are attributed to reduction of the uppermost layer of Ce4+ in CeO2
and the main peak at high temperature is assigned to the reduction

of bulk ceria [53]. Addition of Re or Co onto CeO2 brought up addi-
tional reduction peaks around 300–380 ◦C. In the case of Re/CeO2,
two reduction peaks were observed. The first one is located at
300 ◦C and the other at 530 ◦C. The lower temperature reduction
peak is attributed to reduction of rhenium oxide species [54], and
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Fig. 3. H2-TPR profiles of (a) CeO2, (b) 1%Re/CeO2, (c) 5%Co/CeO2 and (d)–(f)
1%Re–X%Co/CeO2 (X = 1.0, 5.0 and 10.0) catalysts.
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Fig. 4. (a) WGS catalytic activities of (a) 1%Re/CeO , (b) 5%Co/CeO , and (c)–(g)

This result indicates that the WGS reaction activity depends on the
physical state of the catalyst and not on the metal contents. The
calculated values of Ea are in agreement with those reported for
various metals on ceria supports [40,61,62].

Table 2
The rate of reaction at 290 ◦C and apparent activation energy (Ea) for all doped
catalysts.

Sample Rate at 290 ◦C
(�mol/g s)

Ea

(kJ/mol)

5%Co/CeO2 3.83 84
1%Re/CeO2 2.80 90
1%Re–5%Co/CeO2 33.9 76
2%Re–5%Co/CeO2 30.8 77
5%Re–5%Co/CeO 32.4 79
K. Chayakul et al. / Journal of Molecul

he peak at 530 ◦C is due to CeO2. It is not clear what the final
tate of Re is after the reduction, since it seems to depend on
he state of the supports. For examples, Johnson and LeRoy [55]
eported that rhenium on alumina is reduced exclusively by hydro-
en to the Re4+ state. In contrast, Webb [56] reported that alumina
upported rhenium is completely reduced at 400 ◦C. Jacobs et al.
35], upon studying Re–Co/Al2O3, reported that Re promoted the
eduction of CoO to Co0, and Re remains on the surface as iso-
ated Re atoms in intimate contact with Co metal clusters. Extensive
tudy is required in order to determine the final state of Re/CeO2
pon hydrogen reduction. For Co/CeO2, two additional peaks at 300
nd 380 ◦C point to a two-step reduction process of cobalt oxide
Co3+ → Co2+ → Co0). Luo et al. [57] reported the reduction of Co3+

t the interface between Co3O4 and CeO2 to Co2+ in the temperature
ange of 240–320 ◦C and the reduction of Co3O4 that weakly inter-
cts with CeO2 to Co in the range of 320–480 ◦C. Variations of TPR
pectra of Co/CeO2 have been reported [58–60] and the differences
f the spectra have been discussed to be due to various factors such
s precursor salts and treatment conditions. Our results seem to
gree with the results of Luo et al. [57]. The existence of reduction
eaks of metal oxides that are separated from CeO2 reduction peaks

ndicates that these oxide phases are separate and probably reside
n the surface of ceria, leading to a weaker surface ceria signal.

The H2-TPR of the bimetallic catalysts Re–Co/CeO2 are different
rom those of monometallic catalysts. In this case the surface reduc-
ion temperature of ceria at 520 ◦C disappears and a concurrent
eduction of metal oxide species appears as a broad peak ranging
rom 300 to 480 ◦C with peak center situated around 380–410 ◦C.
lectron density transfer between Re, Co, and Ce may occur. As the
esult of electron density transfer, reduction of the catalyst surface
s easier.

.4. Water gas shift catalytic activity

The WGS catalytic activities of 5%Co/CeO2 monometallic and
%Re–X%Co/CeO2 bimetallic catalysts are presented in Fig. 4(a),
here the conversion of CO is plotted as a function of tempera-

ure. It was found that doping 1% of Re onto Co/CeO2 with various
oading of Co to form bimetallic catalysts result in shifts of the
onversion curves toward a lower reaction temperature (lines b–f)
ompared with that of Co on ceria (line a). The Re–Co/CeO2 bimetal-
ic catalysts exhibit higher CO conversion rate compared to the

onometallic one, which become active at temperatures higher
han 220 ◦C while Xco increases with increasing temperature and
eaches equilibrium conversion around 390 ◦C. The effect of Co
oading on catalytic activities is also illustrated in Fig. 4(a). It is
ound that further increases of Co content do not shift the conver-
ion curve toward lower temperature (lines b–f). 1%Re–5%Co/CeO2
s the most active catalyst at this condition and gives measur-
ble conversion at temperatures lower than 250 ◦C. The WGS
ctivity of 1%Re/CeO2 was plotted for comparison (line a) and
t is clearly seen that 1%Re/CeO2 is not very active for the WGS
eaction.

The Arrhenius plots of monometallic and bimetallic catalysts
re illustrated in Fig. 4(b). These plots also display that the rate
f CO conversion of bimetallic catalyst is higher than the rate of
onometallic catalysts. Table 2 summarizes the rate of WGS reac-

ion and apparent activation energies which are obtained from the
lope of the Arrhenius plot. The rates (per gram of catalyst) of
e–Co/CeO2 bimetallic catalysts are very much higher than those
f Co/CeO2. For example, the WGS rate upon 1%Re–5%Co/CeO2 is

3.9 �mol/g s while the rate on 5%Co/CeO2 is only 3.83 �mol/g s.
urther addition of Re does not further raise the rate of the reac-
ion and the appropriate amount of Re that is enough to maximize
he WGS rate is 1 weight percent. When attention is drawn to the
ariation of Co content, it appears that the bimetallic catalyst with
2 2

1%Re–X%Co/CeO2 (X = 1.0, 2.5, 5.0, 7.5 and 10.0) catalysts. (b) Arrhenius plot of reac-
tion rates over 1%Re/CeO2, 5%Co/CeO2 and 1%Re–X%Co/CeO2 (X = 1.0, 2.5, 5.0, 7.5 and
10.0) catalysts.

1%Re and 5%Co gives the highest WGS rate under this working con-
dition. Lowering of the apparent activation energy is also observed.
For reaction on 5%Co/CeO2 the activation energy is 84 kJ/mol while
the activation energies of bimetallic catalysts are between 76 and
80 kJ/mol. These values do not vary with variation of Co or Re
contents which could indicate that under these experimental con-
ditions, the rate limiting step is not affected by variation of Co or Re
contents. Other parameters that did not change with the increase
of metal contents are surface area and H2-chemisorption (Table 1).
2

1%Re–1%Co/CeO2 25.3 77
1%Re–2.5%Co/CeO2 23.9 77
1%Re–5%Co/CeO2 33.9 76
1%Re–7.5%Co/CeO2 21.3 80
1%Re–10%Co/CeO2 23.0 77
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Fig. 5. (a) XANES spectra of the Ce L3 absorption edge for Ce(NO3)3·6H2O (Ce3+),
CeO (Ce4+), 1%Re/CeO , 5%Co/CeO and 1%Re–5%Co/CeO . (b) Relationship between
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of these two standards since many papers have reported a linear
2 2 2 2

dge energy shift of Ce compounds and the oxidation states. Filled squares are Ce0,
e(NO3)3·6H2O (Ce3+) and CeO2 (Ce4+) standards, open triangles are 1%Re/CeO2,
%Co/CeO2 and 1%Re–5%Co/CeO2.

.5. X-ray absorption spectroscopy

It is interesting to try to understand the role of Re in enhancing
he WGS activity of Co on ceria. The results from the H2-TPR study
ndicate that the catalyst surfaces were easier to reduce at tem-
eratures lower than the surface reduction temperature of ceria
hen the catalysts were doped with 1%Re. Since the reduction
rocess involves electron transfer among the involved species, it

s interesting to study the electron movement within the catalyst
urfaces and XAS was employed to study the electronic nature of
ur catalysts. In the XAS technique, an intense X-ray beam is used
o excite core electrons of atoms at the surface to the unoccupied
alence shell. The absorption spectra contain two main features:
-ray absorption near edge structure (XANES) and extended X-ray
bsorption fine structure (EXAFS). Information that can be deduced
rom XANES includes oxidation states and valence shell electron
opulation [63]. The XANES technique was practiced in our study
o determine the oxidation states and d-electron density of metals
n the catalysts.

.5.1. Oxidation states of Ce
Fig. 5(a) shows XANES spectra recorded at the Ce L edge
3

or standards Ce(NO3)3·6H2O, CeO2, 1%Re/CeO2 and 5%Co/CeO2.
t is clearly seen that XANES spectra of standard Ce(NO3)3·6H2O
xhibits a single white line at 5725.5 eV. This peak characterizes
he Ce in the trivalent state and the transition was labeled as dipole
alysis A: Chemical 340 (2011) 39–47

allowed transition of Ce 2p to Ce 4f 15d final state [64]. For Ce in
the tetravalent state (CeO2) a double white line is usually observed.
These two peaks were assigned as transitions of Ce 2p to a mixed
valance state of cerium, one with ground state electronic configura-
tion 4f0 and another with 4f1 [65]. Apart from 2 major peaks A and
B, a small low-energy shoulder (c) and a pledge peak (D) are usu-
ally observed for CeO2. The lower energy shoulder was due to the
crystal field splitting of the Ce 5d state for bulk CeO2 or is assigned
to a Ce3+ impurity [64]. The feature D was assigned to the dipole
forbidden 2p3/2 → 4f transition or a transition to the unoccupied Ce
d state at the bottom of the CeO2 conduction band [66]. Our XANES
spectra of 1%Re/CeO2, 5%Co/CeO2 display features that are similar
to those of CeO2.

The jump in energy in XANES spectra indicates energy that
is required to raise electrons up from core level to unoccupied
valence band and it is called the edge energy. The edge energy
can be accurately derived by differentiating the XANES spectra and
assigning the turning point of the derivative spectra as the edge
energy. Various investigators have found a relationship between
metal oxidation states and the energy shifts of the absorption edge
[31,67]. The Ce L3 edge energy shifts of 1%Re/CeO2, 5%Co/CeO2,
1%Re–5%Co/CeO2, Ce(NO3)3·6H2O and CeO2 were plotted relative
to the edge energy of Ce0 in Fig. 5(b). A linear fit was constructed
through L3 energy shifts of Ce0, Ce3+ and Ce4+. The edge energy
shifts of 5%Co/CeO2, 1%Re/CeO2, and 1%Re–5%Co/CeO2 relative to
Ce0 was placed on this straight line at appropriate �E and the
apparent oxidation states of Ce of these compounds lay between
+3 and +4. The result indicates the coexistence of Ce3+ and Ce4+

in which Co reduced surface Ce4+ in CeO2 by transferring electron
density into d-orbitals of Ce4+, leading to a small amount of Ce3+.
Evidence that electrons were transferred from Co2+ will be shown
by increases of Co oxidation states in the next section. Among
these three catalysts, the oxidation state of Ce in 1%Re–5%Co/CeO2
was the lowest. This result seems to indicate that Re assists Co in
reducing Ce4+ giving rise to more Ce3+at the surface of the ceria
support.

3.5.2. Oxidation states of Co and Re
The plot of XANES spectra and the edge energy shift of Co2+

and Co3+ (K absorption edge) relative to the edge energy of Co0

are displayed in Fig. 6. A linear fit was constructed through K edge
energy shift of Co0, Co2+ and Co3+ in Fig. 6(b). The edge energy shifts
of 10%Co/CeO2, 1%Re–10%Co/CeO2 and 10%Re–10%Co/CeO2 when
placed on this straight line indicate that the oxidation state of Co in
these compounds lies above +2. For 10%Co/CeO2, the oxidation state
of Co appears to be ∼+2.1. Together with the result from Fig. 5(b) it
can be concluded that electron density was transferred from Co2+

to Ce4+ leading to increase in oxidation state of Co2+ and lower-
ing of oxidation state of Ce4+. For 1%Re–10%Co/CeO2, the oxidation
state of Co2+ is found to further increase to ∼+2.7. This result indi-
cates that Co2+ also donates some electrons to Re leading to further
increase in its oxidation state. With higher content of Re (10%Re)
further increase in Co oxidation state was observed. From these
results we can conclude that Co2+ donates its electron to both Ce4+

and Re7+.
Fig. 7 shows XANES spectra and a plot of edge energy shift of

Re M5 absorption edges for 1%Re–10%Co/CeO2, 1%Re–20%Co/CeO2
and 1%Re/CeO2 as compared to Re0 powder and Re7+ in NH4ReO4. A
linear fit was constructed through M5 energy shift of Re0 and Re7+.
Although only two standards (Re0 and Re7+) were used in this study,
we are confident in drawing a straight line for edge energy shift
correlation between Re valence and its chemical shift with respect
to metallic Re [30,31]. The edge energy shift of 1%Re–10%Co/CeO2,
and 1%Re–20%Co/CeO2, when placed on this straight line, indicates
the oxidation state of Re to be a little above +6 while the oxidation
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Fig. 6. (a) XANES spectra of the Co K absorption edge for Co foil (Co0),
Co(NO3)2·6H2O (Co2+), Na3Co(NO2)6 (Co3+), 10%Co/CeO2, 1%Re–10%Co/CeO2 and
1
p
N
1

s
i
i

i
i
l

3

t
i
r
p
i
O
t
s
e
o
t
h
o
c
t

Fig. 7. (a) XANES spectra of the Re M5 absorption edge for Re metal (Re0),
NH4ReO4 (Re7+), 1%Re/CeO2, 1%Re–10%Co/CeO2 and 1%Re–20%Co/CeO2. (b) Rela-
0%Re–10%Co/CeO2. (b) Relationship between edge energy shift of Co com-
ounds and the oxidation states. Filled squares are Co0, Co(NO3)3·6H2O (Co2+) and
a3Co(NO2)6 (Co3+) standards, open circles are 10%Co/CeO2, 1%Re–10%Co/CeO2 and
0%Re–10%Co/CeO2.

tate of Re in 1%Re/CeO2 was +7. Lowering of Re oxidation state
n bimetallic Re–Co/CeO2 indicates movement of electron density
nto the d-state of Re.

Study of oxidation states of all metals in the catalysts seems to
ndicate that Co2+ donates electron density to both CeO2 and Re
n the catalysts, leading to a higher oxidation state of cobalt and
owering of rhenium and cerium oxidation states.

.5.3. The role of Re in enhancing WGS activity
To further confirm the direction of electron movement among

he metals in the catalysts, the white line intensities of Re and Co
n the catalysts were compared. The intensity of the white line is
elated to occupancy of the d-state of the element. A highly occu-
ied d-state means that fewer core electrons can be excited into

ts d-state, therefore the intensity of the absorption peak is low.
ppositely, if the d-state is only slightly occupied, more core elec-

rons can be excited and move into it, and so the absorption peak is
trong. In comparison, higher white line intensity indicates lower
lectron density in d-states. Fig. 8(a) compares white line intensity
f Re M5 absorption for 1%Re in the vicinity of 10% and 20%Co. In

his figure, the white line intensity of 1%Re with 10%Co is a little
igher than that of 20%Co which indicates that Re in the vicinity
f 10%Co has less d-electrons than Re with 20%Co. The result indi-
ates that 10%Co donates less d-electrons to Re than 20%Co. On
he contrary, Fig. 8(b) illustrates the white line intensity of Co K
tionship between edge energy shift of Re compounds and the oxidation states.
Filled squares are Re powder (Re0) and NH4ReO4 (Re7+) standard, open triangles
are 1%Re/CeO2, 1%Re–10%Co/CeO2 and 1%Re–20%Co/CeO2.

absorption for 10%Co in the vicinity of 1%Re and 10%Re. The higher
peak belongs to 10%Re, which also indicates that Co with 10%Re has
less d-electrons than Co with 1%Re. This result indicates that higher
content of Re withdraws more electrons from Co. A catalyst with
higher content of Re withdraws more electrons from Co than a cat-
alyst with less content of Re. Therefore, electron movement from
Co to Re is confirmed. The XANES spectra of Re in Fig. 8(a) con-
tains rather high background due to limitations of the instrument.
The source energy was low and Re absorption was taken at the M5
absorption edge. However, six spectra were averaged and care was
taken in placing the pre-edge and post-edge of the spectra at the
same position. Although the differences of the white line intensi-
ties were low, the direction of electron density transfer indicated
by the white line intensities corresponds well with the information
obtained from Figs. 6 and 7.

The results from oxidation states and white line intensity com-
parison for both Re and Co in the catalyst tend to indicate that
electron densities are transferred from Co to Re d-orbital, giving
rise to lowering of Re oxidation state and increasing of electron
density in Re d-states. The role of Re in enhancing WGS activity of
Re–Co/CeO2 can be explained by the electron withdrawing effect
of Re. As a result of the electron withdrawing effect of Re, the d-
electrons density of Co are partially transferred to the d-orbital

of Re, and so the d-electrons density of Co that are available for
back donation to the �* orbital of adsorbed CO are less, the Co-
adsorbate bonds are weaker and the CO2 product can easily leave
the catalyst surface. Apart from an electron withdrawing effect of
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ig. 8. (a) Comparison of white line intensity of Re M5 absorption edge
or1%Re–10%Co/CeO2 and 1%Re–20%Co/CeO2. (b) Comparison of white line intensity
f Co absorption edge for 1%Re–10%Co/CeO2 and 10%Re–10%Co/CeO2.

e, H2-chemisorption study also displays that Re increases the Co
ispersion on the ceria support and the active sites available for
GS reaction increase.
Another factor that may be of more importance is the effect that

e contributes to reduction of Ce4+ to Ce3+. The presence of Ce2O3
t the ceria surface gives rise to oxygen vacancies which facilitate
he electron movement at the surface leading to ease of surface
eduction. This result agrees with the TPR results that display sur-
ace reduction peaks at a temperature lower than the ceria surface
eduction temperature of 520 ◦C. Many papers have reported that
he WGS mechanism involves the redox mechanism on the ceria
urface [1,6,68]. The major role of Re in enhancing the WGS activity
f Co/CeO2 may be the ability to promote the reduction of the ceria
urface leading to lowering of reduction temperature, increased
xygen vacancies, and increased surface redox property.

. Conclusion

The catalytic activities of Re–Co/CeO2 bimetallic catalysts for
GS reaction were investigated and the results show that the WGS

eaction rate provided by Re–Co/CeO2 was much higher than the
ate provided by Co/CeO2. XRD and Raman spectroscopy results
ndicate that metal oxides were dispersed on ceria surface and H2-

hemisorption indicated better dispersion of Co on the ceria surface
pon addition of Re. H2-TPR results reveal that doping of Re onto
o/CeO2 to form Re–Co/CeO2 bimetallic catalysts leads to lowering
f surface reduction temperature. The effect of Re on enhancing the
atalytic activity for the WGS reaction was described by XANES.

[

[

[

alysis A: Chemical 340 (2011) 39–47

The XANES spectra of Ce L3 absorption edge indicates the presence
of Ce2O3 which produces oxygen vacancies. The XANES spectra of
Re M5 and Co K absorption edges and white line comparison indi-
cate that Re withdraws electron density from Co and lowers the
back-donation of d-electron from cobalt to �* orbital of adsorbed
CO molecules. In conclusion, it seems that Re influences the cata-
lysts and the catalyst performance in several ways. Re increases the
reducibility of the surface ceria, and facilitates the redox process at
the surface. Re also increases the metal active sites and weakens
the active metal-adsorbate bonds. All of these effects contribute to
an increase in the WGS reaction rates.
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