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The catalytic activities of Re-Ni/CeO, bimetallic catalysts were investigated for the water gas shift reaction
in the temperature range of 150-600 °C. Re-Ni/CeO, bimetallic catalysts were prepared by the incipient
wetness impregnation method with aqueous solutions of Ni(NO3),-6H,0 and NH4ReO,4. The amount
of Re was kept constant at 1wt%, while that of Ni was varied at 1.0, 2.5, 5.0, 7.5 and 10.0 wt%. The
activities of all doped samples were tested in a flow reactor with initial mixed feed gas of 5% CO and 10%
H,0. Re-Ni/CeO, bimetallic catalysts showed a higher rate of WGS reaction than Ni/CeO, monometallic

Ilg?i v]l;?/r(tjj:o catalysts. The results from XRD and Raman spectroscopy indicate that doped oxide species were dispersed
X-ray absoiption near edge structure on the ceria surface and H, chemisorption indicated better dispersion of Ni on the ceria surface with the
(XANES) addition of Re. X-ray absorption near edge structure (XANES) of the Ce L3 edge indicated that Re promotes

the reduction of Ce** at the surface and facilitates the WGS redox process. XANES results also indicated
movement of electron density from Ni to Re leading to an enhancement of CO adsorption on the Ni active

Electron withdrawing effect
WGS reaction

Oxygen vacancies

sites. All of these effects contributed to an increase of the WGS reaction rates.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

For clean energy production, pure hydrogen is required as a feed
gas for electricity generation in a fuel cell. Hydrogen is generally
produced by steam reforming of hydrocarbons and the reformate
includes a small amount of some gases such as CO, CO,, H,O and
CH4. Among these impurities, CO is poisonous to the Pt electrode in
the fuel cell and its concentration must be reduced before entering
the fuel cell system. The water gas shift (WGS) reaction is normally
employed since it can reduce the amount of CO to less than 1%.

The WGS reaction is described as follows:

CO + Hy0 = CO,+H,,  H=—41.2KkJ/mol

This reaction is moderately exothermic and the equilibrium
conversion of CO decreases with increasing temperature, thus a
catalyst is needed to keep a good conversion rate at a low temper-
ature.

Cerium oxide (CeO,)is widely used as a catalyst support because
of its high oxygen storage capacity and reducibility [1-3]. Ceria
plays the role of oxygen storage via the redox process (Ce** « Ce3*)
by changing between oxygen storage (CeO,) and oxygen release
(Cey03) [4]. Many studies have shown that the addition of some
metals onto the ceria support leads to an increase of catalytic activ-
ities for the WGS reaction [5-12]. It is know that noble metals such
as Pt, Rh, Au, Pd, etc. are active for the WGS reaction. There are
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efforts underway to search for less expensive and more abundant
metal promoters. Several studies have reported reasonable activ-
ities of transition metals such as Cu, Ni, Co, Fe, Mn, Mo on many
supports for several reactions [13-19]. Among these metals, Ni has
received much attention and has been employed as a promoter to
enhance activities of many reactions. For example, Ni/CeO, for the
reverse WGS reaction [20], Ni on Ce-Zr-0 and ZrO,-Ce0,-Al,03
supports for reforming methane to synthesis gas [21,22], oxidation
of methane with Ce-Ni-0 mixed oxide catalyst [23], Nion Ce-Zr-0,
Si0O,, Ti02, MgO and activated carbon for carbon dioxide reform-
ing of methane [24,25] and steam reforming of ethanol by using
Ni on Al,03 promotion with CeO, and ZrO, [26]. Some disadvan-
tages are present when using Ni as a catalyst such as sintering of
metallic and support phases [27,28]. The addition of other metals
to form bimetallic catalysts such as Ni-Au, Ni-Cu, Ni-Rh and Ni-Pt
are reported to lead to better dispersion of the metallic phase and
slow down sintering of metallic and support phases [8,16,26,29].
Moreover, addition of the second metal also raises the catalytic
activity.

Many research groups have reported that Re as a second metal
can improve the activity of many reactions [30-34]. For the WGS
reaction, lida and Igarashi [35] compared the WGS activity of
Pt-Re/TiO, (rutile) and Pt-Re/ZrO, and reported that Re promoted
Pt dispersion and the state of Re could influence the catalytic activ-
ity. In conversion of glycerol by Pt-Re catalysts, the ability of Re
to weaken the bonding of CO to the neighboring Pt sites was
reported [36]. Pereira et al. used X-ray absorption near edge struc-
ture (XANES) to study the bonding of CO to bimetallic catalysts of
Pt and other metals on carbon support. The electron withdraw-
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ing effect by metals acting on the Pt d-orbitals led to a lowering
of electron numbers that could provide back-donation to the CO
molecules [37].

It is believed that the oxidation-reduction process is involved
in the WGS mechanism and CeO, is usually used as a support
for the WGS reaction due to its reducibility and high oxygen
storage capacity. CeO, can store and release oxygen to undergo
oxidation-reduction cycles and promotes catalytic activity of the
reaction. Many studies have reported that doped metal can reduce
ceria and increase its reducibility and oxygen storage capacity
[10,38,39]. Sanchez and Gazquaz [40] proposed that oxygen vacan-
cies in the fluorite structure of ceria alter the morphology and
dispersion of the doped metal. Li and Fu [16], in studying the Cu and
Ni-loaded CeO,, catalyst for the WGS reaction, found that addition of
both Cu and Ni increased the reducibility of ceria and purposed that
the redox process of ceria is involved in the reaction mechanism.

In this paper, we studied the catalytic activities of Re-Ni/CeO,
bimetallic catalysts for the WGS reaction. The catalysts were
prepared by the incipient wetness impregnation method and char-
acterized with standard methods such as X-ray diffraction (XRD),
Raman spectroscopy, N, adsorption, H, chemisorption and H;-
temperature programmed reduction (H,-TPR). The movement of
electrons between Re and Ni was investigated by the XANES tech-
nique.

2. Experimental
2.1. Catalysts preparation

2.1.1. Preparation of CeO, support

The urea gelation method which is similar to those described by
Kundakovic and Flytzani-Stephanopoulos [13] and Bickford et al.
[41] was used for CeO, support preparation. Desired amounts
of cerium nitrate hexahydrate (Ce(NO3)3-6H,0, 99%, Aldrich) and
urea (H;NCONH,, 98%, Aldrich) were mixed in 100 mL of deion-
ized water and the solution was heated to 100°C under vigorous
stirring. While the mixture was heated, 2 mL of ammonium hydrox-
ide (NH4OH, Aldrich) was added dropwise and yellow precipitates
were obtained. The suspension was stirred and heated at the same
temperature for 4 h to remove excess NHs and to age the precip-
itate. The suspension was filtered and washed twice with boiling
deionized water. The filtered ceria precipitate was dried overnight
at 110°C and then calcined at 450°C for 4 h.

2.1.2. Preparation of catalysts

Re-Ni/CeO, catalysts were prepared by the incipient wetness
impregnation method with the use of aqueous solutions of ammo-
nium perrhenate (NH4ReO4, 99%, Aldrich) and nickel(Il)nitrate
hexahydrate (Ni(NO3),-6H,0, 98%, Carlo Erba). Different amounts
of these metal salts were added dropwise onto prepared CeO, sup-
port. The amount of Re was kept constant at 1 wt% while that of Ni
was varied in the order of 1.0, 2.5, 5.0, 7.5 and 10.0 wt%. The impreg-
nated supports were dried overnight at 110°C and then calcined at
650°C for 8 h.

2.2. Catalysts characterization

2.2.1. Standard characterization

The structural properties of all doped catalysts were investi-
gated by powder X-ray diffraction (XRD). XRD data were collected
on a Bruker XRD D8 Advance GX 280 with Cu K« radiation of wave-
length 1.5406 A. The diffractograms were recorded in the range
of 260=20-80° with scan speed and step size being 0.5 s/step and

0.02°, respectively. The crystalline size of the samples, dp;, were
estimated from Scherrer’s equation

0.91

Akt = EWHM cos 0 M

where X is the X-ray wavelength of Cu Ko radiation (1.5406 A),
FWHM is the broadening (in radians) at half-maximum of the
(111) crystallographic plane which is the most intense peak and
6 is the diffraction angle corresponding to the (111) plane. Lat-
tice parameter (a) is calculated by Bragg’s equation with the same
crystallographic plane.

Nitrogen adsorption-desorption was obtained on a Autosorb
1-C instrument (Quantachrome) at —196°C. The samples were
degassed under vacuum at 300°C for 3 h prior to nitrogen adsorp-
tion measurements. The specific surface areas of all catalysts were
determined by the multipoint BET method.

H, chemisorption and % metal dispersion of all doped catalysts
were determined by Quantachrome Autosorb 1-C instrument. The
catalysts (200 mg) were first pretreated by Helium at 120°C (rate
20°C/min) for 30 min, then H; (99.999%, Thai Industrial Gas) was
flowed over the sample while the temperature was raised at the
rate of 20 °C/min to reach 350 °C and was kept at this temperature
for 120 min. After pretreatment, the sample was cooled down under
vacuum to room temperature (40 °C). The adsorbing gas (H;) was
sequentially added to the sample. The volume of hydrogen uptake
(V) vs. equilibrium pressure (P/P,) isotherm was plotted. The H,
chemisorbed and percentage of metal dispersion can be calculated
from this chemisorbed isotherm. The extrapolation method was
used to obtain the volume of monolayer uptake (V;;). The mono-
layer of hydrogen uptake (N, ) which is expressed in micromole of
hydrogen per gram of sample can be calculated by the following
equation:

Npm = 44.61Vy, (2)

Vin (cm?3/g) is determined by extrapolating the isotherm to zero
pressure. The percent metal dispersion (D) can be estimated from
the equation

_ NmSM
~ 100L
where S is the adsorption stoichiometry of H, which is equal to

2, M and L are the molecular weight of loading metal and percent
loading of the supported metal, respectively.

(3)

2.2.2. Raman spectroscopy

The Raman spectroscopy technique was used to observe the
vibrational mode of prepared catalyst powder by using the Jobin
Yvon T 64000 Raman spectrometer equipped with BX51 Olym-
pus optical microscope. Charge couple device (CCD) was used to
detect the vibrational signal, which was plotted as a function of
wavenumber. The samples were irradiated by Ar ion laser with out-
put power 30 mV and wavelength of 514.5 nm. The Raman spectra
were collected in the range of 200-2000 cm™!.

2.2.3. Temperature programmed reduction (TPR)

H,-temperature programmed reduction profiles of doped
catalysts were obtained from Autosorb 1-C instrument (Quan-
tachrome). The samples (200 mg) were first pretreated by helium
at 120°C (rate 10°C/min) to clean up the sample for 30 min. After
pretreating with helium, 5% Hy in 95% N, (H;=5.34+0.2%, Thai
Industrial Gas) was flowed at arate of 80 ml/min over the pretreated
sample while the temperature was raised from 40°C to 1000 °C at
the rate of 10°C/min. The changes in thermal conductivity were
analyzed with TCD detector and Hy-consumption was calculated
and plotted as a function of temperature.
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Fig. 1. XRD patterns of (a) CeO,, (b) 1% Re/Ce0-, (c) 5% Ni/CeO, and (d)-(h) 1% Re-X% Ni/CeO, (X=1.0, 2.5, 5.0, 7.5 and 10.0) catalysts.

2.3. Water gas shift catalytic activities test

The water gas shift (WGS) catalytic activity test for all cata-
lysts was carried out in a flow reactor in the temperature range
of 150-600°C. Appropriate amounts of catalysts (20 mg, 14.5 nm
in size) were loaded between the two layers of quartz wool in
the quartz tube reactor (0.6 cm ID, 0.8 cm OD x 30 cm length). The
quartz tube was placed inside the temperature controllable tube
furnace. The temperature was monitored by K-type thermocou-
ple that was placed at the top of the catalyst bed. The initial feed
gas of CO (5 ml/min) and He (85 ml/min) was flowed into a water-
saturator in which the temperature was kept at 47 °C to pick up
the desired amount of water vapor. Thus the mixed feed gas, 5%
CO, 10% H,0 and balance He, was allowed to pass through the cat-
alyst bed of the reactor. The flows of feed gases were controlled by
mass flow controller (Dywer). Both temperature and flow rate were
monitored by Data Logger Wisco DL2100B. The experiment was
carried out at atmospheric pressure. The catalysts were pretreated
at 120°C under reactant stream for 90 min. The test procedure for
the WGS reaction was a stepwise change with increase of temper-
ature only upward. The catalysts were kept at each temperature
for 60 min. The reactant gas (CO) and product gas (CO,) were ana-
lyzed by on-line gas chromatography (Agilent 6890N Series, Agilent
technology) equipped with HAYESEP D Packed Column and TCD
detector. The water was trapped out before the gas mixture entered
the GC. The percent conversion of CO was plotted as a function
of temperature. The CO conversion (Xcg) was calculated by the
following expression

in out
CCO B CCO
in
CCO

(4)

Xco =

The rates of reaction were measured in a separate experiment
which was performed under differential conditions, where the con-
version of reactants was lower than 10% and with this condition
heat and mass transfer effects were negligible. The rates were cal-
culated by the following expression

FcoX
_ fcotco (5)

.
co Weat

where rcg is the conversion rate of CO (mol/gs), Fco is the molar
flow rate of CO into the reactor (mol/s), and W¢y is the mass of the
catalysts (g). The rco reported in this manuscript is an average of
three reproducible experiments.

2.4. X-ray absorption spectroscopy

X-ray absorption spectroscopy measurements were made in the
X-ray absorption near edge structure (XANES) region on Beamline
8 at the Synchrotron Light Research Institute (SLRI), Nakhon-
rachasima, Thailand [42]. The electron storage ring was operated
at 1.2 GeV. The fixed-exit double crystal monochromator (DCM)
which employed two parallel InSb (111) and Ge (220) crystals
for low and high energy range were used as synchrotron radia-
tion selection. The monochromatic flux at the sample was 108-1010
photons/s. The ion chambers were filled with a mixture of nitrogen
and helium for Re M5 absorption measurement and with a mixture
of argon and helium for Ce L3 and Ni K absorption edge measure-
ments. These chambers were installed in front of and behind the
sample which continuously detected the incident (I,) and trans-
mitted (I;) X-ray beam. A Lytle detector was used to detect sample
fluorescence. The spectra were recorded in fluorescence mode for
Re Ms and Ni K absorption edges and transmission modes for Ce
L3 absorption edge. In each measurement, the sample was spread
onto the Kapton window which was stuck on the sample frame
and energy was scanned at 30 eV below and 90 eV above, the edge
energy with a step size of 0.2 eV. Data reduction was carried out
by pre-edge background removal and normalization by division of
the height of the absorption edge. The software Athena was used
to process the data reduction.

3. Result and discussion
3.1. Standard characterization

XRD patterns of CeO,, Ni/CeO, and Re-Ni/CeO, with different
metal loading are presented in Fig. 1. All doped samples exhibit
the diffraction peak which corresponds to the fluorite structure of
CeO,. Both rhenium oxide and nickel oxide were not observed in



K. Chayakul et al. / Catalysis Today 175 (2011) 420-429 423

Table 1

Specific surface area, crystalline size, lattice constant, H, chemisorbed and % dispersion of various catalysts.

Sample SBET Crystalline size? Lattice constant? H, chemisorbed % dispersion
(m?/g) (nm) (nm) (n.mol/g)

Ce0, 68.3 14.2 0.541 -

1% Re/CeO; 26.8 22.6 0.547 - -

5% Ni/CeO, 33.8 18.6 0.546 25.5 6.0

1% Re-1% Ni/CeO, 25.2 26.1 0.546 323 38

1% Re-2.5% Ni/CeO, 26.6 27.0 0.545 445 21

1% Re-5% Ni/CeO, 29.0 22.0 0.547 50.6 12

1% Re-7.5% Ni/CeO, 29.7 20.6 0.545 60.5 10

1% Re-10% Ni/CeO, 30.9 19.1 0.547 71.0 8.3

2 Calculated from the (11 1) crystallographic plane.

all doped samples, indicating that these oxide species are finely
dispersed on the ceria surface [30,43]. Based on Bragg’s equation,
the lattice parameters of ceria and doped catalysts were calculated
from (111) crystallographic planes. For pure CeO, support, the
lattice parameter is found to be 0.541 nm which is in agreement
with other works [10,44]. The lattice parameter of other catalysts
(Re/Ce0,, Ni/CeO, and Re-Ni/CeO,) also displayed similar values
in the range of 0.0545-0.0547 nm. From these result, it can be con-
cluded that addition of Ni or Re did not lead to modification of the
ceria bulk structure.

Table 1 summarizes the results from particle analysis and
XRD. The BET surface area of CeO, is 68.3m2/g which is sim-
ilar to other studies [13,16,45]. Lowering of the surface area
and increasing of crystalline size of the doped samples are
believed to be a consequence of sintering at the higher calcination
temperature.

The results from H, chemisorption and % active metal disper-
sion are also displayed in Table 1. The data on H, chemisorption
and % active metal dispersion are referred to Ni metal since H, did
not adsorb on 1% Re/Ce0,. The % metal dispersion results indicate
that Re helped to disperse Ni metal on the ceria support. How-
ever, the dispersion decreased with an increase of Ni content. The
reduction of the metal dispersion is the result of the agglomeration
and growth of metal-ceria crystallites at high calcination tempera-
ture. As the results of better metal dispersion, the H, chemisorption
increased.

3.2. Raman spectroscopy

Raman spectroscopy is another useful tool to obtain additional
structural information of oxide catalysts that exhibit lattice disor-
der. For ceria with fluorite structure, the only Raman active mode
is Fpg which appears at 464 cm~1[46]. This vibration mode is a
symmetric vibration of 8 oxygen atoms around each ceria cation.
Replacement of Ce** by another metal ion of similar size but dif-
ferent charge would lead to shifting and lowering of the F; Raman
active band of CeO, together with the appearance of a small addi-
tional peak due to vibration of oxygen around the adatom [47].
Fig. 2 displays the Raman spectra of ceria and doped Re-Ni/CeO,
catalysts. It is clearly seen that only F»; Raman modes of ceria are
present without small additional peaks nearby. Due to high metal
dispersion at the surface the intensity of this peak decreases with
metal contents. From these results it can be concluded that the
doped metals (Ni and Re) are not incorporated into the ceria lattice
and the metal oxides only reside on the surface of the ceria support.

The small broad peaks beside the main Raman active peak
located at 553 and 630 cm~! are assigned to be due to the presence
of NiO. Several studies have reported only one Raman symmet-
ric stretching mode of Ni-O in NiO at 550 cm~! [48,49]. Srnbnek
et al. [50] while studying a NiOx film on alumina reported the
Raman spectra of NiOy species. They found that increasing O, in
the film preparation process led to shifting of the broad peak to
560-650 cm~! and this position was assigned to the Ni O3 species.

(h) 1%Re-10%Ni/CeO,

(2) 1%Re-7.5%Ni/CeOy
(D) 1%Re-5%Ni/CeOy

(€) 1%Re-2.5%Ni/CeOy
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o (¢) 5%Ni/CeO,
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Fig. 2. Raman spectra of (a) CeO,, (b) 1% Re/Ce0-, (c) 5% Ni/CeO, and (d)-(h) 1% Re-X% Ni/CeO, (X=1.0, 2.5, 5.0, 7.5 and 10.0) catalysts.
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Fig. 3. H,-TPR profiles of (a) CeO,, (b) 1% Re/Ce0,, (c) 5% Ni/CeO, and (d)—(f) 1% Re-X% Ni/CeO, (X=1.0, 5.0 and 10.0) catalysts.

Our spectra indicate the present of Ni2* (as NiO) and a small amount
of Ni3* (as Ni»03) on the surface of ceria. Due to very low content
of Re, the Re-0 vibration band was not observed.

3.3. H,-temperature programmed reduction

The H,-TPR profile of CeO, and all doped catalysts are illustrated
in Fig. 3. There are two main reduction peaks of ceria support. The
first one is located at 520°C which is attributed to reduction of
the uppermost layer of Ce** to Ce3* and another one at 880°C is
assigned to reduction of bulk ceria [51].

Addition of Re and Ni onto ceria brought up additional reduc-
tion peaks around 295-360 °C. In the case of Re/Ce0,, the reduction
peak at 300 °C appears which is due to the reduction of rhenium
oxide [52], while another peak at 530°C is due to CeO,. It is not
clear what the final state of Re is after the reduction since it seems
to depend on the state of the supports. For examples, Johnson and
Leroy [53] reported that rhenium on alumina is reduced exclu-
sively by hydrogen to the Re** state. In contrast, Webb [54] reported
that alumina supported rhenium is completely reduced at 400°C.
Extensive study is required in order to determine the final state of
Re/Ce0O; upon hydrogen reduction. For Ni/CeO,, a low temperature
reduction peak appears as a rather broad peak at 360 °C. This peak
is assigned to reduction of Ni2* to Ni® and a concurrent reduction
of surface ceria. This type of effect is well known for metal/ceria
catalysts and is usually attributed to spill over of hydrogen atoms
produced by dissociation of H, on metal particles. This reduction
temperature has been reported to vary in different works. Wang
et al. reported the reduction temperature of Ni/CeO, at 320°C,
while other works on the same catalyst reported it at 340-420°C
[55-58]. The difference in the reduction temperature is concluded
to be dependent on the interaction between the NiO and the ceria
support.

The TPR profile of Re-Ni/CeO, catalysts displays two reduction
peaks in the low temperature range. The first reduction tempera-
ture is located around 295-310°C which is due to the reduction of

rhenium oxide species. Another peak at 345-360°C is assigned to
reduction of NiO and surface ceria. The peak area increases with an
increase of Ni. The temperature for maxima of the peaks for reduc-
tion of the bimetallic catalysts (Re-Ni/CeO,) remained relatively
unchanged when compared with the reduction temperatures of
the monometallic catalysts (Ni/CeO, and Re/CeO,). This result indi-
cated that the two oxide phases are separate. When the nickel oxide
reduction peak of 5% Ni/CeO, and 1% Re-5% Ni/CeO-, are compared,
it is clearly seen that 1% Re-5% Ni/CeO, displayed higher H, con-
sumption than 5% Ni/CeO,. This result indicated better dispersion
of nickel oxide on the surface due to the presence of 1% Re.

3.4. WGS catalytic activities

The results of WGS activities of monometallic (Ni/CeO,) and
bimetallic (Re-Ni/Ce0O,) catalysts are presented in Fig. 4a where
the conversion of CO is plotted as a function of temperature.
The equilibrium conversion is also displayed for comparison. It is
observed that Re-Ni bimetallic catalysts shift the conversion curves
toward lower reaction temperature (lines d-h) while the conver-
sion curves of monometallic catalyst Ni/CeO, appears at higher
reaction temperature (line c). The Re-Ni/CeO, bimetallic catalysts
give measurable WGS conversion at temperatures above 220 °Cand
the conversion of CO increases with increasing temperature and
reaches equilibrium at 400°C. The WGS activity of CeO, and 1%
Re/CeO, are also plotted for comparison (lines a and b) and it is
clearly seen that these catalysts are not very active for the WGS
reaction.

Preliminary investigation of the effect of Re on Ni/CeO, was
performed by variation of Re loading (1, 2 and 5wt%) while the
Ni loading was kept constant at 5wt% (Table 2). The results show
that an increase of Re content did not significantly alter the WGS
catalytic activities. Therefore, the loading amount of Re was kept
constant at 1 wt¥%. Fig. 4a (line d-h) displays the effect of increas-
ing the Ni content of the bimetallic catalysts. The conversion
curve shows that 1% Re-10% Ni/CeO,, gives the highest measurable
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Fig. 4. (a) WGS catalytic activities of (a) CeO; (b) 1% Re/Ce0,, (c) 5% Ni/CeO,, and
(d)-(h) 1% Re-X% Ni/CeO; (X=1.0, 2.5, 5.0, 7.5 and 10.0) catalysts. (b) Arrhenius plot
of reaction rates over CeO3, 1% Re/CeO,, 5% Ni/CeO, and 1% Re-X% Ni/CeO; (X=1.0,
2.5,5.0,7.5 and 10.0) catalysts.

conversion at temperatures over 220°C and the reaction reaches
equilibrium at 390°C.

The Arrhenius plots of various Re-Ni/CeO, ratios are illustrated
in Fig. 4b. It is obvious that the specific rate (per gram of catalyst)
of bimetallic catalysts at 300 °C is higher than that of monometallic
catalysts. The rates of CO conversion at 300 °C of all doped catalysts
are summarized in Table 2. The rates of WGS reaction on bimetallic
catalysts are almost twice the rate on monometallic catalysts. For

Table 2
The rate of reaction at 300°C and apparent activation energy (E;) for all doped
catalysts.

Sample Rate at 300°C Eq
(nmol/gs) (kJ/mol)
1% Re/CeO, 2.80 91
5% Ni/CeO, 10.1 88
1% Re-5% Ni/CeO, 20.1 73
2% Re-5% Ni/CeO, 23.2 73
5% Re-5% Ni/CeO, 225 73
1% Re-1% Ni/CeO, 18.5 77
1% Re-2.5% Ni/CeO, 19.0 76
1% Re-5% Ni/CeO, 20.1 73
1% Re-7.5% Ni/CeO; 22.9 73
1% Re-10% Ni/CeO, 30.0 71

example, therates at 300 °Care 20.1 wmol/g s for 1% Re-5% Ni/CeO,,
10.1 wmol/gs for 5% Ni/CeO,, and 2.80 wmol/gs for 1% Re/CeO,.
These numbers indicate that the rate for the bimetallic catalyst is
not a combined catalytic effect of Ni and Re metals. There should
be other factors that contribute to the increase of the WGS rate
upon addition of Re. When the WGS rates of the bimetallic cata-
lysts with different contents of Ni are compared, it appears that the
rate increased with anincrease of Ni. The rate slowly increased from
18.5 wmol/g s for 1% Re-1% Ni/CeO- to 30.0 rmol/g s for 1% Re-10%
Ni/CeO,. The increase in WGS rate of the bimetallic catalyst with
the increase of Ni content corresponds well with the results from
H, chemisorption. A trial plot (not shown in this manuscript) of
the WGS rate vs. the hydrogen chemisorption data showed rea-
sonably good correlation between the number of exposed Ni and
the reaction rate for the different catalysts, Re monometallic, Ni
monometallic and Re-Ni bimetallic.

The apparent activation energy of the WGS reaction was
obtained from the slopes of the Arrhenius plots in Fig. 4b and the
results are also summarized in Table 2. The apparent activation
energy of the WGS reaction on Ni/CeO, is 88 kJ/mol while that
on Re-Ni/CeO, is around 71-77 kJ/mol. The difference in apparent
activation energy is attributed to the effect of added Re. Lowering
of apparent activation energy in Re-Ni/CeO, corresponds well with
the increasing WGS reaction rate. Qi and Flytzani-Stephanopoulos
[7] in studying the WGS reaction also reported lowering of the
apparent activation energy of Ce(La)Ox upon doping with Cu, and
they suggested different pathways of the two catalysts. Upon inves-
tigating the apparent activation energy of the bimetallic catalysts
with different Ni contents, it appeared that the activation energies
also slightly decreased with an increase of Ni content. Therefore,
under this experimental condition Ni plays arole in the rate limiting
step. The calculated activation energies in this study are in agree-
ment with other reports for WGS reactions with various metals on
ceria support [10,59,60].

3.5. X-ray absorption near edge structure (XANES)

It is interesting to investigate the role of Re in increasing
the WGS reaction rate of the Ni/CeO, catalyst. There are many
elementary steps that are involved in WGS reaction such as
oxidation-reduction at the surface, adsorption-desorption of the
adsorbed species. All of these processes are controlled by the avail-
ability of electrons at the support surface. Therefore, it is needed
to investigate the availability of surface electrons on the support.
X-ray absorption spectroscopy (XAS) is a powerful technique for
studying the electronic nature of substance. In the XAS technique,
the intense X-ray beam is used to excite the electrons in core lev-
els of the probe atoms into an unoccupied valence shell. Analyzing
the XANES spectra will provide information on oxidation states and
the valence shell electronic population [61]. The XANES technique
was employed in our study to investigate the oxidation state and
d-electron density of metals in our catalysts. It is worth mention-
ing that in the XANES study, a high content of metal under study is
needed in order to obtain reasonable spectra since this technique
is not sensitive if the metal content is low. Therefore, the metal
contents used in XANES studies were higher than the contents of
metals in the catalysts study.

3.5.1. Oxidation state of Ce

XANES spectra of Ce L3 absorption edges of standards (Ce metal,
Ce(NO3)3-6H,0, and Ce0O;) and doped samples (1% Re/CeO,, 5%
Ni/CeO,, and 1% Re-5% Ni/CeO,) are illustrated in Fig. 5a. The
XANES spectra of cerium standard Ce(NOs3)3-6H,0 exhibits a single
white line located at 5725.5eV. This peak characterizes the Ce in
the trivalent state and it is the dipole-allowed transition of Ce 2p
to the Ce 4f15d state [62]. In the case of CeO,, there are two main
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Fig. 5. (a) XANES spectra of the Ce L3 absorption edge for Ce metal (Ce?),
Ce(NO3)3-6H,0 (Ce3*), CeO, (Ce**), 1% Re/Ce0,, 5% Ni/CeO, and 1% Re-5% Ni/CeO,.
(b) Relationship between edge energy shift of Ce compounds and the oxidation
states. Filled squares are Ce?, Ce(NOs3)3-6H,0 (Ce3*) and CeO, (Ce**) standards, open
triangles are 1% Re/CeO,, 5% Ni/CeO, and 1% Re-5% Ni/CeOs,.

peaks that are usually observed. The high-energy peaks A and B
were assigned to the transition of Ce 2p to a mixed valence state
of cerium, one with electron configuration of 4f° and another one
with 4f! [63]. Besides these two peaks, some additional small peaks
were also observed. The low energy shoulder (peak C) was due to
the crystal field splitting of the Ce 5d state for bulk ceria or was
assigned to a Ce3* impurity [62]. The pre-edge peak D was the result
of transition of the unoccupied Ce d-state at the bottom of the CeO,
conduction band or that of the dipole-forbidden from 2p3, to 4f
[64]. Our XANES spectra of Ce L3 edge for 1% Re/CeO,, 5% Ni/CeO,,
and 1% Re-5% Ni/CeO, contain features that are similar to the CeO,
spectra.

In studying the XANES spectra, the linear relationship between
the oxidation state and the edge energy shift of the element has
been reported [65,66]. Edge energy is the energy that is required
to excite the core electron to an unoccupied valence band and in
order to obtain this energy the first derivative of the spectra at the
energy jump is taken. Fig. 5b illustrates the Ce L3 edge energy of
1% Re/Ce0;, 5% Ni/Ce0,, 1% Re-5% Ni/CeO,, Ce(NO3)3-6H,0 and
CeO; relative to the edge energy of Ce?. A linear fit was constructed
through L; energy shift of Ce®, Ce3* and Ce**. The edge energy shifts
of 1% Re/Ce0,, 5% Ni/CeO, and 1% Re-5% Ni/CeO, relative to Ce?
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Fig. 6. (a) XANES spectra of the Ni K absorption edge for Ni foil (Ni®), Ni(NOs );-6H,0
(Ni%*), KNiOg (Ni**), 10% Ni/CeO, and 1% Re-10% Ni/CeO,. (b) Relationship between
edge energy shift of Ni compounds and the oxidation states. Filled squares are Ni°,
Ni(NOs3)3-6H,0 (Ni2*) and KNiOg (Ni*) standards, open triangles are 10% Ni/CeO,
and 1% Re-10% Ni/CeO,.

were placed on this linear fitting line at appropriate values of edge
energy shift (AE) and the apparent oxidation state of Ce in all sam-
ples appears to be between +3 and +4. This result indicates the
coexistence of Ce3* and Ce** in which Ni reduced Ce** in CeO, by
transferring electron density into a d-orbital of Ce**, leading to a
small amount of Ce3*. Re also reduced Ce** in CeO, but the extent
of the reduction was lower. Evidence for electrons density transfer
from Ni will be shown by the increasing of the Ni oxidation state in
the next part. Among these three catalysts, the oxidation state of Ce
in 1% Re-5% Ni/CeO, was the lowest. This result seems to indicate
that Re assists Ni in reducing Ce** leading to more Ce3* at the ceria
surface.

3.5.2. Oxidation state of Ni and Re

The plot of XANES spectra of K absorption edge of Ni standards
(Ni® from Ni foil, Ni2* from Ni(NOj3),-6H,0, and Ni** from KNiOg)
and Ni catalysts (10% Ni/CeO, and 1% Re-10% Ni/CeO,) are dis-
played in Fig. 6a. Edge energy shift of Ni2* and Ni#* relative to Ni® is
plotted in Fig. 6b. A linear fit was constructed through K absorption
edge energy of Ni®, Ni%* and Ni#*. The edge energy shifts of 10%
Ni/CeO, and 1% Re-10% Ni/CeO, were placed on this straight line
and it was found that the oxidation state of Ni in these samples was
higher than +2. For 10% Ni/CeO,, the oxidation state of Ni is close
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Fig. 7. (a) XANES spectra of the Re M5 absorption edge for Re metal (Re?), NH;ReO4
(Re”*), 1% Re/Ce0,, 1% Re-10% Ni/CeO, and 1% Re-20% Ni/CeO;. (b) Relationship
between edge energy shift of Re compounds and the oxidation states. Filled squares
are Re powder (Re®) and NH4ReO, (Re”*) standard, open triangles are 1% Re/CeO,,
1% Re-10% Ni/CeO, and 1% Re-20% Ni/CeO.

to +3 indicating the electron movement from Ni2* to Ce** lead-
ing to increase of the Ni2* oxidation state and lowering of the Ce**
oxidation state. For 1% Re-10% Ni/CeO,, the oxidation state of Ni
was further increased to be a little above +3. This indicates that
more electrons were moved out from Ni2* and these results confirm
that Ni donates its electrons to both Ce** and Re”".

Fig. 7 displays XANES spectra and a plot of edge energy shift
of Re M5 absorption edges. The standards are Re metal (Re?), and
NH4ReQ4 (Re”*). The catalysts are 1% Re/Ce0;, 1% Re-10% Ni/CeO,,
and 1% Re-20% Ni/CeO,. A linear relationship between Ms edge
energy shift of ReY and Re”* was constructed in Fig. 7b. Many papers
report a linear correlation between Re valence and its edge energy
shift with respect to Re metal [36,66], and therefore we are confi-
dent in drawing a straight line through the M5 absorption edge of
Re with the two standards (Re® and Re”*). The edge energies of 1%
Re/Ce0,, 1% Re-10% Ni/CeO, and 1% Re-20% Ni/CeO, were placed
on this straight line and it appears that the oxidation states of Re
in these samples are lower than +7. Since the catalysts were cal-
cined in air, their oxidation state should be close to the precursor
salt (NH4ReO4:Re”*). Lowering of Re oxidation state indicates that
electrons were moved into Re d-orbitals.

The results from oxidation states of all metals (Ce, Ni and Re)
indicate that Ni donated electrons to both CeO, and Re in the

catalysts leading to lowering of Re and Ce oxidation states and
increasing of the Ni oxidation state.

To further confirm the electron movement among the metals in
the catalysts, the white line intensities of Re and Ni in the catalysts
were compared. The white line intensity is related to occupancy or
electron density in the d-state of the element. Higher electron den-
sity means that fewer electrons can be raised up into its d-state,
and therefore the intensity of the white line is low. In contrast,
lower density of electrons in the d-state leads to more excitable
electrons, so a higher number of photons are required to excite
electrons and the white line is strong. Fig. 8a compares the white
line of the Re M5 absorption edge for 1% Re in the vicinity of 10%
and 20% Ni (rather high contents of Ni are required for clarity).
The amount of Ce in all samples was Kkept constant to eliminate
the electron withdrawing effect of Ce. It is seen that the white line
intensity of 1% Re with 10% Ni is a little higher than that with 20%
Ni which indicates that Re in the vicinity of 10% Ni has lower d-
electron density than Re with 20% Ni. This comparison indicates
that 10% Ni donates less d-electron density to Re than 20% Ni does.
On the other hand, Fig. 8b presents the white line of the Ni K
absorption edge for 10% Ni in the vicinity of 1% Re and 10% Re.
The higher peak belongs to 10% Re, which also indicates that Ni
with 10% Re has lower d-electron density than Ni with 1% Re. This
result indicates that higher Re content withdraws more electron
density from Ni. These results confirm that electron density was
transferred from Ni to Re. The XANES spectra of Re in Fig. 8a has
rather high background due to limitations of the instrument. The
experiment was carried out on the Re M5 absorption edge which
has quite low energy. 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 inten-
sities were low, the direction of electron density transfer indicated
by the white line intensities corresponds well with the information
of oxidation states of Re and Ni. The changes of oxidation states and
white line intensity comparison for Re and Ni lead to the conclusion
that electrons are transferred from Ni to Re leading to increase of
Ni oxidation state and lowering of electron density in the d-state
of Ni.

3.5.3. The role of Re in enhancing WGS reaction activity of
Ni/CeO,

It seems that there are many factors that contribute to the high
WGS activity of bimetallic Re-Ni on ceria. The dependences of the
WGS rate and the apparent activation energies on Ni contents indi-
cate that Ni has an important role in the rate determining step. The
agreement between the increases of WGS rate of the bimetallic cat-
alysts with higher H, chemisorption shows that Re helps to disperse
Ni oxide on the ceria surface. Apart from better metal dispersion,
movement of electron density among the three metals seems to
have an important effect. Several studies have reported that the
WGS mechanism involves the redox mechanism on the ceria sur-
face [5,67,68]. XANES results indicate that Ni reduces Ce** at ceria
surface to Ce3* and the creation of Ce,05 at the surface leads to the
production of oxygen vacancies that improve the mobility of elec-
trons at the surface. Addition of Re promotes the reduction of Ce4*
at the ceria surface. This result is in agreement with the TPR profile
which shows the surface reduction peak of the bimetallic catalysts
to be at a temperature lower than the ceria reduction tempera-
ture (520°C). Another result that is obtained from the XANES study
is the withdrawing of electron density from Ni to Re. As a result of
the electron withdrawing effect, the d-electron density of Ni is low-
ered and donation of electron density from the CO lone pairs to Ni
d-orbital would be favored. Easier adsorption of CO together with
better dispersion of nickel oxide (also promoted by the presence of
Re) would lead to faster WGS rate.
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4. Conclusion

Re-Ni/CeO, bimetallic catalysts were studied for the catalytic
activity of the water gas shift reaction. Re-Ni/CeO, bimetallic cat-
alysts showed higher catalytic activity than monometallic Ni/CeO,
and the reaction rates depend on the content of Ni. The results from
XRD and Raman spectroscopy indicate that oxide species of added
metals are dispersed on the ceria surface. H,-TPR profiles show
that Ni lowers the surface reduction temperature of ceria through
the spill over of the hydrogen atoms. X-ray absorption near edge
structure (XANES) was used to describe the role of added metals in
enhancing WGS activity. The XANES spectra of the Ce L3 absorption
edge indicate that Re facilitates the electron movement on the ceria
surface by promoting the reduction of the surface ceria and increas-
ing the oxygen vacancies. The XANES spectra of Re M5 absorption
edge and Ni K absorption edge indicate transfer of d-electron den-
sity from Ni to Re leading to easier adsorption of Co onto the Ni
active sites.

In summary, it seems that Re influences the catalyst perfor-
mance 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 promotes CO adsorption in the
Ni active sites. All of these effects contribute to an increase in the
WGS reaction rates.
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