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Abstract

This study focuses on the effects of the CeO, support properties on the catalyst properties and performance of bimetallic Ni-Rh/CeO, catalysts
containing 5 wt% Ni and 1 wt% Rh for the oxidative steam reforming (OSR) of ethanol for hydrogen production and fuel cell applications. Three
CeO, supports with different crystal sizes and surface areas were examined. The surface areas of these supports increases in the order of CeO,-I
(74 m?/g) < CeOy-11 (92 m2/g) < CeO,-111 (154 m?/g), but their crystallite sizes were about 10.2, 29.3, and 6.5 nm, respectively. The properties
of Ni-Rh/CeO, catalysts were investigated by XRD, TPR, Hy chemisorption, and in situ XPS techniques. The Rh metal dispersion increased
while the Ni metal dispersion decreased with decreasing crystallite sizes of CeO,. TPR studies revealed the existence of a Rh—CeO, metal-
support interaction as well as Ni—Rh interaction in the Ni-Rh bimetallic catalyst supported on CeO»-111 with a crystallite size of about 6.5 nm.
The in situ XPS studies corroborated the TPR results. The reduced Ni and Rh species were reversibly oxidized, suggesting the existence of Ni-Rh
redox species rather than NiRh surface alloy in the present catalyst system. The Rh species became highly dispersed when the crystallite size of
CeO, support was smaller. Comparing the catalytic performance in the OSR of ethanol with the properties of the catalysts demonstrated that both
ethanol conversion and Hy selectivity increased and the selectivity for undesirable byproducts decreased with increasing Rh metal dispersion.
Best catalytic performance for OSR was achieved by supporting Ni—Rh bimetallic catalysts on the nanocrystalline CeO,-111. The Ni—-Rh/CeO»-III
catalyst exhibited stable activity and selectivity during on-stream operations at 450 °C and as well as at 600 °C.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Reforming of alcohols and hydrocarbons has become an in-
creasingly important and active area of catalysis research for
hydrogen production and fuel cell applications [1-3]. Among
various liquid hydrocarbon and alcoholic fuels, bioethanol
(a mixture of water and ethanol produced from fermentation
of biomass) has been considered an attractive alternative fuel.
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The research on Hy production from renewable bioethanol is
gaining increasing attention in recent years [4-15]. Most of the
studies reported to date have used Al,O3-supported base metals
or noble metals as catalysts for the reforming of ethanol and the
reaction is operated at relatively higher reaction temperatures
(around 700°C) [6-11,13]. However, due to the thermody-
namic equilibrium limitations, the high-temperature reforming
produces a large amount of CO. This would require multi-
stage water—gas shift (WGS) and preferential oxidation reactors
downstream to produce H; suitable for proton-exchange mem-
brane (PEM) fuel cells. To effectively integrate the ethanol
reformer with PEM fuel cells, the reformer temperature should
be as low as possible.

It has been shown recently that oxidative steam reforming
(OSR) of ethanol (Eg. (1)), which combines steam reform-
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ing (Eq. (2)) and partial oxidation (Eq. (3)), is more effective
and energy efficient compared with the conventional steam-
reforming reaction [4,11-13]:

CH3CH20H(l) + (3 — 28)H20(1) + 502(0)

— (6 — 28)H2(g) + 2C0O2(9), (1)
if 6 =0.6, AHg = +4.4 kImol~*;
CH3CH20H(l) + 3H20(I) — 6H2(g) + 2CO2(g), )
AHYg = +347.4 kImol~;
CH3CH20H(I) + 1.502(g) — 3H2(g) + 2C02(g), (3)

0 -1
A Hygg = —554.0 kImol ™.

Recently we reported novel Ni-Rh bimetallic catalysts on a
CeO, support for low-temperature oxidative steam reforming of
ethanol to produce Hy with high selectivity and low CO in the
outlet [15,16]. The Ni and Rh loadings, as well as the reaction
operating conditions, were tailored to achieve higher ethanol
conversion and better H, selectivity at relatively lower oper-
ating temperatures (around 400 °C). However, the influential
factors associated with the CeO, support that affect the catalytic
activity and selectivity for ethanol reforming over Ni-Rh/CeQO,
catalysts have not yet been studied.

Consequently, the objective of the present study was to ex-
plore how the CeO; support properties affect the catalyst prop-
erties and performance of Ni—-Rh/CeO2 bimetallic catalysts in
the OSR of ethanol. Three different CeO, supports were se-
lected and examined, because some important catalyst proper-
ties may depend on the specific surface area and crystallite sizes
of support. The Ni—-Rh catalysts were compared in the OSR of
ethanol under similar reaction conditions and the results cor-
related with their properties, as characterized by temperature-
programmed reduction (TPR), Hz chemisorption, X-ray dif-
fraction (XRD), and in situ X-ray photoelectron spectroscopy
(XPS) techniques.

2. Experimental
2.1. Preparation of catalysts

Three different CeO, supports were used. CeOz-l was pre-
pared by calcination of cerium nitrate at 600 °C; CeO2-ll was
obtained from Sigma—Aldrich, and CeO,-111 was obtained from
Rhodia Chemicals. Ni-Rh/CeO; catalysts were prepared by in-
cipient wetness coimpregnation [15,16]. Aqueous solutions of
Ni(11) nitrate and Rh(I11) chloride salts were used as precursors
of Ni and Rh metals for nominal loadings of 5 and 1 wt%, re-
spectively. The impregnated samples were dried at 100 °C for
6-8 h and then calcined at 450°C for 3 h in a temperature-
programmed muffle furnace using a ramp rate of 2°C min~1.
Note that other Rh precursors exist besides the RhCl3z used in
this study, and the precursor type may affect the properties of
the resulting catalyst.

2.2. Catalyst characterization

The BET surface area and pore size distribution of the cata-
lysts were measured by N2 adsorption at liquid N» temperature

using a Micromeritics ASAP 2010 instrument. XRD patterns of
calcined samples were recorded on a Scintag 2 powder diffrac-
tometer using Cu-K, radiation at a scan rate of 4° min—! in the
260 range of 5°-70°. For the analysis of CeO, crystallite size,
the XRD data were collected at a low scan rate of 0.5° min—!
in the 26 range of 25°-30° covering the CeO2(111) diffraction
peak at 28.6°. The crystallite sizes were calculated using Scher-
rer’s equation, r = (0.94)/(B cos®), where ¢ is the crystallite
size, A is the wavelength of the radiation, g is the full-width at
half maximum (FWHM) of the CeO2(111) peak in radian, and
6 is the Bragg diffraction angle.

TPR was conducted on a Micromeritics AutoChem 2910
TPD/TPR instrument as described previously [15,16]. The Ni
and Rh metal surface areas and their dispersions were deter-
mined by Hy pulse chemisorption experiments performed on
the same Micromeritics instrument used for the TPR study. As
a general procedure, about 100 mg of Ni-Rh/CeQO, sample (35—
60 mesh) was loaded in a quartz reactor and reduced at 160 °C
for 2 h in a pure H stream of 50 ccmin™! at a ramp rate
of 5°Cmin~L. The sample was then flushed with He gas and
cooled to ambient temperature (50 °C). The reduced sample
was then saturated with Hp by pulsing a 25% Ha/Ar mixture.
The amount of Hy chemisorbed was monitored by a thermal
conductivity detector and a computer data acquisition system
provided in the instrument.

Based on TPR, a “sequential Hy pulse chemisorption”
method was designed and used to separately determine the
metal surface area and particle sizes of Rh and Ni in the
bimetallic catalysts. The Hy consumption for Rh was deter-
mined in the first cycle by reducing the catalyst at 160 °C for
2 h, where mainly Rh3* was reduced and dispersed on the CeO;
support. The same sample was subsequently reduced at 450 °C
for 2 h, where both Rh3* and Ni?* species were reduced. The
H, uptake in the second cycle was the total Hy uptake, cor-
responding to both Rh and Ni metals. The H, uptake for Ni
metal was determined from the data obtained from the second
cycle by substracting the value for Rh metal in the first cycle.
The H consumption due to surface-reduced CeO, was consid-
ered negligible, at least up to 160 °C in the first cycle for the
chemisorption on Rh. The metal surface area, dispersions, and
particle sizes were calculated from the Hy uptake in the first
and second cycles using a stoichiometric factor of 2 (1 mol of
H, for 2 mol of metal atoms) for both Rh and Ni.

XPS measurements of both unreduced and reduced catalysts
were performed by a pseudo-in situ method at the Pacific North-
west National Laboratory. About 100 mg of the catalyst was
loaded in a quartz reactor and reduced under a 5% Ha/Ar mix-
ture (50 ccmin—1) at a ramp rate of 4°Cmin~! up to 433°C
and kept at this temperature for 1 h before cooling to room tem-
perature. The reactor was sealed and transferred into a glove
box with O, concentration maintained below 0.5 ppm. In the
glove box, the reduced catalysts were retrieved and mounted
for XPS analysis. The XPS measurements were performed us-
ing a Physical Electronics Quantum 2000 Scanning ESCA mi-
croprobe with an attached high-purity nitrogen-purged glove
bag. The system used a focused monochromatic Al-K, X-ray
(1486.7 eV) source for excitation and a spherical section an-
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alyzer [17]. The X-ray beam used for this data was a 105-W,
100-um X-ray beam spot rastered over a 1.4 x 0.2 mm rec-
tangle on the sample. Data were collected using a pass energy
of 46.95 eV. Although the binding energy (BE) scale was cali-
brated using the Cu 2ps/, feature at 932.62 + 0.05 eV and Au
4f at 83.96 4+ 0.05 eV for known standards, the catalysts expe-
rienced variable degrees of charging depending on the extent of
oxidation. Electrons of 1 eV, 20 pA, and low-energy Ar™ ions
were used to minimize this charging, and BE positions were
referenced using 917.0 eV for the Ce 3ds, 4f° feature.

2.3. Catalytic studies

The catalytic performance in the OSR of ethanol was eval-
uated at 300-600 °C at atmospheric pressure using a stainless
steel fixed-bed flow reactor as described elsewhere [15]. About
100 mg of catalyst sieved to 35-60 mesh was packed in the re-
actor. A premixed ethanol-water mixture with a water/ethanol
molar ratio of 4/1 was fed into the reactor through a vaporizer,
where it was heated, vaporized, and mixed with Ar carrier gas
and air (O2/EtOH ratio = 0.4). The flow rate of Ar carrier gas
was adjusted to maintain the total gas/EtOH at 10/1. Before the
catalytic reaction, the catalysts were reduced in situ under H»
flow (10% Ha in Ar) at 435°C for 2 h. The effluent gas of the
reaction was analyzed using two on-line gas chromatographs
(SRI Model 8610C), one equipped with a thermal conductiv-
ity detector for the gas analysis using a Molecular Sieve 5A
and silica gel-packed columns, and the other with a flame ion-
ization detector for the analysis of liquid products using a 7%
Carbowax/Carbograph packed column.

Thermodynamic analysis for the OSR of ethanol was per-
formed using HSC Chemistry V. 3.02 (Outokumpu Software).
The equilibrium composition was calculated under the same
conditions (initial feed-gas composition, temperature, ambient
pressure) as the actual reaction conditions.

3. Results
3.1. Physicochemical properties

3.1.1. Sructural and textural properties

Table 1 gives the BET surface area and porosity values of
different CeO, supports and catalysts. The surface areas of the
samples before Ni and Rh impregnation increased in the follow-
ing order: CeO2-1 < CeOz-11 < CeO,-l1l. Note that Gorte et al.
[18,19] used CeO, support derived from thermal decomposition
of Ce(NO3)3-6H,0 salt at 600 °C with a specific surface area
of about 37 m? /g as determined by 2-propanol adsorption. The
three different CeO, samples of the present study were used for
supporting 5 wt% Ni and 1 wt% Rh. On Ni and Rh loading,
the BET surface areas of CeO5-1 and CeO,-I11 decreased by up
to 12 and 17%, respectively, and that of CeO-I1 decreased by
about 27%. A significant loss in pore volume was also observed
in the latter sample.

The XRD patterns of the CeO,-supported Ni—Rh bimetallic
catalysts are shown in Fig. 1. The catalysts exhibit phase corre-
sponding to mainly CeO,. The CeO; crystallite size calculated

Table 1
Physicochemical properties of CeO, supported Ni-Rh bimetallic catalysts
Catalyst? SBETb Pore Average pore  CeO» crys-
(m?g~1) volumeP  diameter? tallite sizeC (t)
(mig~h)  (nm) (nm)
Ni(5)Rh(1)/Ce0O,-1 65 0.174 10.7 10.2
CeOy-l 74 0.200 10.7 -
Ni(5)Rh(1)/CeO,-1l 67 0.104 6.2 29.3
CeOy-ll 92 0.413 17.9 -
Ni(5)Rh(1)/CeO,-11l 128 0.119 3.7 6.5
CeOy-lll 154 0.131 3.4 -

& CeO,-1 was obtained from thermal decomposition of Ce(NO3)3. CeOy-lI
and CeOo-I11 were obtained from Sigma—Aldrich and Rhodia Chemical Com-
pany, respectively.

b Determined from N> adsorption—desorption measurements.

€ Calculated from CeO,(111) reflection employing Scherrer equation.
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Fig. 1. XRD patterns of CeO, supported Ni-Rh bimetallic catalysts: (a) Ni(5)
Rh(1)/CeO,-I, (b) Ni(5)Rh(1)/CeO5-Il, (c) Ni(5)Rh(1)/CeOo-III.

from line-broadening experiments decreased in the follow-
ing order: Ni(5)Rh(1)/CeO2-11 (29.3 nm) > Ni(5)Rh(1)/CeO3-I
(10.2 nm) > Ni(5)Rh(1)/CeO5-1ll (6.5 nm). These values are
in accordance with the relative intensity of the XRD peaks. As
can be seen, Ni(5)Rh(1)/CeO»-I1 exhibits sharp peaks with high
intensity, whereas Ni(5)Rh(1)/CeO5-111 shows broad and less
intense peaks. A separate Rh,O3 phase was not found on XRD;
however, the appearance of a small hump at around 43° 26 in
the Ni(5)Rh(1)/CeO2-I and Ni(5)Rh(1)/CeO2-Il samples indi-
cates the presence of a NiO phase. Because the XRD line of the
NiO phase was very weak and close to the background noise, it
was not possible to determine its crystallite size. The observed
results seem to suggest that nanoparticles of NiO and Rh,O3
(particle sizes <5 nm, undetectable by XRD) are present on the
CeO; support [20].

Table 2 summarizes Hy chemisorption data on the vari-
ous CeOs-supported Ni—-Rh bimetallic catalysts. The Hy up-
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Table 2
Hydrogen chemisorption results of CeO, supported Ni—Rh bimetallic catalysts

Catalyst Hj, chemisorption Hy, chemisorption Total Hp
on Rh on Ni uptaked
Uptake® ~ DP dp® Uptake? ~ pa (umol
(umolg™h) (%) (m) (@molg™) (%) 971
Ni(5)Rh(1)/CeOy-1 23 47 23 21 49 44
Ni(5)Rh(1)/CeO-1l 8 17 6.6 26 6.1 34
Ni(5)Rh(1)/CeOx-1Il 40 83 13 9 2.0 49
Ni(5)Rh(0)/CeOy-1lI - - - 37 8.6 37
Ni(0)Rh(1)/CeOx-1Il 17 3B 32 - - 17
Ni(5)/Ce0,® - - - 34.8 8.2 3438

@ H, uptake per g of catalyst.

b D = metal dispersion.

C dp = particle diameter or crystallite size.
Sum of Hy uptake for Rh and Ni metals.
€ Reference [21].

o

take for Rh metal and its dispersion are the highest for
Ni(5)Rh(1)/CeO,-111 (40 pmolg=! and 83%, respectively)
and lowest for Ni(5)Rh(1)/CeOa-1l (8 pumolg=! and 17%,
respectively). Rh particle size increases in the following or-
der: Ni(5)Rh(1)/CeO2-11l < Ni(5)Rh(1)/CeO2-1 < Ni(5)Rh(1)/
CeO»-11. The Rh metal dispersion and crystallite sizes are in
accordance with the CeO3 crystallite sizes given in Table 1.
Ni(5)Rh(1)/CeO,-Ill, with the smallest CeO, crystallite size
(about 6.5 nm) exhibited the highest Rh metal dispersion (83%)
and the smallest Rh particle size (about 1.3 nm). On the other
hand, the large crystallite size (29.3 nm) of Ni(5)Rh(1)/CeO,-II
led to a lower Rh metal dispersion and larger particle size.
It is also interesting to note that the Rh metal dispersion in-
creased from about 35% for Ni(0)Rh(1)/CeO2-I11 to about 83%
for Ni(5)Rh(1)/CeO,-I11. For the same sample, the total Hy up-
take increased from 17 to 49 pmol g~

Note that the Hy uptake and dispersion obtained in the
present study (Table 2) for Rh-free Ni/CeO, containing 5 wt%
Ni (Ni(5)Rh(0)/CeO5-111) is comparable with the data reported
recently for 5% Ni/CeO; catalyst [21], supporting the validity
of the method used in the present study for CeO,-supported Ni—
Rh bimetallic catalysts. It is also interesting to note that, unlike
that observed for Rh, the H, uptake and dispersion data for Ni
show the reverse trend. As can be seen, a high Ni dispersion
(8.6%) was obtained in the absence of Rh, and the dispersion
decreased to about 2% in the presence of 1% Rh. These results
suggest that the presence of Ni in the catalyst formulations im-
proved Rh dispersion. In contrast, the presence of Rh increased
the Ni crystallite size, leading to a lower Ni metal dispersion.

3.1.2. Redox properties

The redox properties of catalysts were investigated by TPR
experiments; the profiles are shown in Fig. 2. For compari-
son, the TPR profiles of Ni-free Ni(0)Rh(1)/CeO-11l and of
Rh-free Ni(5)Rh(0)/CeO;-I11 together with Ni(10)Rh(0)/CeO,-
Il containing 5 and 10 wt% Ni are also shown. The Ni-free
Ni(0)Rh(1)/CeO,-I1l exhibits a sharp reduction profile centered
at 111°C, attributed to the reduction of Rh3* in Rh,O3 sup-
ported on CeO,. The Rh-free Ni(5)Rh(0)/CeO,-111 shows broad
H, consumption with humps at around 200, 250, and 300 °C,

Ni(5)Rh(1)/CeO, -1

o |
Ni(5)Rh(1)/CeO, - 1T

Ni(5)Rh(1)/CeO, - III

H, Consumption (Arb. Unit)

Ni(0)Rh(1)/CeO, - III

Ni(5)Rh(0)/CeO, - III

Ni(10)Rh(0)/CeO, - III

50 150

250 350 450 550 650
Temperature (°C)

Fig. 2. Temperature-programmed reduction profiles CeO, supported Ni-Rh
bimetallic catalysts.

attributed to the reduction of well-dispersed NiO on CeO, ma-
trix. The wide H, consumption peak suggests a broad particle
size distribution. Ni(10)Rh(0)/CeO2-I11 containing 10 wt% Ni
also exhibits a similarly wide Hz consumption peak at higher
temperature with increased intensity for NiO reduction.

The catalysts containing both Rh and Ni exhibit two main
reduction peaks, one below 150°C and the other at around
300 °C, for the reduction of Rh,03 and NiO, respectively. It is
interesting to note that the shape and the peak maximum depend
on the crystallite size of the CeO» support. Ni(5)Rh(1)/CeO»-I
and Ni(5)Rh(1)/CeO,-Il exhibit sharp reduction peaks at 103
and 117 °C, respectively, close to the reduction peak observed
in the Ni(0)Rh(1)/CeOa2-11l sample containing only rhodium
without nickel. In contrast, Ni(5)Rh(1)/CeQO»-11I exhibits a re-
duction peak at higher temperature (around 150 °C), together
with a shoulder at 113 °C, indicating the existence of at least
two kinds of Rh3* species. Mizuno et al. [22] observed a sim-
ilar profile in their TPR experiments on Rh/CeO; catalyst and
ascribed them to the reduction of Rh,O3 at a RhyO3—CeO in-
terface and bulk-like Rh2O3.

A significant difference can also be seen in the reduction of
the Ni?* region. Both CeO,-1- and CeO,-lI-supported catalysts
show a sharp Hy consumption peak centered at around 290 °C,
whereas the CeO,-Il1-supported catalyst exhibits a broad re-
duction peak centered at 260 °C. Whereas H, consumption for
NiO reduction is completed at around 330°C in both CeO,-
I- and CeO,-ll-supported catalysts, H, consumption continues
up to around 360°C in the CeOz-lll-supported catalyst. The
higher reduction temperature of RhoO3 and the wider reduc-
tion profile of NiO phases in the CeO,-ll1-supported catalyst
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Fig. 3. Ni 2p XP spectra of CeO, supported Ni-Rh bimetallic catalysts: (a) Ni(5)Rh(1)/CeO>-I, (b) Ni(5)Rh(1)/CeO5-II, (c) Ni(5)Rh(1)/CeO5-IIl, (d) Ni(10)Rh(1)/
CeOa-Il, (e) Ni(10)Rh(0)/CeO,-l111. The Ni(5)Rh(1)/CeO2-IlI catalyst reduced and air exposed before XPS measurement is shown in broken line.

compared to the CeO;-I- and CeO,-ll-supported catalysts sug-
gest the existence of a strong metal-support interaction in the
CeO»-ll1-supported catalyst. Furthermore, the higher RhyO3
reduction temperature and lower NiO reduction temperature in
Ni(5)Rh(1)/CeO5-111 compared with Ni(0)Rh(1)/CeO,-111 con-
taining only Rh and Ni(5)Rh(0)/CeO,-Ill containing only Ni
suggest the existence of a synergistic interaction between the
Rh0O3 and NiO phases in these catalysts. These results im-
ply that the presence of Rh improves the reducibility of NiO,
whereas NiO retards the reducibility of Rh,O3 in these cata-
lysts.

3.1.3. Surface properties

In situ XPS studies were performed on the unreduced and
reduced Ni-Rh/CeQ, catalysts in order to determine the na-
ture and surface exposure of nickel and rhodium species. Fig. 3
shows the Ni 2p XP spectra of both unreduced (left) and re-
duced (right) Ni—-Rh bimetallic catalysts containing 5 wt%
Ni and 1 wt% Rh on various CeO; supports. The unreduced
(Fig. 3, left) samples show peaks around 855.5 eV together with
a satellite peak around 861 eV, corresponding to the binding en-
ergy (BE) values of NiO species [23]. Although the peak max-
imum occurs within +0.3 eV, the full width at half maximum
(FWHM) decreases in the following order: Ni(5)Rh(1)/CeO3-
Il, 3.6 eV > Ni(5)Rh(1)/CeO2-1, 3.1 eV > Ni(5)Rh(1)/CeO2-
111, 2.9 eV, demonstrating that the homogeneity of NiO dis-
persion on the CeO, support is improved in the same order.
Note from Table 1 that the crystallite sizes of the CeO; sup-
port also decrease in the same order. Thus, the NiO species
in Ni(5)Rh(1)/CeO2-111 catalyst with smaller CeO, crystallite
size (about 6.5 nm) is relatively more homogeneously distrib-
uted compared with that in Ni(5)Rh(1)/CeO5-11 with the largest
CeO; crystallite size (29.3 nm).

The Ni 2p XP spectra of reduced samples (Fig. 3, right)
show a peak at around 853 eV, corresponding to metallic Ni
[23]. However, an additional peak at around 855.0 eV is also
seen in Ni(5)Rh(1)/CeOz-1 and Ni(5)Rh(1)/CeO,-Ill, indicat-
ing the existence of fraction of nickel in Ni* state in these
samples. The signal intensity around 855 eV is even higher for
Ni(5)Rh(1)/CeOx-111 compared with Ni(5)Rh(1)/CeO3-I. This
implies that the CeO,-1l1-supported sample contains relatively
more Ni?*t ions. Note that the TPR study (Fig. 2) showed that
the NiO species in all samples could be reduced below 400 °C.
Because the samples in the pseudo-in situ XPS measurements
were reduced at 433°C, there are at least three possibilities
for the formation of observed Ni?* species in these reduced
samples: (i) reoxidation of reduced Ni metals during sample
preparation for pseudo-in situ XPS measurement, (ii) strong
metal-support interaction possibly leading to the formation of
cationic Ni species, and (iii) a small fraction of NiO species
not yet be reduced. To evaluate these possibilities, a portion of
the reduced sample was exposed to air at room temperature for
about 3 min, and the sample was mounted for XPS analysis in
the same way as for unreduced samples.

Interestingly, Fig. 3 shows that air exposure at room tem-
perature transforms almost all reduced Ni species into a Ni%*+
state. Note, however, that the existence of Ni?t species in
Ni(10)Rh(0)/CeO,-Ill containing only Ni without Rh is less
significant, and the sample shows the presence of Ni mainly
in the metallic state (compare traces ¢ and e in Fig. 3, right). It
is also noteworthy that almost all nickel species were present in
a reduced state in NiY zeolites containing 15-30 wt% Ni stud-
ied by in situ XPS measurements in the same fashion, using the
same equipment during the same period [24], thus supporting
the lower likelihood of reoxidation during sample preparation.
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Table 3
Surface concentrations of unreduced and reduced CeO, supported Ni-Rh
bimetallic catalysts

Catalyst Surface composition? (atom %)

Ni Rh Ce o] C
Unreduced samples
Ni(5)Rh(1)/CeO2-I 35(3.9 0.48 (0.95) 279 587 9.5

Ni(5)Rh(1)/CeO5-I11 4.4 (4.9) 0.48 (0.94) 27.7 58.8 8.7
Ni(5)Rh(1)/CeO2-1lI 42 4.7) 0.35 (0.68) 28.1 60.2 7.2
Ni(10)Rh(1)/CeOo-11l  28.3(39.1)  0.38 (0.92) 116 50.0 9.8
Ni(10)Rh(0)/CeOo-11l  28.9 (39.4)  0.00 (0.00) 121 527 6.3
Ni(0)Rh(1)/CeOz-1lI 0.0 (0.0) 0.23 (0.45) 29.7 59.0 111
Reduced samples

Ni(5)Rh(1)/CeO5-I 2.6 (2.7) 0.45 (0.83) 31.1 58.0 7.9
Ni(5)Rh(1)/CeO2-11 3.4 3.4 0.38 (0.67) 329 60.1 33
Ni(5)Rh(1)/CeO5-IlI 2324 0.20 (0.37) 317 60.3 55
Ni(10)Rh(1)/CeOp-11l  12.8 (13.7)  0.30 (0.56) 27.0 52.6 7.4
Ni(10)Rh(0)/CeOo-11I  15.5(18.3)  0.00 (0.0) 222 528 9.9
Ni(0)Rh(1)/CeO2-1lI 0.0 (0.0 0.24 (0.43) 33.2 609 5.6

@ Values in parentheses are Ni and Rh surface concentrations in wt%.

The existence of metal-support interactions in CeO2-sup-
ported catalysts is well known [25-28]. Because CeO; is a
redox support, the reduced Ni metals could have a strong in-
teraction with CeO, at the surface such that the Ni-CeO» redox
synergism keeps at least a part of the reduced Ni in Ni?* state.
The degree of Ni° reoxidation would depend on the extent of
the metal-support interaction. A stronger metal-support inter-
action could effectively reoxidize the Ni° to Ni2* at the surface.
The formation of cationic Pd®* species in reduced Pd/CeO,
catalysts due to strong metal-support interaction (SMSI) is a
well-known phenomenon [26]. The observation that the Ni-rich
Ni(10)Rh(0)/CeO32-I11 without Rh does not exhibit the pres-
ence of Ni%* species, whereas Ni(10)Rh(1)/CeO,-IlI contain-
ing 1 wt% Rh together with Ni develops a shoulder around

855 eV for the presence of Ni2t species, suggests that the Ni—
Rh synergestic interaction favors the partial oxidation of metal-
lic Ni to Ni%t,

It is likely that the higher BET surface area and smaller
CeO, crystallite size of the Ni(5)Rh(1)/CeO»-IlII catalyst fa-
vors the strong metal-support interaction in the present cata-
lyst system. The lower intensity of the shoulder for Ni2* in
Ni(10)Rh(1)/CeO2-I1l containing about 10 wt% Ni compared
with that of Ni(5)Rh(1)/CeO,-I1l containing only about 5 wt%
Ni indicates that the Ni—Rh interaction and/or Rh-promoted Ni—
CeO, metal-support interactions are stronger when the surface
Ni concentration is low and the Ni metal is highly dispersed. As
shown in Table 3, the Ni surface concentrations in the reduced
samples are less than that in the bulk for catalysts containing
5 wt% Ni but higher than that in the bulk for catalysts contain-
ing 10 wt% Ni.

The Rh 3d XP spectra of unreduced and reduced samples are
shown in Fig. 4, and the data for various supported Rh catalysts
are summarized in Table 4. The spectra of unreduced samples
(Fig. 4, left) show a doublet centered at around 309 and 314 eV.
These peaks correspond to the binding energy of Rh 3ds,, and
Rh 3d3,», respectively, with a spin—orbit coupling of about 5 eV
and are close to the Rh3* in Rh/CeO; catalysts (Fig. 4).

The reduced samples (Fig. 4, right) show a doublet cen-
tered at around 307.4 and 312.2 eV similar to that observed
in Rh metal and reduced Rh/CeO; catalyst [27,28]. The asym-
metric nature of the peaks and the appearance of a shoulder
at around 308 eV indicate the existence of Rh™ species to-
gether with metallic Rh in these samples. In fact, the reduced
sample exposed to air at room temperature shows an intense
peak at around 308.1 eV together with a shoulder at around
307.4 eV (Fig. 4, right, trace c broken line), suggesting that the
reduced Rh undergoes reoxidation to form Rh* species. There
is no evidence for the formation of Rh3t in the air-exposed

Rh+ Rh 3d Unreduced
Rh3+

(a)

v (b)

(©

(L

Rb3* Rh 3d Reduced

h°

w
w
w

= ‘-fAir"l:xl‘)‘i);‘ed_at room (c)
-] AR
& temperature for 3min. "
(C))
he o
(=) 3
I ey ©
i b
302 306 310 314 318 322 302 306 310 314 318 322
Binding Energy (eV)

e
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Table 4
Rh 3d XPS data of various Rh supported catalysts
Sample BE of FWHM BE of AE Reference
Rh5/2 Rh3/2 (eV)
(eV) (eV)
Unreduced
RhyO3 308.8 - 313.6 4.8 [27]
Rh(1)/CeO, 308.8 - 313.6 48 [27]
Ni(0)Rh(1)/Ce0O, 309.3 1.3 314.3 5.0  Present study
Ni(5)Rh(1)/CeO, 309.0 1.5 314.3 5.3  Present study
Ni(0)Rh(0.2)/2rO,  308.2 2.4 NA -
Ni(2)Rh(0.2)/zrO,  308.9 2.8 NA -
Ni(0)Rh(0.2)/LapO3 307.9 2.3 NA -
Ni(2)Rh(0.2)/ZzrO,  309.1 2.1 NA -
Reduced
Rh metal 307.0 NA 312.0 50 [27]
Rh metal 307.0 1.6 311.8 4.8 [28]
Rh(0.5)/CeO 307.3 NA 312.2 49 [28]
Ni(0)Rh(1)/Ce0O, 307.4 1.6 312.2 4.8  Present study
Ni(5)Rh(1)/Ce0O, 307.3 1.3 312.2 4.9  Present study

AE = spin—orbit coupling energy. NA = data not available.

sample. Noted that Kondarides and Verykios [28] reported the
coexistence of Rh?, Rht*, and Rh3* in XPS of a prereduced
Rh/CeO, catalyst containing 0.5 wt% Rh impregnated using
RhCl3 salt as a precursor. In contrast, the catalyst synthesized
using Rh(NO3)3 showed the existence of Rh® and Rh* but not
Rh3+, and these results were attributed to hindering of the Rh3+
reduction due to the presence of residual Cl~ species in the cat-
alyst.

Although no significant differences in the BE and FWHM
are observed with respect to Rh metal loading, the CeO, crys-
tallite size strongly influences the signal intensity and the sur-
face Rh concentration. As shown in Table 3, Ni(5)Rh(1)/CeO,-
111 has a lower Rh concentration at the surface than the CeO,-11-

and CeO,-1-supported catalysts. Moreover, the surface Rh con-
centration is lowest in the Ni-free Ni(0)Rh(1)/CeO2-lll, in the
unreduced and reduced samples. Whereas the surface Rh con-
tent increases due to the presence of 5 wt% Ni in the unreduced
sample, the Rh surface concentration further decreases in the
reduced sample (Table 3).

Fig. 5 shows the XP spectra of unreduced and reduced Ni-
Rh/CeO; catalysts in the Ce 3d region. The unreduced samples
exhibit six peaks at around 882, 889, 899, 901, 908, and 917 eV
that are assigned to Ce 3ds/, 4f2, Ce 3ds/2 4f1, Ce 3ds, 4f°,
Ce 3ds, 4f2, Ce 3d3,, 4! and Ce 3ds,, 4f°, respectively for
Ce*t species [17,29]. In addition to these six peaks, the reduced
samples exhibit shoulders at around 885 and 903 eV due to the
formation of Ce3* species. Because of the complex nature of
the spectra, it was not possible to estimate the Ce** /Ce3* ratio
in the reduced sample. Closer observation of the signal inten-
sity and surface compositions summarized in Table 3 reveals
that the presence of Rh increases the surface Ce concentrations
while Ni decreases in both unreduced and reduced samples.

3.2. Catalytic performance

Fig. 6 shows the effect of CeO, supports on the perfor-
mance of Ni-Rh bimetallic catalysts for the oxidative steam
reforming. The conversion was kept below 60% by using a
lower reaction temperature of 300 °C and adjusting the GHSV
to compare the best-case conversion and selectivities. Both
ethanol conversion and Hj selectivity decrease in the fol-
lowing order: Ni(5)Rh(1)/CeOz-111 > Ni(5)Rh(1)/CeO,-1 >
Ni(5)Rh(1)/CeO,-Il. Recall that the H, uptake and Rh metal
dispersion also decrease in the same order (Table 2), suggest-
ing that the catalytic activity for ethanol conversion and H;
selectivity depend on the Rh metal dispersion. In addition, the
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Fig. 5. Ce 3d XP spectra of CeO, supported Ni—Rh bimetallic catalysts: (a) Ni(5)Rh(1)/CeO»-1, (b) Ni(5)Rh(1)/CeO5-Il, (c) Ni(5)Rh(1)/CeO,-IlI, (d) Ni(10)Rh(1)/

CeOy-111, (&) Ni(0)Rh(1)/CeOs-111, (f) Ni(LO)Rh(0)/CeO,-111.
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Fig. 6. Effect of CeO, supports on the catalytic performance in the oxidative
steam reforming of ethanol over Ni-Rh/CeO, bimetallic catalysts; HoO/EtOH
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catalyst supported on CeO»-111 exhibits lower selectivities for
undesirable byproducts, namely CO, CHg4, and CH3CHO. This
indicates that the Ni—-Rh bimetallic catalyst supported on CeO,-
111 is more efficient in breaking C—C and C-H bonds of ethanol
to produce Hy and CO,. The highest conversion and lowest
CHy selectivity (or lowest molar yield of CH4 based on EtOH)
also indicate that ethanol is more effectively reformed into H;
and CO, over the Ni(5)Rh(1)/CeQO,-Il1 catalyst.

In contrast, the catalyst supported on CeO»-ll with larger
CeO;, crystallite size exhibits high selectivity for CH3CHO and
low selectivity for Ha. Note that the large CeO; crystallite size
also decreases the Rh metal dispersion (see Table 2). Thus,
the higher acetaldehyde selectivity of the Ni(5)Rh(1)/CeO;-II
catalyst is due to the lower Rh metal dispersion. The catalyst
supported on CeO2-I shows an intermediate ethanol conversion
and Hy selectivity. Based on these results, it appears that the
CeO;, crystallite size, apart from BET surface area, has a strong
influence on the Rh metal dispersion, which in turn influences
the catalytic activity for ethanol conversion. The smaller the
CeO, crystallite size, the greater the Rh metal dispersion, al-
lowing higher ethanol conversion and Hz selectivity.

Fig. 7 compares the actual product compositions in the OSR
of ethanol obtained at different temperatures (350-600 °C) with
that of calculated equilibrium compositions. The ethanol con-
versions are close to 100% in the temperature range stud-
ied. The main products considered in the equilibrium cal-
culations were Hy(g), H20(g), CO(g), CO2(g), CHa(g). The
unconverted ethanol and other oxygenated byproducts were
negligible. A comparison of experimental product composi-
tions with thermodynamic equilibrium compositions reveals
that higher Hy, and lower CH4 distributions are obtained at
lower reaction temperatures. In contrast, at higher temperatures,
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Fig. 7. Comparison of thermodynamic equilibrium compositions with actual
product compositions obtained in the oxidative steam reforming of ethanol
over Ni(5)Rh(1)/CeO5-IlI catalyst. Data collected at the initial ethanol con-
version close to 100% (below 5 h TOS) in the temperature range studied.
HoO/EtOH = 4; Oy /EtOH = 0.4; GHSV = 244,000 h—1.

the experimental product compositions approach the thermody-
namic equilibrium compositions. This suggests that the ethanol
reforming over the present catalysts is effective and Kinetically
controlled at low reaction temperatures, whereas at higher tem-
peratures, the reaction is thermodynamically controlled.

A review of recent literature on ethanol reforming indicates
that the reaction is more effective at lower temperatures (300—
450°C), producing high selectivity of H, over base metals
and/or noble metals supported on redox supports such as CeOo,
Zr0O3, and Y,03 [14,30,31]. In contrast, catalysts supported on
nonredox supports, such as Al,Os3, require higher reaction tem-
peratures (above 600 °C) [6-11,13]. It is likely that the strong
metal-support interactions present in the catalysts supported
on redox supports, such as CeO, and ZrO,, somehow make
the ethanol reforming reaction more complex, involving sev-
eral elementary and consecutive reactions at low temperatures
to achieve higher ethanol conversion and H; selectivity.

Because the Ni(5)Rh(1)/CeO,-111 catalyst exhibits the high-
est ethanol conversion and Hy selectivity, its stability during
on-stream operation has also been examined at three different
temperatures; the results are summarized in Fig. 8. At 350°C,
ethanol conversion drops significantly after 5 h of on-stream op-
eration. CHy selectivity also decreases, whereas CO selectivity
increases. In contrast, stable ethanol conversion and product se-
lectivity could be obtained at 450 and 600 °C. Relatively higher
H, selectivity and lower CH4 selectivity could be reached at
600 °C; however, under these operating conditions, CO selec-
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tivity is the highest (>10%). These results suggest that CH4
reforming is also more effective at 600 °C over the present cat-
alyst.

The deactivation observed at 350 °C could be caused by var-
ious factors, including site blockage due to the presence of
carbonaceous materials, poisoning of the catalyst surface by the
reactants/products, and sintering of the active metals. Because
stable activity is observed at 450 and 600 °C, it is unlikely that
the sintering of active metal caused the observed deactivation.
Moreover, if carbon formation were the cause, then the prod-
uct distribution would be expected to remain almost unaffected.
But because significant changes in the selectivities of CH,4 and
CO are observed, the deactivation could be due to the passiva-
tion of the catalyst surface by the reactant and/or products. At
high temperatures, these species are desorbed completely into
relevant products, thereby keeping the catalyst surface clean for
subsequent reactions.

4. Discussion
4.1. Effect of CeO, crystallite size

The dependence of catalytic activity on the textural prop-
erties, such as BET surface area and crystallite size of CeOo,
is well known for CeOz-supported catalysts [18,19,32,33]. For
instance, in their study on methane oxidation over Cu- and
Ag-modified CeO, with different crystallite sizes and BET
surface areas, Kundakovic and Flytzani-Stephanopoulos [32]
found that the interaction of CeO, with Ag and CuO was a
strong function of CeO» crystallite size. In the presence of tran-
sition metal or metal oxide, a smaller crystallite size of CeO»
favored the formation of highly reducible oxygen species and
enhanced methane oxidation activity. Our recent study on the
oxygen-assisted water—gas shift (OWGS) reaction over Cu-
Pd/CeO, catalysts with varying CeO» crystallite sizes and BET
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surface areas found that higher catalytic performance was ob-
tained over catalysts with smaller CeO, crystallite sizes [33].
In contrast, Wang et al. [18,19] reported that the CeO; crys-
tallite size had no effect on the rate of the WGS reaction over
Pd/CeO, catalysts with CeO» of particle size 7.2—40 nm.

The surface area and crystallite size of the support influence
the dispersion and particle size of the supported metal, which
in turn influence the catalytic activity. In fact, the structure-
sensitive and structure-insensitive reactions are classified based
on the influence of the metal particle size on the specific activity
or turnover frequency of the given catalytic reaction [34—36].

In the present CeO,-supported Ni—Rh bimetallic catalysts,
the metal dispersions and particle sizes can be changed by
varying the crystallite sizes of the CeO, supports. Both Hy
chemisorption and in situ XPS studies clearly demonstrate that
the Rh metal dispersion increases and its particle size decreases
with decreasing CeO, crystallite size. Higher catalytic activ-
ity for ethanol conversion and H, selectivity are obtained over
catalysts containing highly dispersed Rh metal with a smaller
particle size (around 3.2 nm). Adding Ni further improves the
Rh metal dispersion and makes its particle size smaller (around
1.3 nm). These results suggest that Rh is the more active species
involved in ethanol reforming and that catalytic activity in-
creases with increasing numbers of active Rh species (i.e., Rh
dispersion).

The reforming of ethanol involves breaking of a C-C bond.
Cleavage of the C-C bond of an adsorbed ethoxide species re-
quires proper orbital-orbital interaction between carbon atoms
of the adsorbate and the surface [37]. This can occur only if
the adsorbed species is tilted toward the surface. Spectroscopic
studies on the reaction pathway of ethanol over Rh(111) single-
crystal surfaces has demonstrated the formation of a cyclic
five-membered oxometallate species [37,38]. The oxometallate
species readily undergoes C-C bond cleavage and reforms to
produce Hy and CO, species. A recent study on the OSR of
ethanol over Ni—-Rh/CeQ; catalysts suggests that Rh plays a
major role in breaking C-C and C-H bonds; compared with
Rh, Ni is much less active for EtOH reforming, but the addition
of Ni favors the water—gas shift reaction, leading to increased
conversion of CO to CO; under the conditions used here [15].

The results of the present study suggests that the observed
variations in activity and selectivity of different NiRh/CeO;
catalysts can be attributed to the differences in CeO;, sup-
ports, which can affect both the geometric (e.g., metal particle
size and dispersion) and electronic (metal-support interaction)
properties of catalysts.

4.2. The nature of Ni and Rh surface species

The partial transformation of Ni° into Ni2* and of Rh? into
Rh™ on air exposure of the present catalyst system (Figs. 3
and 4) clearly suggests that the Ni and Rh in these catalysts are
present as highly dispersed metallic species rather than a Ni-
Rh surface alloy. The presence of separate reduction peaks for
Ni2*+ and Rh3* at two distinctly different temperatures (TPR
in Fig. 2) and a dramatic increase in the total H, consumption
from 17 pmol g~ for Ni(0)Rh(1)/CeO>-I11 to 49 umol g~ for

Ni(5)Rh(1)/CeO,-111 (Table 2) further suggests the absence of
NiRh surface alloy in the present catalyst system. Studies on
various bimetallic catalyst systems, such as Ni-Rh, Ni-Ru, and
Co-Ru supported on CeO2, ZrO2, Lay0O3, and Al,O3, how-
ever, have revealed surface alloy formation [39-44]. The for-
mation of surface alloy in those catalytic systems led to the
simultaneous reduction of Ni and Ru in the Ni-Ru bimetallic
catalyst and of Co and Ru in the Co-Ru bimetallic catalyst
in TPR experiments [41,42]. In some cases, the formation of
surface alloy also impaired Hy or CO chemisorption. In their
H, chemisorption studies on Ni—-Rh/La,O3 catalysts, Irusta et
al. [39,40] observed that the Hp/metal ratio decreased from
0.82 for Rh(2%)/La203 to 0.60 for Ni(2%)-Rh(0.2%)/La>03.
Similarly, Jozwiak et al. [43] reported a dramatic decrease in
H, uptake from 0.73 cm3g~1 for Rh(5%)/SiO, to 0.43 for
Ni(2.5%)-Rh(2.5%)/SiO,. Based on these results, Ni and Rh
in the present CeOz-supported Ni—Rh bimetallic catalysts are
likely present as highly dispersed redox species rather than as a
surface alloy.

5. Conclusion

Our findings demonstrate that the use of different CeO, sup-
ports with varying surface areas and crystallite sizes can lead
to major differences in the physicochemical and catalytic prop-
erties of CeO,-supported Ni—Rh bimetallic catalysts for the ox-
idative steam reforming of ethanol. The crystallite size of CeO»,
apart from its surface area, has a strong influence on the metal
dispersion of Ni—Rh catalysts. The catalytic activity for ethanol
conversion and Hj selectivity depends strongly on Rh parti-
cle size and dispersion. The smaller the CeO» crystallite size,
the higher the Rh metal dispersion and consequently the higher
the catalytic activity for ethanol conversion and H, selectivity.
Ni—Rh bimetallic catalyst supported on nanocrystalline CeO;
(crystallite size of about 6.5 nm) (CeO,-lll) exhibited stable
activity and selectivity during on-stream operations of oxida-
tive steam reforming at 450 and 600 °C.

Analytical characterization of the catalysts revealed the fol-
lowing trends. The reduced Ni and Rh species were reversibly
oxidized, suggesting the existence of a highly dispersed Ni—-Rh
redox couple on CeO; rather than a NiRh alloy in the present
catalyst system. The presence of Ni improved Rh dispersion.
The Rh species were highly dispersed over nanocrystalline
CeO; with the smallest crystallite size (about 6.5 nm). Smaller
CeO; crystallite size led to a stronger Rh—CeO; metal-support
interaction as well as a synergistic Ni—Rh interaction in the Ni—
Rh bimetallic catalysts.

The present work clearly demonstrates a case in which sig-
nificant differences in properties (such as metal dispersion)
and performance (such as activity and selectivity) of differ-
ent NiRh/CeO» catalysts can be attributed to the differences
in CeO, supports. It also indicates that the supports can influ-
ence both the geometric (e.g., metal particle size and disper-
sion) and electronic (e.g., metal-support interaction) properties
of the supported Ni—Rh bimetallic catalysts for oxidative steam
reforming of ethanol.
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