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abstract

The ethanol steam reforming (ESR) reaction has been tested over RhPd supported on polycrystalline
ceria in comparison to structured supports composed of nanoshaped CeO2 cubes and CeO, rods tailored
toward the production of hydrogen. At 650-700 K the hydrogen yield follows the trend RhPd/CeO; -
cubes > RhPd/CeO;-rods > RhPd/CeO;-polycrystalline, whereas at temperatures higher than 800 K the
catalytic performance of all samples is similar and close to the thermodynamic equilibrium. The improved
performance of RhPd/CeO;-cubes and RhPd/CeO;-rods for ESR at low temperature is mainly ascribed to
higher water—gas shift activity and a strong interaction between the bimetallic—oxide support interac-
tion. STEM analysis shows the existence of RhPd alloyed nanoparticles in all samples, with no apparent
relationship between ESR performance and RhPd particle size. X-ray diffraction under operating con-
ditions shows metal reorganization on {1 0 0} and {1 1 O} ceria crystallographic planes during catalyst
activation and ESR, but not on {1 1 1} ceria crystallographic planes. The RhPd reconstructing and tuned
activation over ceria nanocubes and nanorods is considered the main reason for better catalytic activity

with respect to conventional catalysts based on polycrystalline ceria.

1. Introduction

Alcohols represent an emerging and alternative source of lig-
uid fuels to the most commonly derived fossil fuel feedstocks used
nowadays for hydrogen production since they can be produced
renewably from biomass. Among them, bio-ethanol constitutes
an important source that seems to be particularly suitable due to
its easy and broadly implemented production [1]. There are three
main catalytic pathways to produce hydrogen directly from ethanol
that differ by the co-reactant used, the process chemistry and the
maximum hydrogen yield achievable. These include steam reform-
ing, partial oxidation, and its combination, autothermal reforming
[2]. The optimum hydrogen production can be achieved by steam
refoming (ESR), where ethanol reacts with steam to give carbon
dioxide and hydrogen: CoHgO +3H,O —>2 CO, + 6 H,. The key chal-
lenge remains the ability to scale down the ESR to smaller devices
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and employ lower temperatures by minizing cost and improving
efficency.

In the last two decades many studies have been devoted to ESR
using supported copper, nickel, cobalt and noble metal catalysts [3].
An efficient catalyst for hydrogen production from ethanol has to
dissociate the C-C bond, maintain low CO concentration and also
be stable under catalytic operation conditions (avoid coke accumu-
lation). Catalysts based on nickel and cobalt tend to sinter under
reaction conditions and have a strong propensity for the methana-
tion process [4,5]. In contrast, noble metals, and in particular Rh and
Ru, are known to successfully break the G—C bond leading to less
coke deposition and thus results in more stable catalysts. As first
reported by the Idriss’ group, the bimetallic RR-Pd system sup-
ported over CeO, has shown excellent catalytic performance for
ESR, with a delicate interaction between the bimetallic nanoparti-
cles and the oxide support [6]. The cooperative effect of C-C bond
cleavage provided by Rh together with hydrogen recombination
favored by Pd and the simultaneous dissociation of H,O and oxy-
gen mobility provided by CeO, results in a highly active, selective
and stable multifunctional catalyst for ESR [7]. Thus, RhPd/CeO,
catalysts have been successfully employed in a catalytic membrane
reactor to yield pure hydrogen from ethanol [8] and used in a fuel
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reformer for direct PEM fuel cell feeding [9] as well as in microde-
vices using raw bio-ethanol [10]. The fundamental source of this
catalytic performance remains poorly understood and is the key to
further improving applicability.

Ceria is a key component for many reforming catalysts and
often shows a strong dependence on morphology. In fact, shape-
dependent activity of ceria has already been recognized in catalytic
CO oxidation [11-14], NO reduction [15], water—gas shift reaction
[16,17] and soot combustion [18]. The energy required to form
oxygen vacancies on the {111} surface of CeO, is higher than
those on {110} and {100} surfaces, so the concentration of oxy-
gen vacancies on differents planes of ceria is different [19]. There
are more oxygen vacancies on {11 0} and {1 0 0} planes, which
are favorable for the catalytic reactions outlined above. Notably,
when oxygen vacancies are not required for reaction to occour,
an opposite effect can be observed with {1 1 1} faces showing a
higher reactivity [20]. Polycrystalline ceria nanoparticles usually
consist of octahedra or truncated octahedra shapes, which mainly
expose the most stable {1 1 1} facets in order to minimize surface
energy, whereas nanorods are terminated by {110} and {100}
planes and nanocubes expose {1 0 0} planes. The {11 0} and {1 0 0}
planes often expose a higher density of unsaturated cationic sites
than {1 1 1} planes, which is a richer source of active sites. In addi-
tion, more oxygen vacancies can be accommodated on the surface
of ceria nanorods and nanocubes with respect to conventional,
polycrystalline ceria. As the number of vacancies increases, the
movement of oxygen atoms in the lattice becomes easier, the abil-
itiy to dissociate reactants (i.e. H,O) improves and the increased
diffusion rate of oxygen in the lattice results in increased catalytic
activity [21].

With respect to reforming reactions, the morphology depend-
ence of ceria-based catalysts has been studied in methane
dry reforming over Ni/CeO, [22], methanol steam reforming
over Au/CeO, [23], ethanol oxidative steam reforming over
Rh/CeO,/Al,03 [24], and ethanol steam reforming over Co/CeO,
[25,26]. Although there is as yet no consensus on the effect of
the ceria nanoshape on the catalyst selectivity, the catalysts con-
taining nanorods and nanocubes exhibited higher coke resistance
compared with polyhedral ceria catalysts. It has been claimed that
oxygen storage and release can occur both at the surface and in
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the bulk of ceria nanorods and nanocubes but it is restricted only
to the surface of nanopolyhedra [27]. This would benefit the gasi-
fication of coke deposits [28]. In this work we test the ethanol
steam reforming reaction over RhPd supported on ceria nanocubes,
nanorods and nanopolyhedra and use synchrotron radiation to per-
form operando X-ray diffraction studies and scanning transmission
electron microscopy for structural characterization, in an effort to
elucidate the role of oxide structure on the ESR reaction.

2. Experimental
2.1. Catalyst preparation

Two types of shape-controlled nanoceria supports (nanocubes
and nanorods) were prepared according to previously reported
methodologies [18,29-31]. For ceria nanocubes (CeO,-C) a NaOH
solution (57.60g NaOH dissolved in 210mL of distilled water)
was added dropwise into a Ce(NOj3)3-6H,0O solution (5.21g of
Ce(NO3)3-6H,0 in 30 mL of distilled water) under vigorous stir-
ring. After precipitation, the suspension was transferred into a
Teflon-lined cylinder and sealed in a stainless steel autoclave. The
suspension was heated for 24 h at 453 K and, after cooling, the mix-
ture was centrifuged and washed three times with water and then
with ethanol for separation and purification of the powder, which
was dried at 333 K overnight and calcined under air atmosphere
at 723 K for 4 h. Ceria nanorods (CeO,-R) were prepared by adding
dropwise a NaOH solution (75.59 g NaOH dissolved in 200 mL of
distilled water) into a solution of CeCl3-7H,0 (5.369g in 40 mL of
distilled water). After precipitation and transfer to autoclave, the
mixture was heated at 410 K for 48 h, followed by cooling, separa-
tion, washing, drying and calcination at 723 K as explained above
for the CeO,-C support. Conventional polycrystalline ceria (CeO,-
P) was prepared by precipitation of a homogeneous acidic solution
of cerium chloride with a base. The filter cake was washed with
distilled water, followed by drying and calcination at 873 K for 6 h
to obtain a powder having surface area comparable to that of the
nanoshaped CeO,-C and CeO,-R supports (30-40m2g~1). Noble
metals (3%, w/w total with respect to the ceria support, Rh:Pd=1:1
molar) were added in a single step by incipient wetness impreg-
nation, using a water/acetone PdCIl, and RhClj3 solution. Samples

.;‘: k9 =
- =5 i
p_ Y
= @ ]
oo
E E i
= 8 = 2 5
= g o o -
ue (%2} ur
T o wua
'E-E'D;.-P CeQ,-R Cely,-C
CeO; supports and over the respective RhPd/CeO, catalysts. S/C=3,



were dried at 373 K and calcined in air at 573 K. The resulting
catalyst samples are referred to as RhPd/CeO,-P, RhPd/CeO,-C and
RhPd/CeO,-R.

2.2. Catalyst characterization

Temperature-programmed reaction experiments in conjunc-
tion with XRD were performed at beamline X7B (). = 0.3196 A) of the
National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory (BNL). Powder samples of 2-3 mg were loaded in a
quartz capillary (0.7 mm ID) mounted in a flow cell system [32,33].
Quartz wool was added to both ends of the sample powder to
keep its position under gas flow and heating. A resistance heating
coil enclosed the sample capillary, and a K-type thermocouple was
placed inside the capillary in the quartz wool next to the sample.
A temperature controller read the temperature of the thermocou-
ple and adjusted the output voltage applied to the heating coil.
Two-dimensional transmission diffraction data was collected on
a Perkin Elmer amorphous silicon detector. The catalyst samples
were consecutively exposed to: (i) O, from room temperature up
to 573K at 5 Kmin~1; (ii) H, at 573 K for 30 min; (iii) He from 573
to 773K (5 Kmin~1); (iv) a mixture of water—ethanol (steam-to-
carbon (S/C) ratio S/C =3, ESR) at 773 K; (v) ESR at 873 K; and (vi)
ESR at 973 K. The outlet of the capillary reactor was monitored on-
line with a Cirrus MKS mass spectrometer. Scanning transmission
electron microscopy (STEM) images and energy electron loss spec-
tra (EELS) were collected with a Cs-corrected Hitachi HD-2700C
operated at 200 kV.

2.3. Catalytictests

The ESR reaction evaluation was accomplished at 600—-1050 K
and atmospheric pressure in a lab-scale set up. Before reaction,
samples were reduced at 573 K for 1 h in 10% H,/N,. A gaseous
mixture of ethanol and water with steam to carbon ratio (S/C) of
3 was diluted in inert gas (Co,H5OH:H,0:N,=1:6:30 molar). The
gaseous effluent stream was quantitatively evaluated in terms of
volumetric total flowrate (bubble soap meter) and composition.
A micro GC (Agilent 3000A) equipped with MS 5A, Plot U and
Stabilwax capillary columns and TCD detectors were used to mea-
sure on-line gas concentrations every 5 min. The main products
of the reaction were H,, CO,, CO and CHy. Only trace amounts
of acetaldehyde were detected for operation at low temperatures,
whereas negligible amounts of other products such as ethane,
ethylene and acetone were measured. Outlet molar flowrates of
the non-condensable components (H,, CO,, CO and CH,;) were
calculated from the measured composition by GC and the total
volumetric flowrate of the gaseous outlet stream, whereas outlet
flowrates of ethanol and water were evaluated by closing element
balances. The hydrogen yield was calculated after normalization
to the maximum theoretical moles of H, per mole of ethanol
fed that can be produced through the ESR reaction (which is 6):
Y H2=NH2/6Ngon in- Productselectivity was calculated onadry basis
as: S;=100(ni/ fin;).

3. Resultsand discussion
3.1. Catalytic performance

The hydrogen yield obtained over the RhPd/CeO,-P, RhPd/CeO,-
C and RhPd/CeO,-R catalysts as well as over the bare CeO,-P,
Ce0,-C and CeO,-R supports during the ESR reaction at various
temperatures is presented in Fig. 1. It is clear that in all cases the
ESR process takes place to a larger extent when the noble metals are
supported on ceria as compared to the bare supports, as reported
elsewhere [7,8,10]. It is also evident that higher temperatures

favor the reforming process, in accordance with the endothermic
character of the reaction. It is important to note that bare ceria sup-
ports show similar catalytic performance at each reaction condition
tested, without dependence on the shape of the support. In contrast,
this is not the case for the samples loaded with RhPd. Clearly, at
low reaction temperatures (650—700 K) the hydrogen yield attained
is remarkably higher for the RhPd/CeO,-C catalyst, followed by
RhPd/CeO,-R and, finally, RhPd/CeO,-P. This implies that struc-
ture sensitivity is important when the bimetallic interacts with
the oxide support structure. In this temperature range, the hydro-
gen yield obtained over the catalyst containing ceria nanocubes
is about 60% higher than that of the conventional catalyst pre-
pared with polycrystalline ceria. When the reaction temperature
is increased up to 800 K, the hydrogen yield for all three catalysts is
comparable. The higher hydrogen yield attained with RhPd/CeO,-
C and RhPd/CeO,-R catalysts with respect to that obtained for
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Fig. 4. STEM images of the RhPd/CeO,-C catalyst.



RhPd/CeO,-P cannot be ascribed to differences in ethanol conver-
sion values, since at low temperatures (<700 K) ethanol conversion
differs less than 14% among the different catalysts and is similar at
higher temperatures (>800 K).

Fig. 2 shows the selectivity for H,, CO,, CO and CH, corre-
sponding to the ESR tests performed over the RhPd/CeO, catalysts.
The product distribution obtained at different temperatures is
in accordance with the main reaction scheme already reported
for this type of catalysts [7]. First, ethanol undergoes decom-
position at low temperature: C,HgO — H, + CO + CHy4, which can
be seen in Fig. 2 as [H,] ~ [CO] ~ [CH4] at 600 K. At this
tem-
perature, however, the amount of hydrogen produced is slightly
larger than that of carbon monoxide and methane, especially
for the RhPd/CeO,-C catalyst, suggesting that dehydrogenation
of ethanol also operates at low temperature. Then, at interme-
diate temperatures the water gas shift (WGS) reaction takes
place: CO+H,0—>H, +CO,, with the concomitant increase in

the hydrogen vyield attained. Simultaneously, the reforming of
methane with steam (MSR) also occurs: CH; +H,O—3 H, +CO,

which is favored at high temperatures. The optimum ESR operating
temperature should be carefully chosen to maximize the hydro-
gen yield since higher temperatures are preferred for MSR but this
may result in the reverse WGS reaction, which is detrimental for
production of hydrogen. From the data presented in Fig. 2, it is
interesting to note that the WGS activity is much higher for the
RhPd/CeO,-C and RhPd/CeO,-R catalysts when compared to that
of RhPd/CeO,-P. The RhPd/CeO,-C and RhPd/CeO,-R samples are
very active for the WGS at about 700 K (dashed line), whereas for
the RhPd/CeO,-P sample the maximum WGS activity is reached at
much higher temperatures, 800—900 K. Concerning methane steam
reforming, all three catalysts performed similarly. Therefore, the
higherhydrogenyieldvaluesreported inFig. 1 forthe RhPd/CeO,-C

RhPd

= RhPd

Ce0, (220)

and RhPd/CeO,-R catalysts with respect to the RhPd/CeO,-P sam-
ple at low temperature (650—700 K) are most likely due to a better
WGS performance. At high temperature (>800 K), the hydrogen
yield obtained over the three samples becomes similar because
the products distribution is the same for all catalysts and equals
the thermodynamic equilibrium values. Accordingly, the hydrogen
yields obtained over the bare supports are similar in all the tem-
perature range tested because in the absence of RhPd they exhibit
similar WGS activity.

We can conclude that ESR performance over nanoshaped ceria
doped with RhPd is closely related to its WGS activity, and together
with the fact that the RhPd/CeO, catalysts tested exhibited differ-
ent WGS activity whereas it was similar over bare nanoshaped ceria
supports, it provides a new opportunity to assess on the shape
dependence activity of ceria-based catalysts. It has been claimed
that highly dispersed active species on CeO, nanomaterials are
responsible forthe catalytic activity inthe WGSreaction [34,35].On
the other hand, the dispersion of the active species on ceria usually
shows a strong structural sensibility. Generally speaking, the oxy-
gen vacancies favor the dispersion of active species. To get insight
into the structural characteristics of our RhPd/CeO, catalysts we
have studied them by STEM and XRD under operando conditions.
We have used operando XRD because we have recently shown
that strong restructuring of the ceria-supported RhPd nanoparti-
cles occurs under ESR conditions, which induces strong changes to
the behavior of the catalyst [36].

3.2. STEM characterization
Fig. 3 shows STEM images corresponding to the as pre-

pared RhPd/CeO,-P catalyst. The sample is composed of metal
nanoparticles supported on polycrystalline CeO, nanocrystals of

CeO, RhPd/CeO,

Fig. 5. STEM images of the RhPd/CeO5-R catalyst. The EEL spectra correspond to the CeO» support and the RhPd nanoparticles supported on CeO,.



about 15-25 nm in size and exhibiting abundant {1 1 1} crystallo-
graphic planes, as expected. The metal nanoparticles range from
1.5 to 3 nm. It should be noted that most of the metal nanoparticles
do not show crystallographic ordering, indicating a strong interac-
tion between the metal atoms and the polycrystalline CeO, support
particles. The bimetallic composition of the metal nanoparticles
was confirmed by electron energy loss spectroscopy (EELS) carried
out on individual nanoparticles. In those metal particles with dis-
cernable lattice spacings, the values recorded were 2.21-2.23 and
1.91-1.93 A and are consistent with the (11 1) and (2 00) crystal-
lographic planes of alloyed RhPd species, respectively [37]. Several
STEM images corresponding to the as prepared RhPd/CeO,-C cata-
lystare shown in Fig. 4. The sample is comprised by well-developed
CeO, nanocubes of about 2035 nm in size and metal nanoparticles
of about 1.5-3 nm. The ceria nanocubes exhibit almost exclusively
the {100} family planes ((200) planes at 2.71 A). Metal particles
with well-defined lattice spacings at 2.21-2.23 A are ascribed to
(11 1) crystallographic planes of the RhPd alloy. As reported above,
individual metal nanoparticles were analyzed by EELS and in all
cases a bimetallic composition was encountered. Fig. 5 shows STEM
images corresponding to the as prepared RhPd/CeO,-R catalyst
as well as representative EEL spectra. The sample is composed
of metal nanoparticles of about 1.2-1.8 nm in size, supported on
CeO; nanorods of about 30-50 nm width and 200-500 nm length,
which exhibit both {1 1 0} and {1 0 0} as well as a minor amount
of {1 1 1} crystallographic planes. Therefore, in the fresh cata-
lysts, Rh and Pd are encountered as alloyed nanoparticles over
the different ceria nanoshaped supports and their size follows the
trend: F\)hpdceria nanocubes ™ Rthceria polycrystalline > Rthceria
nanorods*

The smallest size of metal nanoparticles over ceria nhanorods has
already been reported for Au/CeO, and has been ascribed to the
different coordination capacity of the exposed {1 1 0} planes [16].
However, no apparent relationship exists in our case between the
RhPd particle size and the hydrogen yield observed (Fig. 1).

3.3. Operando XRD characterization

Fig. 6 shows the XRD profiles corresponding to dy, from
1.7 to 2.9A recorded over the RhPd/CeO,-P, RhPd/CeO,-C and
RhPd/CeO,-R catalysts under operando conditions in: (i) oxygen
(the equivalent of the catalysts as prepared), (ii) hydrogen (the
activation treatment of the catalysts prior to ESR tests) and (iii)
ESR atmospheres (S/C =3, similartothe catalysttesting conditions).
In this dy, range the (220) and (200) crystallographic planes of
CeO, at 1.91 and 2.71 A are visible along with the (11 1) crystal-
lographic plane of RhPd at 2.20-2.25A. In accordance with the
STEM results outlined above, the as prepared catalysts (calcined
at 573 K) contain RhPd nanoparticles in the range 1.2-3 nm in
size, which escape detection by XRD (in the XRD profile of the
RhPd/CeO,-P sample only a weak signal of RhPd is observed). How-
ever, during activation of the samples under hydrogen at 573 K,
the XRD patterns of RhPd/CeO,-C and RhPd/CeO,-R catalysts vary
significantly, whereas that of RhPd/CeO,-P sample does not. The
XRD profile of the RhPd/CeO,-C catalyst shows an intense asym-
metric peak with a shoulder at low d,,, values. The appearance
of this peak can be ascribed to a reorganization accompanied by
an increase of the crystallinity of the RhPd nanoparticles, and its
asymmetry is indicative of the presence of more than one type
of RhPd alloy (Rh and Pd are miscible at this temperature in a
wide range [38]). A similar XRD peak is recorded for RhPd over
the sample RhPd/CeO,-R after the reduction treatment, but with a
much lower intensity, which can be explained by a smaller par-
ticle size of RhPd nanoparticles on ceria nanorods compared to
that of RhPd nanoparticles on ceria nanocubes in accordance with
STEM results. In contrast, on polycrystalline ceria, the XRD sig-
nal corresponding to RhPd nanoparticles does not show significant
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differences with respect to the XRD profile before reduction, which
indicates that there is no reorganization of the metals in RhPd
nanoparticles. This represents a strong difference between poly-
crystalline ceria and ceria nanocubes and nanorods as supports
for RhPd nanoparticles and also means that {1 1 1} ceria crystal-
lographic planes limit the metal atomic reorganization on their
surface, whereas on {1 0 0} and {1 1 0} ceria crystallographic planes
the reorganization of RhPd nanoparticles is much easier, which
can be related to their higher surface energy. Under ESR at 873 K,
the XRD profiles of the RhPd/CeO,-P catalyst do not show sig-
nificant variations, again pointing out the quenching character
of the low surface energy {1 1 1} ceria crystallographic planes. In
contrast, the XRD patterns of RhPd/CeO,-C and RhPd/CeO,-R cat-
alysts recorded under ESR show differences with respect to the
samples before reaction. In both cases, the peak ascribed to RhPd
decreases its intensity and, in particular for the RhPd/CeO,-R cat-
alyst, the peak broadens considerably, which can be related to
a further metal atomic reorganization during reaction. The XRD
patterns recorded under ESR at 773, 873, and 973 K for each cat-
alyst are similar. The morphology of the ceria nanoshapes was
maintained during the experiments since no significant differ-
ences in the relative intensities and FWHM of the CeO,, peaks were
observed.



Therefore, the better catalytic performance in the ESR reaction
over RhPd/CeO, catalysts containing ceriananocubes and nanorods
with respect to conventional RhPd/CeO, catalysts containing poly-
crystalline ceria could be likely related to the capability of metal
reorganization on {1 0 0} and {1 1 O} ceria crystallographic planes
induced by the gaseous surrounding environments. From the cat-
alytic tests, this atomic reorganization has a particular effect on the
WGS performance (one of the main reactions participating in the
ESR mechanism), which occurs at a lower temperature over the
RhPd/CeO,-C and RhPd/CeO,-R catalysts when compared to the
RhPd/CeO,-P sample. Our systematic studies show that the C-C
and OH bond breaking (WGS) is strongly coupled to the struc-
ture of the RhPd alloy and its interaction with the cerium oxide
support at low temperatures. The propensity of the RhPd to dis-
sociate the C—C bond is clearly influenced by the structure of the
support. The relative degree of WGS performance on the other hand
is likely a product of the chemical properties of the oxide support
including the extent of reducibility, oxygen transport and preva-
lence of undercoordinated sites. It is also highly probable that the
predominant surface architecture of the oxide support and abun-
dance of Ce3* likely imparts a distinct influence to the strength of
the energetics related to the bitemallic nanoparticles, stability of
adsorbates (ethanol, H,O), strength of intermediates (ethoxy, OH)
and ultimately may influence the prevailing reaction mechanism.
This aspect of the work is as yet unexplored.

4, Conclusions

A RhPd/CeO, catalyst containing ceria nanocubes performs bet-
ter in the ethanol steam reforming (ESR) to produce hydrogen
at low temperature (<700 K) than a RhPd/CeO, catalyst contain-
ing ceria nanorods and both perform better than a conventional
RhPd/CeO, catalyst prepared by using polycrystalline ceria. The
likely reasons for differences in catalytic performance arise mainly
from the structural influence of the catalyst on the efficiency in CC
bond breaking and the activity of the catalysts in the water gas shift
reaction, which are important steps involved in the mechanism of
the ESR overthe RhPd/CeO, system. Adetailed structural character-
ization by STEM and XRD under operando conditions indicates that
the better catalytic activity exhibited by RhPd supported on ceria
nanocubes and nanorods is likely related to relative strength of the
bimetallic-oxide support interaction and the enhanced capability
of metal reorganization over {1 0 0} and {1 1 0} crystallographic
planes of ceria with respect to that over the low surface energy
{111} planes of ceria.
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