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a b s t r a c t

The promoting effect of ceria in the electrocatalytic activity of rhodium for ethanol electro-oxidation in
alkali media has been studied. Rh/C, CeO2/C and RhCeO2/C catalysts were synthesized and characterized
by TEM, XRD, XPS, TG-MS, H2-TPR and XAS. The electrocatalytic activity was studied by Cyclic Voltamme-
try (CV) and chronoamperometry. The onset potential of oxidation on RhCeO2/C was shifted negatively as
compared to that on Rh/C, despite ceria itself does not show any electrocatalytic activity. The promoting
eywords:
thanol electro-oxidation
lectrocatalyst
eria
hodium

effect of ceria has been attributed to the improved rhodium dispersion, and differences in the oxidation
state of rhodium between Rh/C and RhCeO2/C were not found. The carbon support reduces rhodium
species to Rh0, and also partially reduces ceria, during the samples preparation, and the surface of the
carbon support is oxidised.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The Direct Alcohol Fuel Cell (DAFC) is a promising technology for
ransportation and portable electronic devices, and ethanol seems
o be preferred to methanol for DAFCs because has higher energy
ensity, is safer, and can be produced in great quantities from
iomass [1,2].

Carbon supported platinum is commonly used as anode cata-
yst in low temperature fuel cells. However, pure platinum is not
he most efficient anodic catalyst since it is rapidly poisoned by
trongly adsorbed species coming from the dissociative adsorption
f ethanol [1,2]. As a big breakthrough in the development of cata-

ysts for electro-oxidation of ethanol, PtRhSnO2/C was synthesized
ecently by depositing Pt and Rh atoms on Sn oxides nanoparti-
les [3]. It has shown strong capability to accomplish C–C bond
reaking and significantly better catalytic activity than Pt/C and
tSnO2/C catalysts. In fact, Rh shows high ability to facilitate the
–C bond cleavage due to interaction of ethanol molecule with
he Rh metallic surface and formation of cyclic adsorbate [4,5].

owever, not only full dehydrogenation and C–C bond dissociation
ut also consequent formation and oxidation of adsorbed carbon
onoxide on catalyst surface were involved during the process of

lectro-oxidation of ethanol. It may not be sufficient to overcome

∗ Corresponding author. Tel.: +34 965 90 34 00x2226; fax: +34 965 90 34 54.
E-mail address: agus@ua.es (A. Bueno-López).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.03.056
high activation energy and CO poison by using Rh alone [6]. Gen-
erally, the overall reaction rate of Rh for ethanol oxidation is not
comparable with that of Pt and Pt-based alloy [6,7]. Palladium cat-
alysts have been also proposed for this application, and it has been
found that the catalytic activity of platinum and palladium-based
catalysts for ethanol or methanol oxidation can be enhanced with
addition of certain metal oxides in a high pH environment [8–12].
Mann et al. [13] developed PtSnO and PtSnInO catalysts offering par-
tial conversion of ethanol to its 12-electron oxidation products. The
mechanism for the promotion effect of oxide proposed was that the
electron affinity of tin oxide on a Pt surface is sufficient to pull the
methyl group off the carbon of a surface-bound ethanol [13]. Oxide
(CeO2, NiO, Co3O4 and Mn3O4)-promoted Pd/C electrocatalysts for
alcohol electro-oxidation were also fully studied in alkaline media
[14]. The authors found that there is an optimum ratio for oxide and
Pd and analogized the effect of oxide with RuO2 in a PtRu alloy cata-
lyst. Nevertheless, the exact role of oxide to promote the activity of
noble metal towards electro-oxidation of small molecule alcohols
is still unknown.

The promoting effect of metal oxides in the electrocatalytic
activity of other noble metals like rhodium has not been reported.
However, the promoting effect of CeO2-based materials in the cat-

alytic activity of rhodium, and other platinum group metals (PGM),
for some other chemical reactions is very well known. The best
example is found in the three-way catalysts (TWC) used in gasoline
vehicles for the simultaneous removal of NOx, hydrocarbons and
CO [15–17]. CeO2-based mixed oxides represented an important

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:agus@ua.es
dx.doi.org/10.1016/j.jpowsour.2009.03.056
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mprovement of the TWC technology since the early 1980s, and
ultiple effects have been attributed to this promoter. Ceria was

uggested to promote the noble metal dispersion, increase the
hermal stability of the Al2O3 support, promote the water gas shift
WGS) and steam reforming reactions, favors catalytic activity at
he interfacial metal–support sites, promote CO removal through
xidation employing a lattice oxygen and store and release oxygen
nder lean and rich conditions respectively [15].

The aim of this paper is to study the promoting effect of ceria
n the electrocatalytic activity of rhodium for ethanol electro-
xidation in alkali media. Rh/C, CeO2/C and RhCeO2/C catalysts were
ynthesized in-house and characterized by transmission electron
icroscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron

pectroscopy (XPS), thermo-gravimetry coupled to mass spec-
roscopy (TG-MS), temperature-programmed reduction (H2-TPR)
nd X-ray absorption spectroscopy (XAS). The electrocatalytic activ-
ty was studied by Cyclic Voltammetry (CV), and better performance
f RhCeO2/C in comparison to Rh/C was observed. The role of CeO2
n enhancing the catalytic activity of rhodium is discussed on the
asis of the characterization and electrocatalytic activity results.

. Experiment

.1. Preparation of catalyst powders

The powder samples prepared are denoted by Rh/C, CeO2/C and
hCeO2/C. A carbon black (C) from Cabot (Vulcan XC72) was used as
arbon support, and the rhodium and cerium precursors used were
h(NO3)3 and Ce(NO3)3·6H2O, respectively, both from Aldrich. The
amples were prepared as follows:

Rh/C: The carbon support was impregnated with a water–ethanol
solution of the rhodium precursor (80 ml g−1

carbon; vol. ratio
water:ethanol = 1:1), dried and heat-treated.
CeO2/C: The carbon support was impregnated with a water–
ethanol solution of the cerium precursor (80 ml g−1

carbon; vol. ratio
water:ethanol = 1:1), and a water solution of NH3 (30%) was
dropped until pH = 9. The sample was dried and heat-treated.
RhCeO2/C: The sample CeO2/C was impregnated with a water–
ethanol solution of the rhodium precursor (80 ml g−1

carbon; vol. ratio
water:ethanol = 1:1), dried and heat-treated.

The drying steps were carried out at 110 ◦C in static air for 12 h,
nd the heat-treatments were performed at 500 ◦C for 2 h under N2
ow. The concentrations of the different solutions were selected
o reach 10 wt% cerium and/or 10 wt% rhodium in the rhodium-
ontaining samples.

.2. Characterization of catalyst powders

X-ray diffractograms of the catalyst powders were recorded in a
igaku diffractometer, using Cu K� radiation (� = 0.15418 nm).

A JOEL (JEM-2010) microscope was used to obtain TEM images.
he microscope is equipped with an EDS analyser (Oxford), model
NCA Energy TEM100.

XPS characterisation of powder catalysts was carried out in a VG-
icrotech Multilab electron spectrometer using Mg K� (1253.6 eV)

adiation source. To obtain the XPS spectra, the pressure of the
nalysis chamber was maintained at 5 × 10−10 mbar. The binding
nergy (B.E.) and the kinetic energy (K.E.) scales were adjusted by

etting the C1s transition at 284.6 eV, and B.E. and K.E. values were
etermined with the software Peak-fit of the spectrometer.

A thermobalance coupled to a mass spectrometer (TG-MS set-
p) has been used to characterise the powder samples. The TG is
orm TA Instruments (model SDT 2960) and the MS from Balzers
rces 193 (2009) 408–415 409

Instruments (model GSD 300 T3). 5 mg of sample was heated in
100 ml min−1 Helium flow at 10 ◦C min−1 from 25 to 850 ◦C.

Temperature programmed reduction with H2 (H2-TPR) was car-
ried out in a Micromeritics Pulse ChemiSorb 2705 device, consisting
of a tubular quartz reactor (inner diameter 5 mm) coupled to a TCD
analyser for H2 consumption monitoring. The experiments were
conducted with 20 mg of powder catalyst heated at 10 ◦C min−1

from 25 to 850 ◦C in 30 ml min−1 flow of 5 vol.% H2/Ar. A CuO refer-
ence sample, supplied by Micromeritics, has been used to quantify
H2 consumption.

XAS measurements were made at beamline X-11 A, National
Synchrotron Light Source, Brookhaven National Lab with the Si
(1 1 1) monochromator detuned by 40% in order to reject the higher
harmonics from the beam. Data were collected in transmission
mode using gas ionization detectors (I0, It and Iref). The samples
were placed between I0 and It while the 25 �m rhodium foil was
placed between It and Iref. The IFEFFIT suite (version 1.2.8) was uti-
lized for data processing and analysis. A k-range of 2.748–15.00 Å−1

and a Hanning window of 1.14–3.00 Å were used for the fits of both
samples. A k-weight of 2 was employed for all the fits. XAS reference
scans were carefully calibrated to the edge energy (23,220 eV, Rh-K
edge) and aligned to one standard reference scan. Any edge shift
corrections applied to the reference foils were also applied to their
respective sample scans. A post-edge normalization procedure was
then applied to normalize all scans between 0 and 1.

2.3. Electrode preparation and electrochemical measurements

The electrochemical measurements were conducted in a stan-
dard three- compartment electrochemical cell at room temperature
using a rotating disk electrode (RDE) setup from Pine Instruments
connected to an Autolab (Ecochemie Inc. Model-PGSTAT 30). A
glassy carbon disk with 5 mm diameter was used as the substrate
for deposition of catalyst films. Before deposition of catalyst films,
the RDE was first polished with 0.05 �m alumina slurry (Buehler,
Lake Bluff, IL) and then cleaned with distilled water under soni-
cation. All electrochemical experiments were carried out at room
temperature (25 ◦C).

The catalyst inks were prepared by dispersion of certain
amounts of catalyst powders into 20 ml of isopropanol and then
sonicated for at least 30 min to reach a uniform suspension. The
catalyst film was prepared by dispersing 8 �L of the catalyst ink on
the glassy carbon (GC) substrate and dried at room temperature to
reach a total catalyst loading of 75 �g cm−2. CVs and CAs were taken
in 1.0 mol L−1 KOH while a Hg/HgO (KOH 1.0 mol L−1) electrode was
used as reference electrode.

3. Results and discussion

3.1. Electrochemical measurements

Fig. 1 shows CV curves of Rh/C and RhCeO2/C catalysts in 1 M
KOH. The hump at 0.7 V on CV of Rh/C is presumed to be from oxida-
tion of rhodium metal. Ceria shifts this hump to 0.6 V for RhCeO2/C,
and in this case, the partial oxidation of both rhodium and ceria
could occur. As it will be demonstrated later, rhodium in the origi-
nal samples is reduced and cerium in the RhCeO2/C sample is only
partially oxidized. The negative current observed during the neg-
ative scan, mainly in the hydrogen adsorption–desorption region
is high, and such current suggests a reduction process, probably

reduction of oxygen. Such phenomenon, which is also detected in
Figs. 2 and 3, is often observed in alkaline medium when the elec-
trolyte contains some traces of diluted oxygen. However, we are
more inclined to believe that such big cathodic current is pertinent
to reduction of cerium oxides (Ce4+ → Ce3+), thin film of oxides on
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Fig. 1. Cyclic voltammograms for glassy carbon electrodes modified by Rh/C (10 wt%
Rh) and RhCeO2/C (10 wt% Rh, 10 wt% Ce) in 1 M KOH. Catalyst loading: 75 �g cm−2,
sweep rate 50 mV s−1.

Fig. 2. Cyclic voltammograms for glassy carbon electrodes modified by Rh/C (10 wt%
Rh) and RhCeO2/C (10 wt% Rh, 10 wt% Ce) in 1 M KOH + 1 M ethanol. Catalyst loading:
75 �g cm−2, sweep rate 10 mV s−1.

Fig. 3. Cyclic voltammograms for glassy carbon electrodes modified by CeO2/C
(10 wt% Ce) in 1 M KOH and 1 M KOH + 1 M ethanol. Catalyst loading: 75 �g cm−2,
sweep rate: 50 mV s−1.
Fig. 4. Chronoamperometric profiles of Rh/C (10 wt% Rh) and RhCeO2/C (10 wt%
Rh, 10 wt% Ce) at +0.55 V (vs. RHE) in 1 M KOH + 1 M ethanol. Catalyst loading:
75 �g cm−2.

Rh (Rhı+ → Rh) and even surface groups formed on carbon support
during the anodic scan [18].

Fig. 2 shows CV curves of ethanol electro-oxidation on Rh/C and
RhCeO2/C catalysts. For comparison, CVs of CeO2/C with and with-
out ethanol in solution were also shown in Fig. 3. Active sites are
believed to be located only on rhodium since CeO2 itself does not
show any catalytic activity towards oxidation of ethanol. During
the process of electro-oxidation of ethanol on Pt, ethanol decom-
poses on catalyst surface at low potential and form intermediates
such as acetic acid, acetaldehyde and CO [19]. The main products
may not to be the same in the case of Rh since we can see one
oxidation peak along with a shoulder for both Rh/C and RhCeO2/C,
which also appeared in the CVs of Pt/Rh/Pt bilayer [20]. Actually,
it was reported by Souza et al. [7] and Vesselli et al. [21] that Rh
presents excellent selectivity for complete conversion of ethanol
to CO2 as mentioned during the study in gas phase condition and
electrochemical environment [7,21]. In Souza et al.’s [7] study of
electro-oxidation of ethanol on Pt, Rh, and PtRh electrodes, the ratio
of CO2 over the acetaldehyde signals increases from pure platinum
to pure rhodium electrodes, illustrating that addition of rhodium
to platinum electrodes improves the selectivity toward complete
electrochemical oxidation of ethanol to CO2. The anodic current
increases due to oxidation of intermediates from decomposition of
ethanol as potential goes positively and then decreases after peak
potential due to loss of rhodium active sites for the adsorption of
intermediates on account of oxygen adsorption [22]. As it has been
illustrated in the authors’ previous paper [23], the on-set poten-
tial is an important parameter to evaluate the activity of catalysts
during the electro-oxidation process. The onset potential of oxi-
dation on RhCeO2/C was shifted negatively as much as 35 mV as
compared to that on Rh/C, indicating better activity of the former
catalyst.

The stability of as-synthesized catalysts was tested by
chronoamperometric measurement at 0.55 V (vs. RHE) in Fig. 4. It
can be found that the current density decreases quickly and reaches
the steady state within 10 min on both Rh/C and RhCeO2/C cata-
lysts. The fact that current on RhCeO2/C diminishes more slowly
manifests that CeO2 helps to reduce accumulation and poison-

ing of species after ethanol dissociative adsorption [24]. A number
of studies on electro-oxidation of alcohols have claimed that eas-
ier access of alcohol to active sites of catalysts stems from better
dispersion of catalysts nanoparticles [25–28]. Similarly, the well-
dispersed RhCeO2/C catalyst pertinent to promoting effect of CeO2
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Fig. 5. XRD patterns of the catalyst powde

esponse to higher activity and stability towards ethanol oxidation,
he salient proofs of which are discussed hereafter.

.2. Characterization results

In order to analyze the positive effect of CeO2 in the elec-
rocatalytic activity of rhodium for ethanol electro-oxidation,
everal characterization techniques have been used, and the results
btained are presented and discussed in this section.

.2.1. XRD
The X-ray diffractograms of the powder catalysts are shown in

ig. 5, and all the peaks on the three patterns can be attributed to
raphite (G), ceria (C) and/or metal rhodium (Rh0). X-ray diffrac-
ion patterns confirm that the cerium-containing catalysts present
he main reflections of a fluorite-structured material with a face-
entered cubic (fcc) unit cell, corresponding to the (1 1 1), (2 0 0),
2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), (4 2 0), and (4 2 2) planes
28,29]. The shoulder of the fluorite peak (1 1 1) at low angle is
he main graphite peak corresponding to the (0 0 2) plane [30],
nd is produced by the well-structured carbon black support. This
raphite peak is present in the pattern of the three samples tested,
s expected. The XRD patterns of the samples Rh/C and RhCeO2/C
lso present the reflections corresponding to the fcc unit cell of
hodium metal.

The average crystallite size of CeO2 and Rh0 were estimated
sing the Scherrer’s equation, and the results obtained are included

n Table 1. The average crystallite size of ceria in the samples CeO2/C
nd RhCeO /C is almost equal (3.8 and 3.6 nm, respectively). Thus,
2
he thermal treatment performed after rhodium nitrate impregna-
ion to CeO2/C did not affect the crystallite size of ceria, which a
riori was not obvious since a certain sintering could be expected.
he crystallite size of CeO2 obtained in the current study was

able 1
rystallite sizes determined by Scherrer’s equation.

atalyst CeO2 (nm) Rh0 (nm)

h/C – 11.8
hCeO2/C 3.6 5.0
eO2/C 3.8 –
ceria; G = graphite; Rh0 = metal rhodium).

smaller than values reported for pure ceria prepared by 500 ◦C-
calcination of cerium nitrate (14 nm) [31], and this could be due
to the dispersion of ceria on the carbon black surface. On the con-
trary, the crystallite size of Rh0 was smaller on RhCeO2/C (5.0 nm)
than on Rh/C (11.8 nm), and strongly suggests that ceria favors the
dispersion of rhodium and the formation of smaller crystallites.
This observation is consistent with the fact that CeO2-based oxides
were incorporated successfully to the three-way catalysts formu-
lations used for gasoline vehicles exhaust after-treatment in order
to improve noble metal dispersion, among other benefits that were
mentioned in Section 1 [15].

3.2.2. TEM
Fig. 6 shows TEM pictures of the powder catalysts CeO2/C

(Fig. 6a), Rh/C (Fig. 6b) and RhCeO2/C (Fig. 6c), and these pictures
support the XRD conclusions.

In Fig. 6b, the dark particles of rhodium are clearly distinguished
from the carbon support, the latter with the typical carbon black
spherical shape. The EDS analysis confirmed that the dark particles
are composed of rhodium. The size of most rhodium particles in the
sample Rh/C is around 10 nm, which is quite in agreement with the
XRD estimation.

In Fig. 6a, CeO2 aggregates (black areas) are observed, and in
the sample RhCeO2/C (Fig. 6c), rhodium and CeO2 cannot be distin-
guished to each other. The EDS analysis confirmed that the black
spots observed in Fig. 6c contain both cerium and rhodium, and
these species appear spread on the carbon surface. The size of these
black spots is lower than 10 nm, supporting the hypothesis that
CeO2 improves the dispersion of rhodium.
3.2.3. XPS
The surface composition of the Rh/C and RhCeO2/C samples

as determined by XPS is included in Table 2. Carbon, oxygen and
rhodium are detected in both catalysts, and cerium only appears

Table 2
Surface composition of the catalyst powders determined by XPS.

Catalyst C (wt%) O (wt%) Rh (wt%) Ce (wt%)

Rh/C 89.0 5.5 5.5 –
RhCeO2/C 80.9 6.0 6.4 6.7
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of CO and CO2 (Fig. 8b) in comparison to the rhodium-free samples.
These TG-MS results are in agreement with the previous XPS

characterization. The carbon support reacts with the rhodium
species (nitrate and/or oxide) during the thermal treatment per-
formed in inert atmosphere for the decomposition of rhodium

Table 3
Oxidation states of Ce and Rh in catalyst powders determined by XPS.

3+ 4+ ı+ 0
ig. 6. TEM characterization of the catalyst powders. (a) CeO2/C, (b) Rh/C, and (c)
hCeO2/C.

n the catalyst RhCeO2/C, as expected. The surface concentration of
hodium is higher in RhCeO2/C than in Rh/C, which supports that
eO2 promotes the dispersion of rhodium.

The Rh 3d photoelectron spectra of powder catalysts were anal-
sed and are included in Fig. 7. The Rh 3d5/2 peak has been reported

o appear at 307.0–307.5 eV [32–34] for Rh0, at about 308.1 eV for
h(I) [34], and at 308.3–310.5 eV for Rh(III) [32,34]. In addition,
nother band appears at higher binding energies attributed to the
h 3d3/2 transition. The Rh 3d5/2 band of the catalysts Rh/C and
Fig. 7. Rh 3d photoelectron spectra of the catalyst powders.

RhCeO2/C presents contribution of both Rhı+ (B.E. = 308.9 eV) and
Rh0 (B.E. = 307.4 eV). The percentage of Rh�+ and Rh0 were calcu-
lated from the area of the deconvoluted peaks, and the results
obtained are compiled in the Table 3. Both catalysts present higher
proportion of Rh0 (64.5–65.0%) than of Rhı+ (35.5–35.0%), and the
results obtained for Rh/C and RhCeO2/C are very similar to each
other.

On the other hand, the Ce 3d core level has been also anal-
ysed and the percentage of Ce3+ and Ce4+ on the powder sample
RhCeO2/C was calculated after deconvolution of the experimental
spectra (not shown for brevity), from the ratio of the sum of the
intensities of the u0, u′, v0, and v′ bands to the sum of the inten-
sities of all the bands [35]. The Ce3+ percentage obtained (41.6%)
is higher than that usually encountered in pure CeO2 prepared by
nitrate decomposition in air, where around 30% of cerium is Ce3+

[36], that is, the presence of carbon and the absence of O2 during
the thermal treatment favour the partial reduction of cerium.

3.2.4. TG-MS
In Fig. 8, the results obtained by TG-MS analysis are included.

The weight lost by the bare carbon (sample C) is minor, as observed
in Fig. 8a. From Fig. 8b it is deduced that few H2O releases below
300 ◦C and CO/CO2 emission at higher temperature is very low due
to the little amount of surface oxygen complexes present in this
commercial carbon black. The sample CeO2/C releases more CO and
CO2 than the bare carbon, with the consequent higher weight loss.
Carbon dioxide could come from CO2 adsorbed on CeO2 and also
from surface oxygen complexes created on the carbon support dur-
ing the decomposition of the cerium nitrate. This oxidation of the
carbon surface is reasonable since Ce(NO3)3·6H2O decomposition
yields highly oxidizing nitrogen oxides.

The oxidation of the carbon support is much more important
during the rhodium loading, and the weight loss of Rh/C and
RhCeO2/C observed in Fig. 8a is highest. The highest weight lost by
the rhodium-containing samples is consistent to the higher release
Catalyst Ce (%) Ce (%) Rh (%)
(B.E. = 307.4 eV)

Rh (%)
(B.E. = 308.9 eV)

Rh/C – – 35.0 65.0
RhCeO2/C 41.6 58.4 35.5 64.5
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ig. 8. TG-MS characterization of the catalyst powders. (a) Mass of sample and (b)
S signals.

itrate. As a consequence of this rhodium nitrate/oxide–carbon
eaction, rhodium is partially reduced, as observed by XPS, and the
urface of the carbon support is partially oxidised, as deduced from
G-MS experiments.

.2.5. H2-TPR
Complementary information is obtained by H -TPR, and the TCD
2

ignal profiles are included in Fig. 9. The TCD signal of the bare
arbon (sample C) rises slightly above 600 ◦C, and this is consis-
ent with the reduction (or decomposition) of the little amount of
urface oxygen complexes on this sample.

Fig. 9. H2-TPR characterization of the catalyst powders.
rces 193 (2009) 408–415 413

The H2-TPR profile of the sample CeO2/C presents some differ-
ences regarding what one could expect for a pure CeO2 sample.
The H2 consumption profile of pure CeO2 usually presents two
peaks around 425 and 800 ◦C due to surface and bulk ceria reduc-
tion, respectively [37]. This is not the shape of the profile obtained
with the sample CeO2/C, but a single band around 650 ◦C has been
obtained. This atypical shape is consistent with the fact that cerium
has been partially reduced by the carbon support during the sample
preparation, and hence, part of cerium does not consume H2 since
is already in the Ce3+ oxidation state. Additionally, the reduction (or
decomposition) of the surface oxygen groups on the carbon support
will also contribute to the TCD signal.

The H2-consumption profiles of Rh/C and RhCeO2/C are compli-
cated and several H2-consuming phenomena can be inferred. The
highest TCD signal level is reached around 625 ◦C in both cases, and
this signal is consistent with the reduction (or decomposition) of
the high amount of surface oxygen complexes created on the car-
bon support upon rhodium nitrate decomposition. The shoulders
appearing at lower temperature could be attributed to the presence
surface oxygen groups with different reducibility and stability. In
the case of the catalyst RhCeO2/C, the reduction of CeO2 will also
contribute to the TCD signal above 200 ◦C, and it must be taken into
account that rhodium catalyses this process and shifts the CeO2
reduction profile to lower temperature.

Rhodium oxide is reduced below 100 ◦C and a peak is clearly
observed around this temperature in the profiles of both Rh/C and
RhCeO2/C catalysts. The number of moles of H2 consumed in this
low-temperature peak has been calculated, and the results are sim-
ilar for both catalysts. It has been estimated that about 10% of
the total rhodium loaded on the samples is reduced in the pro-
cess responsible of this peak. For these calculations, it has been
considered the reaction:

Rh2O3 + 3H2 → 2Rh + 3H2O

This means that 90% of the total rhodium becomes Rh0 dur-
ing the preparation of the samples, and there are not appreciable
differences in the oxidation state of rhodium between Rh/C and
RhCeO2/C. The results obtained by H2-TPR predict a higher propor-
tion of Rh0 than those estimated by XPS (about 65%), which means
that the oxidation of the rhodium particles mainly occurs on the sur-
face. A tentative explanation is that rhodium is completely reduced
by the carbon support during the thermal treatment performed for
rhodium nitrate decomposition, and the surface of the rhodium par-
ticles is partially oxidized afterwards once the catalysts are exposed
to the atmosphere.

3.2.6. XAS
The XANES region for the both, Rh/C and RhCeO2/C along with

rhodium foil are shown in Fig. 10. The XANES region for both the
catalyst samples (Rh/C and RhCeO2/C) are very similar and have
virtually the same edge energy (23211.71 eV) indicating that the
oxidation state of the rhodium is the same in both samples, in accor-
dance with H2-TPR and XPS conclusions. The white line intensity is
however, larger for both samples when compared to the rhodium
foil and can be attributed to oxidation due to exposure to air.

The extent of oxidation appears to be identical for both samples,
as seen in the Fourier-transformed data in r-space, shown in Fig. 11
where it is discussed in greater detail. In the Fourier-transformed
data, the peaks at different distances correspond to the various
atoms neighboring the scattering rhodium atom. The broad peak

centered at ca. 1.8 Å is due to Rh–O scattering and the peak at ca.
2.5 Å is due to Rh–Rh scattering. Note that the peaks are shifted
to lower values of radius when compared to the actual bond
distances. This is generally seen in the visual representation of the
Fourier-transformed data and is a consequence of the phase-shift
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Fig. 10. XANES region for Rh/C, RhCeO2/C and Rh foil.

Fig. 11. Pseudo-radial distribution function obtained from the Fourier transformed
data in r-space.

Table 4
EXAFS fit results for Rh/C and RhCeO2/C. The uncertainties obtained are indicated in
parentheses.

S

R
R

t
f
p
a
1
i

ample NRh–Rh �E (eV) �R (Å) �2 (Å2)

h/C 6.1 (0.4) 2.3 (1) −0.008 (5) 0.004
hCeO2/C 5.4 (0.4) 1.2 (1) −0.010 (6) 0.004

erm in the EXAFS equation. The actual bond distances are obtained
rom the fit results and are shown along with the rest of the fit

arameters in Table 4. The data collected was of excellent quality
nd displayed no significant noise levels even until k values of
6 Å−1. The data in k-space is shown in Fig. 12. Since the particle size
s obtained chiefly from determining the first-shell coordination

Fig. 12. Samples and Rh foil data as seen in k-space.
Fig. 13. Experimental data and representative fit using only Rh–Rh path for
RhCeO2/C sample.

number around rhodium, only the main Rh–Rh backscattering peak
of the experimental data from both samples were fit and analyzed.

The data from both samples and foil were fit allowing all four
parameters (amplitude, �E, �R and �2) to vary. Here, the ampli-
tude is the intensity of scattering, �E is change in the edge energy
from the standard value of the Rh K-edge, �R is the change in
bond distance and �2 is the Debye–Waller factor representative of
the total extent of disorder in the samples. The many body ampli-
tude reduction factor (S2

0) parameter for rhodium is calculated to
be 0.921 using FEFF 8.0. The coordination numbers (NRh–Rh) are
typically obtained using the amplitudes and the S2

0 value for the
scattering atom. Since the value of �2 is highly correlated with the
amplitudes, the fits were carried out for a second time using only
one representative value of �2 in order to make the comparisons of
NRh–Rh between the samples more meaningful. The results of the fit
for RhCeO2/C are shown in Fig. 13.

The coordination numbers from the fit results clearly indicate
that the particles in the rhodium supported on CeO2/C are smaller
than the carbon supported rhodium. The bond distance of the
Rh–Rh path obtained from the fit is 2.686 Å and is comparable to
the Rh–Rh distance in the foil. These findings are entirely consis-
tent with TEM, XRD and XPS results and suggest that the rhodium
in the RhCeO2/C catalyst sample is in the same oxidation state but is
dispersed to a larger extent when compared with the Rh/C catalyst
sample.

In conclusion, the promoting effect of ceria in the electrocat-
alytic activity of rhodium seems to be related to the improved
rhodium dispersion. This effect contrasts with the effect attributed
to ceria on Pd and Pt activity. The promoting effect of CeO2 to Pd and
Pt towards electro-oxidation of ethanol has been ascribed to both a
bifunctional-effect (promoted mechanism) and an electronic effect
(intrinsic mechanism) [12,38,39]. The bi-functional mechanism
involves supplying oxygen atoms at an adjacent site of promoting
elements such as Ru and CeO2 at lower potentials than that accom-
plished by Pt. Thus, CO or other oxide species strongly adsorbed on
Pt are easily oxidized to CO2. The promoter effect may also lie in an
electronic effect (intrinsic mechanism) by modifying the electronic
structure of Pt and lowering the potential of fuels adsorption.

4. Conclusions

In this study, the effect of ceria in the electrocatalytic activity
of rhodium for ethanol electro-oxidation in alkali media has been

studied, and the following can be concluded:

• The onset potential of oxidation on RhCeO2/C was shifted neg-
atively as compared to that on Rh/C, indicating better activity
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of the former catalyst. However, the active sites are believed to
be located only on rhodium since ceria itself does not show any
catalytic activity towards oxidation of ethanol.
The promoting effect of ceria seems to be related to the improved
rhodium dispersion, as confirmed by XRD, TEM, XPS and EXAFS,
and there were not found appreciable differences (by H2-TPR, XPS
and XANES) in the oxidation state of rhodium between Rh/C and
RhCeO2/C.
The carbon support reacts with rhodium (both in Rh/C and
RhCeO2/C) during the thermal treatment performed in inert
atmosphere for the decomposition of rhodium nitrate, and
rhodium species are reduced to Rh0 while the surface of the car-
bon support is oxidised. The rhodium particles surface seems to
be oxidized once the catalysts are exposed to the atmosphere.
The carbon support also reacts with the cerium precursor dur-
ing the thermal treatment performed in inert atmosphere for the
decomposition of cerium nitrate. As a consequence of this reac-
tion, ceria on the catalyst RhCeO2/C is only partially oxidized and
the carbon surface is covered with oxygen complexes.
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