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A comparative study of activity toward ethanol oxidation was carried out for catalysts having the same
loading of identical Pd nanoparticles supported on carbon-oxide hybrids containing antimony tin oxide
(Sb2O5/SnO2 – ATO) in different amounts (20, 30 and 40 wt.%). Enhanced catalytic activity was observed
for Pd nanoparticles supported on C-ATO hybrids. X-ray absorption spectroscopy experiments carried out
around the Pd L3 edge evidenced an increase in the electronic occupancy of the Pd 4d band indicating an
electronic transfer from the hybrid supports to the Pd particles. A strong correlation between ethanol oxi-
dation currents and X-ray absorption data reveals the importance of electronic effects in the electrocatal-
ysis of ethanol oxidation on Pd. In addition, FTIR data show that C-ATO hybrid supports promote a
decrease in the onset potential and an increase in carbonate/CO2 production.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Power for vehicles and portable devices could be generated
with low or zero CO2 emissions using Direct Ethanol Fuel Cells
(DEFC) [1], but that prospective depends essentially on developing
catalysts for the ethanol oxidation reaction (EOR) substantially
more active than those currently available. Numerous studies were
dedicated to the search for more efficient catalysts over the last
decades, mostly in acid environments and mainly involving alloy-
ing Pt with transition metals [2]. Some studies also demonstrated
that transition-metal oxides as co-catalysts or supports can
enhance the activity of Pt nanoparticles for the oxidation of small
organic molecules in acid media [3–6]. These effects were often
interpreted as associated with the presence of OH groups on the
oxide surface [7], which would favor the bifunctional mechanism
[5,6]. On the other hand, ligand effects can also explain enhanced
activities because charge transfer between the transition-metal
oxide and Pt particles would shift the Fermi level of Pt, which, in
turn, could modify adsorption energies [8,9].

As development of anion-exchange membranes progressed
[10,11], the interest in alkaline fuel cells [12] was renewed and
resulted in a rapid increase in the number of studies of the EOR
in base [13–15]. Recent studies demonstrated the relevance of
metal-support interactions on the EOR catalytic activity in alkaline
medium for Pt nanoparticles on hybrid supports containing differ-
ent transition-metal oxides [16]. The increased attention given to
studies in alkaline environments also boosted the search for Pt-
free catalysts. In particular, Pd and Pd-based catalysts were widely
studied [17–20]. Although the number of published papers regard-
ing the effects of transition-metal oxides is not as large as for Pt
and Pt-based catalysts, enhancing effects of TiO2 [21–26], CeO2

[27–29] and other oxide supports [30–35] were reported for Pd.
Studies of the influence of antimony tin oxide (Sb2O5/SnO2 –

ATO) on the activity of Pt nanoparticles were carried out for alcohol
oxidation [36–39] and oxygen reduction [40–42]. For Pd nanopar-
ticles, the effect of ATO was investigated only for hydrogen perox-
ide reduction [43] and acid formic oxidation [44]. To best of our
knowledge, neither studies regarding the impact of adding ATO
to Pd nanocatalysts on ethanol oxidation nor systematic evalua-
tions of ligand effects have been published. In this work, a compar-
ative study of activity for ethanol oxidation was carried out on
catalysts having the same loading of identical Pd nanoparticles
supported on carbon-oxide hybrids containing different amounts
(20–40 wt.%) of antimony tin oxide. In addition, X-ray absorption
spectroscopy (XAS) experiments were carried out around the Pd
L3 edge to assess the way in which interactions between metal
nanoparticles and C-ATO hybrids perturb the Pd d band and
in situ FTIR experiments were performed to analyze adsorbed etha-
nol oxidation reaction intermediates and products.
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2. Experimental

2.1. Preparation of supports and catalysts

Hybrid supports contained carbon (Vulcan XC-72, Cabot Corp.)
and varying amounts of commercial antimony tin oxide nanopow-
der (Aldrich, Sb2O5/SnO2 – ATO; 7–11% Sb2O5, particle size
<50 nm). Carbon and ATO nanopowders were separately dispersed
in isopropanol, keeping the mixtures in an ultrasonic bath for
10 min. The suspensions were then mixed to obtain the C-ATO
hybrids, which were prepared with 20, 30 and 40 wt.% oxide
content.

Pd nanoparticles were prepared in a liquid two-phase system
[45] modified by the addition of oleic acid and oleylamine as cap-
ping agents. Briefly, 6.26 mL of aqueous solution of PdCl2 (0.03 M)
was added to a solution of a phase-transfer agent (tetraoctylam-
monium bromide – ToABr) in toluene (0.4562 g of ToABr in
16.7 mL of toluene). Thus, the ratio ToABr/metal was 4.4/1. After
stirring for 2 h, the aqueous phase was separated from the toluene
phase and discarded. Then, the capping agents were added (50 lL
of oleic acid and 54 lL of oleylamine). To reduce the Pd2+ ions,
9.4 mL of 0.2 M solution of NaBH4 was slowly added (10/1 final
reducer/metal ratio). After that, the system was stirred for 12 h.
At the end of this process, the toluene phase contains the Pd col-
loidal particles, the compound used to transfer the Pd ions from
the aqueous to the organic phase (ToABr) and reducer residues.
Therefore, after obtaining the Pd particles the toluene phase was
washed with dilute solution of H2SO4 (5 mM), dilute solution of
KOH (5 mM) and ultrapure water. Because surface properties as
well as electronic effects are important in electrocatalysis [46], in
order to evaluate the influence of the support on EOR activity it
is indispensable to warrant that the only difference between cata-
lysts is the support. Therefore, to prepare catalysts with identical
Pd nanoparticles, each support was mixed with one fraction of
the same Pd colloidal suspension. The main steps of the prepara-
tion procedure are depicted schematically in Fig. 1.

After adding the supports to the different portions of colloidal
Pd nanoparticles, the resulting mixtures were stirred during 12 h
and then the powders were filtered, and washed exhaustively with
ethanol, acetone, toluene, and chloroform. The washing steps with
ethanol and acetone allow removing traces of ToABr and reducer
that might have remained in the toluene phase and remove, at
Fig. 1. Scheme of main steps of catalysts preparation procedure.
least partially, the capping agents. The two following washings
(one with toluene and another with chloroform) were done aiming
to further remove the capping agents, as oleic acid and oleylamine
are both highly soluble in these solvents [47]. After this sequence
of washing steps, the filtered catalyst powder was dispersed in
dilute solution of KOH in ethanol (5 mM), and this dispersion kept
in an ultrasonic bath for 40 min. After filtering again, the final step
of the cleaning procedure involved thoroughly washing the cata-
lyst powder with ethanol, acetone and water. All materials were
dried at 70 �C in air. For simplicity, we shall refer to the catalysts
as Pd/C-ATO (wt.%). A Pd/C reference sample was prepared with
one of the fractions of the same Pd colloid used to prepare Pd/C-
ATO materials. All catalysts were prepared with 20 wt.% Pd load-
ing. Chemicals were purchased from Sigma-Aldrich, and used as
received.

2.2. Catalyst characterization

X-ray diffraction measurements were carried out in a Rigaku
DMax 2500 PC equipment at 2�min�1 in the 2h range 20–100 using
Cu Ka radiation (k = 1.5406 Å). Data were also collected in step
scan mode (0.02� step and 5 s/step) in the 2h range 60–80. Trans-
mission electron microscopy in scanning mode (STEM) was per-
formed with a FEI TECNAI G2 F20 HRTEM instrument.

The electronic properties were studied by X-ray absorption
spectroscopy (XAS) around the Pd L3 edge (3.173 eV) at the Soft
X-ray Spectroscopy (SXS) beamline of the Brazilian Synchrotron
Light Laboratory (LNLS). For these measurements, the dried cata-
lyst powder was adhered on a double-sided carbon tape fixed on
an aluminum holder. Experiments were carried out in a high-
vacuum chamber using a InSb(111) monochromator. Photon ener-
gies were calibrated using a Mo foil and spectra were collected in
total electron yield mode (TEY), with resolution of 2.2 eV. Spectra
were taken on three different points of each sample.

2.3. Electrochemistry

Measurements were performed in a three-electrode cell, with a
reversible hydrogen reference electrode (RHE) and a platinized Pt
wire auxiliary electrode in a separate compartment. The working
electrode was an ultra-thin layer of catalyst (28 lg cm�2 Pd load-
ing) obtained depositing 10 lL of catalysts ink on a previously pol-
ished glassy carbon disk (0.196 cm2 area). The ink was prepared
dispersing 2.9 mg of catalyst in 1 mL of isopropyl alcohol and
15 mL of Nafion solution (5 wt.% in a mixture of lower aliphatic
alcohols and water). The Pd electrochemically active surface area
was evaluated from the charge of PdO reduction determined from
cyclic voltammetry (CV) curves measured in 0.5 M H2SO4. Experi-
ments done for different high potential limits allow establishing
the potential at which a full monolayer of PdO was completed
[48,49]. All other CV experiments were made in alkaline medium
(argon-saturated 0.1 M KOH). Chronoamperometry (CA) curves
were measured in deoxygenated 0.5 M ethanol in 0.1 M KOH solu-
tion. All experiments were performed at 25 �C.

2.4. In situ FTIR

In situ multi-stepped FTIR spectroscopy experiments [50] were
performed in a three-electrode spectroelectrochemical cell with a
CaF2 window and using a Nicolet 6700 infrared spectrometer.
The catalyst ink was deposited on a previously polished Au disk
(8 lg cm�2 Pd loading), which was pressed against the optical win-
dow to form the thin-layer of electrolyte. A gold foil was used as
counter-electrode and a reversible hydrogen electrode as reference
electrode. The base spectrum was collected at 0.050 V. Data are
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presented in terms of the reflectivity relative change (DR/R)
obtained as follows:

DR
R

¼ RES � REB

REB
ð1Þ

where RES is the spectrum collected for the sample at the potential
(ES) and REB is the spectrum collected at the base potential (EB).

3. Results and discussion

3.1. Catalyst properties

Because fractions of the same Pd colloid were used to prepare
all catalysts, X-ray diffraction (XRD) analysis to estimate Pd crys-
tallite size and lattice constant was performed for the Pd/C sample,
thus avoiding interference of Sb2O5 and SnO2 signals. The diffrac-
tion pattern is shown in Fig. 2a, which exhibits the typical diffrac-
tion signals of the face centered cubic (fcc) Pd structure (PDF 87-
643). The [220] diffraction peak was fitted with a pseudo-Voigt
function (Fig. 2b) and used for calculations taking advantage of
the absence of carbon signals in that 2h region. The mean crystal-
lite diameter was estimated using Scherrer’s equation as being
2.2 nm. The apparent lattice constant was found to be 3.901 Å,
which is slightly larger than the value for Pd metal (3.890 Å). Vari-
ation of lattice parameters with nanoparticle size, which can be
explained in terms of strain [51], has been reported for oxides
[52] and pure metals such as Ag, Au and Pt [53,54], and is com-
monly found in the literature for Pd and Pd-based alloys [55,56].
Recently, Ohba et al. [57] investigated the expansion of the Pd lat-
tice as particle size decreases by EXAFS (extended X-ray absorption
fine structure) and observed that the Pd-Pd distance in small par-
ticles (<3 nm diameter) was larger by 2% than for Pd foil.

Scanning Transmission Electron Microscopy (STEM) analysis
showed small Pd nanoparticles well distributed on the supports.
Fig. 3a and b depicts a typical STEM bright field image for Pd/C
and the size distribution histogram. Average particle size was
found to be 3.3 ± 0.2 nm. These analyses also showed the presence
of Pd nanoparticles on the oxide component of the hybrid supports,
as shown in the bright and dark field images of Fig. 3c and d.

X-ray absorption spectroscopy (XAS) allows probing the elec-
tronic structure of states above the Fermi level. In the case of tran-
sition metals, the absorption of X-rays promotes the excitation of
2p electrons to unfilled d orbitals (4d for transition metals of the
second row, such as Pd) that results in an absorption peak called
absorption edge. In this work, measurements were performed
Fig. 2. (a) X-ray diffractogram of carbon-supported Pd nanoparticles. (b) Fitting
with a pseudo-Voigt function of the [200] signal.
around the Pd L3 edge (3.173 eV, 2p3/2 ? d transitions). All spectra
were normalized with the ATHENA program [58]. Fig. 4a shows a
comparison of normalized X-ray absorption spectra collected on
three different points of the Pd/C-ATO(30) sample (absorption
maximum expanded in the inset). Similar reproducibility was
obtained for all materials. XAS data for Pd on hybrid supports with
different amounts of ATO are compared in Fig. 4b, where the inset
shows the absorption peak region enlarged. The XANES (X-ray
Absorption Near Edge Structure) region was analyzed as proposed
by Shukla et al. [59], i.e., by fitting the absorption spectrum with a
Lorentzian curve that represents transitions to bound states com-
bined with an arc tangent curve to account for transitions to the
continuum. Integration of the fitted Lorentzian curve enables a
quantitative comparison of the electronic occupancy of the Pd 4d
band (smaller values of the integral indicate a larger electronic
occupancy [60]). In consequence, comparison of the values of the
integral of the Lorentzian curve allows assessing the effect of the
C-ATO supports on the Pd electronic properties. Results shown in
Fig. 4c clearly evidence that the electronic occupancy of the Pd
4d band is larger for Pd/C-ATO catalysts than for Pd/C, and follows
the amount of ATO in the hybrid support. It is important to remem-
ber that catalysts were prepared with identical Pd particles and
equal Pd loading, so the changes in electronic properties can only
be associated with the differences in the supports. In other words,
data reveal an electronic transfer from the hybrid support to the Pd
particles indicating that the interactions between the metal
nanoparticles and the C-ATO supports promote a shift in the Pd
d-band center [61].

3.2. Electrochemistry and catalytic activity for EOR

The charge of PdO reduction obtained from CV curves was used
to evaluate the electrochemically active area of Pd. Clearly, the
electrochemically active area of Pd does not depend on the elec-
trolyte in which it is determined. Therefore, these experiments
were performed in argon-saturated 0.5 M H2SO4 because the pro-
cedure is very well established for acid solutions [48], where the
oxidation/reduction processes are better defined than in alkaline
environments. To determine the potential corresponding to the
completion of a PdO monolayer CV curves were measured between
0.40 V and a high potential limit varied from 1.20 to 1.55 V
(Fig. 5a). To avoid accumulative charge losses due to Pd dissolution,
the CV for each different potential limit was measured on a fresh
ultra-thin layer of catalyst. It should be noted that the excellent
correlation of the CV curves shown in Fig. 5a also demonstrates
the good reproducibility of the preparation of the catalyst layer.
It is worth to point out that the presence of ATO (Sb2O5/SnO2) in
the support only contributes to the double-layer charging as
shown in Supplementary Fig. 1. The change in slope in the plot
of the reduction charge (QR) against the high potential limit
(Fig. 5b) occurs at 1.45 V in agreement with the literature [49].
Pd areas were calculated using 424 lC cm�2 as reduction charge
density of a PdO monolayer [48]. The Pd area exposed to the elec-
trolyte was found to be 4.3 cm2 for Pd/C, while for Pd/C-ATO cata-
lysts the Pd areas were 4.4, 4.2 and 3.9 cm2 for supports with 20, 30
and 40 wt.% ATO, respectively.

The CV curves taken in argon-saturated 0.1 M KOH solution,
depicted in Fig. 6a show the same general shape and no significant
differences in current, as expected from the similar Pd electro-
chemically active areas. CV curves recorded in solution containing
ethanol indicate that Pd/C-ATO catalysts are more active toward
the EOR than Pd/C (Fig. 6b). It should be kept in mind, however,
that the current measured under potentiodynamic conditions
includes the unknown contribution of double layer charging,
which depends on the total (metal + support) surface area and on
the applied potential. Hence, the electroactivity of different cata-



Fig. 3. (a) STEM image of carbon-supported Pd nanoparticles. (b) Size distribution histogram of Pd nanoparticles. (c) Bright field and (d) dark field image of Pd/C-ATO (30).
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lysts was assessed from the ethanol oxidation current density from
chronoamperometry experiments.

CA curves measured at constant applied potential of 0.60 V are
presented in Fig. 7a, where the current was normalized by the Pd
active area. Clearly, EOR current densities are higher on Pd/C-
ATO than on Pd/C. Furthermore, the EOR activity is higher as the
content of ATO in the support increases. The inset in Fig. 7a shows
a comparison of EOR current densities after 40 min of polarization.
A plot of the current density against the integral of the Lorentzian
curves fitted to XAS spectra (Fig. 4c) is presented in Fig. 7b. The
strong correlation between EOR current density and band occu-
pancy unveils the relevance of electronic effects. It is worth to
remember here that smaller values of the integral of the Lorentzian
curve indicate a larger electronic occupancy of the Pd 4d band (i.e.,
larger electronic transfer from the support to the metal). Indeed,
data of Fig. 7b show that the increase in the electronic occupancy
of the Pd 4d band results in an enhancement of EOR activity.

It is important to note that the Pd 4d band is the relevant one
regarding chemisorption and, thus, changes in its electronic occu-
pancy might alter the energies of adsorption. In the case of EOR, the
first reaction step is the adsorption ethanol (either through the car-
bon atom or through the oxygen atom [62,63]). Besides that,



Fig. 4. (a) Normalized X-ray absorption spectra collected on different points of the
Pd/C sample. Inset: absorption peak region enlarged. (b) Normalized X-ray
absorption spectra of Pd/C-ATO and Pd/C catalyst. Inset: absorption peak region
enlarged. (c) Integrals of the Lorentzian curves fitted to spectra.

Fig. 5. (a) CVs of Pd/C at 50 mV s�1 measured between 0.4 V and different high
potential limits (1.20–1.55 V) in argon-saturated 0.5 M H2SO4 (first cycles). (b) PdO
reduction charge (QR) against high potential limit.
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chemisorption of OH species is needed for the oxidation reaction to
proceed, which probably involves parallel pathways through
which acetaldehyde and acetate would be formed [15,63].

A clear correlation between EOR activity in alkaline solution
and electronic properties was recently reported for Pt nanoparti-
cles supported on C-oxide hybrids containing different transition-
metal oxides [16]. It was found that the EOR on Pt was enhanced
on those catalysts that have a larger Pt 5d band electronic vacancy.
In other words, while data for Pt demonstrated that EOR enhance-
ment was promoted by a 5d band more empty [16], the results for
Pd reported here show that activity increases as the 4d band is
more filled. This suggests that electronic effects might have dissim-
ilar consequences on EOR activity on different active metals. In
fact, chemisorption energies are not expected to be the same on
Pd than on Pt and thus, a dissimilar impact of the metal electronic
structure on different reaction pathways would not be unlikely.

Aiming to gain some further insight into the differences on cat-
alytic activities toward ethanol oxidation, in situ FTIR spectra were
measured between 0.05 and 1.0 V in 0.5 M ethanol in 0.1 M KOH
solution for Pd/C-ATO(40), which exhibits the best performance,
and for the Pd/C reference sample (Fig. 8).

The two loss bands (upward) observed at 1085 and 1045 cm�1

are attributed to the diminution of the amount of ethanol in the
thin layer of electrolyte while the gain bands (downward) at
1550 and 1415 cm�1 are assigned to acetate (COO� symmetric
and asymmetric stretching, respectively). All these features due
to ethanol oxidation start to appear in the spectra of Pd/C-ATO
(40) at about 0.3 V but they are not observable for Pd/C until higher
applied potentials, suggesting a lower onset potential of ethanol
oxidation for Pd/C-ATO(40).

The main reactions involved in ethanol oxidation in alkaline
solution are the partial oxidation to acetate and the complete oxi-
dation to CO2, which can be written as follows:

CH3CH2OHþ 5OH� ! CH3COO
� þ 4H2Oþ 4e ð2Þ



Fig. 6. (a) Cyclic voltammetry curves for Pd/C-ATO catalysts taken in argon-
saturated 0.1 M KOH solution at 50 mV s�1. (b) Comparison of cyclic voltammetry
curves (first cycles) taken in 0.5 M ethanol in 0.1 M KOH solution at 10 mV s�1.

Fig. 7. (a) Ethanol oxidation current densities at 0.60 V. Inset: current density after
40 min polarization. (b) Current density against the integral values of the
Lorentzian curves of Fig. 4c.
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CH3CH2OHþ 12OH� ! 2CO2 þ 9H2Oþ 12e ð3Þ
CO2 þ 2OH� ! CO2�
3 þH2O ð4Þ

At potentials above 0.6 V the formation of CO2 on the Pd/C-ATO
catalyst due to the acidification of the thin layer of electrolyte is
evidenced by the band at 2343 cm�1, which is not observed for
the Pd/C sample. The fact that no CO2 band is apparent for the
carbon-supported catalyst is in agreement with the FTIR data
reported for Pd black by Zhou et al. [64]. Spectra of Fig. 8 also show
that signals that would indicate formation of linearly bonded CO
(2055–2060 cm�1) [62] are not observed.

As mentioned above, for these measurements a thin catalyst
layer was deposited on a polished gold disk. Even though Au is
active for ethanol oxidation [65], its contribution is negligible in
the conditions of our FTIR experiments. A comparison of CV curves
taken in a conventional three-electrode cell is presented in Supple-
mentary Fig. 2, and demonstrates that the current of ethanol oxida-
tion on the Au substrate is negligible at least up to 0.9 V, where the
current on the bare Au disk is about 1.5% of that measured for the
Pd/C catalyst layer. Therefore, we must analyze whether a sub-
strate contribution might be of significance for the spectra taken
at 1.0 V. For that analysis, we have to keep in mind that during FTIR
experiments the thin layer of electrolyte formed between the opti-
cal window and the working electrode becomes more acidic
because the EOR occurs with OH� consumption. On the other hand,
we must remember that the activity of Au decreases sharply as the
pH of electrolyte diminishes [15] and, thus, it is reasonable to con-
sider that the contribution of the Au disk will be significantly smal-
ler in the FTIR spectra taken at 1.0 V than in the CV experiments
done in a conventional electrochemical cell. In other words, even
for the spectra taken at 1.0 V the contribution of the Au substrate
would not be significant.

Further analysis of the spectra of Fig. 8 shows that a gain band
due to carbonate formation (c.a. 1390 cm�1) is not apparent most
likely because of its close proximity to the acetate band at
1415 cm�1. However, the formation of CO3

2� can be inferred from
the comparison of the intensities of the bands at 1550 (B1) and
1415 (B2) cm�1 in the spectra collected at different potentials, that
vary differently for Pd/C-ATO(40) and Pd/C. An alternative way to
follow the formation of CO3

2- and its conversion to CO2 as potential
is increased consists in subtracting from the spectrum collected to
a given potential (Ei) the one collected at the previous one (Ei-1), as
the resulting spectrum would evidence the main changes that took
place when the applied potential was increased in 0.1 V. The
results obtained for Pd/C-ATO(40) and Pd/C are depicted in Fig. 9.

In the case of Pd/C-ATO(40) (Fig. 9a), a loss signal at about
1390 cm�1 is clearly seen in the spectrum resulting from subtract-
ing from the spectrum collected at 0.6 V the one measured at 0.5 V.
This feature is more pronounced in the next spectrum (Ei–Ei1 = 0.7–
0.6), where the appearance of a small CO2 band is also observed.
For higher potentials, the CO2 band increases. As ethanol oxidation
continues, the pH in the thin layer of electrolyte decreases and
bands at 1715 and 1280 cm�1 that can be attributed to acetic acid
are apparent in the Ei–Ei1 = 1.0–0.9 spectrum while the downward
band of acetate at 1415 cm�1 gradually widens probably as result
of the superposition with a band at 1378 cm�1 also attributed to
acetic acid. In contrast, for Pd/C (Fig. 9b) the loss feature at



Fig. 8. In situ FTIR spectra collected at different potentials in 0.5 M ethanol in 0.1 M
KOH solution. (a) Pd/C-ATO(40), (b) Pd/C. EB: 0.05 V, 100 scans, 8 cm�1.

Fig. 9. Spectra obtained after subtracting the spectrum collected at potential (Ei-1)
from the one collected after increasing the potential in 0.1 V (Ei). (a) Pd/C-ATO(40),
(b) Pd/C.
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1390 cm�1 is observed as a very small signal that appears only in
the Ei–Ei1 0.9–0.8 spectrum while a very small CO2 band seems
apparent in the following change of 0.1 V (spectrum Ei–Ei1 = 1.0–
0.9).

While the main reactions involved in ethanol oxidation in alka-
line media are those that lead to the formation of acetate and CO3

2�

given above, the EOR is quite complex and involves several parallel
pathways. According to the reaction mechanism proposed by Lai
et al. [15] the high currents observed in alkaline solutions would
be mainly due to the production of larger amounts of acetaldehyde,
which would be formed from adsorbed ethoxy, at the time that the
main reactive species for its oxidation would be the deprotonated
form of hydrated acetaldehyde (CH3CHOHO�). These authors also
pointed out that the most likely species in which the CAC bond
break would occur is an acetaldehyde-like intermediate.

As discussed above, our data show that the interactions
between the Pd nanoparticles and C-ATO supports lead to an
increase in the Pd 4d band electronic occupancy and to an
enhancement of the EOR current density (Figs. 4 and 7). On the
other hand, the FTIR results evidenced that also the complete oxi-
dation of ethanol to CO2 is enhanced on the Pd/C-ATO catalyst.
These results suggest that the more filled 4d band of Pd would
favor the formation of acetaldehyde, which would explain the
higher ethanol oxidation currents and the somewhat larger extent
of CAC bond breaking promoted by C-ATO supports.

Several studies of the EOR on Pd involving the addition of oxides
such as TiO2 [23–26], CeO2 [25,27,28] and other oxide supports
[30,32,33] were published. However, comparison of results is very
difficult mainly because of the different oxides added, the differ-
ences in the amount of oxides and the support nanostructure (with
or without carbon, nanotubes, etc.), and the great variations of the
size of Pd nanoparticles [25]. In a general manner, higher EOR
activity was usually attributed to larger amounts of oxygenated
species on the support surface and/or charges in the electronic
properties although experimental evidence for that was not pro-
vided. The results presented here would allow understanding some
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of the discrepancies in the literature because the nature and
amount of the oxides in the catalysts are expected to influence
the electronic occupancy of the d band. On the other hand, it has
been shown that the size of the nanoparticles may also affect the
active metal electronic properties [66].

In summary, the results presented here prove quite clearly that
the electronic occupancy of the Pd 4d band can change as conse-
quence of the interaction of Pd nanoparticles with carbon-oxide
hybrid supports, and demonstrate that the increase in EOR cur-
rents promoted by C-ATO hybrid supports is related to ligand
effects. The enhanced current, the decrease in the onset potential,
and the change in the distribution of reaction products evidenced
by the formation of CO3

2� and CO2 at lower potentials than on Pd/
C can be interpreted as result of the formation of larger amounts
of acetaldehyde on the Pd/C-ATO catalyst. While the question of
breaking the CAC bond at room temperature is far from been
solved, improvements could be made by tuning the electronic
properties of the catalytic metal.

4. Conclusions

Carbon-oxide hybrids containing different amounts of anti-
mony tin oxide (ATO) were used to support Pd nanoparticles. The
observed changes in EOR activity can be unequivocally ascribed
to the differences in the supports because all catalysts had the
same loading of essentially identical Pd nanoparticles. X-ray
absorption spectroscopy studies revealed an electronic transfer
from carbon-oxide supports to Pd particles that increase the elec-
tronic occupancy of the Pd 4d band. It was demonstrated that
the hybrid supports studied in this work enhanced the EOR activ-
ity, which follows the increase in the 4d band electronic occu-
pancy. FTIR results show a decrease in the EOR onset potential
and formation of CO3

2�/CO2 at lower potentials on Pd/C-ATO than
on Pd/C. In summary, the results presented herein unveiled, for
the first time, a strong correlation between electronic properties
and ethanol oxidation activity on Pd nanoparticles.
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