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a  b  s  t  r  a  c  t

Carbon-supported  Pd,  Au  and bimetallic  PdAu  (Pd:Au  90:10,  50:50  and  30:70  atomic  ratios)  electrocata-
lysts  were  prepared  using  electron  beam  irradiation.  The  obtained  materials  were  characterized  by  energy
dispersive  X-ray  analysis  (EDX),  X-ray  diffraction  (XRD)  and  transmission  electron  microscopy  (TEM),
and  their  catalytic  activities  toward  ethanol  electro-oxidation  were  evaluated  in  an  alkaline  medium
using  electrochemical  techniques,  in  situ  attenuated  total  reflectance  Fourier  transformed  infrared  spec-
troscopy  (ATR-FTIR)  analysis  and a  single  alkaline  direct  ethanol  fuel  cell  (ADEFC).  EDX analyses  showed
that  the  actual  Pd:Au  atomic  ratios  were  very  similar  to the  nominal  ones.  X-ray  diffractograms  of  PdAu/C
electrocatalysts  evidenced  the  presence  of  Pd-rich  (fcc)  and  Au-rich  (fcc)  phases.  TEM analysis  showed
a homogeneous  dispersion  of  nanoparticles  on the  carbon  support,  with  an  average  size in the  range  of
3–5 nm  and  broad  size  distributions.  Cyclic  voltammetry  (CV)  and  chronoamperometry  (CA)  experiments
revealed  the  superior  ambient  activity  toward  ethanol  electro-oxidation  of  PdAu/C  electrocatalysts  with
Pd:Au  ratios  of  90:10  and  50:50.  In situ  ATR-FTIR  spectroscopy  measurements  have  shown  that  the  mech-
anism  for  ethanol  electro-oxidation  is dependent  on catalyst  composition,  leading  to  different  reaction

products,  such  as acetaldehyde  and acetate,  depending  on the  number  of electrons  transferred.  Experi-
ments  on  a  single  ADEFC  were  conducted  between  50 and  90 ◦C, and  the  best  performance  of 44 mW  cm−2

in  2.0  mol  L−1 ethanol  was  obtained  at  85 ◦C  for the Pd:Au  90:10  catalysts.  This  superior  performance  is
most  likely  associated  with enhancement  of ethanol  adsorption  on  Pd,  oxidation  of  the intermediates,  the
presence  of  gold  oxide-hydroxyl  species,  low  mean  particle  diameters  and  better  distribution  of  particles
on the support.
. Introduction

Environmental problems and the increased global demand for
nergy have mobilized the scientific community in search of clean
nd renewable energy sources [1–3]. In this context, fuel cells

ppear to be an appropriate technology for generating electricity
hrough the electro-oxidation of alcohols [4–8]; acid cells are the

ost developed variety. Methanol is the most efficient liquid fuel,
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E-mail addresses: mauro.santos@ufabc.edu.br, drmcsa@gmail.com

M.C. dos Santos).
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ttp://dx.doi.org/10.1016/j.electacta.2013.08.021
© 2013 Elsevier Ltd. All rights reserved.

and carbon-supported PtRu nanoparticles (PtRu/C electrocatalysts)
are the best electrocatalysts [6]. Ethanol has also been widely stud-
ied due to its economic and environmental characteristics, with
higher energy density and lower toxicity than those of methanol.
However, the complete oxidation of ethanol to CO2 is more difficult
than in the case of methanol due to the requirement of C C bond
breaking and the formation of CO-like species that poison platinum
catalysts [9–11]. Moreover, the slowness of anodic and cathodic
reactions in acidic environments and the high price of the neces-

sary Pt-based electrocatalysts and membranes make ethanol fuel
cells an expensive technology, hindering its competitiveness [1].

The development of anion exchange membranes stimulated the
research of alkaline direct ethanol fuel cells (ADEFC), in which the
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uel oxidation and oxygen reduction reactions take place with faster
inetics, allowing the use of less noble metals than the expen-
ive platinum. These membranes also offer lower permeability to
uel and allow better water management, thus simplifying the cell
esign, since the ionic current in the alkaline fuel cell is due to
onduction of hydroxide ions. This ionic flow is in the reverse direc-
ion to that in proton conducting systems. As such, the direction of
he electro-osmotic drag is reversed, reducing alcohol crossover
nd anodic dryness [12]. Several research groups have intensively
tudied the less expensive Pd-based electrocatalysts for ethanol
lectro-oxidation in an alkaline medium [12]. The results have
hown that Pd is an active electrocatalyst toward ethanol electro-
xidation; furthermore, the combination of Pd with other metals
s co-catalysts improves its activity, stability and poison tolerance
12]. Gold is generally considered a poor electrocatalyst in acidic
onditions; however, its activity in alkaline conditions is slightly
igher [13]. In an alkaline medium, the high activity of bimetallic
lectrocatalysts (PdAu/C) is related to the fact that practically no
oisoning species (CO-like species) can be formed and adsorbed
n gold surface. It was suggested that the easy adsorption of small
rganic molecules on the Pd surface and simultaneous activation of
he Au surface by hydroxyl species in an alkaline medium produce

 synergistic effect that improves the ethanol oxidation kinetics in
dAu binary electrocatalysts [13]. It has been shown that addition
f the second metal, such as Au increases the activity of Pd-based
node catalysts for alcohol electro oxidation [11,12].

The characteristics of multi-metallic catalysts, such as activ-
ty (energy generation) and selectivity, depend on their nature,
tructure and composition, and can be fine-tuned during the prepa-
ation procedure [11]. Carbon-supported metal nanoparticles for
uel cell applications have been prepared by radiation-induced
eduction of metal ion precursors [14]. Silva et al. prepared PtRu/C
lectrocatalysts for methanol electro-oxidation in acid medium
sing gamma and electron beam irradiation [15–17] and PtSnO2/C
lectrocatalysts for ethanol electro-oxidation using electron beam
rradiation [14]. Electron beam irradiation allowed the prepara-
ion of an active PtRu/C electrocatalyst in only a few minutes. In
ecent work, Silva et al. studied the activities of different electro-
atalysts for alcohol electro-oxidation in an alkaline medium and
eported superior performance for methanol electro-oxidation by
tAu/C electrocatalysts than by Pt/C electrocatalysts; furthermore,
tAuBi/C (50:40:10) showed the best performance in alkaline con-
itions [17].

The oxidation reactions of alcohols are very complex, involving
everal elementary steps: adsorption and alcohol dehydrogena-
ion reactions, electron transfer and reactions with adsorbed OH
roups and product desorption [18]. Therefore, active multifunc-
ional electrocatalysts that are tolerant to poisoning CO-like species
nd allow the most advanced partial oxidation reaction of ethanol
t lower over-potentials to enhance ethanol electro-oxidation must
e developed.

In this work, Au/C, Pd/C and PdAu/C electrocatalysts with differ-
nt Pd:Au atomic ratios were prepared in water/2-propanol using
lectron beam irradiation. The obtained materials were tested for
thanol electro-oxidation in an alkaline medium at room tempera-
ure using electrochemical techniques and in a single ADEFC, in the
ange of 50–90 ◦C. The products and intermediates formed during
thanol electro-oxidation were measured in situ using ATR-FTIR.

. Experimental
Pd/C, Au/C and PdAu/C electrocatalysts (20 wt%  metal load-
ng) were prepared with different Pd:Au atomic ratios using
d(NO3)2·2H2O (Fluka) and HAuCl4·3H2O (Fluka) as metal sources,
issolved in 50/50 (v/v) water/2-propanol. Carbon Vulcan® XC72R,
 Acta 111 (2013) 455– 465

used as a support, was then dispersed in the solution using an
ultrasonic bath. The resulting mixtures were submitted (at ambient
conditions) under stirring to electron beam irradiation (Electron
Accelerator’s Dynamitron Job 188-IPEN/CNEN-SP), with a total
applied dose of 288 kGy (dose rate 1.6 kGy s−1, time 3 min).

Electron beam irradiation of a water solution causes the ion-
ization and excitation of water molecules, producing the species
shown in Eq. (1) [19]:

H2O + 
−
aqe ; H+, H• , H2, 

•OH, H2O2

Electron beam  

(1)

The solvated electrons, e−
aq, and H• radicals are strong reducing

agents and are able to reduce metal ions down to their zero-valent
states (Eqs. (2) and (3)):

M+ + eaq
− → M0 (2)

M+ + H• → M0 + H+ (3)

However, •OH radicals can oxidize ions or atoms into a higher
oxidation state and thus counterbalance reduction reactions (2) and
(3). Thus, an •OH radical scavenger, in this case 2-propanol, is added
to the above solution and reacts with these radicals, leading to the
formation of radicals that are able to reduce metal ions (Eqs. (4) and
(5)) [19]:

(CH3)2CHOH + •OH → (CH3)2COH + H2O (4)

M+ + (CH3)2COH → M0 + (CH3)2CO + H+ (5)

In this manner, the atoms produced by the reduction of metal
ions progressively coalesce, leading to the formation of metal
nanoparticles.

After electron beam irradiation, the mixtures were filtered, and
the solids (Pd/C and PdAu/C electrocatalysts) were washed with
water and dried at 70 ◦C for 2 h [15,16,20].

The Pd:Au atomic ratios were obtained by energy-dispersive
X-ray analysis (EDX) using a Philips XL30 scanning electron micro-
scope with a 20 keV electron beam and equipped with an EDAX
DX-4 microanalyzer.

X-ray diffraction (XRD) analyses were carried out with a
Miniflex II model Rigaku diffractometer using a Cu K� source

(� = 1.54056 ´̊A). The diffractograms were recorded at 2� in the range
20–90◦ with step size of 0.05◦ and scan time of 2 s per step. The
average crystallite size was  estimated using the Scherrer equation
[21].

Transmission electron microscopy (TEM) was  carried out using
a JEOL JEM-2100 electron microscope operated at 200 kV. The par-
ticle distribution histogram was determined by measuring 150
particles from each micrograph.

Electrochemical studies of the electrocatalysts were carried out
using the thin porous coating technique [22]. A total of 20 mg  of the
electrocatalyst was  added to a solution of 50 mL  of water contain-
ing 3 drops of a 6% polytetrafluoroethylene (PTFE) suspension. The
resulting mixture was treated in an ultrasound bath for 10 min, fil-
tered and transferred to the cavity (0.30 mm deep and 0.36 cm2

in area) of the working electrode. The reference electrode was
Ag/AgCl, and the counter electrode was a platinized Pt plate.

Electrochemical measurements were carried out using a
Microquimica (model MQPG01, Brazil) potentiostat/galvanostat.
Cyclic voltammetry was performed using 1.0 mol  L−1 ethanol in
1.0 mol  L−1 KOH saturated with N2. Chronoamperometry exper-
iments were performed using 1.0 mol  L−1 ethanol in 1.0 mol  L−1
KOH at −0.40 V at room temperature.
In situ attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) measurements were carried out using
a Varian® 660 IR spectrometer equipped with an MCT  detector



himica Acta 111 (2013) 455– 465 457

c
P
r
c
e
t
t
t
t
r
t
s
9
s
w
a

o
U
p
3
u
w
t
S
s
m
t

p
f
b
a
2
P
c
b
a
e
G
t
a
p
u
p
d
t
t
a
g
o

3

a
T

a

l
a
r
4
(

Table 1
Nominal Pd:Au atomic ratios, those obtained by EDX and XPS and crystallite sizes
estimated by the Scherrer equation of PdAu/C electrocatalysts prepared using elec-
tron beam irradiation.

Pd:Au atomic
ratio (nominal)

Pd:Au atomic
ratio (EDX)

Pd:Au atomic
ratio (XPS)

Crystallite
size (nm)

PdAu 90:10 91:09 84:16 3.0

for all catalysts. Simões et al. [28] synthesized Pd/C, Au/C and
PdAu/C electrocatalysts and observed a direct relationship between
nanoparticle size and Au content. Liu et al. asserts that the activ-
ity of gold catalysts for CO oxidation is sensitive to the nature of

PdAu/C 30 :70

PdAu/C 50 :50

PdAu/C 90 :10

Pd/C
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ooled with liquid N2, a MIRacle with a Diamond/ZnSe Crystal
late (Pike®) ATR accessory and a special cell, as presented in
eference [23]. The same working electrode used in the electro-
hemical experiments was used in ATR-FTIR measurements. These
xperiments were performed at 25 ◦C in a 1.0 mol  L−1 KOH solu-
ion containing 1.0 mol  L−1 ethanol. The spectra were collected as
he ratio R:R0, where R represents a spectrum at a given poten-
ial, and R0 is the spectrum collected at −0.70 V (in this potential,
he electro oxidation of ethanol has not yet begun being still in the
egion of adsorption/desorption of hydrogen). Positive and nega-
ive directional bands represent gains and losses of species at the
ampling potential, respectively. The spectra were computed from
6 interferograms, averaged from 2500 to 850 cm−1 with constant
pectral resolution of 8 cm−1. Initially, a reference spectrum, R0,
as measured at −0.70 V, and sample spectra were collected after

pplying successive potential steps from −0.85 to 0.20 V.
X-ray photoelectron spectroscopy was carried out at a pressure

f less than 10−7 Pa using a commercial spectrometer (UNI-SPECS
HV). The Mg  K� line was used (h� = 1253.6 eV), and the analyzer
ass energy was set to 10 eV. The inelastic background of the Pd
d, Au 4f, C 1s and O 1s electron core-level spectra was  subtracted
sing Shirley’s method. The composition of the near surface region
as determined with an accuracy of about ±5% from the ratio of

he relative peak areas of the corresponding elements corrected by
cofield’s sensitivity factors. Multiple Voigt profiles were fit to the
pectra without placing constraints. The full width at half maxi-
um  (FWHM) varied between 1.2 and 2.1 eV, and the accuracy of

he peak positions was ±0.1 eV.
Membrane electrode assemblies (MEA) were prepared by hot

ressing a Fumasep-FAA3-PEEK membrane (Fumasep FAA3 rein-
orced with PEEK and pretreated in 1.0 mol  L−1 KOH for 24 h)
etween an anode of either Pd/C or PdAu/C (prepared in this work)
nd a cathode of 20 wt% Pd/C (prepared in this work) at 80 ◦C for

 min  under a pressure of 45 kgf cm−2. Both electrodes used 1 mg
d cm−2 catalyst loading. The ink, containing 70 wt%  Pd/C or PdAu/C
atalysts and 30 wt% of a 5% Nafion solution, was  painted in car-
on cloth. The MEA  was placed between two bipolar plates and
ssembled in a single fuel cell with a 6 Nm torque wrench. The
xperiments were performed using a test bench from Electrocell
roup that allows control over the fuel cell operating parame-

ers (flow rates, humidification and temperature of the reactants
nd cell temperature) and performs automatic data acquisition of
olarization curves and power density curves in real time. Liq-
id fuel alimentation made use of a Masterflex L/S Cole-Parmer
eristaltic pump. The direct ethanol fuel cell performances were
etermined in a single cell with an area of 5 cm2. The tempera-
ure was set between 50 and 90 ◦C for the fuel cell and 85 ◦C for
he oxygen humidifier. The fuels, 1.0 and 2.0 mol  L−1 ethanol in 1.0
nd 2.0 mol  L−1 KOH, were delivered at 1.0 mL  min−1, and the oxy-
en flow was regulated at 500 mL  min−1. Polarization curves were
btained by using a CDE electronic load.

. Results and discussion

The PdAu/C electrocatalysts prepared with different Pd:Au
tomic ratios using electron beam irradiation are summarized in
able 1.

For all samples, Pd:Au atomic ratios determined by EDX and XPS
nalysis were similar to the nominal ones.

The XRD diffractograms of Pd/C, Au/C and PdAu/C electrocata-
ysts, displayed in Fig. 1, show a broad peak at about 25◦ that was

ttributed to the Vulcan XC72R support. The four diffraction peaks
elated to the Pd/C electrocatalyst are at 2� of approximately 40,
6, 68 and 82◦ and associated with the reflections of (1 1 1), (2 0 0),
2 2 0) and (3 1 1) planes, respectively, which are characteristic of
PdAu 50:50 58:42 52:48 4.5
PdAu 30:70 28:72 – 5.2

the face-centered cubic (fcc) structure of Pd [19,24]. The Au/C elec-
trocatalyst show five diffraction peaks at about 2� = 38, 45, 65, 78
and 82◦, attributed to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2)
planes, respectively, which are characteristic of the fcc structure of
Au [25]. PdAu/C (90:10) and (50:50) electrocatalysts showed sep-
arated Pd-rich (fcc) and Au-rich (fcc) phases. The PdAu/C (30:70)
electrocatalyst showed only the peaks of the Au-rich (fcc) phase,
indicating that, for this composition, the Pd atoms are incorporated
into either an Au (fcc) phase or an amorphous phase that is not
detectable by XRD [26]. In DRX analysis were not observed peaks
displacements. This is suggesting that the bimetallic catalysts pre-
pared according Spinacé et al. [20] methodology did not form alloy,
contrary to what was observed by Feng et al. [27]. The authors pre-
pared alloyed PdmAu nanoparticles (m refers to the atomic Pd/Au
ratio) whose XRD analysis showed shifts diffraction peaks indicat-
ing the formation alloy PdAu. Applying the Scherrer equation [22],
the (2 2 0) reflections of the Pd (fcc) or Au (fcc) structure were used
to calculate the average crystallite sizes, which ranged between 3.0
and 5.2 nm (Table 1), in agreement to Silva et al. [14–17].

Fig. 2 shows TEM micrographs and particle size distribution
histograms of Pd/C and PdAu/C (Pd:Au atomic ratios of 90:10,
50:50 and 30:70) electrocatalysts. The TEM micrographs of Pd/C
and PdAu/C (Pd:Au atomic ratios of 90:10 and 50:50) electrocata-
lysts showed a wide distribution of nanoparticles over the carbon
support, with an average particle size approximately 3.0 nm that
increased slightly with Au content. The PdAu/C 30:70 electrocata-
lyst showed some agglomeration of the nanoparticles on the carbon
support, with an average particle size approximately 5.0 nm.  The
histograms showed a rather broad distribution of nanoparticle sizes
2θ (deg ree)

Fig. 1. X-ray diffractograms of Pd/C, Au/C and PdAu/C (90:10, 50:50 and 30:70 Pd:Au
atomic ratios) prepared using electron beam irradiation.
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Fig. 2. TEM micrographs and particle size distribution histograms of (a) Pd/C, (b) PdAu/C (90:10), (c) PdAu/C (50:50), (d) and PtAu/C (30:70) electrocatalysts.



A.N. Geraldes et al. / Electrochimica Acta 111 (2013) 455– 465 459

nd Au

t
g
fi
i
a
t
c
e

s
l
a
v
o
a
a
9
t
i
a
o
w

4
t
3
P
p
f
o
s
p
d
g
8
s

like species [30].
Fig. 4 shows the assignments of the deconvoluted components

of the O 1s spectra of Pd/C and Au/C electrocatalysts. These spectra
Fig. 3. Deconvoluted XPS Pd 3d and Au 4f spectra of (a) Pd/C a

he support, the size of the gold particles, and the properties of the
old–support interface. The low melting point of gold results in dif-
culty preparing gold catalysts in a highly dispersed state [29]. Also

n accordance with Liu et al. the possibility of rapid Au agglomer-
tion during catalyst preparation may  be one of the main reasons
hat the choice of preparation method has profound effects on the
atalytic activity of gold-containing materials to a much greater
xtent than in the cases of other noble metal catalysts.

To obtain further information on the composition and chemical
tates of the prepared catalysts, Pd 3d, Au 4f, C 1s and O1s core
evel XPS spectra were recorded. With an XPS sampling depth of
pproximately 4 nm and an average particle size of 3 nm,  the entire
olume of the catalyst was examined by the technique. The results
f the quantitative analysis, shown in Table 1, indicate an equal
tomic concentration of Pd and Au for the Pd:Au 50:50 sample and

 slightly higher Au content than the nominal value for the Pd:Au
0:10 catalyst. This analysis supports the XRD results and confirms
he formation of separate Au and Pd nanoparticles, thus exclud-
ng the possibility of a core-shell system, which would lead to the
ttenuation of one of the elements. In addition to elevated amounts
f carbon and oxygen, traces of sulfur (0.1 at.%) and silicon (0.4 at.%)
ere detected, most likely on the sample surface.

Fig. 3 shows the deconvoluted high-resolution Pd 3d and Au
f spectra of the catalysts. The Pd 3d spectrum can be fitted by
hree spin–orbit doublets with Pd 3d5/2 components located at
35.2, 336.3 and 337.6 eV and attributed to metallic Pd, Pd(II) and
d(IV) phases, respectively [30]. First, the data indicate that the Pd
articles consist of a metallic core embedded in a PdO sub-shell
ollowed by a PdO2 surface layer. Second, the constant proportion
f the three phases of Pd0:Pd(II):Pd(IV) = 1:1:0.5, detected for all
amples, implies that the catalysts have very similar oxide layer
rofiles and that the thicknesses of the phases follow the sequence:

(Pd0) > d(Pd(II)) > d(Pd(IV)). The fitted Au 4f spectra show that the
old nanoparticles are not purely metallic (main component at
4.0 eV) but possess a slightly oxidized surface, evidenced by a
mall component located at 86.3 eV that is indicative of an Au(III)
/C, (b) PdAu/C (90:10) and (c) PdAu/C (50:50) electrocatalysts.

phase, in the form of oxide or hydroxide [30]. To obtain the best fit
to the data, a second spin–orbit doublet was introduced, attributed
to the interaction of Au atoms with sulfur that was present in
trace amounts at the particle surface. According to Mikhlin et al.
[31], sulfur–gold bonds are expected at approximately 85.5 eV. In
addition, the position of the S 2p peak, detected at approximately
164.0 eV (not shown), hints at the possible presence of polysulfide-
Fig. 4. Deconvoluted XPS O 1s spectra of (a) Pd/C and (b) Au/C electrocatalysts.
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Fig. 6. Cyclic voltammograms of Pd/C, Au/C and PdAu/C (90:10, 50:50 and 30:70

ig. 5. Cyclic voltammograms of Pd/C, Au/C and PdAu/C electrocatalysts with atomic
atios 90:10, 50:50 and 30:70 in 1.0 mol  L−1 KOH, measured over a potential range
rom  −0.85 to 0.20 V vs. Ag/AgCl at a scan rate of 10 mV  s−1.

ere chosen to easily distinguish the spectral features of Pd and
u nanoparticles. The spectra are quite similar, both dominated
y O C and O C O groups from the Vulcan® XC72R support. The
igh-energy component at approximately 335.0 eV was  attributed
o the presence of molecular water [30], in higher abundance in
he Au/C sample. The low energy component can be assigned, in
he case of Pd/C, to the O2− oxidation state of O Pd bonds and, in
he case of Au/C, to hydroxyl surface groups. The latter assignment
upports the existence of hydroxyl species that might contribute
o the catalytic activity of the Pd/Au catalysts. Finally, the C 1s
eak, with a similar form for all samples (not shown), was  deconvo-

uted into four components, with the most prominent sub-peaks at
84.6 and 285.2 eV related to the aromatic and hydrocarbon phases,
espectively. The low intensity components at 286.6 and 289.2 eV
epresent the chemical shifts of ether/alcohol and hydroxyl groups,
espectively [30].

The cyclic voltammograms (CV) of Pd/C, Au/C and PdAu/C
Pd:Au atomic ratios 90:10, 50:50 and 30:70) electrocatalysts in
.0 mol  L−1 KOH are shown in Fig. 5. The CV responses were nor-
alized per gram of the metal.
CV of the Au/C electrocatalyst does not present hydrogen

dsorption/desorption peaks in the positive scan (−0.85 and
0.50 V vs. Ag/AgCl): there is only one oxidation peak in the region
etween −0.1 and 0.2 V vs. Ag/AgCl, which is attributed to the
ormation of gold oxides or adsorption of OH− species on the
old surface [32,33]. The anodic CV scan of the Pd/C electrocat-
lyst has one shoulder in the potential region −0.85 to −0.50 V
s. Ag/AgCl, associated with hydrogen adsorption/desorption pro-
esses on the Pd surface; another shoulder in the potential region
0.40 to 0.0 V and one peak in the potential region 0–0.20 V are
ssociated with the formation of a palladium (II) oxide layer on
he palladium surface [32]. Although the oxidation mechanism is
ot clear at present, it has been widely accepted that OH− is first
hemisorbed in the initial stage of oxide formation and then trans-
ormed into higher valence oxides at higher potentials on Pd [33].
n the negative scan, there are more pronounced reduction peaks,
etween −0.40 and −0.20 V vs.  Ag/AgCl, attributed to the reduc-
ion of the Pd oxides generated during the positive scan [32]. For
dAu/C electrocatalysts (Pd:Au atomic ratios of 90:10 and 50:50),

he anodic CV scan revealed that the addition of Au promotes a
ynergistic effect between Pd and Au that was characterized by the
ppearance of more pronounced peaks in the region of H2 adsorp-
ion/desorption, suggesting that hydrogen adsorption/desorption
Pd:Au atomic ratios) electrocatalysts in 1.0 mol L−1 ethanol and 1.0 mol  L−1 KOH,
measured over a potential range of −0.85 to 0.20 V vs. Ag/AgCl, at a scan rate of
10  mV s−1.

processes on the surfaces of these electrocatalysts were favored. In
addition, other more pronounced oxidation peaks appear around
the same region as the previous Pd/C CV, indicating the formation
of higher amounts of metallic oxides and/or greater amounts of
OH− species adsorbed on the surface of the metals. For the PdAu/C
(30:70) electrocatalyst, the CV adsorption peak was similar to that
of the Au/C electrocatalyst, and the reduction peak was  similar to
that of the Pd/C electrocatalyst; however, both peaks had small
intensities. The cathodic peak at around −0.30 V in the CV of the
Pd/C electrocatalysts was attributed to the reduction of the palla-
dium oxides formed during the anodic scan. For PdAu/C (90:10)
and PdAu/C (50:50) electrocatalysts, these peaks were shifted to a
lower potential. The position and shape of these reduction peaks
are consistent with the reduction of nanostructured Pd(II) species,
either PdO or Pd(OH)2 [24,34]. The shifted position of the surface
oxide peak in the voltammograms, located at −0.30 and −0.38 V vs.
Ag/AgCl for Pd/C and PdAu/C (90:10) electrocatalysts, respectively,
is related to the surface composition. These results indicate that
the surface is palladium rich [28]. For the PdAu/C (30:70) electro-
catalyst, the peak position for surface oxide reduction was  shifted to
−0.33 V, which may  from the influence of gold oxide reduction [35].
For the PdAu/C (50:50) the occurrence of a widening in the double
layer region suggests the existence of a greater amount of adsorbed
oxygen species. This widening assumes that there is higher surface
area available from both species Au and Pd, at the same potential.
This shows the bimetallic composition of the electrocatalysts PdAu
50:50.

Fig. 6 shows the CV obtained at room temperature for Au/C, Pd/C
and PdAu/C (90:10, 50:50 and 30:70) electrocatalysts in 1.0 mol  L−1

KOH at a scan rate of 10 mV  s−1, in the presence of 1.0 mol  L−1

ethanol. The CV responses were normalized per gram of metal.
In all voltammograms, the region of hydrogen adsorp-

tion/desorption is significantly suppressed by the presence of
ethanol. The voltammogram obtained from ethanol electro-
oxidation of Pd/C and PdAu/C (90:10, 50:50 and 30:70) electrocata-
lysts shows onset potential at −0.65 V vs.  Ag/AgCl. For the Au/C elec-
trocatalyst, the onset potential was  shifted positively (−0.50 V vs.
Ag/AgCl). The Pd/C and PdAu/C (90:10, 50:50 and 30:70) electrocat-
alysts showed similar performance in the region of -0.50 to 0.20 V

vs. Ag/AgCl, while the Au/C electrocatalyst showed the lowest level
of performance. Addition of the Au content to the Pd-based material
could prevent the absorption of hydrogen, as reported by Hayden
and coworkers [36]. These results indicate that the addition of Au to
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ig. 7. Current–time curves at −0.40 V for Pd/C, Au/C and PdAu/C (90:10, 50:50 and
0:70) electrocatalysts in 1.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH.

 Pd/C electrocatalyst improves its electrocatalytic activity over the
ntire potential range. The superior activity of the binary catalysts
dAu/C may  be attributed to their bi-functional mechanism, supe-
ior ethanol adsorption, better dispersion and lower particle size.
or a bi-functional mechanism, the OH− species adsorbed on the
econd metal, near the first metal, would increase the concentration
f OHads species on the electrocatalyst surface, facilitating ethanol
lectro-oxidation; furthermore, a wider distribution and lower par-
icle size increase the active area for ethanol adsorption [37].

Fig. 7 shows the chronoamperometry curves obtained at room

emperature for Pd/C, Au/C and PdAu/C (90:10, 50:50 and 30:70)
lectrocatalysts in 1.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH, at a fixed
otential of −0.40 V vs. Ag/AgCl for 30 min.
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In each of the current–time curves, there was an initial drop
in current during the first few minutes, most likely due to poi-
soning of the electrode by intermediates generated during ethanol
electro-oxidation. PdAu/C 90:10 and 50:50 electrocatalysts showed
the most superior electrocatalytic activity of all those evaluated.
The PdAu/C 30:70 electrocatalyst provided an oxidation current for
ethanol oxidation lower than the one for the same process using
the Pd/C electrocatalyst after 5 min, while the Au/C electrocata-
lyst exhibited practically no activity. These results suggest that, at
the investigated electrode potential, the addition of up to 50 at.%
of Au to Pd/C electrocatalysts enhances their activity for ethanol
electro-oxidation, yielding higher efficiency and greater tolerance
to electrocatalyst poisoning.

The identification of products generated during ethanol electro-
oxidation was carried out by in situ FTIR in the range of −0.70 to
0.20 V vs. Ag/AgCl using Pd/C and PdAu/C 90:10 electrocatalysts,
due to their lower gold content and single fuel cell perfor-
mance. FTIR spectra (Fig. 8) were recorded in 0.10 V increments, in
1.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH aqueous solution, at room
temperature.

The Pd/C and PdAu/C spectra display two intense peaks at
1553 and 1418 cm−1, originating from asymmetric and symmet-
ric C O bond vibrations that are characteristic of the presence
of acetate ions. The small peak at 926 cm−1 is associated with
acetaldehyde C O O stretching vibrations [38,39]. A less intense
band, associated with CO2 symmetric stretching vibrations, is
observed at 2341 cm−1, suggesting the presence of a small
amount of CO2, but the intensities of this band are higher for
Pd/C than for PdAu/C 90:10. These spectra also show the pres-
ence of peaks at 1047 and 1088 cm−1 that are associated with
ethanol consumption [40]. These bands are more pronounced for
no band was measured in 2630 cm−1, as it can be observed in
Fig. 8. It is possible that this band is covered by water band,
which is different from the observed by Almeida et al. [41]
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462 A.N. Geraldes et al. / Electrochimica Acta 111 (2013) 455– 465

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

A
b

s
o

rb
a

n
c
e

 /
 a

.u
.

E/V vs Ag/AgCl

 Pd/C

 PdAu/C 90 :10

1553 cm
-1 

Acetate

A

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

A
b

s
o

rb
a

n
c
e

/a
.u

.

E/V vs Ag/AgCl

 Pd/C

 PdAu/C 90 :10

926 cm
-1
 Ac etaldeh yde

B

the Pd

t
a

w
a
F

l
a
e

F
a
A

Fig. 9. Generation levels of acetate (A) and acetaldehyde (B) in 

hat showed a specific large band at 2630 cm−1 attributable to
cetate.

The variations of acetate and acetaldehyde band intensity
ith potential were analyzed individually to compare the Pd/C

nd PdAu/C 90:10 electrocatalysts and the results are shown in
ig. 9.
The generation level of acetate is similar for both electrocata-
ysts over the entire potential range. In the case of acetaldehyde,

 higher generation level was observed for the PdAu/C 90:10
lectrocatalyst in the potential range between −0.20 and −0.50 V

ig. 10. Polarization and power density curves of a 5 cm2 ADEFC operating from 50 to 90 ◦C
nd  a Pd/C cathodic electrocatalyst fed with 1.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH solutio
DEFC  used a Fumasep-FAA3-PEEK membrane and oxygen humidifier temperature of 85
/C and PdAu/C 90:10 electrocatalysts as a function of potential.

vs. Ag/AgCl. The PdAu/C 90:10 electrocatalyst shows very similar
spectra as those of Pd/C. These results suggest that ethanol electro-
oxidation on Pd/C and PdAu/C electrocatalysts occurs predomi-
nantly without C C bond breaking, thus lowering the amounts of
carbonate ion and CO2 generated; therefore, acetate is the main
product of ethanol electro-oxidation in an alkaline medium.
Although quantifying CO2 generation was not possible, CO2
generation requires formation of CO, which poisons the catalyst
and has slower reaction kinetics. Furthermore, studies have
shown that the amount of CO2 formed is minimal, and the most

 and using a (a) Pd/C, PdAu/C (b) 90:10, (c) 50:50 or (d) 30:70 anodic electrocatalyst
n; the anodic and cathodic catalyst loading levels were both 1 mg Pd cm−2, and the
◦C.
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Table 2
Values of the cell open circuit voltage (OCV) and maximum power density achieved at 85 ◦C, with fuel flow of 1.0 mL  min−1 and oxygen flow of 500 mL  min−1 (both at
atmospheric pressure). Fuel was fed with 1.0 and 2.0 mol  L−1 ethanol in 1.0 and 2.0 mol  L−1 KOH solutions using Pd/C and PdAu/C (Pd:Au of 90:10, 50:50 and 30:70)
electrocatalysts.

Electrocatalyst Ethanol 1.0 mol  L−1 Ethanol 2.0 mol  L−1

Pmax/mW  cm−2 OCV/mV Pmax/mW cm−2 OCV/mV

Pd/C 16 727 25 717
732 

771 

751 
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e
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w
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f

l

F
a
A

PdAu/C 90:10 19 

PdAu/C 50:50 17 

PdAu/C 30:70 16 

ctive electrocatalysts are less selective to CO2 and preferentially
enerate acetate and acetaldehyde [39].

Fig. 10 displays the single fuel cell performances in the temper-
ture range 50–90 ◦C of Pd/C and PdAu/C (90:10, 50:50 and 30:70)
lectrocatalysts fed with 1.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH.

The performance of each electrode was significantly improved
s temperature increased, indicating that the ethanol electro-
xidation processes are thermally activated. The highest current
nd power densities were obtained at approximately 85 ◦C for
.0 mol  L−1 ethanol in 1.0 mol  L−1 KOH. Above this temperature,
ater management and membrane dryness began to interfere
ith electrode performance, most likely due to an increase in

ell resistance. At 85 ◦C, all electrodes fed with 1 mol  L−1 ethanol
n 1 mol  L−1 KOH had similar maximum power densities (see
able 2).

Fig. 11 shows the single fuel cell performances between 50 and

0 ◦C of Pd/C and PdAu/C (90:10, 50:50 and 30:70) electrocatalysts
ed with 2.0 mol  L−1 ethanol in 2.0 mol  L−1 KOH.

As the polarization and power density curves indicate, the
argest power density was detected at 85 ◦C for both ethanol

ig. 11. Polarization and power density curves of a 5 cm2 ADEFC operating from 50 to 90 ◦C
nd  a Pd/C cathodic electrocatalyst fed with 2.0 mol  L−1 ethanol in 2.0 mol  L−1 KOH solutio
DEFC used a Fumasep-FAA3-PEEK membrane and oxygen humidifier temperature of 85
44 751
32 795
30 775

concentrations. In addition, for both concentrations, when the
operation temperature was  increased, the decay of the I–V curve
is less pronounced in the electrochemical kinetics-controlled
low current density region (0.02 A cm−2 for 1.0 mol L−1 ethanol;
0.03 A cm−2 for 2.0 mol L−1 ethanol), indicating that the ethanol
oxidation kinetics was  greatly enhanced at higher temperatures.
In the ohmic drop region, associated with electrical resistance, the
plot slope decreases with increasing temperature for both ethanol
concentrations. Furthermore, both concentrations reach a max-
imum current without exponential decay associated with mass
transport limitations, indicating that the electrode kinetics may  be
improved without changing any physical characteristics, such as
porosity and fuel supply; in other words, all losses are associated
with the kinetics and resistivity of the electrodes. Above 90 ◦C, a
decrease in cell performance was  observed. These results indicate
that better reactant diffusion and higher electrode kinetics may  be

achieved at higher temperatures. Increases of both OCV and power
density increase the fuel cell concentration and temperature. The
main results of the single ADEFC experiments are summarized in
Table 2.

 and using a (a) Pd/C, PdAu/C (b) 90:10, (c) 50:50 or (d) 30:70 anodic electrocatalyst
n; the anodic and cathodic catalyst loading levels were both 1 mg Pd cm−2, and the
◦C.
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The values in Table 2 show that the highest power density gen-
rated at 85 ◦C was 44 mW cm−2, obtained with the PdAu/C 90:10
EA, followed by 32 mW cm−2 with the PdAu/C 50:50 MEA, both

ed with 2.0 mol  L−1 ethanol, indicating that 85 ◦C is the best operat-
ng temperature of MEAs based on palladium. The maximum power
ensity using the PdAu/C 90:10 electrocatalyst (44 mW cm−2) was
igher than that using the Pd/C electrocatalyst (26 mW cm−2). The
dAu/C 30:70 electrocatalyst shows lower power density through-
ut the potential range examined. Table 2 also shows that at 85 ◦C,
d/C and PdAu/C electrocatalysts generate similar power densities
or 1.0 mol  L−1 ethanol electro-oxidation, regardless of the Pd:Au
tomic ratio. At the same temperature, 2.0 mol  L−1 ethanol electro-
xidation nearly doubled its power density, and PdAu/C binary
lectrocatalysts generated higher power densities than did Pd/C
lectrocatalysts. The single-cell tests showed that the addition of up
o 90 at.% of Au to the PdAu/C catalyst enhances its activity for the
lectro-oxidation of ethanol, in agreement with cyclic voltammetry
nd chronoamperometry results.

Santasalo-Aarnio et al. [42] studied the anion exchange
embrane Fumasep® FAA-2. Fuel cell experiments in 1 mol  L−1

ethanol with FAA-2 resulted in OCV of 0.58 V and a maximum
ower density of 0.32 mW cm−2; even higher current densities
ere obtained with highly concentrated fuels. Simões et al. [28]

nvestigated the oxidation of ethanol in PdAu/C electrocatalysts and
roposed that the presence of a co-catalyst promotes changes in
he mechanism of ethanol electro-oxidation, leading to an activity
ncrease. Mougenot et al. [43] studied PdAu (70:30) catalysts and
lternately sputtered PdAuPd (35:30:35) and AuPdAu (15:70:15)
aterials prepared by plasma deposition of Au and Pd on a car-

on diffusion layer. They concluded that the modification of the
alladium surface by gold atoms leads to an increase in the cat-
lytic activity toward ethanol electro-oxidation. The PdAu surface
lloy composition had no significant effect on the catalytic activity;
owever, the presence of non-alloyed gold sites on the surface led
o the enhancement of catalytic activity. The mechanism seems to
nvolve ethanol adsorption on the palladium surface and hydroxyl
ormation on the gold surface, leading to catalytic activity enhance-

ent through the bi-functional mechanism. Ilie et al. [44] tested
he commercial anionic membrane FUMAPEM® FAA from Fumat-
ch. The tests were performed in a 5 cm2 cell with identical anode
nd cathode (Pt (40 wt%)/C and 2 mg  Pt cm−2 deposited on a diffu-
ion layer carbon cloth with PTFE (15 wt%)/C). The fuel composition
as 1.0 mol  L−1 ethanol in 4.0 mol  L−1 NaOH, and oxygen was  used

s an oxidant. The power densities achieved with the Fumatech
embrane were 13.5 mW cm−2 at 60 ◦C and 7.8 mW cm−2 at 25 ◦C.
Reactions in an ADEFC, with ethanol fuel in KOH, presumably

ccur with higher kinetics than those in an acid fuel cell. Under
hese circumstances, the possibility of either decreasing Pt loading
r even using non-platinum-based catalysts may  be considered.
everal reports showed that some Pt-based and Pd-based cata-
ysts display high catalytic activity toward the electro-oxidation of
lcohols or polyols in an alkaline medium [24,37,44,45]. Moreover,
d-based bimetallic electrocatalysts seem to be more stable with
espect to degradation than pure Pd on carbon black [44,46,47].

. Conclusions

The obtained results showed that the addition of Au to Pd elec-
rocatalysts prepared by electron beam irradiation leads to the
ormation of Pd-rich (fcc) and Au-rich (fcc) phases. Electrochem-
cal experiments at room temperature revealed that the addition

f 50–90 at.% of Au to Pd leads to more active electrocatalysts
or ethanol electro-oxidation. Chronoamperometric experiments
howed that PdAu/C (90:10 and 50:50 Pd:Au atomic ratios) electro-
atalysts present similar current densities that are higher than that

[

[
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of Pd/C for 1.0 mol  L−1 ethanol electro-oxidation. In situ ATR-FTIR
experiments identified acetate and acetaldehyde as the princi-
pal products of ethanol electro-oxidation using Pd/C and PdAu/C
electrocatalysts. In single fuel cell tests, the optimum operating
temperature was  85 ◦C for ethanol electro-oxidation in Pd-based
electrocatalysts. At 85 ◦C, the performance of the PdAu/C (90:10
atomic ratio) electrocatalyst in 2.0 mol  L−1 ethanol solution showed
the highest power density (44 mW cm−2). The promoting effect of
the second metal has been explained by several intrinsic features:
(i) a bi-functional mechanism, in which Au adsorbs and increases
the concentration of OH− species in proximity to Pd, favoring the
oxidation of ethanol/intermediary adsorbed to the Pd surface, (ii)
quite low particle diameter, (iii) increased surface area, (iv) better
distribution on the support, (v) low levels of poisoning by adsorbed
CO, (vi) increased kinetics for acetaldehyde production.
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