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a b s t r a c t

Pd/C, PdAu/C 50:50, PdSn/C 50:50, PdAuSn/C 50:40:10 and PdAuSn/C 50:10:40 electrocatalysts are
prepared using an electron beam irradiation reduction method and tested for glycerol electro-oxidation
in alkaline medium. X-Ray diffraction (XRD), Energy dispersive X-ray analysis (EDX), Transmission
electron Microscopy (TEM) and Cyclic Voltammetry (CV) are used to characterize the resulting materials.
The activity for glycerol electro-oxidation is tested in alkaline medium at room temperature using Cyclic
Voltammetry and Chronoamperometry (CA) and in a single alkaline direct glycerol fuel cell (ADGFC) at
temperature range of 60e90 �C. EDX analysis demonstrate that Pd:Au:Sn atomic ratios are very similar to
the nominal ones. X-ray diffractograms of PdAuSn/C electrocatalysts evidence the presence of Pd (fcc), Au
(fcc) and SnO2 phases. TEM analysis demonstrates a good dispersion of the nanoparticles on the carbon
support with some agglomerates. Cyclic Voltammetry experiments suggest that PdAuSn/C electro-
catalysts demonstrate better results. In single fuel cell tests, at 85 �C, using 2.0 mol L�1 glycerol in
2.0 mol L�1 KOH solutions, the electrocatalyst PdAuSn/C 50:40:10 demonstrate highest power density
(51 mW cm�2) and the 120 h durability tests demonstrate a 210 mV h�1 degradation rate.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the current situation, where world's energy system needs to
be changed radically in the next decades, researches on materials,
processes and systems are provided as a critical aspect for the
development of a clean and more efficient energy system. The
des), dfsilva@ipen.br (D.F. da
n.br (E.V. Spinac�e), aolivei@
ntos).
environmental problems and the global demand for energy have
stimulated the scientific community to research clean and renew-
able energy sources [1e3].

Due to their high energy efficiency, convenient operation, and
friendly environmental characteristics, polymer electrolyte mem-
brane fuel cells (PEMFC) are considered one of the most promising
fuel cell technologies for both stationary and mobile applications.
Significant progress has been achieved over the past few decades.
However, durability and cost have been identified as the most
important issues in PEMFC technology. Durability is one of the
major difficults to have polymer electrolyte membrane fuel cells
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(PEMFC), accepted as a viable commercial product. Electrocatalyst
degradation mechanisms depend on factors such as potential,
temperature, humidity, contaminants, and carbon support stability
[4].

In this context, fuel cells appear to be an appropriate technology
for generating electricity through the electro-oxidation of alcohols
[5e9].

When compared to hydrogen-fed fuel cells the direct alcohol
fuel cell, (DAFC) is more interesting because the use of liquid fuels
simplifies the fuel delivery system [5,6,10e12]. Primary alcohols
such as ethanol, 1-propanol, ethylene glycol, and glycerol have
demonstrated to be interesting as fuels in DAFC for several reasons,
such as, their low toxicity, high boiling point, high specific energy
and less prominent crossover due to their larger molecular size
[13].

Recently, the electro-oxidation of glycerol in fuel cells to add
value to the large amount of this alcohol - generated as a byproduct
of biodiesel used as fuel in internal combustion engines of fleets of
large cities - have been studied. The glycerol electro-oxidation
could bring environmental benefits and economic feasibility to
biodiesel production. Although the complete electro-oxidation of
glycerol to CO2, is hard due to the need of CeC bond breaking. The
use of glycerol - a non-valued residue of biodiesel production - as
fuel may be an interesting alternative, because it is less toxic than
methanol and displays relatively lower theoretical energy density,
5.0 kWh kg�1, versus 6.1 kWh kg�1 for methanol [14]. Alkaline
medium should be preferred to acid medium since the electro-
chemical reaction kinetics occurring at fuel cell electrodes - fuel
oxidation [15] and oxygen reduction [15,16] e are favored and
lower platinum loadings or platinum-free electrocatalysts could be
used [17].

It has been reported that palladium is an active metal for glyc-
erol and/or ethanol electro-oxidation [14,18e21]. On the other
hand, gold is generally considered as a poor electrocatalyst in acid
medium; however, its activity in alkaline medium is slightly
greater. The reactivity of glycerol and ethanol on gold, in alkaline
medium, is related to the fact that, practically, no poisoning species
(CO-like species) may be formed and adsorbed on the surface [22],
however tin is also studied in the literature.

Pd/C and PdSn/C were studied by Liu et al. [23] as catalysts for
formic acid oxidation. PdSn/C has higher electrocatalytic activity for
formic acid electro-oxidation than a comparative Pd/C catalyst and
it shows great potential as a less expensive electrocatalyst for for-
mic acid electro-oxidation in direct formic acid fuel cells (DFAFC).
Du et al. [24] studied a series of carbon-supported PdeSn binary
alloyed catalysts, as anode electrocatalysts, for direct ethanol fuel
cell reactions in an alkaline medium. Among various PdeSn cata-
lysts, Pd86Sn14/C catalysts showed a great deal of enhanced current
densities in cyclic voltammetric and chronoamperometric mea-
surements, compared to commercial Pd/C (Johnson Matthey). The
overall rate law of ethanol oxidation reaction, for both Pd86Sn14/C
and commercial Pd/C, was also determined, showing that Pd86Sn14/
C was more favorable in high ethanol concentration and/or high pH
environment.

The nature, structure, and composition of multi-metallic cata-
lysts have an important effect on the alcohol electro-oxidation in
terms of activity (energy generation) and selectivity. Considering
that the chemical and physical characteristics of these electro-
catalysts depend on the preparation procedure, this becomes a key
factor regarding their electrochemical activity [12]. In our studies,
the carbon-supported metal nanoparticles have been prepared for
fuel cell applications using radiation-induced reduction of pre-
cursors of metal ions [25]. Silva et al. prepared PtRu/C electro-
catalysts for methanol electro-oxidation, in acid medium, using
gamma irradiation and electron beam irradiation [26e28]. Silva
et al. [25] also prepared PtSnO2/C electrocatalysts for ethanol
electro-oxidation, in acid medium, using electron beam irradiation.
Moreover, Silva et al. [28] studied the activity of the electrocatalysts
for alcohol oxidation in alkaline medium and the results showed
that PtAu/C electrocatalysts had a better performance for methanol
electro-oxidation when compared to other electrocatalysts pre-
pared. PtAuBi/C (50:40:10) indicated a superior performance for
ethanol electro-oxidation in alkaline medium [28]. Geraldes et al.
[29,30] prepared carbon-supported Pd, Au and bimetallic PdAu
(Pd:Au 90:10, 50:50 and 30:70 atomic ratios) electrocatalysts using
electron beam irradiation for ethanol and glycerol electro-
oxidation. In ethanol electro-oxidation [29], chronoamperometry
(CA) experiments, at room temperature, demonstrated that PdAu/C
electrocatalysts with Pd:Au ratios of 90:10 and 50:50, presented
superior activity. Using in-situ ATR-FTIR spectroscopy measure-
ments it was observed that the mechanism 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. Experiments on
a single alkaline direct ethanol fuel cell (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 Pd:Au with Pd:Au
atomic ratio 90:10 electrocatalyst. Geraldes et al. [30] also studied
the glycerol electro-oxidation in single alkaline direct glycerol fuel
cell (ADGFC). Cyclic voltammetry (CV) and chronoamperometry
showed that PdAu/C electrocatalyst with Pd:Au atomic ratio of
50:50 indicated superior activity for glycerol electro-oxidation at
room temperature. Using in-situ ATR-FTIR spectroscopy experi-
ments it was identified oxalate, glycerate oxalate, glycerate ion, 1,3-
dihydroxy-2-propanone, glyceraldehyde and glycolate as products
of glycerol electro-oxidation. Experiments with single ADGFC were
carried out from 50 to 90 �C, using Pd/C electrocatalyst: the best
performance was obtained at 80 �C. In another study [31], Pd and
PdSn (Pd:Sn atomic ratios of 90:10), supported on Multi Wall Car-
bon Nanotubes (MWCNT) or Carbon (C), were prepared. CV analysis
finds that Pd/MWCNT and PdSn/MWCNT present onset potentials
changing to negative values and high current values, compared to
Pd/C and PdSn/C electrocatalysts. In-situ ATR-FTIR analysis identi-
fied acetate and acetaldehyde as principal products formed during
the ethanol electro-oxidation with low conversion to CO2. In single
fuel cell tests, at 85 �C, using 2.0 mol L�1 ethanol in 2.0 mol L�1 KOH
solutions, the electrocatalysts supported on MWCNT, showed
higher power densities, compared to the materials supported on
carbon: PdSn/MWCNT presented the best result (36 mW cm�2).
The results demonstrated that the use of MWCNT improves the
electrocatalytic activity for Ethanol Oxidation Reaction (EOR).

In our laboratory, we have prepared electrocatalysts for electron
beam irradiation reduction process [25e31]. Considering that bi-
nary PdAu/C and PdSn/C electrocatalysts prepared according to this
methodology showed good activity for glycerol and ethanol
electro-oxidation in alkaline medium [28e31], we proposed a
study of ternary electrocatalysts. In this regard, the aim of this
paper is focused on the preparation of ternary PdAuSn/C electro-
catalysts and test of thesematerials for glycerol electro-oxidation in
an alkaline medium at room temperature using electrochemical
techniques and in a single ADGFC at 60e90 �C.

2. Experimental

Pd/C, PdAuSn/C50:40:10, PdAuSn/C 50:10:40, PdAu/C 50:50 and
PdSn/C 50:50 electrocatalysts (20 wt% metal loading), were pre-
pared using Pd(NO3)2.2H2O (Fluka), HAuCl4 3H2O (Fluka), and SnCl2
(Fluka) as metal sources, dissolved in 50/50 (v/v) water/2-propanol.
Carbon Vulcan® XC72R used as a support, was, then, dispersed in
the solution using an ultrasonic bath. The resulting mixtures were



Table 1
Nominal Pd:Au:Sn, Pd:Au and Pd:Sn atomic ratios, those obtained by EDX.

Pd:Au:Sn atomic ratio (nominal) Pd:Au:Sn atomic ratio (EDX)

PdAuSn/C 50:40:10 36:56:08
PdAuSn/C 50:10:40 45:19:36
PdAu/C 50:50 58:42
PdSn/C 50:50 46:54

Fig. 1. X-ray diffractograms of Pd/C, PdAuSn/C 50:40:10, PdAuSn/C 50:10:40, PdAu/C
50:50 and PdSn/C 50:50 electrocatalysts.
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submitted (at ambient conditions) to stirring under electron beam
irradiation (Electron Accelerator's Dynamitron Job 188eIPEN/
CNENeSP), with a total applied dose of 288 kGy (dose rate
1.6 kGy s�1, time 3 min). After electron beam irradiation, the mix-
tures were filtered and the solids (Pd/C, PdAuSn/C, PdAu/CPdSn/C
electrocatalysts) werewashed with water and dried at 70 �C for 2 h,
according to a previous work [29e31].

Pd:Au:Sn, Pd:Au and Pd:Sn atomic ratios were obtained by
energy-dispersive X-ray analysis (EDX), using a Philips XL30 scan-
ning electron microscope, with a 20 keV electron beam and
equipped with an EDAX DX-4 microanalyzer.

X-ray diffraction (XRD) analysis were carried out with aMiniflex
II, model Rigaku diffractometer, using a Cu Ka source
(l ¼ 1.54056 Å). The diffractograms were recorded at 2q in the
range 20e90�, with step size of 0.05� and scan time of 2s per step.
The average crystallite size was estimated using the Debye-Scher-
rer's equation [32].

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

Electrochemical studies were carried out using the thin porous
coating technique [33]. A total of 20 mg of the electrocatalyst was
added to a solution of 50 mL of water containing 3 drops of a 6%
polytetrafluoroethylene (PTFE) suspension. The resulting mixture
was treated in an ultrasound bath for 10 min, filtered and trans-
ferred to the cavity (0.30 mm deep and 0.36 cm2 in area) of the
working electrode. The reference electrode was Ag/AgCl (KCl
3 mol L�1) homemade electrode, and the counter electrodewas a Pt
plate.

Electrochemical measurements were carried out using an
AutoLab PGSTAT 30 potentiostat/galvanostat. Cyclic voltammetry
was performed using 1.0 mol L�1 glycerol in 1.0 mol L�1 KOH,
saturated with N2. Chronoamperometry experiments were per-
formed using 1.0 mol L�1glycerol in 1.0 mol L�1 KOH at �0.30 V vs.
Ag/AgCl, (KCl 3 mol L�1), at room temperature.

Membrane electrode assemblies (MEA) were prepared by hot
pressing a Fumasep-FAA3-PEEK membrane (Fumasep FAA3 rein-
forced with PEEK and pre-treated in 1.0 mol L�1 KOH, for 24 h)
between an anode of Pd, PdAu, PdSn or PdAuSn supported by C
(prepared in this study), and a cathode of 20 wt% Pd/C, at 80 �C for
2 min under pressure of 45 kgf cm�2. Both electrodes used 1.0 mg
metal cm�2 catalyst loading. The ink, containing 70 wt %
catalysts þ support and 30 wt % Nafion, was painted in carbon
cloth. The MEA was placed between two bipolar plates and
assembled in a single fuel cell with a 6 Nm torque wrench. The
experiments were performed using a test bench from Electrocell
Group that allows control over the fuel cell operating parameters
(flow rates, humidification and temperature of the reactants and
cell temperature), performing automatic data acquisition of polar-
ization curves and power density curves, in real time. A Masterflex
L/S ColeeParmer peristaltic pump was used for liquid fuel
alimentation. The direct glycerol fuel cell performances were
determined in a single cell with a geometric area of 5 cm2. The
temperature was set between 60 and 90 �C, for the fuel cell, and
85 �C for the oxygen humidifier. The 2.0 mol L�1 glycerol fuel in
2.0 mol L�1 KOH was delivered at 1.0 mL min�1, and the oxygen
flow was regulated at 500 mL min�1. Polarization curves were
obtained by using a CDE electronic load. In the durability test
100 mA was set at, and the initial potential was 530 mV and the
variation voltage was measured over the operation time.

3. Results and discussion

The atomic ratios obtained by using EDX for PdAuSn/C 50:40:10,
PdAuSn/C 50:10:40, PdAu/C 50:50 and PdSn/C 50:50 electro-
catalysts are summarized in Table 1.

For ternary electrocatalysts the atomic ratios determined by
using EDX analysis demonstrated higher content of gold when
compared to the nominal ones. For samples, Pd:Au and Pd:Sn the
atomic ratioswere similar to the nominal ones, indicating thatmost
of the metal ions contained in the mixtures were reduced to metal
and chemically anchored to the support [29e31].

The XRD diffractograms of Pd/C, PdAuSn/C 50:40:10, PdAuSn/C
50:10:40, PdAu/C 50:50 and PdSn/C 50:50 electrocatalysts were
displayed in Fig. 1.

The X-ray diffractograms displayed in Fig. 1 showed a broad
peak centered at about 2q ¼ 25� (Bragg angle) that was attributed
to reflection plane (002) of the hexagonal structure of Carbon
Vulcan XC-72R (C) support. The four diffraction peaks related to the
Pd are showed at 2q, approximately, 40�, 46�, 68� and 82�, associ-
ated with the reflection planes (111), (200), (220) and (311),
respectively, which are characteristic of the face-centered cubic
(fcc) structure of Pd [22,26,34,35]. Five peaks related to Au were
observed at about 2q ¼ 38�, 45�, 65�, 78� and 82�, attributed to the
(111), (200), (220), (311) and (222) planes, respectively, which are
characteristic of the fcc structure of Au [36]. In the diffractograms
the position of the peaks of Pt(fcc) and Au(fcc) are not shifted
indicating no alloy formation between them. For PdAuSn/C elec-
trocatalyst it could be also observed two peaks at about 2q ¼ 38�

and 52� that were attributed to a SnO2 phase [25,37e39]. Our
previous study of PtSn/C electrocatalysts prepared by electron
beam irradiation reduction [25], showed that Pt exists as Pt(fcc)
phase and Sn as an SnO2 phase, which was identified using 119Sn
M€ossbauer spectroscopy. Based on these results, we could infer that
Pd(fcc), Au(fcc) and a SnO2 phase coexist on PdAuSn/C
electrocatalysts.



Fig. 2. TEM micrographs and particle size distribution histograms of (a) Pd/C, (b) PdAu/C (50:50), (c) PdAuSn/C (50:40:10), (d) PdSn/C (50:50) and (e) PdAuSn/C (50:10:40)
electrocatalysts.
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Fig. 4. Current-time curves at �0.40 V for Pd/C, PdAu/C (50:50), PdAuSn/C (50:40:10),
PdSn/C (50:50) and PdAuSn/C (50:10:40) electrocatalysts, in 1.0 mol L�1 glycerol in
1.0 mol L�1 KOH.
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TEM micrographs of electrocatalysts studied showed
morphology, particle size, and their distribution histograms (Fig. 2).

The TEM micrographs of Pd/C, PdAu/C and PdAuSn/C (Pd:Au
atomic ratio 50:50 and Pd:Au:Sn atomic ratio 50:40:10) electro-
catalysts showed a good distribution of nanoparticles on the carbon
support with an average particle size between 3 and 7 nm. The
PdSn/C 50:50 and PdAuSn/C 50:10:40 electrocatalysts showed
some agglomeration of the nanoparticles on the carbon support
with particle sizes in the range of 2e7 nm.

The voltammetric responses for glycerol oxidation using Pd/C,
PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C (50:50) and PdAuSn/
C (50:10:40) electrocatalysts are shown in Fig. 3.

The cyclic voltammogram obtained from glycerol electro-
oxidation on Pd/C electrocatalyst showed the highest onset
potential: �0.65 V vs. Ag/AgCl. The onset potential from glycerol
oxidation for PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C (50:50)
and PdAuSn/C (50:10:40) electrocatalysts were�0.59,�0.60,�0.61
and �0.60 V vs. Ag/AgCl), respectively. These results showed that
the addition of Au and/or Sn to Pd/C electrocatalyst provides a
beneficial effect on the performance in the whole potential range.
The best performance of the binary or ternary electrocatalysts may
be attributed to the bifunctional mechanism where Pd species are
available for glycerol adsorption and Au and/or Sn provide oxygen
species for the oxidation of the intermediates [30].

Fig. 4 showed the chronoamperometry obtained at room tem-
perature in solutions 1.0 mol L�1 KOH in 1.0 mol L�1 glycerol at a
fixed potential of �0.30 V vs. Ag/AgCl, for 30 min, concerning the
Pd/C, PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C (50:50) and
PdAuSn/C (50:10:40) electrocatalysts.

The electrocatalysts prepared were tested for 30 min to evaluate
the electrocatalysts activity, stability and tolerance to poisoning by
intermediate species. In all experiments, the current density rea-
ches a stable condition and the electrocatalyst stability can be
evaluated. The peaks that occur in the first few seconds are due to
charging double layer and the instability of the system under the
conditions inwhich the experiment was performed. After this short
interval the system stabilized. For all the electrodes, the measure-
ment demonstrated a slight fall in the current value for the studied
electrocatalysts, probably associated with no restoration of fuel or
poisoning of the electrode, due to the formation and adsorption of
intermediate species generated during the glycerol electro-
oxidation, in the time interval measured. From the graphs, it was
observed that the electrocatalyst Pd/C presented a more
Fig. 3. Cyclic voltammograms of Pd/C, PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C
(50:50) and PdAuSn/C (50:10:40) electrocatalysts in 1.0 mol L�1 glycerol and
1.0 mol L�1 KOH, measured over potential range from �0.85 to þ0.20 V vs. Ag/AgCl, at
sweep rate of 10 mV s�1.
pronounced drop in the density current value, while the electro-
catalysts PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C (50:50) and
PdAuSn/C (50:10:40) were more stable, since the decrease in the
current density was less substantial. It was also observed that the
electrocatalysts PdAu/C (50:50), PdAuSn/C (50:40:10) were the
most active among all the evaluated ones and PdSn/C (50:50)
electrocatalyst provided an oxidation current lower than the pure
Pd/C. These results suggest that in the investigated electrode po-
tential, the addition of Au and/or Sn at electrocatalyst Pd/C con-
tributes to the activity and stability of Pd-based electrocatalysts,
toward glycerol electro-oxidation, yielding more efficient and
tolerant to poisoning electrocatalysts. This fact may be attributed to
the synergistic effect that gold and/or tin carries on palladium and
to bifunctional mechanism.

The single fuel cells performance at the temperature range
60e90 �C of Pd/C, PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C
(50:50) and PdAuSn/C (50:10:40) electrocatalysts, fed with
1.0 mL min�1 solution 2.0 mol L�1 glycerol in 2.0 mol L�1 KOH, at
room temperature are shown in Fig. 5.

The performance of each electrode was significantly improved
as the temperature increased, indicating that the glycerol electro-
oxidation processes are thermally activated. The highest current
and power densities were obtained at approximately 85 �C indi-
cating that this is the best operating temperature of MEAs based on
palladium. Above this temperature, water management and
membrane dryness began to interfere with electrode performance,
most likely due to an increase in cell resistance [29e31].

These results indicate that a better reactant diffusion and higher
kinetics of the electrodes may be achieved at higher temperatures.
Problems were not detected with fuel diffusion in the electrodes
since, in the polarization curves, a maximum current was reached
without exponential decay associated to the mass transport limi-
tations, i. e. the curves do not exhibit accentuated decay in the
concentration over potential region. The increase of power density,
increasing the fuel cell temperature, also, suggests that the mem-
brane used in MEA has low permeability to glycerol, since an in-
crease in the cell operating temperature favors the ions mobility in
the membrane, raising the fuel permeability toward the cathode.
This fact would promote the occurrence of parallel reactions be-
tween the fuel and OH� species, present in the cathode, creating a
potential mix and reducing the cell overall potential. Nevertheless,
this phenomenon was not observed in the graph [40].

The main results from the single ADGFC experiments are sum-
marized in Table 2.



Fig. 5. Polarization and power density curves of a 5 cm2 ADGFC, using a Fumasep-FAA-PEEK membrane, operating from 60 to 90 �C and using a (a) Pd/C, (b) PdAu/C (50:50), (c)
PdSn/C (50:50), (d) PdAuSn/C (50:40:10) and (e) PdAuSn/C (50:10:40)anodic electrocatalyst and a Pd/C cathodic electrocatalyst fed with 2.0 mol L�1 glycerol in 2.0 mol L�1 KOH
solution; the anodic and cathodic catalyst loading levels were both 1 mg cm�2 and oxygen humidifier at 85 �C.

Table 2
Values of maximum power density achieved in the temperature range 60e90 �C of Pd/C, PdAu/C (50:50), PdAuSn/C (50:40:10), PdSn/C (50:50) and PdAuSn/C (50:10:40)
electrocatalysts, fed with 1.0 mL min�1 solution 2.0 mol L�1 glycerol in 2.0 mol L�1 KOH, and oxygen flow of 500 mL min�1 (both at atmospheric pressure).

Pmax/mWcm�2

T/�C Pd/C PdAu/C 50:50 PdSn/C 50:50 PdAuSn/C 50:40:10 PdAuSn/C 50:10:40

60 20 8 10 25 25
70 27 18 13 31 32
80 32 24 16 37 37
85 34 28 17 51 42
90 29 27 18 46 37

A.N. Geraldes et al. / Journal of Power Sources 293 (2015) 823e830828
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In Table 2, comparing the Pd/C electrocatalyst to binary elec-
trocatalysts (PdAu/C and PdSn/C), it was observed that the adding
gold or tin to the catalyst did not improve the power density. The
power density of the PdSn/C electrocatalyst (17 mW cm�2) was half
of Pd/C (34 mW cm�2) electrocatalyst.

The values in Table 2 showed that the highest power density
generated at 85 �C was 51 mW cm�2, obtained with the PdAuSn/C
50:40:10 MEA, followed by 42 mW cm�2 with the PdAuSn/C
50:10:40 MEA.

Glycerol electro-oxidation by PdAuSn/C 50:40:10 electrocatalyst
produces 17 mW cm�2 more than Pd/C, while the PdAuSn/C
50:10:40 produces 8 mW cm�2, generating 50 and 20% higher
power density respectively, when compared to Pd/C. These data
suggest that both co-catalysts (Au and Sn) are important to catalytic
activity and that, to a higher current density, a larger amount of Pd
sites is necessary. The current increase was significant and may be
associatedwith the presence of gold and tin oxides, which increases
the amount of oxides and increase the available amount of Pd active
sites and (b) due to a better distribution of nanoparticles in support
probably due to the preparation method. The single-cell tests
showed that the addition of Au and Sn to Pd enhances the activity of
ternary electrocatalyst (Fig. 6).

Zhang et al. [41] studied carbon supported Pt, Pd, and Au
nanoparticles prepared through a solution-phase reduction
method and applied as the model catalysts for electro-oxidation of
both high-purity glycerol and biodiesel-derived crude glycerol. The
anion-exchange membrane fuel cells (AEMFCs) investigations
demonstrated no obvious drop in peak power density on Pt/C
anode, when the fuel was changed from high-purity glycerol to
crude glycerol, indicating a good stability of the Pt/C against
poisoning/deactivation from the impurities in crude glycerol. The
highest performances were achieved with 6.0 mol L�1

KOHþ1.0mol L�1 crude glycerol at 80 �C, which are 184.2, 93.9, and
50.1 mW cm�2 on Pt/C, Pd/C, and Au/C anodes, respectively.

Mougenot et al. [42] studied PdAu (70:30) catalyst, alternate
sputtered PdAuPd (35:30:35) and AuPdAu (15:70:15) materials
prepared by using plasma deposition of Au and Pd atoms, on a
carbon diffusion layer. The modification of palladium surface by
gold atoms leads to an increase in the catalytic activity toward
glycerol electro-oxidation. The PdAu surface alloy composition has
no significant effect on the catalytic activity; however, the presence
of non-alloyed gold sites on the material surface leads to the
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Fig. 6. Polarization and power density curves of a 5 cm2 ADGFC, using a Fumasep-FAA-
PEEK membrane, operating from 85 �C and using a Pd/C, PdAu/C (50:50), PdSn/C
(50:50), PdAuSn/C (50:40:10) and PdAuSn/C (50:10:40) anodic electrocatalyst and a
Pd/C cathodic electrocatalyst fed with 2.0 mol L�1 ethanol in 2.0 mol L�1 KOH solution;
the anodic and cathodic catalyst loading levels were both 1 mg cm�2 and oxygen
humidifier at 85 �C.
enhancement of the catalytic activity. The mechanism seems to
involve glycerol adsorption on palladium surface and hydroxyl
species formation on gold surface, leading to catalytic activity
enhancement through the bifunctional mechanism. Lie et al. [19]
tested a commercial anionic membrane FUMAPEM® FAA from
Fumatech. The tests were performed in a 5 cm2 cell with identical
anode and cathode (Pt (40 wt%)/C, 2 mgPt cm�2 deposited on a
diffusion layer carbon cloth with PTFE (15 wt%)/C. The used fuel
composition was glycerol 1.0 mol L�1/NaOH 4.0 mol L�1, and oxy-
gen was used as oxidant. The power densities achieved with the
Fumatech membrane was 13.5 mW cm�2, at 60 �C and
7.8 mW cm�2, at 25 �C.

The values in Fig. 6 provided two major observations: (i) the
power densities were higher in the ternary electrocatalysts; (ii) the
addition of only one co-catalyst to Pd/C is not efficient for glycerol
electro-oxidation. In previous research, Geraldes et al. [30] studied
binary electrocatalysts (PdAu in different atomic ratios) for glycerol
oxidation reaction and observed that the large amount of gold as
co-catalyst is not efficient (50 or 70 parts of Au). The highest power
densities were 34, 33, 29 and 25 mW cm�2, obtained with Pd/C,
PdAu/C 90:10, PdAu/C 50:50 and PdAu/C30:70 MEAs, respectively.

The durability test was applied to the MEA, which provided
higher power density (51 mWcm�2), namely, Pd/C (catode)e
Fumasep-FAA-3 PEEK (electrolyte)ePdAuSn/C 50:40:10 (anode),
fed with 1.0 mL min�1 solution 2.0 mol L�1 glycerol in 2.0 mol L�1

KOH. In the durability test the current was set at 100 mA, the initial
Fig. 7. Potential-time curves (a), obtained every 5 s, using MEA Pd/C (catode)e
Fumasep-FAA-3 PEEK (electrolyte)ePdAuSn/C 50:40:10 (anode), fed with 2.0 mol L�1

glycerol in 2.0 mol L�1 KOH solution; the anodic and cathodic catalyst loading levels
were both 1 mg cm�2 and oxygen humidifier at 85 �C. The cell was at 85 �C. Polari-
zation and power density curves (b) of a 5 cm2 ADGFC initial, after 74 h and 108 h.
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potential was 530 mV and the variation voltage was measured over
the operation time. During the operation time, periodic shutdowns
occurred at night. The interval between the stops was approxi-
mately 10 h and the duration of each operating period was
approximately 12 h. From the data obtained it was possible to es-
timate the potential variation rate of the cell during the operation
time, considering the steady state operation.

The durability curves (potential-time) with periodic stops, and
polarization and power density curves before and after the dura-
bility tests for the MEA Pd/C (catode)- Fumasep-FAA-3 PEEK
(electrolyte)-PdAuSn/C 50:40:10 (anode) are shown in Fig. 7.

The graph in Fig. 7a showed several series points with potential
decays due to periodic stops that occurred during the experiment.
This fact can be attributed to the imbalance of operating conditions
such as temperature, oxygen humidification, flooding or drying of
the electrodes. that need to be defined for long-term testing. The
MEA Pd/C (catode)e Fumasep-FAA-3 PEEK (electrolyte)ePdAuSn/C
50:40:10 (anode) can be operated for about 120 h. After this time,
the experiment cuts off and cannot be restarted. The maximum
power densities in Fig. 7b were 51, 34 and 22 mW cm�2 in the
begining, 74 and 108 h respectively and the losses in the efficiency
of the fuel cell system were 67% (74 h) and 43% (108 h). The
degradation rate of this MEA was at 210 mV h�1. This degradation
rate is not comparable to the literature. Usually, degradation targets
require less than 20% loss in the efficiency of the fuel cell system by
the end of its life, and a degradation rate of 2e10 mV h�1 is
commonly accepted for most applications [4,43]. Various failure
modes have been identified such as preferential alloy dissolution in
the catalyst layer, carbon support oxidation (corrosion), and cata-
lyst poisoning [4]. However, such speculations were not the subject
of these studies. Although the degradation rate is still higher than
the literature reports, this preliminary durability tests show a good
starting for assessing the electrocatalysts with better performance
in fuel cell.

4. Conclusions

The addition of only Au or only Sn to Pd-electrocatalysts does
not change their activities significantly for glycerol electro-
oxidation in alkaline medium; however, when they are added
together the activity could be improved. Among the electro-
catalysts tested, PdAuSn/C with Pd:Au:Sn atomic ratio of 50:40:10
showed superior activity. In single direct alkaline glycerol fuel cell,
the best performance was obtained at 85 �C and above this tem-
perature the fuel cell performance becames unstable and fell. The
maximum power density obtained was 51 mW cm�2 and durability
tests of 120 h showed a degradation rate of 210 mV h�1. The pro-
moting effect of Au and Sn could be explained by a bifunctional
mechanism, where Au and Sn would adsorb and increase the
concentration of OH� species, on proximity to Pd, favoring the
oxidation of glycerol/intermediary adsorbed in the Pd surface. This
results demonstrate the possibility of replacing part of palladium
for gold or tin electrochemical performance without loss of elec-
trochemical performance. It can be inferred that the co-catalysts
(Au and Sn) of Pd based electrode materials contribute to a disso-
ciative oxidation of glycerol.
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