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Abstract

Ethanol electrooxidation was investigated at platinum based electrodes: Pt, Pt—Sn, Pt—Re dispersed on a high
surface area carbon powder. The atomic composition of the bimetallic catalyst was varied and the best results were
obtained with an atomic ratio Pt:X close to 100:20. The electrocatalytic activity of Pt, PtSn and PtRe was compared
using cyclic voltammetry and long-term electrolyses at constant potential. Under voltammetric conditions and in a
single direct ethanol fuel cell, PtSn was the most active catalyst. During electrolysis ethanol was oxidized to
acetaldehyde (AAL), acetic acid (AA) and carbon dioxide. On PtSn/C and PtRe/C, the ratio AA/AAL was found to
be always lower than unity. Otherwise, PtSn electrocatalysts were the most selective towards the production of CO,

compared to Pt and PtRe electrodes.

1. Introduction

The use of fuel cells as clean power sources has been
demonstrated and proton exchange membrane fuel cells
(PEMFC) have been shown to be one of the most
promising devices [1-3]. Different methods of fuel feed
are considered: hydrogen from a high-pressure tank [4,
5], hydrogen from methanol or ethanol reforming [6-8],
direct methanol [9—11] and direct ethanol fuel cells [12—
14]. Because of the drastic decrease in overall mass
energy density when hydrogen is stored (Table 1 [15]),
the use of a liquid fuel such as alcohol was developed.
Alcohols can be either reformed to produce hydrogen
which can operate the PEMFC or directly used in the
fuel cell. In the first case, the use of a reformer decreases
the overall yield of the system and produces a reformate
gas containing 1-2% of CO [16, 17] whereas the
maximum allowed CO content for a PEMFC is close
to 50 ppm [18-20]. This intolerance to fuel impurities
requires that a fuel purification processor is put up-
stream of the anode compartment.

The direct alcohol fuel cell (DAFC) appears to be
the most promising system because either methanol in
a DMFC or ethanol in a DEFC is not reformed into
hydrogen gas but is oxidized directly in the cell.
However, DEFCs suffer from difficulties associated with
the complete oxidation of ethanol to CO,. The catalytic
challenge is the breaking of the C—C bond, which is not
easily achieved at low temperatures. Although there has

been tremendous progress in the last decade, the most
important fundamental research efforts worldwide are
currently based on the development of effective anode
electrocatalysts.

The high theoretical mass energy density of ethanol
makes it a good candidate for PEMFC (Table 1). From
the corresponding standard electromotive force
EZq = 1.145 V, the reversible energy efficiency at 25 °C
is calculated. Thus,

nFE., 12 % 96500 x 1.145 .
BT AT 13668 X 108

()

However, &, is calculated from thermodynamic data
under standard conditions, that is at equilibrium
potential with zero current. Under operating conditions,
the actual efficiency is given as

NexpFE () nkE Zq E@) exp
= = X X = 2
& A : ”: E;q ErevEEEF ( )

where

E(,]) =E—-E = EZq - (lrla| + |7’c| + |'7Xover| +Rij)
3)

1, 18 the anodic overpotential, 5, the cathodic overpo-
tential, #x,y.r the overpotential due to the crossing of
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Table 1. Theoretical mass energy density of different fuels

Fuels Energy densities
/(kWh kg™")
H, 32.8
H, in tank (1.5 wt % storage) 0.42
CH;0H 6.1
CH;CH,OH 8.1
(CH,0H), 5.2
NH; 5.7
NH,-NH, 2.6

ethanol through the membrane from the anodic com-
partment towards the cathodic compartment, j the
current density, R; the internal resistance of the cell,
nexp the experimental number of exchanged electrons
and n the theoretical number of exchanged electrons
(n=12 electrons for a complete oxidation of ethanol
into CO,). As might be expected from Equation 2, the
voltage efficiency, ¢g, and the faradaic efficiency, ep, are
strongly dependent on electrocatalyst performance:
activity at low potentials and selectivity towards CO,
production for ethanol oxidation and activity at high
potentials, selectivity towards H,O formation and high
tolerance to ethanol for oxygen reduction.

In the present paper, results on the development of
anode catalysts for a direct ethanol fuel cell are reported.
Particularly, the performance of platinum based electro-
catalysts towards ethanol oxidation are compared.

2. Experimental details
2.1. Electrocatalyst preparation

All electrocatalysts were prepared using the co-impreg-
nation—reduction method [21, 22]. In this method, the
carbon support (Vulcan XC 72) was first cleaned at
400 °C for 4 h under pure nitrogen atmosphere, then
oxidized in aqua regia for 5 mn in order to generate
functional groups leading to superficial charges. The
carbon powder is added to an aqueous solution (ultra-
pure Water from Millipore MilliQ — 18 MQ cm) of
chloroplatinic acid (H,PtClg from Alfa Aesar) either in
the presence or in the absence of the metal modifier salts
(SnCly, ReCl; from Sigma) and stirred for 24 h. The
suspension was dried overnight at 70 °C. The resulting
powder was then calcined under air for 4 h at 300 °C
and reduced under pure hydrogen atmosphere under the
same conditions. Pt/C, PtSn/C and PtRe/C electro-
catalysts were prepared with a metal loading close to
30% by weight.

2.2. Electrode preparation

25 mg of the electrocatalyst powder was added to
0.5 cm® of Nafion® solution (5wt % from Aldrich)
and 2.5 cm® of ultrapure water (Millipore MilliQ —
18 MQ cm). After ultrasonic homogenisation of the
suspension, 2.5 uL. were deposited onto a fresh polished

glassy carbon substrate, and the solvent was evaporated
under a stream of ultrapure nitrogen at room temper-
ature. A metal loading close to 0.068 mg cm™ corre-
sponding to a thickness layer of 1 um was obtained. The
morphology of the dispersed electrocatalyst was exam-
ined by transmission electron microscopy (TEM) using a
Philips CM 120 microscope.

2.3. Electrochemical measurements

The electrochemical equipment consisted of a Wenking
potentiostat (model LB75), a waveform generator
(Wenking VGS 72) and a XYt recorder (LY1600,
Linseis). The electrochemical measurements were car-
ried out in a thermostated three-electrode cell. The
supporting electrolyte was 0.1 M HCIO4 (Merk, Supra-
pure). The counter electrode was a glassy carbon sheet.
The reference electrode was a mercury/mercurous sul-
fate electrode (MSE). The rotation rate of the working
electrode was fixed at 3000 rpm for all experiments. All
potentials are referred to that of the reversible hydrogen
electrode (RHE).

The activity towards ethanol oxidation of dispersed Pt
based electrodes with several atomic compositions
ranging from 67:33 to pure platinum was evaluated by
cyclic voltammetry at a slow sweep rate (5 mV s™') to
simulate the steady state conditions. The concentration
of ethanol was 0.1 M. and the experiments were carried
out at 293 K.

The selectivity of the electrocatalysts was evaluated
during long-term electrolyses at 293 K by HPLC (Am-
inex Ion Exclusion HPX-87-H column, differential
refractometer). Electrolyses were carried out in a two
compartment cell separated by a Nafion®420 mem-
brane. In the working compartment, the working
electrode (4 cm?) was prepared as described previously.
A glassy carbon was used as counter electrode. Electro-
lyses were performed for 6 h at a constant potential :
0.35; 0.45; 0.55 and 0.65 V vs RHE.

The operating fuel cell performance was determined in
a single DEFC with 5 cm?® electrodes using a Globe
Tech test bench. The E=f{(j) and P=f{j) curves were
recorded using a high power potentiostat (Wenking
model HP 88) interfaced with a PC.

Carbon gas diffusion electrodes were homemade using
a carbon cloth from Electrochem Inc. painted with the
catalytic ink (Metallic catalyst/Vulcan XC72 powder in
a PTFE/isopropanol solution). The gas diffusion elec-
trodes were loaded with 4 mg cm™ of a mixture of
carbon (Vulcan XC/72) and 15 wt% PTFE. Prior to the
preparation of the membrane electrode assembly
(MEA), the electrodes were heated at 150 °C to recast
the Nafion® film. The metal loading of the electrodes
was close to 1.0 mg cm™2 and the Nafion® loading of the
electrode was 0.8 mg cm 2. The MEAs were prepared
by pressing (35 kg cm™ at 130 °C for 90 s) a pretreated
Nafion®117 membrane with an E-TEK cathode on one
side (2.0 mg cm > Pt loading) and the homemade anode
on the other side.



Fig. 1. TEM image recorded at 430 keV of a Pt/C catalyst (30% metal
loading) prepared by impregnation-reduction of H,PtClg.

3. Results and discussion
3.1. Catalyst characterization

The TEM analysis of a Pt/C electrocatalyst shows that
the co-impregnation—-reduction method leads to a
bimodal particle size distribution centred around 1.5
and 5 nm (Figure 1). The small particles result from
electrostatic interactions of the precursor salt with the
carbon substrate whereas the large particles are obtained
from the reduction of the excess of metal salts. In the
absence of electrostatic interactions with the superficial
charges of the activated carbon, the metal particles
agglomerate during the reduction process. This phe-
nomenon is more drastic when the metal loading is
increased.

The EDX spectrum of a PtSn (100:20) electrocatalyst
is represented in Figure 2. The atomic ratio calculated
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Fig. 2. EDX spectrum of a PtSn (100:20)/C catalyst (30% metal
loading) prepared by co-impregnation-reduction of H,PtCls and
SnCly.
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using this technique is in excellent agreement with that
expected showing that the preparation method by co-
impregnation allowed to control easily the atomic
composition of the catalysts.

3.2. Cyclic voltammetry

Ethanol oxidation has been extensively studied at
platinum electrodes [23-25]. Iwasita and Pastor [24,
25] have shown that ethanol can be O- or C-adsorbed on
platinum:

Pt + CH3;CH,OH — Pt — OCH,CH3; + H" + ¢~
Pt + CH;CH,OH — Pt — CHOHCH; + H" + ¢~

Several mechanisms were proposed to explain the
formation of the reaction products at platinum elec-
trodes [23-35]. Depending on the potential, acetalde-
hyde (CH3CHO, AAL), acetic acid (CH3;COOH, AA),
carbon dioxide (CO,) and methane (CH,) are observed.
The main products are AAL and AA, which is consid-
ered as a final product because it is not oxidized under
smooth conditions. The challenge is to avoid the
formation of AA by promoting the C—C breaking route
from the early adsorption steps. In order to increase the
electrocatalyst activity towards ethanol oxidation, plat-
inum was often modified with other metals like Ru [27,
28], Pb [29] or Sn [30, 31]. Delime et al. [30] and Rezzouk
et al. [32] have shown that the addition of Sn increases
the activity of platinum towards ethanol oxidation.
The effect of the atomic ratio of Pt:Sn catalysts is
represented in Figure 3. The onset of the oxidation wave
shifted from 0.3 V vs RHE on Pt to 0.1 V vs RHE on
Pt-Sn. In the potential range suitable for practical
applications in a DEFC (0.1 < E < 0.5 V), Pt:Sn with
an atomic composition of 100:20 seems to be the most
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Fig. 3. j(E) polarization curves for ethanol oxidation on Pt/C and
PtSn/C catalysts (30% metal loading). Pt/Sn atomic ratio ranges from
100:10 to 100:50 (0.1 M HCIO,4, 1.0 M EtOH, v = 5mV s, T =
293 K).
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Fig. 4. j(E) polarization curves for ethanol oxidation on Pt/C and
PtRe/C catalysts (30% metal loading). Pt/Re atomic ratio ranges from
100:10 to 100:50 (0.1 M HCIO,, 1.0 M EtOH, v = 5mV s, T =
293 K).

active catalyst leading to a relatively good current
density, 0.5 mA cm™ at 0.3 V vs RHE. According to
Roman—Martinez et al. [22], the atomic ratio of Pt:Sn
plays an important role in the distribution of PtSn and
Pt;Sn phases in the metal clusters. It seems that an
atomic composition close to 100:20 leads to an optimal
mixture of the two phases for the ethanol oxidation
reaction.

The atomic ratio 100:20 was found to be optimum
even in the case of other add-metals like Re. In
heterogeneous catalysis rhenium is known to be a good
catalyst for the breaking of the C—C bond [33, 34]. PtRe
electrocatalysts were also prepared and their electrocat-
alytic activity is reported in Figure 4. It is only beyond
0.35 V that the positive effect of Re is clearly observed.
The improvement expected at low potential is not
obtained.

3.3. Electrolyses

The activity of Pt, PtSn and PtRe electrocatalysts was
also evaluated during long term electrolyses carried out
at room temperature. At a constant potential the
quantity of electricity involved during electrolyses is
related to the activity of the electrocatalyst. The positive
effect of Sn and Re is clearly shown in Table 2.
Whatever the potential PtRe electrocatalysts were the
most active. Compared to pure platinum, the positive
effect of Sn and Re was decreasing when the electrolysis
potential was increased. In fact, pure platinum is known
to be active towards ethanol oxidation from 0.4 V vs
RHE and the gap in current density between Pt on one
side and PtSn and PtRe on the other side decreases. The
faradaic yield, Ry, calculated as the ratio between the
theoretical quantity of electricity, deduced from the
analytical results, and the experimental quantity of

Table 2. Electrolyses of 0.1 M ethanol in perchloric acid medium at
T=293 K. Effect of the nature of the electrocatalysts and of the
electrolysis potential on the quantities of electricity and the faradaic
yields

Electrolysis Electrocatalysts

potential QEX QTH RF
/V vs RHE /C /C 1%
0.35 Pt 2.3 2.2 96.5
Pt-Sn 17.9 17.9 99.3
Pt-Re 18.8 18.6 99.1
0.45 Pt 14.1 13.9 99.2
Pt-Sn 28.14 259 92.2
Pt-Re 65.8 65.5 99.5
0.55 Pt 40 38.7 96.7
Pt-Sn 50.1 40.1 97.9
Pt-Re 65.1 64.8 99.6
0.65 Pt 69.1 68.6 99.3
Pt-Sn 87.0 86.9 99.9
Pt-Re 97.1 96.1 99.0

electricity recorded on a coulometer during the electro-
lyses was always close to 99%, thus corroborating the
HPLC analyses.

In fact, AAL, AA and only traces of CO, were the
oxidative derivatives of ethanol. AA was not detected on
pure platinum at the lowest potential (0.4 V vs RHE) as
was stated by Hitmi et al. [35]. In fact, the authors have
demonstrated that the reaction paths leading to AA are
observed only at the end of the ‘double layer region’. At
low potentials, Pt is not able to activate the oxygenated
species coming from the solvent necessary to bring the
extramolecular oxygen atom needed to oxidize the
alcohol into the corresponding acid.

The amount of CO, detected with all the platinum
based electrodes was higher at low potentials although
the electrocatalytic activity represented by the quantities
of electricity was the lowest. In fact, chemical adsorption
of ethanol in the ‘hydrogen region’ generates strongly
adsorbed species, from the breaking of the C—C bond,
like CO which is oxidized to CO, at higher potentials.
As expected, Pt is able to break the C—C bond of ethanol
but it is unable to oxidize the corresponding adsorbates
at low potentials leading to the same problems as for
methanol. The addition of other metals such as Sn
increases the electrode activity because they are able to
activate the oxygen species from the solvent (H,O) at
relatively low potentials. At 0.4 V vs RHE the quantity
of electricity involved during 6 h of electrolysis is nearly
ten times higher on PtSn or PtRe than on pure Pt
although this positive effect did not affect the quantity of
CO, produced, which remained small.

It is of interest to analyse the variation of the AA/
AAL ratio. In fact, it was found that the AA/AAL ratio
was independent of the catalyst loading so that all the
problems related to the inaccuracy from the electrode
preparation was not considered. As shown in Figure 5
the amount of AA was always lower than that of AAL
in agreement with the consecutive reaction model. On
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Fig. 5. AA/AAL ratio after 6 h of electrolysis at 7 = 293 K of 0.1 M
EtOH in 0.1 M HCIO, at different potentials from 0.35 to 0.65 V vs
RHE obtained at Pt/C, PtSn (100:20)/C and PtRe (100:20)/C catalysts
(30% metal loading).

both bimetallic catalysts the AA/AAL ratio is almost
equivalent indicating that the reaction mechanism and
the selectivity are not changed. Only the anode activity
is promoted as shown in Table 2 and Figures 6(a) and
(b).

The onset of the ethanol oxidation wave on PtSn
catalysts is almost 175 mV more negative than that on
Pt or PtRe electrodes (Figures 3 and 4), indicating that
PtSn catalysts are less poisoned by the CO species.
According to quantum-chemical calculations of the
interactions of CO and OH with bimetallic surfaces
[36], PtSn should be a good eclectrocatalyst for the
oxidation of CO to CO,. In fact, Morimoto et al. have
shown that PtSn is active towards CO oxidation at
potentials 100 mV lower than PtRu catalyst [37-39].
The authors have also confirmed these observations
towards the oxidation of reformate gas [38]. Assuming
that CO species adsorb only at platinum, the activation
of oxygenated species at low potentials, as well as the
modification of the platinum electronic structure, can be
invoked as the result of the promoting effect of tin.

Otherwise, the reaction pathway involving four elec-
trons to oxidize ethanol to acetic acid does not neces-
sarily need the oxygenated species to be activated. If
acetic acid is a secondary product of the oxidation of
acetaldehyde, then the following mechanism including a
chemical step can be considered:

CH; — CH,OH — CH; — CHO + 2H" + 2¢~

CH3; — CHO + H,0 — CH; — CH(OH),
(chemical step: hydration of acetaldehyde)

CH; — CH(OH), — CH3 — COOH + 2H™" + 2¢™.
The positive effect of Sn and Re seems to be related to

the reactivity of the species resulting from the dissocia-
tive adsorption steps. The electrolysis results, and par-
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Fig. 6. AA and AAL amounts detected by HPLC after 6 h of
electrolysis at 7=293 K of 0.1 M EtOH in 0.1 M HCIO, at different
potentials from 0.35 to 0.65V vs RHE obtained at Pt/C, PtSn
(100:20)/C and PtRe (100:20)/C catalysts (30% metal loading).

ticularly the AA/AAL ratio calculated at potentials
higher than 0.4 V vs RHE, indicate that the oxidation of
ethanol to acetaldehyde, on one hand, and the oxidation
of the hydrated acetaldehyde to acetic acid, on the other
hand, involve the well-known dehydrogenation pro-
cesses during which the interactions between the reac-
tants and the electrocatalytic sites — exclusively Pt under
our experimental conditions — involve the C—H and the
O-H bonds.

3.4. Fuel cell tests

The electrode-membrane assemblies were prepared
using a Nafion®117 membrane. Figure 7 represents the
quantity of ethanol crossing the membrane separating
an 1 M ethanol solution compartment and a water
containing compartment as a function of time. The
cross-over rate was evaluated close to 1.3 x 1077
mol s™! em™2, while in the case of methanol the rate
was found slightly lower (1.0 x 107 mol s™' cm™).
The performance of Pt/C, PtSn/C and PtRe/C electro-
catalysts were evaluated in a single direct ethanol fuel
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Fig. 7. Ethanol (@) and methanol (M) permeability measurements of a
Nafion®117 membrane (7'=293 K).

cell at temperatures varying between 30 and 110 °C. The
first remark concerns the positive effect of the temper-
ature irrespective of the nature of the electrocatalysts. In
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Fig. 8. Cell voltage E and power density P against current density j
curves recorded in a single DEFC using a PtSn (100:20)/C anode (30%
metal loading) of 5cm” surface area, at different temperatures
(cathode E-TEK, Nafion® 117 membrane, Ccp,ch,on = 1.0 M,
Pcu,cn,on = 1 bar, Po, = 1.0 bar). Effect of temperature.

the case of the PtSn/C anode, the maximum power
density was 9 times higher at 110 °C than at 30 °C
(Figure 8), reaching a maximum of 45 mW cm™.

Pure platinum electrocatalyst from E-TEK was com-
pared at 90 °C with the bimetallic Pt based electrocat-
alysts prepared in this work (Figure 9). The results are
somewhat inconsistent with those obtained during long
term electrolyses where PtRe electrocatalysts were found
to be the most active towards ethanol oxidation partic-
ularly at potentials higher than 0.4 V vs RHE. However,
the open circuit voltage (OCV) is 300 mV higher with a
PtSn catalyst compared to PtRe and pure Pt which is
consistent with the voltammetric measurements. At
open circuit, it seems that the oxidation state of Re is
not able to activate ethanol oxidation as was observed
under controlled potential. PtSn catalyst leads to a
maximum power density of 35 mW cm™? at 90 °C.

The OCV and the cell performances decrease due to
ethanol cross-over. In fact, ethanol cross-over has a
negative effect on the cathode performance because
platinum is active towards ethanol oxidation. Moreover,
the oxidation overvoltage |1,(j)| may be decomposed
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Fig. 9. Cell voltage E and power density P against current density j
curves recorded in a single DEFC using Pt/C, PtSn (100:20)/C, PtRe
(100:20)/C anodes (30% metal loading) of 5 cm? surface area at 90 °C
(cathode E-TEK, Nafion® 117 membrane, Ccp,ch,on = 1.0 M,
PCH'(CHQOH =1 bar, P()2 =1.0 bar).
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metal loading) of 5 cm? surface area at 90 °C for 1.0 and 2.0 M ethanol
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into the activation overvoltage and the concentration
overvoltage:

ma () = 3 O]+ [0 ()] (4)

so that the cross-over of ethanol through the membrane
decreases its concentration in the anodic compartment
and leads to an increase in the anodic overvoltage. Thus,
cross-over has an effect, not only on the cathodic
catalyst efficiency, but also on the anodic catalyst
performance.

As for the DMFC [40, 41], the development of
membranes less permeable to ethanol or cathodic
catalysts more tolerant to ethanol should allow an
increase in performance. On the other hand, increasing
the ethanol concentration up to 2 M increases the
performance of the fuel cell (Figure 10). The maximum
power density rose up to 45 mW cm™ at 90 °C corre-
sponding to an enhancement factor of 20% in the
performance obtained with 1 M ethanol.
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4. Conclusion

The results obtained clearly show the positive effect of
tin towards ethanol oxidation on Pt based electrocata-
lysts. However, rhenium which was expected from
heterogeneous catalysis results to increase the electro-
activity of platinum under DEFC conditions led to
disappointing performances.

We have also shown that the atomic composition of
the bimetallic catalysts has a significant effect on the
electroactivity, as observed for PtRu catalysts used in a
DMFC. In the latter case, the results published were
somewhat inconsistent : some authors have shown that
the optimal atomic ratio was close to 80:20 [42-44]
whereas a 50:50 atomic ratio was suggested by other
authors [45, 46]. The co-impregnation—reduction meth-
od to prepare the bimetallic catalysts allows easy control
of the Pt/X atomic ratio and an atomic ratio Pt:X
(X=Re, Sn) close to 100:20 appeared to be optimal for
ethanol electrooxidation. However, the maximum
metallic catalyst loading is limited to 30 wt %, which
is relatively low for such applications.

The results obtained at 90 °C and 2 M ethanol in a
DEFC are very promising, since the power density was
close to 50 mW cm™2 at a cell voltage close to 0.4 V.
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