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a b s t r a c t

We investigate oxygen permeation through Nafion 117 membrane in a direct ethanol fuel cell and elu-
cidate how it affects the fuel cell efficiency. An obvious symptom of oxygen permeation is the presence
of significant amounts of acetaldehyde and acetic acid in the mixture leaving anode when no current
was drawn from the fuel cell (i.e. under the open circuit conditions). This parasitic process severely low-
ers efficiency of the fuel cell because ethanol is found to be directly oxidized on the surface of catalyst
eywords:
thanol fuel cell
thanol oxidation
t/Sn
t/Ru and Pt catalysts

by oxygen coming through membrane from cathode in the absence of electric current flowing in the
external circuit. Three commonly used carbon-supported anode catalysts are investigated, Pt, Pt/Ru and
Pt/Sn. Products of ethanol oxidation are determined qualitatively and quantitatively at open circuit as a
function of temperature and pressure, and we aim at determining whether the oxygen permeation or the
catalyst’s activity limits the parasitic ethanol oxidation. Our results strongly imply the need to develop

es tha
xygen permeation
afion membrane

more selective membran

. Introduction

Direct ethanol fuel cells (DEFC), a subclass of polymer electrolyte
embranes fuel cells (PEMFC) are currently considered as promis-

ng candidates for effective power sources because of their high
heoretical efficiency, good availability of ethanol as a fuel, as well
s the possibility of obtaining high power densities provided that
xidation of ethanol proceeds according to the 12-electron scheme
1–3]. Ethanol is derived mainly from biomass, it is environmental-
riendly, and its use will not impact the CO2 balance in atmosphere.
n practice, there are still many issues to be resolved before DEFC
ould reach broad commercial market despite recent significant
fforts aiming at overcoming the system’s limitations [4–14]. The
ost important problem to be solved is still low practical efficiency

f anode and cathode catalysts typically utilizing Pt, Pt/Ru and Pt/Sn
anoparticles [1,2,10,13] and ternary systems containing Pt, SnO2
nd Rh [9,11]. The problem of high cost and practically too low
tability of Nafion membranes is also addressed [3,15–19]. It has
een recognized that Nafion membranes, being commonly used
n PEMFC, are permeable to gases and liquids used as the reac-
ants in PEMFCs [3,15,20–23]. Hydrogen [16,20], methanol [15,21]
nd ethanol [2,3] crossover has been studied but information about
xygen crossover is scarce, and there is no systematic analysis of

∗ Corresponding authors. Tel.: +48 22 822 0211x524; fax: +48 22 822 0211x524.
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378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.01.045
t would be less oxygen permeable.
© 2011 Elsevier B.V. All rights reserved.

the results of oxygen crossover on efficiency and distribution of
products of DEFCs.

Determination of the product distribution of ethanol electroox-
idation in a working fuel cell is a key problem when it comes
to addressing the catalyst’s activity or to optimization of the
fuel cell parameters. A high environmental impact of acetalde-
hyde and acetic acid as main products of ethanol electrooxidation
should be mentioned too. Their existence has been quantified
and qualified using mainly high performance liquid chromatog-
raphy (HPLC) [24,25], gas chromatography (GC) [26–28], titration
[26,29] and conductometry [22,23]. It is commonly accepted that
acetaldehyde, acetic acid, ethyl acetate as well as CO2 are the
main products of ethanol electrooxidation and, in addition to
unreacted ethanol, they are present in the mixture leaving anode
[24,25]. Obviously the reliable determination of DEFC products
is not a trivial task. In the present work, we have utilized GC
with mass spectrometry and flame ionization detectors to qual-
itatively and quantitatively determine the products of ethanol
oxidation.

Here we report a systematic analysis of products of ethanol
electrooxidation in DEFC where typical anode catalysts such
as Pt, Pt/Ru and Pt/Sn have been used. Large amounts of the
ethanol oxidation products described above have been detected

in a mixture leaving DEFC anode despite operation in current-
less mode. This effect would significantly lower efficiency of
DEFC, and it shall be attributed to the oxygen permeation phe-
nomenon, which to our best knowledge has not been so far
addressed.

dx.doi.org/10.1016/j.jpowsour.2011.01.045
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. (A) and (B) Gas chromatograms of a mixture leaving the fuel cell anode under
open circuit conditions (anode: Pt/Sn; temperature 80 ◦C; Nafion N117 is used as a
membrane; cathode: Pt). Cathode gases: (A) argon and (B) oxygen at 200 kPa (29 psi).
Peaks at 2.9, 4.5, 5.5, and 13.3 min refer to: (I) – acetaldehyde, (II) – ethyl acetate, (III)
– ethanol and (IV) – acetic acid, respectively. Peak at 2.5 min is the column dead time.
Insets to Fig. 1(A) and (C) show FID calibration curves for acetaldehyde and acetic
acid, respectively. Chromatogram A has been registered 60 min after chromatogram
B. Chromatogram C is recorded for 0.2 mol dm−3 ethanol solution (just before enter-
A. Jablonski et al. / Journal of Po

. Experimental

All chemicals were of analytical grade and were used with-
ut further purification. Purity of the ethanol (96%, Pure P.A.,
OCh, Gliwice, Poland), used to prepare 0.2 mol dm−3 ethanol solu-
ions, was confirmed using GC. No contaminations were detected.
cetaldehyde of ACS grade (Sigma–Aldrich) was used to prepare the
alibration curve. Deionized water (MiliQ) was utilized in prepara-
ion of ethanol solutions. High purity (N5.2) gases (Air Products)
ere used to deaerate ethanol solutions (Ar) and as a cathode gas

O2). Carbon-supported Pt, Pt/Ru and Pt/Sn nanoparticles (20%),
anufactured by ETEK (BASF) on Vulcan XC-72, were used as anode

nd cathode (Pt) catalysts. 5% Nafion solutions (Sigma–Aldrich) and
uPont Nafion N117 membranes were utilized to prepare the cat-
lysts’ suspensions and as fuel cell membranes, respectively.

Products of ethanol oxidation were sampled from the port at
he anode outlet, then separated with Hewlett Packard 5890 Series
I Gas Chromatograph and, subsequently, detected qualitatively
using Hewlett Packard 5971A Mass Selective Detector – MSD) and
uantitatively (using flame ionization detector, FID). FID signal was
alibrated from five samples of known amount of acetaldehyde
r acetic acid in ethanol (see insets to Fig. 1A and C). Samples
or calibration were prepared at −15 ◦C to reduce volatility of
cetaldehyde. The ethanol signal was used as an internal standard.
esponses were fitted using linear regression and, in both cases,
arameters R2 ≥ 0.999 were obtained for acetaldehyde or acetic
cid in 0–5 molar percent range (see insets to Fig. 1A and C).

A fuel cell of 10 cm2 active area, equipped with a single serpen-
ine flow pattern (Fuel Cell Technologies Inc.) was used. Potentials,
nd current drawn from the fuel cell, were controlled using EG&G
rinceton Applied Research 362 Scanning Potentiostat. As a rule,
he voltage of fuel cell (tested under load) was not allowed to
rop below 300 mV. Following the fuel cell parameter (i.e. volt-
ge/current) change, as a rule the system was stabilized for 30 min
efore starting the GC product analysis. After the fuel cell tem-
erature change, the system was stabilized for at least 2 h. Fuel
as fed using a peristaltic pump at 1 cm3 min−1 rate. O2 flow was
onitored using a mass flow controller (Sierra Instruments) at

5 scm3 s−1, and the backpressure of 200 kPa (29 psi) was main-
ained.

Fuel cell carbon paper supported electrodes were prepared
y appropriate painting with the suspension of a catalyst
in Nafion/ethanol solution) to obtain metal loadings equal to
.0 mg cm−2 (Pt, Pt/Ru or Pt/Sn) for the anode and 1.5 mg cm−2

Pt) for the cathode. Amount of Nafion in a dry catalytic layer was
qual to 30% (wt.). After painting, the electrodes were hot pressed
t 120 ◦C and under the pressure of ca. 830 kPa (120 psi).

. Results and discussion

It was apparent from our preliminary results that use of the
thanol concentration of 0.2 mol dm−3 was optimum with respect
o the highest currents and the highest acetaldehyde and acetic
cid yields observed (relative to ethanol concentration which was
sed as internal standard). Higher ethanol concentrations would

ncrease maximum power but would decrease the accuracy of
uantitative determination of products due to possibility of the
hromatographic column overloading. Because most of literature
ata were reported for higher concentrations, 2 mol dm−3 ethanol
olutions were also used to characterize the assembled fuel cells.

s a rule, reliability and performance of our fuel cell setups was
erified with respect to literature [2,13]. Care was exercised to elim-
nate possibility of short circuiting, oxygen leakage or membrane
erforation. We found that Pt/Sn (followed by Pt/Ru and Pt) was
he most active anode catalyst towards ethanol electrooxidation, as
ing the anode compartment). All chromatograms are normalized against the ethanol
signal.

reported elsewhere [2,13]. Formation of CO2 was found to be negli-
gible (versus other products), namely less than 5% (molar) for Pt/Sn
or Pt/Ru and ca. 15% (molar) in a case of Pt used as anode catalysts.
The data were collected under load (current flow), and it was deter-

mined from charge balance. No correlation was observed between
CO2 yield and oxygen permeation and, therefore, we concentrated
on acetaldehyde and acetic acid production.
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Analysis of the mixture leaving the anode compartment of the
uel cell shows that, in addition to unreacted ethanol, acetalde-
yde, acetic acid and ethyl acetate can be separated using GC and

dentified using MSD. The most striking feature of the recorded
hromatograms (Fig. 1) is the appearance of significant amounts of
he ethanol oxidation products in the mixtures leaving anode com-
artment even under conditions when no current is drawn from
he cell (Fig. 1B). We attribute those products to presence of oxygen
apable of permeating from cathode compartment through Nafion
17 membrane [20] and parasitically oxidizing ethanol on the sur-
ace of anode catalysts. To support this view we have found that the
bove mentioned products are neither present in the ethanol solu-
ion existing just before entering the anode compartment (Fig. 1C)
or in the solution leaving the anode compartment when argon,

nstead of oxygen, is used as a cathode gas (Fig. 1A).
Increase of ionic conductivity in a mixture leaving anodic com-

artment of the fuel cell operating under open circuit conditions
as reported earlier [22] and attributed to the presence of acetic

cid leaching graphite blocks (where it was accumulated during the
uel cell operation) or to its ability to permeate membrane from the
athode compartment. It was postulated [22] that this effect was
aused by low-volatility of acetic acid accumulating in the cathode
egion. Here, we have observed that the amount of acetic acid in
he anode stream decreases rapidly upon switching the cathode gas
rom oxygen to argon. Concentration of acetic acid has decreased

ore than 1000 times (compare Fig. 1A and B) after 60 min, and
t has become completely undetectable after 120 min. The trace
mounts of acetaldehyde and acetic acid remaining after 60 min
f the argon flow (Fig. 1A) may originate from its accumulation in
he porous sponge-like carbon paper (used as a substrate for anode
atalysts). While we do not exclude the possibility of permeation
f ethanol from the anode to cathode compartment, followed by its
xidation to acetic acid, the subsequent permeation of acetic acid
o the anode compartment is of secondary importance under our
xperimental conditions.

The oxidation processes to acetaldehyde and acetic acid, have
he overall schemes [24,30]:

H3CH2OH + 1/2O2 → CH3CHO + H2O (1)

here acetaldehyde can be further oxidized to acetic acid:

H3CHO + 1/2O2 → CH3COOH (2)

Alternatively, ethanol can be directly oxidized to acetic acid:

H3CH2OH + O2 → CH3COOH + H2O (3)

Thus the oxygen permeation through membrane would severely
mpact the fuel cell efficiency, since reactions (1)–(3) proceeding in
he presence of oxygen do not require the flow of electric current
n the external circuit. We define the fuel utilization parameter (N)
s follows:

= 100%
ntot − nocv

ntot

here ntot is the total amount of acetaldehyde or acetic acid
etected at given potential, and nocv is the amount detected at
pen circuit, and other fuel cell parameters (flow rate, temperature
tc.) have been kept constant. We have addressed the poten-
ial dependence of the N parameter (Fig. 2A–C). When the cell
otential becomes higher, current densities tend to be lower and,
onsequently, the relative formation of products (acetaldehyde and
cetic acid) electrochemically is less pronounced. Provided that the

eal fuel cell should work at potential as high as possible, the oxy-
en permeation problem becomes sizeable. We have also found
the data for simplicity are not shown here) that higher ethanol
oncentration will not significantly increase fuel utilization due
o the sub-proportional increase of current on concentration. We
Fig. 2. Dependencies of the fuel utilization parameter on the fuel cell voltage.
Anode catalysts: (A) Pt/Sn, (B) Pt/Ru, and (C) Pt. Experimental conditions: t = 80 ◦C,
0.2 mol dm−3 ethanol.

determined that following 10-fold increase of concentration from
0.2 to 2 mol dm−3 ethanol, current increases only ca. 2.5 times. On
the whole, under conditions of the operating fuel cell, oxygen per-
meating from the cathode compartment parasitically oxidizes at
least 20% of the ethanol fuel (Fig. 2). The membrane used here,
Nafion 117, is fairly thick (ca. 178 �m), and it is a standard polymer
membrane utilized in PEMFCs.

We have considered temperature dependencies of the amounts
of acetaldehyde and acetic acid produced under open circuit con-

ditions (Fig. 3). From the data, we can postulate that the catalyst
activity is the limiting factor in the parasitic ethanol oxidation. The
statement is based on observation about distinct amounts of acetic
acid and acetaldehyde produced upon application of different cat-
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ig. 3. Percent molar fraction of acetic acid and acetaldehyde in the anode stream
rom DEFC, recorded under open circuit conditions as a function of temperature.
ther conditions as for Fig. 2.

lysts. In particular, for Pt/Sn at 80 ◦C, ca. 1.23 M% of acetic acid and
.38 M% of acetaldehyde can be detected (Fig. 3A). To obtain such
mounts, and considering the appropriate reaction stoichometries
Eqs. (1) and (3)), at least 1.42 (1.23 + 1/2(0.38)) molar equivalent of

olecular oxygen would be required. Similarly, 0.61 and 0.62 M%
f acetic acid and 0.78 and 0.82 M% of acetaldehyde have been
etected for Pt/Ru and Pt, respectively (Fig. 3B and C); they require
he following molar equivalents of oxygen, 1.02 and 1.01. If the par-

sitic reaction was limited by oxygen permeation rate, amount of
he oxygen used (coming from the cathode compartment) would
e the same regardless of the catalyst used. Obviously, this is not
he case here.
Fig. 4. Percent molar fraction of acetic acid and acetaldehyde in the anode stream
from DEFC, recorded under open circuit conditions as a function of oxygen pressure.
Other conditions as for Figs. 2 and 3.

Temperature dependencies of the amounts of acetaldehyde and
acetic acid produced under open circuit conditions show that the
fraction of acetic acid produced increases exponentially with tem-
perature (Fig. 3A–C) whereas the amount of acetaldehyde is almost
constant. The latter observation most likely reflects the facts that
both reactions (1) and (2), i.e. formation of acetaldehyde and its
decomposition to acetic acid, proceed at higher rates.

It was reported that the oxygen mass-flux through Nafion mem-
brane depended linearly on the applied pressure difference [31].
Here we have found that some increases in the acetaldehyde and
acetic acid concentrations have been observed as a function of
increasing pressure (Fig. 4). It cannot be excluded that, on kinetic
grounds, the oxygen permeation rate is comparable to the rate
of ethanol electrooxidation at 80 ◦C. There are many parameters,
sole or in combination, affecting dynamics of the parasite ethanol
oxidation, and their elucidation will be a subject of future work.

4. Conclusions

We have demonstrated that, in ethanol fuel cell operating under
open circuit conditions, oxygen permeating through Nafion 117
membrane from the cathode compartment is responsible for the
chemical oxidation of ethanol and formation of large amounts of
acetic acid and acetaldehyde in the anode compartment. The exis-
tence of this parasitic phenomenon during operation of the fuel cell
would result in significant decrease of practical utilization of the
fuel. Dynamics of this chemical process is most probably limited by
the activity of the catalytic material used. This problem seems to be
of general importance to the development of low-temperature fuel
cells, and it must be addressed until new improved membranes are
developed.
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