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Abstract

The performances of direct ethanol fuel cells with different anode catalysts, different ethanol concentrations, and at different operating temper-
atures have been studied. The performance losses of the cell have been separated into individual electrode performance losses with the aid of a
reference electrode, ethanol crossover has been quantified, and CO, and acetic acid production have been measured by titration. It has been shown
that the cell performance strongly depends on the anode catalyst, ethanol concentration, and operating temperature. It was found that the cathode
and anode exhibit different dependences on ethanol concentration and operating temperature. The performance of the cathode is very sensitive to
the rate of ethanol crossover. Product analysis provides insights into the mechanisms of electro-oxidation of ethanol.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of direct ethanol fuel cells (DEFCs) has
drawn increasing attention in recent years due to the attractive
advantages of ethanol as a fuel [ 1-11]. Most importantly, ethanol
is arenewable fuel, since it can be easily produced from agricul-
tural products and biomass. It can be classified as a green fuel,
because the carbon dioxide produced by ethanol fuel cells is
consumed by biomass growth. Relative to hydrogen, ethanol is
easily transported and stored, and its theoretical energy density
of ca. 8.0kWhkg™! is comparable to that of gasoline.

Previous research has shown that the performance of DEFCs
is quite promising. For example, Wang et al. [11] reported that at
a high temperature of 170 °C, the performance of a DEFC was
close to that of a direct methanol fuel cell when Pt/Ru was used
as the anode catalyst. Arico et al. [2] found that with Pt/Ru as
the anode catalyst, a maximum power density of 110 mW cm™2
could be obtained for a DEFC at 145 °C. More recent research
[4,5,7,9,10] has been focused on lower temperature operation,
which is more sustainable. Pt/Sn has consistently emerged as
the best anode catalyst, giving maximum power densities of
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30mW cm~2 at 60°C [9] and ca. 50-60 mW cm~2 at 90°C
[4,5,7,9], with pure O; as the oxidant. A wide variety of other cat-
alysts have been investigated for ethanol oxidation [3,4,12-16],
including ternary alloys [7,17-22], but none have yet surpassed
the performance of Pt/Sn in DEFCs.

Despite the progress that has been made, the performance of
DEFCs is much inferior to that of hydrogen fuel cells due to the
slow kinetics of ethanol oxidation on state of the art catalysts.
Although the thermodynamic equilibrium potential for ethanol
oxidation is only 0.084 V versus SHE [1], electro-oxidation of
ethanol is much slower than that of hydrogen and involves mul-
tiple pathways. Large amounts of side products, particularly
acetaldehyde and acetic acid, have been found during electro-
oxidation of ethanol. A recent differential electrochemical mass
spectrometry study using a commercial carbon supported Pt cat-
alyst has shown that the activity for complete oxidation remains
low (2-13% current efficiency) over a range of ethanol concen-
trations (0.001-0.5 M) and temperatures (23—60 °C) [16]. Acetic
acid and acetaldehyde were the major products, with current
efficiencies ranging from 32% to 72% and from 15% to 66%,
respectively. Alloying Pt with Ru [13,23], Sn [24,25], Mo [13],
Os [26], or Re [4] lowers the overpotential for ethanol oxida-
tion, and influences product distribution. Ru, Sn, Rh [14], Os,
and Mo have been shown to increase the selectivity for CO,
formation.
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There are a limited number of reports on product analysis
from DEFCs and the available data show wide variations. Arico
et al. [2] have reported a 96% conversion of ethanol to CO, for
a DEFC operating at 145 °C, and Zhou et al. [5] report that at
90 °C “CO; and acetic acid were the main products with PtSn/C
and PtRu/C”. On the other hand, Wang et al. [11] have reported
that acetaldehyde was the major product at 170 °C, and Song
et al. [10] reported that the amount of CO, produced at the
anode of a DEFC was “quite small” at 90 °C. Their product
analysis by GC showed 95% acetic acid: 5% acetaldehyde at
a PtSn/C anode and 73% acetic acid: 27% acetaldehyde at a
PtRu/C anode. Production of trace amounts of ethyl acetate has
also been reported [5,10,11]. In light of these very limited and
conflicting results, there is a need for further work on product
analysis from DEFCs. Achieving high conversions to CO» is the
greatest challenge facing the development of DEFCs.

Crossover of ethanol is also a serious issue affecting the
performance and viability of DEFCs. This problem has been
studied in depth for methanol fuel cells [27], and many potential
solutions have been investigated [1,28]. Song et al. [8,29] have
estimated ethanol crossover rates from the current required to
oxidize ethanol crossing over to the cathode of a DEFC. They
found that the increased crossover resulting from use of ethanol
concentrations above 1 M, caused a sharp drop in the maximum
power that could be obtained from the DEFC. Paganin et al. [30]
have reported that 2 M ethanol produces a larger drop in open
circuit potential, due to crossover, than 2 M methanol.

It is clear from the above review of the literature that devel-
opment of high performance DEFCs depends on optimization
of all of their components as well as their operating conditions.
Although this complex task can be simplified by the availabil-
ity of detailed information on individual potential losses at the
anode and cathode, such an approach has not been reported,
although it is gaining broader use in the development of methanol
cells [31]. We therefore report here on the separation of cell per-
formance losses in a DEFC into the cathode and anode losses
with the aid of a dynamic hydrogen (DHE) reference electrode.
Ethanol crossover has been measured, different anode catalysts,
ethanol concentrations, and operating temperatures have been
explored, and products (CO, and acetic acid) have been ana-
lyzed by titration, in order to build a complete picture of the
factors influencing the performance of the cell.

2. Experimental
2.1. Materials

Nafion 115 and 117 membranes (DuPont) were cleaned at
80 °C with 3% H;0,, 1 M H>SO4(aq) and deionized water, and
stored in deionized water. 20% Pt on XC-72 carbon (E-Tek Inc.),
20% Pt/Ru (1:1) on XC-72 carbon (E-Tek Inc.), carbon fibre
paper (CFP) (Toray, 0.26 mm), and all other materials were used
as received. Electrodes included 4 mg cm™2 Pt black on carbon
paper (donated by Ballard Power Systems), 4.5 mg cm ™2 Pt/Ru
(1:1) black on carbon paper (donated by H. Power Corp.), and
home-made carbon supported Pt/Sn (4:1) and Pt/Ru/Pb (1:1:0.3)
catalysts on carbon paper.

The Pt/Sn (4:1) and Pt/Ru/Pb (1:1:0.3) catalysts were pre-
pared by decoration of commercial 20% Pt on XC-72 carbon
and 20% Pt/Ru (1:1) on XC-72 carbon (E-Tek Inc.) catalysts
with Sn or Pb. In brief, 30 mg of the commercial catalyst was
dispersed in deionized water by stirring, then an appropriate
amount of SnCl; or Pb(NO3); dissolved in deionized water was
added dropwise, followed by reduction with NaBHjy.

2.2. Preparation of anodes

An appropriate amount of catalyst was mixed with 200 mg
of 5% Nafion solution by sonication for 30 min. The resulting
paste was then applied onto a 5 cm? square of CFP and dried at
ambient temperature in a fume hood, giving a metal loading of

2mgem™2.

2.3. Preparation of membrane and electrode assemblies
(MEAs)

Membrane and electrode assemblies were prepared by press-
ing an anode and a cathode (Pt black, 4mgcm™2 on carbon
paper, donated by Ballard Power Systems) onto each side of a
Nafion 117 membrane at a pressure of 200kgcm™2 at 135°C
for 180s.

2.4. Fuel cell measurements

A 5cm? commercial cell (ElectroChem) was used to per-
form fuel cell tests. The cell was operated with an anode feed
of aqueous ethanol solution at a fixed flow rate of 5 mlmin~!
and a cathode feed of dry air at a fixed flow rate of 60 ml min~!.
For product analysis, the cell was operated with an anode feed
of 1M ethanol(aq) at a fixed flow rate of 0.30 mlmin~' and a
cathode feed of dry air at a fixed flow rate of 30 ml min~—".

Electrochemical measurements were made with a Solartron
1286 electrochemical interface coupled with a 1250 fre-
quency response analyzer or an EG&G PAR 273 A potentio-

stat/galvanostat.
2.5. Configuration of the reference electrode

We have designed a DHE reference electrode to measure sin-
gle electrode potentials of hydrogen and methanol fuel cells [31].
The configuration of the DHE reference electrode is shown in
Fig. 1. In this configuration, the working electrode and counter
electrode of the DHE were placed on the cathode side of an
outer section of the Nafion membrane and sandwiched between
the two halves of the body of the cell. The distance between the
thin Pt wire (100 wm diameter) electrodes of the DHE and the
edge of the active electrodes of the fuel cell was much larger than
three times the thickness of the membrane to avoid potential gra-
dients. A small current of typically ca. 6 x 107> A was passed
between the two Pt wires to maintain the hydrogen coverage on
the cathode, which was used as the DHE reference electrode.
Except for the two ends, the fine Pt wires were insulated with
a thin coating of poly(vinyl chloride). The current to the DHE
was supplied by a 9V battery and controlled by adjusting the
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Fig. 1. Schematic diagram of a cell with a DHE reference electrode.

series resistance with a resistance box. Before measurements,
the cell was fed with humidified hydrogen on the anode and the
potential of the DHE reference electrode was set to zero with
respect to the hydrogen anode by changing the series resistance.

It was found that in this configuration the DHE reference
electrode was quite stable during polarization measurements of
ethanol fuel cells at low current densities. At high current densi-
ties, a small drift (<15 mV) of the potential of the DHE reference
electrode was observed. However, this drift is minor compared
to anode and cathode overpotentials which were always larger
than 300 mV at high current densities. In addition, the DHE ref-
erence electrode was regularly calibrated relative to hydrogen
passing through the anode compartment to correct for any drift.

The good stability of the DHE reference electrode was also
demonstrated by the closeness of the cell polarization curve to
the cathode potentials (versus DHE) — anode potentials (versus
DHE) (Fig. 5). Note that the anode potentials (versus DHE) and
the cathode potentials (versus DHE) were measured at different
times.

2.6. Measurements of ethanol crossover

Ethanol crossover was measured by following the electro-
chemical procedure developed by Ren et al. for measurement
of methanol crossover [32], and recently used by Song et al. for
measuring ethanol crossover [29]. In brief, one side of the cell
was fed with aqueous ethanol while the other side was fed with
humidified N;. Ethanol permeating through the membrane to the
N> side was oxidized electrochemically. The limiting ethanol
oxidation current, measured after a period of 10 min at a poten-
tial of +0.9V versus the cathode, was used as a measure of
ethanol crossover. The current was not significantly dependent
on potential between 0.8 V and 1.0V, indicating that a true lim-
iting current was obtained at 0.9 V. In these experiments, the
cathode (ethanol solution side) evolves H, and approximates a
dynamic hydrogen reference electrode.

Valve Valve

Glass tube

N\

X

NaOH
solution

Ice bath

Fig. 2. Schematic diagram of the equipment for collecting the anode outlet
solution and CO;.

2.7. Analysis of DEFC products

The DEFC anode outlet solution was collected in a glass tube
bathed in ice to reduce the volatility of the solution and the CO,
was absorbed in an aqueous NaOH trap (Fig. 2). The CO; was
determined by a two-step titration of the aqueous NaOH solution
with standardized HCI [33,34]. The first step, with phenolph-
thalein as the indicator, converts sodium carbonate to sodium
bicarbonate and consumes the excess NaOH. The second step,
with methyl orange as the indicator, converts sodium bicarbon-
ate to carbonic acid. The moles of sodium bicarbonate equals the
moles of the CO, produced by ethanol oxidation on the anode of
the DEFC. Non-volatile acids (mainly acetic acid) in the anode
outlet solution were determined by titrating the solution with
standardized NaOH. It was found that purging the solution col-
lected in the glass tube with N> did not significantly influence
either the amount of CO; collected, or the acid content of the
solution.

3. Results and discussion
3.1. Ethanol crossover

The limiting ethanol oxidation current was used as a
measure of ethanol crossover. It was found that the limiting
ethanol oxidation current strongly depended on the membrane
thickness, ethanol concentration, and cell operating temperature
as reported in Tables 1 and 2. These results are consistent with
the limiting current measured being a true representation of
the amount of ethanol crossing the membrane. If the current
were limited by the kinetics of ethanol oxidation, it would
not depend the thickness of the membrane. However, it is not
possible to entirely rule out some influence from the electron
transfer kinetics.

Table 1
Ethanol crossover currents at 80 °C

Ethanol concentration(aq) (M) Crossover current (A cm™2)

Nafion 115 Nafion 117
0.5 0.050 0.027
1 0.086 0.048
2 0.13 0.065
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Table 2
Ethanol crossover currents (1 M ethanol) at different temperatures

Temperature (°C) Crossover current (A cm™2)

23 0.0060
50 0.015
80 0.048

It was found that ethanol crossover was decreased greatly
with the thicker membrane. For example, with a Nafion 117
membrane (ca. 175 um), ethanol crossover was reduced to
ca. half of that with a Nafion 115 membrane (125 pm). The
larger than expected decrease in crossover can be attributed to
slightly different characteristics of the membrane samples [35].
Also, ethanol crossover increased significantly with increasing
ethanol concentration as expected. With a Nafion 117 mem-
brane, increasing the ethanol concentration from 0.5M to | M
resulted in ca. a two times increase in ethanol crossover. Another
finding is that ethanol crossover increased dramatically with
increasing temperature. When the temperature was increased
from room temperature to 80 °C, the crossover current increased
from 0.006 A cm 2 to 0.048 Acm ™2, an eight-fold increase.

These results are similar to those reported by Song et al. [29],
who observed crossover currents of 39—62 mA cm~2 at 75°C
for 1 M ethanol and Nafion 115. This compares with a value of
86 mA cm~2 at 80 °C in Table 1. It is also instructive to compare
the results with those for methanol crossover under similar con-
ditions. For Nafion 115, the crossover current for 1 M methanol
in our cell at 60°C was 92 mA cm ™2 [35], similar to the value
for 1 M ethanol at 80 °C. This indicates that ethanol oxidation
in the crossover experiments was quite inefficient, resulting in
less than six electrons per molecule (assuming similar perme-
abilities for methanol and ethanol). This is consistent with the
product distributions reported below for ethanol oxidation at the
anode, since acetaldehye and acetic acid formation are two and
four electron processes, respectively.

3.2. Product analysis

The products of ethanol oxidation were analyzed by titration
and the results are listed in Table 3. The cell was operated at
80 °C with an anode feed of 1 M ethanol(aq) and a cathode feed
of dry air. It has been assumed here that the acid collected in
the cold trap was exclusively acetic acid, since there has been

no suggestion in the literature that significant quantities of other
organic acids are produced.

Under all conditions studied, the major product of ethanol
oxidation was acetic acid. Large amounts of acetaldehyde must
also have been produced at 60 mA cm~2 with both catalysts
[10,13,25], and these are estimated by difference in Table 3.
It is also likely that trace amounts of ethyl acetate would have
been produced in these experiments [5,10,11].

It is seen from the data in Table 3 that at a current density
of 60 mA cm™2, the yields of CO, were ca. 9.4% for the Pt/Sn
catalyst and ca. 6.2% for the Pt/Ru catalyst. At a lower cur-
rent density of 20 mA cm~2, the yield of CO, was ca. 9.0% for
the Pt/Sn catalyst. The clear conclusion from these data is that
under these operation conditions, CO; is not the main product
of ethanol oxidation, and the yield of CO; did not change sig-
nificantly with cell voltage.

In addition, we can see that for the Pt/Sn catalyst, at the higher
current density, the yield of acetic acid was ca. 48%, while at
the lower current density, the yield of acetic acid was ca. 94%.
For the Pt/Ru catalyst, the yield of acetic acid increased from
ca. 60% to ca. 77% when the current density was decreased
from 60 mA cm™2 to 30 mA cm™2. This indicates that the yield
of acetic acid varied greatly with cell voltage and catalyst.

These results are consistent with previously reported results
on low temperature (<100 °C) DEFCs. Acetic acid production
was similar to that reported by Song et al. [10] at 95°C, and
their difference between PtRu and PtSn (see Section 1) parallels
ours at low current density (Song’s measurements were made
at 0.5 V). We have presumably obtained more than the “quite
small” amount of CO; that they report. Our result with PtSn at
low current is consistent with Zhou et al.’s [5] vague report of
CO; and acetic acid as the main products. It is curious that the
PtSn catalyst gave a lower yield of acetic acid than the PtRu cat-
alyst at high current density, although the difference is perhaps
not significant. It is pertinent that the cell potential was very low
and similar in both cases (Table 3), due to the low ethanol flow
rate used in the experiments to facilitate product analysis. It is
likely that both anodes behave like Pt electrodes at the resulting
high anode overpotentials.

The data reported in Table 3 are currently the most compre-
hensive available for low temperature DEFCs, and will form a
valuable reference point for further work aimed at improving
the yield of COs. It is noted that at 20 mA cm™2, the sum of
CO, and acetic acid corresponded to a little over 100% of the

Table 3
Product analysis for ethanol oxidation on a 20% Pt on C based Pt/Sn (4:1) catalyst and a Pt/Ru (1:1, 4.5 mg cm~2) black catalyst at constant current for 1h

Pt/Sn Pt/Ru
Current (mA cm™~2) 60 60 20 20 20 60 60 30
Cell voltage? 121 139 356 378 402 137 176 281
CO; (%) 8.4 10.4 8.4 10.1 8.4 6.7 5.6 6.7
Acetic acid (%)® 452 50.7 98.0 93.6 94.4 55.6 64.8 76.8
Acetaldehyde (%)° 46.4 38.9 0 0 0 37.7 29.6 16.5

2 There was a small variation in the cell voltage during constant current operation, generally within ca. 210 mV.

b Assuming that acetic acid was the only organic acid produced.

¢ Calculated by difference, by assuming that CO,, acetic acid, and acetaldehye were the only significant products.
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Fig. 3. Polarization curves for a DEFC with different anode catalysts. The cata-
lysts include 20% Pt on C from E-Tek, 20% Pt/Ru (1:1) on C from E-Tek, 20%
Pt on C based Pt/Sn (4:1), and 20% Pt/Ru (1:1) on C based Pt/Ru/Pb (1:1:0.3).
The cell was operated at 80 °C with an anode feed of 1 M ethanol(aq) and a
cathode feed of dry air.

charge passed. One possible reason for this is that acetic acid
and CO; produced at the cathode (due to ethanol crossover) can
crossover through the membrane to the anode side, resulting in
higher yields.

3.3. Performances of DEFCs with different anode catalysts

Fig. 3 shows performances of DEFCs with different anode
catalysts. The same cathodes (Pt black, 4 mg cm~2 on carbon
paper) were used in all cases. The cell was operated at 80 °C
with an anode feed of 1M ethanol(aq) and a cathode feed of
dry air. It is seen that the performance of the cell with Pt/Sn,
Pt/Ru, or Pt/Ru/Pb as the anode catalyst was much better than
that of the cell with Pt as the anode catalyst. This indicates that
Pt/Sn, Pt/Ru, and Pt/Ru/Pb catalysts have much higher catalytic
activities for ethanol oxidation than the parent Pt catalyst. The
higher activities can be attributed to the promoting effect of Sn,
Ru, and Pb. Also, the open circuit potential (OCP) of the cell
with the Pt/Sn, Pt/Ru, or Pt/Ru/Pb as the anode catalysts was
much higher than that of the cell with Pt as the anode catalyst.
This is due to the lower onset potential of ethanol oxidation on
the Pt/Sn, Pt/Ru, and Pt/Ru/Pb catalysts [1], since the OCP for
O; reduction should not have varied.

Another finding is that the cell with Pt/Sn as the anode catalyst
had the best performance, and this is consistent with previ-
ous studies [4,5,7,9]. The peak power density of 17 mW cm—2
obtained with the Pt/Sn catalyst is inferior to the best literature
results for ethanol/oxygen cells (40 mW cm™2 at 75 °C [9]), but
this can be explained by our use of air as the oxidant. We have
not found comparable literature data for ethanol/air cells.

With the aid of a DHE reference electrode, we have resolved
cell performance dependences on two different anode catalysts
into individual electrode dependences as shown in Fig. 4. It was
found that the anode performance with Pt/Ru as the catalyst was
much better than that with Pt as the catalyst. Therefore, it can
be concluded that the better performance of the cell with Pt/Ru
as the anode catalyst is mainly due to the much better anode
performance.

—8— Anode vs DHE, Pt
—&— Cathode vs DHE, Pt
= = Cell Pt

a Cathode-Anode, Pt
Cell, PtRu
—e—Cathode vs DHE, Pt/Ru
—3¥— Anode vs DHE, Pt/Ru
0.7 $egg 5 O Cathode-Anode, PY/Ru

Potential (V)

0 0.02 0.04 0.06 0.08 0.1
Current density (A cm™?)

Fig. 4. Polarization curves for a DEFC with different anode catalysts of Pt and
Pt/Ru, together with cathode potentials vs. DHE and anode potentials vs. DHE.
The cell was operated at 80 °C with an anode feed of 1 M ethanol(aq) and a
cathode feed of dry air.

We can also see that the cell polarization curves are quite close
to the cathode potentials — anode potentials (versus DHE). This
demonstrates the good stability of the DHE reference electrode.

3.4. Performance of DEFCs with different ethanol
concentrations

Fig. 5 shows polarization curves for a DEFC with different
ethanol concentrations, together with anode potentials versus
DHE and cathode potentials versus DHE. It is seen that at low
current densities, the cell voltage dropped rapidly with increas-

—&— Anode vs DHE, 0.5 M
—#—Cathode vs DHE, 0.5 M
Cell, 0.5 M

o Cathode-Anode, 0.5 M
Og o =t CB",1 M

—oé— Cathode vs DHE, 1 M
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0 0.02 0.04 0.06 0.08 0.1

Current density (A cm'z)

Fig. 5. Polarization curves for a DEFC at 80 °C with anode feeds of ethanol(aq)
of different concentrations and a cathode feed of dry air, together with anode
potentials vs. DHE and cathode potentials vs. DHE. Anode catalyst: Pt/Ru (1:1,
5.47mgcm~2).
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ing current density, and the performance of the cell with 0.5 M
ethanol was better than with 1 M ethanol. While at high cur-
rent densities, the performance of the cell with 1 M ethanol was
much better than with 0.5 M ethanol. In addition, the OCP of
the cell with 0.5 M methanol was significantly higher than with
1 M ethanol. These different concentration dependences of the
cell can be attributed to the different concentration dependences
of the cathode and the anode.

From Fig. 5 we can see that the performance of the cath-
ode with 0.5 M ethanol was significantly better than with 1 M
ethanol. In addition, the OCP of the cathode with 0.5 M ethanol
was much higher than with 1 M ethanol. These concentration
dependences of the cathode are presumably due to ethanol
crossover, since ethanol crossover increased significantly with
increasing ethanol concentration as shown in Table 1. It is well
known that methanol crossover causes depolarization of the
cathode in DMFCs, resulting in significant decreases in cath-
ode performance [31]. This effect would be expected to be more
pronounced for ethanol because of the higher number of elec-
trons involved in ethanol oxidation, and the larger number of
potentially poisoning products.

However, for the anode performance, things are reversed. It
can be seen from the data in Fig. 5 that the anode performance
with 1 M ethanol was much better than with 0.5 M ethanol, espe-
cially at high current densities. This is due to a combination of
increase of kinetics and mass transport at the higher concentra-
tion.

Another finding is that at low current densities, the anode
overpotentials increased dramatically with increasing current
density, while the cathode potentials dropped much more gradu-
ally with increasing current density. This indicates that the rapid
drop of cell voltage at low current densities was mainly due to
the rapid increase in anode overpotentials.

We can also see that there was no significant difference in
OCEP for the anode with the two different ethanol concentrations.
Thus, the higher OCP of the cell with 0.5 M ethanol was due to
the higher OCP of the cathode at the lower ethanol concentration.

Based on the different concentration dependences of the
cathode and anode overpotentials, it can be concluded that a
compromise between anode and cathode performance has to be
made for the best cell performance.

3.5. Performance of DEFCs at different temperatures

Fig. 6 shows polarization curves for a DEFC at three differ-
ent operating temperatures. It is seen that the cell performance
was improved significantly at the higher temperature. However,
it is also seen that the cell has the highest OCP at room temper-
ature. Again, these temperature dependences of the cell can be
attributed to the different temperature dependences of the anode
and cathode.

It was found that the anode performance was improved
markedly at the higher temperature (Fig. 7). Also, the OCP of the
anode decreased with increasing temperature. These are under-
standable effects, since increasing temperature will increase the
rate of ethanol oxidation and increase mass transport rates. Sur-
prisingly, it was found that the cathode performance decreased

0.7

0.6 §\ —e—Cell at 50 degree
—&— Cell at 80 degree

0.5 =&—Cell at room T

Cell voltage (V)

0 0.02 0.04 0.06 0.08 0.1
Current density (A cm™?)

Fig. 6. Polarization curves for a DEFC at different cell operating temperatures
(°C). The cell was operated with an anode feed of 1 M ethanol(aq) and a cathode
feed of dry air. Anode catalyst: 5.47 mgcm™2 Pt/Ru (1:1).

significantly with increasing temperature as shown in Fig. 8.
In addition, it can be seen that the OCP of the cathode at
room temperature was much higher than at 80 °C. These results
seem contradictory to the fact that increasing temperature should
increase the oxygen reduction rate and mass transport rates. This
contradiction suggests that other factors played more important
roles.

From Table 2, we can see that ethanol crossover increased
greatly with increasing temperature. Therefore, the lower cath-
ode performance at higher temperature is likely due to the
increased ethanol crossover at the higher temperature, since
ethanol crossover can result in significant decreases in cathode
performance. For comparison, Fig. 8 also shows a polarization
curve for a cathode in a DMFC at 60 °C. It can be seen that
ethanol crossover resulted in more depolarization of the cathode
than methanol crossover did.

—2— Anode vs DHE at 50 degree

0.8 ~ =&— Anode vs DHE at 80 degree

0.7 ) —6o—Anode vs DHE at room T
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Current density (A cm'z)

Fig. 7. Anode polarization curves of the DEFC at different temperatures. The
cell operating conditions were the same as those in Fig. 6.
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Fig. 8. Cathode polarization curves of the DEFC at different temperatures. The
cell operating conditions were the same as those in Fig. 6.

The different performances of the cathode and anode at differ-
ent temperatures clearly show that the better performance of the
cell at the higher temperature was due to the better performance
of the anode at the higher temperature.

4. Conclusions

As observed in previous studies, the performance of a DEFC
has been shown to strongly depend on the anode catalyst, ethanol
concentration, and operating temperature. It was found that cells
with Pt/Sn, Pt/Ru, or Pt/Ru/Pb as the anode catalyst had much
higher performances than a cell with Pt as the anode catalyst,
with Pt/Sn giving the best performance. It has been shown that
the cell performance improved markedly with increasing operat-
ing temperature. Also, it was found that at low current densities,
the cell performance was better with a lower ethanol concentra-
tion, while at high current densities, the cell performance became
better with a higher ethanol concentration.

Interpretation and understanding of the above effects have
been enhanced with the aid of a DHE reference electrode, which
has allowed cell performance losses to be separated into com-
ponents due to the cathode and anode. Many features of the
operation for DEFCs inferred from previous studies of cell
potentials have been confirmed by the single electrode results,
and new insights have arisen. In particular, it was found that the
cathode and anode depended differently on ethanol concentra-
tion and operating temperature.

The performance analysis illustrated that the anode perfor-
mance was improved with increasing temperature and ethanol
concentration, while the cathode performance decreased with
increasing temperature and ethanol concentration. Therefore, a
balance between the anode and the cathode has to be made for
the best cell performance.

Product analysis demonstrated that CO, was not the main
product of ethanol oxidation under the conditions used here. It
was found that the yield of CO; did not change significantly with

cell voltage, while the yield of acetic acid changed significantly
with cell voltage.
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