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a b s t r a c t

A single alkaline direct ethanol fuel cell (alkaline DEFC) with an anion-exchange membrane and non-
platinum (non-Pt) catalysts is designed, fabricated, and tested. Particular attention is paid to investigating
the effects of different operating parameters, including the cell operating temperature, concentrations of
both ethanol and the added electrolyte (KOH) solution, as well as the mass flow rates of the reactants.
The alkaline DEFC yields a maximum power density of 60 mW cm−2, a limiting current density of about

−2 ◦

eywords:
nion-exchange membrane
irect ethanol fuel cell
ydroxyl ions
on-platinum catalyst
ell performance

550 mA cm , and an open-circuit voltage of about 900 mV at 40 C. The experimental results show that
the cell performance is improved on increasing the operating temperature, but there exists an optimum
ethanol concentration under which the fuel cell has the best performance. In addition, cell performance
increases monotonically with increasing KOH concentration in the region of low current density, while
in the region of high current density, there exists an optimum KOH concentration in terms of cell perfor-
mance. The effect of flow rate of the fuel solution is negligible when the ethanol concentration is higher
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ower density than 1.0 M, although the c

. Introduction

Direct alcohol fuel cells (DAFCs) are electrochemical devices that
irectly convert the chemical energy stored in liquid alcohol (e.g.,
ethanol and ethanol) into electricity. DAFCs have many advan-

ages compared with hydrogen-feed fuel cells, including higher
nergy densities, facile liquid storage, and simpler system struc-
ures [1–9]. These benefits suggest that this type of fuel cell is

promising power source for portable and other mobile appli-
ations. Over the past decade, special attention has been paid to
uel cells that use methanol as the fuel, namely direct methanol
uel cells (DMFCs), mainly because methanol is the simplest alco-
ol and potentially has better electrode kinetics than other alcohol

uels. However, in addition to other technical problems encoun-
ered in the development of this type of fuel cell, the toxicity
f methanol is another issue that limits the wide application of
MFCs. By comparison, ethanol is more environmentally friendly
nd can be easily produced in large quantities from agricultural
roducts or biomass. Hence, direct ethanol fuel cells (DEFCs) have
ecently received increased attention.
Based on the electrolyte membrane used, DEFCs can be divided
nto two types: acid- and alkaline-membrane DEFCs. A consider-
ble amount of effort has been devoted to acid DEFCs; as a result,
ignificant progress has been made in their development [1–3].
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rformance improves on increasing the oxygen flow rate.
© 2008 Elsevier B.V. All rights reserved.

or example, Xin and co-workers [1,2] developed a highly active
tSn catalyst for the ethanol oxidation reaction (EOR) in an acid
edium; the application of this electrocatalyst to the anode of

he DEFC resulted in a maximum power density of 60 mW cm−2

t 90 ◦C, the highest performance reported in the open literature
1]. Although the performance seems appealing, the commercial-
zation of acid DEFCs has been hindered by several issues. First, the
low kinetics of the EOR in acid media leads to a serious activation
olarization loss, thereby diminishing cell performance. Second,
he electrocatalyst (e.g., PtSn) suffers from corrosion in acid DEFCs,
hich results in poor durability of the fuel cell. Another critical

bstacle that limits the wide application of acid DEFCs is the cost:
cid electrolyte membranes (typically Nafion® material) are expen-
ive; and a considerable amount of precious Pt is needed to achieve
ecent performance in acid DEFCs. All these issues can be allevi-
ted when acid membranes are replaced by alkaline membranes.
he most striking feature of alkaline DEFCs is their quicker kinet-
cs of the oxygen reduction reaction (ORR) in alkaline media, even

ith low-cost non-platinum metals as the electrocatalyst. Another
mportant feature of alkaline DEFCs is the use of a non-Pt electro-
atalyst on the cathode eliminates the oxidation of the fuel that may
e transported from the anode, which makes the cathode potential
uch higher than in acid DEFCs. Because of these important fea-
ures, alkaline DEFCs have recently attracted increasing attention
4–9]. So far, effort has mainly been concentrated on the synthesis
f alkaline membranes and electrocatalysts for the EOR and ORR
n alkaline media [10–19]. Stoica and co-worker [15] prepared an
lkaline membrane that was composed of two cyclic diamines and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2008.10.132
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sity is 12 mW cm−2 at 30 ◦C and it almost triples to 30 mW cm−2

at 60 ◦C. The reasons why the performance improves as the oper-
ating temperature increases are as follows. First, an increase in
the temperature accelerates the electrochemical kinetics of both
88 Y.S. Li et al. / Journal of Pow

emonstrated that this membrane was good in terms of ionic con-
uctivity and thermal stability up to 220 ◦C. Recently, Slade and
o-worker [16] prepared a series of FEP-based alkaline membranes
ia a radiation-grafting method and showed that the OH− conduc-
ivity could be as high as 0.023 S cm−1 at 50 ◦C. On the development
f electrocatalysts for the ORR and EOR, Ogumi and co-workers
17] prepared a carbon-supported La1−xSrxMnO3 (LSM/C) cathode
atalyst and studied its catalytic activities for the ORR under the
xistence of ethylene glycol (EG) by using a rotating disk electrode.
he experiment results indicated that LSM/C can serve as a cath-
de catalyst in alkaline direct EG fuel cells with no mixed potential
roblem. Shen and co-worker [18] investigated the addition of
ungsten carbide nanocrystals to the Ag based electrocatalysts for
he ORR and demonstrated that the composite catalyst yielded a
nique selectivity for the ORR in alcohol-containing solutions and
as immune to methanol, ethanol, isopropanol and glycerol. More

ecently, Shen and co-worker [19] synthesized a hexagonal tung-
ten carbide single nanocrystal-supported Pd electrocatalyst and
emonstrated that this catalyst had extremely high electrocatalytic
ctivity for the EOR as a result of the synergistic interaction between
d and WC.

Our literature review indicates that past efforts in developing
lkaline DEFCs have been devoted mainly to the development of
lkaline membranes and electrocatalysts, whereas system design
nd development of DEFCs have not yet been addressed. The
bjective of this work is to develop a single alkaline DEFC with com-
ercial alkaline membranes from Tokuyama and HYPERMECTM

atalysts from Acta. Particular attention is paid to a systematic
nvestigation of the effects of various operating parameters on cell
erformance, namely, cell operating temperature, concentrations
f ethanol and KOH solutions, and flow rates of reactants.

. Experimental

.1. Membrane electrode assembly

The membrane electrode assembly (MEA), with an active area
f 2.0 cm × 2.0 cm, consisted of two single-sided electrodes and
n anion-exchange membrane. Both the anode and cathode elec-
rodes with non-platinum HYPERMECTM catalysts were provided
y Acta. The catalyst loadings in the anode and cathode were
.0 and 1.0 mg cm−2, respectively. While the membrane (A201),
ith a thickness of 28 �m, was provided by Tokuyama. The anode

nd cathode backing layers were made of nickel foam (Hohsen
orp., Japan) and carbon cloth (ETEK), respectively. Finally, the
EA was formed by sandwiching the membrane between the

wo electrodes that were attached with cell fixtures, as described
elow.

.2. Single-cell fixture

The single-cell fixture consisted of two current-collector plates
hat were made of 316L stainless steel. On one side of each current-
ollector plate, a single serpentine flow field was grooved by the
ire-cut technique. The channel was 1.0 mm wide and 0.5 mm
eep; the channel rib width was 1.0 mm.

.3. Cell test station and test conditions

In this work, an Arbin BT2000 (Arbin Instrument Inc.) com-

ined with a computer interface and a system of electrical load
ontrollers, was employed to measure the voltage–current (polar-
zation) curves. The cell resistance was measured by the dc-pulse

ethod. An aqueous fuel solution containing ethanol and potas-
ium hydroxide (KOH) was pumped to the anode by a peristaltic

F
3
1

rces 187 (2009) 387–392

ump. Simultaneously, 99.7% pure oxygen was fed to the cathode
ithout humidification; the flow rate of the oxygen was controlled

nd measured by a mass flow controller (Omega FMA-7105E). In
ddition, the cell operating temperature was measured with a ther-
ocouple located at the anode current-collector; two electrical

eating rods were installed in the fixture to control the operating
emperature during the experiments.

. Results and discussion

.1. General performance

Fig. 1 shows the polarization and power-density curves of
he alkaline DEFC with non-Pt catalysts both at the anode and
athode, and an anion-exchange membrane. The experiment was
erformed at 40 ◦C with an aqueous solution of 3.0 M ethanol mixed
ith 7.0 M KOH pumped to the anode at a rate of 2.0 ml min−1

nd with dry pure oxygen at a flow rate of 100 standard cubic
entimeters per minute (sccm) fed to the cathode. A maximum
ower density of 60 mW cm−2 is achieved at a current density
f 250 mA cm−2, which is much higher than that of the alkaline
MFCs using Pt catalysts as reported elsewhere [20]. More signifi-
antly, the open-circuit voltage (OCV) of the present alkaline DEFC
s as high as 900 mV, i.e., 100 mV higher than that of an alkaline
irect ethylene-glycol fuel cell [4], and about 200 mV higher than
hat of a conventional acid DMFC with a Nafion membrane [21].
he substantially better performance achieved with the alkaline
EFC can be explained by the superior electrocatalytic activity of

he HYPERMECTM catalysts for the EOR and the ORR in alkaline
edia.

.2. Effect of cell operating temperature

Cell polarization and power density curves at different oper-
ting temperatures from 30 to 60 ◦C are presented in Fig. 2. The
ell performance improves as the temperature is increased over
he whole current density region, including the activation, ohmic
nd concentration-controlled regions. The maximum power den-
ig. 1. Polarization curves and power density curves of alkaline DEFCs. Anode:
.0 M ethanol and 7.0 M KOH aqueous solution, 2.0 ml min−1. Cathode: pure oxygen,
00 sccm. Temperature: 40 ◦C.
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ig. 2. Effect of temperature on cell polarization and power density. Anode: 1.0 M
thanol and 1.0 M KOH aqueous solution, 1.0 ml min−1. Cathode: pure oxygen,
00 sccm.

he EOR at the anode and the ORR at the cathode, which conse-
uently increases the cell voltage. This can be further confirmed
y the OCV data shown in Fig. 3. The OCV increases from 0.67 to
.82 V as the temperature is increased from 30 to 60 ◦C. Second,
he conductivity of the OH− ion increases with increasing tem-
erature, and this leads to a smaller ohmic loss, as evidenced by
he cell resistance shown in Fig. 3. The cell resistance decreases
s the cell temperature is increased. As a result, cell performance
s improved. Furthermore, both the ethanol and oxygen transport
iffusivities increase with increasing temperature. As a result, the

mproved transfer of the ethanol and oxygen results in higher reac-
ant concentrations at both the anode and cathode catalyst layers
uch that the polarization losses due to mass transfer are lowered.
n summary, improvement in the performance of the fuel cells with
ncreasing operating temperature is due to the faster electrochem-
cal kinetics, increased conductivity of the OH− ions, and enhanced

ass transfer. The results presented in Fig. 2 demonstrate that the
emperature is a key parameter affecting cell performance.
.3. Effect of ethanol concentration

The effect of ethanol concentration on cell performance when
he alkaline concentration is fixed at 1.0 M KOH is shown in Fig. 4.

ig. 3. Effect of temperature on open-circuit voltage and cell resistance. Anode:
.0 M ethanol and 1.0 M KOH aqueous solution, 1.0 ml min−1. Cathode: pure oxygen,
00 sccm.
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ig. 4. Effect of ethanol concentration on cell polarization. Anode: 1.0 M KOH con-
aining various ethanol concentration aqueous solutions, 2.0 ml min−1. Cathode:
ure oxygen, 100 sccm. Temperature: 40 ◦C.

n the low current density region (lower than 50 mA cm−2), the
oltage increases as the ethanol concentration is raised from 1.0 to
3.0 M. For a given electrocatalyst, the EOR kinetics depend mainly
n the local concentrations of both ethanol and OH− ions. The rea-
on for the higher voltages with higher ethanol concentrations in
he low current density region is because the local ethanol concen-
ration in the catalyst layer increases from a starving to a sufficient
mount when the ethanol concentration is increased from 1.0 to
3.0 M. However, a further increase in the ethanol concentration,
or instance, to 15.0 or 17.0 M, causes the voltage to decrease grad-
ally in the low current density region. This is because the high
thanol concentration causes more active sites to be covered by
thanol, which may block the adsorption of hydroxyl on the active
ites [22]. Hence, the cell performance declines when the ethanol
oncentration is higher than 13.0 M.

At high current densities, the alkaline DEFC yields the best per-
ormance with an ethanol concentration of 5.0 M; either a higher

r lower ethanol concentration results in worse performance. Very
oncentrated ethanol may create a barrier for the transfer of
ydroxyl ions, giving rise to an increase in cell resistance and a

owering of cell performance [23,24]. An increase in cell resistance
ith increasing ethanol concentration is evident in Fig. 5. The cell

ig. 5. Effect of ethanol concentration on open-circuit voltage and cell resistance.
node: 1.0 M KOH containing various ethanol concentration aqueous solutions,
.0 ml min−1. Cathode: pure oxygen, 100 sccm. Temperature: 40 ◦C.



390 Y.S. Li et al. / Journal of Power Sources 187 (2009) 387–392

F
t
p

r
t
v

c
5
T
b
l
i
t
i
t
e
t
t

w
a
F
c

F
A
2

F
t
o

s
C
r
f
c
w

3

o
t
p
K

f
p

ig. 6. Effect of ethanol concentration on cell polarization. Anode: 5.0 M KOH con-
aining various ethanol concentration aqueous solutions, 2.0 ml min−1. Cathode:
ure oxygen, 100 sccm. Temperature: 40 ◦C.

esistance becomes extremely high when the ethanol concentra-
ion is raised to 17.0 M. This is why Fig. 4 shows a rapid drop in
oltage with 17.0 M ethanol concentration.

Fig. 5 also shows the variation in the OCV with the ethanol con-
entration. The OCV first increases, reaches a maximum at about
.0 M, and then decreases with increasing ethanol concentration.
he reason why the OCV increases with ethanol concentration is
ecause the local ethanol concentration in the catalyst layer is too

ow when ethanol solution below 5.0 M is fed to the cell and results
n poor anode performance. However, when the ethanol concen-
ration is sufficiently high at the anode, the coverage of hydroxide
ons on catalytic sites may be reduced, resulting in an increase in
he anode overpotential. Therefore, the variation in the OCV with
thanol concentration shown in Fig. 5 is the result of the competi-
ion between the ethanol coverage and the hydroxide ion coverage
owards the kinetics of the EOR.

Experiments were also performed when the KOH concentration

as increased to 5.0 M while keeping all other conditions the same

s those in Fig. 4. The measured polarization curves are shown in
ig. 6, while the variations in OCV and cell resistance with ethanol
oncentration are presented in Fig. 7. The data in Fig. 6 show a

ig. 7. Effect of ethanol concentration on open-circuit voltage and cell resistance.
node: 5.0 M KOH containing various ethanol concentration aqueous solutions,
.0 ml min−1. Cathode: pure oxygen, 100 sccm. Temperature: 40 ◦C.
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ig. 8. Effect of KOH concentration on cell polarization. Anode: 1.0 M ethanol con-
aining various KOH concentration aqueous solutions, 2.0 ml min−1. Cathode: pure
xygen, 100 sccm. Temperature: 40 ◦C.

imilar trend to those in Fig. 4 for the weaker KOH concentration.
orrespondingly, similar trends in the variation of OCV and cell
esistance to those shown in Fig. 5 can also be observed in Fig. 7
or the stronger KOH concentration. In summary, for a given KOH
oncentration, there exists an optimum ethanol concentration at
hich the fuel cell yields its best performance.

.4. Effects of KOH concentrations

The alkalinity of the anode environment significantly affects not
nly the electrochemical kinetics but also the transfer of species to
he anode [22,25]. To study the influence of the electrolyte on cell
erformance, 1.0 and 5.0 M ethanol aqueous solutions with various
OH concentrations were tested.

Polarization curves for different KOH concentrations ranging
rom 1.0 to 11.0 M at a fixed ethanol concentration of 1.0 M are
resented in Fig. 8. The voltage increases with increasing KOH

oncentration in the low current density region (lower than
50 mA cm−2). This is because a higher KOH concentration can pro-
ide more OH− ions in the anode catalyst layer, leading to faster EOR
inetics so that the anode overpotential decreases with increasing

ig. 9. Effect of KOH concentration on open-circuit voltage and cell resistance.
node: 1.0 M ethanol containing various KOH concentration aqueous solutions,
.0 ml min−1. Cathode: pure oxygen, 100 sccm. Temperature: 40 ◦C.
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flow-field to the catalyst layer. In general, the experimental data
presented in Fig. 12 suggest that the effect of fuel flow rate on
ig. 10. Effect of KOH concentration on cell polarization. Anode: 5.0 M ethanol con-
aining various KOH concentration aqueous solutions, 2.0 ml min−1. Cathode: pure
xygen, 100 sccm. Temperature: 40 ◦C.

OH concentration. This suggests that in the low current density
egion, the concentration of OH− ion is the predominant factor that
etermines the anode potential. This point is further confirmed
y the OCV behaviour shown in Fig. 9 that is, the OCV increases
ith increasing KOH concentration. It must be pointed out that

he increase in KOH concentration is limited by its solubility in
thanol solutions. With the present ethanol concentration, the KOH
oncentration cannot be higher than 13.0 M.

Unlike the situation in the low current density region, the
oltage falls in the high current density region when the KOH con-
entration is increased above 5.0 M. The explanation for this is
ound in the data of Fig. 9. The increase in the cell resistance with
ncreasing KOH concentration is caused by the increased anode
H− concentration, which resists the transport of OH− ions from

he cathode to the anode.
Experiments were also conducted by increasing the ethanol con-

entration to 5.0 M while keeping all the other conditions the same

s those in Fig. 8. The resulting polarization curves are given in
ig. 10, while the variations in OCV and cell resistance with KOH
oncentration are presented in Fig. 11. The data in Fig. 10 show
similar trend to those in Fig. 8. Correspondingly, Fig. 9 shows a

imilar trend to Fig. 11. In summary, the cell voltage in the current

ig. 11. Effect of KOH concentration on open-circuit voltage and cell resistance.
node: 5.0 M ethanol containing various KOH concentration aqueous solutions,
.0 ml min−1. Cathode: pure oxygen, 100 sccm. Temperature: 40 ◦C.
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ig. 12. Cell polarization with different anode flow rates. Anode: 1.0 M ethanol and
.0 M KOH aqueous solution, 0.3–3.0 ml min−1. Cathode: pure oxygen, 100 sccm.
emperature: 40 ◦C.

ensity region increases with increased KOH concentration. The
aximum KOH concentration is limited, however, by its solubility

n ethanol solutions. On the other hand, in the high current density
egion, there exists an optimum KOH concentration with which the
uel cell can yield the best performance.

.5. Effects of mass flow rates of fuel solutions and oxygen

Fig. 12 shows the effect of different fuel solution flow rates on
ell performance from 0.3 to 3.0 ml min−1 at 40 ◦C, while keeping
he oxygen flow rate at 100 sccm. The effect of the fuel solution flow
ate is rather small in the low current density region, but the cell
erformance improves slightly with increasing solution flow rate in
he high current density region. This latter feature is attributed to
he enhanced mass-transfer of both ethanol and OH− ions from the
ell performance is insignificant when the ethanol concentration
s greater than 1.0 M.

ig. 13. Cell polarization with different oxygen flow rates. Anode: 1.0 M ethanol
nd 1.0 M KOH aqueous solution, 1.0 ml min−1. Cathode: pure oxygen, 10–400 sccm.
emperature: 40 ◦C.



3 er Sou

i
t
A
fl
t
o

4

n
o
l
4
o
t
p
t
i
w
c
t
e
t
h
c
f
f
c
fl

A

G

C
H
T
a

R

[
[
[

[
[

[

[
[

[
[
[
[
[22] K. Scott, E. Yu, G. Vlachogiannopoulos, M. Shivare, N. Duteanu, J. Power Sources
92 Y.S. Li et al. / Journal of Pow

The effect of oxygen flow rate on cell performance is illustrated
n Fig. 13. The experiments were performed with the fuel solu-
ion (1.0 M ethanol and 1.0 M KOH) fed at a rate of 1.0 ml min−1.
lthough not substantial, the cell voltage increases as the oxygen
ow rate increased. The improved performance can be attributed
o the enhanced ORR as a result of the enhanced mass transport of
xygen at higher flow rates.

. Conclusions

A single alkaline DEFC with an anion-exchange membrane and
on-Pt catalysts has been developed and tested under different
perating conditions. The experimental results show that the alka-
ine DEFC can yield a maximum power density of 60 mW cm−2 at
0 ◦C, a maximum current density of about 550 mA cm−2, and an
pen-circuit voltage of about 900 mV. These results suggest that
he alkaline DEFC is superior to all other similar DAFCs in terms of
erformance. The cell performance improves with increasing cell
emperature due to the improved kinetics of the EOR and ORR and
ncreases in ethanol diffusivity and hydroxyl ion conductivity. Tests

ith different ethanol concentrations show that for a given KOH
oncentration, there is an optimum ethanol concentration at which
he fuel cell can yield its best performance. With respect to the
ffect of the KOH concentration, in the low current density region,
he cell voltage increases with increasing KOH concentration. In the
igh current density region, however, there is an optimum KOH
oncentration that yields the best cell performance. Tests with dif-
erent reactant flow rates indicate that the effect of flow rate of the
uel solution on cell performance is insignificant when the ethanol
oncentration is above than 1.0 M, although an increase in oxygen
ow rate can yield superior cell performance.
cknowledgements

The work was fully supported by a grant from the Research
rants Council of the Hong Kong Special Administrative Region,

[
[
[

rces 187 (2009) 387–392

hina (Project No. 622807) and by the Joint Research Fund for
ong Kong and Macao Young Scholars (Project No. 50629601).
he material support from Acta and Tokuyama is greatly
cknowledged.

eferences

[1] W.J. Zhou, S.Q. Song, W.Z. Li, Z.H. Zhou, G.Q. Sun, Q. Xin, S. Douvartzides, P.
Tsiakaras, J. Power Sources 140 (2005) 50–58.

[2] S.Q. Song, W.J. Zhou, Z.X. Liang, R. Cai, G.Q. Sun, Q. Xin, V. Stergiopoulos, P.
Tsiakaras, Appl. Catal. B: Environ. 55 (2005) 65–72.

[3] C. Coutanceau, L. Demarconnay, C. Lamy, J.M. Leger, J. Power Sources 156 (2006)
14–19.

[4] K. Matsuoka, Y. Iriyama, T. Abe, M. Matsuoka, Z. Ogumi, J. Power Sources 150
(2005) 27–31.

[5] P.K. Shen, C.W. Xu, R. Zeng, Y.L. Liu, Electrochem. Solid State Lett. 9 (2006)
A39–A42.

[6] J. Bagchi, S.K. Bhattacharya, J. Power Sources 163 (2007) 661–670.
[7] P. Paul, J. Bagchi, S.K. Hattacharya, Indian J. Chem.: Sect. A 45 (2006) 1144–1152.
[8] V. Rao, C. Hariyanto, U. Cremers, Stimming, Fuel Cells 7 (2007) 417–423.
[9] Z. Ogumi, K. Matsuoka, S. Chiba, M. Matsuoka, Y. Iriyama, T. Abe, M. Inaba,

Electrochemistry 70 (2002) 980–983.
10] J.S. Spendelow, A. Wieckowski, Phys. Chem. Chem. Phys. 9 (2007) 2654–2675.
11] E. Gülzow, M. Schulze, J. Power Sources 127 (2004) 243–251.
12] K. Matsuoka, M. Inaba, Y. Iriyama, T. Abe, Z. Ogumi, M. Matsuoka, Fuel Cells 2

(2002) 35–39.
13] J.R. Varcoe, R.C.T. Slade, Fuel Cells 5 (2005) 187–200.
14] M.R. Tarasevich, Z.R. Karichev, V.A. Bogdanovskaya, E.N. Lubnin, A.V. Kapustin,

Electrochem. Commun. 7 (2005) 141–146.
15] D. Stoica, L. Ogier, L. Akrour, F. Alloin, J.F. Fauvarque, Electrochim. Acta 53 (2007)

1596–1603.
16] R.C.T. Slade, J.R. Varcoe, Solid State Ionics 176 (2005) 585–597.
17] K. Miyazaki, N. Sugimura, K. Matsuoka, Y. Iriyama, T. Abe, M. Matsuoka, Z.

Ogumi, J. Power Sources 178 (2008) 683–686.
18] H. Meng, P.K. Shen, Electrochem. Commun. 8 (2006) 588–594.
19] F.P. Hu, P.K. Shen, J. Power Sources 173 (2007) 877–881.
20] E.H. Yu, K. Scott, J. Appl. Electrochem. 35 (2005) 91–96.
21] H. Yang, T.S. Zhao, Q. Ye, J. Power Sources 139 (2005) 79–90.
175 (2008) 452–457.
23] A. Verma, S. Basu, J. Power Sources 168 (2007) 200–210.
24] E.H. Yu, K. Scott, J. Power Sources 137 (2004) 248–256.
25] J.S. Park, S.H. Park, S.D. Yim, Y.G. Yoon, W.Y. Lee, C.S. Kim, J. Power Sources 178

(2008) 620–626.


	Performance of alkaline electrolyte-membrane-based direct ethanol fuel cells
	Introduction
	Experimental
	Membrane electrode assembly
	Single-cell fixture
	Cell test station and test conditions

	Results and discussion
	General performance
	Effect of cell operating temperature
	Effect of ethanol concentration
	Effects of KOH concentrations
	Effects of mass flow rates of fuel solutions and oxygen

	Conclusions
	Acknowledgements
	References


