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Abstract
Experimental investigation of a passive direct ethanol fuel cell (DEFC) is presented in this work. A passive DEFC of active area
25 cm2 with Nafion 115 membrane is developed and tested. Effect of several parameters such as ethanol feed concentration,
ambient temperature, bolt torque, and operating orientation on the cell performance is investigated. It is found that all these
parameters significantly affect the cell performance. The cell performance improves with initial increase in the ethanol feed
concentration, reaches to a maximum, and then decreases on further increasing the ethanol feed concentration. A similar trend in
the cell performance is observed on increasing the ambient temperature and on increasing the bolt torque too. In this study, the
maximum cell performance is observed with 4 M ethanol feed concentration, 60 °C of ambient temperature, and 7 Nm of bolt
torque. Cell orientation too affects the cell performance. Horizontal cell orientation is proved to deliver better cell performance
compared to vertical orientation. This study depicts that an improved DEFC performance can be obtained by carefully selecting
working parameters.
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Introduction

Fuel cell is an electrochemical device which directly con-
verts the chemical energy of fuel into electrical energy.
Fuel cell has advantages of high efficiency, zero pollution,
and noiseless and therefore considered as potential device
for powering variety of applications viz. portable applica-
tion, automotive application, and stationary application
[1–5]. Fuel cell uses hydrogen as a preferred fuel due to
weak hydrogen-hydrogen bond provides high electro-
chemical activity. But, the hydrogen is not freely available
and it has to be produced by some hydrocarbon fuel
through external mechanism. It makes the entire fuel cell
system bulky, complex, and costlier. Moreover, hydrogen
has very low volumetric energy density and it is highly
flammable. Therefore, handling, storage, and transporta-
tion of hydrogen are very complicated [6, 7].

Direct liquid fuel cell (DLFC) uses liquid fuel directly into
the fuel cell without any extra reforming step. DLFC over-
comes the drawbacks associated with the hydrogen. DLFC
has the advantages of high energy density, compact size, easy
handling of liquid fuel, and easy membrane hydration and
therefore it is considered as highly potential power source
for portable devices viz. laptop, mobile phones, toys, and
drones [8, 9]. However, it has some major issues viz. slow
reaction kinetics of liquid fuel, higher anodic over potentials,
and fuel crossover through membrane which lowers the fuel
cell performance [9]. There are two types of DLFC: active
DLFC and passive DLFC. Active DLFC uses pumps and
blowers for supply of reactants. On the other hand, passive
DLFC does not have pumps and blowers but relies on passive
means viz. diffusion, natural convection, and capillary action
for the transport of reactants and therefore is simpler in con-
struction [8, 10, 11].

Among the liquid fuels, methanol has caught the most at-
tention and significant research has been reported on the direct
methanol fuel cell (DMFC) in the recent past [12–17].
Methanol is the simplest alcohol and it is easy to oxidize
therefore provides high electrochemical activity. DMFC too
suffers from many technological issues viz. high methanol
crossover, poisoning of anode catalyst by intermediate com-
pounds generated during the methanol electro-oxidation, cost,
and durability. Moreover, methanol is non-renewable fuel,
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toxic in nature, highly volatile, and highly inflammable
[18–20].

Another alcohol, ethanol, has also been tested for the fuel
cell. Ethanol is less toxic than methanol, it has higher gravi-
metric energy density (8 kWh kg−1) compared to methanol
(6.1 kWh kg−1) and can be produced from agriculture wastes
and biomass [21]. Therefore, ethanol is an attractive fuel
choice for DLFC. A significant research work on direct etha-
nol fuel cell (DEFC) has been reported in the recent past. The
DEFC can be divided into two types based on the electrolyte
used: acid DEFC and alkaline DEFC. Acid DEFC uses poly-
mer electrolyte membrane, typically Nafion to conduct proton
from anode to cathode. Whereas alkaline DEFC uses anion
exchangemembrane, typically A201 by Tokuyama to conduct
hydroxyl ions from cathode to anode [22]. The present work
mainly focuses on the acidic DEFC. DEFC suffers frommany
technological challenges viz. sluggish ethanol oxidation kinet-
ics at anode, ethanol crossover, low efficiency, water manage-
ment, degradation, and durability [21, 23–26]. Song et al. [27]
studied the effect of membrane electrode assembly (MEA)
preparation method on the DEFC performance and found that
the MEA prepared by the decal transfer method exhibits better
cell performance and lower internal resistance compared to
conventional hot-pressed MEA. Ma et al. [28] reported a
DEFC that uses nitrate reduction reaction instead of conven-
tional oxygen reduction reaction on the cathode. The cell
showed higher open-circuit voltage and two times maximum
power density. Heysiattalab [29] studied the effect of operat-
ing parameters such as ethanol concentration, temperature,
reactant’s flow rate, and cathode pressure on the DEFC per-
formance. Alzate et al. [30] also studied the effect of operating
conditions on the DEFC performance. It was found that the
cell performance was improved with increase in cell temper-
ature and cathode back pressure but was independent of reac-
tant’s flow rate.

Passive DEFC exhibits different mass and heat transport
pattern than active DEFC. Passive DEFC does not use any
energy consuming auxiliary device for supply of reactants.
Therefore, it can deliver higher power density and could be
suitable to power portable electronic devices. Literature re-
view shows that significant research has been reported on
the active DEFC, but the research on the passive DEFC is rare
[31, 32]. To the author’s best knowledge, the only available
experimental work on the passive DEFC is by Pereira et al.
[31], where the effect of ethanol concentration, membrane
thickness, anode diffusion layer material, and anode catalyst
loading on cell performance have been reported.

In this research, the effect of working parameters such as
ethanol feed concentration, ambient temperature, bolt torque,
and operating orientation on a passive DEFC have been stud-
ied. A passive DEFC of 25-cm2 active area having Nafion 115
membrane as electrolyte has been developed and used for the
experimentation. This study would be useful for the better

understanding about the passive DEFC and for its perfor-
mance improvement.

Experimental

Membrane electrode assembly

Membrane electrode assembly (MEA) of 25-cm2 active area is
used for fuel cell. A Nafion® 115 membrane is sandwiched
and hot pressed between two diffusion electrodes to obtain
MEA. Hot pressing is performed at 135 °C, 8 MPa for
3 min. The Nafion membrane is pre-treated before hot press-
ing to remove contaminants. For the pre-treatment, membrane
is boiled in 3 wt%H2O2 solution for 1 h, boiled in DI water for
1 h, boiled in 0.5 M H2SO4 solution for 1 h, and finally boiled
in DI water for 1 h. The pre-treated membrane is kept in DI
water until MEA fabrication. Polytetrafluoroethylene (PTFE)-
treated carbon cloth (Avcarb 1071) with micro-porous layer is
used as diffusion layer. Diffusion electrode is obtained by
coating the catalyst ink onto the diffusion layer. Catalyst ink
is prepared by dispersing catalyst in a solution of deionized
(DI) water, isopropyl alcohol, and Nafion solution. The cata-
lyst ink is applied onto the diffusion layer using paintbrush
technique followed by drying in an oven at 50 °C for 2–3 min.
Several coatings are applied to obtain the desired catalyst
loading. Once the desired catalyst loading is achieved, the
diffusion electrode is sintered at 70 °C for 1 h. The Pt-Ru/C
(80 wt%) and Pt/C (55 wt%) are used as anode and cathode
catalyst respectively. A catalyst loading of 4 mg/cm2 and
2 mg/cm2 respectively are used on anode and cathode
respectively.

Single-cell fixture

A schematic diagram of passive DEFC is shown in
Fig. 1a, b and a photograph is shown in Fig. 1c. The cell
consists of anode end plate, ethanol reservoir, anode cur-
rent collector, membrane electrode assembly, cathode cur-
rent collector, and cathode end plate. Teflon-coated glass
fiber gaskets are used between cell components to prevent
leakage. Anode end plate, ethanol reservoir, and cathode
end plate are made of transparent acrylic plate of 10 mm
thickness, which enable observing various phenomena oc-
curring inside the cell, mainly, carbon dioxide bubble
transport. The cathode end plate has window-frame struc-
ture to allow oxygen and water transport. The ethanol
reservoir has the dimension of 50 mm × 50 mm × 10 mm
and a volume of 25 mL. An opening was provided on the
fuel reservoir for fuel injection and carbon dioxide ex-
haust. The function of current collector is to collect cur-
rent generated in the MEA, to support the MEA, and to
provide passage for reactants and products. Current
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collectors are made of 3-mm-thick stainless steel (SS
316 L) plates. To provide passage for the transport of
reactants, 121 holes of 3.6-mm diameter each are drilled
in the current collectors, resulting in an open ratio of
49.2%. Eight nut bolts with appropriate toque are ar-
ranged circumferentially on the cell fixture to keep the
fuel cell assembly intact, to reduce the electrical contact
resistance of the cell, and to avoid leakage. A torque
wrench (Tristar, TVT 100A, accuracy ± 3%) was used to
tighten the nut-bolts. Electrical insulation was provided
on the bolt surface to avoid short-circuiting.

Experimental setup and test conditions

A DC electronic load (N3300A Mainframe with N3302A
Module) is used to perform polarization test and open-circuit
voltage (OCV) test. Before experiments, passive DEFC is
activated by filling the reservoir with 2 M ethanol solution
and let it stand for 12 h. Then, the cell is run at constant
voltage of 0.35 V for 12 h and then a polarization test (I-V)
is conducted. The process is repeated until stable polarization
curve is obtained. For experiments, ethanol of appropriate
concentration is fed in the ethanol reservoir. Then the cell is

Fig. 1 Passive direct ethanol fuel cell three-dimensional view (a), cross-sectional view (b) and photograph (c)
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kept at OCV for 60 min so that it can reach stable condition.
Then, the polarization test is performed. During the test, for
each discharging current point, a waiting time of 60 s is used
to obtain a stable voltage. Experiments are conducted at a
room temperature of 22–25 °C and relative humidity of 60–
70%.

Results and discussion

Effect of ethanol feed concentration

Effect of ethanol feed concentration on the cell performance is
shown in Fig. 2. Ethanol solution of seven different concen-
trations 0.5 M, 1 M, 2 M, 3 M, 4 M, 5 M, and 6 M are used in
the study. Figure 2a shows variation in OCVwith ethanol feed
concentration. After filling the ethanol solution in the anode
reservoir, the OCV is recorded until it becomes stable, usually
it takes 60 min. It can be seen from the figure that the OCV
decreases on increasing the ethanol concentration. The ethanol
concentration of 0.5 M gives the highest (0.568 V) and 6 M
gives the lowest OCV (0.470 V). The OCV is closely related
to the ethanol crossover. Ethanol is stored in the reservoir; it
diffuses through current collector and diffusion layer and
reaches at anode catalyst layer where the electrochemical re-
action takes place. Some of the unused ethanol at anode cat-
alyst layer permeates through the membrane and reaches at
cathode catalyst layer. It is termed as ethanol crossover. At
cathode catalyst layer, the ethanol directly reacts with oxygen
and produces water and carbon dioxide. This creates mixed
potential and results in reduction in OCV. The ethanol oxida-
tion on the cathode generates water and therefore increases the
cathode water flooding. This restricts the supply of oxygen on
the cathode catalyst layer. Oxygen is essential for the electro-
chemical reaction. This also makes adverse effect on to the
OCV. Ethanol crossover rate is proportional to the ethanol
concentration gradient across the membrane. On increasing
the ethanol feed concentration, the ethanol crossover increases
and therefore the OCV decreases.

Figure 2b, c shows the effect of ethanol concentration on
the current density—voltage curve (I-V) and current
density—power curve (I-P) respectively. It is seen that the cell
performance improves continuously on increasing the ethanol
concentration from 0.5 to 4 M. The 4 M gives the maximum
cell performance. The cell performance deteriorates on further
increasing the ethanol concentration to 5 M and 6 M. The
results indicate that the ethanol concentration is an important
parameter for the DEFC performance. On increasing the eth-
anol concentration: (i) ethanol mass transport rate from reser-
voir towards the anode catalyst layer increases which de-
creases the concentration loss and makes positive effect on
the cell performance. Relatively higher concentration loss
for 0.5 M and 1 M is clearly visible in the I-V curves at the

higher current densities. (ii) Ethanol crossover increases on
increasing the ethanol concentration, which increases the
mixed potential and cathode water flooding and make adverse
effect on the cell performance. (iii) Oxidation of ethanol is an
exothermic reaction. Ethanol permeates through membrane
and is oxidized at cathode releases heat and increases the cell
temperature. Higher cell temperature increases the rate of elec-
trochemical reaction and improves the cell performance. On

Fig. 2 Effect of ethanol concentration on open-circuit voltage (a), current
density-voltage curve (I-V) (b), and current density-power density curve
(I-P) (c)

722 Ionics (2019) 25:719–726



increasing the ethanol concentration, ethanol crossover in-
creases; therefore, the cell temperature also increases.
Summarily, effects (i) and (iii) improves the cell performance
while the effect (ii) deteriorates the cell performance on in-
creasing the ethanol feed concentration.

The overall effect of the ethanol feed concentration on the
cell performance is the combined effect of the three effects
mentioned above. When the ethanol concentration is varied
from 0.5 to 4 M the effect (i) and (iii) have dominating effect
on the overall cell performance and therefore the cell perfor-
mance improves. On the other hand, when the ethanol con-
centration is increased to 5 M and 6 M, the effect (ii) has
dominating effect over the cell performance; therefore, the cell
performance decreases. The 4 M ethanol concentration gives
the best cell performance. The maximum power density with
0.5 M is 0.771 mW cm−2, while that with 4 M is
1.124 mW cm−2, which is 45.7% higher than the former. It
signifies the use of appropriate ethanol concentration in the
fuel cell.

Effect of ambient temperature

The cathode of a passive DEFC is open to ambient air; there-
fore, the change in ambient temperature has an impact over the
inside phenomena and over the cell performance. Figure 3
shows the effect of ambient temperature on the performance
of passive DEFC. The cell performance is measured at five
different ambient temperatures: 30 °C, 40 °C, 50 °C, 60 °C,
and 70 °C. To measure the effect of ambient temperature, the
passive DEFC is kept in a convection oven at specified tem-
perature. Ethanol feed concentration of 4 M is used in the
study. Figure 3a shows the OCV variation with temperature.
It is seen that when the ambient temperature is increased from
30 to 60 °C, the OCV gradually increases and then decreases
slightly on increasing the temperature to 70 °C. Similar trend
is found for I-V curve and I-P curve, which is shown in
Fig. 3b, c respectively. The cell performance improves on
increasing the cell temperature from 30 to 60 °C. The cell
gives maximum performance at 60 °C. On increasing the tem-
perature further to 70 °C, the cell performance deteriorates.
The maximum power density at 30 °C is 0.438 mW cm−2 and
that at 60 °C is 1.02 mW cm−2, which is 132.8% higher than
the former. This shows the importance of the ambient temper-
ature for the betterment of cell performance. Increase in the
ambient temperature results in the following effects: (i) higher
ambient temperature reduces the rate of heat dissipation out of
the cell and therefore increases the cell temperature. An in-
creased cell temperature increases the electrochemical reac-
tion rate and improves the cell performance (ii) internal resis-
tance of the cell decreases with increase in the cell tempera-
ture, which reduces the ohmic loss and improves the cell per-
formance (iii) water evaporation rate at cathode increases at
higher temperature, which removes the cathode water faster

and provides better access to oxygen. It makes positive effect
on the cell performance (iv) ethanol crossover rate and its
adverse effect on the cell performance increases with increase
in the cell temperature. In summary, on increasing the ambient
temperature effects (i), (ii), and (iii) provide improvement
while the effect (iv) provides decrement in the cell perfor-
mance. Combine effect of these four effects governs the

Fig. 3 Effect of operating temperature on open-circuit voltage (a), current
density-voltage curve (I-V) (b), and and current density-power density
curve (I-P) (c)
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overall cell performance. On increasing the ambient tempera-
ture from 30 °C to 60 °C, the effects (i), (ii), and (iii) have
dominating effect over the cell performance; therefore, the cell
performance is improving. Thereafter, the effect (iv) is domi-
nating the overall cell performance; therefore, the cell perfor-
mance is decreasing on increasing the cell temperature to
70 °C.

Effect of bolt torque

In the fuel cell assembly, all components are held together by
applying suitable toque on to the bolts. It prevents any leakage
of reactants. A sufficient bolt torque is required to ensure
proper contact between fuel cell components and therefore it
is an important parameter to study. The effect of bolt torque on
the DEFC performance is shown in Fig. 4. Experiments are
done for seven different bolt torques between 4 and 11 Nm.
Initially, the cell is tightened by applying a bolt torque of
3 Nm, but the cell is found dripping. Next, the torque is in-
creased to 4 Nm and the dripping is stopped. Therefore, 4 Nm
is used as starting torque in experiments. Ethanol solution of

4M is used during experiments. It is seen in Fig. 4 that the cell
performance is improving continuously when bolt torque is
increased from 4 Nm to 5 Nm to 6 Nm and then to 7 Nm. The
best cell performance is obtained with 7 Nm. Thereafter, on
increasing the bolt toque further to 8 Nm, 9 Nm, and then
11 Nm, the cell performance is decreasing continuously. The
maximum power density for 4-Nm torque is 0.382 mW cm−2

while that for 7 Nm is 0.586 mW cm−2, which is 53.4% higher
than the former. This indicates importance of the bolt torque in
the fuel cell assembly. The fuel cell should be run with opti-
mum bolt torque to obtain the maximum cell performance. An
increase in the bolt torque has following effects: (i) contact
resistance between diffusion layer and current collector de-
creases as a result ohmic loss decreases and the cell perfor-
mance improves (ii) in-plane and through-plane electron con-
ductivity of the diffusion layer increases as a result ohmic loss
decreases. (iii) Carbon cloth is used as diffusion layer in this
study which is highly porous. Pore volume and porosity of the
diffusion layer decrease with increase in the bolt torque. It
makes transport of the reactants difficult, increases the mass
transport loss, and deteriorates the cell performance.

The effect of bolt toque depicted in Fig. 4 is the combined
effect of above three effects. On initially increasing the bolt
torque from 4 to 7 Nm, effects (i) and (ii) have dominating
effect over the cell performance; therefore, the cell perfor-
mance is improving. But, at relatively higher bolt torque of
8, 9, and 11 Nm, the diffusion layer is excessively compressed
and mass transport losses have dominating effect; therefore,
the cell performance is decreasing.

Effect of cell orientation

The effect of cell orientation on passive DEFC performance is
shown in Fig. 5. DEFC is tested at two different orientations:
horizontal (anode facing up) and vertical orientation. Tests are
conducted for three different ethanol feed concentrations: 2M,
4M, and 6M and the cell performance curves (I-Vand I-P) are
shown in Fig. 5a–c respectively. It is seen that the cell kept in
horizontal orientation performs better than the vertical orien-
tation for all ethanol feed concentrations. The maximum pow-
er obtained at vertical orientation are 0.8818, 0.9342, and
0.8323 mW cm−2 and that at horizontal orientation are
0.9952, 1.019, and 0.9043 mW cm−2 for 2 M, 4 M, and 6 M
ethanol feed concentration respectively. Horizontal orientation
shows 8.5% to 13% better performance compared to vertical
one. Carbon dioxide is generated on the anode side due to
electrochemical reaction. Effective carbon dioxide removal
is essential to facilitate better cell performance. Horizontal
orientation facilitates more effective removal of carbon diox-
ide. In the vertical orientation of the cell, carbon dioxide bub-
bles move towards the top of the anode chamber and accumu-
late there. If carbon dioxide removal is not effective, it gets
accumulated at the anode catalyst layer. The catalyst layer

Fig. 4 Effect of bolt torque on current density-voltage curve (I-V) (a) and
current density-power density curve (I-P) (b)
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provides three phase boundaries between reactant, catalyst,
and Nafion ionomer, where the electrochemical reaction takes
place. Catalysts promote electrochemical reaction as well as
provide path for the electron transport. Nafion ionomer facil-
itates proton transport. If the carbon dioxide is accumulated at
the catalyst layer, it prevents reactants to reach catalyst sites, to
form three phase boundaries and to proceed with electrochem-
ical reaction. Therefore, the cell performance decreases. With
the horizontal orientation, carbon dioxide bubbles are uni-
formly distributed over the entire active area, facilitating better
carbon dioxide removal.

Similar to ethanol crossover, some of the unused water at
anode permeates through membrane and reaches at cathode.
This is termed as water crossover. Water is generated also at
the cathode due to electrochemical reaction and due to oxida-
tion of permeated ethanol. Generated and crossovered water
starts accumulating at cathode. Effective removal of water is
essential to facilitate uninterrupted supply of oxygen. In the
vertical orientation, due to gravity, liquid water accumulates at
the bottom portion of the cathode. On the other hand, horizon-
tal cell orientation facilitates better liquid water removal due to
the gravity effect. Therefore, the cell performs better in the
horizontal orientation which is seen in Fig. 5.

It is also seen in Fig. 5c that the difference in the cell
performance gets wider at higher current densities. At higher
current, more water is produced on the cathode side. Also, at
higher ethanol feed concentration, the ethanol crossover is
higher which upon oxidation produces more water. As a re-
sult, cathode flooding is more severe at higher ethanol con-
centration and higher current. Due to inability of vertical cell
orientation to remove water, the cell performance gets worse.

Conclusions

Experimental investigation of a passive DEFC is reported in
this work. A passive DEFC of active area 25 cm2 is used for
the study. Effect of ethanol feed concentration, ambient tem-
perature, bolt torque, and cell orientation on the cell perfor-
mance is studied. An ethanol feed concentration from 0.5 to
6 M, cell temperature from 30 to 70 °C, bolt torque from 4 to
11 Nm, and horizontal and vertical cell orientations are used
for the investigation. It is found that all these parameters sig-
nificantly affect the cell performance. The cell gives 8.5% to
13% better performance when operated in the horizontal ori-
entation compared to vertical orientation. Horizontal orienta-
tion provides better carbon dioxide removal as well as better
cathode water removal. On increasing, the ethanol feed con-
centration, ambient temperature, and bolt torque, the cell per-
formance improves first, reaches to a maximum, and then
decreases on further increasing these parameters. In this study,
the maximum cell performance is obtained at 4M ethanol feed
concentration, 60 °C ambient temperature, and 7 Nm of bolt
torque. Based on the results, it is recommended to choose the
working parameters of the cell carefully in order to achieve the
maximum cell performance.
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