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a b s t r a c t

Anion-exchange membrane-based direct glycerol fuel cells (AEM-DGFCs) can yield high power density,
however challenges exist in developing chemically stable AEMs. Here, we demonstrate a porous PTFE
thin film, a well-known chemical, electro-chemical, and thermal robust material that can serve as a
separator between anode and cathode, thus achieving high DGFC’s performance. A simple aqueous-
phase reduction method was used to prepare carbon nanotube supported PdAg nanoparticles (PdAg/
CNT) with an average particle size of 2.9 nm. A DGFC using a PTFE thin film without any further
modification with PdAg/CNT anode catalyst exhibits a peak power density of 214.7 mW cm�2 at 80 �C,
about 22.6% lower than a DGFC using a state-of-the-art AEM. We report a 5.8% decrease and 11.1%
decrease in cell voltage for a PTFE thin film and AEM; similarly, the cell voltage degradation rate de-
creases from 1.2 to 0.8 mV h�1 for PTFE thin film, while for AEM, it decreases from 9.6 to 3.0 mV h�1 over
an 80 h durability test period. Transmission electron microscopy results indicate that the average particle
size of PdAg/CNT increases from 2.9 to 3.7 nm after 80 h discharge; this suggests that PdAg particle
growth may be the main reason for the performance drop.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cells are environmentally-friendly devices for energy con-
version and power generation, and are often regarded as one of the
promising advanced energy technologies of the future. Recently,
direct alcohol fuel cells (DAFCs) have attracted considerable inter-
est in application to alternative power sources because of their high
volumetric energy density, easy transport, and convenient handling
[1e7]. In DAFCs, the chemical energy stored in the alcohol fuel is
directly converted into electrical energy without the limitation of
Carnot’s theorem [8,9]. Among all the alcohols, methanol and
ethanol [10e14] have been most widely investigated in fuel cell
applications due to their well-known reaction mechanisms and
relatively high theoretical energy densities (4.6 and 6.1 kWh L�1).
However, the toxicity of methanol and high volatility of ethanol
remain critical issues under practical operation conditions, so
glycerol has been considered as a promising alternative fuel for
DAFCs because of its relatively low price, convenient storage, non-
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volatility, non-flammability, and highly-functionalized molecule
with a theoretical energy density of 6.4 KWh L�1.

Proton exchange membrane (PEM) based DAFCs employ high
loading (e.g. >2.0 mg cm�2), at both anode and cathode of precious
metals such as Pt or PtRu. By comparison, anion-exchange mem-
brane (AEM) based DAFCs have the great advantage that both the
kinetics of alcohol oxidation and oxygen reduction at the anode and
cathode can be greatly improved; in particular, non-noble metals,
such as Fe, Co, and Ni macrocycles, can serve as cathode catalysts,
significantly reducing the overall DAFC system cost [15e19].
Various studies have widely used platinum-based catalyst in low-
temperature PEM-DAFCs [12,20]. Although Pt’s catalytic activity
with respect to alcohols such as methanol [10], ethanol [21], glyc-
erol [22], and ethylene glycol [23] can be very high in DAFCs, the
high cost due to scarcity of Pt is problematic. Extensive efforts are
therefore being carried out to design new catalysts for DAFCs and
palladium is emerging as an attractive replacement for platinum in
AEM-DAFCs because it is more abundant in nature and less
wables Research Laboratory, Iowa State University, Ames, IA 50011, USA.
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expensive than Pt. Unlike Pt or Pt-based electrocatalysts, Pd can be
highly active for oxidation of a large variety of substrates in an
alkaline environment. To prepare Pd-based electrocatalysts,
intensively studies have been conducted over the past few years
with the aim of increasing catalyst activity, controlling the
morphology of Pd, enlarging the surface area, and improving
catalyst stability [2,24e27]. In particular, the addition of Ag to Pd/
CNT significantly promotes catalytic activity for the electro-
oxidation of glycerol and also reduces the cost of the anode catalyst.
We have recently demonstrated that a PdAg catalyst [28] can
perform very well, especially in terms of current density, and has
capability for cleaving CeC bonds for long-chain alcohols oxidation.

Past research studies have mainly focused on the development
of designs and materials used in a fuel cell system [29e31]. A cur-
rent major challenge in commercialization of fuel cell technology
lies in the development of new durable membranes that will allow
fuel cell operation at high temperatures without extensive hu-
midification requirements. Traditional low-temperature fuel cells
rely on ion-exchange membranes that, as the “heart of the DAFCs”,
have an essential function of separating reactions at both anode
and cathode, allowing only Hþ or OH� (or other anions, such as
CO3

2�) to freely move across PEM or AEM, respectively. The most
common AEMs require properties such as high OH� conductivity,
good chemical/thermal stability. Durability and operating stability
of AEMs are becoming issues because of faster degradation at
elevated temperatures and harsh conditions of alkaline electrolytes
[32e35]. Choban et al., [36] reported laminar-flow-based mem-
braneless fuel cells. Cohen et al., [37] also demonstrated mem-
braneless microchannel fuel cells that utilized laminar flow in
microchannels to segregate fuel and oxidant to overcome design
limitations caused by the use of PEM. Hou et al., [33] studied a KOH-
doped polybenzimidazole membrane as a polymer electrolyte
membrane in direct ethanol fuel cells. It enhanced the ionic con-
ductivity of the membrane and also decreased ethanol perme-
ability tomuch less than that of Nafionmembranes. Mota et al., [38]
reported use of an unconventional barrier, a polycarbonate filter
paper, to separate fuel and oxidant streams in a microfluidic fuel
cell. This barrier allowed diffusive transport through its pores while
preventing crossover of the fuel and oxidant streams. Yang et al.,
has demonstrated a peak power density of 663 mW cm�2 using a
polymer fiber membrane (PFM) as a separator replacing the poly-
mer electrolytemembrane in direct borohydride fuel cells. The fiber
materials in the PEM are made of polypropylene, polyamide, or
polyvinyl alcohol, and act as a very thin liquid electrolyte layer that
allow the anions and cations, including BH4

�, OH�, and Naþ/Kþ, to
flow across freely [39]. Cost analysis of PEM fuel cells using
hydrogen or methanol as fuels has shown that the price of mem-
branes usually contributes 8e10% of the manufacturing cost of a
fuel cell stack [40], but challenges still exist in the development of
chemically stable ion-exchange membranes, representing a major
technical obstacle hindering the commercialization of AEM-DAFCs.

It has been established that state-of-the-art AEMs and PEMs are
not indispensable for fuel cell operation, and several alternative
membranes have been used to replace state-of-the-art membranes
[41e43]. Nafion/PTFE composite membranes produced by various
synthesizing methods have been developed for fuel cell applica-
tions [44e46]. These composite membranes were synthesized by
impregnating porous PTFE membranes with a self-made Nafion
solution. The fluorocarbon bond in the PTFE is strong, with a very
high molecular weight and a high melting point (327 �C). PTFE thin
films are chemically and biologically inert, stable up to 260 �C, and
can withstand most concentrated acids and bases. PTFE thin films
permit diffusive transport through their pores while preventing
mixing of fuel and oxidant streams. Access to PTFE thin films
promises important benefits with respect to complexity, cost, and
performance of the fuel cell systems.
In this study, we investigated DGFC using PTFE thin films with

different pore sizes as potential separators in high alkaline elec-
trolyte to provide electrical insulation between cathode and anode.
Subsequently, a comparison of DGFCwith PTFE thin film and anion-
exchange membrane (A901) has been performed. Furthermore, a
durability test was performed to evaluate the cell voltage degra-
dation rate of both PTFE thin film and A901 anion-exchange
membrane-based DGFCs. The anode degradation on PdAg/CNT
was evaluated using a transmission electron microscope.

2. Experimental

2.1. Chemicals

Palladium (II) nitrate dihydrate (40%), silver nitrate (99%), 1-
propanol (99.5%), potassium hydroxide (85%), potassium sulfate
(99%), polytetrafluoroethylene (PTFE) ionomer solution (60%), so-
dium borohydride (99%), sodium citrate dihydrate (99%), and
glycerol (99.5%) were purchased from Sigma-Aldrich. Carboxyl-
group functionalized multi-wall carbon nanotubes (8e15 nm outer
diameter, 0.5e2 mm length) were bought from Cheaptubes, Inc. The
cathode catalyst 4020 was obtained from Acta, Inc. PTFE thin films
with pore sizes 0.22, 0.45, and 1.0 mm were obtained from Mem-
brane Solutions. All chemicals were used as received without
further purification.

2.2. Synthesis of catalysts and physical characterizations

PdAg/CNT (20 wt%) was prepared via a self-developed aqueous-
phase reduction method [6,47]. Briefly, Palladium (II) nitrate
dihydrate (56 mg) and silver nitrate (35.7 mg) were dissolved
together in deionized water (1500 ml). Sodium citrate dihydrate
(200 mg) and sodium borohydride (40 mg) were each separately
dissolved in deionized water (50 ml) and carboxyl-group func-
tionalized multiwall carbon nanotubes (171.4 mg) were then
dispersed in 100 ml of deionized water. The mixed solutions were
transferred into a beaker to reduce metal precursors and in order to
deposit the PdAg nanoparticles onto the surface of the CNT. The
final product was washed with an additional 1 L of deionized water,
collected by vacuum filtration, and dried overnight in a vacuum
oven at room temperature. Pd/CNT and Ag/CNT were synthesized
via a method similar to that used for PdAg/CNT. The surface mor-
phologies of the commercial PTFE thin films were studied using a
scanning electron microscope (SEM, model JEOL JSM-840A). The
sample surface was coated with iridium powder under vacuum
before the morphology of the PTFE thin films was investigated. The
structure and morphology of the as-prepared PdAg/CNT catalysts
were analyzed by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The XRD analysis of PdAg/CNT catalyst was
performed on a Scintag XDS-2000 q/q diffractometer (Cu Ka radi-
ation (l ¼ 1.5406 Å)) with 35 mA filament current and 45 kV tube
voltage at a continuous scan rate of 1.2� per minute. The mean
crystallite size of PdAg/CNT was calculated using the (220) peak
based on a combination of Bragg’s law and the relationship be-
tween lattice and crystal-lattice spacing given by

L ¼ 0:9lKa
B2qcosqmax

where L is the mean crystallite size, lKa is the X-ray wavelength
(1.5406 Å), B is the full width of the peak (rad) at half-maximum
(FWHM), and qmax is the Bragg angle (rad) of (220) peak position.
TEM images of PdAg/CNT catalysts were collected on a JEOL JEM-
4000FX with an operating voltage of 200 kV.
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2.3. Half-cell tests

Half-cell tests were performed using a conventional three-
electrode setup (AFCELL3, Pine Instrument), equipped with a
glassy carbon working electrode (AFE3T050GC, Pine Instrument), a
Hg/HgO reference electrode (MMO, CHI152, CH Instruments), and a
platinum wire counter electrode (AFCTR1, Pine Instrument). All
potentials in the present study were referred to MMO (1.0 M KOH,
0.098 V vs. SHE). 2.0 mg of the as-prepared catalyst was dispersed
in 1.0 ml 1-propanol by sonication to form a uniform ink. The
working electrode was prepared by drop-casting 10 mL, 20 mL, and
10 mL of ink for Pd/CNT, PdAg/CNT, and Ag/CNT onto the glassy
carbon electrode. 10 mL of 0.05 wt% AS-4 ionomer solution
(Tokuyama, Inc) was added on top to affix the catalyst particles.
Prior to testing, all the electrolyteswere de-aerated by purgingwith
high purity N2 for 30 min at ambient temperature. Ten cycles of
cyclic voltammograms (CVs) were recorded for each catalyst at a
constant sweep rate of 50 mV s�1 in 1.0 M KOH þ 0.1 glycerol.

2.4. DGFC with PTFE thin film separator

Fuel cell tests were performed on a Scribner Fuel Cell System
850e (Scribner Associates) [48e50]. The membrane electrode as-
sembly (MEA), had an active area of 5 cm2 consisting of an anode
electrode, a PTFE thin film separator (pore size 0.22, 0.45 or 1.0 mm),
a cathode electrode and a carbon paper. The anode electrode was
created by air-brushing catalyst ink of 1 mg cm�2 PdAg/CNT with a
binder ratio of 9:1 5% polytetrafluoroethylene (PTFE) solution onto
an untreated carbon cloth liquid diffusion layer. The cathode elec-
trode was prepared by spraying 3 mg cm�2 Acta 4020 (Fe-based
catalyst) with 7:3 ratio of AS-4 ionomer onto PTFE thin film. The
dispersion of the ink was mainly controlled by the catalyst ink
formulation process in which adequate sonication is normally
applied. The surroundings of the PTFE thin film area were sprayed
with 100 ml of AS-4 ionomer. Liquid fuel was pumped into the
anode compartment at a flow rate of 4.0 ml min�1, while high
purity O2 was fed into the cathode compartment at a flow rate of
200 ml min�1 under a backpressure of 0 psig.

2.5. Durability test

The durability of the fuel cell was tested for 80 h at 80 �C by
recording the transient voltage at a constant current density
(50 mA cm�2) discharge. Pure oxygen (99.9%) without humidifi-
cation at ambient pressure was applied to the cathode compart-
ment at a flow rate of 100 ml min�1. The anode was fed through an
open loop by a peristaltic pump with an aqueous solution con-
taining 6.0 M KOHþ 1.0 M glycerol at a flow rate of 1.0 ml min�1. To
test the variation in polarization curveswith the discharge time, the
stop/restart procedure was carried out at time points of 20, 40, 60,
and 80 h to collect the voltage. After each 20 h, the durability tests
were repeated, using fresh fuel each time.

2.6. Internal resistance measurements and ohmically correct cell
voltage (EiR-free)

The cell internal resistance was measured by the d.c.-pulse
method. The ohmically corrected cell voltage, EiR-free, can be
determined directly from the experimental data using Equation (1)

EiR�free ¼ Ecell þ DEohmic ¼ Ecell þ iRU (1)

where DEohmic (the ohmic voltage loss) can be measured directly
via either current-interrupt resistance measurements, and Ecell is
the cell voltage.
3. Results & discussion

3.1. Morphology of PTFE thin film or characteristics of the PTFE thin
films

Fig. 1 shows the SEM images of the surface of the three kinds of
porous PTFE thin films. Pore sizes and thicknesses were provided by
the manufacturer. It can be seen that there are fibrils and knots in
the thin film, with enclosed micropores located among both fibers
and knots. The morphology of porous PTFE thin films usually con-
sists of separated phases with solid nodes and fibrils due to
agglomeration of the PTFE material and fine threads between the
nodes [51,52]. It can be observed that the PTFE with pore size of
0.22 mm had many small pores densely interconnected with one
another, while for PTFEwith 0.45 mmpore sizemost of the pores are
lightly interconnected. However, a PTFE with pore size of 1.0 mm
leaves large areas not tightly interconnected, knots not uniformly
distributed, and the fibrils are weakly oriented. Fig. 2 shows the
MEA of PTFE thin film (a) and A901 AEM (b), and uniform catalyst
layers have been obtained on both PTFE thin film and A901
membrane.

3.2. Electrocatalytic study of Pd/CNT, Ag/CNT, and PdAg/CNT in half-
cell

As demonstrated in our previous work [28], PdAg/CNT can serve
as a better catalyst than Pd/CNT and Ag/CNT for electro-catalytic
oxidation of glycerol in a single DGFC setup. Current density and
onset potential are the two parameters used to properly evaluate
the activity of the catalyst towards glycerol oxidation. Fig. 3 shows
the CV profiles of glycerol oxidation in N2 saturated 1.0 M
KOHþ 0.1 M glycerol on Pd/CNT, PdAg/CNT, and Ag/CNTcatalysts at
25 �C in half-cell setting. The results show that the bimetallic PdAg/
CNT catalyst exhibited higher current density (43.4 mA cm�2 at
0.16 V) than monometallic Pd/CNT and Ag/CNT catalysts. Further-
more, PdAg/CNT exhibited a more negative onset potential
(�0.47 V) compared to those of Pd/CNT (�0.33 V), and Ag/CNT
(�0.08 V). Although, Ag/CNT catalyst displayed very little to no
activity toward electro-catalytic glycerol oxidation. Alloying Ag and
Pd together raised the catalytic activity toward glycerol oxidation
and in addition reduced the particle size from 12.9 nm (Ag/CNT) to
2.9 nm (PdAg/CNT).

3.3. Effect of pore size on PTFE thin film in DGFC

To evaluate the performance of the PTFE thin film-based DGFC,
three different PTFE thin films pore sizes were used to prepare
MEAs. Fig. 4 displays the cell polarization and power density curves
of DGFC with PTFE thin film separators using PdAg/CNT as the
anode catalyst and a commercial Fe-based cathode catalyst at 80 �C.
The experiments were performed using three different PTFE thin
film pore sizes in an aqueous solution of 6.0 M KOH þ 1.0 M glyc-
erol. The open circuit voltage (OCV) of DGFC with PTFE thin film
separatorwith 0.22 mmpore size PTFE thin filmwas 0.87 V, which is
0.06 V higher than that using 0.45 mm pore size PTFE thin film, and
0.08 V higher than that using 1.0 mmpore size PTFE thin film. As the
pore size of PTFE thin film increases, OCV drops due to an increase
in fuel crossover from larger pores. Although glycerol can crossover
from the anode through the PTFE thin film separator to the cathode
catalyst layer (CCL), the reaction of glycerol with oxygen is slow in
the CCL and does not cause notable parasitic overpotential because
of presence of non-Pt catalysts that are not catalytically active to
glycerol oxidation at the cathode. In typical PEM-DAFCs, in addition
to electrochemical reactions of alcohol oxidation on the anode and
oxygen reduction on the cathode, the alcohol permeated from the



Fig. 1. SEM images of different PTFE thin films (a) 0.22 mm, (b) 0.45 mm, and (c) 1.0 mm.

Fig. 2. Photographs of sprayed catalysts on (a) PTFE thin film and (b) A901 AEM.
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anode to the cathode also reacts directly with oxygen on the
cathode noble metal catalyst. The peak power density (PPD) of
DGFC with PTFE thin film pore size of 1.0 mmwas 129.9 mW cm�2,
15.1% higher than that with PTFE thin film pore size of 0.45 mm, and
46.9% higher than that with PTFE thin film pore size of 0.22 mm. The
internal resistance (IR) of DGFC with PTFE thin film with 0.22 mm
pore size was 87.5 mOhm, which is 55.3% higher than that with
0.45 mm pore size PTFE thin film, and 62.9% higher than that with
1.0 mm pore size PTFE thin film. The performance improvement in
the present study can be attributed to the effect of pore size of the
PTFE thin film separator. In typical AEM-DAFCs, as Kþ ions do not
migrate to the cathode due to only anions selectivity crossing AEM,
while in DGFC with PTFE thin film separator, Kþ ions can migrate
through the PTFE thin film to the cathode electrode. The PTFE thin
film separator allows anions and cations, including both OH� and
Kþ, to freely cross. In this situation, it is necessary for cathode
catalysts to have excellent tolerance to the poison of glycerol and
good stability in high alkaline solution. The cathode catalyst is a Fe-
based macrocycle catalysts (ACTA 4020), used in this study has



Fig. 3. Cyclic Voltammograms of glycerol oxidation reaction on Pd/CNT, PdAg/CNT, and
Ag/CNT catalysts in 1.0 M KOH þ 1.0 M glycerol, 50 mV s�1, 25 �C.

Fig. 4. Polarization and power density curves of DGFC for different pore sizes of PTFE
thin films (0.22, 0.45, 1.0 mm). Anode: PdAg/CNT (20 wt%), 1.0 mgpdag cm�2, 6.0 M
KOH þ 1.0 M glycerol, 4.0 ml min�1. Cathode: 4020 Acta, 3.0 mg cm�2, O2, 200 sccm;
ambient pressure.

Fig. 5. Polarization and power density curves of DGFC at different temperatures.
Anode: PdAg/CNT (20 wt%), 1.0 mgpdag cm�2, 6.0 M KOH þ 1.0 M glycerol, 4.0 ml min�1.
Cathode: 4020 Acta, 3.0 mg cm�2, O2, 200 sccm, ambient pressure.
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been proven to be stable enough in alkaline solution, in terms the
cathode Fe-based catalyst does not surface-poisoned by Kþ and
glycerol. It is known that strong adsorbed anions, such as SO4

2�,
HSO4

�, can chemically adsorbed on noble metal surface (e.g., Pt and
Pd) and decrease its electrocatalytic activity. Cations, such as Naþ,
Kþ will not chemical adsorbed on the noble metal surface to in-
fluence glycerol electro-oxidation reaction. Indeed, with the base
concentration increasing (to some extent), the glycerol electro-
oxidation activity increases, it is mainly due to the protonation of
glycerol relies on OHe, it is called base catalysis [53], while from the
other point of view, the increasing of cations (Kþ or Naþ) with base
concentration increasing does not counter its activity enhance-
ment. The traditional role of an AEM is to provide a conductive path
for the OH� ion migration and to prevent the crossover. While
crossover of the fuel to the cathode is a general issue, proper
modification of MEA can provide the solution to the crossover
problem. In addition, the hydrophilic nature of the PTFE separator
provides a smaller hydraulic liquid pressure in the cathode,
enabling a reduction inwater crossover and hence alleviation of cell
performance. In summary, the large pore size of PTFE thin film
(1.0 mm) enhances diffusion of the charge carriers (OH�) transport
process to maximize the fuel cell performance.

3.4. Effect of PTFE thin film thickness in DGFC

The thicknesses of PTFE thin films with pore size 0.22, 0.45, and
1.0 mm were 210, 215, and 225 mm, respectively. In principle, a
thinner film layer reduces the transport time of a charge carrier and
thus decreases its ohmic resistance. However, a thinner film layer
may display higher fuel crossover that may consequently lead to a
loss in fuel cell performance [54]. An appropriate thickness of PTFE
thin film can alleviate water flooding and reduce water crossover,
so it is essential to find the optimal thickness of the PTFE thin films
with respect to design, flexibility, and maximization of cell per-
formance. The results demonstrate that the peak power density
increased from 69.0 to 129.9 mW cm�2 as the thickness of the PTFE
thin film increased from 210 to 225 mm; this behavior was due to
low fuel crossover with a thicker film layer and can be attributed to
the thick separator, providing more flow resistance between anode
and cathode.

3.5. Effect of temperature on PTFE thin film in DGFC

Fig. 5 shows the cell polarization and power density curves of
DGFC with 1.0 mm pore size PTFE thin film operated at different
temperatures. It can be observed that cell performance increases
with operating temperatures. An increase in temperature enhances
the electrochemical kinetics of both glycerol oxidation reactions at
the anode and oxygen reduction reaction (ORR) at the cathode. The
OCVs of DGFC operating at 25, 40, 60 and 80 �C were 0.65, 0.68,
0.74, and 0.79 V, while the PPDs were 18.4, 42.8, 83.9, and
129.9 mW cm�2, respectively. The conductivity of the hydroxyl ions
increases with increasing temperature, reducing the ohmic loss. It
is obvious that cell resistance is decreased as the temperature is
increased and as a result the cell performance is improved. A higher
temperature improves the glycerol oxidation kinetics, leading to
higher fuel cell output power density. Furthermore, both glycerol
and oxygen transport diffusivities are increased with an increase in
temperature, resulting in low mass transport polarization. PTFE
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thin films have proven to have excellent endurance in alkaline
media and are chemically/thermally stable [55]. The cell perfor-
mance increases as the temperature is increased; this can be
attributed to the faster electrochemical kinetics and increased
conductivity of hydroxyl ions and of reactant and products.
Fig. 7. Polarization and power density curves of DGFC with iR-corrected for PTFE thin
film. Anode: PdAg/CNT, 1.0 mgpdag cm�2, 6.0 M KOH þ 3.0 M glycerol; 4.0 ml min�1.
Cathode: 4020 Acta, 3.0 mg cm�2, O2, 200 sccm, 80 �C.
3.6. Performance comparison of AEM and PTFE thin film in DGFCs

The performances of DGFC employing the PTFE thin film (pore
size: 0.45 mm, thickness 215 mm) and A901 AEM (no pore, thickness:
10 mm) under optimized conditions were investigated. In our earlier
work [6,22], various concentrations of KOH and anode fuel were
investigated, and it was found that 6.0 M KOH þ 3.0 M fuel con-
centration produced the highest peak power density [6]. Therefore,
in subsequent experiments 6.0 M KOH þ 3.0 M glycerol was
selected as the optimal fuel. Fig. 6 illustrates the cell polarization
and power density curves of DGFCs with PTFE thin film and A901
AEM using PdAg/CNT as the anode catalyst at 80 �C. It can be
observed that the OCV of porous PTFE thin film-DGFC is 0.88 V,
which is 0.02 V higher than that for A901 AEM. Our previous pore
size effect test has demonstrated that the pore size distribution of
the thin film is a critical parameter for maximizing fuel cell per-
formance because of its effect on the transport process diffusion of
charge carriers (OH�). The internal resistance of A901 AEM in DGFC
was 11.5 mOhm, which is half of that when using porous PTFE thin
films. It can be clearly observed that, as the internal resistance is
decreased, cell performance is improved. The PPD of DGFC with
A901 AEM is 277.7 mW cm�2 which is 22.6% higher than the PPD of
the porous PTFE thin film (0.45 mm). The practical ohmic losses are
due to both electronic contact resistance between the flow fields
and the diffusion media as well as the ohmic resistance due to
hydroxyl ions conducting through the membrane or the substrate
[56]. Therefore, the ohmically-corrected cell voltage, EiR-free, can be
determined directly from the experimental data.

The IR-free corrected curves for DGFC with PTFE thin film
separator and Anion-exchange membrane were plotted using
Equation (1), as shown in Fig. 7. The factors contributing to the
ohmic losses are the membrane’s ionic conductivity, the membrane
thickness (10 mm vs. 215 mm), the electrolyte conductivity, and the
catalyst resistance layer. It is clearly noticeable that cell performance
of DGFC with PTFE thin film and AEM based DGFC has significantly
improved by reducing the ohmic loss. This should guide the future
Fig. 6. Polarization and power density curves of DGFC with A901 AEM and PTFE thin
film (0.45 mm). Anode: PdAg/CNT, 1.0 mgpdag cm�2, 6.0 M KOH þ 3.0 M glycerol;
4.0 ml min�1. Cathode: 4020 Acta, 3.0 mg cm�2, O2, 200 sccm, 80 �C.
design of PTFE thin film separators to be small in resistance, so as to
generate higher fuel cell power density. Furthermore, while modi-
fying and developing the porous PTFE thin films could demonstrate
the feasibility of replacing the large-scale ion-exchange mem-
branes. However, the anticipated drawbacks of using PTFE thinfilms
are that fuel and oxidant species would undesirably be affected by
allowing cross reactions. Choosing more appropriate catalysts can
be an alternative approach to this problem. In our system, Fe-based
cathode catalyst (4020 Acta) has relatively mild catalytic activity
towards glycerol oxidation during crossover.

3.7. Primary cost analysis

The cost of noble metal catalysts and membranes is the main
factor for limiting fuel cell commercialization. The cost of the
porous PTFE thin films used in our work is ~$8.06 m-2. Commer-
cially available anion-exchange membranes (A901) had a cost of ~
$992.1 m-2 (based on small quantity manufacturing cost).
Supposing that a 6 � 7 cm area per MEA is needed, PTFE thin film
would cost ~ $0.04 per MEA, obviously much less than an A901
AEM that costs ~ $4.31 per MEA. An estimate based on the price of
PTFE thin films and AEMs shows that PTFE thin films cost sub-
stantially less when compared with A901 AEMs. It should be noted
that economy of scale may bring about a cost reduction in the anion
exchange membrane Tokuyama A901. From a fuel cell technology
viewpoint, an essential development strategy would be to reduce
the costs of fuel cell components. Furthermore, techno-economic
analysis could provide economic indicators for use of future alter-
native PTFE thin films in fuel cell technologies.

3.8. Cell voltage degradation for AEM and PTFE thin film in DGFCs

A durability testwas used to evaluate the endurance of PTFE thin
films and A901 AEMs for DGFC. Fig. 8 shows results from the 80 h
durability test of DGFC with A901 AEM and PTFE thin film at a
constant density of 50 mA cm�2 at 80 �C. It is interesting to observe
that the initial voltage for a PTFE thin film DGFC is about 110 mV
higher than that for an AEM-DGFC (0.61 V vs. 0.50 V), suggesting
that the steady-state operational performance of PTFE thin film
DGFC is better than that of AEM-DGFC. It can be observed that the
absolute voltage of both the A901 AEM and the PTFE thin film
dropped remarkably after an operational time of about 80 h. The



Fig. 8. Transient cell voltage curves at constant current density of 50 mA cm�2 over
80 h period of DGFC. Anode: PdAg/CNT, 1.0 mgpdag cm�2, 6.0 M KOH þ 1.0 M glycerol,
1.0 ml min�1. Cathode: 4020 Acta, 3.0 mg cm�2, O2, 100 sccm, ambient pressure, 80 �C.

Fig. 9. TEM images of PdAg/CNT before (a) and after (b) the durability test.
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cell voltage decreased with the discharge time, i.e., a 5.8% drop for
PTFE thin film and 11.1% drop in cell voltage for A901 AEM over a
test period of 80 h. Similarly, the degradation rate of the cell voltage
decreased from 1.2 mV h�1 to 0.8 mV h�1 for PTFE thin film, and for
the A901 AEM from 9.6 mV h�1 to 3.0 mV h�1 over the 80 h period.
The cell voltage decreased with time but was partially recovered
after each interruption (20, 40, 60, and 80 h), caused by the stop/
restart procedure. Such fuel cell degradation can be either revers-
ible or irreversible degradations [57]. The possible voltage that
could be recovered by the stop/restart procedure was defined to be
reversible degradation, while, the voltage that could not be
recovered by the stop/restart procedure was defined to be irre-
versible degradation [58]. The irreversible degradation loss might
be triggered by a change in themicrostructure of the catalyst due to
agglomeration, dissolution of catalysts, or inactivity of active sites
due to fuel crossover. The origin of reversible degradation loss is
due to elimination of the hydrophobic property of gas diffusion
layer used on the cathode electrode that results in flooding of MEA;
this could be alleviated by changing the airflow rate. KOH in the fuel
solution enhances the ionic conductivity of the membrane, pro-
ducing in the porous PTFE thin film the features of an alkali-doped
polymer membrane [18]. The drop in cell voltage and degradation
rate percentage is much higher for DGFC with A901 AEM than for
PTFE thin film. This demonstrates that PTFE thin films have better
endurance than A901 AEM in DGFCs.
Fig. 10. XRD image of PdAg/CNT before and after the durability test.
3.9. Electrode degradation on anode

Fig. 9 shows the TEM images and the corresponding metal
particle size histograms of PdAg particles supported on CNT both
before and after the durability test. The bimetallic PdAg nano-
particles are well dispersed on CNT with uniform particle size
distribution. The average particle size, determined by randomly
measuring 100 particles, was 2.9 nm. The particle size distributions
are fairly narrow, ranging from 2.2 to 3.8 nm for PdAg before the
durability test and 2.4e5.0 nm for PdAg after the durability test.
The TEM results show that the average particle size of the anode
catalyst increases from 2.9 nm to 3.7 nm after the durability test,
reducing the electrochemically active surface area and hence
causing a decrease in anode performance. A small amount of ag-
glomerations of PdAg particles appear on the CNT support while
individual PdAg particles have also grown, broadening the average
particle size to 3.7 nm. The growth caused by the random cluster-
cluster collisions accompanied by liquid-like coalescence of the
particles may contribute to the agglomeration and growth of the
catalyst particles [59]. XRD patterns for PdAg/CNT catalyst before
and after the durability test are shown in Fig. 10. The peak of 25�,
which is the wide graphite (002) peak, suggests that CNT support
has a good graphite characteristic. It can be observed that there is
no further peak shift (111, 200, 220, and 311) of PdAg/CNT before
and after the durability test. The mean crystal size values calculated
using the Debye-Scherrer formula were 2.9 nm and 3.6 nm,
respectively, for PdAg/CNT before and after the durability test, in
good agreement with the TEM results. It could therefore be logically
concluded that PdAg/CNT remains alloyed and crystalline after the
80 h durability interval. We proposed that the decrease in the cell
voltage after long-term discharge is mainly attributable to the loss
of the anode performance.
3.10. Future outlook

It is important to develop a strategy for reducing the cost of



N. Benipal et al. / Renewable Energy 105 (2017) 647e655654
direct alcohol fuel cell components for their widespread applica-
tions. AEM-DAFCs have attracted enormous attention, however, the
critical issues of AEM cost and durability need to overcome. In
general, a high concentration alkaline solution is desired to get a
high OH� conductivity, and development of AEMs adequate for
high OH� conductivity with low alkaline feed solutions is highly
demanded particularly considering the undesired AEM durability
in concentrated base solution. Therefore, development of low cost,
alkali-tolerant PTFE thin film separator based alkaline DAFC tech-
nologies are promising to replace AEMs. A big advantage is that the
anion conductivity is not limited by AEM. The state-of-art of AEM
(Tokoyama) is <0.1 S/cm [60], while the anion conductivity of a
0.125 M NaOH solution is 0.206 S/cm [61]. Since the PTFE itself is
much chemically robust in high concentration alkaline solution,
therefore, higher concentration liquid base can be used (e.g., 6.0 M
NaOH), and it has much higher than anion conductivity than an
AEM, to reduce the internal resistance and improve mass/charge
transfer for a DAFC. Further, such porous PTFE thin film has cost
advantage compared to AEM. Searching for cost-effective stable
anode catalysts is another important directions for future research
in fuel cell technologies. Currently supported noble metal (such as
Pt, Pd) nanoparticles, still serve as anode catalysts, reduction in
noble metal loading by optimizing the anode structure and devel-
oping more efficient electrode and catalyst support materials is one
research direction, exploration of non-noble metal catalysts for
alcohol oxidation at high pH media is the other one. There are still
many open questions that must be answered before successful
commercialization of porous PTFE thin film separator in fuel cells.
Optimization and search for new systems will lead to new devel-
opment and possibly to practical deployment of PTFE thin films for
direct alcohol fuel cell technologies.

4. Conclusions

In the present work, DGFC was developed using a porous PTFE
thin film as a separator of fuel and oxidant streams. The electro-
catalytic activities of Pd/CNT, PdAg/CNT, and Ag/CNT on glycerol
oxidation, identified by cyclic voltammetry, showed that PdAg/CNT
produces the highest current density. DGFCs using PTFE thin film
with PdAg/CNT anode catalyst and Fe-based cathode catalyst ach-
ieved a maximum peak power density of 214.7 mW cm�2 at 80 �C.
Three porous PTFE films of different pore sizes and thicknesses
were studied to seek understanding of the link between pore size
and cell performance. The pore size effect of PTFE thin film sepa-
rator showed that a larger thin film pore size of 1.0 mm enhanced
diffusion in the charge carriers (OH�) transport process to maxi-
mize fuel cell performance. The performance of DGFCs employed
with PTFE thin film and A901 AEM was investigated for compari-
son. Although the real performance of the DGFC employed with
PTFE thin film is 22.6% lower than that of A901 AEM-based DGFC,
IR-corrected polarization curves of the PTFE thin film DGFC suggest
that fuel cell performances are indeed very close after removing
internal resistance. Considering the thickness, PTFE thin film
(215 mm) raises twice internal resistance than A901 AEM (10 mm),
future PTFE thin film research should be focused on optimizing
thickness, pore structure, and hydrophobicity to reduce fuel cell’s
internal resistance, thus improving the overall fuel cell perfor-
mance. The 80 h durability test indicated that themajor voltage loss
occurs during the initial discharge stage, but the loss becomes
smaller and more stable with discharge time. We report a 5.8%
decrease in cell voltage for PTFE thin film DGFC and an 11.1%
decrease in cell voltage for A901 AEM-DGFC; the degradation rate
of cell voltage over the 80 h period similarly decreases from
1.2 mV h�1 to 0.8 mV h�1 for PTFE thin film, and for A901 AEM from
9.6 mV h�1 to 3.0 mV h�1. The voltage loss is mainly caused by
performance reduction at the anode due to both the agglomeration
and the growth of the catalyst particles from 2.9 to 3.7 nm. Using
DGFCs with PTFE thin films separator without further synthesizing
or modification, these films in this work breaks the paradigm and
demonstrates a PTFE thin film separator capable of operating with
lower ionic resistance than benchmark state-of-the-art anion ex-
change membranes.
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