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Summary

Composite chitosan-phosphotungstic acid membranes were synthesized by

ionotropic gelation. Their liquid uptake is higher for thin membranes

(23 ± 2 μm), while it is lower (�70%) for thicker membranes (50-70 μm).

Polarization curves recorded using single module fuel cell at 70�C allowed to

estimate a peak power density of 60 mW cm−2 by using 1 M as methanol and

low Pt and Pt/Ru loadings (0.5 and 3 mg cm−2) at the cathode and at the

anode, respectively. Electrochemical impedance spectroscopy was used to esti-

mate the membrane conductivity and to model the electrochemical behavior

of methanol electrooxidation inside the fuel cell revealing a two-step mecha-

nism mainly responsible of overall kinetic losses. Transport of methanol inside

the membrane was studied by potentiostatic measurements, allowing to esti-

mate a methanol diffusivity of 3.6 × 10−6 cm2 s−1.
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1 | INTRODUCTION

Direct methanol fuel cells (DMFCs) have attracted much
attention due to several advantages, like a quick start-up
at low temperature, a high energy density, rich sources,
easy transportation, and storage of fuel.1-4 However, two
major obstacles that currently prevent the widespread
commercial applications of DMFCs are (a) the low activity
of reported methanol electrooxidation catalysts to date and
(b) crossover of methanol through the polymer electrolyte
membrane that leads to a decrease in voltage efficiency.5-9

In order to overcome these problems, much attention has
been paid to study the methanol electrooxidation mecha-
nism on different catalysts,10,11 and to develop polymer
electrolyte membrane matching a high conductivity with a
low methanol permeability.12-17

Nafion membranes are commonly used as polymer
electrolytes due to their high proton conductivity and to
their chemical, mechanical, and thermal stability,18

although they suffer of relatively high methanol cross-
over, high manufacturing costs, and they are not environ-
mentally friendly. As alternative to perfluorinated
membranes as Nafion, chitosan (CS) represents one of
the most rationale choice in the vast world of proton
exchange membrane (PEM) for DMFCs because of a
promising low methanol permeability,19-21 joined to
unique features of hydrophilicity, biocompatibility, bio-
degradability, and cost-effectiveness.22 Moreover, CS
backbone contains free amine groups that can be proton-
ated, making CS a polycation that can electrostatically
interact with polyanions to prepare tailored membranes
for fuel cells.22,23 However, CS suffers from a quite low
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proton conductivity that can heavily limit its use in
DMFCs. Therefore, a commonly exploited strategy to
enhance its proton conductivity is the introduction inside
CS chains of acids and salts of heteropolyanions.

Heteropolyacids (HPAs) are well-known superionic
proton conductors in the fully hydrated states, and are
widely used as proton conductor solid electrolytes as well
as to enhance proton conductivity of CS membranes.24-27

Cui et al proposed polyelectrolyte complexes of CS and
an HPA (phosphotungstic acid [PTA]) to be used as PEM
in DMFCs demonstrating good swelling properties, good
proton conductivity, and low methanol permeability,28 as
also done by Wu et al whose membranes allowed to get a
peak power density of 16 mW cm−2.29 On the other hand,
HPAs can facilitate the oxidative removal of COads poi-
soning species for methanol oxidation and desorption of
Oads species for oxygen reduction reaction on Pt
catalysts,30,31 thus their presence at the electrode/poly-
mer electrolyte interface can reduce the kinetic losses
due to the cell reaction.

The efficacy of this approach is limited by leaching
phenomena that can occur during DMFCs operations
with consequent detrimental effect on the proton conduc-
tivity and on overall device performances. In this regard,
we proposed an efficient procedure (ie, ionotropic gela-
tion process) to obtain CS-HPA composite membranes
that were, up to now, successfully tested as proton con-
ductors just in low temperature H2 fed fuel cells.32-35 CS
is dissolved in an aqueous acetic acid solution, where it is
protonated and behaves like a cationic polyelectrolyte
and can be ionically cross-linked by anionic species.
Therefore, using a porous medium previously embedded
with HPA for the slow release of Keggin anions induces
the crosslinking with protonated chitosan to occur on its
surface allowing to prepare flat, homogenous and free-
standing membranes, whose thickness can be finely
tuned by tuning the contact (ie, reticulation) time.33

According to the scanning electron microscopy (SEM)
images, the membranes are very compact without
microvoids, thus being very promising as efficient barrier
toward methanol crossover.

In this work, we prepared by ionotropic gelation
process CS/PTA composite membranes of different
thickness to be tested, for the first time, as polymer
electrolytes for DMFC. The membranes were character-
ized by liquid uptake (using a water-methanol solu-
tion); SEM was used to get information on the
membrane's morphology and thickness; then, they were
tested in a single module methanol/O2 fuel cell to
explore the possibility to use them as efficient proton
conductors in DMFCs. Electrochemical impedance
spectroscopy (EIS) was used to get information about
the proton conductivity of the membrane as well as to

obtain a comprehensive understanding of the kinetics
of the methanol oxidation reaction (MOR) in the
DMFC. Membrane methanol permeability was esti-
mated by in-cell measurements under the operating
conditions of a DMFC.

2 | EXPERIMENTAL SECTION

2.1 | Membrane synthesis

Chitosan powder, acetic acid, and H3PW12O40 ‧ xH2O
were supplied by Sigma Aldrich.

Membranes were synthesized by ionotropic gelation
process on a porous support previously impregnated by
an HPA as described elsewhere.34 A 2 wt/vol% chitosan
in acetic acid aqueous solution and a porous medium
previously impregnated with PTA were put in contact for
different times to induce CS reticulation through cross-
linking reaction. This reticulation step was used to con-
trol membrane thickness: a longer reticulation time led
to a thicker membrane. The porous medium employed in
this work is an etched aluminum foil, anodized under
potentiostatic condition at 75 V for 3 hours in 0.1 M
ammonium biborate tetrahydrate solution (ABE,
[NH4]2B4O7�4H2O) (pH �9). The latter is easier to handle
than brittle anodic alumina membranes employed in pre-
vious works.33 The structural and morphological charac-
terizations of the membranes revealed that employing a
different porous medium does not affect the quality and
composition of the membranes (see Section 3.1 and
Supplementary Material).

Membrane functionalization step was then performed
by immersing the obtained membrane in PTA-water
solution (0.38 M) for 24 hours in order to increase the
HPA content in the ion-exchange membrane, thus
increasing the membrane proton conductivity.

2.2 | SEM characterization

SEM analysis was performed by using a Philips XL30
ESEM coupled with EDX equipment. Prior to imaging,
several pieces of each sample were fixed on the metal
stubs with Ag conductive paste. SEM images and mem-
brane thicknesses are reported in the Supplementary
Material.

2.3 | Liquid uptake

Membrane's liquid uptake was estimated through the fol-
lowing relationship:
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WU %ð Þ= Wwet−Wdry

Wdry
× 100: ð1Þ

where Wdry is the membrane weight after the drying pro-
cedure: once synthetized (without functionalization step),
the membrane is washed with distilled water to remove
any chitosan/acetic acid aqueous solution traces and then
dried in atmosphere for 24 hours. After a 24-hour immer-
sion in distilled water or 1 M methanol aqueous solution,
the solution excess is removed from the membrane which
is weighted to estimate Wwet. Every liquid uptake mea-
surement was repeated three times for all the character-
ized membranes.

2.4 | Fuel cell performances

The electrodes were prepared by spraying a catalytic ink
onto a commercial gas diffusion layer Sigracet—24 BC
(by SGL group).36 Two different catalysts were used: for
the anodic reaction (methanol oxidation) the employed
catalytic ink was obtained by mixing 60 wt% Pt-Ru/C cat-
alyst was mixed with 33 wt% Nafion ionomer (IonPower,

5 wt% solution) under sonication and deposited by a doc-
tor blade technique onto the backing layer with a final
Pt/Ru loading of 3 mg�cm−2. For the cathodic reaction
(oxygen reduction), the employed catalytic ink was
obtained by mixing the 40 wt% Pt/C (Johnson Matthey)
with a 33 wt% of dry Nafion (5 wt% hydro-alcoholic solu-
tion, IonPower—LQ1105) with a Pt loading of
0.5 mg cm−2.

The membrane electrode assembly (MEA) was done
by assembling electrodes and membrane in the single cell
module with an applied torque of 4 Nm for every
measurement.

Different MEAs (ie, electrodes with membranes of
different thickness) were tested in a conventional config-
uration in order to study the performance of a DMFC
using CS/PTA as proton conductor and to get informa-
tion about the kinetics of the electrochemical reactions.

To evaluate the DMFC performance with CS/PTA
membranes, 1 M methanol aqueous solution was fed to
the anode with a flow rate of 2 mL min−1, while humidi-
fied oxygen (99.5% purity) was fed to the cathode at
150 mL min−1 under 1 bar (Figure 1A). High purity
graphite plates, with high electrical conductivity and high

FIGURE 1 Schemes of the operating fuel cell modes. A, conventional fuel cell operation (methanol fed at the anode, oxygen fed at the

cathode); B, crossover mode: methanol fed at the cathode and nitrogen fed at the anode [Colour figure can be viewed at

wileyonlinelibrary.com]

11552 ZAFFORA ET AL.

http://wileyonlinelibrary.com


thermal conductivity, were used for feeding methanol
and oxygen to flow over the MEA (with serpentine flow
channel). Teflon gaskets were placed between MEA and
each of the graphite plates. Gold-plated plates were used
as current collectors and are joined to the graphite plates.

EIS measurements were carried out by superimposing
to the constant continuous potential a sinusoidal signal
of amplitude 10 mV over the frequency range 100 kHz to
10 mHz. The EIS spectra were then fitted with ZSimpWin
software.

All in-cell measurements were carried out at 70�C
using a Parstat 4000 (Princeton Applied Research) and
are referred to an active (apparent) area of 1 cm2.

It is important to mention that the membranes are
stable after the experimental tests and that they preserve
their proton conductivity, as confirmed by recording fur-
ther polarization curves.

2.5 | Methanol permeability study

Crossover mode (Figure 1B) was used to estimate metha-
nol permeability of the membranes in an operating fuel
cell by linear sweep voltammetry (LSV) and chro-
noamperometric measurements. At this aim, humidified
N2 was fed to the O2 side of the cell, while methanol was
fed to the other electrode. Potential was applied to the N2

electrode so that, in this configuration, this electrode
worked as anode and the only possible anodic process
was the oxidation of methanol permeated from the other
side of the cell. The electrode where methanol is directly
fed worked as cathode (counter electrode) and as refer-
ence electrode (dynamic hydrogen electrode [DHE]),
since H2 evolution occurred and it works as an ideally
non-polarizable interface. During LSV measurements,
electrode potential (N2 side) was scanned from the OCP
up to 0.85 V with a scan rate of 20 mV s−1 in order to
measure a steady-state limiting current density, jlim, due
to the electrooxidation of permeated methanol from the
cathode to the anode side. The limiting current density
can be expressed as follows37:

jlim = kdl
6FcmDm

dm
ð2Þ

where kdl is the electro-osmotic drag coefficient (protons
transport through the membrane induced a solvent
electro-osmotic transport), Dm is the methanol diffusivity
in the membrane, and cm is the methanol concentration in
the membrane at the methanol feed/membrane interface.
In order to estimate Dm, and cm, chronoamperometric
measurements were carried out to follow the current-time
transients. During chronoamperometric measurements,

the product ( jt1/2) reached a plateau value during the first
seconds of the measurements, in the so-called Cottrell
region (see Appendix A). By knowing the plateau value
and jlim, and by using kdt and kdl values derived by numeri-
cal simulation,37 it is possible to estimate Dm according to
the relationship:

Dm =
kdt

2

kdl
2

jlim
2

j
ffiffi
t

p� �2dm2

π
: ð3Þ

3 | RESULTS AND DISCUSSION

3.1 | Membrane's morphology

SEM was employed to investigate membrane's morphol-
ogy at the micro-scale. In Figure 2, the cross section of a
0.5 minute reticulated membrane is reported. From a
closer inspection (see zoom in view in Figure 2), it is pos-
sible to note that so-formed membranes are compact and
uniform in thickness, without the presence of any macro
and microvoids in the membrane structure.

These characteristics are common to all the investi-
gated membranes, as it is possible to see from the SEM
images reported in Supplementary Material, where mor-
phologies of membranes reticulated for different times
are shown. With respect to our previous works,32-35 we
used a different porous medium impregnated of PTA for
the reticulation step, that is, homemade anodic porous
alumina (see anodizing conditions in Section 2.1) whose
square pores had an area of �1 μm2 and pores were
40 μm long. This did not influence the good quality of the
membranes synthesized by ionotropic gelation process.

3.2 | Membrane liquid uptake

Membrane's liquid uptake as a function of the reticula-
tion time is reported in Figure 3. It is important to recall
that membrane thickness was efficiently controlled
through the reticulation time, that is, contact time
between CS/acetic acid solution and porous medium
impregnated of PTA.32-34 Using deionized water during
the test, the liquid uptake is very high for the lowest
thickness (ie, 17 ± 4 μm, see Supplementary Material),
significantly higher than that of Nafion membrane.38

Water uptake drastically decreases by increasing the
membrane thickness becoming almost constant (�70%)
for thicker layers. Notably, liquid uptake does not change
when 1 M methanol aqueous solution is used during the
test. This result leads to the conclusion that the CS-PTA
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FIGURE 2 SEM cross-sectional micrograph of a CS/PTA membrane after a reticulation time of 0.5 minute and a functionalization time

of 24 hours. Inset: elemental composition of the membrane obtained using EDS analysis. CS, chitosan; EDS, Energy Dispersive X-ray

Spectrometry; PTA, phosphotungstic acid; SEM, scanning electron microscopy [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Liquid uptake values as a function of reticulation time by using, A, distilled water and, B, a methanol aqueous solution

(1 M) [Colour figure can be viewed at wileyonlinelibrary.com]
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membranes do not show a high level of “methanol-
philicity.”

Knowing the liquid uptake, it was also possible to
estimate the membrane's porosity, ε, according to the fol-
lowing relationship37:

ε=
Wwet−Wdry
� �

ρdry
Wwet−Wdry
� �

ρdry +Wdryρsol
ð4Þ

where ρdry and ρsol are membrane and methanol solution
densities, respectively. Membrane porosity decreases by
increasing the membrane thickness, from 0.77 to 0.53
reaching a value comparable to that estimated for Nafion
117.37 This dependence agrees with the trend of the liq-
uid uptake suggesting that the membrane thickening
during the reticulation process is accompanied by a
change in the structure of the polymer, namely by an
increase of the cross linking among the chitosan chains.

Membrane's water uptake is a key factor, since water
is necessary to grant a good proton conductivity.1,39,40

However, a high water uptake like that measured for the
thinnest membrane can lead to a high methanol cross-
over, poor mechanical stability (especially at high tem-
perature) and a possible flooding of the cell with
detrimental effect on the performances.

3.3 | Fuel cell performances

Figure 4A shows polarization and power density curves
recorded with a membrane reticulated for 30 minutes at
different operating temperatures (ie, 30, 50, and 70�C),

while in Figure 4B, a comparison between polarization
and power density curves recorded by using a thin mem-
brane (ie, reticulation time 30 seconds) and a thick mem-
brane (ie, reticulation time 30 minutes) is reported. All
the measurements referred to membranes functionalized
in PTA aqueous solution for 24 hours.

The recorded open-circuit voltages (OCVs), regardless
operating temperature, are lower than thermodynamic
cell electromotive force (emf ) of 1.21 V that is a function
of the molar Gibbs free energy of formation of products
and reactants involved in the overall reaction (see Equa-
tion 6) through the following relationship41:

emf = −
ΔG
zF

ð5Þ

where ΔG is the change in the Gibb's free energy related
to the overall cell reaction, z is the number of electrons
transferred per mole of fuel, and F is the Faraday con-
stant (96 480 C). For a DMFC, the overall cell reac-
tion is42:

CH3OH+3=2O2 ! 2H2O+CO2 ð6Þ

where the number of electrons (ie, z) produced by the
methanol electrooxidation, carried out at the anode, is
6. OCV values lower than emf due to the methanol cross-
over, across the polymer membrane, from the anodic to
cathodic compartment with consequent depolarization of
the cathode. This phenomenon is more significant for
thin membranes (lower OCV), while for thicker mem-
branes, the OCV is comparable to that measured using
Nafion and Nafion-based polymeric electrolyte.38,43-45

FIGURE 4 Polarization and power density curves as a function of current density curves recorded using, A, 30 minutes reticulated

membrane at different operating temperature (30, 50, and 70�C) and, B, 0.5 minute and 30 minutes reticulated membranes, at 70�C [Colour

figure can be viewed at wileyonlinelibrary.com]
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It is noteworthy to mention that by increasing the
operating temperature, enhanced performances (in terms
of OCV, membrane resistance and power density peak
values) were obtained, with the best performances got at
70�C (Figure 4A). Therefore, as displayed in Figure 4B,
CS/HPA membranes reticulated for 30 minutes work effi-
ciently as proton conductors in DMFC allowing to get
power density of 60 mW cm−2 at 70�C with a Pt load of
0.5 mg cm−2 at the cathode (ie, for O2 reduction) and a
Pt-Ru load of 3 mg cm−2 at the anode (ie, for methanol
oxidation). Comparable performances were obtained
using membranes reticulated for 60 minutes, while for
short reticulation time (ie, 0.5 minute; Figure 4B), worst
and not reproducible performances were obtained. As a
general result, it is worth noting that thin membranes are
not appropriate for this application, while thicker CS-
PTA composite membranes (ie, those reticulated for
30-60 minutes) show performances comparable to those
recorded using recast Nafion38 in methanol-fed fuel cells,
in terms of OCV and peak power density, and are better
or comparable than those related to other CS-based mem-
branes for acidic DMFCs,29 usually studied with a higher
methanol concentration (eg, 2 M) and/or with a higher
Pt loading.

Two different zones are visible in the polarization
curve: the activation region (between OCV and �0.3 V),
where the kinetic losses are due to the electrochemical
reaction, and the ohmic region where the potential drop
is mainly due to the resistance of the membrane. The
shake shown in the activation region of polarization
curve is supposed to be due to a slow desorption of inter-
mediate species produced by methanol oxidation at the
anode at low overvoltage values. From the slope of the
ohmic region of the polarization curve, it is possible to
estimate a membrane resistance, Rm, of �0.44 Ω cm2,
which is comparable to that estimated for H2-fed low
temperature fuel cell with CS/HPA membranes and sig-
nificantly lower with respect to that estimated for Nafion
membranes in DMFC.38 From membrane resistance
value, it is possible to estimate the membrane proton
conductivity, σ, as follows:

σ=
dm
RmA

ð7Þ

where dm is the membrane thickness (ie, 52 μm). This
leads to a membrane proton conductivity value of 12.4
mS cm−1, comparable or higher than other CS-based
polymer electrolyte membranes.46

Notably, the potential loss in the activation region is
very high indicating that the electrooxidation of metha-
nol is a sluggish reaction even using Pt/Ru catalysts. This
statement is also supported by the EIS spectra recorded

at constant potential in the activation region (ie, 0.5 V),
displayed in Figure 5 in the Nyquist representation.

Two depressed semicircles are clearly visible
suggesting a contribution of the charge transfer resistance
of both half-cell reactions (methanol oxidation and oxy-
gen reduction) to the overall impedance. These experi-
mental findings suggest that the performance of the
DMFC is strongly affected by the methanol crossover and
by the overpotential necessary to activate the CH3OH oxi-
dation reaction. Moreover, it is noteworthy to mention
that Nyquist diagram of EIS spectrum is also character-
ized by the beginning of an inductive loop in the low fre-
quency domain. This impedance response suggests that
the kinetics of electrochemical reaction at the anode is
also dependent on surface coverage, implying the crucial
role of absorbing species at the electrode.

To understand in which extent these factors affect the
cell performance, we considered the MOR, which follows
a rather complex mechanism involving several chemical
and electrochemical steps, simplified according to the
two-step model described by the following reactions:

CH3OH !k1 COads + 4H+ +4e− ð8aÞ

COads +H2O !k2 CO2+2H+ +2e− ð8bÞ

where k1 and k2 are the rate constants of the two involved
reactions. The first step is the methanol oxidation to a
reaction intermediate, COads, while the second step is the
oxidation of these adsorbed species to CO2. The bifunc-
tional mechanism operating during methanol
electrooxidation on bimetallic catalyst, as that employed
in this work (ie, a Pt/Ru catalyst), foresees that methanol
is preferentially adsorbed on Pt sites, while OH comes
from water dissociation on Ru sites. If we assume that
only one intermediate (ie, COads) is involved in the over-
all MOR, the Faradaic current, jF, across the electrode
can be expressed as the sum of two contributions, that is,

jF = j1 + j2 ð9Þ

where

j1 = k1 1−γCOð Þ exp b1Eð Þ ð10aÞ

j2 = k2 γCO exp b2Eð Þ ð10bÞ

and γCO represents the fractional surface coverage by
intermediate COads, b1 and b2 the Tafel slope for the reac-
tions reported with Equations (8a) and (8b), and E the
imposed continuous potential (ie, overpotential). There-
fore, the net Faradaic current density is a function of

11556 ZAFFORA ET AL.



both γCO and E, thus polarization curves are not suffi-
cient to study the kinetics of CH3OH oxidation in the cell
conditions, and it is necessary to record EIS spectra.
When an ac signal ~E of frequency ω is superimposed to
the continuous polarization, the corresponding oscillat-
ing current, ~j, can be expressed as:

~j=Y ~E=Z−1~E ð11Þ

where Y is the admittance for methanol oxidation, that
is, the reciprocal of the impedance, Z. As reported in
detail in Appendix B, Y is given by the following
equation:

Y =
1
Rct

+
A

B+ jω
ð12Þ

corresponding to an equivalent circuit which is function
of the A value. More specifically, when A > 0, the electri-
cal equivalent circuit providing the impedance response
for the MOR is reported in the inset of Figure 5. In partic-
ular, a charge transfer resistance, Rct,A, is in parallel with
an inductance in series with a resistance, with values of
1/A and A/B, respectively. In order to take into account
the presence of the double layer capacitance, the element
CA has to be inserted in parallel with the circuit described
above. When A > 0, k1 results have to be comparable
with k2, thus it is not possible to clearly identify a rate-
determining step in reactions (8a) and (8b).47 This agrees
with the idea that HPAs facilitate the oxidative removal
of COads poisoning species for methanol oxidation,

enhancing the anode kinetics.30,31 To model the behavior
of the entire fuel cell system, Rm in series with a resis-
tance, Rct,C in parallel with a constant phase element, QC,
were added to the electrical equivalent circuit, account-
ing for the ionic membrane resistance and for the electro-
chemical behavior of the cathode. From the fitting of the
EIS spectrum, Rct,A (8.9 Ω cm2) resulted to be three times
higher than Rct,C (2.9 Ω cm2), confirming that the metha-
nol electrooxidation is a sluggish reaction, even slower
than oxygen reduction reaction. However, the estimated
charge transfer resistance related to MOR is lower than
most of Rct,A reported in literature, although the latter
are often estimated ex-situ, using a three-electrode con-
figuration in aqueous methanol solution.47-50

3.4 | Methanol permeability

To study methanol permeability under the cell operating
conditions (ie, membrane inside the MEA at 70�C with
flowing streams of reagents), we followed the approach
described in the work of Ren et al37 and Majidi et al,51 as
described in Section 2. Thus, electrochemical tests were
carried out using the fuel cell in the crossover configura-
tion mode (Figure 1B). LSVs were recorded in order to
determine the mass-transfer-controlled potential region
and the corresponding limiting current for the oxidation
of methanol at Pt/Ru catalyst layer in the N2 side
(Figure 6). During the measurements, the recorded
anodic current density is due to methanol oxidation and
is directly proportional to the content of methanol that

FIGURE 5 EIS spectrum in Nyquist representation recorded at 0.5 V employing a 30 minutes reticulated membrane at 70�C. EIS,
electrochemical impedance spectroscopy [Colour figure can be viewed at wileyonlinelibrary.com]
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crossed the membrane (permeate) and reacted at the
Pt/Ru catalyst in an inert atmosphere, such as that cre-
ated by humidified N2. The cathodic process occurring at
methanol feeding electrode was H2 evolution on the same
Pt/Ru catalyst, that is, an electrochemical reaction which
has very fast kinetics on noble metals.

According to Ren et al,37 the main factors influencing
the methanol permeation rate across a polymeric mem-
brane in a DMFC are the methanol concentration drop
across the carbon cloth backing, the membrane hydration
level and the CH3OH convective flux driven by electro-
osmotic drag associated to the proton transport inside the
composite CS/PTA membrane. Since the water present
on both the electrodes of the DMFC is enough to keep
the membrane fully hydrated, and since the carbon cloth
backing has a very porous structure, the key factor affect-
ing the methanol permeation is the convective transport
due to the electro-osmotic drag of ionic current carried
by protons. The latter phenomenon must be taken into
account to properly assess the membrane diffusivity.

During the LSV, limiting current densities ( jlim) of
150 and 117 mA cm−2 are reached for thin (ie, reticulated
for 0.5 minute) and thick membranes (ie, reticulated for
30 and 60 minutes), respectively. These jlim values are
comparable or even lower than the values estimated with
the same experimental approach using recast Nafion
membranes.38 It is important to say that the limiting cur-
rent density is directly dependent on the amount of
methanol passing through the membrane, thus the
higher is jlim, the higher is the methanol crossover across
composite CS/PTA membranes. The result shown in
Figure 6 well agrees with the results reported in

Sections 3.2 and 3.3: thin membranes have higher liquid
uptake and porosity with respect to thick membranes,
leading to worse performances in the single fuel cell
module derived from a too high methanol crossover.

Figure 7 shows the ( jt1/2) vs t plot, recorded using a
thick membrane (reticulated for 60 minutes) during the
chronoamperometric measurement at 0.85 V/DHE, that
is, under mass transfer kinetic control.

The product ( jt1/2) reached a plateau value during the
first seconds of the measurements, in the so-called
Cottrell region (see Appendix A). By knowing the plateau
value and jlim, and by using kdt and kdl values derived by
numerical simulation,37 it is possible to estimate Dm

according to Equation (3). Consequently, it is straightfor-
ward to calculate cm from Equation (2) of value of 0.44 M
and Dm = 3.6 × 10−6 cm2 s−1. Finally, it was possible to
calculate the concentration profiles inside the CS/PTA
membranes at different times according the following
equation41:

c x, tð Þ= cmerf
x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
Dmtð Þp

" #
: ð13Þ

and c(x,t)/cm plot is shown in Figure 8.
Dm value is one order of magnitude lower than that

reported for methanol in aqueous solution
(1.6 × 10−5 cm2 s−1),52 supposed to be due to a high level
of tortuosity of the CS/PTA composite membranes. It is
also noteworthy to mention that the diffusivity estimated

FIGURE 6 LSV curves of thin (reticulated for 0.5 minute) and

thick (reticulated for 60 minutes) membranes to evaluate methanol

diffusivity, recorded in crossover mode at 70�C. LSV, linear sweep
voltammetry [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 Cottrell plot of current transient recorded at

0.85 V in crossover mode, employing a thick (reticulated for

60 minutes) membrane, at 70�C [Colour figure can be viewed at

wileyonlinelibrary.com]
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by this procedure is comparable to those estimated for
Nafion and different Nafion-based membranes.38,53

4 | CONCLUSIONS

Composite CS/PTA not perfluorinated membranes were
prepared by ionotropic gelation on an inert porous
medium releasing the HPA and functionalized in the
same HPA. These membranes are compact and uniform
and show a high liquid uptake but a low level of
methanol-philicity. Then, they were successfully tested as
proton conductors in DMFCs. The polarization curves
show that it is possible to get a really promising peak
power density of 60 mW cm−2 at 70�C with a low metha-
nol concentration (1 M) and low catalysts loadings at the
electrodes, with a quite low membrane resistance (lower
than that measured for Nafion) leading to a proton con-
ductivity of �12 mS cm−1.

The analysis of the polarization curves revealed that
crossover phenomena (as indicated by the OCV lower
than the reversible cell potential) and the high activation
losses for methanol oxidation limit the performance of
the cell. In-cell tests carried out allowed to estimate a dif-
fusivity in the order of 10−6 cm2 s−1, lower than perme-
abilities estimated for many CS-based membranes used
as polymer electrolytes and comparable to that estimated
for Nafion and different Nafion-based membranes.

These promising experimental results suggest that
CS/PTA proton conductors are good candidate for
replacing perfluorinated membranes, even if other efforts
are necessary to further improve their stability.
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APPENDIX A

For the study of membrane's methanol permeability, we
coupled LSV and chronoamperometric measurements.
The latter ones were carried out at a suitable electrode
potential, that is, at that potential where (permeated)
methanol electrooxidation is under mass transfer kinetic
control. Under this operating condition, the dependence
of current density on time is described by the Cottrell
equation41

j tð Þ= kdt
nFcm

ffiffiffiffiffiffiffi
Dm

pffiffiffiffiffi
πt

p ðA:1Þ

where F is the Faraday constant, n is the number of
exchanged electrons, and kdt is the electro-osmotic drag
coefficient accounting for the electro-osmotic drag effect
during the current transient.37 Cottrell equation is
derived solving the second Fick's law for a planar elec-
trode and assuming a semi-infinite diffusion model,
homogeneity of the methanol concentration inside the
membrane before the polarization (t = 0), and methanol
concentration equal to 0 at the electrode surface during
the experiment (t > 0).

APPENDIX B

MOR comprises numerous chemical and electrochemical
steps but can be simplified with the two-step model
described by Equations (8a) and (8b). These reactions
involve the formation of COads from the oxidation of
methanol, and the stripping of COads with the final for-
mation of CO2. It is clear, from Equations (10a) and
(10b), that the net Faradaic current of the methanol oxi-
dation process is a function of CO surface coverage and
electrode potential. The time variation of the surface cov-
erage of the intermediate COads, γCO, can be expressed by
the following relationship54:

Γ
γCO
dt

=
j1
F
−
j2
F

ðB:1Þ

being Γ the maximum surface concentration of COads.
Under steady-state condition, dγCO/dt = 0 and, thus,
j1 = j2. By using Equations (10a) and (10b), the expression
of the steady state γCO is given by:

γCO =
K1exp b1Eð Þ

K1exp b1Eð Þ+K2exp b2Eð Þ : ðB:2Þ

From Equation (B.2), it is possible to note that if reaction
(8a) is much faster than reaction (8b), then γCO à 1. On the
contrary, if reaction (8a) is much slower than reaction (8b),
then γCO à 0. The expression for the total steady state cur-
rent density is given by

jF = j1 + j2 =
2K1exp b1Eð ÞK2exp b2Eð Þ
K1exp b1Eð Þ+K2exp b2Eð Þ : ðB:3Þ

The oscillating component of the current density for
the reactions (8a) and (8b) is given by

~j1 =Rct,1
−1~E−K1exp b1Eð Þ~γCO ðB:4Þ

and

~j2 =Rct,2
−1~E+K2exp b2Eð Þ~γCO ðB:5Þ

being the charge transfer resistances Rct defined by:

Rct,1 = K1 1−γCOð Þb1exp b1Eð Þ½ �−1 ðB:6Þ

and

Rct,2 = K2γCOb2exp b2Eð Þ½ �−1: ðB:7Þ

According to Equation (B.1), the oscillating compo-
nent of the surface coverage of COads can be expressed as
follows:

ΓFjω~γCO = Rct,1
−1−Rct,2

−1
� �

~E

− K1exp b1Eð Þ+K2exp b2Eð Þð Þ~γCO
ðB:8Þ

then obtaining

~γCO =
Rct,1

−1−Rct,2
−1ð Þ

ΓFjω+K1exp b1Eð Þ+K2exp b2Eð Þ
� �

~E: ðB:9Þ

Being the Faradaic current density a function of sur-
face coverage and potential, the oscillating current den-
sity is given by

~jF =
∂f

∂~γCO
E

~γCO +
∂f
∂E

������
������
~γCO

~E

thus, it can be written as
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~jF =~j1 +~j2 = Rct,1
−1 +Rct,2

−1
� �

~E

+ K2exp b2Eð Þ−K1exp b1Eð Þð Þ~γCO:
ðB:10Þ

The admittance is expressed as in Equation (11), thus
it can be rewritten as follows:

Y =
1
Rct

+
K2exp b2Eð Þ−K1exp b1Eð Þð Þ Rct,1

−1−Rct,2
−1ð Þ

ΓFjω+K1exp b1Eð Þ+K2exp b2Eð Þ
ðB:11Þ

where Rct
−1 = Rct,1

−1 + Rct,2
−1.

As consequence, the admittance can be expressed in
the form reported in Equation (12) that we recall here:

Y =
1
Rct

+
A

jω+B
:

where A can have both positive or negative sign
depending on k1, k2, and E values. If A > 0, the electrical
circuit providing the impedance response equivalent to
Equation (12) is a charge transfer resistance Rct in paral-
lel with an inductance in series with a resistance (see
inset of Figure 5). The inductance assumes the value of
1/A and the resistance of A/B. On the contrary, if A > 0,
the impedance can be written as follows:

Z=Rct +
−ARct
B+ARct

jω
B+ARct

+1
: ðB:12Þ

The electrical circuit providing the impedance response
equivalent to the same Equation (12) is a charge transfer
resistance in series with a parallel between a capacitance
and a resistance. The capacitance assumes the value of −1/
ARct and the resistance the value of −ARct

2/(B + ARct).
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