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Abstract

Composite organic—inorganic proton exchange membranes for H,—O, fuel cells were fabricated by ionotropic gelation process
combining a biopolymer (chitosan) with a heteropolyacid (silicotungstic acid). According to scanning electron microscopy
analysis, compact, homogeneous and free-standing thin layers were synthesized. X-ray diffraction proved the crystallinity
of the fabricated membranes and showed the presence of Chitosan Form I polymorph soon after the reticulation step and of
the Form II polymorph after the functionalization step. Fourier-transform infrared spectroscopy demonstrated that the Keg-
gin structure of the heteropolyacid is maintained inside the membrane even after the fabrication process. These membranes
worked properly as proton conductors in a low-temperature (25 °C) fuel cell apparatus using hydrogen as fuel recording a
promising power density peak of 268 mW cm™2 with a Pt loading of 0.5 mg cm ™2,
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1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are
among the most promising energy conversion devices due
to their high power density, high efficiency, environmental
friendliness and fast startup and shutdown [1, 2]. Surely,
the solid electrolyte (i.e. the membrane) is the key com-
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role in conducting protons from anodic to cathodic com-
partment and in avoiding direct gases reaction and short
circuits. To date, Nafion® membrane is the benchmark
due to its high proton conductivity, physical and chemi-
cal stability [3-5]. However, Nafion® needs quite high
temperature to provide high proton conductivity; its high
thickness leads to an increase in the resistance for proton
transport and, finally, it is expensive.

Different approaches have been followed to develop
reliable substitutes of Nafion®, including the synthesis of
composite membranes, e.g. composite organic—inorganic
solid electrolytes that could enable higher or lower operat-
ing temperatures with comparable or better performances
[6, 7]. In this context, a polymer used in composite mem-
branes with Nafion® is Chitosan (CS) [8] that is derived
from chitin (the second most present natural polymer in
the world [9]) through a N-deacetylation process.

CS can be considered promising in the attempt to find
a cheap and low environmental impact alternative to per-
fluorosulfonic acid membranes, even if this biopolymer
has a low proton conductivity and low thermal stability.
Increasing membrane proton conductivity can be obtained
using heteropolyacids (HPAs), transition metal oxide
clusters that can have several structural configurations
and have high H* conductivity. Indeed, they act as strong
Brgnsted acids and can keep a pseudo-liquid phase even at
relatively high temperature [10]. HPAs usually assume a
crystalline form and are highly soluble in water; thus they
cannot be used directly as solid electrolyte. Protonated
chitosan chains, i.e. cationic polyelectrolytes, can therefore
react with anions derived from heteropolyacid to prepare
polyelectrolyte complexes (PECs), which are usually water
insoluble, to be employed as proton conductors.

As reported in previous works [11-14], composite CS/
HPA membranes can be successfully prepared using an
alumina porous medium for the slow and uniform release
of the heteropolyacid, showing good performances as solid
electrolytes in PEMFCs fed with hydrogen and oxygen
at room temperature. In particular, membranes prepared
with phosphotungstic acid showed very promising perfor-
mances [11-13] with a power density peak of ~550 mW
cm™2. In order to further enhance the fuel cell perfor-
mances, addenda atom of the heteropolyacid was changed
(Mo®* instead of W®*), leading anyway to worse results
[14]. Changing heteroatom of the acid (Si instead of P)
could be the strategy to get better results in terms of elec-
trode kinetics and membrane durability. In fact, accord-
ing to the literature, hybrid polymer-silicotungstic acid
(STA) membranes have a high thermal stability, prom-
ising mechanical strength and proton conductivity [10,
15-18]. Moreover, the addition of STA to the electrodes
of polymer electrolyte membranes fuel cells is reported to
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enhance the activity of platinum towards oxygen reduction
reaction and the stability of the membrane [19-21].

In this work, we investigated the potential of composite
chitosan/silicotungstic membranes as polymer electrolyte in
PEMEFCs operating at low temperature and fed with hydro-
gen. The characterization of these membranes, synthesized
by ionotropic gelation, has been carried out by using scan-
ning electron microscopy (SEM) to study their morphology,
and X-ray diffraction (XRD) and Fourier-transform infrared
(FTIR) Spectroscopy in order to study their structure and
composition. Polarization curves were recorded to evalu-
ate their performance in a single-module H,-fed fuel cell,
whilst electrochemical impedance spectroscopy (EIS) was
employed to model the kinetic of the cell reaction and to
estimate the membrane proton conductivity.

2 Experimental

Membranes were synthesized by ionotropic gelation pro-
cess as described elsewhere [13]: a chitosan (CS)/acetic acid
aqueous solution and a porous anodic alumina film impreg-
nated with silicotungstic acid (H,[Si(W;0,,),]-xH,0, STA)
were put in contact for the reticulation step in which cross-
linking reaction occurs with membrane thickening (iono-
tropic gelation process). A membrane functionalization step
was performed by immersing the obtained membrane in the
STA-water solution (1:1 w/w) in order to increase the het-
eropolyacid content in the ion-exchange membrane, i.e. to
increase the membrane proton conductivity. Different reticu-
lation and functionalization times led to different thicknesses
(see below).

Membranes morphology and thickness were studied
through scanning electron microscopy (SEM) analysis,
using a Philips XL.30 ESEM (working at 10 kV) coupled
with energy dispersive X-ray (EDX) equipment. XRD pat-
terns were obtained with a X-ray diffractometer (Pan Ana-
lytical Empyrean), equipped with a Cu anode (Ko radia-
tion, A=0.15405 nm, operating voltage: 40 kV, operating
current: 40 mA). Fourier-transform infrared (FTIR) spectra
of the specimens were examined on a FTIR spectrometer
(PerkinElmer Spectrum Two) in ATR mode between 400
and 4000 cm~! as wavenumber.

Home-made electrodes for fuel cell testing were fabri-
cated following two different methods [13]: (a) the catalyst
suspension was made of 1.1 g of Pt/C (30%wt. of Pt on
Vulcan XC e 72, E-Tek) and 50 ml of n-butyl acetate (99.7%
Sigma Aldrich). 2 ml of the suspension were then uniformly
dispersed on 12.56 cm? of carbon paper (Toray 40% wet
Proofed-E-Tek) and then left drying for at least 12 h. In this
case, Pt loading was 1 mg cm™? for both the anode and the
cathode sides (s-CL); (b) a catalytic ink was sprayed on a
Sigracet—24BC gas diffusion layer [22]. The catalytic ink
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was made by mixing the 50%wt. Pt/C (Alfa Aesar) with a
33%wt. of dry Nafion (5%wt. hydro-alcoholic solution, Ion-
Power e LQ1105) with an equivalent weight of 1100 g/mol.
Then, 20%wt. of ammonium carbonate (Carlo Erba) was
used as a pore former for the preparation of the catalyst layer.
Pt loading was fixed at 0.5 mg cm™2 for both the anodic and
the cathodic reactions (i-CL).

The electrodes and the membrane constituted the Mem-
brane Electrode Assembly (MEA) that was then used in a
fuel cell (Electrochem Inc.), with an applied torque to the
apparatus of 2 Nm. Hydrogen (99.5% purity) and oxygen
(99.5% purity) were fed to the system at 1 bar and room
temperature (25 °C).

Open circuit voltage (OCV) was measured before any
electrochemical measurements until it reached a steady
value. Cell voltage vs. current density curves have been
recorded starting from OCV value to short circuit condi-
tion (0 V) at a scan rate of 100 mV s~!. Electrochemical
Impedance Spectra were carried out by superimposing to the
constant continuous voltage, a sinusoidal signal, of ampli-
tude 10 mV over the frequency range 10 kHz—100 mHz. All
electrochemical measurements were carried out by using a
Parstat 4000 (Princeton Applied Research) and the results of
EIS spectra were then fitted with ZSimpWin software. The
active (apparent) area was 2 cm?.

A sketch of the experimental setup and of fuel cell assem-
bly is shown in Fig. 1.
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Fig. 1 a Sketch of the experimental setup and b fuel cell assembly

3 Results and discussion
3.1 SEM analysis

Composite proton exchange membranes are produced
through the following reaction:

(SiW1,040) " +4(CS = NHY) — (SiW,,0,0)"7[CS - NH!],

ey
i.e. protonated NH, groups of chitosan interact with
(SiW,0,0)*" polyoxometalate anions, released by STA
impregnated porous alumina film, leading to an ionic cross-
linking and, thus, to the membrane thickening. In order to
study how the reticulation and the functionalization steps
influence the morphology and the thickness of the mem-
branes, SEM analysis was carried out. Figure 2 shows SEM
micrographs relating to the cross section of CS/STA mem-
branes prepared at different reticulation time: 0.5 min (see
Fig. 2a) and 30 min (see Fig. 2b).

The films are homogeneous and compact, regardless of
reticulation or functionalization times (%, and #;,, respec-
tively), as reported for analogous composite membranes pre-
pared with CS and phosphotungstic acid [12, 13]. This result
is the consequence of a uniform cross-linking process of
the STA*" ions along the chitosan chains directly related to
the fabrication method. Membranes thickness, d;, was esti-
mated taking into account the average values between those
measured in five points of at least three membrane samples
fabricated following the same preparation conditions. A
fast increase of the membrane thickness is detected for low
reticulation times, between 10 pm for 0.5 min reticulated
films and 20 pm for 10 min reticulated films, whilst a linear

increase occurs for .., > 10 min. Thickness values increase
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Fig.2 SEM micrographs of CS/STA membranes. Reticulation times: a 0.5 min, b 30 min. Functionalization time: 24 h
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Fig.3 X-ray diffraction patterns relating to CS/STA membranes retic-
ulated for 0.5 min with several functionalization times

of ~2 times if the membranes undergo the 24 h function-
alization step, whatever is the reticulation time, varying
between 16 and 59 um.

3.2 X-ray diffraction and FTIR spectroscopy

Figure 3 shows X-ray diffraction patterns relating to CS/
STA membranes: as prepared, after a 12 h functionalization
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step in STA and after 24 h of functionalization in STA solu-
tion. According to the literature [23, 24], six Chitosan poly-
morphs can be recognized: tendon, annealed, ‘1-2’, ‘L-2’,
‘Form I’ and ‘Form II'. The diffraction patterns of CS/STA
membranes show the presence of a main peak at 260="7.5°
(related to the Form I polymorph), whilst other two peaks
become evident after the membrane functionalization at
20=20.5° and 28.3° (related to the Form II polymorph).
This increase in the crystallinity degree of the CS/STA
membranes can be explained by considering the structure
of CS polymer and what happens during all the fabrication
steps. As reported in literature [25], intra- and intermolecu-
lar hydrogen bonds stabilize the crystalline structure of pure
CS. Anyway, the hydrogen bonds between the NH, groups
of glucosamine repeating units of CS are disrupted when
CS is protonated, i.e. when it reacts with acetic acid and
during the reticulation step. This phenomenon leads to the
weakening of the rigid structure, as shown in the membrane
diffraction pattern of Fig. 3 (black line). However, the func-
tionalization step induces a more ordered membrane struc-
ture with a reduction of the reticulation degree (i.e. in the
chains packing) because of the interaction between the CS/
STA layers and the silicotungstic solution employed for the
functionalization. During the latter step, it is supposed that
STA*" ions (that are ionically bonded with four protonated
NH, groups) can take protons from fresh H,SiW,0,4,, with
a following decrease in the chains packing and the conse-
quent availability of H bonded to the Keggin ions with the
increase of proton conductivity.

FTIR spectra of CS/STA membranes are reported in
Fig. 4 as a function of reticulation and functionalization
times (0 min in Fig. 4a) and 24 h in Fig. 4b). Pure STA
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Fig.4 FTIR spectra of CS/STA membranes as a function of reticulation time with a no functionalization step and b 24 h functionalization

spectrum presents five absorption characteristic bands, relat-
ing to the Keggin structure: 1018 cm™! (Si-0), 975 cm™!
(W-0-W), 926 cm™' (Si-0), 912 cm™! (Si-O-W),
879 cm~! (W-0,~W) and 786 cm™! (W-0.-W) [15, 26,
27]. These bands appear also in the FTIR spectra of the
CS/STA complex structures, so that the Keggin structure
of the heteropolyacid is preserved even after the ionotropic
gelation fabrication process. Besides STA characteristics,
also CS bands are present in the spectra relating to the
membranes; in particular, the bands at 1382 cm™! (related
to the —-CH; symmetric deformation of CS) at 1531 cm™!
and at 1630 cm™! (related to the NH;* bending vibrations)
are present, whilst the characteristic band of -NH, bending
vibrations (1587 cm™) is not present. These results lead to
the conclusion that the -NH, groups of the glucosamine
units of CS in CS/STA membranes are protonated during
the dissolution of CS in the water/acetic acid solution and by
STA*~ ions during the reticulation step, confirming the pres-
ence of ionic bonds between CS and Keggin (polyoxometa-
late) anions. Furthermore, the band starting from 3200 cm™!
is related to the stretching vibration of N*—H. This is prob-
ably sensitive to the presence of STA*~ anions, because of
the strong interaction between the latter and NH,;* groups by
ionic bonding. Such band continued to broaden by increasing
the time of the reticulation step: this result can be explained
considering that much more STA*~ ions interacted with the
NH;* [28].

3.3 Fuel cell performances and EIS study
CS/STA membranes were used as proton conducting mem-

branes in H,—O, based fuel cells, operating at room tem-
perature (25 °C) employing a membrane reticulated for

0.5 min and functionalized for different times in STA aque-
ous solution with a low Pt load at both the electrodes (i.e.
0.5 mg cm‘z). OCYV reaches 0.86 V, i.e. a lower value than
cell electromotive force, emf (1.23 V), primarily due to the
H, crossover to the cathodic compartment, but close to the
OCYV value reported for H,—O, fuel cells employing CS/
HPA-based membranes [12].

In Fig. 5, the polarization curve and power density vs
current density curve recorded during fuel cell operation, as
a function of the functionalization time, are reported. It is
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Fig.5 Polarization and power density curves related to CS/STA
membranes reticulated for 0.5 min with different functionalization
times
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noteworthy to mention that employing membrane not previ-
ously functionalized in STA aqueous solution led to devices
not able to generate electrical energy. This finding suggests
that functionalization is a key step to enable the proton con-
duction in composite CS/HPA membranes. During fuel cell
test, OCV value is higher than that reported above since
the membrane humidifies during the operation. It is clearly
possible to distinguish two different zones in the polariza-
tion curve: the activation region (between OCV and ~0.6 V),
where the rate determining step is the charge transfer, and
the ohmic region, where the voltage drop is essentially due
to the resistance of the membrane. From the slope of the
polarization curve in the linear region, it has been estimated
the resistance of the membrane (electrolyte), R, as 0.37 Q
cm? and 0.33 Q cm?, for 12 h and 24 h as functionalization
time, respectively. These resistance values are higher than
those related to CS/PTA membranes [13] and lower with
respect to those estimated for CS/phosphomolybdic acid
(PMA) membranes [14]. It is worth noting that the values
of R, are comparable to those reported for Nafion 211®
employed as polymer electrolyte in H,-fed fuel cell [29].
Thus, the proton conductivity, o, can be estimated as follows:

o= @

where A is the active area of the membrane. Proton conduc-
tivities of 3.50 and 4.88 mS cm™! were estimated. Moreo-
ver, knowing R, it is possible to estimate the cathodic reac-
tion overvoltage, 7., and thus to make some consideration
about the kinetics of the O, reduction. In fact, 7. can be
calculated according to the following relationship:

(a)

35 F

y =0.0081x - 2.0841
R?=0.9992

25

log,o(i (mA cm?))

300 400 500 600 700

Ml (mV)

|nc| = emf — Eey — iRy — 1a 3)

where E_ is the cell potential and 7, is the anodic reaction
overvoltage, considered negligible since the H, oxidation
reaction at Pt electrode has fast kinetics. The Tafel plots, i.e.
Incl vs log,o(i) curves, are reported in Fig. 6. The slope of
the linear region of the Tafel plots is~ 120 mV per decade
in the case of 12 h functionalized membrane and 130 mV
per decade for 24 h functionalized membrane. These slope
values are comparable to the typical value reported when the
oxygen reduction process is under charge transfer control
[30]. Exchange current densities, i,, for the O, reduction
reaction of 8 uA cm~2 (assuming the geometrical surface)
for the former membrane and 12 uA cm™ for the latter can
be estimated from the y-axis intercept of the fitting lines,
slightly higher than that estimated in the same experimen-
tal conditions using CS/PTA composite membranes [13].
This finding suggests the formation of an efficient electrode/
polymer electrolyte interface with good activity towards O,
reduction.

The power density peak was reached by using the mem-
brane functionalized for 24 h; the maximum was showed in
the ohmic region of the polarization curve and was 268 mW
cm™ @ =880 mA cm™ and E,;; =306 mV. This result is
remarkable since it is better than other results reported in lit-
erature for systems employing STA-based membranes [31].
It is noteworthy to mention that, despite the high current
densities, the polarization curve still had ohmic behaviour
without any signal of mass transfer-controlled kinetics or
cell flooding, which was reported for other H,—O, fuel cell
employing heteropolyacid-based solid electrolyte [11].
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Fig.6 Tafel plots derived from polarization curves of Fig. 4. Functionalization time: a 12 h, b 24 h
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The behaviour of the STA-based membrane fuel cell was
further investigated by EIS measurements, recorded both
in activation region (E_;; =750 mV) and in ohmic region
(E,e;=450 mV). The corresponding Nyquist plots are
reported in Fig. 7 (functionalization time: 12 h (see Fig. 7a)
and 24 h (see Fig. 7b)). EIS spectra were therefore simulated
with the equivalent electrical circuit shown in the inset of
Fig. 7a [13]: the parallel between R and Q is used to model
the charge transfer resistance and double-layer capacitance
at the cathodic side, as well as the parallel between R, and
Q, accounts for the electrochemical behaviour of the anode.

The parameters derived to be the best fitting procedure
are reported in Table 1. Firstly, R resulted slightly lower
than that estimated from the linear part of the polarization
curve, probably due to the higher hydration level of the
membrane during the EIS measurement and, thus, a higher
proton conductivity that strongly depends on the hydration
level of the solid electrolyte. Noteworthy, the contribution
to the overall cell impedance coming from the H, oxidation
reaction, revealed by the very low R, value, resulted to be
almost negligible due to the very high catalytic activity of
Pt toward such reaction. R, one order of magnitude higher
with respect to R,, accounts for the sluggish kinetics of the

2
(a)
Oa Oc
Lo r Ry @ exp 075V
R, R¢ O exp 045V
—_ —fitting
NE 1.2 1 1
(3]
)
N 08 ‘
04 |
0 | L
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Zge (Q cm?)

oxygen reduction reaction. As expected, the contributions of
the kinetics to the overall cell impedance are almost normal-
ized in the ohmic region where R, and R have comparable
values.

An increase in the Pt loading (1 mg cm™2) allowed to
obtain even better performance (power density peak of 370
mW cm™2) as shown in Fig. 8 where the polarization and
power density curves are reported. Notably, the OCV value
is higher with respect to those recorded and shown in Fig. 5
for MEAs with a Pt loading of 0.5 mg cm™2 (i-CL) due to
the lower activation losses for O, reduction and crossed H,
oxidation at open circuit. It is important to stress that the
OCV value recorded with this CS/STA membrane is even
higher than that recorded, in the same configuration, with
composite CS/PTA membrane [13], suggesting a lower H,
permeability through the CS/STA membrane. Remark-
ably, at current density higher than 1000 mA cm™, it is
evident the starting of the diffusion controlled region with
a decrease of the slope of polarization curve by increasing
the current density. As reported by Santamaria et al. [13],
this phenomenon can be clarified considering the H,O accu-
mulation and pore filling at the cathode gas diffusion layer
(GDL) due to the employed catalyst. Furthermore, we tested

3.6
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o
g
)
S 18
N’
N
| |
0.6 f\
\_
0 1

0 0.6 1.2 1.8 24 3 3.6
Zge (Q cm?)

Fig. 7 Nyquist plots of EIS spectra recorded at (filled circle) 0.75 V and (square) 0.45 V related to CS/STA membranes reticulated for 0.5 min
and functionalized for a 12 h and b 24 h. Inset: equivalent electrical circuit used for EIS data fitting

Table 1 Fitting parameters

. Ttun Ecen R, Ry Oa n Rc Oc n
;glate;d to EIS spectra shown in (h) V) (Q cm?) (Q cm?) (S s"em™2) (Q cm?) (S's" cm™)
1g.
12 0.75 0.28 0.09 7.8%1073 0.94 1.45 6.0x1072 0.60
0.45 0.35 0.11 5.5%x1073 1 0.30 1.2x1072 0.76
24 0.75 0.34 0.27 1.0x 1072 0.84 2.46 6.7x1072 0.46
0.45 0.25 0.12 5.6x107 1 0.25 1.5%1072 0.71
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Fig.8 Polarization and power density curves related to CS/STA
membranes reticulated for 0.5 min and functionalized for 24 h with
1 mg cm™2 as Pt loading at the electrodes

the stability of the membrane by applying a constant E_;
of 0.5 V for~7000 s. After cell shut down and restart, we
recorded polarization and power density curves confirming
the performances of Fig. 8, thus proving the stability of the

CS/STA membrane proton conductor in the MEA.

4 Conclusion

Composite Chitosan/Silicotungstic acid membranes were
synthesized and employed as solid electrolyte in H,-based
low-temperature fuel cells. Thin layers growth was car-
ried out through ionotropic gelation process using a porous
anodic alumina medium to control the release of the sili-
cotungstic acid allowing for preparing free-standing and
compact membranes. SEM analysis evidenced the formation
of homogeneous polymer (without the presence of flaws or
macrovoids), whose thickness strongly depends on reticula-
tion time and slightly change after the functionalization step.
X-ray diffraction and FTIR confirmed that membranes are
scarcely crystalline soon after reticulation but become more
ordered as a consequence of the functionalization step.
The membranes were tested in a single-module H,-fed
fuel cell and showed good barrier properties towards the fuel
cross over. The analysis of the polarization curves revealed
a good activity towards O, reduction (iy~ 12 pA cm 2 with
0.5 mg cm™2 of Pt loading), confirmed by the kinetic param-
eters derived by the best fitting procedure of the EIS spectra.
The best performances were reached by functionalizing
the membrane for 24 h with a promising power density peak

@ Springer

of ~370 mW c¢cm~2 using 1 mg cm~2 as Pt loading at the
electrodes, maintained even after cell shut down and restart.
The slope of the ohmic region provides a resistance value
higher than that measured with CS/phosphotungstic acid
suggesting that there are still options to optimize the syn-
thesis conditions for enhancing the fuel cell performance.
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