
Contents lists available at ScienceDirect

Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci

Chemically stabilised extruded and recast short side chain Aquivion® proton
exchange membranes for high current density operation in water electrolysis

Stefania Siracusanoa, Claudio Oldanib, Maria Assunta Navarrac, Stefano Tonellab,
Lucia Mazzapiodac, Nicola Briguglioa, Antonino S. Aricòa,∗

a CNR-ITAE Institute of Advanced Energy Technologies, National Research Council, Via Salita S. Lucia Sopra Contesse 5, 98126 Messina, Italy
b Solvay Specialty Polymers Italy S.p.A., Viale Lombardia 20, 20021 Bollate Mi, Italy
c Department of Chemistry, University of Rome “La Sapienza”, P.le Aldo Moro 5, 00185 Roma, Italy

A R T I C L E I N F O

Keywords:
Electrolysis
Polymer electrolyte membrane
Hydrogen
Extruded membrane
Recast membrane

A B S T R A C T

Membrane-electrode assemblies based on chemically stabilised short-side-chain proton exchange Aquivion®

membranes, prepared by extrusion or recast methods, have been investigated for operation at high current
density (3–4 A cm−2) in water electrolysis cells. A thickness of 90 μm was selected for these perfluorosulfonic
acid membranes in order to provide proper resilience to hydrogen crossover under differential pressure op-
eration while allowing operation at high currents. The membranes showed proper mechanical strength for high-
pressure operation and suitable conductivity to reduce ohmic losses at high current densities. Both membranes
showed excellent performance in electrolysis cells by achieving a voltage efficiency better than 85% and 80%
(1.85 V) at 3 and 4 A cm−2, respectively, in polarisation curves at 90 °C. A smaller surface roughness was ob-
served from atomic force microscopy for the recast membrane compared to the extruded one. This may affect the
intimate contact between the ionic clusters of the membrane and the catalyst agglomerate at the interface
producing a catalytic enhancement in the activation region of the polarisation curves in the case of the recast
membrane. At high cell voltages, the polarisation resistance was instead slightly lower for the cell based on the
extruded membrane. Interestingly, the different characteristics of the membrane-electrodes interface produced
lower recoverable losses in durability studies for the recast membrane-based electrolyser allowing stable op-
eration at both 3 and 4 A cm−2. Hydrogen crossover analysis at a differential pressure of 20 bar showed low gas
permeation through both membranes allowing for a wide load range (15–100%) and high faradaic effi-
ciency> 99% at practical current densities (1–4 A cm−2).

1. Introduction

Energy storage in hydrogen is a promising technology for the next
generation energy system being both scalable and geographically in-
dependent [1,2]. Hydrogen as fuel is characterised by high gravimetric
energy density and clean combustion [3,4]. It is expected that a wide
use of this energy vector will assume in the future an increased en-
vironmental and societal relevance especially in providing a solution
for the energy issues while mitigating pollution, global warming and
related effects of climate changes [5–7].

One of the most advanced processes to produce highly pure “green”
hydrogen from renewable energy is based on the polymer electrolyte
membrane (PEM) water electrolysis [8,9]. PEM water electrolysers
operate at high pressure to reduce down-stream gas compression thus
allowing efficient hydrogen storage [10–13]. A key aspect of this

technology is its excellent dynamic behaviour for proper interfacing
with intermittent renewable power sources and its suitable application
in grid-balancing service [1,9,14]. However, the cost of the hydrogen
produced from PEM electrolysis is still high compared to competitive
technologies like central steam reforming of natural gas [8,9].

Despite the increasing concerns raised by the effects of greenhouse
gases emissions and the related global warming, the transition towards
sustainable energy technologies is slowed by a low economic compe-
titiveness [15]. In the next future, a larger diffusion of renewable en-
ergy sources will necessarily cause an increase of the surplus of energy
associated to their intermittent behaviour [16]. This may produce very
likely a decrease of the electricity cost in specific periods. Moreover, a
significant fraction of energy is expected to be curtailed by the grid
operators when the demand from the customers will be low. Accord-
ingly, a cost-effective and dynamic energy conversion/storage system,
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operating on a wide scale, can provide an effective solution to enhance
the utilisation of the produced renewable energy while avoiding sig-
nificant implementation of the electricity grid infrastructure [9].

To allow for a widespread utilisation of the PEM electrolysis tech-
nology, a significant reduction of the capital costs is strongly necessary
[9]. This will make the hydrogen produced from electrolysis competi-
tive with respect to the currently used organic fuels thus favouring the
diffusion of fuel cell vehicles. To achieve such objective, precious metal
catalysts used in the electrolysis systems should be minimised and ti-
tanium bipolar plates possibly replaced by stainless steel treated with
cheap coatings [8]. These strategies are currently addressed, but
probably they may not be sufficient because it is still needed to take
into consideration the cost of the balance of plant of the PEM electro-
lyser. This cost is strongly influenced by the hydrogen production rate
[9].

On the other hand, it is widely recognised that the most relevant
effect on decreasing the cost of PEM electrolysers will be played in the
future by the increase of the operating current density while keeping
the system efficiency at suitable levels [17–19]. When an electrolyser is
operated in a high current density regime, the efficiency losses asso-
ciated to the ohmic drop play a relevant role. In this regard, the proton
transport in the polymer electrolyte membrane is producing a major
contribution to the ohmic losses at high current density. Electronic
percolation in the catalytic layers, diffusion media and bipolar plates
contributes to ohmic losses in a lower extent [20,21].

Beside a high proton conductivity, proper mechanical strength and
low gas-cross over under differential pressure operation are important
characteristics that govern the reliability of the membrane separator
between the anode and cathode compartments in PEM cells
[8–13,22–25]. A decrease of the thickness of the polymer electrolyte
membrane can allow to reduce the cell resistance but at the same time
this increases the gas permeation from the pressurised hydrogen com-
partment to the non-pressurised oxygen stream at the anode [10–13].
An increase of the concentration of hydrogen in oxygen can cause re-
levant safety issues, the flammability limit being 4% vol. H2 in O2 at
ambient temperature and pressure [26–32]. This requires adopting a
compromise between the reduction of the membrane thickness to in-
crease performance and the minimisation of the hydrogen concentra-
tion in the oxygen stream at practical operating current densities and
differential pressures. Nafion® 117 with a membrane thickness of
170 μm and other thick proton exchange membranes usually guarantee
for reasonably low gas crossover in the presence of differential pres-
sures of a few tens of bars [10–13,27,28].

Short side-chain Aquivion® membranes have been first investigated
in fuel cells because of their excellent ionic conductivity and low gas
crossover thanks to the enhanced crystallinity and lower equivalent
weight compared to conventional PFSA membranes [33–39]. These
membranes also offer good capability to operate in a wider temperature
range thank to their high glass transition temperature [34–37]. The use
of Aquivion® membranes in PEM electrolysis [40–45] is gaining mo-
mentum in recent years while durability characteristics in electrolysis
cells have been already assessed [18,19].

Beside the different mechanical and gas crossover properties, fab-
rication of the Aquivion® membranes, using extrusion or casting, has
also an impact on cell performance. All these aspects are of paramount
importance for the reliability of the PEM electrolysis system [40–45].

To discriminate between these effects, we have investigated
Aquivion® membranes with equivalent weight of 980 g eq−1 and
thickness of 90 μm, produced by extrusion or casting methods, with
regard to their electrochemical performance and gas crossover char-
acteristics in electrolysis cells. These membrane-electrode assemblies
contained low precious metal loadings in accordance with the trend of
decreasing the impact of critical raw materials on the overall cost of the
PEM electrolysis system [19,46,47]. Interestingly, it was observed that
the membrane fabrication method influences significantly the inter-
facial properties with the electrodes affecting the polarisation resistance

and degradation rate in durability studies.
Electrolysis cells have been compared for operation at high current

density (3–4 A cm−2) as required to decrease significantly the capital
costs of the electrolysis systems [18,19,48] while gas crossover was
investigated during high differential pressure operation to examine the
impact of the membrane fabrication method on the system safety.

2. Experimental

2.1. Membrane preparation

The commercially available extruded short-side chain Solvay
Aquivion® membrane (E98-09S) with an equivalent weight (EW) of
980 g eq−1 and a thickness of 90 μm was prepared by melt extrusion of
polymer resin in –SO2F form. Membrane thus obtained was treated with
NaOH/H2O solution and then with HNO3/H2O transforming –SO2F in
–SO3H group. A chemical stabilisation process was carried out on the
raw polymer. The polymer resin was subjected to a post-fluorination of
end groups with difluorine gas (F2) at high temperature.

The recast short-side chain Solvay Aquivion® membrane (C98-09S)
with an equivalent weight of 980 g eq−1 and a thickness of 90 μm was
prepared starting from commercial water-based Aquivion® D98-25BS
dispersion (EW: 980 g/mol, 25 wt% solid content). The Aquivion® dis-
persion was based on the same chemically stabilised polymer resin, as
in the case of the extruded membrane, but already converted to the
protonic form. This dispersion was formulated till obtaining the fol-
lowing composition: Aquivion® polymer (22 wt%), deionized water
(36 wt%), n-propanol (32 wt%) and N-methylpyrrolidinone (10 wt%).
The dispersion thus obtained was cast on tempered glass using a doctor
blade (Zehntner ZUA2000) and an automatic applicator (Zehntner
ZAA2300). The wet thickness used for casting the Aquivion membrane®

was set at a gap of 900 μm. After deposition, the film underwent a three-
steps heating cycle in a vent oven: 1 h at 65 °C, 1 h at 90 °C and 1 h at
190 °C. The ionomer was used in the protonic form during casting and
annealing. Membrane was then peeled off from glass using deminer-
alized water. It was dried in a vent oven at 80 °C.

The final thickness used for calculation of conductivity values, was
measured according to a United States Department of Energy (DOE)
protocol (DOE Contract # DE‐FC36‐06GO16028, Florida Solar Energy
Center 1679 Clearlake Road Cocoa, FL 32922‐5703; June 9, 2008). The
membrane sample was placed on a clean counter surface and allowed to
equilibrate for 24 h at a room temperature of 21 °C and average room
relative humidity of 60%. A Mitutoyo Gauge was used to determine the
sample thickness. An average of at least 10 readings were taken over
the entire membrane sample.

2.2. In plane conductivity

The electrochemical measurements were performed at 80 °C with a
four-point-probe Bekk-Tech BT-112 conductivity cell. Humidified hy-
drogen (1000 sccm supplied at the anode side of the cell) and heating
were provided by a Greenlight Power Technologies FCATS-E 1 kW fuel
cell test bench. The electrical connection was made to an Autolab
PGSTAT-30 potentiostat/galvanostat (Metrohm). In-plane conductivity
was measured in a relative humidity window from 20% to 120% R.H.
Cell resistance was determined as slope of cell voltage vs. current;
conductivity was calculated considering the resistance value and geo-
metrical parameters of sample. System was conditioned at the operating
temperature for 1 h prior data acquisition.

2.3. Water uptake and dimensional swelling

Die-cut (7×7 cm2) samples were dried in a vacuum oven at 105 °C
for 1 h. Thereafter these were carefully weighed and their dimensions
(length, width and thickness) measured (Mdry). Membranes were then
soaked in demineralized water at 80 °C for 4 h, cooled down at room
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temperature and, after wiping water droplets from the surface, weighed
and the dimensional changes measured (Mwet). Water uptake and di-
mensional swelling were calculated accordingly to equation (1):

=
−

∗Water Uptake Dimensional Swelling
M M

M
& 100wet dry

dry (1)

2.4. Stress-strain analysis

Stress-strain curves were recorded with an Instron 5500R dynam-
ometer equipped with a Bluehill 2 software at 23 °C, 50% RH, traction
speed from 1 to 50mm/min and measuring specimens having dog bone
shape (initial length: 21.5 mm and grip distance: 25.4mm) according to
ASTM D633 type V protocol. The water content of the membranes used
in the tensile tests was 6 % wt. Reported curves represent mean values
of measurements repeated at least 3 times.

2.5. Membrane-electrode assembly preparation and characterisation

An Aquivion® ionomer dispersion (D98-06AS, EW: 980 g/mol., 6 wt
% solid content in hydroalcoholic medium, chemically stabilised) was
used to prepare the catalytic inks. Extruded and recast short-side chain
Solvay Aquivion® membranes were spray-coated by catalytic inks based
on an IrRuOx (70:30 at.) anode catalyst on one side and a 30% Pt/C
(Ketjenblack® carbon) cathode catalyst on the opposite side of the
membrane. The membrane side that was cast on the glass substrate was
coated with the cathodic ink during the catalyst-coated membrane
preparation.

Catalysts characteristics have been reported in a previous paper
[20]. Catalyst-coated membranes (CCMs) were hot-pressed at 190 °C for
1.5 min at 11.2 kN to achieve proper bonding of the catalytic layers to
the membrane. The inks made of catalyst and ionomer consisted of 75
% wt. Pt/C catalyst and 25% wt. Aquivion® ionomer at the cathode, and
85 % wt. IrRuOx catalyst and 15% wt. Aquivion® ionomer at the anode.
The precious catalyst loadings were 0.4mg IrRuOx cm−2 and 0.1mg Pt
cm−2 at anode and cathode, respectively.

For electrochemical testing at ambient pressure, the CCM was in
contact with a Ti mesh (Bekaert Toko Metal Fiber Co.) at the anode and
a carbon cloth-based diffusion layer at the cathode. Whereas for high-
pressure measurements (20 bar), Ti meshes were at both sides of the
CCM for current collection and water distribution/gas diffusion. An in-
house designed square-shaped titanium plates-based single cell test
fixture of 5 cm2 active area, equipped with machined flow fields, was
used for electrochemical experiments at ambient pressure. High-pres-
sure measurements were carried out with a circular-shaped pressurised
single cell test fixture of 8 cm2 active area supplied by ITM Power
(Sheffield, UK). Two different test stations designed for ambient pres-
sure and high-pressure electrolysis operation, respectively, were used to
assess the MEA properties.

Polarisation experiments were carried out by using computer con-
trolled power supply modules (TDK GEN 25-400-MD-3P400).
Electrochemical impedance spectroscopy (EIS) was performed with an
Autolab Metrohm potentiostat/galvanostat equipped with a 20 A cur-
rent booster and FRA (frequency response analyser). Polarisation curves
were recorded in the galvanostatic mode by registering the cell voltage
vs. the imposed current density. Electrochemical impedance analysis
was carried out in the potentiostatic mode at 1.5 V and 1.8 V. The
frequency was varied from 100 kHz to 100mHz in the single sine mode
with a sinusoidal excitation signal of 10mV rms. Deionized water, milli-
Q Integral, Millipore was fed to the anode compartment only.

The MEA cross-section was analysed by a scanning electron micro-
scopy (SEM) using a FEI FEG–XL30 instrument. For AFM investigations,
small pieces of membrane samples were cut from 90 μm thick PFSA
Aquivion® E98-09S and C98-09S films. The samples were fixed to the
sample holder by an adhesive tape. A Multimode Veeco microscope

controlled by a Nanoscope IIIa software was used. For image acquisi-
tion, the tapping mode method was used by registering height, ampli-
tude and phase. A Bruker RTESP tip was employed (r= 8mm,
f= 300 kHz; k= 40N/m). Images were acquired with a resolution of
512× 512 pixels and elaborated using the Gwyddion 2.31 software.
Surface roughness (Ra) was determined as follows (equation (2)):

∫=R L Z x dx1/ | ( )|a

L

0 (2)

Where Z(x) is the profile function that describes the height and position
on the line scan L. This calculation was carried out for all image lines.

2.6. Oxygen permeation studies

For the oxygen permeation studies, membrane-electrode assemblies
(MEAs) were produced using the E98-09S and C98-09S membranes
under study and fabricated according to the same method reported for
the electrolysis MEAs. As in the case of the electrolysis MEAs, Pt/C
cathode catalyst layer and IrRuOx anode catalyst layer were used with
the same percentage of ionomer in the catalytic layer. The only varia-
tion was a higher Pt cathode loading of 0.45mg cm−2. A 25 cm2 active
area single cell was used. The oxygen permeability (PO2) was assessed
from the limiting current density (oxygen crossover rate limited) of the
oxygen reduction reaction (ORR) at the cathode, as expressed by the
following formula (equation (3)):

=P i δ
F pO

·
4 ·O

ORR mem
2

2 (3)

where iORR is the oxygen reduction reaction current, δmem is the
membrane thickness, F is the Faraday constant (96487Cmol−1) and
pO2 is the oxygen pressure.

The measurement procedure consisted in a first step of conditioning
for 4 h in H2/air at a cell temperature of 75 °C and a relative humidity of
65%; after that, the system was purged in N2 at the same temperature.
The measurement was then carried out at a 60 °C, feeding humidified
N2 (cathode) and humidified O2 (anode) at pressure of 120 kPa, O2 flow
rate of 1000 sccm, N2 flow rate of 500 sccm, 100% R.H. and a fixed
potential of 1 V was applied using an AutoLab PGSTAT30 potentiostat/
galvanostat equipped with the program Nova 2.1.

3. Results and discussion

3.1. Ex-situ membrane characterisation

3.1.1. In-plane conductivity
In-plane conductivity has been measured at 80 °C and in the relative

humidity range from 20% to 120% R.H. (Fig. 1).
Both membranes, having the same equivalent weight (980 g/mol.),

show a similar trend. As expected, proton conductivity increases by
increasing relative humidity. Both membranes reach the same value of
130–140mS cm−1 under full humidification. This result clearly show
that the manufacturing process does not affect the ion conduction
properties of Aquivion® membranes under full humidification which are
determined by the amount of –SO3H functional groups and their dis-
sociation. At low R.H. values (20%) the extruded membrane shows
larger conductivity. However, this condition is less relevant for elec-
trolysis applications.

The effect of the machine direction during melt extrusion is usually
important when hydrolysis is done in a roll-to-roll process. Stretching of
the wet, softened membrane and drying between the rolls, leading to
constraining forces, may also have some influence on the final mem-
brane properties. In the case of the extruded membrane, the ionic
conductivity measurements have been carried out in both machine
(MD) and transversal (TD) directions. However, the observed variations
were within the experimental error. Possibly, the distribution of the ion
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clusters inside the membrane is not significantly different along these
directions.

3.1.2. Water uptake and dimensional swelling
Membrane water uptake and related dimensional changes have

been determined upon sample soaking in hot deionized water (Fig. 2).
The dry thickness of the membrane was 90 ± 5 μm.

Although having the same EW, extruded membranes show a higher
water uptake than recast ones, 33% vs. 26%, corresponding to 19 and
15 water molecules per sulfonic acid group, respectively. In addition,
dimensional swelling is strongly influenced by the manufacturing pro-
cess. Extruded membranes show different volume change in the three
dimensions whereas recast membranes swell more homogeneously
upon hydration. This different behaviour is ascribed to the higher an-
isotropy induced to membranes from melt extrusion than dispersion
casting process [49]. In particular, change in length is predominant
because of the membrane stretching in machine direction during melt
extrusion.

The higher conductivity of the extruded membrane versus the recast
membrane observed at low R.H. in Fig. 1 may be thus related to the
different water uptake behaviour and related swelling properties of
these polymer electrolytes. The extruded membrane which is

characterised by larger water uptake and higher increase in swelling
properties, in terms of length and width, shows better conductivity at
low R.H.

3.1.3. Stress-strain mechanical measurements
Stress-strain curves of both recast and extruded membranes are re-

ported in Fig. 3. Considering the higher anisotropy of extruded than
recast membranes, mechanical tests of the former have been carried out
in both machine (MD) and transversal (TD) directions.

Different properties are evident at macroscopic scale very likely as a
result of a different nanoscale morphology for these two membranes
(see below). The recast membrane shows the typical behaviour of a soft
and weak polymer having lower elastic modulus and similar elongation
at break of extruded membrane, which behaves as a hard and tough
material. Anisotropy of extruded membrane is clear by comparing the
stress-strain behaviour in machine and transversal direction (Table 1).

According to conductivity and mechanical measurements both
membranes appear appropriate for electrolysis operation at high cur-
rent density and high differential pressure. Recently, Cavaliere et al.
[45] have shown that addition of a 5% electrospun polysulfone fibres in
a recast reinforced Aquivion® membrane with 830 g eq−1 EW produces
an enhancement of proton conductivity and mechanical strength. In our
case, we have selected the Aquivion ionomer with 980 g eq−1 EW to
reduce hydrogen cross-over at high differential pressure operation of
20 bar (see below) as pre-requisite to reduce membrane degradation
during long term electrolysis operation.

3.2. Electrochemical characterisation

Polarisation curves of PEM electrolysis MEAs based on extruded and
recast Aquivion® membranes have been carried in a wide range of
temperature (from 30 to 90 °C) and current density (up to 4 A cm−2)
with a reduced overall precious catalyst loading (0.5 mg cm−2

MEA).
Operation at high current density and using low loading of precious
metals, can allow for a significant reduction of the capital costs of the
PEM electrolysis system [18,19]. In this regard, it is important to un-
derstand which membrane characteristics are most appropriate for
operation under such conditions.

In principle, an electrolysis stack, being operated in a pressurised
mode in the real life, could operate also at temperatures above 100 °C.
This was already demonstrated for PFSA membrane-based electrolysis

Fig. 1. In-plane proton conductivity at 80 °C vs. relative humidity of extruded (E98-09S) and recast (C98-09S) membranes.

Fig. 2. Water uptake and dimensional swelling of extruded (E98-09S) and re-
cast (C98-09S) membranes upon soaking in deionized water (80 °C, 4 h).
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cells [42,50]. However, conventional PEM electrolysis systems usually
operate at low temperatures e.g. 55–60 °C to mitigate stack degradation
thus assuring proper system life-time. Other limitations are essentially
regarding the balance-of-plant [9]. These have also limited the possi-
bility of high temperature operation for commercial systems. However,
it is widely accepted that an increase of operating temperatures can
bring significant benefits in performance and efficiency [42,50].

The polarisation curves for the electrolysis cell based on the ex-
truded membrane (Fig. 4a) show a relevant increase of current density
(hydrogen production rate) with temperature at a fixed cell voltage
(voltage efficiency). This clearly evidences the benefits of operating the
electrolyser at high temperature in increasing the cell efficiency. At
90 °C, a current density of 4 A cm−2 is obtained at 1.85 V with an
overall noble metal catalyst loading (Ir + Ru + Pt) of 0.4 mg cm−2 and
a membrane thickness of 90 μm.

In a practical electrolysis system, the stack is self-heating during
normal operation. During cold start, at suitable current density, the
cells operate above the thermoneutral potential where the reaction is
exothermic. In principle, water splitting cannot occur below the ther-
moneutral potential corresponding to the reaction enthalpy (ΔH°/
nF=Etn) if no external heat is provided. In our experiments, we have
thermostated the cell inlet water at specific temperatures, thus pro-
viding an external heat input. This approach provides part of the heat
theoretically required by the reaction entropy (reversible heat,
Qrev=TΔS°) thus shifting the onset potential for the water splitting
process towards the reversible potential (Erev= ΔG°/nF). During op-
eration at high current density and well above the thermoneutral po-
tential, all the reversible heat is provided by the internal production of
thermal energy as consequence of the exothermic process. Extraction of
the heat is easier at high temperature; whereas, at low temperature a
cumbersome cooling system is necessary. Thus, a relatively high

operating temperature, compatible with the balance of plant and sta-
bility constraints, is of relevant interest for the electrolysis cell [42,50].

The polarisation curves show a reduction of the activation losses
(cell voltage increase in the low current density region) and ohmic
constraints (slope of the polarisation curves at high current densities)
with the increase of temperature (Fig. 4a). This clearly evidences that
high hydrogen production rates in combination with suitable voltage
efficiencies (e.g. 4 A cm−2 at about 85% voltage efficiency vs. the
thermoneutral potential) can be essentially achieved when the system is
operated at relatively high temperatures (80–90 °C).

Electrochemical impedance analysis was carried out under a con-
stant voltage efficiency condition (Fig. 4b–c). This provides insights
into the effects related to the variation of the reaction rate with the
temperature. The possibility of achieving high reaction rates at fixed
cell voltages is inversely related to series resistance (high frequency
intercept on the real axis of the Nyquist plot) and polarisation resistance
(difference between the lowest frequency impedance and the high fre-
quency intercept resistance). These parameters allow to simply distin-
guish between ohmic losses and specific electrode polarisations. In all
impedance experiments here recorded, the inductance effects usually
produced by the cables were not significant. Thus, the series resistance,
i.e. the impedance intercept on the real axis of the Nyquist plot (zero
phase shift) at high frequency, also represents the high frequency re-
sistance (HFR).

The ac-impedance spectra in the low voltage region (1.5 V) show
that the overall cell impedance shifts from 1.75 Ohm cm2 to 0.125 Ohm
cm2 as the temperature is increased from 30 °C to 90 °C (Fig. 4b). At low
temperatures, most of the impedance contribution is from the polar-
isation resistance (electrodes contribution); whereas, at 90 °C, the series
resistance contribution, associated to the ohmic losses (Fig. 4b and
inset), is prevailing with respect to the polarisation resistance.

At 1.8 V, the prevailing contribution of the series resistance is
clearly observed at all temperatures. Under such conditions, the con-
tribution of the polarisation resistance to the overall impedance is about
20% at 60 °C and about 10% at 90 °C. This reveals that at high currents
the differential resistance in the polarisation curves is essentially cor-
responding to the membrane resistance (assuming electronic percola-
tion in the catalyst layers and the current collectors as optimal). Thus,
the membrane plays the major role in determining the performance at
high current density.

Fig. 3. Stress-strain curves of recast (solid red), extruded MD (solid blue) and extruded TD (dashed blue) membranes. MD: Machine Direction; TD: Transversal
Direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Characteristic features of extruded and recast Aquivion® membrane. MD:
Machine direction; TD: Transversal Direction.

Modulus (MPa) Stress at Break (MPa) Strain at Break (%)

Recast 189 ± 23 21.6 ± 1.4 184 ± 14
Extruded (MD) 301 ± 39 36.3 ± 1.6 162 ± 3
Extruded (TD) 273 ± 10 32.5 ± 2.0 187 ± 17
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The recast membrane shows polarisation characteristics similar to
the extruded membrane-based MEA (Fig. 5a). However, the EIS spectra
at 1.5 V (Fig. 5b) shows, at low temperature, a relevant difference, i.e.,
the overall impedance is about 1.3 Ohm cm2 for the recast membrane
versus 1.75 Ohm cm2 for the extruded polymer-based MEA under the
same conditions. This essentially derives from a larger polarisation re-
sistance in the case of the extruded membrane (1.61 vs. 1.18 Ohm cm2).
Similar evidences are observed in the impedance spectra collected at
low temperature at 1.8 V (Fig. 5c). Having used the same electrodes,
catalyst and ionomer loadings in both MEAs, this difference is ascribed
to the different interfacial properties arising from the different mem-
brane characteristics.

It is observed that both MEAs offer excellent performance at high
current densities and high temperature with a voltage efficiency versus
the thermoneutral potential of about 85% and 80% at 3 and 4 A cm−2

at 90 °C.
A comparison of the polarisation curves at 80 °C for the two MEAs

(Fig. 6a) shows a small but evident activation enhancement in the case
of the recast membrane resulting from a lower polarisation resistance at
1.5 V (Fig. 6b). A very good reproducibility was observed for these
initial polarisation curves by investigating different sets of the same
MEAs. This indicates that the observed differences are specifically

related to the membrane used in the MEA.
The series resistance is just slightly lower for the recast membrane

according to the fact that both membranes are based on the ionomer
and have the same thickness. At 1.8 V (Fig. 6c), it seems that some small
additional low frequency contribution is present in the case of the recast
membrane as envisaged from the presence of the onset of a low fre-
quency semicircle or possibly a Warburg-like diffusion-related con-
tribution. As consequence of the different differential resistances, the
extruded membrane recovers the performance gap with the recast
membrane at 4 A cm−2 showing the same voltage efficiency.

An analysis of the variation of the various impedance contributions
to total resistance (Rtot) as function of temperature for the two MEAs
(Fig. 7 a-d, Table 2 and Table 3) shows clearly that, at low cell voltages
or low current densities (Fig. 7a–b and Table 2), the polarisation re-
sistance (Rp) is dominating below 60 °C. Whereas, at high cell voltages
or high current densities (Fig. 7 c-d and Table 3), the series resistance is
largely prevailing at all temperatures. The series resistance (Rs) is
slightly lower in the case of the recast MEA under all conditions (Fig. 8).
The polarisation resistance is lower at low voltages for the recast
membrane-based MEA but the trend is inverted at 1.8 V. At 80–90 °C,
both polarisation and series resistance appear very similar for the two
membranes (Figs. 7 and 8) in accordance with the performance over-
lapping of the polarisation curves (Fig. 6).

Fig. 4. Polarisation curves (a) and ac-impedance spectra at 1.5 V (b) and 1.8 V
(c) at different temperatures for the MEA with extruded membrane.

Fig. 5. Polarisation curves (a) and ac-impedance spectra at 1.5 V (b) and 1.8 V
(c) at different temperatures for the MEA with casted membrane.
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3.3. Durability tests

The MEAs based on the extruded and recast membrane were sub-
jected to a durability test (Fig. 9). This was consisting in a cell con-
ditioning at 1 A cm−2 before a switch to a current density of 3 A cm−2.
At 1 A cm−2 both cells gave rise to a rapid cell voltage increase in the
first hours of operation (reversible losses associated to mass transport
constraints) followed by a gradual increase of voltage with time
(Fig. 9). As previously noted from the polarisation curves and EIS
spectra, the performance of the recast membrane-based MEA was
slightly better at low current density (lower cell voltage corresponding
to higher voltage efficiency) than that of the extruded membrane-based
MEA. This is reflected in a slightly lower cell voltage at 1 A cm−2 in the
durability studies (Fig. 9). After the switch from 1 to 3 A cm−2, both
cells showed the same initial cell voltage. However, the MEA based on
the extruded membrane showed a clear increase of potential with time.
On the contrary, the cell voltage for the recast membrane-based MEA
remained almost constant with time (Fig. 9).

The extruded membrane-based cell was subjected to a few

shutdown and start-up cycles, during the operation period between 500
and 1000 h (Fig. 9). This was made to check for the occurrence of re-
versible losses. It seems that the system is able recovering in part its
initial performance. This suggests that a relevant part of this voltage
increase is essentially due to some reversible losses arising probably
from mass transfer issues related to the gas evolution [51,52]. A similar
approach was used for the recast membrane-based MEA. It was ob-
served that the reversible losses are also present in the durability curve
of the recast membrane-based MEAs. However, their impact on the
variation of the cell potential appears smaller than that observed for the
extruded membrane. Since the recast membrane-based MEAs showed
excellent stability at 3 A cm−2, after about 1300 h operation, its dur-
ability was investigated also at 4 A cm−2. The stability was good also
under these conditions. However, after a few shutdown and start-up
cycles in the period between 1300 and 2000 h, this system showed
slightly larger recoverable losses, i.e. increase of cell potential, than at
3 A cm−2. These recoverable losses were, in any case, much smaller
than those observed for the extruded membrane.

According to our previous studies [19], the degradation rate is ex-
acerbated by both the low catalyst loading and the high operating
current density. The performance decay that has been registered in the
experiment here carried out at 3 A cm−2 for the extruded membrane
after 1000 h operation, i.e. in the region where no shut-down/start-up
cycles were made, was about 30 μV/h. This appears slightly larger than
what we have observed in previous durability studies with relatively
similar MEAs in the presence of low catalyst loadings (24–26 μV/h)
[18–20]. However, the most relevant aspect is that there is a sig-
nificantly different durability profile for the MEAs consisting of recast
and extruded membranes (6 vs 30 μV/h at 3 A cm−2 in the regions of
the durability curves not subjected to shut-down cycles). In principle,
this should be originated from the different interfacial properties with
the catalytic layers for the two membranes.

In addition, it should be also considered that the swelling is different
for the two membranes. As observed above extruded membranes swell
more than recast membranes both in length and width (Fig. 2). This
could lead to a higher number of slightly delaminated areas for the
extruded membrane, which then would fill with gas causing additional
mass transfer issues.

3.4. Morphological studies

To better understand the role of the membrane on the interfacial
characteristics, morphological studies were carried out by both scan-
ning electron microscopy (SEM) of the MEAs cross-sections and atomic
force microscopy of the membrane surface.

The MEAs were simply cut in the middle with a knife without any
further polishing procedure. A good adhesion of the electrodes to the
membrane was observed in the SEM analysis of the fresh MEAs cross-
sections (Fig. 10a–b). Both anode and cathode layers appear compact
but also characterised by a good porosity. This porosity is also deriving
by the formation of an intimate mixture between the catalyst powder
and the Aquivion® ionomer dispersion. The ionomer inside the catalytic
layers, having the same composition of the membrane, plays a para-
mount role in favouring an electrode bonding to the membrane. This is
also enhanced by the hot pressing treatment of the MEA at a tem-
perature higher than the Aquivion® glass transition temperature. De-
spite the precious metal loading is much lower at the cathode, the
thickness of this catalytic layer is not significantly lower than that of the
anode because Pt is supported on a high surface area carbon char-
acterised by high specific volume whereas the anode catalyst is un-
supported. The SEM cross-section of the recast MEA, after almost
2500 h operation, shows some delamination at the cathode (Fig. 10c).
However, this is simply because the cathode layer sticks more strongly
to the diffusion layer backing than the membrane and, during the cell
dismantling, this gives rise to a delamination from the membrane. Also
part of the anode particles remained in the Ti foam after cell

Fig. 6. Polarisation curves (a) and ac-impedance spectra at 1.5 V (b) and 1.8 V
(c) at 80 °C of the MEAs with extruded and casted membranes.
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dismantling.
The SEM images indicate for the fresh MEAs an intimate contact

between the catalytic layer and the membrane ionomeric clusters. Thus,
there are no relevant features that may allow to interpret the differ-
ences observed between these MEAs in the durability studies.

An AFM analysis in the tapping mode was thus carried out on the
outer surface of the membranes only. The aim was to get insights into
the different surface roughness. Figs. 11 and 12 show the topographical
images of the surface of Aquivion® membranes prepared by extrusion or

casting procedures and designed for electrolysis applications. The ex-
truded membranes showed similar morphology features on both faces
whereas the casted membranes revealed just slight differences for the
two faces as evident from the roughness analysis reported in Table 4.
Essentially, one face of the recast membrane is slightly affected by the
characteristics of the substrate where the membrane was deposited.
This is especially evident at a macroscopic scale. As reported in the
experimental part, the membrane side casted on the glass substrate was
coated with the cathodic ink during the catalyst-coated membrane
preparation.

The AFM images on the smaller scale (1 μm×1 μm) show the su-
permolecular structure of the membrane (Figs. 11 and 12). Typically,
this is made of spherical grains of a diameter in the range of tens
nanometers surrounded by interstitial regions of smaller thickness. On
the larger scales (10 μm×10 μm and 50 μm×50 μm), the macroscopic
properties of the membrane surface are visualised (Figs. 11 and 12).

Several AFM studies of the PFSA membranes have been reported in
the literature [53–56]. This technique has allowed visualising the
membrane morphology at high magnification without causing sig-
nificant degradation contrary to what occurs with electron beams. The
polymer chains of the PFSA systems consist of a perfluorinated back-
bone with side chains bringing terminal ionic groups. This structure
gives rise to a phase separation during membrane fabrication. The
sulfonated ionic clusters of the hydrophilic ionic phase allow proton
conduction in the presence of water through this interconnected net-
work. These features can be recognised using the AFM technique. The
polymer chains of Aquivion® have been reported to be more crystalline
than Nafion® [33]; these form dense bundles of some nanometers size
providing mechanical strength to the polymeric film [53–56].

The properties of the Aquivion® membrane with equivalent weight
of 870 EW have been widely investigated for fuel cell applications by
Hiesgen et al. [55,56]. The lamellar structure of the fluorocarbon chains
in Aquivion® and the ionic side groups distribution was studied in great
detail [55,56]. Under equilibrium conditions, a surface morphology
made of a lamellar stacking of backbone sheets and ionic side groups
was observed. Not many AFM studies have been yet reported on
Aquivion® membranes with equivalent weight of 980 eq g−1 and 90 μm

Fig. 7. Impedance contributions as function of temperature at low (a,b) and high voltages (c,d) for the extruded (a,c) and recast (b,d) membrane-based MEAs as
function of temperature.

Table 2
Impedance parameters as function of temperature at 1.5 V for the extruded E98-
09S and recast R98-09S membrane-based MEAs as function of temperature.

Cell Potential
1.5 V

Extruded E98-09S membrane Casted C98-09S membrane

T/°C Rs/Ω cm2 Rp/Ω cm2 Rtot/Ω
cm2

Rs/Ω cm2 Rp/Ω cm2 Rtot/Ω
cm2

25 0.137 1.548 1.685 0.122 1.122 1.244
40 0.111 0.599 0.710 0.102 0.463 0.565
60 0.088 0.158 0.246 0.083 0.134 0.217
80 0.073 0.066 0.139 0.070 0.059 0.129
90 0.069 0.062 0.131 0.065 0.056 0.121

Table 3
Impedance parameters as function of temperature at 1.8 V for the extruded E98-
09S and recast R98-09S membrane-based MEAs as function of temperature.

Cell Potential
1.8 V

Extruded E98-09S membrane Casted C98-09S membrane

T/°C Rs/Ω cm2 Rp/Ω cm2 Rtot/Ω
cm2

Rs/Ω cm2 Rp/Ω cm2 Rtot/Ω
cm2

25 0.130 0.044 0.174 0.118 0.049 0.167
40 0.108 0.032 0.140 0.103 0.036 0.139
60 0.087 0.019 0.106 0.083 0.025 0.108
80 0.073 0.017 0.090 0.072 0.017 0.089
90 0.069 0.015 0.084 0.068 0.015 0.083
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thickness specifically designed for electrolysis application. These fea-
tures are shown in Figs. 11 and 12.

In general, the topographical images of both membranes show the
typical surface characteristics already evidenced by Hiesgen et al.
[55,56] for Aquivion® polymers of lower EW used in fuel cell applica-
tions. However, a significant difference in surface roughness was ob-
served between the extruded membranes and recast membranes. The
AFM images showed a significantly higher surface roughness (Ra) for
the extruded than the casted membrane, at both sides (Table 4). The
roughness of the extruded membrane was more than three times that of
the casted membrane at both 1 μm and 10 μm scales; it was also larger
at the 50 μm scale. It is observed that the membrane water uptake and
its related dimensional swelling, in terms of length and width, are also
larger for the extruded membrane. It is hypothesised that these prop-
erties may be correlated and they influence the different conductivity
behaviour at low R.H. (Fig. 1).

The presence of larger pores and voids in the extruded membranes
surface would suggest that more catalyst could penetrate inside the
membrane outer layers during the hot pressing MEA fabrication step.
This in principle would suggest a larger extension of the catalyst-

electrolyte interface [57] but, indeed, it may result in a lower intimate
contact between the nanometre-sized catalyst agglomerates and the
ionomer clusters of the membrane [55]. Moreover, since the membrane
is a much more dense material than the catalyst-ionomer composite
layer (see SEM images of the cross-sections in Fig. 10), the gas gener-
ated at the interpenetrated interface can escape less easily causing mass
transfer issues that reflect into the larger reversible losses [51]. These
are observed in a larger extent in the durability study of the extruded
membrane-based MEA. It appears that the different surface properties
of the membranes affect in some extent the activation characteristics of
the MEAs in the polarisation curves (pseudo-steady state behaviour)
producing better performance in the low current density region for the
recast membrane-based MEA. The surface roughness appears to influ-
ence in a greater extent the evolution of the cell voltage with time, at
high current density, during the steady-state durability tests showing
lower reversible losses, or lower cell voltage rise with time, in the case
of the recast membrane-based MEA.

Another important effect is related to the difference in swelling for
the two membranes. As mentioned above the larger swelling occurring
in the extruded membrane could lead to a higher number of slightly
delaminated areas that upon filling in with the produced gas can give
rise to mass transfer issues.

3.5. Hydrogen crossover under differential pressure

The MEAs based on the extruded and recast membranes were also
characterised in terms of hydrogen permeation during electrolysis op-
eration at high differential pressure. For specific power-to-gas appli-
cations where hydrogen is injected into the natural gas grid, a moderate
operating pressure is sufficient for the electrolysis system [9]. Gen-
erally, the natural gas grid operates at a pressure lower than 10 bar at a
local level. However, for electrolysis applications in refuelling stations,
a large pressure is appropriate to reduce the energy consumed in the
downstream mechanical compression of the hydrogen gas [8,9].

A large operating pressure for the PEM electrolysis system is char-
acterised by some drawbacks especially in terms of a more expensive
stack and balance of plant. The increased stack cost derives from the

Fig. 8. Comparison of the series (Rs) and polarisation (Rp) resistance for the extruded and recast membrane based MEAs as function of temperature.

Fig. 9. Durability tests at 1, 3 and 4 A cm−2 and 80 °C for two different mem-
brane-based MEAs in the water electrolysis cell.
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more demanding materials properties (special coatings to avoid H2

embrittlement), stack design and sealing [12]. Other drawbacks

concern with the increased energy consumption by the auxiliary
equipment and the loss of faradaic efficiency. Usually, most of the
conventional electrolysers operate between 20 and 30 bar [9]. Thus, the
MEAs based on the extruded and recast membranes were operated at
20 bar differential pressure (pressurised hydrogen and non-pressurised
oxygen). The concentration of hydrogen in the oxygen stream at the
anode, permeation rate and faradaic efficiency were compared for the
two membranes as a function of the operating current density. The
estimation of hydrogen cross-over rate under high differential pressure
operation provides useful information about the practical applications
of these polymer membranes in electrolysis systems [58–61].

The concentration of permeated hydrogen in the oxygen stream at
the anode (Fig. 13), is comparable for the investigated MEAs, in a wide
range of current densities (1–4 A cm−2). Although the flammability
limit is 4% vol. H2 in O2 at ambient pressure and temperature
[10,11,27,31], it is not appropriate exceeding a concentration of 3%
vol. H2. More specifically, the lower explosion limit of H2 in oxygen has
been estimated in 4.0% at 20 °C and 1.0 bar, 3.8% at 80 °C and 1.0 bar,
and 5.2% at 80 °C and 20.0 bar [62,63]. Inset of Fig. 13 shows the in-
crease of H2 fraction in O2 in a temperature window from 60 to 80 °C at
4 A cm−2; hydrogen concentration increases of 0.005 vol %/°C and is
however well below the safety limit of 3 vol %. Considering a nominal
current density of 3 A cm−2, the minimum partial load operation for
both extruded and recast membranes is about 20%, i.e. 600mA cm−2.
This is the minimum operating current density at 20 bars differential
pressure. Such minimum partial load of 20% is similar to what is
generally reported for conventional electrolysis systems (> 20%)
[9,61]. Of course, if a nominal current density of 4 A cm−2 is selected,
the minimum partial load operation can be as low as 15%. This may
provide a slightly better flexibility for grid-balancing service [61]. The
extruded membrane shows slightly lower gas permeation than the re-
cast membrane at very low current density (0.15 A cm−2) extending
little bit the safety range compared to the recast membrane. As above
discussed, the effect of melt extrusion can be relevant since stretching of
the wet, softened membrane and drying between the rolls can give rise
to constraining forces inducing membrane properties different than in
the case of the recast membrane [64]. In both cases, the hydrogen
crossover rate (Fig. 14a) does not affect significantly the faradaic effi-
ciency (Fig. 14b) that remains above 99% in a wide range of operation,
especially at high current densities, for both systems.

It is observed in Fig. 14a that the permeation of hydrogen increases
progressively with the current density. This is very likely due to the
increased supersaturation of H2 in the cathode layer as a function of the

Fig. 10. SEM cross-sections of the fresh extruded (a) E98-09S and casted (b)
membrane as well as of the used casted membrane after about 2500 h operation
at high current density (3–4 A cm−2) (c).

Fig. 11. AFM studies in the tapping mode of the extruded (E98-09S) membrane surface: 3D (upper) and 2D (bottom) topography.

S. Siracusano, et al. Journal of Membrane Science 578 (2019) 136–148

145



hydrogen production rate [28]. Such phenomenon is a consequence of
the occurrence of mass transport limitations within the catalyst-io-
nomer film [28].

The observed hydrogen cross-over values are similar to those

recorded for thicker PFSA membranes under similar operating condi-
tions [28]. These low gas cross-over characteristics combined to the
proper voltage efficiency and suitable electrochemical stability at high
current density, observed especially for the recast Aquivion® mem-
brane, suggest that this approach can be promising for reliable high
current density operation at high differential pressure of electrolysis
cells.

Oxygen crossover through the two membranes at ambient pressure
was also measured at 60 °C according to a method reported in the lit-
erature [65]. Oxygen permeation was significantly lower than hydrogen
crossover and comparable for both membranes (2.1 ± 0.2·10−13 and
2.3 ± 0.2·10−13 mol cm−1 s−1 KPa−1 for E98-09S and C98-09S, re-
spectively). The levels of oxygen permeation through the membrane
could be even lower when a differential pressure is applied (pressurised
hydrogen, non pressurised oxygen). Oxygen pressurisation (balanced
pressure) is avoided in the present experiments to reduce oxidation of
titanium plates/foams, which is relevant under pressurised oxygen
especially when the cell temperature is increased, and to reduce the risk
of safety issues.

4. Conclusions

Extruded and recast short-side chain proton exchange Aquivion®

membranes have been assessed in membrane-electrode assemblies with
regard to their operation at high current density in water electrolysis
cells. The membranes were characterised by proper mechanical
strength for high-pressure operation and good conductivity to minimise
ohmic losses at high current densities. Both membranes have shown a
similar voltage efficiency (> 80%) at temperatures of 80–90 °C and
high current density (3–4 A cm−2); whereas, the recast membrane was
slightly better performing in the activation region of the polarisation
curves. At low temperatures, at practical operating conditions (1.8 V),
the recast membrane showed lower series resistance but slightly higher
polarisation resistance than the extruded membrane under electrolysis
conditions. The membrane thickness of 90 μm was appropriate to
minimise hydrogen concentration in the oxygen stream at suitable
differential pressure during operation and practical current densities
(1–4 A cm−2). Hydrogen permeation studies at a differential pressure of
20 bar showed low concentration of H2 in the oxygen stream for both
membranes (< 2%) at 1–4 A cm−2 and proper faradaic efficiency>
99%. Different swelling properties and morphological characteristics of
the extruded and recast membrane surfaces could have caused different
interaction with the catalytic layers. This appeared to have an influence

Fig. 12. AFM studies in the tapping mode of the casted (E98-09S) membrane surface: 3D (upper) and 2D (bottom) topography.

Table 4
Roughness properties of extruded and recast membranes derived from the AFM
analysis.

Membrane Dimensions of the analysed
area

Roughness analysis mean
value Ra/nm

E98-09S 1 μm×1 μm 1.48
E98-09S 10 μm×10 μm 8.12
E98-09S 50 μm×50 μm 13.70
C98-09S side A 1 μm×1 μm 0.48
C98-09S side A 10 μm×10 μm 0.57
C98-09S side A 50 μm×50 μm 10.00
C98-09S side Ba 1 μm×1 μm 0.61
C98-09S side Ba 10 μm×10 μm 1.66
C98-09S side Ba 50 μm×50 μm 2.96

a Side B is the part of the casted membrane that was in contact with the glass
substrate during the casting procedure.

Fig. 13. Hydrogen concentration in the O2 stream at the anode as function of
current density under a 20 bar differential pressure (pressurised H2, non-pres-
surised O2). The inset shows the variation of the H2 concentration in the O2

stream of MEA containing recast membrane in the range of temperatures
60–80 °C at 4 A cm−2 with a 20 bar differential pressure.
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on the occurrence of recoverable losses during durability studies at high
current density with the recast membrane showing better stability.
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