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Abstract: Low-temperature electrolysis by using polymer electrolyte membranes (PEM) can play an
important role in hydrogen energy transition. This work presents a study on the performance of a
proton exchange membrane in the water electrolysis process at room temperature and atmospheric
pressure. In the perspective of applications that need a device with small volume and low weight, a
miniaturized electrolysis cell with a 36 cm? active area of PEM over a total surface area of 76 cm? of the
device was used. Hy and O, production rates, electrical power, energy efficiency, Faradaic efficiency
and polarization curves were determined for all experiments. The effects of different parameters such
as clamping pressure and materials of the electrodes on polarization phenomena were studied. The
PEM used was a catalyst-coated membrane (Ir-Pt-Nafion™ 117 CCM). The maximum H, production
was about 0.02 g min~! with a current density of 1.1 A cm~2 and a current power about 280 W.
Clamping pressure and the type of electrode materials strongly influence the activation and ohmic
polarization phenomena. High clamping pressure and electrodes in titanium compared to carbon
electrodes improve the cell performance, and this results in lower ohmic and activation resistances.

Keywords: electrolysis; green hydrogen; O, production; proton exchange membrane; renewable
energy; ohmic and activation resistances

1. Introduction

Hydrogen produced without CO, emissions can play an important role in the next
years for reaching the target of decarbonization and climate neutrality. In March 2020,
the European Commission proposed the Clean Hydrogen Alliance (CHA) as a strategy
for developing a network between research, private companies and public institutions to
promote hydrogen technology [1-3]. Over the next 30 years, hydrogen can drive the green
revolution thanks to its endless potential applications in the industrial energy and transport
sectors. The “hydrogen economy” can be the solution to environmental problems and a
strategy for zero greenhouse gas (GHG) emissions by 2050 [4].

Hydrogen can be produced by a variety of processes, with or without associated
greenhouse gas emissions, depending on the technology and energy source used [5]. “Grey
hydrogen” is produced by fossil fuels (mostly natural gas and coal), causing emission of
carbon dioxide, while “blue hydrogen” is produced from natural gas or steam reform-
ing processes, combined with carbon capture and storage procedures (CCS) [6]. Today,
73.9 million tons of hydrogen are produced in the world, of which 96% comes from grey
and blue hydrogen, while only 4% of the produced hydrogen is green. From a climatic
and environmentally friendly point of view, “green” hydrogen, generated by electrolysis of
water, using electricity from renewable energy sources such as solar photovoltaic, wind and
hydropower, is the most interesting, with the production of only oxygen as a byproduct.
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The additional advantage of green hydrogen is that it can store the excess of renewable
energy over days, allowing consumers to use the surplus of renewable energy converted,
even when there is no wind or sun [7]. In fact, hydrogen is recognized as an energy carrier
and it can deliver or store a large amount of energy. Moreover, the combination of Proton
Exchange Membrane (PEM) fuel cells and PEM electrolyzers provides a back-up system
for renewable energy sources, avoiding intermittency: electrolyzers convert the excess of
energy from renewable energy sources into hydrogen, and PEM fuel cells use this hydrogen
to convert it back into electricity when it is needed [8]. The current cost of grey and blue
hydrogen is between 1.20 USD and 2.40 USD/kg depending on the cost of CCS [9]. On
the other hand, the cost of green hydrogen is still high, about 6.00 USD (5.09 EUR) per
kilogram of Hj, produced [3], more than half of the cost of traditional electrolyzers is given
by the stack investment [10]. However, with decreasing cost of electrolyzer elements and
improving efficiency of PEM membranes (PEM), electrolyzers can reduce the price of green
hydrogen down to less than 2.00 USD/kg by 2030, becoming competitive with grey/blue
hydrogen [11].

The first proton exchange membrane (PEM) electrolyzer was used in space for the
Gemini mission (NASA) in 1960, and still today, electrolysis is attractive in the aerospace
sector because hydrogen is one of the main fuel for spacecrafts, and oxygen is necessary for
all manned missions [12-14]. Since then, the use of hydrogen in the aviation and aerospace
industry has received big interest. In 1988, the Soviet Union launched the Tupolev Tu-155
project, which was the first experimental aircraft in the world operating with hydrogen [15].
Consequently, a number of different projects based on the use of hydrogen as a propellant
were proposed, such as CRYOPLANE (Europe- 2000), Hy-Shot (Australia- 2001), NASA
X-43 (USA- 2004) and Phantom Eye (USA- 2013) [5]. The use of hydrogen for aviation and
space exploration has the potential to significantly reduce aviation’s climate impact. At
the same time, the development of this technology for space exploration, where reduced
size and weight are extremely important, can be the incentive for improving the efficiency
of the electrolyzer and reducing its cost-efficiency ratio compared to that of grey and
blue hydrogen.

Different technologies are available for water electrolysis, and each is in a different de-
velopment stage. Alkaline electrolyzers represent the state of the art, and proton exchange
membrane (PEM) technologies are in a developmental stage, while solid oxide electrolyzers
are still in the research and development phase [6,16]. PEM electrolyzers may provide a
range of advantages compared to the other electrolysis technologies. It can operate at much
higher current densities, reducing the operational cost and the overall cost of electrolysis.
PEM electrolyzers work under a wide range of power input, responding quickly to the
power input. Finally, a solid membrane electrolyte allows a compact and mechanically
resistant system design, suitable for operation at high pressures [4]. The maximum amount
of hydrogen produced is directly correlated to the current, but the power needed is the
product of the current and the voltage over the membrane cell. Therefore, in the evaluation
of PEM electrolysis performance, the polarization curves provide important information of
the energy efficiency on the system. In 1973, Russel et al. presented the first study on the
PEM performance in the electrolysis process [17]. They reported the first voltage-current
profile (polarization curve) at 48.8 °C. Since then, many other works were reported, usually
operating above room temperature [18] because electrolysis at elevated temperatures has
kinetic and thermodynamic advantages in the water splitting reaction [19]. In most studies
about PEM performance, an excess of water is supplied to the system and recirculated to
remove any waste heat [17]. Moreover, the water temperature is maintained at 80 °C for
facilitating the water splitting reaction [20-22], and many studies are carried out on large
dimensions and heavy electrolyzers [23,24]. However, low temperature PEM electrolysis
is one of the most promising candidates for producing renewable hydrogen with a lower
investment in energy consumption [25]. In 2012, N. Mamaca et al. evaluated the electrolysis
performance of a 50 cm? Nafion™ 115 CCM at room temperature and atmospheric pressure
by using a low current (1-5 A) [26]. They were able to feed 5 A, obtaining a cell voltage
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of 2.44 V. Recently, Selamet et al. reported a study of five-cell stack and ten-cell stack
electrolyzers at room temperature [23]. The cell stacks showed a voltage of about 10 and
19 V, respectively, for a current density of 1 A cm~2 at 20 °C. The scope of all researchers in
the PEM electrolysis process is to reduce the voltage-current profile in order to obtain a high
energy efficiency of the electrolyzer [27]. In this work, we investigated the performance of a
small and lightweight electrolyzer in view of a potential use in space application, in which
small volume and low weight are required. For size and practical reasons, the system had
no water recirculation and used a high electrical current to reach high hydrogen production.
A catalyst-coated membrane (CCM) was characterized simultaneously under the following
conditions: without a water recirculation system and without providing external heat in
miniaturized electrolyzer, by using a wide current range (1-40 A). We characterized the
system, in terms of H, production, energy efficiency and Faradaic efficiency. The final aim
was to study polarization phenomena that can occur during the water electrolysis process
and to understand the key factors that can mitigate these phenomena.

2. PEM Electrolysis Background
2.1. Principle of PEM in Water Electrolysis

In the PEM water electrolysis process, water is electrochemically split into hydrogen
and oxygen at their respective electrodes: hydrogen at the cathode and oxygen at the
anode side. The core of the process is the membrane, which ensures the efficient transport
of protons, working as an electrically insulating barrier for the gases produced (and for
electrons). The water is fed into the anode side where it is spilt into oxygen (O;), protons
(H*) and electrons (e ™) for the oxygen evolution reaction (OER). These protons move via
proton exchange membrane to the cathode side. The transport of protons is closely related
to the water transport through the membrane. The most accepted modes of membrane
protons’ transport is the Grotthuss mechanism, in which hydronium (H3O™) is formed by a
hydrated sulfonate group, contained in the polymer structure, and subsequently jumps to
the next sulfonate group combined with a vehicular mechanism in which protons move
through the membrane together with the water hydration molecules, until being released
at the cathode side [28]. The electrons leave the anode through the external power circuit,
which provides the driving force (cell voltage) for the hydrogen evolution reaction (HER).
At the cathode side, the protons and electrons recombine to produce hydrogen, following
the mechanism shown in Figure 1. (3) In a PEM electrolyzer, key components are the
electrodes working as current collectors and a gas diffusion layer. Water diffuses via these
electrodes at the anode side while gases produced at the catalyst coated layers outgone the
cell through them. Moreover, they must be providing an electron conduction path. The
corrosive environment due to the acidic environment, high over potential and presence
of oxygen (at anode side) create specific issues in electrode material selection, and current
collectors together with separator plates are responsible for about 48% of the cell capital
cost [4]. Typically, in PEM water electrolysis, porous titanium plates are used due to their
good electrical conductivity, elevated mechanical stability and high corrosion resistance
under acidic conditions [29,30]. In this work, we compared titanium electrode with carbon
electrodes at the cathode side.

Moreover, PEMs for the electrolysis process must possess the following desirable prop-
erties: high proton conductivity to reduce ionic transport resistance, electronic insulating
properties, adequate mechanical and chemical stability under long-term operating condi-
tions, low crossover of oxygen and hydrogen, and production costs compatible with the
intended application. The membranes usually used in the water electrolysis are membranes
based on perfluorosulfonic acid polymers (PFSA) because they guarantee high proton
conductivity conjugated with elevated chemical resistance [31].

PFSA with different chemistry (long and short and short side chain) and thickness
(from tens to hundreds of micrometers) are commercially available today and show strong
structure/property relationships [32-34]. One of the main limitations of PFSA membranes
is their elevated cost due to the complex fluorine chemistry involved in their fabrication.
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However, despite the numerous lab-scale investigations on nonfluorinated membranes
for fuel cells and membrane electrolyzers, they still remain benchmark materials for these
applications due to their unique transport properties and stability. Thinner PFSA could
reduce ionic transport resistance and, consequently, energetic efficiency of the electrolyzer.
An additional advantage in the use of thinner membranes is their lower cost. However,
they could also increase reactant crossover and durability issues (pinhole defects). In
this work, a Nafion 117 membrane with a thickness of 180 um was selected as the cation
exchange membrane for water electrolysis because it offered a good compromise between
ionic conduction, barrier properties and chemical resistance over a long time.

o= H, - = ®  CATHODE
i ANODE @_@..I '_@_@
2 + % -—
.
A HO 0, ® 3 H.
o) ] P
v oo o '[/’ T
)\) ) \J . HH %
o | =54 ’
. T
s, —mT H,0 -> 2H* + % 02 +2e" Anode
¥ N _
u 2H* +2e"->H, Cathode
H,0->H, +% 0, Total reaction

Membrane

Figure 1. Working principle of a PEM electrolyzer.
Water splitting is an endothermic reaction and can be schematized as follows [4]:
H,O (1) + AH — H; (gas) + 1/2 0, 1)

where, AH is the enthalpy of the reaction, which must be provided to the water for dissoci-
ating into hydrogen and oxygen. The enthalpy of the reaction can be calculated as:

AH = AG + T AS ()

where AG is Gibbs free energy, T is temperature (K) and AS is entropy of the reaction. Gibbs
free energy is the minimum energy required to decompose the water, and is reversible. The
minimum voltage needed to provide the energy required for water splitting is about 1.48 V [35].
In water electrolysis, Faradaic efficiency is a quantitative measure used to express
how many electrons are transported via the external circuit to the surface of the electrode,
in relation to how many are needed to conduct the electrochemical reaction. Therefore,
Faradaic efficiency can be defined as the ratio between experimental volume of gas pro-
duced (hydrogen or oxygen) and the theoretical calculated volume of gas, as follows

VH, (produced
rlpumduy(%) = V 2 (}77’0 ucei ) % 100 (3)
H, (theoretical)

where V, theoretical is calculated from Faraday’s second law:

V-1t
VH2 (theoretical) — “OF 4)

where V) is molar volume of the gas (L mol 1), T is temperature expressed in Kelvin, P is pressure
(atm), ¢ is time (s), I is applied current (A) and F is the Faraday constant (96.485-10° s A mol 1)
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The energy efficiency of the system is calculated from the ratio between the energy
that can be produced by the combustion of hydrogen formed and energy consumed in the
electrolytic process as reported in the following equation

Energy produced o
Energy used

Ne(%) = 100 ®)

The energy produced is calculated as the product of the quantity of hydrogen formed
per unit of time and its higher heating value (HHVyy, = 41.8 MJoule kg~ !). The energy
used corresponds to the electrical power P.

P=IxV (6)

This is the energy necessary for transferring the electrons in an electric circuit thanks
to the driving force generated by the voltage difference. The cell voltage, V, is the driving
force of the reaction and yields the resistance of the cell-membrane system via Ohm’s first
law:

vV

R=— ?)

where R is the resistance (Ohm).

2.2. Polarization Curve for PEM Electrolysis

In PEM electrolysis processes, the hydrogen production rate is directly related to
current drawn by the electrolyzer. However, polarization phenomena make that the
operating voltage is not constant but increases with the current, and the power consumption
of the cell does not increase linearly but increases more and more at high current densities.
The increase of the voltage as a function of the current density determines the so-called
polarization curve, shown in Figure 2. Three distinct regions exist, each of them related to
one of the three different polarization types.

24 -
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22 1

21 -- Ohmic polarization

20 %

V [volt]

19 +
18 3
1.7 +

16 1

_I’ Activation polarization

1.5 4
0 0.2 0.4 0.6 0.8 1 1.2 14 16 1.8

Current density [A/cm?]

Figure 2. Typical polarization curve for a PEM electrolyzer.

The initial increase step is attributed to the barrier for the electron transfer reactions
occurring at the electrodes. This is referred as the “activation polarization region” [36].
As the load resistance is decreased further (i.e., at increased current density), there is a
range where the voltage increases almost linearly with the current. This is referred to as
the “ohmic polarization region”, where the current is limited by the internal resistance to
ion flow [36]. With further increasing current, it reaches a limiting value where the mass
transfer of reactants to the electrode/electrolyte interface limits the reaction. This is known
as “concentration polarization region” [37]. Cells that exhibit nonlinear behaviour at higher
currents exhibit polarization, and the degree of polarization is given by an overvoltage,
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or overpotential, which represents the difference between the theoretical and effective
potential required.

3. Materials and Methods
3.1. Proton Exchange Membrane

The catalyst-coated membrane (CCM) used for electrolysis test was a commercial
Nafion™ 117-based proton exchange membrane purchased from Quintech (Figure 3A,B).
The membrane contained 1 mg cm =2 of platinum (Pt) on the cathode side and 2 mg cm 2
of iridium (Ir) with carbon on the anode side and is abbreviated as Ir-Pt-CCM of Nafion™ 117.

Q
k! 0
CFz, o _CFy ff
FC H“CF o =) =
| / o
CFs HO
Coated catalyst membrane Polymer structure
(A) (B)

Figure 3. (A) Image of Ir-Pt-CCM of Nafion™ 117; (B) chemical structure of Nafion™ 117.

3.2. Electrodes

Two different electrodes for the cathode side were used. The titanium electrode
(Titanium-E) was characterized by an Ohmic resistance of 0.2 Ohm, and the carbon electrode
(Carbon-E) had an Ohmic resistance of 1.4 Ohm (Table 1). Both resistances were an average
of the Ohmic resistances calculated by means of an Ohmmeter device in ten different points
of the electrode surface. Titanium-E and Carbon-E were both purchased from Quintech.

Table 1. Types of electrodes used for the cathode side.

Code Name Picture Ohmic Resistance, (Ohm) Thickness, (um)

Titanium-E 0.2 250

Carbon-E 14 250

3.3. Electrolysis Setup

The electrolysis cell was provided by DeltaE S.r.l. and had small dimensions with a
total size of 87 x 87 x 15 mm and a weight of ca. 200 g. Figure 4 shows the components of
the electrolyzer with a schematic representation of the electrolyzer setup. The effective area
of the Ir-Pt-Nafion™ 117 CCM was 36 cm? and was in contact with two porous titanium
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electrodes that worked as anode and cathode, respectively. The electrodes were in direct
contact with the current collectors. A Voltcraft DPPS-16-60 power source was used to
provide the electrical current. Teflon seals and terminal aluminium plates with 12 bolts
ensured a homogenous compression of the cell. The anode side presented an inlet and
outlet connections for feeding water and collecting O,, respectively. The supply of water
was provided when needed by means of a prefilled syringe. The cathode side had a single
outlet to collect the produced H;. The produced gases diffused away from the membrane
through the two porous titanium electrodes. The desired current was set, and the resulting
voltage was recorded during each experiment using the SLAB software program. The
temperature was externally measured on the surfaces of the the anode and cathode side
with thermocouples. The gas flows were measured manually with bubble flow meters
and were converted into STP units, taking into account the atmospheric temperature and
pressure during each measurement.

(A)
0-0 + = o=oH,
Bubble ]
Flow = Bubble
Meter Flow
-\ Meter
(B)

Water tank

[rc] | ]

Temperature
sensors

Figure 4. (A) Electrolyzer cell elements: CCM (1), titanium porous electrodes (2a, 2b), teflon seals
(3a, 3b, 5a, 5b), cathodic (4a) and anodic (4b) current collectors, end plates (6a, 6b). (B) Schematic
view of the experimental setup for the electrolysis tests.
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3.4. Chemical and Morphological PEM Analysis

Chemical and morphological analysis of the membrane was performed by scanning
electron microscopy (Phenom Pro X desktop SEM, Phenom-World). Elemental analysis
was performed with the built-in energy dispersive X-ray spectroscopy detector (EDX). The
samples for analysis of the cross-section were freeze-fractured in liquid nitrogen.

4. Results and Discussion
4.1. Chemical and Morphological Characterization of PEM

Figure 5 shows the surface morphology of the anode catalyst layer (Ir catalyst mixed
with Nafion™ ionomer) and the cathode catalyst layer (Pt/C catalyst mixed with Nafion™
ionomer). The surface of the catalyst layer showed a cauliflower morphology, typical
for this kind of membranes in which the surface is coated with a metal catalyst [38]
(Figure 5A,C). The cross-section of the membrane shows a thickness of about 179 pm for
the Nafion™ 117 polymeric layer, and a few microns for the iridium and platinum catalyst
layers (Figure 5B). The EDX analysis showed the typical peaks of iridium on the anode side
and platinum on the cathode side (Figure 5A,C, respectively).

4.2. Electrolysis Performance

Figure 6A shows the Hy and O, production rate as a function of the electrical current
for the Ir-Pt-Nafion™ 117 CCM. Increasing the current from 1 to 40 A yielded a propor-
tional increase in Hy and O, production, up to the maximum value of 0.024 g min~! and
0.18 g min~!, respectively. Over the entire range, these gas productions as a function of
the current were close to the theoretical amount of gas produced according to (4), and the
Faradaic efficiency varied in the range between 88% and 98% (Figure 6B).

Slight fluctuations in the Faradaic efficiency were probably related to the change in
temperature that occured during increased electrical current run (Figure 7C).

While increasing the electrical current from 1 to 40 A, cell temperature increased from
20 to 60 °C (Figure 7C). The increase in temperature was due to the system absorbing
electrical power and converting it into heat. During operation at high current density and
well above the thermoneutral potential, all the heat is provided by the internal production
of thermal energy as a consequence of the exothermic process [19]. For this reason, greater
electrical power was necessary for conducting the reaction, which increased rapidly with
increasing electrical current, from 5 W at 1 A to 280 W at 40 A (Figure 6C). Consequently,
the energy efficiency calculated by (5) decreased from an initial value of 75% to 25% at the
highest current (Figure 6C).

The decreased energy efficiency was a direct consequence of the increased cell voltage,
shown in the polarization curve (Figure 7A), which caused a nonlinear increase in the
required power, while the hydrogen production increased linearly. The Ohmic resistance
decreased as a function of the current density. This was due to the increased temperature,
which decreased the ohmic membrane resistance and increased the kinetic diffusion of
protons trough the membrane (dragging effect) [39]. In our case, we could assume that there
was no significant concentration polarization because we did not observe significant loss in
hydrogen production, and almost all reactants (electrons and protons) were converted into
products (Hy and O,). However, an activation polarization type and an ohmic polarization
phenomena took place, as in Figure 7A. Ohmic polarization occurs when the reactant
species do not reach the surface of the electrode quick enough or the species produced
do not move away from it fast enough to maintain the desired current. This behaviour is
usually due to the presence of a gap in the transport of electrons from the current collectors
to the electrodes on the membrane surface, and the resulting higher voltage generates
extra heat, according to (6). This gap in electron transport is due to poor interface contacts
between current collectors and electrodes on the membrane surface [35]. Moreover, the
overpotential observed in the activation phase highlighted the need for 2V, instead of the
theoretical value for activation of electrolysis reaction, equal to 1.48 V. This difference of
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about 0.55 V could be due to the resistivity of the gas diffusion layers, and resistivity of the
membrane, each typically contributing more than 0.3 V over the theoretical voltage [40,41].

ke

o 1 2
163571 counts in 60 seconds

©)

Figure 5. SEM and EDX analysis of the surface at a magnification of 500 x and an accelerating voltage
of 15 kV for the anode side (A) and cathode side (B), and cross-section (C) of CCM at magnification
of 1000x and an accelerating voltage of 15 kV for the Ir-Pt-Nafion™ 117 CCM.
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4.3. Effect of Clamping Pressure

Because of the high voltages observed, different clamping pressures of 11, 23 and
34 bar were applied to the electrolyzer cell in order to minimize the interface resistances
and to improve the electrolysis performance. The clamping pressure (Pc) can be calculated
from clamping force (Fc) applied on the cell, divided by the area of the cell.

P. = F c/ Ac (8)
(A) (B) ©
10 2 70
9 ¥ 60 1 o
s 1
73 . T S
E‘G e »> @ U
. —_ £ wi
Ssi . S - )
>.1 ° = 07
3+° 20 ¥
PEEN 05 T+
10 +
13
0 : : : o ; ' 0 t t
0 0,5 1 15 2 ° 20 20 60 0 20 40 60
Current density [A/cm?] I[A] I[A]

Figure 7. (A) Polarization curve for the Ir-Pt-Nafion™ 117 CCM electrolyzer test; (B) resistance of the
system as function of the current; (C) temperature increase as function of the current.

The clamping force was calculated from the sum of the force exerted by each bolt, by

the following equation:
FF=Nxt/fxD )

where N is the number of bolts symmetrically distributed over the area of the cell, T is the
torque applied to each bolt (N-m) by a torque wrench, f is the friction coefficient (0.2 for
steel bolts), and D is the nominal bolt diameter (m) [28].

The cell voltage necessary for activating the electrolytic reaction decreased from 3 to
2 V by increasing the clamping pressure from 11 to 34 bar. Moreover, kinetic polarization
was drastically reduced at a higher clamping pressure, especially when a high current
was applied (Figure 8A). According to Selamet’s work about the effects of bolt torque [42],
higher clamping pressure can reduce the resistance to the transport of ionic species, thanks
to the tightening of the air gap between the cell components and to a better contact between
the membrane and the electrodes. The lower resistance at higher clamping pressure
(Figure 8B) reduced the electrical power P needed to generate Hj, especially at a high
current (Figure 8C).

(A) (B) ©)
0 3 300
11bar
25 250 .
15 4
11 Bar 2 + — 200 4
= —_ B
o £ ©
2 10+ s 3, 150
> — a
o 23Bar
23 Bar 1 N 100 ¥
5 4+ o 11lbar
05 + 23 bar 50 +
H
0 - 0 ; + 01
0 05 1 0 10 20 30 0 20 40
Current density [A/cm?] I[A] I[A]

Figure 8. Polarization curve (A); resistance of electrolyzer (B) and electric power (C) as a function of
current for the Ir-Pt-Nafion™ 117 CCM at three different clamping pressures.
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The increase in clamping pressure from 11 to 23 bar caused also a very small increase
in Faradaic efficiency and a larger one in energy efficiency (Figure 9). The latter became
similar at 34 and 23 bar as expected, energy efficiency being the direct consequence of
electrical power consumed. The high Faradaic efficiency in all experiments confirmed that
H; crossover was negligible.

4.4. Effect of Electrode Material

The effect of the electrode materials was investigated by replacing the titanium elec-
trode (Titanium-E) on the cathode side with a carbon cloth electrode (Carbon-E). H; pro-
duction as a function of the current was similar for both electrodes (Figure 10A), while the
type of electrodes significantly affected the polarization curve (Figure 10B). Voltages were
higher for Carbon-E compared to those for Titanium-E for all current values. This suggests
a higher system resistance when the Carbon-E type was used (Figure 10B). Indeed, the
Carbon-E had a resistance of about 1.4 Ohm, significantly higher compared to the 0.2 Ohm
of the Titanium-E type electrode. The higher electrical power needed for Carbon-E with
respect to the Titanium-E, the lower the energy efficiency for Carbon-E (Figure 10C,F). With
Titanium-E, the energy efficiency decreased from an initial value of 80% to 30%, while for
Carbon-E, the initial energy efficiency was already slightly lower (about 57%) and further
decreased to 25% at a current density of 0.28 A cm~2. On the other hand, the Faradaic
efficiency was slightly higher for Carbon-E, about 100%, and was almost constant with
increasing current density. This slightly higher energy efficiency for Carbon-E could be
ascribed to the hydrophobicity of Carbon-GDL, which may not interact with the amount of
water available on the membrane surface, preventing phenomena such as oxidation of gas
diffusion layer or cathode flooding and improving Faradaic efficiency [41,43].
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Figure 9. (A) Faradaic efficiency (B) and energety efficiency as a function of the current for the
Ir-Pt-CCM at three different clamping pressures.
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Figure 10. Effect of the cathode electrode material on the H; production rate (A), energy efficiency
(C), Faradaic efficiency (E), polarization curve (B), resistance (D) and electrical power (F) as a function
of electrical current (1 A,2 A and 5 A and 10 A).

5. Conclusions

The performance of a lightweight electrolyzer was studied in view of potential appli-
cations where the size and weight of the system can be critical. The work demonstrated
that a 36 cm? active area of Ir-Pt-Nafion™ 117 CCM yielded 0.024 g min~! of hydrogen at
the highest current density of 1.1 A cm~2 with an energy efficiency of 20%. The maximum
energy efficiency of 75% was obtained at the lowest current density of 0.03 A cm~2. The
system without water recirculation generated heat which favored the reaction, reducing
the ohmic resistance. Activation polarization was observed with an overpotential of 2 V
and an ohmic polarization with overpotential that increased with the increase of electrical
current. The present study on PEM water electrolysis performance showed that the follow-
ing conditions are recommended in order to reduce the activation polarization, the ohmic
overpotential and, as a consequence, to increase the energy efficiency.

A sufficiently high clamping pressure is necessary in order to optimize the interface
contact between the membrane, electrodes and current collector, to avoid a gap between
the electrolyzer components for the transport of ionic species and to yield high energy
efficiency. The increase of clamping pressure from 15 to 23 bar allowed reaching an incre-
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ment in the energy efficiency of about 20% at the lowest current density of 0.03 Acm 2
and at the highest current density of 0.5 Acm~2. Poor contact between the current col-
lector, membrane and electrodes causes ohmic polarization phenomena, decreasing PEM
electrolysis’ performance in terms of energy efficiency. This effect is more evident at high
electrical currents because of the higher number of electrons and protons. At the same time,
good contact between the current collector, membrane and electrodes decreased the voltage
necessary to activate the water splitting reaction mitigating the activation polarization.

Even the electrode materials influenced both the activation polarization and ohmic
polarization. Carbon-E had resistance higher compared to that of Titanium-E and showed
higher voltage in the region of activation polarization and ohmic polarization. Thus,
electrodes need to have low resistance to guarantee high efficiency of the electrolysis process.
The miniaturized electrolyzer for operation without water recycling and providing external
heat needs to work at a low current density to yield high energy efficiency. On the other
hand, a high membrane area is necessary to obtain elevated hydrogen production at a low
current density. For this reason, a new membrane electrolyzer design is necessary in order
to improve space packing of membranes and provide a prospective on low-temperature
water electrolysis.

Author Contributions: EE., EF, AM.,, ]J.CJ.,, AF and M.L. performed the membrane morphological
characterization under the supervision of ].C.J. and E.F,, A.E, E.E, ].C.J. and E.E. conceived, designed
and performed the electrolysis experiments. E.E., ].C.J. and E.E,, conceived, validated and curated the
data of the experiments. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the HPE—High Pressure Electrolysis project financed by a
private Italian company.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The Phenom-World B.V., Eindhoven (NL), is gratefully acknowledged for pro-
viding a Phenom Pro X desktop SEM for evaluation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahmad, KM.E; Sabli, N.; Tuan Abdullah, T.A.; Siajam, S.I.; Abdullah, L.C.; Abdul Jalil, A.; Ahmad, A. Membrane-Based
Electrolysis for Hydrogen Production: A Review. Membranes 2021, 11, 810. [CrossRef]

2. European Commission European Clean Hydrogen Alliance | Internal Market, Industry, Entrepreneurship and SMEs. Available
online: https://ec.europa.eu/growth/industry/strategy /industrial-alliances/european-clean-hydrogen-alliance_it (accessed
on 2 November 2021).

3. Kakoulaki, G.; Kougias, I; Taylor, N.; Dolci, F; Moya, J.; Jager, W.A. Green hydrogen in Europe—A regional assessment:
Substituting existing production with electrolysis powered by renewables. Energy Convers. Manag. 2021, 228, 113649. [CrossRef]

4. Shiva, K.S.; Himabindu, V. Hydrogen production by PEM water electrolysis—A review. Mater. Sci. Energy Technol. 2019,
2,442-454. [CrossRef]

5. Noussan, M.; Raimondi, P.P; Scita, R.; Hafner, M. The role of green and blue hydrogen in the energy transition—A technological
and geopolitical perspective. Sustainability 2021, 13, 298. [CrossRef]

6. International Renewable Energy Agency. Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5 °C Climate Goal;
International Renewable Energy Agency: Abu Dhab, United Arab Emirates, 2020; ISBN 9789292602956.

7. Sun, C,; Negro, E.; Vezzu, K,; Pagot, G.; Cavinato, G.; Nale, A.; Herve Bang, Y.; Di Noto, V. Hybrid inorganic-organic proton-
conducting membranes based on SPEEK doped with WO3 nanoparticles for application in vanadium redox flow batteries.
Electrochim. Acta 2019, 309, 311-325. [CrossRef]

8. Falcao, D.S; Pinto, AAM.ER. A review on PEM electrolyzer modelling: Guidelines for beginners. J. Clean. Prod. 2020, 261, 121184.
[CrossRef]

9. Parra, D.; Valverde, L.; Pino, EJ.; Patel, M.K. A review on the role, cost and value of hydrogen energy systems for deep
decarbonisation. Renew. Sustain. Energy Rev. 2019, 101, 279-294. [CrossRef]

10. Siracusano, S.; Baglio, V.; Van Dijk, N.; Merlo, L.; Arico, A.S. Enhanced performance and durability of low catalyst loading PEM
water electrolyser based on a short-side chain perfluorosulfonic ionomer. Appl. Enerqy 2017, 192, 477-489. [CrossRef]

11. Oliveira, A.M.; Beswick, R.R.; Yan, Y. A green hydrogen economy for a renewable energy society. Curr. Opin. Chem. Eng. 2021,

33, 100701. [CrossRef]


http://doi.org/10.3390/membranes11110810
https://ec.europa.eu/growth/industry/strategy/industrial-alliances/european-clean-hydrogen-alliance_it
http://doi.org/10.1016/j.enconman.2020.113649
http://doi.org/10.1016/j.mset.2019.03.002
http://doi.org/10.3390/su13010298
http://doi.org/10.1016/j.electacta.2019.03.056
http://doi.org/10.1016/j.jclepro.2020.121184
http://doi.org/10.1016/j.rser.2018.11.010
http://doi.org/10.1016/j.apenergy.2016.09.011
http://doi.org/10.1016/j.coche.2021.100701

Membranes 2022, 12,15 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Minotti, A. A new NANOSATSs propulsion system: Swirling-combustion chamber and water electrolysis. AIMS Energy 2018,
6, 402-413. [CrossRef]

Brey, ].; Mufioz, D.; Mesa, V.; Guerrero, T. Use of Fuel Cells and Electrolyzers in Space Applications: From Energy Storage to
Propulsion/Deorbitation. E3S Web Conf. 2017, 16, 3-7. [CrossRef]

Bernardo, P; Iulianelli, A.; Macedonio, F.; Drioli, E. Membrane technologies for space engineering. J. Memb. Sci. 2021, 626, 119177.
[CrossRef]

Baroutaji, A.; Wilberforce, T.; Ramadan, M.; Olabi, A.G. Comprehensive investigation on hydrogen and fuel cell technology in the
aviation and aerospace sectors. Renew. Sustain. Energy Rev. 2019, 106, 31-40. [CrossRef]

Miller, H.A.; Bouzek, K.; Hnat, J.; Loos, S.; Bernécker, C.I.; Weifigarber, T.; Rontzsch, L.; Meier-Haack, J. Green hydrogen from
anion exchange membrane water electrolysis: A review of recent developments in critical materials and operating conditions.
Sustain. Energy Fuels 2020, 4, 2114-2133. [CrossRef]

Russell, ]. H.; Nuttall, L.J.; Fickett, A.P. Hydrogen generation by solid polymer electrolyte water electrolysis. Am. Chem. Soc. Div.
Fuel Chem. Prepr. 1973, 8, 13-15.

Kim, J.-D.; Ohira, A. Water Electrolysis Using a Porous IrO, /Ti/IrO, Catalyst Electrode and Nafion Membranes at Elevated
Temperatures. Membranes 2021, 11, 330. [CrossRef] [PubMed]

Siracusano, S.; Oldani, C.; Navarra, M.A.; Tonella, S.; Mazzapioda, L.; Briguglio, N.; Arico, A.S. Chemically stabilised extruded
and recast short side chain Aquivion® proton exchange membranes for high current density operation in water electrolysis. J.
Memb. Sci. 2019, 578, 136-148. [CrossRef]

Carmo, M.; Fritz, D.L.; Mergel, ].; Stolten, D. A comprehensive review on PEM water electrolysis. Int. J. Hydrog. Energy 2013,
38, 4901-4934. [CrossRef]

Aili, D.; Hansen, M.K,; Pan, C.; Li, Q.; Christensen, E.; Jensen, J.O.; Bjerrum, N.J. Phosphoric acid doped membranes based on
Nafion®, PBI and their blends—Membrane preparation, characterization and steam electrolysis testing. Int. J. Hydrog. Energy
2011, 36, 6985-6993. [CrossRef]

Arico, A.S.; Siracusano, S.; Briguglio, N.; Baglio, V.; Di Blasi, A.; Antonucci, V. Polymer electrolyte membrane water electrolysis:
Status of technologies and potential applications in combination with renewable power sources. . Appl. Electrochem. 2013,
43,107-118. [CrossRef]

Selamet, O.F; Becerikli, F; Mat, M.D.; Kaplan, Y. Development and testing of a highly efficient proton exchange membrane (PEM)
electrolyzer stack. Int. ]. Hydrog. Energy 2011, 36, 11480-11487. [CrossRef]

Selamet, O.F,; Acar, M.C.; Mat, M.D.; Kaplan, Y. Effects of operating parameters on the performance of a high-pressure proton
exchange membrane electrolyzer. Int. ]. Energy Res. 2012, 33, 23—40. [CrossRef]

Schalenbach, M. A Perspective on Low-Temperature Water Electrolysis—Challenges in Alkaline and Acidic Technology. Int. ].
Electrochem. Sci. 2018, 13, 1173-1226. [CrossRef]

Mamaca, N.; Mayousse, E.; Arrii-Clacens, S.; Napporn, T.W,; Servat, K.; Guillet, N.; Kokoh, K.B. Electrochemical activity of
ruthenium and iridium based catalysts for oxygen evolution reaction. Appl. Catal. B Environ. 2012, 111-112, 376-380. [CrossRef]
Grigoriev, S.A.; Porembsky, V.I.; Fateev, V.N. Pure hydrogen production by PEM electrolysis for hydrogen energy. Int. |. Hydrogen
Energy 2006, 31, 171-175. [CrossRef]

Pan, M,; Pan, C.; Li, C.; Zhao, J. A review of membranes in proton exchange membrane fuel cells: Transport phenomena,
performance and durability. Renew. Sustain. Energy Rev. 2021, 141, 110771. [CrossRef]

Millet, P.; Dragoe, D.; Grigoriev, S.; Fateev, V.; Etievant, C. GenHyPEM: A research program on PEM water electrolysis supported
by the European Commission. Int. J. Hydrogen Energy 2009, 34, 4974-4982. [CrossRef]

Langemann, M.; Fritz, D.L.; Miiller, M.; Stolten, D. Validation and characterization of suitable materials for bipolar plates in PEM
water electrolysis. Int. J. Hydrogen Energy 2015, 40, 11385-11391. [CrossRef]

Fontananova, E.; Trotta, F; Jansen, J.C.; Drioli, E. Preparation and characterization of new non-fluorinated polymeric and
composite membranes for PEMFCs. J. Memb. Sci. 2010, 348, 326-336. [CrossRef]

Kusoglu, A.; Weber, A.Z. New Insights into Perfluorinated Sulfonic-Acid Ionomers. Chem. Rev. 2017, 117, 987-1104. [CrossRef]
Sun, C.; Zhang, H. Investigation of Nafion series membranes on the performance of iron-chromium redox flow battery. Int. J.
Energy Res. 2019, 43, 4875. [CrossRef]

Jiang, B.; Wu, L.; Yu, L.; Qiu, X; Xi, J. A comparative study of Nafion series membranes for vanadium redox flow batteries. J.
Memb. Sci. 2016, 510, 18-26. [CrossRef]

Liang, M.; Luo, B.; Zhi, L. Application of graphene and graphene-based materials in clean energy-related devices. Int. ]. Energy
Res. 2009. [CrossRef]

Tijani, A.S.; Ghani, M.FA.; Rahim, A.H.A.; Muritala, LK.; Binti Mazlan, F.A. Electrochemical characteristics of (PEM) electrolyzer
under influence of charge transfer coefficient. Int. ]. Hydrogen Energy 2019, 44, 27177-27189. [CrossRef]

Fritz, D.L.; Mergel, J.; Stolten, D. PEM Electrolysis Simulation and Validation. ECS Trans. 2014, 58, 1-9. [CrossRef]

Mirshekari, G.; Ouimet, R.; Zeng, Z.; Yu, H.; Bliznakov, S.; Bonville, L.; Niedzwiecki, A.; Capuano, C.; Ayers, K.; Maric, R. High-
performance and cost-effective membrane electrode assemblies for advanced proton exchange membrane water electrolyzers:
Long-term durability assessment. Int. . Hydrogen Energy 2021, 46, 1526-1539. [CrossRef]

Harada, K,; Tanii, R.; Matsushima, H.; Ueda, M. Effects of water transport on deuterium isotope separation during polymer
electrolyte membrane water electrolysis. Int. J. Hydrogen Energy 2020, 45, 31389-31395. [CrossRef]


http://doi.org/10.3934/energy.2018.3.402
http://doi.org/10.1051/e3sconf/20171617004
http://doi.org/10.1016/j.memsci.2021.119177
http://doi.org/10.1016/j.rser.2019.02.022
http://doi.org/10.1039/C9SE01240K
http://doi.org/10.3390/membranes11050330
http://www.ncbi.nlm.nih.gov/pubmed/33946195
http://doi.org/10.1016/j.memsci.2019.02.021
http://doi.org/10.1016/j.ijhydene.2013.01.151
http://doi.org/10.1016/j.ijhydene.2011.03.058
http://doi.org/10.1007/s10800-012-0490-5
http://doi.org/10.1016/j.ijhydene.2011.01.129
http://doi.org/10.1002/er.2942
http://doi.org/10.20964/2018.02.26
http://doi.org/10.1016/j.apcatb.2011.10.020
http://doi.org/10.1016/j.ijhydene.2005.04.038
http://doi.org/10.1016/j.rser.2021.110771
http://doi.org/10.1016/j.ijhydene.2008.11.114
http://doi.org/10.1016/j.ijhydene.2015.04.155
http://doi.org/10.1016/j.memsci.2009.11.020
http://doi.org/10.1021/acs.chemrev.6b00159
http://doi.org/10.1002/er.4875
http://doi.org/10.1016/j.memsci.2016.03.007
http://doi.org/10.1002/er.1598
http://doi.org/10.1016/j.ijhydene.2019.08.188
http://doi.org/10.1149/05819.0001ecst
http://doi.org/10.1016/j.ijhydene.2020.10.112
http://doi.org/10.1016/j.ijhydene.2020.08.256

Membranes 2022, 12,15 16 of 16

40. Alberti, G.; Casciola, M. Solid state protonic conductors, present main applications and future prospects. Solid State Ionics 2001,
145, 3-16. [CrossRef]

41. Ayers, K. The potential of proton exchange membrane-based electrolysis technology. Curr. Opin. Electrochem. 2019, 18, 9-15.
[CrossRef]

42.  Selamet, O.F; Ergoktas, M.S. Effects of bolt torque and contact resistance on the performance of the polymer electrolyte membrane
electrolyzers. J. Power Sources 2015, 281, 103-113. [CrossRef]

43. Benziger, ].B.; Satterfield, M.B.; Hogarth, W.H.].; Nehlsen, J.P,; Kevrekidis, I.G. The power performance curve for engineering
analysis of fuel cells. ]. Power Sources 2006, 155, 272-285. [CrossRef]


http://doi.org/10.1016/S0167-2738(01)00911-0
http://doi.org/10.1016/j.coelec.2019.08.008
http://doi.org/10.1016/j.jpowsour.2015.01.162
http://doi.org/10.1016/j.jpowsour.2005.05.049

	Introduction 
	PEM Electrolysis Background 
	Principle of PEM in Water Electrolysis 
	Polarization Curve for PEM Electrolysis 

	Materials and Methods 
	Proton Exchange Membrane 
	Electrodes 
	Electrolysis Setup 
	Chemical and Morphological PEM Analysis 

	Results and Discussion 
	Chemical and Morphological Characterization of PEM 
	Electrolysis Performance 
	Effect of Clamping Pressure 
	Effect of Electrode Material 

	Conclusions 
	References

