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IN BRIEF
MAKING AN EFFECTIVE 

PEM

PFSA POLYMERS

PEM DESIGN STRATEGY

Part 2

A
mong the ongoing efforts to curb 
climate change, researchers are 
actively pursuing the further de-
velopment of water electrolysis 

technologies for the production of cleaner 
hydrogen. “Green” hydrogen can be manu-
factured through water electrolysis using 
renewable energy. One method of water 
electrolysis utilizes a proton-exchange 
membrane (PEM). Compared to other 
water electrolysis methods, PEM electroly-
sis demonstrates several key advantages, 
including compact design, high electrolytic 
efficiency, stability and a robust response 
to fluctuating power sources [1–3]. The 
mechanics of a PEM electrolysis cell are 
depicted in Figure 1. Within the electroly-
sis cell, a PEM, usually less than 200 mm 
in thickness, separates the anode and cath-
ode. Upon applying voltage, water electroly-
sis proceeds in the following sequence:
1. Water is oxidized at the anode, generat-

ing protons and oxygen
2. The protons are transported to the coun-
ter-electrode (cathode) through a PEM
3. Protons are reduced at the cathode, and 
hydrogen is produced

A gas-diffusion layer (GDL) helps to facili-
tate the efficient release of generated gases 
during water electrolysis, thus inhibiting 
bubble adhesion on the catalyst layer. As a 
result, water can access the catalyst more 
efficiently at the anode, promoting the oxida-
tion reaction of water. 

In industrial applications, hydrogen is uti-
lized as a high-pressure gas. Therefore, two 
types of compression methods are typi-
cally considered for water electrolysis. One 
involves compressing ambient-pressure 
hydrogen produced by water electrolysis 
using a compressor. The other method in-
volves elevating the pressure (to greater than 
3 MPa) of the produced hydrogen within a 
sealed electrolytic cell and cylinder. In the 

latter method, especially in 
cases where only the cath-
ode side is pressurized (de-
noted as differential high-
pressure water electrolysis), 
there is no need for a com-
pressor, which can lead 
to more efficient hydrogen  
production [4]. 

Hydrogen obtained from 
water electrolysis contains 
moisture that often must be 
removed prior to the hydro-
gen’s end-use application. 
However, pressurizing hy-
drogen within water electro-
lyzers decreases the water 
content of the generated 
hydrogen. Therefore, differ-
ential high-pressure PEM 
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Designing a proton-exchange membrane that will balance the efficiency, durability 
and safety requirements for hydrogen production requires careful consideration of 
materials and chemistry

Proton-Exchange Membranes: 
Design Strategies for Water 
Electrolysis

FIGURE 1. A typical structure of a PEM cell for water electrolysis is depicted here [1 ]
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water electrolysis is a highly ef-
ficient and high-purity hydrogen 
production method. 

Making an effective PEM
Reducing production costs for 
clean hydrogen is a particular 
challenge. Described in the following 
sections and in Table 1 are four con-
siderations that can help to reduce 
costs in electrolysis processes.
Efficiency. The first consideration is 
the improvement of electrolysis ef-
ficiency, particularly the reduction of 
cell voltage. Resistance comes from 
various phenomena, such as oxida-
tion and reduction reactions, proton 
transport across the PEM interface 
and mass transport, which dictates 
water’s access to a catalyst layer. 
The cell voltage is the total of the 
voltages derived from these resis-
tances. As the PEM is involved in 
the proton transport, it is a contribu-
tor to total cell voltage, and must be 
considered for the reduction of re-
sistance that is needed to improve  
electrolysis efficiency. 
Durability. The second design con-
sideration to focus on is ensuring 
durability that allows for operation 
over ten years or more. During water 
electrolysis, hydroxyl radicals are 
generated through the Fenton re-
action of hydrogen peroxide (a side 
reaction). Because hydroxyl radicals 
have tremendous oxidative reactivity, 
PEMs need to have high chemical 
stability to give them high durability. 
Also, when performing differential-
pressure water electrolysis, the PEM 
continuously experiences the pres-
sure of the cathode, demanding high 
mechanical strength.
Safety. The third crucial characteris-
tic to think about is safety. In high-
pressure water electrolysis, hydro-
gen permeates the PEM and mixes 
with oxygen. The lower explosive 
limit (LEL) of hydrogen is 4 vol. %. 
Therefore, it is necessary to enhance 
the hydrogen-shielding ability and 
the mitigation ability of the perme-
ated hydrogen. Hydrogen shield-
ing refers to the technically usable 
amount of hydrogen per the theoreti-
cal amount of generated hydrogen. 
The mitigation ability is the mitigated 
amount of permeated hydrogen per 
the amount of permeated hydrogen 

without a mitigation strategy, such as 
a gas recombination catalyst (GRC). 
More details on GRC technologies 
are described later in this article. 
Compatibility. The fourth char-
acteristic is process compatibility. 
Normally, dry PEMs swell three-di-
mensionally when hydrated. In-plane 
expansion significantly affects the 
yield and quality of PEM manufac-
turing and subsequent processes. 
Therefore, high dimensional stability 
in the in-plane direction is required.

To realize these four characteristics, 
trade-offs must be considered. For 
example, reducing PEM thickness is 
an effective method to reduce mem-
brane resistance, but it is impossible 
to avoid a decrease in safety due to 
an increase in the amount of perme-
ated hydrogen. Therefore, developing 
membrane-design strategies that re-
duce the need for such trade-offs is a 
high priority.

PFSA polymers
A perfluorinated sulfonic-acid (PFSA) 
polymer is the most commonly used 
polymer for PEMs in water electroly-
sis applications, and a representa-
tive PFSA polymer is shown in Figure 
2. This type of polymer is obtained 
through the copolymerization of tet-
rafluoroethylene and perfluoroethyl-
ene with a sulfonic acid group. Due 
to their perfluorinated structure, PFSA 
materials have high chemical stability. 

Furthermore, the hydrophobic 
main chain (with a polytetrafluoro 
ethylene structure), and the hydro-
philic side chain (with a sulfonic acid 

group), form a phase-separated 
structure, creating an ion cluster 
where sulfonic acid groups are accu-
mulated [6]. A structure of ion clus-
ters has been proposed to be linked 
with narrow channels by Gierke [7], 
which is a probable reason for the 
high proton conductivity of per-
fluorinated sulfonic acid polymers  
(Figure 3) [6–8].

Proton conductivity is known to de-
pend on the number of sulfonic acid 
groups. The ion-exchange capacity 
(IEC; typical units: meq/g) is an index 
that represents the amount of sulfonic 
acid (meq) per unit weight (g) of a poly-
mer. For a PFSA polymer synthesized 
by changing the copolymerization 
ratio, the membrane resistance, as 
well as IEC, can be tuned. The higher 
the IEC is, the lower the distance be-
tween ion clusters is, which is a prob-
able reason that polymers with high 
IEC values also exhibit high proton 
conductivity [8, 9]. In addition, the IEC 
and molecular structure of the polymer 
also affect hydrogen permeability and  
mechanical strength. Perfluorinated 
sulfonic acid polymer has been used 
in various applications, such as chlor-
alkali electrolysis and fuel cells be-
cause of these characteristics.

PEM design strategy
The following paragraphs describe 
several design techniques for PEMs 
that can help realize the four re-
quired characteristics for efficient  
water electrolysis.
 A PEM consists of polymer, rein-
forcing materials and additives. One 

FIGURE 2. A molecular structure of a representative perfluorinated sulfonic acid (PFSA) polymer is shown

TABLE 1.  CONSIDERATIONS FOR EFFECTIVE PEM ELECTROLYSIS

Electrolysis  
efficiency Durability Safety Process  

compatibility

Required PEM  
characteristics

PEM resistance, 
hydrogen shielding 
ability

Chemical stability, 
mechanical strength

Hydrogen shielding 
ability, hydrogen  
mitigation ability

Dimensional stability 
when hydrated
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method to improve electrolysis effi-
ciency is to use a polymer with a high 
IEC. Reducing membrane thickness 
is also an effective method to re-
duce membrane resistance, but be-
cause hydrogen-shielding ability de-
creases, there is a trade-off between 
improving electrolysis efficiency and 
safety. A technique to minimize the 
impact of this compromise is the use 
of a GRC, which is a catalyst addi-
tive that converts the hydrogen that 
has permeated through a PEM into 
water via a reaction with oxygen. 
This technique allows for a dra-
matic reduction in the concentration 
of hydrogen in the anode, enabling 
differential high-pressure water elec-
trolysis under safe conditions. Plati-
num is known as an effective GRC 
[10]. By applying a GRC and mem-
brane thinning, it is possible to im-
prove hydrogen shielding ability and  
electrolysis efficiency.

There is also a need to enhance the 
chemical stability of PEMs to with-
stand the presence of hydroxyl radi-
cals generated during water electroly-
sis. A radical scavenger is a chemical 
species as an additive to reduce the 
amount of hydroxyl radicals by con-
verting the radical into a chemically 
inert compound, which can suppress 
the decomposition of polymer. In fuel 
cells, inorganic compounds, such 
as cerium, manganese, chromium, 
cobalt and aluminum have been re-
alized to act an effective radical scav-
enger, although some compounds 
have a problem of leaching out during  
power generation [11]. 

PEMs typically 
expand when hy-
drated. In-plane 
expansion can 
not only worsen 
the yield of mem-
brane production 
and subsequent 
processes, but is 
also believed to 
impact electroly-
sis performance. 
R e i n f o rc e m e n t 
can be applied to 
suppress the rate 
of dimensional 
change in the in-
plane direction. 
Polytetraf luoro-

ethylene (PTFE) has been used as 
a reinforcement material, enabling 
dramatic reductions in the rate of  
dimensional change. 

As described previously, PEMs 
can be improved with a combina-
tion of the proper polymers, addi-
tives and reinforcing materials, along 
with meticulous attention to design. 
However, trade-offs and safety 
should be considered when opti-
mizing the materials to achieve the  
target performance.

Further progress in PEM design 
technology is required to balance the 
four required characteristics for ef-
fective water electrolysis discussed 
previously — efficiency, durability, 
safety and compatibility. Additionally, 
the performance of PEMs is greatly 
influenced by other factors, such 
as the catalyst and catalyst-disper-
sion ionomers, GDL, flow field and  
heat control.  ■
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FIGURE 3. Perfluorinated sulfonic-acid polymers exhibit high proton conduc-
tivity, which is thought to be caused by the formation of ion clusters [7 ], as 
shown here
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