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Understanding the hydrocarbon - PFSA ionomer con-
ductivity gap in hydrogen fuel cells

William Bangay,∗ab Michael Yandrasits,a and Wayne Hayesb

Hydrocarbon ionomers (HCs) have the potential to replace perfluorinated sulfonic acids (PFSAs),
which are currently used in electrolyser or fuel cell membranes. To be a truly viable alternative,
HCs must have conductivity across the operating range and cell lifetime comparable to PFSAs.
Conductivity is an important property of membranes because it affects the energy efficiency of a fuel
cell or electrolyser. By examining conductivity as a function of water volume fraction, it becomes
evident that HC ionomers have consistently lower conductivity at low relative humidity. To better
understand this ’conductivity gap’, conductivity was converted to proton diffusivity and analysed
using General Effective Media (GEM) theory for the first time. This analysis revealed that all
ionomers require similar hydration levels for proton dissociation, and proton diffusion coefficients
in the dry polymer are responsible for the conductivity gap. It is suggested that the membrane
tortuosity ultimately accounts for the dry membrane’s proton diffusivity and low RH conductivity. As
the membrane hydrates however, all ionomers exhibit similar diffusion coefficients, indicating that
conductivity at high humidity is limited by proton concentration.

1 Introduction
Fuel cell (FC) and water electrolyser (WE) membranes based on
proton conducting ionomers are being commercialised because of
their performance, durability, and electrical insulation properties.
The most widespread ionomers in commercial use are perfluo-
rosulfonic acid (PFSA) ionomers which combine chemical dura-
bility with high conductivity across the operational range of fuel
cells and electrolysers. However, PFSA ionomers are classified as
a "per- and polyfluoroalkyl substances" (PFAS), a group of chemi-
cals which accumulate in the environment and do not biodegrade,
granting them the "forever chemical" epithet.1 The growing con-
cern surrounding the use of PFAS materials has renewed interest
in fluorine-free alternatives.

Promising alternatives are hydrocarbon ionomers (HC) which,
like PFSA ionomers, utilise sulfonic acids as the proton donat-
ing moieties.2–4 HC ionomers are typically based on aromatic
backbones although a few examples of aliphatic backbones have
been reported.5 Critically, both do not contain PFAS groups, mak-
ing them potential alternatives to PFSA ionomers. However, for
HC ionomers to become economically viable alternatives to PF-
SAs, they must demonstrate superior properties (e.g conductivity,
durability, lifetime) beyond simply being a fluorine-free material.
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b University of Reading, Reading, UK.
† Supplementary Information available: [details of any supplementary information
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Once a HC ionomer is processed into a membrane, one of the key
comparatives is conductivity which quantifies the ease of proton
transfer across a membrane. Membranes with high conductivity
require lower voltage to drive a current which improves the en-
ergy conversion efficiency of the electrochemical system.

This analysis uses PFSA ionomers as the industrially set bench-
mark, enabling a clear comparison for different HC ionomers.
Fig.1 plots the published conductivity of different ionomers across
the operational humidity range. Despite the scattered data, fitted
trend lines show the behavioural differences between the mate-
rials. At high relative humidity (RH) (i.e. RH greater than 60%)
PFSA and HC datasets essentially overlap. Larger separation be-
tween datasets is observed at lower RH, with HC ionomers ex-
hibiting lower conductivity than PFSA ionomers. The claim that
HC ionomer conductivity is inferior at low relative humidity is
not new, having been described in previous publications.5–10 This
analysis labels the conductivity difference at low RH as the "con-
ductivity gap". Bridging this gap is necessary if a fluorine-free
alternative is to be economically viable, considering fuel cell sys-
tem designers will otherwise choose the more conductive PFSA
ionomer to maximize energy efficiency.

Examining results like those seen in Fig. 1 raises a fundamen-
tal question: what makes HC ionomer conductivity lower than
that of a PFSA ionomer? Being a broad question, it is best to
break it down into smaller components and investigate the vari-
ous aspects on a case by case basis. The points explored are the
role of proton concentration on conductivity, how acidity impacts
the proton concentration, and the nuances of proton diffusion.
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Fig. 1 Conductivity at 80 °C against relative humidity, data at 110%
RH represents submerged conductivity measured in water. Marker color
and shape represent the polymer type, with spline curves to illustrate
trends. Data taken from references 5,7–31. Ionomers labelled ’Hybrid’
are neither PFSA nor HC , as the ionomer contains fluorine but not the
moieties characteristic of a PFSA. An alternative version of this figure
which separates data into three acid concentration (see section 3.5 ) is
available in Fig. S1 of the ESI.†

To support any claims a large dataset is required. As such, this
analysis uses conductivity and water uptake data from 21 publi-
cations issued between 2006 and 2023, totalling 393 data points
that represent 16 broad polymer categories.

The role of the diffusion coefficient on conductivity is found to
be the most complex and significant. This is attributed to the per-
colation of a water network within the membrane, as described
by the fitting parameters of the General Effective Medium (GEM)
theory. These parameters are then linked to various polymeric at-
tributes, providing insight into how polymer characteristics influ-
ence diffusion behaviour. Finally, case studies are used to better
understand the HC-PFSA conductivity gap and to suggest poten-
tial strategies for closing it.

2 Dataset
The dataset used for this study was collected from publications
which included both water uptake (WU) and conductivity data
measured under the same conditions (i.e. temperature and hu-
midity/submerged). Conductivity and WU were both required
for the analysis discussed in this publication. This condition re-
stricted the number of potential publications that could be anal-
ysed. The software WebPlotDigitizer was used to collect the pub-
lished data as accurately as possible.32 Alongside the conductivity
and WU data, the following metadata were stored; ion exchange
capacity (IEC), measurement temperature, dry polymer density,
polymer type, sulfonic acid type (i.e. hydrocarbon or fluorocar-
bon), polymer family, and, for block polymers, the ratio of hy-
drophilic to hydrophobic blocks.

All conductivity data was ex-situ, in-plane resistance measure-

ments either by direct current or alternating current. This mem-
brane resistance was then converted to conductivity using the
dry membrane dimensions. Conductivity determination using dry
dimensions is different from the true conductivity which should
consider the swollen dimensions from when the resistance value
was measured. Without knowing the true width, length, and
height of the sample when the resistance was measured this can-
not be accounted for and dry dimensions are assumed. This is an
uncertainty for conductivity values collected in literature and, by
extension, the diffusion coefficients calculated within this analy-
sis. This uncertainty is larger as the membrane swells more due
to the greater difference between dry and swollen dimensions. A
plot illustrating the difference between dry versus swollen dimen-
sion conductivity can be found in Fig. S2 of the ESI.†

Since temperature has a significant impact on conductivity, the
collected dataset was filtered to 80 °C data only. This was the
most common and most industrially applicable temperature (see
Fig. S3 in ESI for data count against temperature).†An overview
of the accrued data is provided in Fig. 2, showing the broad range
of polymers analysed. (Note that ’Hybrid’ was the name selected
to represent polymers which lack the key structural elements of a
PFSA material, but contain F and thus are not solely HC. Conse-
quently, this study treats Hybrid materials as an entirely separate
group).

Fig. 2 Overview of collected data points (total 401), separated by the
following sequential order, polymer type, sulfonic acid type, polymer
family. Data colour represents the data source, data taken from 7–
9,11,12,14,18–21,23–25,28,31,33–38

To accurately determine the goodness of fit, the number of fit-
ting points must exceed the number of fitting parameters within
a given model. The GEM model used to examine water network
percolation uses 4 fitting parameters, and so the dataset was fil-
tered to remove all polymers with less than 5 data points.39,40

This ’pruning’ left 49 different polymers from 11 different publi-
cations, which were processed by a Python script for data trans-
formation and modelling (See script in ESI).†
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3 Transformations

Making a direct connection between conductivity and polymer
characteristics can be considered a Sisyphean task. Small alter-
ations in the ionomer, such as changing the ion exchange capac-
ity (IEC), can impact conductivity in many subtle, and sometimes
conflicting, ways. Accepting this complexity and drawing con-
nections between the expected relationships creates the diagram
depicted in Fig. 3. This figure is divided into three sections: con-
trollable, measurable, and calculable, with arrows illustrating the
interaction of one component with another. Controllable refers to
parameters that can be changed, such as the environment (tem-
perature and RH) or membrane (IEC, ionomer and morphology).
Measurable considers membrane characteristics that can be di-
rectly measured as controlled parameters change. Calculable val-
ues are those that relate measurable characteristics to membrane
conductivity.

Most of the components of Fig. 3 are self-explanatory. How-
ever, care should be taken to define the otherwise broad "Ionomer
& Morphology" descriptor. Ionomer refers to an individual poly-
mer’s molecular form and structure, which defines the presence
and arrangement of functional groups, molecular weight, poly-
mer architecture, and other polymeric attributes. Morphology
describes the nanoscale structure resulting from the assembly of
such molecules into an individual membrane. The ionomer struc-
ture is typically controlled by synthesis, whereas morphology is
influenced by both the molecular structure and by how a given
ionomer is processed into a membrane.

Fig. 3 Framework illustrating the influence of different components on
conductivity.

To explain Fig. 3, each component will be discussed in turn.
When observed, PFSA-HC differences are noted to gain a better
understanding of the conductivity gap’s origins and how it can be
bridged.

3.1 Density of water, ρwater

The only factor influencing pure water’s density is temperature,
which causes the density to decrease as it rises. The dataset for
this analysis contains results measured at 80 °C. The density of
water at 80 °C is 0.972 g/mL.

3.2 Water uptake, WU

Water uptake is the mass of water within a membrane divided by
the mass of dry membrane. Temperature, relative humidity, IEC,
ionomer, and morphology all have an effect on water uptake.13

Temperature has a subtle effect on water uptake, but this is not
the focus of this study. Nevertheless, the relationship between
temperature and WU can be described using Park’s widely utilised
water vapour adsorption model.41–45. The model incorporates
the water clustering equilibrium constant (KA) and Henry’s Law
constant (KH). The clustering equilibrium constant characterises
the formation of hydrogen-bonded water clusters. Since bond
formation is an exothermic process, increasing the temperature
reduces the value of the equilibrium constant, and consequently
the WU. Conversely, Henry’s Law constant tends to rise with tem-
perature, resulting in higher WU.

RH defines the activity of water in the environment in which
the membrane is held. This affects WU because water moves from
areas with higher water activity to areas with lower water activ-
ity. As a result, increasing RH (i.e. increasing water activity of
the surrounding vapour) drives water into the membrane (lower
water activity), as indicated by a higher WU. This relationship is
illustrated in Fig. 4. Also shown Fig. 4, higher IEC correlates
with higher WU. IEC represents the sulfonic acid content of the
membrane. Given that the acid is hygroscopic, membranes with
a higher sulfonic acid content can absorb more moisture. As a
result, at any given RH, the membrane with the greatest water
absorption capacity will have the highest WU.

Fig. 4 Water uptake at 80 °C against relative humidity, data at 110% RH
represents measurements in water. Marker colour represents the ionomer
IEC according to the inset colour scale. Data taken from references 5,7–
31.

Ionomers and morphology, like RH and IEC, can affect WU by
influencing water solubility within the membrane. Ionomers or
morphology that increase the solubility of water in the membrane
will have a higher water uptake. This claim is support by Fig. 4,
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where at a given RH, a wide range of WU uptakes can be observed
with the same IEC, demonstrating that WU is impacted by mem-
brane properties beyond IEC. Though Fig. 4 provides an oppor-
tunity to compare the water solubility of HC and PFSA ionomers
directly, it is forgone in favour of water volume fraction in Section
3.4.

3.3 Density of polymer, ρpolymer

For polymer density, no studies have reported the density beyond
room temperature (20-25 °C). Despite studying data collected at
80 °C, the polymer density used is from room temperature. This
is a reasonable approximation as the thermal expansion coeffi-
cient of polymers like PTFE and PES would represent less than
1% dimension change when heating the membranes from room
temperature to 80 °C. Nonetheless, it is a potential source of error
in this analysis.

Ionomer type also makes a significant contribution to poly-
mer density, with published HC ionomer densities ranging from
1.2 to 1.6 g/mL and PFSA densities ranging from 1.9 to 2.1
g/mL.10,13,17,21,22,28,46,47 This distinction will be reiterated in the
following sections because it is important in all of the calculable
components of conductivity. The reason for PFSA materials being
denser than HC materials is related to the higher content of heavy
atoms (i.e. fluorine rather than hydrogen) in PFSA membranes
(based on the density difference between polytetrafluoroethylene
and polyethylene).

Since ionomer density is seldom quoted in publications, it was
necessary to use the estimation method established by Takamuku
et al., where density is related to the IEC.38 This analysis ex-
panded the estimation beyond the original dataset to include all
ionomers investigated. The original linear relationship observed
by Takamuku et al. and the expanded relationship are shown in
Fig. S4 of the ESI.†38

IEC is evident in the density estimation, as higher IEC poly-
mers produce denser membranes. The higher frequency of heavy
atoms (i.e. sulfur and oxygen, rather than H) and/or tighter
ionomer packing as IEC increases are thought to be responsible.
Although unproven experimentally to date.

3.4 Water volume fraction, ΦW

Water volume fraction is the volume of water within a membrane,
expressed as a fraction of the membrane’s total volume. As a met-
ric, the water volume fraction is more relevant than water uptake
to the membranes properties. This is evident within the units of
conductivity (mS/cm), where the ’per centimetre’ represents dis-
tance travelled per cross sectional area ( cm

cm2 ).
The density of the dry membrane (polymer) and water, as well

as water uptake, all have an impact on the water volume frac-
tion.13,47 The relationship is described mathematically in equa-
tion (1):

Φw =
VH2O

VH2O +Vpolymer
=

WU ×ρpolymer

ρH2O +(WU ×ρpolymer)
(1)

Where ρpolymer and Vpolymer refer to the density and volume of
a dry polymer membrane, respectively. VH2O is the volume of

water within the membrane when swollen. Assuming constant
temperature, water volume fraction will rise as water uptake and
polymer density increase. This behaviour is illustrated in Fig. 5.

Fig. 5 Water fraction at 80°C as a function of water uptake and polymer
density. Dashed lines indicate the observed density range of PFSA and
HC ionomers. Arrows draw attention to the water uptake difference when
water fraction is constant.

A common observation in published HC studies is that
HC ionomers have a higher water uptake than PFSA
ionomers.5,7–9,25,28,48 This is attributed to two factors, the lower
density of HC ionomers and the higher average acid content of
HC ionomers. The effect of density on WU is illustrated in Fig.
5 with arrows. The two arrows, representing an HC and a PFSA
of equal volume, absorbing the same volume of water. However,
because the less dense HC weighs less than a PFSA (at the same
volume), water makes up a greater proportion of the HC mem-
brane’s mass. As a result, a membrane with a lower density will
exhibit a bias towards higher water mass uptake.

Using water volume fraction the density bias is removed. How-
ever, the average HC ionomer in this dataset still exhibits a higher
water volume fraction across the RH range (data shown in Fig.
S5 of ESI).†Fig. Inspecting the dataset’s IEC reveals that the av-
erage HC IEC is 1.89 mmol/g while the average PFSA IEC is 1.08
mmol/g. As discussed in Section 3.2, higher IEC leads to higher
water solubility. Therefore, the higher average water volume frac-
tion of the HC ionomers could be the product of higher average
water solubility. By trimming the HC ionomer dataset to only in-
clude materials up to the highest acid content in the PFSA dataset
(i.e. make the average acid content the same for both PFSA and
HC ionomers) any bias caused by higher average IEC is removed.
The trimmed dataset (Fig. 6) of water volume fraction against
RH shows no significant difference between ionomer types. This
demonstrates that the ionomer type, whether HC or PFSA, has a
negligible effect on the water volume fraction when compared to
the influence of an ionomers’ sulfonic acid contents. Instead, the
membrane’s acid content has the greatest influence on the water
fraction at any given RH.

Relative humidity (RH) is commonly used as the independent
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Fig. 6 Water volume fraction at 80 °C against RH. Marker color and
shape indicate the type of polymer. Trend lines illustrate moving average.
Only membranes with an [RSO3H] <3.6 are included ([RSO3H] discussed
in Section 4. Data taken from references 5,7–31. Alternative version
plotting water volume fraction against lambda is shown in Fig. S6 of the
ESI.

†

viable (x-axis) when comparing conductivity of various materials.
This is a useful perspective for industries because it informs fuel
cell stack designers as to what conductivity to expect if the system
is run at a given RH. It is not, however, a suitable perspective for
comparing ionomer types. As previously stated, the amount of
water absorbed is determined by the RH and the acid content of
a membrane. To capture both influences and focus on ionomer
differences, the term water fraction will be used for the x-axis in
the remainder of this analysis rather than RH.

3.5 Dry membrane sulfonic acid concentration, [RSO3H]
The dry membrane sulfonic acid concentration, or acid content,
is the product of IEC and dry polymer density (mmol/mL). Sec-
tion 3.4 discussed how it affects water fraction, demonstrating its
importance in membrane properties. As such, it will be used to
separate acid content from other ionomer and morphology influ-
ences.

4 Proton concentration, [H+], and acidity
With a method for determining water volume fraction and acid
content established, the next step is to demonstrate how these
relate to conductivity. In PEMs, conductivity through a membrane
is defined by the concentration of protons and the rate at which
these ions move in an electrochemical gradient. This is expressed
in the Nernst-Einstein relationship as shown in equation (2):

σH+ =
DH+ [H+]F2

RT
(2)

Where σH+ is the proton conductivity, DH+ is the proton dif-

fusion coefficient, [H+] is the proton concentration in mmol/mL,
F is the Faraday constant, R is the ideal gas constant, and T is
temperature in kelvin. The use of equation (2) is a potential er-
ror source in this analysis as it is a dilute solution expression and
does not include nuances associated with the internal membrane
environment.49–51

Conductivity is measurable, typically through electrochemical
impedance spectroscopy, and was obtained alongside WU from
the publications used in this analysis. However, to understand the
conductivity gap, it is critical to separate conductivity into its two
components: proton concentration and diffusion. Since proton
concentration and diffusion are unknown, one must be estimated
in order to calculate the other. Proton concentration, the theoret-
ically simpler value due to its direct relation to IEC, was chosen
for estimation. The following section discusses the rationale for
this approach, as well as whether acidity has an effect on proton
concentration.

4.1 Proton concentration limited regime

The proton concentration within a membrane will be limited by
one factor under a given regime. This analysis considers three
regimes: water limited, dissociation limited, and acid limited. A
water-limited membrane is one that contains an excess of acid
sites that can dissociate if more water is present. Dissociation lim-
ited refers to a system in which there are more water molecules
than acid sites, but thermodynamics limits i.e. equilibrium con-
stant) the total number of acid sites that dissociate to produce
protons. Lastly, acid limited refers to a membrane with all acid
sites dissociated, indicating that the proton concentration is lim-
ited by the acid concentration. Each regime represents a limiting
case, where the proton concentration within a membrane will be
defined by the regime of the lowest concentration. The equations
that describe each regime are given below:

The water limited regime in equation (3):

[H+] =
ρH2O

MH2O
×Φw (3)

Where MH2O is the molar mass of water.
The dissociation limited regime in equation (4):

[H+] =
√

Ka ×
√

ρH2O

MH2O
×Φw ×

√
[SO3H]dry × (1−Φw) (4)

Where Ka is the acid dissociation constant.
The acid limited regime in equation (5):

[H+] = [SO3H]dry × (1−Φw) (5)

Equation (3) uses the density of water. For this analysis the
density of bulk water at 80 °C is assumed. However, a publication
by Bai et al. shows this a poor assumption as water in the mem-
brane only exhibits bulk water density when lambda is greater
than 6.47 As the density of water within the different polymers
of this analysis is unknown this effect cannot be accounted for.
The impact of this uncertainty is minor for the proton concentra-
tion as the increased density is offset by the lower water volume
fraction, as shown in Fig. S7 of the ESI.†
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Of the three, the only equation affected by acidity is the dissoci-
ation limited regime. This provides an opportunity to investigate
previous publications’ claims that, despite the significant acidity
difference between the HC and PFSA ionomers, no change in pro-
ton dissociation is observed.2,12,48,52 To explore this an estima-
tion of the dissociation constant is made using small molecule
acids similar to the sulfonic acid groups present within the mem-
brane. As shown in Table 1, all three acids demonstrate high
acidity and are considered53 to be strong acids with a Ka greater
than 1. Despite all being strong acids, the difference between
triflic acid and benzenesulfonic acid (representing PFSA and aro-
matic HC ionomers, respectively) is exceedingly large. Using the
Ka values from Table 1, all three regimes can be plotted onto Fig.
7.

Table 1 pKa and Ka values for different small molecule analogues. Values
taken from Guthrie 54 and Trummal et al. 55

Molecule pKa Ka
Methanesulfonic acid −1.9 79.2
Benzenesulfonic acid −2.8 630
Triflic acid −14.7 4.84×1014

Fig. 7 Acid concentration, [H+], as a function of water fraction, Φw, of an
example membrane with a dry sulfonic acid concentration of 3 mmol/mL.
a) Represents a membrane with an acid dissociation constant less than
1. At low water fractions the total proton concentration is limited by
the proton concentration shaded in pink. At higher water fractions the
proton concentration is acid limited, shaded in orange. b) Represents a
membrane with an acid dissociation constant greater than or equal to
1. At low water fractions the total proton concentration is limited by
the water concentration, illustrated by the blue region. At higher water
fractions the proton concentration is acid limited, shaded in orange.

Fig. 7 shows that the concentration of protons within a mem-
brane depends on two factors: the water fraction and the dissocia-
tion constant. When the acidity is less than 1 (Fig. 7a), the proton

concentration is determined by dissociation when the water frac-
tion is low and the acid-limited regime when the water fraction is
high. In this case, an ionomers acidity is critical for maximising
the number of protons available for conduction, since increasing
Ka increases the number of dissociated acids. As Ka reaches and
exceeds 1, the dissociation limited regime no longer defines the
proton concentration. This is because acids dissociate as soon as
there are enough water molecules to do so. As such, the proton
concentration in Fig. 7b is limited either by the concentration of
acid, or the concentration of water.

Table 1 shows that all observed Ka values exceed one. As a
result, the proton concentration for all sulfonic acid membranes
can be described using the water and acid limited regimes, in
which acidity has no effect. This supports the previously stated
claim that proton dissociation in HC and PFSA ionomers is similar
despite the significant acidity difference. It also is used as the
justification for not including acidity as a direct component in
the relationship framework of Fig. 3. Instead the components of
proton concentration are the water and acid concentration at a
given water fraction. Since the water concentration is effectively
fixed (other than changing the density of water), the only way to
increase proton concentration is to increase acid concentration.
This can be achieved by increasing either the membrane density
or the IEC. Though acidity does not impact proton concentration,
it may influence proton diffusivity. This is discussed in section
6.2.

Having defined proton concentration as a function of water vol-
ume fraction, this analysis calculates the diffusion coefficient to
better understand the HC-PFSA conductivity gap.

5 Proton diffusion coefficient, DH+

The proton diffusion coefficient (cm2/s) refers to the movement
of protons through a cross sectional area per second. Higher diffu-
sion coefficients result in more protons crossing per second. This
should not be confused with proton concentration, as it is unre-
lated to the total proton content and only relates to the rate at
which protons cross the membrane. This provides insight into
conductivity after the impact of proton concentration has been
removed. In other words, membranes with the same structure
but different acid concentrations should have the same diffusion
coefficient, even if the measured conductivity varies.

The diffusion coefficient can be calculated by using equation
(2), with proton concentration calculated from equation (5) (un-
less the water fraction is low), and the conductivity taken from
published data. The calculated diffusion coefficients are plotted
in Fig. 8 against water volume fraction, revealing a subtly dif-
ferent relationship when compared to the conductivity-RH rela-
tionship seen in Fig. 1. The greatest difference between PFSA
and HC ionomers for both figures is seen when the water fraction
is low. Since the diffusion coefficient removes proton concentra-
tion effects it can be stated that the conductivity gap is caused by
slower proton diffusion in HC membranes during dry conditions.
Though this directly answers the conductivity gap question, it pro-
vides no clarity as to why HC membranes exhibit lower diffusion
coefficients. To probe into this disparity, the parameters affect-
ing diffusion are broken down into three factors: temperature,
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tortuosity, and diffusion mechanism.

Fig. 8 Diffusion coefficient, D, against water volume fraction, Φw at 80
°C. Marker colour and shape represent the polymer type. Data taken
from references 5,7–31. Hollow markers represent diffusion coefficients
calculated for a membrane in a water limited regime.

Ionomers labelled ’Hybrid’ are neither PFSA nor HC, as the
ionomer contains fluorine but not the groups characteristic of a

PFSA.

Diffusion is thermally activated, the diffusion coefficient of ions
will increase as the temperature increases, as explained by Nuern-
berg.56 Though the influence of temperature is significant, the
dataset considered within this analysis represents data collected
at 80 °C exclusively. As such, the contribution of temperature is
not explored any further as the source of the conductivity gap.

The second factor is tortuosity, defined as the distance a pro-
ton must travel to cross the membrane divided by the membrane
thickness. A membrane where the proton can travel straight from
one side to the other will have a tortuosity of 1. As kinks and
bends are added to the protons path, the tortuousity value in-
creases. The relationship between the diffusion coefficient and
tortuousity can be estimated using equation (6):57–60

DH+ =
D⊖

H+

τ
φw (6)

Where τ is tortuosity, φw is water volume fraction available for
diffusion, and D⊖

H+ is the diffusion coefficient of a proton in an
infinitely dilute acid (constant). This analysis, which divides the
membrane into two parts, water and polymer, assumes that pro-
ton diffusion occurs primarily in the water part rather than in the
polymer. Therefore, φw is used in equation (6) instead of poros-
ity as the membranes are not porous media. When the diffusion
coefficient is plotted against the water fraction, the result is a lin-
ear equation with a zero intercept and a gradient proportional
to the tortuosity. Attempting to use this equation to model the
results in Fig. 8 produces poor fits, as the relationship between

the diffusion coefficient and the water fraction is not linear. This
means that a factor beyond tortuosity is influencing the diffusion
coefficient.

The final factor is diffusion mechanism, which describes the
process by which a proton can move through a membrane. Nu-
merous publications have shown that protons can travel through
the membranes in many different ways. Examples include vehic-
ular and Grotthuss, with the dominant mechanism depending on
the membrane and its degree of hydration.6,7,12,13,52,61–70 Gener-
ally, protons move more slowly when interacting with a sulfonate
(deprotonated sulfonic acid) and more rapidly when not. Since
the sulfonate groups are immobile, any ionic interactions between
protons and sulfonate groups will hinder the protons’ movement
across the membrane. Weakening these ionic interactions makes
proton movement less restricted and increases the diffusion coef-
ficient. Additionally, water plays a pivotal role in minimizing the
ionic interactions by shielding the ionic charges (i.e. each water
surrounding a sulfonate or proton screens the charge, meaning
the ions must come closer together to interact).52,71–79 This di-
vides the various mechanisms into two broad categories: slower
diffusion when interactions are predominate, and faster diffusion
when the interaction is minimized by water. The duality of fast
versus slow diffusion is evident from Fig. 8. Starting with low
water fractions and gradually increasing: an initial slow diffusion
coefficient, a transition to fast diffusion as charges are shielded,
and a final steady diffusion coefficient after the sulfonate-proton
interaction cannot be reduced any more with additional waters.

To model the transition from slow to fast mechanisms, the fol-
lowing assumption is made: fast mechanisms dominate when the
membrane contains a bulk-water network. Bulk-water refers to
any water within the membrane that is not polarized by the elec-
trostatic field surrounding each charged sulfonate. A bulk-water
network refers to a network of bulk-water domains that intersect
across an entire membrane. The formation of the bulk-water net-
work is key, as any isolated bulk-water regions would be throttled
by the slower diffusion in the polarised water regions surrounding
them (i.e. protons move quickly through the bulk-water, but the
average diffusion will be limited by the slower diffusion occurring
in the polarised water before/after the bulk-water pocket).

The assumption that bulk-water networks are required for fast
diffusion mechanisms to dominate is supported by freezing dif-
ferential scanning calorimetry, which observes freezable (bulk)
water only at water fractions immediately following the slow-to-
fast diffusion coefficient transition.7,13,80 An example of this re-
lationship calculated from data published by Mochizuki et.al. is
provided in the Fig. S8 of ESI.†7 Accepting that bulk-water net-
work formation coincides with the onset of fast diffusion, the next
step is to describe the bulk-water network formation by applying
percolation theory to the data in Fig. 8.

5.1 Percolation theory

Percolation theory is used to describe property changes as a net-
work evolves within a material. The Sahimi81 illustration of per-
colation theory describes how the percolation of roads connect-
ing different locations in a town determines whether cross-town
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travel is possible as the number of open roads changes. For ex-
ample, with all roads open, the network is continuous, allow-
ing an individual to freely traverse around town. As roads are
closed, the network becomes less interconnected, making cross-
town travel more frustrating but still possible. As the number of
closed roads reaches a critical threshold value, cross-town travel
becomes impossible since the once continuous network becomes
non-continuous. In this example, the critical threshold is de-
termined by the degree of road percolation. Highly percolated
networks remain continuous even after many roads are closed,
whereas poorly percolated networks become non-continuous af-
ter only a few roads close. Applying this example to the bulk-
water network formation, the water fraction represents the "open-
roads" in the membrane, and the diffusion coefficient describes
the ease of travel across the membrane.

In terms of conductivity, classical percolation theory describes
a system that goes from insulator to conductor or conductor
to superconductor.81,82 The conductor to superconductor tran-
sition does not apply to membranes because resistance occurs
regardless of whether a bulk-water network exists. The insula-
tor to conductor transition is also problematic because it implies
that a membrane that does not contain bulk water is an insula-
tor. This is not true, considering that conductivity is measurable
when no bulk-water is observed.7,13,80 Therefore, an alternative
conductor-conductor model must be used.

Generalized Effective Medium (GEM) theory is a hybrid model
which combines percolation theory with Effective Medium Theory
(EMT).39,83–86 EMT is used to simulate the macroscopic proper-
ties of composites by averaging all of the inhomogeneous compo-
nents with different microscopic properties into a single macro-
scopic property.40,81,82,84 When applied to a membrane, EMT
describes the averaged proton diffusivity across both non-bulk-
water and bulk-water components. At low water fractions, non-
bulk water dominates the averaged diffusivity. As the water frac-
tion increases, the faster proton diffusion through the bulk-water
network component significantly increases the averaged diffusion
coefficient. The percolation theory component describes the bulk-
water network formation. Mathematically, the GEM theory can be
described39,84,87 by equation (7):

Φw ×
(D1/t

w −D1/t
Φw

)

D1/t
w +AD1/t

Φw

+(1−Φw)×
(D1/t

p −D1/t
Φw

)

D1/t
p +AD1/t

Φw

= 0 (7)

Where Dw is the proton diffusion coefficient as the membrane
tends to infinite dilution, Dp is the diffusion coefficient as the
membrane tends to complete desiccation, DΦw is the diffusion co-
efficient at a given water fraction, t is the percolation exponent,
and A is Φc

1−Φc
and is rearranged to produce the critical percola-

tion threshold (Φc) for this analysis. Fig. 9 illustrates the general
shape of a curve produced by the GEM model, and how each pa-
rameter affects the curve shape. In terms of the two models, EMT
describes the diffusion coefficient at the minimum and maximum
water fraction (Dp and Dw). Percolation theory describes the tran-
sition in-between, with the critical percolation threshold repre-
senting the water fraction when the diffusion coefficient change
is greatest, and the percolation exponent is illustrating the gen-

eral shape of the curve.

Fig. 9 Example GEM curve (in blue) with Φc = 0.4, Dp = 1 × 10−8,
Dw = 9× 10−5, and t = 1. The other (greyed) lines represent the same
parameters except t = 0.4 and t = 1.6 for the upper and lower lines, re-
spectively. Arrows indicate the change caused by altering the respective
parameter (Dp and Dw change the diffusion coefficient when water vol-
ume fraction is 0 and 1, respectively. Φc changes the water volume
fraction at the midpoint.

To model the dataset with GEM, this analysis used the Python
fitting package "lmfit".88 To fit each dataset lmfit uses the
Levenberg-Marquardt method.89,90 The Python script, initializa-
tion, and boundary parameters for these fits are provided within
the Table S1 of ESI.†

Returning to the HC-PFSA proton diffusion difference, the next
step is to look into how the GEM fitting parameters explain the
differences between the ionomers.

6 Discussion

6.1 Critical percolation threshold (Φc)
Critical percolation threshold represents the water fraction at
which a continuous bulk-water network exists across the mem-
brane. A higher percolation threshold indicates that a membrane
requires a greater volume of water to establish a bulk-water net-
work compared to a membrane with a lower percolation thresh-
old. Examining the percolation thresholds produces a correlation
with an ionomer’s acid concentration, as shown in Fig. 10. Mem-
branes with higher acid concentrations exhibit a critical percola-
tion threshold at a greater water fraction.

To describe the relationship a parameter lambda (λ) is used
to quantify the number of water molecules per sulfonate group,
shown in equation (8).

λΦc =
[H2O]Φc

[RSO3H]
(8)

λΦc is the number of water molecules per sulfonate group at the
critical percolation threshold, [H2O]Φc is the water concentration
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Fig. 10 The critical percolation threshold against sulfonic acid concentra-
tion in the dry membrane. Data colour and marker represents the ionomer
type. Data from references 7,9,11,12,20,21,23–25,28,31,33 Lines illus-
trate the expected relationship for different lambda (λ) values, which are
defined as the number of water molecules per sulfonate group. Error bars
represent fitting intervals of one standard deviation from the best fit.

at the critical percolation threshold, and [RSO3H] is the dry mem-
brane acid concentration. This can be related to Φc by combining
equation (8) with equation (9), producing equation (10).

Φc =
[H2O]Φc

[H2O]water
(9)

Φc =
λΦc

[H2O]water
× [RSO3H] (10)

[H2O]water is the molarity of water at 80 °C. Since water mo-
larity is constant, the expected relationship for the critical per-
colation threshold is a linear increase with acid concentration.
Steeper linear gradients are the product of higher λ values. Exam-
ple responses for λ values between 1 and 4 are plotted in Fig. 10.
From this perspective the majority of the points in the dataset, ir-
respective of ionomer type, show percolation thresholds between
2 < λ < 4. The universality is illustrated when diffusion coeffi-
cient is plotted against λ in Fig. 11 where the diffusion coeffi-
cients of HC and PFSA ionomers converge between λ values of 2
and 4. This mirrors publications where the observed λ value for
acid charge shielding is also between 2 and 4.52,71–73,91–94 The
correlation between these observations adds support to the GEM
parameters’ capacity to describe bulk-water network formation
and the resulting change in diffusion coefficient.

The agreement of the GEM calculated critical percolation
threshold and observed λ values suggests that GEM can accu-
rately describe the water network better than previous studies
using the classical percolation model.58,59 In these studies, the
percolation threshold tended to 0, which is significantly smaller
than the GEM results and the mathematical literature.95 In partic-

Fig. 11 Diffusion coefficient of HC and PFSA membranes against λ .
Data colour and marker represents the ionomer type. Data from refer-
ences 7,9,11,12,20,21,23–25,28,31,33 Spline curves are added to illus-
trate trends. The hybrid materials are excluded due to small dataset (3
polymers), version including Hybrid materials is available in Fig. S8 of
the ESI.†

ular, Ochi et al. suggests that the discrepancy observed between
the classically modelled results and theoretical results is because
the classical model assumes "only the water region contributes
to the conduction pathways".58 GEM avoids this assumption by
modelling the protons as slower when interacting with sulfonate
groups, or faster when diffusing through bulk-water.

Fig. 10 shows that all ionomers, regardless of type, need a simi-
lar number of water molecules per sulfonate to form a bulk-water
network. Fig. 10 also shows that low acid-content membranes ex-
hibit a lower critical percolation threshold. This implies that these
membranes require less water to form a bulk-water network, sug-
gesting a potential lower RH transition to fast proton diffusivity.
However, this does not account for a membrane’s affinity to wa-
ter (hygroscopicity), as discussed in section 3.4. As illustrated
in Fig. 12, membranes with low critical thresholds do not have
higher low-RH diffusivity, instead exhibiting slower proton dif-
fusion. This can be explained by the fact that membranes with a
high acid content have a higher water affinity, resulting in a larger
water fraction at any given RH. This offsets the higher critical wa-
ter fraction threshold, leading all membranes, regardless of acid
content, to form a bulk-water network at a similar RH (15-35%
RH). The relationship between proton diffusion and acid concen-
tration accounts for the lower critical thresholds’ lower proton
diffusivity. This is discussed in Section 6.2.

From the critical percolation threshold, the following is ascer-
tained. First, that all ionomers are forming the bulk-water net-
work at similar λ values. Second, a high critical percolation
threshold requires more water in the membrane to form the bulk-
water network. Third, despite the acid content increasing the
water fraction required for a diffusive network, the increasing hy-
groscopicity associated with a higher acid content overshadows
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Fig. 12 Diffusivity against RH. Data colour represents the critical per-
colation threshold calculated from GEM, values indicated by colour
bar. Marker represents the ionomer type. Data from references
7,9,11,12,20,21,23–25,28,31,33

the higher water fraction requirement. Although none of these
findings help to understand the HC-PFSA conductivity gap, they
do illustrate how the change in the IEC or density of an ionomer
affects the formation of a water network within the membrane.

6.2 Diffusion coefficient without a bulk-water network (Dp)
Having discussed the water fraction at which a bulk-water net-
work forms, and concluding that it does not explain the conduc-
tivity gap, the next step is to explore the diffusion coefficient
before the bulk-water network. This can be described by the
GEM parameter Dp, which is the diffusion coefficient of protons
through a membrane as the water fraction tends to 0. To clarify,
this analysis does not suggest that proton conduction can occur
in a completely desiccated membrane. Instead Dp is used to de-
scribe proton diffusivity when the membrane is in a water limited
regime, as described in section 4.1. Under this regime, any proton
will exist as a hydronium and sulfonate ion pair. Therefore, dif-
fusion occurs by the slower diffusion mechanisms associated with
strong ionic interactions. To empirically support the possibility of
proton conduction in the water-limited regime, publications are
cited here as examples of conduction when λ < 1.8,12,14,20,23,46

Fig. 8 supported the idea that inferior dry-HC conductivity
is caused by slower proton diffusivity when compared to PFSA
ionomers. Using Dp, this idea can be illustrated as the correlation
between low RH conductivity and Dp as shown in Fig. 13. In
this case, all polymers follow the same trend: increasing proton
diffusivity increases conductivity by an equal amount. The ma-
terials with the highest conductivity (PFSA ionomers) have the
highest Dp. Therefore, increasing the Dp of HC ionomers should
improve their dry conductivity. As HC ionomers display a wide
array of Dp values, the data enables an exploration into different
dry conductivity improvement strategies.

Fig. 13 The conductivity of membranes between 8% and 26% RH against
the DP of the respective polymer. Marker colour and marker represents
the ionomer type. Data from references 7,9,11,12,20,21,23–25,28,31,33

This analysis discusses how polymer design influences Dp using
case studies based on data sets from selected publications. For
transparency, all Dp values are plotted in Fig. 14, with the notable
case studies highlighted and connected.11,20,21,24,31 As a general
trend, the highest DP values are associated with PFSA, then HC,
though there is significant overlap across both ionomer types.

The first case study is based on a study by Maalouf et al.24 In
this publication, the IEC of 3M PFSA ionomer is varied. This is
achieved by changing the average number of tetrafluoroethylene
(TFE) spacer groups between each sulfonic acid side chain. La-
beling the TFE groups as hydrophobic, and the sulfonic acid side
chains as hydrophilic, Maalouf et al. provides a dataset represent-
ing polymers with the proportion of hydrophilic groups ranging
from 13% to 40%. The observed result of increasing the propor-
tion of hydrophilic groups is an increase in DP. This is an ex-
ample for higher acid concentrations making less tortuous proton
diffusion pathways. Since DP represents proton diffusion when
charges are not shielded, any proton being transported must be
associated with a sulfonate group. Therefore, a less tortuous
sulfonic acid network implies a less tortuous diffusion network.
This is suggested by Maalouf et al. who proposes "tight packing
of sulfonates with an appropriate lateral geometry to allow wa-
ter bridging".24 This observation is also mirrored in publications
where classical percolation theory has been applied to the mea-
sured conductivity of systems with variable acid content.96–101

Only membranes above a critical sulfonic acid content exhibit
conductivity. Below the critical acid concentration, there is in-
sufficient sulfonic acid to form a continuous network that protons
can diffuse across.

From the Maalouf et al. case, the expected response for increas-
ing acid content is less tortuous proton diffusion pathways and
higher DP, irrespective of ionomer. This holds true for the publi-
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Fig. 14 DP against dry sulfonic acid concentration. Marker color and
shape represent polymer type. Highlighted and connected data to draw
attention to different examples discussed. Data from references 7,9,11,
12,20,21,23–25,28,31,33

cation by Wang et al. where poly(ether sulfone)s (PES) are syn-
thesized with aliphatic side chains ending in sulfonic acids.31 The
acid concentration of these membranes is controlled by the per-
centage of hydrophilic (sulfonic acid containing) to hydrophobic
blocks. The published ratios range from 40% to 55% hydrophilic
blocks. As with the previous case, increasing the hydrophilic con-
tent (increasing acid concentration) decreases tortuosity, leading
to higher DP.

Both PFSA and PES ionomers share the increasing DP relation-
ship with acid content. However, the DP of both ionomers, when
the hydrophilic group ratio is 40%, reveals more than a 2000
fold difference. Since both ionomers have a similar number of
acid groups per unit volume (3.6 and 3.8 mmol/mL for PFSA and
PES, respectively), this implies that proton diffusion through the
PFSA ionomer is less tortuous. To explain this two factors are
considered: the jump distance of a proton and the morphology of
an ionomer. Fig. 15 illustrates the influence of each factor. Be-
tween Fig. 15A and Fig. 15B, keeping morphology (arrangement
of polymer chains) constant and increasing the jump distance de-
creases tortuosity (shorter black arrow). This can be rational-
ized with the Ka values provided in Table 1, where the aliphatic
sulfonic acid groups of PES are significantly less acidic than the
fluorinated PFSA. Though both dissociate completely in the pres-
ence of water, the lower Ka means a lesser anionic counter charge
screening and a more localised proton.6,102 Between Fig. 15A
and Fig. 15C the arrangement of chains is changed to reduce the
path length and, thus, tortuosity. Examples of morphology change
altering diffusivity are numerous, as summarized in the review by
Wu et al.2

Between acidity and morphology, morphology is the more sig-
nificant contributor to DP. Considering the Ka values (Table 1),
a system heavily influenced by Ka should exhibit significant DP

Fig. 15 Illustrations of tortuosity of sulfonic acid sites within polymer
membranes. As the the net proton movement arrow becomes less straight
it becomes longer, leading to higher tortuosity. A baseline system is
shown in A), a system where the proton jump distance is increased is
shown in B), a system where the morphology has changed is shown in
C).

difference between fluorinated acids and non-fluorinated acids.
That is, the considerable more acidity fluorinated acids should
exhibit DP values that do not overlap with the aliphatic and aro-
matic sulfonic acids. By plotting the DP of different sulfonate
types (see Fig. S10 in ESI)†the data shows some aliphatic and
aromatic sulfonic acids exhibiting a higher DP than the fluori-
nated acids. This suggests that ionomer acidity is not as effective
at improving dry diffusivity as improving the morphology that an
ionomer adopts. Therefore, the proton-acid group interactions is
not the dominant factor in determining proton diffusivity.

Assuming morphology is the dominant contributor to the DP

difference Kreuer et al. shows that the both HC and PFSA
ionomers exhibit a "structural motif [that] is quite universal".103

Yet "lower tortuosity (on a larger scale), resulting from the larger
backbone persistence length characteristic to PFSAs compared to
hydrocarbons, may lead to a more efficient percolation within
the proton conducting aqueous domain." Summarising, Kreuer et
al. suggest that both ionomer types phase separate, but PFSA
ionomers exhibit less random (regularly structured over longer
ranges) hydrophilic channels. Considering both the PFSA and
the PES being examined have sulfonic acid group side changes
of the same length its likely that this difference originates from
the packing of backbones. A publication by Crothers et al. sug-
gests that microscale channel-size distribution is has a significant
impact on transport properties.74 If PFSA channel size distribu-
tion is more uniform than HC ionomers then the likelihood of
induced local transport gradients will increase, which Crothers et
al. show decreases conductivity.50,51,74 Supporting this are wa-
ter drag coefficients observations by Pisani et al. showing that
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the water drag in Nafion remains non-zero when water volume
fraction is 0.1.104 The water drag in the example HC is not mea-
surable below a water faction of 0.2. Therefore, the influence
of local transport gradients from a broader channel size network
distribution in the HC ionomer could be used to explain this dra-
matic difference. If this is true, then increasing the long-range
ordering of the hydrophilic domains in HC ionomers may be key
to closing the conductivity gap.

Returning to the PES versus PFSA ionomers, both show that
increasing acid concentration increases DP. In terms of closing
the conductivity gap, this illustrates the first strategy: increas-
ing sulfonic acid concentration. The advantage to this approach
is simplicity, as increasing the degree of sulfonation is typically
a straightforward synthetic step. The disadvantage of additional
acid is the higher water volume fractions that results (as indicated
in Section 3.4), especially at a higher humidity. Higher water frac-
tions increase gas crossover, and seriously diminish key mechani-
cal properties like Young’s modulus.21,28,31,105–107 Therefore, in-
creasing acid content should be done carefully, considering the
higher water volume fractions it will cause.

For block-ionomers, an alternative to changing the acid con-
tent is changing the size of hydrophilic/hydrophobic blocks. In
other words, maintaining the block ratio (i.e. 1 hydrophilic for
every 2 hydrophobic) but making each block twice the size. This
approach maintains a constant acid content whilst manipulating
the morphology adopted by a given ionomer. This is exempli-
fied in the report by Asano et al., where a sulfonated polyimide
(SPI) is made with different hydrophilic block lengths.20 These
data are highlighted in Fig. 14, showing increasing block size
from 10 to 40 to 80 as DP increases with only a small change
in acid content. With chemical structure and concentration of
acids fixed, the logical explanation for increasing DP is longer
hydrophilic blocks making morphology more conducive to faster
proton diffusion. Asano et al. obtained stained transmission elec-
tron microscopy (TEM) images showing that larger hydrophilic
blocks produce better connected ionic domains. This result is
corroborated by data from other publications, all finding that
longer hydrophilic blocks make for more interconnected acid net-
works.28,36,107 However, this approach is only possible with block
polymerization, where the size and ratio of constituents can be
controlled.

Shiino et al. proposes a different approach to controlling mor-
phology via backbone rigidity.11 Based on a persistence length
design principle (proposed by Miyake et al.) the rigidity is con-
trolled by the ratio of para to meta groups in a fully aromatic
backbone.108 The concept is that a polymer comprised entirely
of para backbone links will be rigid and unable to bend. Adding
meta linkages to the backbone improves flexibility as it introduces
bends into the otherwise rod-like structure. Shiino et al. pro-
duced 3 polymers with different hydrophilic blocks: SPP-MP (1:1
meta:para), SPP-BP (2:2 meta:para), and SPP-QP (4:1 meta:para).
Note, that the study did not control hydrophilic domain size.
Since the acid content was fixed, the larger hydrophobic do-
mains (hydrophobic domain size SPP: MP<BP<QP) also pro-
duced larger hydrophilic domains (hydrophilic domain size SPP:
MP<BP<QP). As a result, this strategy overlaps with the block

size strategy.

Shiino et al. studies morphology using stained TEM and small
angle neutron scattering (SANS). They conclude that larger hy-
drophilic blocks decrease the likelihood of isolated ionic domains,
a similar conclusion to that based on the work varying ionomer
block-size.20,23,36,107 As a result, the publication suggests that
the greatest influence on conductivity is the inter-connectivity
of ionic domains, rather than the rigidity of backbone segments.
This observation is supported by a study from Peressin et al. who
investigated the effects of backbone rigidity on membrane per-
formance.109 This study finds that backbone rigidity has mini-
mal direct influence on proton conductivity, but does influence it
through water uptake. Backbone rigidity increases water sorp-
tion, causing proton dilution and weaker membranes. Peressin et
al. attributes the improved properties to "macroscopic chain en-
tanglement" when backbone flexibility is enhanced. As a result,
improving backbone flexibility should be considered as a water
uptake reduction strategy, enabling the synthesis of higher IEC
ionomers.

As found by the two strategies, increasing acid concentration
increases the number of acid sites, improving DP by reducing
tortuosity. Additionally, increasing hydrophilic domain sizes also
improves DP, presumably by increasingly the likelihood that a
highly percolated ionic network forms. Bae et al. (as highlighted
in Fig. 14) illustrates a case where both occur simultaneously.
Using a sulfonated poly(arylene ether sulfone ketone) (SPESK)
block ionomer, Bae et al. increase acid concentration by increas-
ing the size of the sulfonated block whilst the size of the hy-
drophobic block is kept constant. The result is a large range of
acid concentrations, all with similar DP values. This is contra-
dictory to the previous strategies, whereby more acid and larger
blocks should produce higher dry diffusion coefficients. This dis-
crepancy suggests that both outlined strategies may only work for
some polymers, and cannot be universally applied. The results of
Bae et al. could be attributed to rigid and highly sulfonated fluo-
renylidene biphenylene units (in-fact, multiple publications using
this group all exhibit similar DP values, as shown in Fig. S11 of
the ESI).†7,21,33 This group may limit the morphological develop-
ment as a membrane dries, resulting in similar morphologies irre-
spective of acid content or block size. This highlights a limitation
of this analysis, namely processing. As shown extensively with
PFSA ionomers, processing (e.g. casting solvent, annealing, con-
ditioning) the same ionomer differently can lead to significantly
different properties.13,96,110–116 Less is know about ideal HC pro-
cessing conditions, but it is likely that the optimal processing will
change between ionomers.117,118 All HC ionomers discussed in
the present analysis should be considered un-optimised, espe-
cially in comparison to less diverse PFSA ionomers. Currently,
PFSA ionomers adopt a morphology which enables higher pro-
ton diffusivity under dry conditions.6,7,11,12,62,71,107,119–121 How-
ever, it is clear from this analysis that iterative polymer design and
process optimization can close the HC-PFSA gap, opening up HC
ionomers for use in drier conditions.
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6.3 Percolation exponent, t
In fitting the GEM model to the present dataset, the percola-
tion exponent t was acquired. This value describes the transi-
tion shape (as shown in Fig. 9) of proton diffusivity from low
to high water fractions.85,86 For mathematical lattice structures
the exponent is universal.39,84 For a continuum system where the
percolating structure does not fit onto a lattice grid, the percola-
tion exponent is not universal. Currently, it is believed that t is
related to the shape of a conducting channel, with shapes such as
rods, producing t values as high as 5.8.39,85,86 No obvious trends
in t were observed in this dataset. Ideally, a relationship could
be drawn between the GEM model percolation exponent and the
water domain shape or size, as outlined by Crothers et al.74. This
could be achieved by collecting a larger dataset and supporting
it with morphological analysis such as small angle scattering or
microscopy.

7 Conclusion
This analysis brings together a variety of ionomers from both
PFSA and HC materials. Examining all conductivities, it was
discovered that HC ionomers can outperform PFSA ionomers in
wet conditions but fall short in dry environments; an observa-
tion known as the conductivity gap. To understand the source
of the gap, the inherent differences between the two material
groups were normalised, establishing a clear framework for ef-
fective material comparisons. Using the framework, the cause of
the conductivity gap was identified as low dry diffusivity of pro-
tons in HC ionomers. To describe diffusivity differences, the Gen-
eralised Effective Medium Theory (GEM) is used. Using GEM’s
fitting parameters, it is clear that all ionomers form a percolated
bulk-water network at similar water levels, regardless of ionomer
type. When compared to the influence of tortuousity and mor-
phology, acidity has a negligible effect on conductivity. In the
dry membrane, the morphology of PFSA ionomers is shown to be
more conducive to diffusion than HC ionomers, which creates the
conductivity gap. Case studies from the analysed literature were
chosen to identify various strategies for improving the morphol-
ogy of HC ionomers to facilitate conduction. GEM was found to be
an accurate descriptor of observed diffusion behaviour, agreeing
with many experimental and computationally observed results. In
the future, the framework and GEM model will be used to evalu-
ate various polymers and to help develop improved ionomers for
use in FC and WE applications.
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