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Abstract: A systematic study was carried out on Nafion® 112 membranes to evaluate the effects
of different electric field strengths on the structural and electrical properties of the membranes.
The membranes were subjected to different electric field strengths (0, 40, 80, and 140 MV/m) at
a temperature of 90 ◦C. Proton conductivity was measured using an LCR meter, revealing that
conductivity values varied with the electric field strengths, with the optimal conductivity observed
at 40 MV/m. Positron annihilation lifetime (PAL) spectroscopy provided insights into the free
volume structure of the membranes, showing an exponential increase in the hole volume size as
the electric field strength increased. It was also found that the positronium intensity of the Nafion®

112 membranes was influenced by their degree of crystallinity, which decreased with higher electric
field strengths. This indicates complex interactions between structural changes and the effects of
the electric field. Dielectric studies of the membranes were characterized over a frequency range of
50 Hz to 5 MHz, demonstrating adherence to Jonscher’s law. The Jonscher’s power law’s s-parameter
values increased with the electric field strength, suggesting a transition from a hopping conduction
mechanism to more organized ionic transport. Overall, the study emphasizes the relationship between
the free volume, crystallinity, and macroscopic characteristics, such as ionic conductivity. The study
highlights the potential to adjust membrane performance by varying the electric field.

Keywords: Nafion® 112; polymer electrolyte membrane; fuel cell; electric field; conductivity; positron
annihilation spectroscopy

1. Introduction

The common knowledge of the environment has grown in response to alarming
climate events in recent years, such as pollution and rising sea levels. Due to the enormous
need for transportation, fossil fuels are predicted to run out for 2070 [1]. As a result, efforts
to develop alternative energy sources are intensifying. The majority of renewable energy
sources, on the other hand, are sporadic, resulting in gaps in the relationship between
the supply and demand of energy, both spatially and temporally. Therefore, developing
appropriate energy storage devices for the electrical grid is imperative [2]. For these uses,
combining fuel cells with water electrolysis represents a potential path. With a theoretical
conversion rate of 90%, fuel cells based on hydrogen show high promise as an energy
source since all the fuel they require to produce energy is converted from chemical energy
to electric energy [1].

Recently, interest in fuel cell technology has grown, particularly in proton exchange
membrane fuel cells (PEMFCs). PEMFCs hold high potential as clean energy solutions due
to their elevated power density, significant energy density at low operating temperatures,
and compatibility with portable and stationary electronic devices [3]. In the PEMFC, the
electrolyte membrane is made from a polymer [4–6]. This solid structure significantly
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minimizes the risk of the electrolyte leaking into other layers. Two commonly known
examples of commonly used PEMFC materials are Nafion® 112 membranes and Aquivion®

perfluorosulfonated solid-state electrolytes [7–9]. There have been reports of the benefits of
perfluorosulfonated polymers, including their hydrophilic sulfonic acid groups, hydropho-
bic PTFE (polytetrafluoroethylene) backbone, phase shift in the hydrated state, superior
conductivity of protons, and so on [10,11]. Proton exchange membranes (PEMs) are the
fundamental parts of fuel cells. PEMs separate the gases at the anode and cathode to reduce
the possibility of direct contact and possible explosions. For a reaction, a PEM moves the
produced H+ from the anode to the cathode. Therefore, it is necessary to have a meager gas
penetration rate.

A PEM requires a specific level of mechanical strength to withstand hot and humid
environments. Additionally, effective proton transmission necessitates high proton con-
ductivity. A PEM that possesses these characteristics is considered exceptional. Nafion® is
known for its outstanding performance as a PEM; however, its perfluorinated structure
complicates its development and production [4,8,12]. This structure also compromises
mechanical strength at elevated temperatures, resulting in high production and retail
costs for Nafion. Pore filling has become a common method for enhancing the stability of
Nafion® membranes. Haolin Tang and his collaborators at Wuhan University of Technology
immersed Nafion® in a chemically modified solution of expanded polytetrafluoroethylene
(ePTFE) [13]. This process aimed to improve the stability of the fuel cell by filling the
backing material. Additionally, Mohanraj Vinothkannan and collaborators [14] explored
the use of sulfonic acid-functionalized, unzipped graphite nanofiber (SO3H-UGNF) as a po-
tential filler for Nafion®, creating a composite membrane intended for high-temperature
hydrogen—air fuel cells (HAFCs). Another innovative approach to increase efficiency is the
alteration of the membrane using an electric field. For the first time, Hsiu-Li Lin and collabora-
tors [15] applied an electric field to the solid polymer Nafion® and observed an enhancement in
the membrane’s proton conductivity. The internal electric field of a fuel cell plays crucial roles
in influencing power generation, efficiency, and overall system performance.

Understanding the factors that generate electric fields is essential for improving fuel
cell architecture, enhancing efficiency, and addressing issues related to lifetime and func-
tionality. Several key factors influence the generation of electric fields. (i) Ion transit. The
movement of ions through the electrolyte is a critical factor in the production of electric
fields. The ion transport properties of these electrolytes significantly affect the fuel cell’s
ability to generate electric fields [16]. (ii) Electrochemical reactions. The oxidation of fuel
and the reduction of oxygen at the anode and cathode create these reactions, which are
vital for the fuel cell’s operation. (iii) Interfaces and catalysts. Catalysts are necessary at
these interfaces to facilitate electrode reactions and improve the overall efficiency of the
fuel cell system [17]. (iv) Cell geometry and design. The configurations of the electrodes,
flow channels, and current collectors can impact how the electric field is distributed within
the fuel cell. Advancing the understanding in the areas helps to develop more reliable and
efficient fuel cell devices, paving the way for broader applications of this sustainable and
clean energy source. However, it is to stress that the electric fields in PEMs can alter proton
conductivity, affect membrane stability, and lead to structural changes.

It is of high importance to understand how electric fields influence PEMs in order to
maximize fuel cell efficiency and address challenges related to membrane degradation,
water management, and durability. PEMs can undergo morphological changes due to
electric fields, which can alter their composition and properties. These changes include
the initial interactions of PEM with electric fields, which can lead to changes in ion cluster
formation, membrane expansion or contraction, and alterations in the conformation of the
polymer backbone. Electric fields can have a significant impact on the proton conductivity
of a PEM. They can affect proton hopping kinetics, the formation of proton transport
channels, and the levels of proton hydration. These can ultimately influence the overall
proton conductivity of the PEM, impacting the performance of the fuel cell, particularly
under high current densities or varying humidity conditions [18,19]. Moreover, electric
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fields can exacerbate mechanisms of membrane degradation, such as chemical breakdown,
mechanical stress, or electrochemical oxidation. This can accelerate the aging process
of membranes, reducing their lifespan and functionality. Therefore, a comprehensive
investigation into the effects of electric fields on membrane degradation is necessary to
develop strategies to prevent or mitigate these adverse consequences [20].

Thus, the first step in a microstructure analysis is to estimate the free volume inside
the membranes using positron annihilation lifetime (PAL) spectroscopy [21–23]. The free
volume at the nanoscale seen in the polymer matrix and the molecular materials’ transport
kinetics of molecules (gas/methanol) both influence the mechanism of proton conductivity.
The free volume concept of molecule permeation and ionic conductivity states that ionic
conductivity and molecular diffusion are made possible by the free volume, which is
symbolized by sub-nanometer-sized holes in the polymer amorphous domain [24,25]. For
molecules like H2/O2 or methanol/O2, it is asserted that the structure of membranes with
a higher size of the free volume have high permeability and strong conductivity, according
to the free volume model [26]. In our earlier studies [8,27], at enough high temperatures,
we found significant relationships between permeability and proton conductivity and
the free volume holes produced by PAL methods. These results indicated that the free
volume is a determining factor for both gas permeability and the protonic conductivity
in the Nafion® membrane. PEMs derived from hydrocarbons or perfluorocarbons often
show destructive anisotropy or isotropic conductivity, which indicates that PEM’s proton
conductivity is lower when moving out of the plane than when it is in. However, the
relationships obtained feature a fast base with an incredible phase-separated shape, as
well as tortuous-path conductive channels [28,29]. Generally, the fuel cell execution can
be improved by increasing the transport efficiency of the protons from the anode to the
cathode through a conduit with a shorter or substantially lower bending conductance into
the out-of-plane channel.

To date, as noted in the review [30], the conductivity of Nafion® membranes has
been oriented in the “out-of-plane” direction through electric field-driven alignment. The
current study focuses on the effects of electric fields on Nafion® membranes. We give
a comprehensive analysis of the processes that generate electric fields in fuel cells and
examine how these processes influence the essential characteristics of the polymer elec-
trolyte membranes used in the fuel cells. By applying an external electric field to Nafion®

membranes at a fixed temperature—ranging between the melting point and glass transition
temperature—molecular motion is energized. Therefore, in this study we measure proton
conductivity and utilize the PAL technique to investigate the effects of various strengths
of applied electric fields on the Nafion® 112 membrane at 90 ◦C. Additionally, the study
establishes a correlation between the electrochemical properties of PEMs and their free volume
nanostructure, as determined by the positron annihilation lifetime technique. This research
examines the basic principles, underlying theories, and experimental data to enhance the
understanding of the complex electrochemical processes that occur within fuel cells.

2. Experimental Setup and Data Analysis

The chemical structure of the Nafion® 112 membrane (DuPont, Wilmington, DE, USA)
is depicted in Figure 1. Five samples with dimensions of 5 cm × 5 cm × 50 µm had been
cut from one sheet and used right as supplied, without any chemical modification (denoted
“as received” in what follows). To adjust the electric field strengths, the sample was placed
between two electrodes in a sample holder connected to a high-voltage source. At a rate
of 2 ◦C per minute, the Nafion® 112 membrane within the sample holder was heated in
an oven from 30 ◦C to 90 ◦C. The temperature was dropped to 30 ◦C at the same rate
after being held at 90 ◦C for an hour. The thermal progression from heating to collision
takes about two hours. The high voltage for the electric field effect was set at fixed values
during these two hours. The preceding process was carried out once more on the five
samples to affect the membranes at different strengths of the electric field (0, 40, 80, and
140 MV/m). Next, each membrane sheet that had been treated was cut into the proper sizes
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and shapes to match each measuring procedure. Before conducting the characterization
measurements, the resulting membranes were stored for one month at room temperature
to ensure that the membrane structure was proportionate to the electric field strengths and
that the membrane properties did not change.
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Wide-angle X-ray diffraction (WAXD) was used to study the crystal structure of
the present membranes using a Bruker (model D8) diffractometer with CuKα (with the
wavelength λX = 1.54184 Å) incident radiation. The WAXD patterns were investigated in
the 2θ range of 5◦–80◦ at 30 ◦C, where θ represents the incident angle of the X-ray beam
and a relative humidity of approximately 35%. The measurements were performed in the
Central Laboratory of Microanalysis and Nanotechnology, Minia University, Egypt. The
Hioki 3532 LCR meter was utilized to measure the conductance (G) of the membranes
under study at 30 ◦C and 35% relative humidity. The frequency range covered by the
measurements was 50 Hz–5 MHz. Proton conductivity σ [31,32]

σ(S/m) =
dG
a

, (1)

where d denotes the membrane thickness and a is the cross-sectional area of the cathode,
was computed with 2% accuracy.

To create the positron source, about 20 µCi of aqueous 22NaCl was placed on a thin
sheet of Kapton foil (7 µm thick). The 22NaCl spots were allowed to dry completely before
being covered with a corresponding piece of Kapton foil, sealed with epoxy glue, and
placed under a vacuum for one day. The Kapton foils absorbs about 10% of the positron
source, contributing to the components that have a short lifetime. This absorption was
not distinguished by the PAL spectra analysis. The PAL data were evaluated in a vacuum
at room temperature using a standard fast–fast coincidence setup [4,5,33]. The system’s
time resolution has been calculated by measuring the thick Kapton foils’ PAL spectrum.
It seems that the only polymer that does not have a long-lived component, or Ps yield, is
Kapton [34,35]. Using RESOLUTIONFIT software (version 3.106), the resolution of the
PAL approach was measured to be 240 ps, it mentions the full width at half maximum. Al
foil was used to encase the membrane/positron source/membrane sandwich to carry out
room temperature PALs measurements, or roughly at 30 ◦C. The PAL spectrum with more
than two million counts was deconvoluted into three lifetime-components using PALSfit3
software (version 3.251) [36,37]. The data analysis did not employ source correction.
By utilizing an approved reference material, we were able to verify the accuracy of our
measurements and the data analysis (The National Metrology Institute of Japan (NMIJ),
certified reference materials (CRM 5601-a) [38,39].

Three positron states are found in polymeric materials: spin parallel ortho-positronium
(o-Ps) with a lifetime τ3 of about 1 to 10 ns, the spin antiparallel para-positronium (p-Ps)
with a lifetime τ1 of about 125 ps, and the free positron with lifetime τ2 of about 450 ps [40].
The positron lifetimes in these states are characterized by their relative intensities I1, I2,
and I3, respectively. The component of the o-Ps lifetime is one of the most essential PEM
properties, even if the average hole volume size and the o-Ps lifetime τ3 are related. On the
other hand, the o-Ps intensity I3, which is dictated by the makeup of processes involving an
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energetic positron, represents the probability of creation of o-Ps. In addition to structural
alterations such as crystallinity [41] or membrane doping with NaI, an inhibitor of Ps
creation [42], these processes may result in Ps formation or inhibition. The relationship
between the average radius R of the hole volume and the o-Ps lifetime τ3 is given in the
Tao–Eldrup model [43,44] as follows:

τ3 = 0.5
[

1 − R
R0

+
1

2π
sin

(
2πR
R0

)]−1
ns, (2)

where o-Ps annihilates in a homogeneous electron layer with a thickness ∆R = 0.166 nm
and R0 = R + ∆R [45,46]. Using the formula

Vo-Ps = (4/3)πR3, (3)

one can determine the hole volume size Vo-Ps in nm3.
A complex expression of the PAL system resolution function R(t), where t denotes the

decay time, represented by a limited number n of negative exponentials, characterizes the
observed positron lifetime data y(t) as follows [37]:

y(t) = R(t)
[

Nt ∑n
i=1(Ii/τi) exp(−t/τi) + B

]
. (4)

In Equation (4), the normalized count is denoted Nt, B stands for the background,
and Ii (∑Ii = 1) is the relative intensity of the positron lifetime τi. Each positron lifetime
spectrum with a total of 3 × 106 counts was split into three lifetime components using
PALSfit3 software (version 3.251) software. The entire data processing procedure made
use of source rectification [47]. Given the assumption that the real values of the positron
lifespan are made up of a continuous distribution instead of the previously mentioned
more discrete circulation, the PAL spectrum can be expressed as a continuous decay as
follows [48]:

y(t) = R(t)
[

Nt

∫ ∞

0
(I(τ)/τ) exp(−t/τ)dτ + B

]
, (5)

where ∫ ∞

0
I(τ)dτ = 1. (6)

Here, Nt represents the PAL spectrum’s total count. Standard LT9.0 software was
used to carry out the usual discrete term study [47,48]. The biggest advantage of LT9.0
programs is the ability to reduce the number of free parameters. This may be achieved
in the LT9.0 program in various ways. The most straightforward one, which is already
available in LT9.0, is to use a combination of two most reliable program features, namely
(a) multiple spectra analysis, and (b) so-called “parameter statuses”, which define various
kinds of constraints imposed on the parameters. Analyzing multiple spectra brings the
advantage of finding common values for chosen parameters. Such processing makes the
resulting value more reliable in the case when one parameter should have the same value
for all spectra. For the annihilation rates λ of positronium in the free volume, the normal
distribution is considered, which equals 1/τ3, as follows:

α3(λ) = −(2π)−0.5σ−1
3 exp

[
− (ln λ− ln λ30)

2

2σ2
3

]
λ−1dλ, (7)

where σ3 refers to the distribution dispersion and λ30 refers to the peak annihilation rate of
positronium in free volumes. From this, the distribution of α3(τ3) is given by
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α3(τ3) = −(2π)−0.5σ−1
3 exp

[
− (lnλ−lnλ30)

2

2σ2
3

]
λ−1dλ dτ3

dλ

= −(2π)−0.5σ−1
3 exp

[
− (lnλ−lnλ30)

2

2σ2
3

]
λ−1dτ3.

(8)

where λ30 refers to the peak annihilation rate of positronium in free volumes so that the
free volume size distribution α3(V) is expressed as

α3(V) = −(2π)−0.5σ−1
3 exp

[
− (ln λ− ln λ30)

2

2σ2
3

]
λ−1dλ

dV
dλ

, (9)

where
dV
dλ

= −4πR2(R + Ro)
2

2Ro

(
1 − cos

(
2πR

R + Ro

))−1
. (10)

In disordered regions of the polymer matrix, the o-Ps trapping rate estimates were
computed using bulk positron lifetime τb, as follows [49,50]:

1
τb

=
I1

τ1
+

I2

τ2
+

I3

τ3
. (11)

Assume that the term “free positron annihilation rate” refers to the positron annihi-
lation in regions other than the open-volume defects. The reciprocal of the bulk positron
lifetime, λ = 1/τb, is the free positron annihilation rate. However, the mean lifetime τm can
be expressed as follows:

τm =
τ1 I1 + τ2 I2 + τ3 I3

I1 + I2 + I3
. (12)

Nevertheless, the mean positron lifetime is sensitive to all the parameters pertaining
to the annihilation states and atomic characteristics of the sample, regardless of the number
of components resolved in the PAL spectrum.

As per the model by Oleh Shpotyuk and colleagues [51], the positron and Ps may
become caught in two different kinds of defects. The trapping rates in the respective free
volume of membranes are denoted as Kd1 and Kd2 [50], namely the positron annihilation
rate in the crystalline region is defined as

Kd1 = I2

(
1
τ1

− 1
τ2

)
, (13)

and the Ps annihilation rate in free volume holes is defined as

Kd2 = I3

(
1
τ1

− 1
τ3

)
. (14)

The positron trapping rate (V+) in the ordered or crystalline portion of the membrane
can be obtained using the following relation [52]:

V+ =
3I2

(
1

⟨τb⟩
− 1

τ2

)
3I1 − I3

, (15)

where ⟨τb⟩ represents the average bulk positron lifetime τb for all the samples. However,
the trapping rate of Ps (VPs) in the amorphous areas of the semicrystalline polymer can be
calculated as follows [52]:

VPs =
4I3

(
1

⟨τb⟩
− 1

τ3

)
3 − 4I3 − 3I2

. (16)
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3. Results and Discussion

Sulfone groups (−SO3
−) and counterions (H+) represent the functional groups of the

Nafion® 112 membrane; combined, those groups create SO3H, as exhibited in Figure 1.
Concerning the influence of the electric field, it is exerted by the −SO3

− and H+ dipoles
of the Nafion® 112 membranes. The torque of the dipoles is EQD sin ϕ, where ϕ is the
angle between the line connecting the two dipoles, E is the electric field lines, D represents
the split in the poles, and −Q or +Q is the negative or positive charge in each segment of
the dipole. A more complex scenario is required in real systems to explain the structural
alterations, particularly at high temperatures (about 90 ◦C).

The PAL spectra of the Nafion® 112 membrane were deconvoluted into three life-
time components using the PALSfit and LT9.0 software [37,47]. At different electric field
strengths and at 90 ◦C, the PAL spectra were acquired both ‘’as received” and modi-
fied. There is a close agreement between the PAL parameters from the PALSfit analysis
and the LT9.0 analysis. The components with the shortest and intermediate lifetimes,
τ1 ~0.13 ns (I1 = 5–44%) and τ2 = 0.42−0.52 ns (I2 = 41–86%), originate from the p-Ps and
free annihilation of positrons with an electron, respectively. These can include more than
two contributions thanks to the complex polymer positron states and spur reactions [23].
The longest lifetime component (τ3 = 2.44–2.75 ns and I3 = 9–11.5%) may be owing to the
o-Ps pick-of annihilation. The o-Ps lifetime τ3 and its intensity I3 of the as-received mem-
brane and those with different field strengths at 90 ◦C are shown in Figure 2. Also, the free
volume size Vo-Ps is shown in Figure 2 which was determined using Equations (2) and (3).
At a zero electric field strength, the sample hole volume size at 90 ◦C was less than its value
at room temperature. As soon as heating the membrane causes the water to evaporate
and the degree of crystallinity to rise, this suggests that the amorphous portion of the
membrane decreases [7]. The free volume size increases with the strength of the electric
field, suggesting an increase in the amorphous region due to an increase in the migration
of the dipoles due to the strength of the applied field.
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As mentioned just above, the Nafion® 112 membrane’s degree of crystallinity in-
creases with heating to the point where the o-Ps intensity I3 drops. The o-Ps intensity I3 
smoothly drops as the strength of the electric field increases at 90 °C. On the other hand, 
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parable to the findings of ref. [22], where it is claimed that an amorphous hump that 
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decomposed WAXD pattern in the 2θ range from 8° to 24° can be used to determine the 
relative crystallinity and amorphous regions, as shown in Figure 3B–F. One can see that 
all of the current Nafion® 112 membranes under investigation are semicrystalline, with a 
degree of crystallinity in the range of 20–39%, as listed in Table 1. It is commonly known 

Figure 2. The o-Ps lifetime τ3, o-Ps intensity I3, and free volume size Vo-Ps derived from
Equations (2) and (3) as a function of the electric field strengths applied to Nafion® 112 membranes
at 90 ◦C. The ‘’as received” denotes the factory-supplied sample.

As mentioned just above, the Nafion® 112 membrane’s degree of crystallinity increases
with heating to the point where the o-Ps intensity I3 drops. The o-Ps intensity I3 smoothly
drops as the strength of the electric field increases at 90 ◦C. On the other hand, Figure 3A
shows the WAXD pattern for the Nafion® 112 membrane as received, recorded at room
temperature (30 ◦C) and a relative humidity of 35%. The current trend is comparable to the
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findings of Ref. [22], where it is claimed that an amorphous hump that might be divided
into two peaks exists over the range of 2θ = 8◦–24◦. The crystalline domain is shown by
the narrow peak, whereas the amorphous domain is identified by the wider peak. The
hexagonal structure of polytetrafluoroethylene (PTFE)-like crystallites in Nafion can be
represented by the (100) reflection of the peak [53]. Therefore, the decomposed WAXD
pattern in the 2θ range from 8◦ to 24◦ can be used to determine the relative crystallinity and
amorphous regions, as shown in Figure 3B–F. One can see that all of the current Nafion®

112 membranes under investigation are semicrystalline, with a degree of crystallinity in the
range of 20–39%, as listed in Table 1. It is commonly known that the degree of crystallinity of
the sample can be correlated with the o-Ps intensity I3, meaning that a lower o-Ps intensity
I3 is correlated with increased crystallinity [54]. This is not the case here, where the o-Ps
intensity I3 and the degree of crystallinity both decreases. Therefore, this change in I3 is not
caused by a modification in the hole number (hole volume content) in the membrane [55].
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Table 1. Variations in the degree of crystallinity with the electric field strength. The factory-supplied
sample is denoted as “as received”.

Electric Field (MV/m) Degree of Crystallinity (%)

as received 20.2
0 39.2
40 34.4
80 32.2

140 30.3

Furthermore, since the Nafion® 112 membrane is known to be a polar polymer, a spur
model [56] may be utilized to interpret the findings. The spur model states that Ps is
created when a thermalized positron and an electron that has been extracted from the
material combine. Ps then develops following the complete thermalization of the positron
and electron. Numerous events, the recombination of electrons and ions, as well as the
positron and electron departing the spur, then compete with the reaction of the spur for
Ps formation. Since this is a Coulomb reaction, it is known that there is little interaction
between the electrons and positrons [57]. Certain electronegative groups—especially polar
groups—may graft with the sample’s molecular chains during the electric field procedure.
These polar groups may prevent Ps from forming, which would lower the intensity of
o-Ps [58]. Therefore, the electron can be separated from the positron using an electric field,
which also reduces the creation of Ps (reduced I3).

It is commonly recognized that the free volume distribution of the materials is one of
their main features. This distribution affects the materials’ properties and determines the
crystal structure, mechanical stability, and membrane thermal stability. Figure 4 exhibits
the free volume distribution of the membranes as received and at different electric field
strengths. One can see that the free volume distribution moved to a larger free volume size
as the electric field strength increased. An electric field associated with the deterioration
effect caused the samples’ free volume distribution to alter, increasing the free volume size.
Interesting information may also be obtained by examining the width of the free volume
distribution. For the as-received sample, the free volume distribution was wider compared
with that for the heated membrane at 90 ◦C, because of the decrease in the free volume
size due to crystallinity or water removal. For the electric field effect, the free volume
distribution got narrower with increasing the electric field strength. This indicates that the
electric field effect turned to make the free volume size combine and form a free volume
with almost of the same sizes.

Figure 5 shows the positron parameters, such as τm, τb, Kd1, Kd2, V+, and VPs, deduced
from the analysis of the PAL spectra and Equations (11)–(16) for the present membranes.
As demonstrated in Figure 5a, the mean positron lifetime τm showed a notable rise with
increasing electric field intensity up to 40 MV/m, after which it dropped steadily. As already
known [56], after entering a solid, positrons thermalize quickly (in less than 10 ps), which
causes them to diffuse widely through the material until they eventually annihilate with
electrons. Another consequence of positron diffusion in nanocrystalline materials is that the
positrons will diffuse out to the surfaces since the size of the crystallite is smaller than the
positron diffusion length (100 nm) [59]. The overlap of the positron wavefunction with the
local electron density determines the lifetime of the positrons at the structural free volumes
on the crystallite surfaces. The cumulative effect of the positrons entering the sample
being annihilated is reflected in the positron mean lifespan indicated by Equation (12).
The variation with the electric field intensities well illustrates the existence of electric field
effects and shows how sensitive the positron annihilation spectroscopy (PAS) is to such
electronic structural alterations. It was found that τm for the Nafio® 112 membrane in its
as-received state was lower than its measured value after heating at 90 ◦C; this is related
to the increased degree of crystallinity of Nafion® 112 after heating. This agrees with the
study by Jerzy Dryzek [60], where it is stated that an increase in temperature induces the
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creation of thermally activated monovacancy or crystals, which is reflected in the increase
in the mean positron lifetime.
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Since it is a constant value for the materials and is associated with annihilations
from the high crystalline regions in the membrane, the bulk positron lifetime is of highest
importance. The behavior of the bulk positron lifetime τb with the electric field strengths,
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as shown in Figure 5b, is like that of τm, which can be used for the same interpretation. Due
to its inverse relationship with the electron density at the annihilation site, the bulk positron
lifetime τb is known to reflect the electronic structure directly. In Ref. [61], it is shown that the
relation between the electron densities n0 (a.u.) and the bulk positron lifetime τb as follows:

τb = 1/(2 + 134 n0) × 103 (ps). (17)

Generally, the electron density in polymers such as Nafion® 112 increases with increas-
ing temperature due to increasing crystallinity. Equation (17) requires that the positron
lifetime generally decreases with increasing temperature (Figure 5b), while τb for the as-
received membranes is as high as that heated at 90 ◦C. On the other hand, increases in the
strengths of the electric field higher than 40 MV/m at 90 ◦C for Nafion® 112 membranes
cause the production of a more amorphous area, which lowers the bulk positron lifetimes.

The investigated Nafion® 112 membranes exhibit two distinct types of traps, as il-
lustrated in Figure 5c,d; the traps are the long-lived and short-lived ones with the Kd1
and Kd2 trapping rates, respectively, when Kd1 > Kd2. Due to the semicrystalline nature
of Nafion® 112, Kd1 represents the positron annihilation rate in crystalline region defects,
while Kd2 represents the Ps annihilation rate in free volume holes. The role of long-lived
locations for positron trapping or the amorphous region’s trapping rate is strongly en-
hanced so that their trapping rate Kd2 (70–77 ns−1) becomes only 4–5 times less as for the
crystalline region’s trapping rate Kd1 (283–485 ns−1). The behavior of Kd1 is almost the
same as that of τm, while the behavior of Kd2 is almost similar to the o-Ps intensity I3 as
a function of the electric field strengths. The trapping rate is impacted by both the chemical
structure of the sample and the concentrations of defects.

The positron trapping rate V+ in the membranes’ vacancy-type defect is shown in
Figure 5e. As observed in the figure, the behavior of V+ against the electric field strengths is
similar to that for τm and Kd1. So, the previous discussion about τm and Kd1 can be used for
the interpretation of the V+ trend. On the other hand, Figure 5f presents the variation in the
trapping rate of positronium VPs versus the field strengths. VPs increases with the electric
field strength up to 40 MV/m, and then it decreases with the electric field strength. The
trend of VPs is connected to the increase in the free volume size with electric field strengths;
however, the change in the free volume size in the range of the electric field strength from
0 to 40 MV/m is larger compared with that in the range from 40 to 140 MV/m.

Any material behaves as the ideal Debye model if its Nyquist plot displays a complete
semicircle with its center located on the real part of the impedance (Z′-axis) [62,63], which
is described by the equation

ε∗ − ε∞ =
εs − ε∞

1 + jωτl
, (18)

where ε∗ denotes the complex dielectric constant, ε∞ denotes the permittivity’s high fre-
quency limit, εs denotes the permittivity’s minimum frequency limit, τl represents the
relaxation time, j denotes the imaginary unit refers to a phase shift in the complex plane,
and ω denotes the angular frequency. For materials with a single relaxation time, this
equation provides an excellent description of the relaxation phenomena. Their Nyquist
plot for other materials displays a depressed semicircle with a center below the X-axis
(real part of impedance). Since these materials have several relaxation times with differ-
ent relaxation mechanisms, it is claimed that they have deviated from the ideal Debye
model. Equation (18) is not sufficient to characterize the relaxation events for these materi-
als [64,65]. In Ref. [66], another equation is suggested which can be used to show how the
actual Debye behavior differs from the ideal one:

ε∗ − ε∞ =
εs − ε∞

1 + (jωτl)
1−γ

(19)
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or the Nyquist equation [67]:

ε∗ − ε∞ =
εs − ε∞[

1 + (jωτl)
1−γ

]β
, (20)

where τl measures how fast the material complies to changes in an applied electric field.
The distribution of the relaxation times for this equation is represented by two parameters.
The higher asymmetric distribution on the short-time side is defined by the γ parame-
ter, whilst the spreading symmetrical distribution on the logarithmic scale is indicated
by β. The fundamental building blocks of all these equations are the parameters β and
γ, whose values range from zero to one. For γ = 0 and β = 1, the deviation is zero, and
Equations (19) and (20) yield the Debye equation (Equation (18)). A departure from the
ideal Debye model is found for γ > 0 [68].

Figure 6a exhibits the relation between the frequency versus the dielectric constant ε′

of the as-received sample and after exposure to different strengths of the applied electric
field at 90 ◦C. For all values of the electric field strengths, it was concluded that the dielectric
constant has its maximum value at low frequencies, and then it begins to decrease rapidly
as the frequency increases until it becomes almost constant at the high frequency range. At
low frequencies, Nafion® 112 polarization is governed by two processes. The first process is
the electronic polarization, which occurs as a result of the electron displacement inside the
molecules in response to the electric field applied to the material. At the low frequencies,
the ions have sufficient time to move and be aligned with the electric field; this can lead to
a high value of ε′. In the second process, ionic polarization is formed from the movement
of charged particles inside the material. Referring to Nafion® 112, a network of ion-rich
channels is created as a result of the ionic groups, and these channels help in transferring
the ions. As the frequency rises, the response time begins to drop. At high frequencies, the
ions’ response time is insignificant, resulting in a constant dielectric constant that reaches
a plateau. This plateau represents the material’s fundamental electrical characteristics. On
the other hand, the rapid decrease in the dielectric constant of Nafion® 112 with increasing
frequency is due to the constraints of its polarization processes. The oscillation of the
electric field occurs too quickly for the dipoles to align properly, resulting in diminished
polarization. As a result, orientation polarization becomes minimal, and dielectric losses
may increase, lowering the effective dielectric constant due to the energy released as heat
from delayed polarization responses [69,70].

The energy lost as heat when a substance is subjected to an alternating electric field
is represented by the dielectric loss ε′′, and sometimes it is referred to as the loss tangent.
When frequency increases in Nafion® 112, the dielectric loss typically falls quickly until
reaching nearly constant levels at high frequencies, as shown in Figure 6b, which could be
attributed to the relaxation process inside the material. At a low frequency, the molecules
can respond to the electric field, which causes energy dissipation and increases the dielectric
loss. Increasing the frequency leads to a decrease in the relaxation time, which suppresses
the ability of the molecules to get oriented with the electric field. At a higher frequency,
the responsibility of the relaxation process for the loss tangent occurs considerably fast
during quite a short time. Relaxation processes in this range are generally associated with
motions at smaller scales, including dipolar interactions or molecular rearrangements. At
high frequencies, the dielectric loss becomes practically constant because the frequency of
the applied field has little discernible effect on these rapid relaxation processes [62,71].

Figure 7a exhibits the influence of the frequency on the conductivity of the as-received
sample after it was exposed to different strengths of electric field at 90 ◦C. Two frequency-
dependent zones can be seen in Figure 7a. At low frequencies, the rapid increase in the
conductivity is due to the polymer chains, which are aligned with the applied electric field;
this leads to enhanced proton mobility. At high frequencies, the time of the relaxation
process is quite limited, as was introduced above, and the molecules do not have the ability
to respond to the electric field; as a result, the conductivity becomes almost constant [72].
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Jonscher’s power law can describe the variation in the (alternative current, ac) conductivity
with the frequency according to the following relation [73]:

σac = Aωs, (21)

where ω represents the angular frequency, A is a temperature dependence constant, and the
slope of the straight line that resulted from the relation between conductivity and frequency
can be used to compute the s-parameter.
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The values of the s-parameter and its variation with the electric field strength are
indicators of the conduction mechanism inside the sample. Figure 7b shows the variation
in the s-parameter with the electric field strength. One can observe that the values of
s-parameter are lower than unity with a slight decrease in the electric field strength. Accord-
ing to the s-parameter values, the primary conduction mechanism in the current samples is
correlated barrier hopping (CBH). In the context of correlated barrier hopping, the energy
differential that an electron must overcome to go from one side to another is represented
by the barrier height. The likelihood of hopping between locations is determined by the
barrier’s height, which also affects the material’s overall conductivity [74,75]. In the case of
the CBH mechanism, the binding energy, or the barrier height, Wh, of charge carriers in
their localized states is given as follows:

s = 1 − 6KT
Wh + KT ln(ωt0)

, (22)

here Wh is the energy needed for the charged particles to overcome the barrier height and
move inside the material, the Boltzmann constant is denoted by K, T represents the absolute
temperature, and t0 is the relaxation time. t0 lies in the order of the vibrational period of
an atom (of about 10−13 s) [71,76,77]. If ln(ωt0) << Wh, then Equation (22) reads

s = 1 − 6KT
Wh

. (23)

Table 2 lists the calculated barrier height values Wh using Equation (23). Higher
fields may further lower the effective barrier heights, improving the material’s carrier
mobility and overall conductivity, as evidenced by the slight decrease in the s-parameter
as the electric field strength increases. In contrast to vehicle transport, which involves the
movement of larger ionic species, and the Grotthuss mechanism, where proton hopping is
the predominant transport process, the low barrier heights in the current study suggest
a correlated barrier hopping mechanism that facilitates effective charge carrier transport.
Reference [78] reported a similar behavior for [(CH3)2NH2]2CoCl4. Increasing the applied
electric field works to align the water molecules. This alignment reduces the energy barrier
that protons need to overcome to move through the membrane. The aligned water molecules
provide a favorable pathway for proton transport, lowering the effective barrier height.

Table 2. Variations in the barrier height with the electric field strength. See text for details.

Electric Field (MV/m) Barrier Height, Wh (10−3 eV)

as received 0.310
0 0.282
40 0.272
80 0.250

140 0.287

Studying the complex impedance for a polymer helps to describe the grain and grain
boundary interactions. Figure 8a shows the dependency of the real impedance Z′ on the
frequency for the as-received Nafion® and Nafion® 112 exposed to different strengths of the
applied electric field at 90 ◦C. It is observed that, in the law frequencies, the real impedance
decreases quickly with frequency, and then it gets saturated in the high frequency range.
This reveals the variety of polarization in the membrane, such as orientational and elec-
tronic polarization behaviors. In addition, the appearance of the ac conductivity in the
high-frequency region suppresses the ohmic effect [79]. Figure 8b illustrates the imaginary
impedance Z′′, which also shows a decreasing trend with increasing frequency. Z′′ repre-
sents the reactive component associated with capacitance and inductance in the system.
At low frequencies, Z′′ is observed to be higher, which is owing to the pronounced effects
of dielectric polarization. The strong polarization effect at low frequencies results from
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the ability of the charge carriers to respond to the external electric field, where they have
enough time to do that. As the frequency increases, the responsibility of the charge carriers
is diminished and leads to decreased polarization, which results in a decrease in Z′′. This
aligns with the trend observed for Z′, where the overall impedance decreases.
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Figure 8. The frequency dependence of the (a) real impedance Z′ and (b) imaginary impedance Z′′ of
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field at 90 ◦C.

To analyze the electrical properties of a material, the ac impedance method is the
most suitable method to carry out such a study. Figure 9a exhibits the Nyquist plot of the
investigated sample. Generally, for all the curves, one can observe a small semicircle in the
high-frequency range followed by a tall spike in the low-frequency range. This shows that
there is a different combination of the relaxation process; the semicircle represents smaller
relaxation, while the spike represents faster relaxation. Also, the depressed semicircles in all
curves confirm the non-Debye nature of the sample [80–83]. According to electrochemical
impedance spectroscopy (EIS) software and spectroscopy [84], the bulk resistance Rb was
obtained from fitting the Nyquist plot. Rb can be obtained from the intersection of the spike
extension with the semicircle, the value of the intersected point on the Z′-axis is the bulk
resistance [85–87]. The direct current (dc) conductivity, σdc, represents how a material can
conduct the electric current depending only on its resistivity and temperature. σdc can be
calculated as follows:

σdc =
d

a·Rb
, (24)

where a denotes the effective area of the sample and d denotes the sample thickness.
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Figure 9b shows the relation between the dc conductivity and the electric field of
both the as-received membrane and after exposure to different electric field strengths at
90 ◦C. Firstly, it can be observed that σdc of the as-received Nafion® 112 is higher than
that of Nafion® 112 heated at 90 ◦C. This is due to the partial leakage of the water content
from Nafion® 112 with heating, especially in the temperature range from 80 to 100 ◦C [88].
Considering the effect of the applied electric field, the dc conductivity increases with
increasing electric field strength. The electric field enhances the proton mobility within the
membrane, where it can exert a force on the charged particles in the membrane, including
protons. This force leads to the increased migration of ions, thereby increasing the overall
conductivity of the membrane. On the other hand, the distribution of water molecules
inside the Nafion® 112 membrane, which plays a significant role in proton conductivity, can
be influenced by the applied electric field. Under the influence of the electric field, water
molecules can migrate freer, facilitating proton transport and contributing to increased
conductivity [72].

Figure 10 exhibits the free volume dependence of both the barrier height Wh and the
dc conductivity σdc of the as-received Nafion® 112 and Nafion® 112 exposed to different
strengths of the applied electric field at 90 ◦C. One can see from Figure 10a that the barrier
height decreases slightly as the free volume increases. A larger free volume provides more
pathways and less obstructed routes for the charge carriers to travel. Furthermore, the
potential barriers experienced by the charge carriers become lower, reducing the overall
barrier height. This makes it freer for the charge carriers to go through the material and
facilitates charge transmission because it takes less energy to get past possible obstacles. It
is commonly known that the free volume refers to the empty spaces or voids present within
a material. In Nafion® 112, larger free volume sizes are typically associated with increased
molecular mobility and enhanced ion transport. When the free volume size increases, there
is more space available for ions, such as protons, to move through the membrane. This



Physics 2024, 6 1361

enhanced mobility of ions results in better conductivity. As a result, an increase in the free
volume size in Nafion® 112 is often related to an increase in conductivity, as illustrated in
Figure 10b, consistent with the findings by two authors of this paper [89]. As evidenced
by the pronounced correlations between the free volume and both the barrier height Wh
and dc conductivity σdc, this confirms the significant role the free volume plays in the
conductivity of Nafion® 112.
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4. Conclusions

In this study, we investigated how an electric field influences the behavior of the
Nafion® 112 membrane and its implications for the positron annihilation lifetime and
proton conductivity. The experimental results demonstrated that the electric field intensity
has a direct effect on the proton conductivity of the membrane, revealing a definite rela-
tionship between conductivity and the strength of the applied field. The correlated barrier
hopping (CBH) mechanism was identified as the primary conduction mechanism within
the investigated sample. Additionally, the analysis of the positron annihilation lifetime
revealed distinct lifetime components, indicating variations in positron trapping sites and
free volumes sizes within the membrane. These findings enhance the understanding of the
electrical and structural characteristics of the Nafion® 112 membrane, which is crucial for
optimizing its performance in applications such as fuel cells, electrochemical devices, and
membrane separation. It was found that proton conductivity increased exponentially with
the applied electric field, and that the size of the free volume reflected the increased mobility
of ions as the degree of crystallinity decreased. The study confirmed that the free volume
plays a significant role in both the barrier height and dc conductivity in Nafion® 112, as
demonstrated by the strong linear correlations observed between the free volume size and
both the barrier height and dc conductivity.
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