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Abstract: Alkaline water electrolysis (AWE) refers to a representative water electrolysis technology
that applies electricity to synthesize hydrogen gas without the production of carbon dioxide. The ideal
polymer electrolyte membranes for AWE should be capable of transporting hydroxide ions (OH−)
quickly in harsh alkaline environments at increased temperatures. However, there has not yet been
any desirable impedance measurement method for estimating hydroxide ions’ conduction behavior
across the membranes, since their impedance spectra are significantly affected by connection modes
between electrodes and membranes in the test cells and the impedance evaluation environments.
Accordingly, the measurement method suitable for obtaining precise hydroxide ion conductivity
values through the membranes should be determined. For this purpose, Zirfon®, a state-of-the-
art AWE membrane, was adopted as the standard membrane sample to perform the impedance
measurement. The impedance spectra were acquired using homemade test cells with different
electrode configurations in alkaline environments, and the corresponding hydroxide ion conductivity
values were determined based on the electrochemical spectra. Furthermore, a modified four-probe
method was found as an optimal measurement method by comparing the conductivity obtained
under alkaline conditions.

Keywords: hydroxide ion transport; ion conductivity; polymer electrolyte membrane; alkaline water
electrolysis; hydrogen generation; impedance measurement; Zirfon; electrode configuration

1. Introduction

Due to the declaration of carbon neutrality, the renewable energy industry is develop-
ing significantly. The hydrogen industry is receiving a lot of attention, and the demand
for hydrogen has increased significantly. Water electrolysis, which is a representative
method among the methods for producing hydrogen, is classified by the electrolyte, which
is a passageway for ions. Among them, alkaline water electrolysis (AWE) refers to an
electrochemical process to directly convert water under alkaline conditions into hydro-
gen and oxygen gas through redox reactions occurring when electricity is applied [1,2].
Unlike PEM water electrolysis, AWE has the advantage that it does not require a noble
metal catalyst such as platinum, and it does not use an MEA type electrolyte membrane,
which is advantageous for a large area. In addition, compared to other water electrolysis
industries, technology commercialization has progressed a lot. Here, AWE is run under
alkaline conditions, which are formed by adding a certain amount of strong bases (e.g.,
KOH or NaOH) to water [3,4]. It can activate the dissociation of hydroxide ions from
aqueous strong bases with alkalinity and contribute to electro-catalytic reactions at energy
levels close to the theoretical voltage (i.e., 1.23 V) by lowering overpotentials, particularly
ohmic overpotential that is generated during AWE reactions. Thus, the polymer electrolyte
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membrane is one of the vital components of AWE, which is capable of preventing direct
contact with the anode and cathode, providing the hydroxide ion conductivity between
the electrodes, and separating the generated gases [5–11]. In particular, the membrane
requires high hydroxide ion conductivity to consume a low voltage per current density
and efficient hydrogen production in AWE [12–19]. Over the past few years, numerous
research groups have been committed to increasing the hydroxide ion conductivity, which
has been found as an important electrochemical performance relating to the whole AWE
process [20]. However, the existing analyses have been conducted only at the cell terminal
of the AWE unit cells, and there has been rare research on the hydroxide-ion-conductive
membrane [10]. Thus, the specific electrochemical analysis of the hydroxide-ion-conductive
membrane should be urgently conducted under the actual AWE operating conditions [9].

For this purpose, several measurement methods have been developed and used to
assess the electrochemical performance of the membrane. However, a measurement of
the hydroxide ion conductivity of the membrane has not yet been well established, and
it is generally measured indirectly by immersing the membrane in DI water [9,21]. The
above measurement methods are different from the actual AWE operation conditions, so
it is difficult to reflect in practice. In addition, the AWE is commonly operated under
high temperatures (above 60 ◦C) and strong alkali conditions (30 wt.% KOH) [8,22]. The
stainless material applied in the AWE cell incurs corrosion strongly under the above
harsh operation conditions, and all corrosion causes resistance, thus resulting in unreliable
electrochemical assessment results. For direct comparison, chemical resistant material
AWE cell and a method to measure hydroxide ion conductivity under the same AWE
operation conditions should be developed and applied [23,24]. Thus far, the two-probe
(H-type cell) method and the four-probe method for measuring hydroxide ion conductivity
have generally been used [25,26]. The two-probe method is simple and convenient and has
mainly been used to measure the total impedance of electrochemical cells containing anodes,
cathodes, membranes, electrolytes, and organic or inorganic fillers, etc. [27]. Accordingly,
the impedance of this two-probe method will reflect all the impedance components in the
path of current flow (e.g., lead inductance, lead resistance, as well as capacitance between
two leads) [28]. As a result, there is a limitation since typical impedance measurements
should only be applied to sample materials exhibiting high impedance of 10 k ohm or more,
and only other impedance components with relatively low values compared with 10 k ohm
can be ignored. In contrast, the four-probe method is capable of reducing the effects of
load impedance (e.g., lead inductance, lead resistance, and capacitance), since it uses four
separate leads, and no current exists in the leads for sensing voltage. For measurement
accuracy, it can be used in the high impedance measurement range, as well as in the low
impedance range of lower than 1 ohm [27,28].

Inspired by the above analysis, this study purposed to collect more accurate infor-
mation for the measurement of the hydroxide ion conductivity of the anion exchange
membrane (AEM). A precision impedance measurement system including an electrode
system was developed to measure and compare the resistance of membrane samples based
on the two-probe method and the four-probe method in a temperature- and humidity-
controlled chamber with the use of a commercial AWE membrane (e.g., Zirfon®). In
particular, the resistance was measured in an innovative four-probe cell built of polyether
ether ketone (PEEK) materials and nickel-coated stainless use steel (SUS) material with
chemical resistance to harsh alkaline solution and high temperature stability under ac-
tual AWE operation conditions. Furthermore, the hydroxide ion conductivity of Zirfon®

was determined and compared in different KOH concentrations (1–8 M) and ambient
temperatures (30–90 ◦C) using the modified four-probe cell method.

2. Materials and Methods
2.1. Materials

Zirfon® (Agfa, Mortsel, Belgium), which is typically used in AWE, is a porous compos-
ite membrane material composed of a polysulfone matrix and ZrO2 present as a powder
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and was adopted as a reference membrane [12]. It was pretreated in boiling deionized
water for 1 h to remove certain residual organic molecules, then immersed in a specific
concentration KOH solution for 24 h before measurement. Potassium hydroxide (KOH,
purity > 93%) was purchased from Daejung Chemical (Siheung, Korea). All the chemicals
in the reagent grade were used as received without any further purification.

2.2. Measurements

The electrode system was employed with three types of cells (H-type cell, zero gap
cell for High-Frequency Resistance, and 4-probe cell) to determine the impedance of each
Zirfon® membrane sample. All the membrane samples were cut to fit the size of the
respective electrochemical cell and immersed in 30 wt.% KOH solution for one day before
the impedance measurement.

2.2.1. Hydroxide Ion Conductivity of Specific Concentration KOH Solution

The hydroxide ion conductivity of a 1–8 M concentration KOH solution at 30–90 ◦C
was measured for comparison based on a conductivity meter (SevenExcellenceTM, Mettler
Toledo, Columbus, OH, USA) and a conductivity sensor (Cond probe InLab 731-ISM,
Mettler Toledo, Columbus, OH, USA).

2.2.2. The 2-Probe Cell Method (H-Type Cell and Zero Gap Cell)

The impedance of the Zirfon® membrane in the H-type cell (VB8-S, EC-FRONTIER,
Kyoto, Japan) was measured using a 2-probe method that included platinum used as a
working probe and a counter probe, respectively. A circular Zirfon® membrane with a
radius of 1 cm was placed between the two probes, which avoided direct contact between
the two probes, and a 30 wt.% KOH solution at the respective probe around the membrane
was arranged, as presented in Figure 1. The distance between the electrodes (Ed) was set
to 8 cm. Subsequently, the impedance was measured in situ at frequencies from 1 Hz to
20 kHz with the use of a potentiostat (VMP3, Bio-logic, Seyssinet-Pariset, France). Lastly,
the hydroxide ion conductivity value was determined by Equation (1):

Ion conductivity, σ (S/cm) = l/(R × S) (1)

where R denotes ohmic resistance; l represents the distance between electrodes; S expresses
the active area of the membrane.

Figure 1. (a) H-type cell and (b) electric circuit: membrane immersed in a KOH condition. (VH:
voltage high; VL: voltage low; IH: current high; IL: current low; Ra: ohmic resistance of an alkaline
solution; Rm: ohmic resistance of a membrane coupon; Ed: electrode to electrode distance.)

A zero gap cell (CNL Energy Co., Gimpo, Seoul, Korea) was adopted, and Figure 2
depicts the cell design. The distance between the electrodes (Ed) was relatively short
compared to the H-type cell and was set close to zero. The impedance of Zirfon® membrane
was also measured using the above 2-probe method. First, the blank resistance value was
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determined by measuring the resistance of the unit cell without a membrane with a single
channel potentiostat under 30 wt.% KOH aqueous solutions at 30–90 ◦C. Subsequently, the
membrane was applied to the unit cell and the total resistance was measured in the same
way at the same concentrations of KOH solutions. Lastly, the result of subtracting the blank
resistance value from the total resistance value was adopted to determine the hydroxide
ion conductivity by Equation (1).

Figure 2. Zero gap cell employing a membrane immersed in a KOH condition (Ed: electrode to
electrode distance).

2.2.3. The 4-Probe Cell Method

A shielding system was applied with alkali-resistant PEEK and nickel-coated SUS in
the unit cell to prevent changes in the KOH concentration due to temperature and humidity
and to maintain the membrane’s equilibrium state (by immersing the cell in the KOH
solution or not), as presented in Figures 3 and 4. Before the impedance measurement was
performed, the membrane was fixed with six knurled nuts and a Teflon cover at a constant
pressure to maintain the same contact resistance. The measurement was performed after
the respective hydrated Zirfon® membrane in the impedance measurement system reached
a controlled humidity and temperature.

Figure 3. (a) Four-probe cell and (b) electric circuit: the cell immersed in a KOH solution. (VH:
voltage high; VL: voltage low; IH: current high; IL: current low; Ra: ohmic resistance of an alkaline
solution; Rm: ohmic resistance of a membrane coupon; Ed: electrode to electrode distance.)
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Figure 4. (a) Modified four-probe cell and (b) electric circuit: the cell without immersing in a KOH
solution only installed a wetting membrane. (VH: voltage high; VL: voltage low; IH: current high;
IL: current low; Ra: ohmic resistance of an alkaline solution; Rm: ohmic resistance of a membrane
coupon; Ed: electrode to electrode distance.)

The impedance of the respective Zirfon® membrane was measured using an AC-
impedance 4-probe method in the frequency range of 100 kHz to 100 MHz at a constant
current of 0.01 mA. The new 4-probe cell was manufactured with a PEEK material, which
was highly stable in a KOH solution, and the probe component was installed with a
platinum wire. The experiment was performed after the installation in a shielded heat-
and humidity-controlled chamber for stable measurement. The impedance of a membrane
sample at the controlled humidity and temperature was measurable based on a Nyquist
plot [29,30]. The resistance of the sample was calculated according to the value at which
the imaginary component of impedance converges to zero in the high-frequency region,
and it was used to obtain the conductivity by Equation (1).

3. Results and Discussion
3.1. Aqueous KOH Solution Hydroxide Ion Conductivity

Figure 5 presents the measured hydroxide ion conductivity of aqueous KOH solutions
as a function of temperatures and concentrations using the conductivity meter (SevenEx-
cellenceTM, Mettler Toledo, Columbus, OH, USA). With the increase in the temperature
and the concentration, the hydroxide ion conductivity of aqueous KOH solutions tended
to increase. The reason is that the amount of ions would increase with the increase in the
concentration, and the mobility of ions would increase with the increase in the temperature,
thus leading to an increase in ionic conductivity [31]. Comparing the increase rate of the ion
conductivity, the increasing rate with the concentration was confirmed more significantly
than the increase rate with the temperature. As revealed by the above results, the hydroxide
ion conductivity of aqueous KOH solutions could be more dependent on concentration
than temperature.
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Figure 5. Hydroxide ion conductivity of aqueous KOH solutions as a function of temperature
and concentrations.

3.2. The Two-Probe Cell Method

Figure 6 depicts a Nyquist plot of the impedance measured using an H-type cell.
The impedance consisted of a real part and an imaginary part, and it can be expressed as
Equation (2). Equation (2) suggests that the impedance of the imaginary part was affected
by the frequency. In the high-frequency region, the Z′ value at which the value of Z”
converged to 0 is interpreted as the membrane resistance (R).

Impedance (Z) = Z′ − jZ′′ =
R

1 + ω2C2R2 − j
ωCR2

1 + ω2C2R2 (2)

where ω denotes angular frequency, C is capacitance in the parallel circuit, and R is resistance.

Figure 6. Nyquist plot via the H-type cell in 30 wt.% KOH solution at 30 ◦C condition.

Figure 7 depicts a Nyquist plot of the impedance measured using a zero gap cell.
Figure 7a is a graph showing the Nyquist plot of the impedance measured at 30 ◦C among
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column (2) in Table 1. Column (2) of Table 1 is the resistance value measured when the
membrane was fastened in the zero gap cell, and it is expressed as the total resistance
including the resistance of the electrode and lead wire. The resistance of the membrane was
determined using the difference between the above two resistances, as listed in column (4).
Column (4) is applied to Equation (1) to calculate ionic conductivity (column (7)), and area
resistivity (column (8)) is calculated by Equation (3).

Areal specific resistance, ASR (Ω cm2) = t/σ (3)

where σ denotes ionic conductivity; t represents the thickness of the membrane.

Figure 7. Nyquist plot via the zero gap cell in 30 wt.% KOH solution at 30 ◦C (a) with membrane,
(b) without membrane.

Table 1. Electrochemical properties via zero gap cell.

Zirfon (in 30 wt.% KOH)

(1) Temperature (◦C) 30 40 50 60 70 80 90
(2) Total resistance (Ω) 0.023 0.021 0.019 0.018 0.016 0.013 0.011
(3) Blank resistance (Ω) 0.0081 0.008 0.008 0.0079 0.0078 0.0078 0.0075
(4) Membrane resistance (Ω)
((2)−(3)) 0.015 0.013 0.011 0.010 0.008 0.005 0.003

(5) Thickness (µm) 498
(6) Active area (cm2) 25
(7) Ion conductivity (S/cm) 0.0953 0.1048 0.1107 0.1237 0.1509 0.1779 0.1953
(8) Area resistance (Ω cm2) 0.523 0.475 0.450 0.403 0.330 0.280 0.255

Figure 8 depicts the measured hydroxide ion conductivity of Zirfon® in 30 wt.% KOH
solutions in the H-type cell and zero gap cell using the two-probe method. The hydroxide
ion conductivity value of Zirfon® obtained by the H-type cell was 0.08 S/cm at 30 ◦C,
significantly lower than the hydroxide ion conductivity value of the aqueous KOH solution
at 30 ◦C (0.66 S/cm). The above difference in values was due to the resistance of different
elements between the anode and cathode in the H-type cell. It is generally known that the
membrane resistance of Zirfon® is approximately 0.3 Ω cm2 at 30 wt.% KOH solution and
30 ◦C conditions [12,32]. If this value is converted into a conductivity value by Equation (3),
a value of 0.16 S/cm will be obtained.
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Figure 8. Hydroxide ion conductivity measured using the 2-probe method in 30 wt.% KOH solution.

Nevertheless, the result measured in the H-type cell was 0.08 S/cm, significantly lower
than the commonly known value of 0.16 S/cm at 30 wt.% KOH solution and 30 ◦C. This
result suggested that not only the effect of the resistance value of Zirfon®, but also all
resistances, including probes and KOH solutions, were recognized and measured in the
above method. During the measurement of impedance using the two-probe method in
the H-type cell, the impedance measured included the impedance of all organic–inorganic
properties between the anode and cathode. As a result, it was confirmed that the hydroxide
ion conductivity was lower than that of the known value.

Moreover, the hydroxide ion conductivity result of Zirfon® measured in a zero gap
cell suggested that a value of 0.1 S/cm was calculated at 30 ◦C. This value was closer to the
theoretical value (0.16 S/cm) than the value measured in the H-type cell. The difference
between the two types of cells was based on the space between the electrode and the
membrane, which would increase the impedance. The above increased the error in the
electrochemical impedance spectroscopy (EIS) measurement [28]. Since the electrode-to-
electrode distance in the zero gap cell is shorter than that of the H-type cell, the impedance
value has a generally higher accuracy than the H-type cell [26]. However, the above method
is also a two-probe-based measurement method, and it is still difficult to measure actual
hydroxide ion conductivity due to the effect of different sources of electrochemical cell
resistance, including resistance to the membrane as well as interfacial resistance between
the membrane and the electrode and the load.

3.3. The Four-Probe Cell Method

Figure 9 shows a Nyquist plot of hydroxide ion conductivity measured using the
four-probe method. In mode 3 (Figure 3), an abnormally low resistance was measured by
immersing the membrane in the KOH solution. From the perspective of electrochemistry,
the ions moved in a pathway with relatively low resistance, so they migrated through the
KOH solution, instead of through the membrane. Additionally, the resistance decreased
significantly (e.g., parallel connection of resistors). As depicted in Figure 3, the KOH
solution was used as a parallel resistance in the measurement using the four-probe method
by placing the membrane in the KOH solution. Subsequently, the hydroxide ions first
moved through the KOH solution with relatively small resistance instead of the membrane.
Under the above condition, the resistance decreased as the resistances were connected in
parallel, as presented in Figure 3. Thus, it is difficult to conclude that the measured value is
the resistance value of the membrane.
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Figure 9. Hydroxide ion conductivity measured using the 4-probe method in 30 wt.% KOH solution
immersing under 30 wt.% KOH condition.

In addition, a certain level of resistance was measured in the mode, as illustrated in
Figure 4 in which the membrane was immersed in KOH solution. The resistance factor of
the membrane was well reflected, since the movement of hydroxide ions moved through
the membrane, instead of through the KOH solution.

Figure 10a depicts the hydroxide ion conductivity measured using the four-probe
method by immersing the test cell in the KOH solution. The resistance of the membrane
was significantly lower and resulted in super-high hydroxide ion conductivity values,
probably due to the hydroxide ions moving first and rapidly through the KOH solution
rather than the membrane. However, as depicted in Figure 4, the modified cell was installed
with a wetting membrane immersed in a specific KOH solution before the measurement
and measured in the same four-probe method. Unlike the measurement as illustrated in
Figure 3, there was a connection of a linear series resistor, and its total resistance is defined
as Equation (4) [28]:

RTotal = Ra + Rm + Ra (4)

Figure 10. Hydroxide ion conductivity measured using the 4-probe method in 30 wt.% KOH solution
(a) immersing in 30 wt.% KOH condition (Figure 3 mode), (b) without immersing in 30 wt.% KOH
solution (Figure 4 mode).

The measured impedance was employed for Equation (1) to obtain the ion conductivity
of the sample. In other words, resistance was measured and recorded as impedance (Rm) at
the Y-intercept on the real axis of the impedance curve within the high frequency [27,28].
Here, Ra is a value that can be collected and ignored as “0” in the high-frequency region, so
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RTotal = Rm can be established. Accordingly, the areal resistance of the Zirfon® membrane
was measured at 0.31 Ω cm2, consistent with the well-known value in the specification of
Zirfon® [12,15,32]. Furthermore, the calculation of hydroxide ion conductivity using the
determined resistance was confirmed as 0.16 S/cm, as presented in Figure 10b. In contrast
to other methods, since the current path and the voltage sensing cable are independent
of each other in the four-probe method, the induced impedance can be ignored from the
total impedance.

Figure 11 shows the resulting graph of the Zirfon® membrane impedance measure-
ments performed using the modified four-probe cell (Figure 4 mode), and the wetting
membranes were immersed in 1–8 M KOH solution before the measurement under the
same thermal and humidity control conditions, such as 30–90 ◦C and 70% relative humidity
(RH). As the temperature and concentration increased, the hydroxide ion conductivity
value increased, similar to the ion conductivity variation results of KOH solutions as
illustrated in Figure 5.

Figure 11. Hydroxide ion conductivity measured using the 4-probe method (Figure 4 mode) without
immersing in a KOH condition only installed wetting membranes immersed in 1–8 M KOH before
the measurement.

In brief, the proposed four-probe method (Figure 4 mode) of the methodologies
analyzed above was found as the most appropriate method in accuracy and precision.
The two-probe method cannot measure the intrinsic impedance of the membrane, since
it contains all the forms of resistance including the MEA, bipolar plate, and endplate, etc.
Thus, it is not effective in measuring the specific resistance of the membrane. In addition,
the modified four-probe method can measure only the intrinsic impedance of the membrane
using an independent electrode circuit [28]. Thus, the above modified four-probe method
can lead to more reliable measurement results of the impedance of an AEM.

4. Conclusions

In this study, different electrochemical test methods were used, and the results were
compared and investigated to find the optimal measurement method of the membrane’s
actual hydroxide ion conductivity. First, after the conductivity was measured as a function
of the concentration and temperature of the KOH solution, the transport behavior of hy-
droxide ions was confirmed to be more dependent on the effect arising from concentration
than on the effect of temperature. Moreover, the hydroxide ion conductivity was calculated
using two types of electrochemical methods (including the two-probe method and the
four-probe method). In all the measurements, Zirfon® membrane was a reference sample,
and the impedance was measured after each Zirfon® membrane immersed in KOH solution
was stabilized to reach the equilibrium moisture content. The impedance measured using
the two-probe method had a rather high resistance than the known resistance value, since
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all elements in the path from the test sample to the electrode through the potentiometer
were included as impedance components. The above conclusion was confirmed, as the
resistance value measured in the zero gap cell with a relatively short distance between
the electrodes was smaller than the impedance measured in the H-type cell. In addition,
the four-probe method can measure the intrinsic impedance of a membrane using an in-
dependent electrode circuit. However, during the measurement of the resistance of the
membrane in the KOH solution (Figure 3), the hydroxide ions did not move through the
membrane but moved through the KOH solution with relatively low resistance, so it could
not be effective in measuring the resistance of the membrane. During the measurement
(Figure 4), hydroxide ions moved through the membrane, so the correct resistance value to
be measured could be calculated. The resistance value measured using the above method
was consistent with the known resistance value of the commercial membrane. Thus, the
electrochemical cell using the modified four-probe method was found as the most suitable
method to measure an AEM’s hydroxide ion conductivity.

Author Contributions: The experiments and measurement methods were conceptualized by J.H.,
R.D.L. and C.H.L.; J.H.L., J.C. and J.J. performed the experiments; J.H.L. and J.Y. analyzed the data;
J.H. and C.H.L. wrote the manuscript; funding was acquired by C.H.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Technology Development Program to Innovative
Hydrogen Energy of the National Research Foundation (NRF) funded by the Ministry of Science,
ICT & Future Planning (2019M3E6A1064093)(1711158156), and this work was supported by the
Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the Korea
government (MOTIE) (20203030040030, Key technology development and demonstration of Alkaline
electrolyzer coupled with renewable energy resources for high safety).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We gratefully acknowledge the support from Dankook University’s Department
of Energy of Energy.

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

References
1. Santos, D.M.; Sequeira, C.A.; Figueiredo, J.L.J.Q.N. Hydrogen production by alkaline water electrolysis. Química Nova 2013, 36,

1176–1193. [CrossRef]
2. Agyekum, E.B.; Nutakor, C.; Agwa, A.M.; Kamel, S. A Critical Review of Renewable Hydrogen Production Methods: Factors

Affecting Their Scale-Up and Its Role in Future Energy Generation. Membranes 2022, 12, 173. [CrossRef] [PubMed]
3. Shiva Kumar, S.; Himabindu, V. Hydrogen production by PEM water electrolysis—A review. Mater. Sci. Energy Technol. 2019, 2,

442–454. [CrossRef]
4. Zeng, K.; Zhang, D. Recent progress in alkaline water electrolysis for hydrogen production and applications. Prog. Energy

Combust. Sci. 2010, 36, 307–326. [CrossRef]
5. Varcoe, J.R.; Atanassov, P.; Dekel, D.R.; Herring, A.M.; Hickner, M.A.; Kohl, P.A.; Kucernak, A.R.; Mustain, W.E.; Nijmeijer, K.;

Scott, K.; et al. Anion-exchange membranes in electrochemical energy systems. Energy Environ. Sci. 2014, 7, 3135–3191. [CrossRef]
6. Dekel, D.R. Review of cell performance in anion exchange membrane fuel cells. J. Power Sources 2018, 375, 158–169. [CrossRef]
7. Kaczur, J.J.; Yang, H.; Liu, Z.; Sajjad, S.D.; Masel, R.I. Carbon Dioxide and Water Electrolysis Using New Alkaline Stable Anion

Membranes. Front. Chem. 2018, 6, 263. [CrossRef]
8. David, M.; Ocampo-Martínez, C.; Sánchez-Peña, R. Advances in alkaline water electrolyzers: A review. J. Energy Storage 2019, 23,

392–403. [CrossRef]
9. Gao, X.L.; Sun, L.X.; Wu, H.Y.; Zhu, Z.Y.; Xiao, N.; Chen, J.H.; Yang, Q.; Zhang, Q.G.; Zhu, A.M.; Liu, Q.L. Highly conductive

fluorine-based anion exchange membranes with robust alkaline durability. J. Mater. Chem. A 2020, 8, 13065–13076. [CrossRef]
10. Chen, N.; Lee, Y.M. Anion exchange polyelectrolytes for membranes and ionomers. Prog. Polym. Sci. 2021, 113, 101345. [CrossRef]
11. Mandal, M. Recent Advancement on Anion Exchange Membranes for Fuel Cell and Water Electrolysis. ChemElectroChem 2021, 8,

36–45. [CrossRef]

http://doi.org/10.1590/S0100-40422013000800017
http://doi.org/10.3390/membranes12020173
http://www.ncbi.nlm.nih.gov/pubmed/35207094
http://doi.org/10.1016/j.mset.2019.03.002
http://doi.org/10.1016/j.pecs.2009.11.002
http://doi.org/10.1039/C4EE01303D
http://doi.org/10.1016/j.jpowsour.2017.07.117
http://doi.org/10.3389/fchem.2018.00263
http://doi.org/10.1016/j.est.2019.03.001
http://doi.org/10.1039/D0TA04350H
http://doi.org/10.1016/j.progpolymsci.2020.101345
http://doi.org/10.1002/celc.202001329


Membranes 2022, 12, 556 12 of 12

12. Vermeiren, P.; Adriansens, W.; Moreels, J.P.; Leysen, R. Evaluation of the Zirfon® separator for use in alkaline water electrolysis
and Ni-H2 batteries. Int. J. Hydrog. Energy 1998, 23, 321–324. [CrossRef]

13. Zhang, M.; Kim, H.K.; Chalkova, E.; Mark, F.; Lvov, S.N.; Chung, T.C.M. New Polyethylene Based Anion Exchange Membranes
(PE–AEMs) with High Ionic Conductivity. Macromolecules 2011, 44, 5937–5946. [CrossRef]

14. Jang, M.-J.; Won, M.S.; Lee, K.H.; Choi, S.M. Optimization of Operating Parameters and Components for Water Electrolysis Using
Anion Exchange Membrane. J. Korean Inst. Surf. Eng. 2016, 49, 159–165. [CrossRef]

15. Schalenbach, M.; Lueke, W.; Stolten, D. Hydrogen Diffusivity and Electrolyte Permeability of the Zirfon PERL Separator for
Alkaline Water Electrolysis. J. Electrochem. Soc. 2016, 163, F1480–F1488. [CrossRef]

16. Mondal, A.N.; He, Y.; Wu, L.; Khan, M.I.; Emmanuel, K.; Hossain, M.M.; Ge, L.; Xu, T. Click mediated high-performance anion
exchange membranes with improved water uptake. J. Mater. Chem. A 2017, 5, 1022–1027. [CrossRef]

17. Kwasny, M.T.; Zhu, L.; Hickner, M.A.; Tew, G.N. Thermodynamics of Counterion Release Is Critical for Anion Exchange
Membrane Conductivity. J. Am. Chem. Soc. 2018, 140, 7961–7969. [CrossRef]

18. Rodríguez, J.; Palmas, S.; Sánchez-Molina, M.; Amores, E.; Mais, L.; Campana, R. Simple and Precise Approach for Determination
of Ohmic Contribution of Diaphragms in Alkaline Water Electrolysis. Membranes 2019, 9, 129. [CrossRef]

19. Nhung, L.T.; Kim, I.Y.; Yoon, Y.S. Quaternized Chitosan-Based Anion Exchange Membrane Composited with Quaternized
Poly(vinylbenzyl chloride)/Polysulfone Blend. Polymers 2020, 12, 2714. [CrossRef]

20. Yang, K.; Ni, H.; Du, X.; Shui, T.; Shen, H.; Xu, J.; Liu, Y.; Li, C.; Gao, Y.; Wang, Z. Improvement the hydroxide conductivity and
alkaline stability simultaneously of anion exchange membranes by changing quaternary ammonium and imidazole contents. Int.
J. Energy Res. 2021, 45, 13668–13680. [CrossRef]

21. Ge, Q.; Zhu, X.; Yang, Z. Highly Conductive and Water-Swelling Resistant Anion Exchange Membrane for Alkaline Fuel Cells.
Int. J. Mol. Sci. 2019, 20, 3470. [CrossRef] [PubMed]

22. Zheng, X.X.; Böttger, A.J.; Jansen, K.M.B.; van Turnhout, J.; van Kranendonk, J. Aging of Polyphenylene Sulfide-Glass Composite
and Polysulfone in Highly Oxidative and Strong Alkaline Environments. Front. Mater. 2020, 7, 437. [CrossRef]

23. Ziv, N.; Dekel, D.R. A practical method for measuring the true hydroxide conductivity of anion exchange membranes. Electrochem.
Commun. 2018, 88, 109–113. [CrossRef]

24. Zhegur-Khais, A.; Kubannek, F.; Krewer, U.; Dekel, D.R. Measuring the true hydroxide conductivity of anion exchange membranes.
J. Membranes Sci. 2020, 612, 118461. [CrossRef]

25. Liu, Z.; Sajjad, S.D.; Gao, Y.; Yang, H.; Kaczur, J.J.; Masel, R.I. The effect of membrane on an alkaline water electrolyzer. Int. J.
Hydrog. Energy 2017, 42, 29661–29665. [CrossRef]

26. De Groot, M.T.; Vreman, A.W. Ohmic resistance in zero gap alkaline electrolysis with a Zirfon diaphragm. Electrochim. Acta 2021,
369, 137684. [CrossRef]

27. Lee, C.H.; Park, H.B.; Lee, Y.M.; Lee, R.D. Importance of Proton Conductivity Measurement in Polymer Electrolyte Membrane for
Fuel Cell Application. Ind. Eng. Chem. Res. 2005, 44, 7617–7626. [CrossRef]

28. Fafilek, G. The use of voltage probes in impedance spectroscopy. Solid State Ion. 2005, 176, 2023–2029. [CrossRef]
29. Mosgaard, L.D.; Zecchi, K.A.; Heimburg, T.; Budvytyte, R. The Effect of the Nonlinearity of the Response of Lipid Membranes to

Voltage Perturbations on the Interpretation of Their Electrical Properties. A New Theoretical Description. Membranes 2015, 5, 495.
[CrossRef]

30. Gomadam, P.M.; Weidner, J.W. Analysis of electrochemical impedance spectroscopy in proton exchange membrane fuel cells. Int.
J. Energy Res. 2005, 29, 1133–1151. [CrossRef]

31. Zhang, W.; Chen, X.; Wang, Y.; Wu, L.; Hu, Y. Experimental and Modeling of Conductivity for Electrolyte Solution Systems. ACS
Omega 2020, 5, 22465–22474. [CrossRef] [PubMed]

32. In Lee, H.; Dung, D.T.; Kim, J.; Pak, J.H.; Kim, S.k.; Cho, H.S.; Cho, W.C.; Kim, C.H. The synthesis of a Zirfon-type porous
separator with reduced gas crossover for alkaline electrolyzer. Int. J. Energy Res. 2020, 44, 1875–1885. [CrossRef]

http://doi.org/10.1016/S0360-3199(97)00069-4
http://doi.org/10.1021/ma200836d
http://doi.org/10.5695/JKISE.2016.49.2.159
http://doi.org/10.1149/2.1251613jes
http://doi.org/10.1039/C6TA09114H
http://doi.org/10.1021/jacs.8b03979
http://doi.org/10.3390/membranes9100129
http://doi.org/10.3390/polym12112714
http://doi.org/10.1002/er.6698
http://doi.org/10.3390/ijms20143470
http://www.ncbi.nlm.nih.gov/pubmed/31311111
http://doi.org/10.3389/fmats.2020.610440
http://doi.org/10.1016/j.elecom.2018.01.021
http://doi.org/10.1016/j.memsci.2020.118461
http://doi.org/10.1016/j.ijhydene.2017.10.050
http://doi.org/10.1016/j.electacta.2020.137684
http://doi.org/10.1021/ie0501172
http://doi.org/10.1016/j.ssi.2004.06.024
http://doi.org/10.3390/membranes5040495
http://doi.org/10.1002/er.1144
http://doi.org/10.1021/acsomega.0c03013
http://www.ncbi.nlm.nih.gov/pubmed/32923805
http://doi.org/10.1002/er.5038

	Introduction 
	Materials and Methods 
	Materials 
	Measurements 
	Hydroxide Ion Conductivity of Specific Concentration KOH Solution 
	The 2-Probe Cell Method (H-Type Cell and Zero Gap Cell) 
	The 4-Probe Cell Method 


	Results and Discussion 
	Aqueous KOH Solution Hydroxide Ion Conductivity 
	The Two-Probe Cell Method 
	The Four-Probe Cell Method 

	Conclusions 
	References

