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Abstract: Low-cost anion exchange membrane (AEM) water electrolysis is a promising technology
for producing “green” high-purity hydrogen using platinum group metal (PGM)-free catalysts. The
performance of AEM electrolysis depends on the overall overvoltage, e.g., voltage losses coming from
different processes in the water electrolyzer including hydrogen and oxygen evolution, non-faradaic
charge transfer resistance, mass transfer limitations, and others. Due to the different relaxation
times of these processes, it is possible to unravel them in the frequency domain by electrochemical
impedance spectroscopy. This study relates to solving and quantifying contributions to the total
polarization resistance of the AEM water electrolyzer, including ohmic and charge transfer resistances
in the kinetically controlled mode. The high-frequency contribution is proposed to have non-faradaic
nature, and its conceivable nature and mechanism are discussed. The characteristic frequencies
of unraveled contributions are provided to be used as benchmark data for commercially available
membranes and electrodes.

Keywords: anion exchange membrane; water electrolysis; electrochemical impedance spectroscopy

1. Introduction

Low-cost anion exchange membrane (AEM) water electrolysis is a rather new but
promising technology for the production of high-purity hydrogen [1-3] using platinum
group metal free (PGM-free) catalysts. It integrates the benefits of both acidic polymer
electrolyte membrane (PEM) and classic alkaline electrolysis: inexpensive stack materials
and platinum group metal (PGM)-free catalysts [4-6] and a zero-gap cell architecture,
typical for PEM electrolysis [7]. The usage of alkaline solution with lower concentration
(as low as 1 M KOH) could provide excellent AEM water electrolyzer performance, and
KOH solution could be replaced with K,COj3 solution, allowing higher durability and
lower performance [8]. Even pure water could be used to feed AEM water electrolyzer,
but conductive and durable anion-exchange polymers are necessary to be used as a binder
(similar to PEM water electrolysis) [9].

Although many advances have been made in the development of AEM water elec-
trolyzer components [10], which greatly improved cell/stack performance, AEM electroly-
sis technology is still undergoing an initial stage of development [2]. Some advanced AEMs
have already been suggested, such as AEMION™ [11], Sustanion® [12], A-201 [13], and
Orion TM1 [14]. However, their performance during prolonged usage is not ensured yet,
and many aspects of their operation modes (i.e., with concentrated KOH, K,CO3, or even
pure water) should still be addressed [8].
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The electrochemical impedance spectroscopy (EIS) approach proves to be a very effec-
tive tool that provides a non-invasive in situ measurement of the electrochemical system’s
impedance [15], which is widely applied in Li-ion battery research and development [16],
PEM fuel cells [17], and other uses. For instance, such general parameters of the system
under study as so-called “high-frequency resistance” (HFR) and “low-frequency resistance”
(LFR) [18] could be simply extracted from the EIS spectra. Together with in situ studies
(e.g., polarization curves), EIS allows for unraveling processes occurring in the MEA and
evaluating their yield to the overall voltage losses.

However, without further analysis, EIS shows only qualitative information about
the contribution of the individual cell components to the total cell impedance [19,20]. As
such, to quantify each component of the spectrum, the measured EIS spectra need to be
further processed. The most common approach is a complex nonlinear least-square fit
approximation to a model function represented by an equivalent circuit model (ECM) [15],
which consists of electrical components, such as resistors, inductors, and capacitors, as
well as generalized elements, e.g., constant phase element (CPE), Warburg, and others [21].
Faradaic reactions are described as connected in parallel combination of R/C (or R/CPE),
whereas non-faradaic features, such as gas/liquid transport [22,23], catalytic layer ion
conductivity [24], plasma-sprayed electrode/electrolyte feature [25], electrode—electrolyte
interface resistance [26], and others could be described differently using aforementioned
generalized elements. Considering two half-reactions, i.e., HER and OER, even they could
be ascribed to one [22,27] or two [28,29] R/CPE elements (suggesting HER and OER
separately, or fast and slow OER steps if HER contribution is negligible). More in-depth
understanding of water electrolyzer EIS description is necessary.

This study involves detailed EIS study of AEM water electrolysis cells based on
commercially available non-noble metal catalysts and AEMION™ (Ionomr, Vancouver, BC,
Canada) membrane, fed with 0.1-1.0 M KOH supporting electrolyte solution. The effect
of the operational voltage, temperature, and supporting electrolyte concentration on the
AEM water electrolysis in the kinetically controlled mode was evaluated using the ECM
based on three R/CPE components: high-, mid-, and low-frequency arcs. Specific attention
is paid to the unusual EIS feature observed in the high-frequency region. Characteristic
frequencies of main EIS contributions are provided for AEM water electrolyzer based on
commercially available membranes and electrodes as a benchmark.

2. Results and Discussion
2.1. MEA Characterization and Analysis

The equivalent circuit displayed in Figure 1 was used to process the EIS data to perform
complex nonlinear least-square (CNLS) fitting. The circuit includes three R-CPE pairs for
high-, mid-, and low-frequency range as three semicircle loops (or arcs) are basically
observed in the Nyquist plots (given below). R;—R4 describes charge transfer resistance
and the CPEs describe the non-ideal capacitive behavior of the respective interfaces as
well as the non-uniform distribution of the catalyst’s active sites [30]. Besides these, the
resistor Ry and inductor L; are given, representing the total MEA ohmic resistance and
stray inductivity [31], respectively. Important to note is that the R; includes ohmic and
ionic resistance of AEM water electrolysis cell and MEA components. The high accuracy of
the fitting is proved by rather low values of reduced chi-square factor (provided by pyZw
after fitting): 10~4-107°.

Resistor 2 Resistor 3 Resistor 4

Inductor 1 Resistor 1

Figure 1. The equivalent circuit model (ECM) used to fit the EIS data.
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Figure 2 shows the Nyquist (or Cole-Cole) curves (Bode plots are given in Supplemen-
tary Materials in Figure S1) obtained at 50 °C and different voltage values using 1 M KOH
supporting solution.
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Figure 2. The Nyquist (A) plots of AEM water electrolyzer EIS are given. Raw EIS data are given as
dots. Reference EIS dots obtained at ca. 0.1, 1.0, 11, 116, 1200, and 8700 Hz are given as open symbols.
The Nyquist plots of the lower Re values are given in (B).

The structure of the curve and arcs in the Nyquist plot shown in Figure 2A provides
insight into the MEA behavior and dominant phenomena [20,28]. The part of the curve with
negative imaginary impedance consists of a few arcs, which could be related to different
processes inducing the overvoltage. According to the typical water electrolyzer polarization
curve [20], with the increase in current density the cell voltage increases (because of the HER
and OER overvoltage increasing), suggesting a decrease in total MEA resistance. The curve
intercept of the axis at high frequencies is often suggested as MEA ohmic resistance (high-
frequency resistance, HFR [18,32]), though any stray impedance leads to some discrepancy
in the ohmic resistance value [31].

The stray impedance appeared as a part of the curve with a positive imaginary part
in the high-frequency range (~10 kHz), which is considered in the model (Figure 1) as an
inductor Ly [31]. Total MEA polarization resistance is usually defined as the difference
between the HFR and EIS curve axis interception at low frequencies; so-called “low-
frequency resistance” [18]. However, when strong pseudo-inductive behavior [33] exists
or non-faradaic processes (i.e., slow mass transfer [23]) limit the overall process, low-
frequency resistance might not be determined straightforwardly. As such, the CNLS fitting
with the pre-chosen model provides a more reasonable and precise value of the MEA
polarization resistance as well as its ohmic resistance. According to ECM (Figure 1), the
MEA ohmic resistance is denoted as R1, whereas polarization resistance components (giving
the arc in total) are denoted as Ry—R4 and their summary provides the overall polarization
resistance. Here and below, Ry—R4 will be referred to as high-, medium-, and low-frequency
resistance, respectively.

In this study, the effect of current density on the MEA resistance components was
studied in the kinetically controlled mode at current densities less than 0.15 A-cm™2. Tt
is important to note that measurements were performed in potentiostatic mode at certain
values of the cell voltage: 1.4-1.9 V. The polarization curve plotted with the pre-EIS
stabilized currents is given in Figure 52 (Supplementary Materials), showing that even at
1.9 V the AEM electrolysis cell still operates in the kinetically controlled mode because
non-noble metal catalysts with high activation energy are used. Figure 2A further shows
that with an increase in voltage (current density), the polarization resistance of the MEA
decreases, suggesting the arc relation to electrochemical reactions [28]. EIS curves measured
at 1.4-1.9 V are strongly superimposed at high frequencies of 10*-200 Hz, obviously
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suggesting low variation in stray impedance (cables inductivity), MEA ohmic resistance,
and high-frequency arc R2/CPE2, which also fell into the same frequency range.

A better understanding of the MEA resistance breakdown could be obtained by
comparing the R1—-R4 values. The fitted values for R1—Ry are given in Figure 3A to show their
change with the voltage (current density) increase. The R3 and R4 values depend mainly on
the voltage, suggesting that R3/CPE3; and R4/CPE, circuit elements are related to faradaic
processes—HER and OER. Thus, CPE; and CPE, are related to the double-layer capacitance,
whereas R3 and Ry are identified with the overall rate of the respective electrochemical
reactions and incorporate the charge transfer resistances of different reaction steps [34]. It is
important to note that the full MEA resistance breakdown is given only for voltages >1.6 V
as the R3 and Ry fitting provides extremely high variation, i.e., R4/CPE, arc is located
mainly outside the chosen frequency range at voltages as low as 1.4-1.5 V.
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Figure 3. The MEA resistance components Rj-Ry variation with the cell voltage (A) and the compari-
son of only Ry and R, values (B).

The MEA ohmic resistance R; is rather independent of the cell voltage, which is
mainly described by the usage of 1 M KOH supporting electrolyte with a constant flow
rate which ensures full humidification [35] and high conductivity of the membrane—the
main contributor to the MEA ohmic resistance [32]. Relatively low current density prevents
the test cell from overheating significantly and subsequent decrease in ohmic resistance,
which usually causes the ohmic resistance to decrease with a current density increase in
PEM water electrolyzers [36]. R; varies in the range of 0.108-0.115 cm 2, which is in line
with other reports for MEAs equipped with AEMION membrane [26,31].

The process with the lowest characteristic frequency (highest time constant, Ry /CPEy)
is usually suggested to be the OER [20,37]. Transport limitations occurring in porous
electrodes due to the trapped bubbles [23,38] are often suggested as the slowest process.
However, the chosen voltage range is within the Tafel region with low current densities
at which transport losses could be assumed as negligible [39]. Though HER is much
faster than OER (up to three orders of magnitude [40]) and is normally invisible in the EIS
spectrum of PEM water electrolyzer, the HER reaction has a significant contribution to the
charge transfer resistance in alkaline systems [25,41]. Moreover, in this study, HER and OER
rates might not differ significantly as the non-noble NiFe-based catalysts are used in this
study [22], and the individual performance of purchased electrodes has not been evaluated.
NiFe-based catalysts have demonstrated quite close values of overvoltage in HER and OER
at 10 mA cm~?2 [42], suggesting comparable values of charge transfer. It is important to
note that similar anode and cathode catalysts (NiFeOx and NiFeCo, respectively) have been
used in [28], and the difference in the obtained values of HER and OER charge transfer
resistance is minor.

The origin of high-frequency resistance is not clear, though its low dependence on
voltage (current density) suggests non-faradaic nature. The temperature effect on the
MEA resistance components could be evaluated using the Arrhenius plots using the EIS
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data. The activation energies of certain processes could be calculated by the following

Equation (1) [43]: ) . .
o8 7;) =~ (za;) (1) +os4 <”

where R; is the MEA resistance component, (); Rg is gas constant, 8.31 ] mol 1 K1, Tis
temperature, K; and A is frequency factor. The activation energy (J mol 1) corresponds
to the slope of the linear fitting line multiplied by 2.303 R,. The change in R;-R4 with
temperature is shown in Figure 4A, whereas the calculated Arrhenius plots are given in
Figure 4B.
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Figure 4. The resistance components R;—-Ry4 variation as a function of temperature (A). The Arrhenius
plots of MEA resistance components (B), measured at different temperatures and in 1.0 M KOH
supporting electrolyte). R1-R; values are averaged among the whole voltage range. Given R3—Ry
values are measured at 1.7 V.

Figure 4A shows that the ohmic resistance R; and faradaic components R3—R4 show
typical Arrhenius-like behavior. R; decreases with increasing temperature, which is as-
sociated with an increase in the conductivity of the KOH solution and AEM [44], so R,
gradually decreases with the apparent activation energy value of 9.42 + 0.04 k] mol~!. The
obtained value is close to those of different AEMs measured in fully hydroxide-exchanged
state [45] and almost similar to the fully hydrated Nafion 212 protonic conductivity [45].
Higher apparent OH~ transport activation energy (~15 k] mol~!) could be obtained using
the data from [25], related to the MEA based on AF1-HNN8-50 Aemion™ (50 um in a
dry state) AEM and FAA-3 Fumion™ ionomer in catalytic layers. Measurements were
performed in 1 M KOH; however, the HFR value is taken as MEA ohmic resistance with-
out any stray impedance corrections. The MEA ohmic resistance values from [25] are ca.
0.095, 0.112, and 0.135 Q) cm? measured at 60, 50, and 40 °C, respectively, and are in good
agreement with the values obtained in this work (Figure 4A).

The R3—R4 components show rather similar values of E; of ca. 45 kJ mol~!, which
is in good agreement with data provided in [46] (ca. 50.2 k] mol~!) for the full MEA
and measured using 1 M KOH supporting electrolyte at 1.6 V in the absence of transport
limitations. The comparison is rather reasonable, as we consider that the overall water-
splitting process is governed by the slowest reaction, either HER or OER. On the other
hand, in [47], the activation energy of the MEA equipped with Fumapem® FAA-3-50, NiFe
cathode, and Ni anode was ca. 19-21 k] mol~! for operating potentials of 1.9-2.1 V.
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The high-frequency component R, behaves unusually, giving the negative activation
energy value (Figure 4B). Considering the high variation of R, values and relatively thin
voltage range, getting an accurate activation energy value is not straightforward. Rather
weak dependence of the high-frequency impedance on the temperature is suggested.

The effect of the KOH supporting solution concentration on the AEM water elec-
trolyzer EIS spectra was studied as well. A relatively high KOH concentration (up to 1 M
KOBH) is preferable for AEM water electrolysis due to significant improvement in HER
and OER kinetics [48], higher OH™ ion mobility, and membrane conductivity [49]. The EIS
curves measured at 1.4 V and 60 °C for 0.1 M, 0.5 M, and 1 M KOH supporting solutions
and comparison of Ry and R values are given in Figure 5. Both R; and R; increased to 0.216
and 2.25 Q) cm? as the supporting electrolyte concentration decreased. For the observed
increase in the Ry value, lower OH™ ion mobility in catalytic layers and the membrane is
suggested [44,49]. Regarding the Ry, its strong dependency on the supporting electrolyte is
reported, so its relation to the OH™ transfer is proposed.
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Figure 5. The effect of supporting electrolyte concentration on ohmic resistance and high-frequency
resistance R; values: Nyquist plots (A) and the comparison of Ry and R; values (B) measured at cell
voltage 1.4 V and 50 °C. Reference EIS dots obtained at ca. 0.1, 1.0, 11, 116, 1200, and 8700 Hz are
given as open symbols. The fitting is shown as lines.

After the EIS fitting, the time constants (7;) and characteristic frequencies (f;) values
for each R/CPE component could be calculated. First, as the CPE elements are used instead
of capacitors, the capacitance values should be obtained by Equation (2) [50]:

}1/:1 (2)

Ci = [Qi'Ril_a

The single RC(RQ)-element is designated by a time constant and can be obtained
according to Equation (3):
T = R;-C; ®)

The time constant could be converted to the characteristic frequency Equation (4):

fi= , (4)



Catalysts 2023, 13, 554

7 of 12

Therefore, arcs observed in the Nyquist plots (Figure 5A) could be described by a time
constant/characteristic frequency, providing the possibility to identify certain arcs in the
EIS data and to compare the AEMWE performance evaluated in different laboratories.

Characteristic frequencies related to the high-, mid-, and low-frequency arcs were
calculated for a voltage range of 1.6-1.9 V (50 °C, 1 M KOH). The characteristic frequency
values of each arc (represented as an RQ-element) fall within a certain frequency range,
i.e., 50-200, 0.2-30, 0.02-10 Hz for the high—, mid-, and low—frequency processes. According
to Figure 6, the characteristic frequencies of mid— and low—frequency arc increase with
increasing the cell voltage (current density), agreeing with the HER and OER rates increase.
The temperature variation induces a relatively small variation of f; values, so this variation
is considered in Figure 6 (filled areas). On the contrary, the f, is almost independent
of the cell voltage, which is in good agreement with the data shown in Figure 3. The
concept of characteristic frequencies is widely used to analyze and describe the EIS data
in PEM fuel cells [51], PEM water electrolysis [34] (time constants are provided instead
of characteristic frequencies), batteries [52,53], and others, whereas very limited data on
AEM water electrolyzers are available. For instance, Fortin et al. [54] suggested from one
to two arcs in their Nyquist plot measured for AEMWE at 0.72 A cm~?2 (1.7-1.8 V) with
the apex frequencies of ca. 100 and 5-7 Hz (these values were obtained not as a result of
modelling but as top frequencies on the graph, which may be inaccurate). Such a high
characteristic frequency value could be ascribed to the rather high performance due to the
usage of noble HER and OER catalysts.
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Figure 6. Characteristic frequencies related to the high-, mid-, and low-frequency arcs, calculated for
a voltage range of 1.6-1.9 V (50 °C, 1 M KOH) (presented as dots); the filled area relates to the high-,
mid-, and low-frequency arcs colored with black, red and blue, respectively. Filled areas are given
considering the f; variation with temperature.

It is important to note that certain values of time constants and characteristic frequen-
cies strongly depend on the MEA components and operational conditions (e.g., supporting
electrolyte type/concentration/flow rate, current density, and temperature). If comparable
operational conditions are repeated, the data presented here could assist to identify the
EIS arc origins. The characteristic frequency ranges obtained in the current study (shown
in Figure 6) for high-, mid-, and low-frequency arcs are related to the MEA based on
commercially available materials and could be used further as a benchmark.
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2.2. Discussion of the High-Frequency Arc Origin

The description of high-frequency arcs in PEM water electrolysis is controversial. It is
attributed to HER kinetics [34], charge transfer processes combined with the charging of
the double layer capacitance of the ionomer and oxides in the active layer (small impact
of the current density on the high-frequency arc and the linear resistance behavior was
observed) [55], or the first charge transfer of the two-electron process of the OER [56].
Khataee et al. [26], in their study of AEMION-based water electrolyzer with nickel-felt
electrodes (without any additional catalysts), suggested the electrode-electrolyte inter-
face, resistance which originates from the formation of a Ni (hydr)oxide layer on the
anode side, observed as the high-frequency arc. Wang et al. [25] proposed the ECM with
four R/CPE elements, where the high-frequency one is attributed to the roughness of
the plasma-sprayed electrode. Such a high-frequency phenomenon was ascribed to the
pear-shaped pore structure of obtained plasma sprayed [57] and mixed Ni-Zn powder
pressed electrodes [58].

It is worth noting that the Nafion was used as the catalytic layers’ binder in our study.
Recently, the usage of PFSA-based ionomers was found to be favorable for the performance
of AEMWE cells due to their stability, whereas the hydroxide supply is established by the
supporting electrolyte base [59,60]. The HFR values reported in [35] for AEMION-based
MEAs with the binder made of similar ionomer are at least 2.5 times higher than those
obtained in this study for a wide supporting electrolyte concentration range of 0.1-1.0 M
KOH. As such, the Nafion is not likely to deteriorate the MEA ion conductivity due to the
KOH solution circulation. Moreover, the literature reports that anion exchange ionomers
lead to lower HER [61] and OER [62] performance when compared to when a Nafion
ionomer binder is used.

Considering the independence of R, /CPE; of the cell voltage, and its strong correlation
with the supporting electrolyte concentration (OH- activity), we suggest the complex nature
of the high-frequency arc could be related to the charge transfer on the electrode/electrolyte
interface, considering its pore structure, and complicated with possible catalyst/electrode
material oxidation. Moreover, the possible contribution from the Nafion-related processes
is still unclear.

3. Experimental

Similar test bench and zero-gap water electrolysis cell hardware (Dioxide Materials,
Boca Raton, FL, USA) as described in [44] were used in this study. Catalyst-coated porous
transport layers (PTLs), namely stainless-steel fiber paper with NiFe,Oy (2 mg-cm’z) and
nickel fiber paper with NiFeCo (2 mg-cm~2) as anode and cathode, respectively, were
used to prepare MEA [12]. Commercially available AEMION™ (Ionomr, Vancouver, BC,
Canada) membrane [44,54] was used to prepare MEAs being sandwiched between catalyst-
coated PTLs during the test cell assembling. Nafion was used to stabilize catalysts on the
PTLs’ surface.

Experiments were carried out at various temperatures (40, 50, and 60 °C) and con-
centrations of electrolyte (0.1, 0.5, and 1.0 M KOH). The electrolyte was pumped through
both the anode and cathode chambers (flow rate ca. 3-5 mL-min~!) with a closed loop
system. The anode and cathode output solutions of equal KOH concentration were mixed
in a sealed holding tank to minimize carbonate buildup and keep constant electrolyte
concentration. Two-phase flows of liquid solution and gases (O, or Hy) were released from
the anode and cathode cell outlets, followed by gas separation before the solution reached
the tank.

Electrochemical measurements of AEMWE MEAs including EIS were performed using
an SP-150 potentiostat (BioLogic, Seyssinet-Pariset, France) in potentiostatic mode. Before
recording any measurements, MEA pretreatment at a constant voltage of 2 V for a few hours
was performed to ensure membrane humidification and uniform initial conditions [28,44].
To obtain the steady state conditions of the MEA at certain voltage values, the cell equilibra-
tion period of at least 900 s was included before the EIS measurement. The AC-signal am-
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plitude of 10 mV was used in all measurements to keep the system stable and linear [15,63].
The EIS was performed in the frequency range of 20 kHz to 0.1 Hz, which covers the whole
range of interest relevant to water electrolysis. EIS data were mainly processed using the
open-access software pyZwx 1.0.3 [64], and LinKK [65] software was used to evaluate the
quality of measured EIS data. The results of the Kramers—Kronig validity testing are in the
form of the residuals between the fitting and raw data. These residuals are consistently low
(less than 2%) and thus indicate valid impedance spectra in compliance with the linearity
and time invariance criteria [66].

4. Conclusions

A detailed EIS study of AEM water electrolyzer based on commercially available
AEMION™ membrane and non-noble catalysts was performed. This study was focused on
the kinetically controlled mode at which the transport limitations are considered negligible.
The effect of the operational voltage, temperature, and supporting electrolyte (KOH)
concentration on the AEMWE EIS footprint was evaluated using the ECM based on three
R/CPE components: high-, mid-, and low-frequency arcs. The consideration of stray
inductivity L (instead of the typical approach to ignore the impedance data with a positive
imaginary part) allows for accurate definition of the MEA ohmic resistance—an important
contributor to MEA overvoltage, especially at high current densities. The mid- and low-
frequency arcs were proved to be assigned to faradaic reactions HER and OER, though
particular reactions and arcs correspondence could not be established because of the strong
overlapping of their impedance footprint. The high-frequency arc is proposed to have
non-faradaic nature, and some possible processes and mechanisms for this were discussed.
Its origins are, however, not yet clear, and further studies are necessary. The concept of time
constants/characteristic frequencies is proposed for AEM water electrolysis to provide
a reasonable comparison of EIS data reported by different researchers. Moreover, some
valuable reference data related to the MEA based on commercially available membranes
and electrodes are provided as a benchmark.
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