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Polymer membrane electrolyzers benefit from high-pressure
operation conditions and low gas cross-over and can either
conduct protons (H+) or hydroxide ions (OH� ). Both types of
electrolyzers have a similar design, but differ in power density
and the choice of catalysts. Despite the significant endeavor of
their optimization, to date, there is no well-established
impedance model for detailed analysis for either type of these
devices. This complicates the in-situ characterization of electro-
lyzers, hindering the investigation of degradation mechanisms
and electrocatalytic processes as a function of applied current
density or time. Nevertheless, a detailed understanding of such
individual processes and distinguishing the performance-limit-

ing factors are the keystones for sophisticated device optimiza-
tion. In this work, an impedance model based on electrode
processes has been developed for an anion exchange mem-
brane electrolyzer utilizing iridium oxide anode and platinum
cathode electrocatalysts. This model allows to deconvolute the
measured impedances into constituents related to the individu-
al electrode processes and to estimate actual physico-chemical
quantities such as the reaction kinetic parameters and double-
layer capacitances. We discuss the meaning of the fitting
parameters and show that this model enables, for the first time,
the estimation of the electrochemically active surface area of
the anode electrocatalysts under reaction conditions.

Introduction

Hydrogen is not only attractive for energy storage; it is also a
valuable feedstock for chemical synthesis, e.g., with CO as
syngas, but also needed for fertilizer production and steel
refining.[1,2] At present, the major fraction of hydrogen is still
produced from fossil fuels.[3] However, there is an increasing
interest in electrochemical synthesis, not only due to climate
awareness but also due to rising natural gas prices.[4–7] In low-
temperature water electrolysis, alkaline and proton exchange
membrane (PEM) electrolysis are the main technologies.[3] The
former achieves relatively low current densities, but can
dispense with the use of precious metal catalysts. PEM
technology, on the other hand, allows higher production rates
and a more compact design, but requires a considerable
amount of precious-metals catalyst.[3] As a result, the anion

exchange membrane (AEM) electrolyzer has attracted much
attention recently. It uses a similar cell design to classical PEM
electrolysis. However, by using a membrane permeable to
anions, an alkaline environment can be created in which
platinum-group metal (PGM)-free catalysts can be used.[8,9]

However, these AEMs suffered from low conductivities or low
long-term stability until very recently.[8] With the commercializa-
tion of highly conductive and stable anion exchange mem-
branes, the AEM technology will combine the advantages of
the two technologies mentioned above to produce compressed
hydrogen with comparable power density and efficiency to
PEM electrolyzers but without the use of precious metal-
containing components.[8] However, the critical step to success-
ful implementation is the optimization of the AEM electrolysis
units and their optimal combination. Optimization requires
detailed knowledge of the processes and conditions at the
anode and cathode catalyst layers as well as the membrane.
Indeed, the reactions occurring at the anode and cathode,
namely the oxygen (OER) and hydrogen evolution reaction
(HER), are well known. However, it is generally hard to differ-
entiate and quantify the losses at the anode, cathode,
membrane, and liquid gas diffusion layers, especially under
reaction conditions. Determining the losses and their origin is
crucial to systematically improving an electrolyzer.[10] For
example, the limited performance of the anode can be due to
many factors, such as catalyst distribution, catalyst activity,
limited active surface area, or poor electrolyte management.[11,12]

Unfortunately, certain essential phenomena can only be
monitored under reaction conditions. However, typical in-situ
analyses are limited to the investigation of voltage-current
characteristics and determining high-frequency cell resistance.
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In some cases, the charge transfer resistance is also determined
using electrochemical impedance spectroscopy (EIS) using
largely empirical fit models.[13–16] However, the meaning of the
constituents of the model and, thus, quantitative determination
of important physico-chemical parameters is usually not
possible. Certain scientific work has attempted to fit the
impedance spectra by using combinations of constant phase
elements and resistors. This improves the fitting at the cost of
little meaning of most of the fitting parameters.

In this work, a novel impedance model was developed that
allows a more accurate analysis of the measured impedances,
taking into account the individual electrodes and thus allowing
real physical quantities such as the reaction kinetic parameters
and double-layer capacitances of cathode and anode to be
studied separately. The estimation of the electrochemically
active surface area of the anode electrocatalysts under reaction
conditions is also discussed.

Results and Discussion

Briefly, separate electrochemical models for the anodic and
cathodic half-cells were used and combined to create the AEM
membrane-electrode assembly (MEA) model. The impedance of
separate electrodes includes the uncompensated resistance and
the parts related to the non-Faradaic processes and Faradaic
parts (see Figures 1A and 1B), which represent the stages of the
interfacial charge transfer. In the next paragraph, the modeling
of both the cathode and anode is considered, and the
constituents are explained separately. Later on, a model for the
whole AEM MEA is composed and discussed. The informative
power of this model will be demonstrated in determining
physical quantities, taking the example of estimating the
electrochemically active surface area (ECSA) of the anode
catalyst under reaction conditions.

Figure 1. (A,B) Equivalent circuit for (A) the cathodic and (B) the anodic half-cell. (C) A typical example of the spectrum and the fitting results for the anode
material grown on the surface of Ir(111). (D) The dependence of the adsorption capacitance for the Ir-oxide electrode on the potential. See the text for the
explanation.
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Modeling using the equivalent circuit of the cathode

The equivalent electrical circuit (EEC) for the cathode is given in
Figure 1A. Here, the capacitive non-Faradaic branch (related to
the double layer response) is modeled with a constant phase
element or capacitor. For the Faradaic constituent, individual
reaction mechanisms are to be considered. The HER can occur
at the cathode via the Volmer-Heyrovsky (V-H) and Volmer-Tafel
(V-T) pathways. A proton already adsorbed on the catalyst
surface in the V-H pathway reacts with another proton
approaching from the electrolyte side. In the case of an alkaline
electrolyte, a water molecule dissociates, and the released
proton reacts with the already adsorbed proton, exchanging
the charge with the solid electrode. Linearizing the AC
impedance response equation, it can be graphically represented
as a charge transfer resistance in series with an adsorption
capacitance in the EEC, which in turn is parallel to an adsorption
resistor.[17,18] In Figure 1A, the V-H pathway corresponds to the
second branch. For the derivation, please refer to the
literature.[18] In the V-T pathway, two surface-adsorbed protons
recombine to form a hydrogen molecule without additional
charge transfer during the combination step. Therefore, the
reaction in the last step is diffusion-limited. The associated EEC
consists of a charge transfer resistance in series with a semi-
infinite Warburg element.[18] It is given as the third branch in
Figure 1A. Since V-H and V-T are parallel reactions, the
corresponding EECs are also in parallel. In our previous
publication,[18] we showed that the contribution of the individ-
ual pathways to the overall reaction rate could be estimated by
comparing the corresponding charge transfer resistances.[18]

Modeling using the equivalent circuit of the anode

The EEC of the anode is shown in Figure 1B. Here, one also finds
the uncompensated resistance RU and a similar non-Faradaic
branch as in the case of the cathode. Considering the Faradaic
branch, the OER is more complex due to multiple adsorption
steps, making optimal catalyst design difficult with suitable
adsorption energies for all intermediates.[19] However, as shown
in previous work,[20,21] the impedance spectra do not usually
exhibit specific features. It can be concluded that only one
adsorption step is crucial, which, analogous to the V-H pathway
at the cathode, can be represented by charge transfer,
adsorption capacitance, and resistance. This is shown as the
second branch in Figure 1B.

Calibration measurement for the electrochemically active
surface area determination of the anode

It is crucial to mention the particular importance of the
adsorption pseudo-capacitance in the model of the anode.
Recently, it was shown that this parameter is suitable to
determine the ECSA of an OER catalyst.[26] For the ECSA
determination, the adsorption capacity is obtained from the EIS
analysis as a fit parameter and subsequently divided by the

adsorption capacity specific to the material and electrolyte (Ca’):
ECSA=Ca/Ca’. By now, there is a small database of material-
specific adsorption capacities that includes IrOx in different
electrolytes.[21] However, since the corresponding specific
adsorption capacity of IrOx in 1 M KOH has not yet been
determined, this will be done first. For this purpose, impedance
spectra between 1.50 V and 1.75 V were recorded of a known
iridium oxyhydroxide surface (~0.196 cm2)[22,23] in 1 M KOH and
fitted using the EEC shown in Figure 1B. As seen in the
representative fit shown in Figure 1C, the entire impedance
spectrum between 30 kHz and 0.1 Hz can be modeled with the
selected EEC for the anode. The adsorption capacities deter-
mined from the fits and the standard deviation from at least
four measurements each can be plotted versus the applied
potential in Figure 1D. It is striking that the specific adsorption
capacity increases with increasing potential, coinciding with
earlier observations for IrOx in 0.1 M KOH.[26] For the later
estimations of anode catalyst ECSA, note the reference value of
Ca’(1.56 V) ~17 μFcm� 2.

Modeling and discussion of the equivalent circuit of the
anion-exchange-membrane electrode assembly

In the following, we elaborate on the MEA of an anion
exchange membrane electrolyzer and the composite fitting
model. In Figure 2, a sketch of the individual constituents of the
electrolyzer is given. We derived an EEC, which includes the
individual building blocks validated previously as impedance
models. For a better overview, the AEM MEA is discussed from
left to right in Figure 2, first. The meaning of the elements of
the EEC is discussed afterward.

On the left side of Figure 2 is the (liquid) gas diffusion layer
(L)GDL, which consists of a porous conductive material that
allows both water and oxygen to be transported to the flow
plate (not shown in this schematic). In addition, this layer
provides the electrical connection between the catalyst layer
and the anodic flow plate. The anode catalyst layer (ACL)
catalyzes the OER. Since the experiment is for demonstration
purposes, a commercially available iridium-based catalyst was
used because of its long-term stability and high reproducibility.
In general, of course, the use of a PGM-free catalyst is preferable
due to its lower price. But the elaborated model can easily be
adapted to any OER catalyst. The catalyst particles are
embedded in an ionomer matrix to improve ionic conductivity
and mechanical properties. The heart of any alkaline MEA unit
is the anion-conducting membrane, which provides ionic
conductivity and, in limited amounts, water transport, but
separates the gas phases. The structure of the cathode side
(further right) resembles the design of the anode. However, the
catalyst layer uses platinum on carbon. The carbon is largely
inactive and serves only to maximize the active Pt surface and
improve the conductivity. The gas diffusion layer (GDL), which
can be hydrophobized if desired to reduce the cathodic water
content, ensures electronic contact with the flow plates.

The elements of the EEC can be assigned to the anode and
cathode andare related to the individual physico-chemical

Wiley VCH Donnerstag, 29.02.2024

2403 / 335088 [S. 49/54] 1

Chemistry—Methods 2024, 4, e202300035 (3 of 8) © 2024 The Authors. Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH

Chemistry—Methods
Research Article
doi.org/10.1002/cmtd.202300035



parameters. As a basic constituent, there is a cell resistance Rcell,
often also called high-frequency resistance, which includes the
membrane resistance, average resistance of the ionomer, and
electronic resistances, e.g., in the gas diffusion layer and
contact resistances. There are both anodic and cathodic
double-layer capacitances. At constant temperature and for a
given electrode material, they are approximately proportional
to the surface area of the electrodes. Since the cathodic catalyst
layer has a higher surface area due to the carbon support, this
should be reflected in the cathode’s comparatively larger
double-layer capacitance. The two parallel charge transfer
resistances give the cathodic charge transfer. Comparing
Rct1(cathode) with Rct2(cathode), it can be determined whether the V-H
or the V-T mechanism dominates at the respective applied

current density. The cathodic adsorption capacity and the
adsorption resistance are only of minor importance. They
describe the change of the fractional adsorbate coverage with a
change in the applied potential. The Warburg coefficient, on
the other hand, has greater practical significance. If this
increases, for example, with increased current density, this
indicates a mass transfer limitation. This can be, e.g., a sign of
dry running of the cathode due to insufficient water supply. On
the anode side, there is only a charge transfer resistance, which,
together with the adsorption resistance Ra(anode), describes the
potential change when the applied current density is modified.
The anodic adsorption pseudo-capacitance is of special impor-
tance. It can be used to estimate the electrochemically active
catalyst surface area (ECSA) during the operation of the cell,

Figure 2. Sketch of an AEM MEA with the corresponding EEC. The MEA consists of an OH� conducting membrane, which is on both sides in contact to a
catalyst layer. The anode catalyst layer (ACL) consists of IrOx nanoparticles with an ionomer binder ensuring mechanical stability and OH

� ion conductivity.
The CCL promotes the HER, forming hydrogen molecules and OH� ions from water. The EEC results from the combination of the anodic (Figure 1B) and
cathodic (Figure 1A) half-cell. More details on the model are given in the main text.
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which will be demonstrated later in this work. Note that the
presented model does not account for pore resistances which
can become dominating in systems with porous catalyst layers
in the high frequency regime. A transmission line model as
shown by Eikerling and Kornyshev[24] and which has been
further studied with physical models, by Kosakian,[25] Secanell[26]

and Reshetenko,[27] among others,[28] can be in principle
combined with the presented model. This modification can
allow more accurate evaluation of impedance data especially in
the high frequency regime. However, it comes at the price of a
model with more free variables which requires almost artefact-
free impedance data (especially in the high frequency regime)
which is highly difficult to acquire at elevated current densities.
Further, the effect of pores is more significant for systems with
catalyst coated membranes which is briefly discussed in the in
the supporting information.

Application and evaluation of the impedance model

The model described above was used to fit electrochemical
impedance spectra recorded at current densities between
100 mAcm� 2 and 1000 mAcm� 2 in the range of about 10 kHz
and 1 Hz. As seen in Figure 3 (and Figure S1), in this frequency
range the spectra have low noise levels, and the EEC allows
high-precision modeling for all recorded spectra in the entire
frequency range. Relatively small root-mean-squared deviations
and estimated individual parameter uncertainties indicate the
significance of each element.

With the bare eye, it is only qualitatively noticeable that all
spectra have approximately the same high-frequency resistance,
consist of several overlapping semicircles and that the overall
charge transfer resistance decreases towards higher current
densities. However, the parameters acquired by the fit need to
be examined for a more detailed analysis. The cell resistance,
shown in Figure 4A, initially drops between 100 mA and
250 mA but saturates at higher currents. The improvement in

conductivity at higher current densities can be explained by
factors such as compression of the cathodic catalyst layer by
individual hydrogen bubble formation. Further, as expected, a
decrease in the anodic charge transfer resistance and adsorp-
tion resistance can be observed. Looking at the anodic and
cathodic double-layer capacitance shown in Figure 4B, two
important observations can be made. First, the cathodic double
layer capacitance is about one order of magnitude larger than
that of the anode. This is due to the increased surface area of
the cathode since the catalyst comprises high surface area
carbon. Secondly, it can be seen that both capacitances
decrease significantly with increasing current density. This is
caused by oxygen and hydrogen gas formation at the anode
and cathode, respectively. At higher current densities, the gas
phase increases and displaces the alkaline electrolyte, resulting
in a reduced electrode surface area in contact with the
electrolyte.

Analyzing the cathodic charge transfer resistances shown in
Figure 4C, it is noticeable that Rct2 decreases and Rct1 slightly
increases towards higher current densities. Since Rct2 is initially
higher, this indicates a dominant V-H pathway, although for
1000 mAcm� 2 the trend is reversed in favor of the V-T pathway.
The Rct combined from both pathways decreases towards
higher current densities, as expected. Figure 4D shows the
anodic adsorption capacitance, which behaves analogously to
the specific adsorption capacitance measured in Figure 1D and
increases with increasing current density and potential. The
electrochemically active surface area can be estimated accord-
ing to ECSA=Ca/Ca’=0.82 F/17 μFcm� 2~4.8 m2. Comparable iri-
dium catalysts are reported to have ~21–60 m2g� 1.[29] Due to its
lower density, the specific surface area significantly increases
when iridium is converted to iridium oxide or oxyhydroxide. For
instance, for IrOx a BET (Brunauer-Emmett-Teller) surface area of
175–195 m2g� 1 is typical.[30] With a surface loading of
1 mgIr cm

� 2 and a coated area of 25 cm2, a surface area of up to
~4.6 m2 can be estimated. This is in reasonable agreement with
the electroactive surface area determined by the impedance

Figure 3. Representative EIS spectra recorded at current densities ranging from 100 mAcm� 2 to 1000 mAcm� 2 (open symbols). Corresponding fits (lines) are
based on the EEC shown in Figure 2. All fits show only relatively small root-mean-squared deviations in a frequency range from 1 kHz to 1 Hz. Exemplary bode
plots are shown in Figure S2.
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analysis. The discrepancy is expected to be caused by an
underestimation of the specific adsorption capacity during the

rotating disk electrode (RDE) measurements, as oxygen micro-
bubbles may have adhered to the bottom of the RDE and thus

Figure 4. Individual fitting parameters of the EIS data, shown in Figure 3, as a function of the applied current density. The fitting parameters are represented
with their corresponding error bars and the dotted lines are a guide to the eye. (A) Cell and anodic charge transfer and adsorption resistances. (B) Anodic and
cathodic double-layer capacitance plotted in a semi-logarithmic scale. Both capacitances decrease with increasing current densities. However, the double-
layer capacitance for the cathode is always significantly higher than for the anode (by a factor of ~6). (C) Charge transfer resistances of the cathodic half-cell
reaction. Rct1 and Rct2 correspond to the Volmer-Heyrovsky and Volmer-Tafel reaction pathways, respectively. The graph indicates a transition from a
dominating Volmer-Heyrovsky mechanism at low current densities toward a dominating Volmer-Tafel mechanism at high current densities. (D) Anodic
adsorption capacitance. (E) Cathodic adsorption capacitance. (F) Fitting values of the (infinite) Warburg element in the Faradaic branch of the anode. Note
that diffusion limitations were only detected for current densities exceeding 500 mAcm� 2.
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reduced the active surface area. To the best of our knowledge,
our developed model allows for the first time to determine the
electrochemically active surface of an electrolyzer anode under
reaction conditions. The corresponding voltage current curve of
the test cell is shown in Figure S2.

Having demonstrated the validity of our model for a
commercial IrOx catalyst, we point out that the model is not
limited to this choice of material. We have recently shown that
the anode model can be applied to a wide range of OER
catalysts.[21] The cathode adsorption capacitance plays only a
minor role in comparison. As shown in Figure 4E, it increases
until a current density of 750 mAcm� 2 and then decreases
again, indicating maximum reversibility of the proton adsorp-
tion step at 750 mAcm� 2. The Warburg impedance is constant
at zero for low current densities and is not required for the fit,
as no diffusion limitation occurs. However, above 750 mAcm� 2

it becomes visible by the 45° bend in the impedance spectra at
low frequency. This is easily explained since mass transport
phenomena are typically identified only at comparatively high
current densities. In this case, dry running of the MEA can be
excluded since Rcell remains constant and would increase in case
of dry running. Therefore, another mass transport phenomenon
must be considered, such as hydrogen diffusion through the
ionomer. For completeness, all fitting values are listed in the
supporting information (see S1). As demonstrated, all fitting
parameters of the EEC are based on real, (theoretically)
measurable dimensions and allow actual statements about the
electrochemical system of the AEM electrolyzer. This signifi-
cantly improves the analysis and allows targeted optimization.

Crucial for the application of the EEC is a clean impedance
spectrum of the stationary electrolysis system in a frequency
range of at least 1 Hz to 1 kHz, better 0.1 Hz to 10 kHz with
sufficient data points as well as a high signal-to-noise ratio. For
the tested cell design the features in the frequency range
between 50 Hz and 350 Hz showed major impact on the value
of Ca. It is important to avoid measurement artifacts, e.g., due
to unfavorable cable routing, and to check the recorded
spectra, e.g., via Kramers-Kronig relation.

Conclusions

In this work, an impedance model for the analysis of the AEM
electrolyzer EIS data was developed. The impedance spectra
were analyzed at different current densities using the devel-
oped model. The fit parameters and their significance for the
electrolyzer system were briefly, discussed and checked for
plausibility. The anodic adsorption capacity was correlated with
the electrocatalytically active surface area of the anode catalyst
under operational conditions. The model significantly improves
the analyzability of impedance spectra recorded for AEM
electrolyzers.

Experimental Section
All chemicals were high-purity reagents and used as received.
Ultrapure water was acquired by a filter machine (Evoqua,
18.2 MΩcm, less than 5 ppb of total organic contamination). For all
experiments, 1 M KOH served as the electrolyte, which was
prepared from the KOH pellets (85% Sigma Aldrich, Germany) or
bought as 1 M KOH solution (Sigma Aldrich) in case of calibration
measurements for Ca’ determination or electrolyzer measurements,
respectively.

For the calibration measurements, a three-electrode cell was used,
and glassware was cleaned prior with Caro’s acid and several times
flushed with boiling, ultrapure water. A Pt wire (99.99% Mateck,
Germany) and a Hg/Hg2SO4 (0.6 M K2SO4, Schott, Germany)
electrode served as counter and reference electrodes, respectively.
An Ir(111) disk electrode (Mateck, Germany) was used as the
working electrode. The electrode surface was electrochemically
oxidized, as shown elsewhere,[31] resulting in a surface with a low
roughness factor. Potentials were controlled by a VSP-300 potentio-
stat (Biologic, France), and all potentials were referred to versus the
reversible hydrogen electrode (RHE) scale. EIS spectra were
recorded in 10 mV steps, ranging from 30 kHz to 1 Hz, using a
perturbation amplitude of 10 mV. A shunt capacitor of ~4 μF was
connected between the reference electrode and an additional Pt
wire which was set close to the tip of the Luggin capillary to
suppress measurement artifacts in the high-frequency regime. For
better comparability, the potentials were corrected by the voltage
drop in the electrolyte, derived by the multiplication of the
uncompensated resistance with the current density.

The electrolyzer MEA had an active area of 25 cm2 and used an
anion exchange membrane DURAION® (Evonik Operations GmbH,
Germany) with a thickness of ~65 μm. Ir black (1 mgcm� 2) and Pt/C
(60% wt., 1 mgcm� 2) served as anode and cathode catalysts,
respectively. The cell was heated to 60 °C and the conductivity of
the KOH was measured as 0.45�0.1 S/cm. Carbon papers (Toray
Industries, Japan) were used as gas diffusion layers. The carbon
papers were spray-coated with the corresponding catalysts, using
Nafion® (Nafion 117, ~5%, Sigma-Aldrich, Germany) as binder
creating catalyst coated substrates which served as the electrodes.
The flow plates were homemade from titanium and Au-coated. The
potentials were recorded by a high-current potentiostat with
implemented EIS module (Solartron Analytical, England). Before the
EIS measurements, a break-in procedure was applied until the
potential stabilized. EIS measurements were recorded in galvano-
static mode at current densities of 100 mAcm� 2, 250 mAcm� 2,
500 mAcm� 2, 750 mAcm� 2, and 1000 mAcm� 2. The current pertur-
bation amplitude was set to 10% of the net applied current.

All EIS spectra were evaluated using the EIS Data Analysis1.3
software.[32,33]
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