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Abstract

Despite many recent advances, overpotentials remain high for anion exchange membrane water
electrolyzers (AEMWE). Voltage breakdown analyses (VBA) can help decouple the origins of
overpotentials and facilitate design decisions to improve cell performance, but studies
investigating how to adapt and apply VBA to AEMWE:s are lacking. Specifically, catalyst layer
resistances and their contributions to overpotentials are not consistently quantified in water
electrolysis, and rarely for AEMWESs. This work presents a systematic methodology for VBA
tailored to AEMWEs, including an approach to Tafel analysis in the absence of a reference
electrode and under conditions where both the oxygen evolution reaction and hydrogen evolution
reaction exhibit significant overpotentials. Catalyst layer resistance contributions are diagnosed
via changes to the catalyst layer thickness, transport layer porosity, ionomer content, and
electrolyte concentration. Throughout, we explain discrepancies between inherent catalytic
kinetics and device level performance and identify catalyst layer design strategies to reduce
catalyst layer resistances.

Anion exchange membrane water electrolysis (AEMWE) is an emerging technology poised to

overcome materials and performance limitations of traditional electrolysis devices, such as proton
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exchange membrane water electrolyzers (PEMWE) and liquid alkaline water electrolyzers
(LAWE).! Recent studies have demonstrated the feasibility of AEMWES operating over extended
periods (up to 10,000 hours) at high current densities.>® Overpotentials for AEMWEs, however,
have remained high compared to PEMWEs,'-7 highlighting the need for further development and
optimization at the device level to enhance the commercial viability of AEMWEs.

Voltage breakdown analysis (VBA) is an approach to decouple the kinetic, ohmic, and
transport contributions to measured cell overpotentials in electrochemical devices.®!! This
analysis can help identify key areas for future device development and potentially resolve
discrepancies between inherent catalytic trends predicted from half-cell, rotating disc electrode
(RDE) measurements and the corresponding catalyst performance in single-cell membrane
electrode assemblies (MEAs). For example, prior studies have shown that catalyst layer resistance
(Rcp), related to resistances to the flow of ions or electrons through the catalyst layer, significantly
contributes to overall overpotentials in PEMWESs, impacting catalyst utilization and potentially
limiting cell kinetics at the device level.'>? In AEMWESs, however, the contributions of R¢y have
yet to be quantified, diagnosed, or decoupled, posing a barrier to optimizing these systems for high
device-level performance. Here, we focus on the oxygen evolution reaction (OER) as it provides
a well-established system for examining how catalyst layer composition and structure influence
anode performance in AEMWE:s. The strategies and insights discussed, however, can be readily
extended to study the increasingly critical hydrogen evolution reaction (HER), which is part of our
ongoing and future works.!3
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Figure 1. a) RDE vs b) MEA testing results for IrO,, Co;04, NiFe,O,4, and Mn,0s. All overpotentials
are iR corrected using either the solution resistance (RDE) or high frequency resistance determined from
electrochemical impedance spectroscopy (MEA). Current densities are normalized by the mass loading
of the catalyst metals on the electrode. Figure 1a is modified and reproduced from our previous work
with permission from The Electrochemical Society. Note that Pt/C was used as the cathode for all MEA
experiments, and anode versus cathode contributions to overpotential were not separately measured.

Figure 1 shows the activities towards oxygen evolution reaction (OER) for four different
representative metal oxides (IrO,, NiFe,04, Co3;04, and Mn,0;) measured in RDE and MEA;
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Figure 2. Results of the VBA for (a) NiFe,Oy, (b) Co30,, (c) IrO,, and (d) Mn,0;.
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detailed methods are described in the Supplementary Information (SI). Activities were overall
lower in RDE compared to the MEAs due to the differences in the operating temperature (23 °C
for RDE and 80 °C for MEA, respectively). In RDE, the four catalyst materials showed
significantly different OER activities and kinetic signatures (Tafel slope, exchange current density;
Fig. 1a).'* When these same catalysts were tested in a standard MEA setup, however, their
performance became similar (Fig. 1b).!# This discrepancy, at least in part, can be attributed to
differences in test design. In RDE testing, thin, near-monolayer catalyst layers enable high catalyst
utilization, while electrode rotation is used to minimize mass transfer limitations of reactants and
products,'>-!7 though this can be complicated for a gas-evolution reaction. It also allows isolation
of a single electrode reaction (i.e., OER at the anode or hydrogen evolution reaction (HER) at the
cathode). In contrast, MEA tests inherently include contributions from both half-cell reactions (i.e.,
OER and HER). Moreover, electrode structures can vary significantly based on catalyst particle
size, catalyst-ionomer interactions, ink properties, and agglomeration behavior, while transport
occurs through complex interconnected networks and interfaces of the catalyst layer (CL),
membrane, and porous transport layers (PTLs).! MEAs are also often operated at a higher
temperature, influencing catalytic kinetics and catalyst conductivity in oxides. In this work, we
aim to demonstrate how device-level challenges can be isolated by deconstructing the cell voltage
to decouple the various sources of overpotentials.

Figure 2 shows the results of applying our proposed VBA for four anode catalysts. First,
the thermodynamic potential is calculated at the relevant conditions using the Nernst equation, as
shown as grey shaded area in Figure 2.

T—T,]AS Po, P},
EThermo = EO_%‘F%IH (%) [1]
Here, T is the temperature, AS is the entropy change of the reaction (AS = 2Sy, + Sp, —25h,,),
n is the number of moles of electrons involved in the electrochemical reaction (4 mol e for OER)

F is Faraday’s constant, R is the gas constant, Py, and Py, are the partial pressures of O, and H»,
respectively, and T, and P, are the standard temperature and atmospheric pressure, respectively.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00310e

Page 5 of 14

Open Access Article. Published on 29 December 2025. Downloaded on 12/29/2025 9:42:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

View Article Online
DOI: 10.1039/D5YA00310E

0.15 800 0.200 -
a) U=1.60V b) ¢) ; U=125V
= 7001 0.1751 1
2 {
= 600 0.150 /
0.101 E :
— £ 500 ~ 0.125 !
a 5 =) H
q £ 400 i 0-100 ”
E 3 E o
E | E 5o
- 2 300 0.075 .-’,
+ frequency % 200{ ¥ Find the Tafel line: 0.050 . ]
i =blog(j/j e &
g I 4004 n=blog(j!j,) 0.025] ¥ | e
I
/ N ] o
0.00 & . } 0 ) 0.000 —— .
0.00 0.05 0.10 0.15 10 10 10 10 10 0.00 0.05 0.10 0.15 0.20

Re(Z) (Q) Re(Z) (Q)

Current Density (A!cmz)
Figure 3. Examples of how to fit data to determine (a) the high frequency resistance from Nyquist plots,
(b) the Tafel slope and exchange current density from Tafel analysis, and (c) the catalyst layer resistance
from non-Faradaic impedance measurements. All data shown is for an AEMWE with a NiFe,O,4 anode
catalyst.

Next, ohmic losses (Nonmic; shown as orange shaded areas in Fig. 2) can be calculated
using electrochemical impedance spectroscopy (EIS) measurements (Fig. 3). These losses arise
from resistive losses in the cell, including the membrane and interfacial contact resistances. A
characteristic Nyquist plot for EIS collected at Faradaic potentials (here, 1.6 V) is shown in Figure
3a. In EIS, an AC voltage is applied at increasing frequencies (designated by the right-to-left arrow
in Fig. 3a). It is standard to determine these ohmic losses from the high frequency resistance (HFR;
circled in Fig. 3a). For an accurate VBA, the HFR should be measured at each potential in the
polarization curve, as it can vary slightly with applied potential. Ohmic losses are then calculated
as follows:

Nonmic = J * (HFR) [2]
where J is the current density.

Kinetic losses, (kinetic; Shown as the green shaded areas in Figure 2) can be quantified using
Tafel analysis of HFR-free overpotentials, as illustrated in Figure 3b. The polarization curve data
used for Tafel analysis should be collected using chronopotentiometry or chronoamperometry
methods, holding at each current or potential step for at least 1-2 minutes to minimize errors
associated with cell stabilization time. Polarization curve data should also contain sufficient points
in the kinetic region (typically > 5 points in a linear region, often between 5 and 50 mA/cm?). From
these data, the apparent Tafel slope and exchange current density can be extracted from the linear
region of the HFR-corrected data, and a Tafel line can be extrapolated across the full current
density (as shown in Fig. 3b).

We note that in AEMWE, both HER and OER are expected to have high overpotentials and to
follow Tafel kinetics.'®!? This contrasts with PEMWE, where acidic HER is generally assumed to
proceed without significant kinetic limitation. Best practices would utilize a reference electrode to
separate HER and OER kinetics; most studies, however, utilize a two-electrode MEA


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00310e

Open Access Article. Published on 29 December 2025. Downloaded on 12/29/2025 9:42:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

View Article Online
DOI: 10.1039/D5YA00310E

configuration in which full cell potentials are measured and reported.! This can introduce
discrepancies between the potential applied and the actual potential experienced at the electrode.
Consequently, the extracted kinetic parameters (Tafel slope, exchange current density) are only
“apparent” and not directly comparable to those obtained from half-cell measurements.
Nevertheless, in the absence of a reference electrode, an “effective” Tafel analysis can still be
reasonably performed, which we demonstrate through the following analysis.

For a two-electrode cell in which both electrodes follow Tafel kinetics, the total overpotential
(Nwt) can be approximated as the sum of the individual kinetic contributions from each electrode:

Ntot = b1logio (]D%) + b,logio (]OLZ) , [3]

where J is the current density, b; and b, are the Tafel slopes, and J; and J, are the exchange current
densities for each electrode. This expression can be simplified (see SI) to:

Mot = berslogao () [4]

oeff

This relationship, which maintains the form of the Tafel equation, shows that a standard Tafel
analysis can be employed for the case where both OER and HER are significant, and yields an
“effective” Tafel slope and exchange current density which are defined by bess( = by + by) and

by by

Joerf(= ]ieff ];ef 7). These parameters can then be used to determine full-cell kinetic
overpotentials as discussed above.

Catalyst layer resistances (Rcp) arise from disruptions in the ionic and electronic transport
networks within the CL. These contributions can be quantified using non-Faradaic EIS; i.e.,
measurements performed at a potential where no charge transfer reactions occur (1.25 V in this
work). CLR contributions can be determined by leveraging the transmission line theory of porous
electrodes.!??%22 In this approach, the electrode is modeled using a transmission line equivalent
circuit in which parallel capacitive and kinetic elements, representing small local sections of the
electrochemical surface, are connected by resistive elements that represent the ionically and
electronically conductive regions of the electrode. A uniform porous CL behaving as an RC
transmission line is expected to exhibit an approximately 45° line in Nyquist plots, although
deviation from this behavior can arise when the electrode structure is nonuniform (e.g., in the
presence of bottlenecked or tapered pores).2%->3

An illustrative example of non-Faradaic impedance spectroscopy for an AEMWE with a
NiFe,0,4 anode CL is shown in Figure 3c. In this figure, the characteristic 45° region lies between
approximately 20 and 80 Q-cm? on the real axis; this region is directly proportional to the
Rep. 122122 Rep then can be calculated using a transmission line model, as has been shown
previously,?* or approximated using a linear fit of the constant phase region as follows:

Re, = (Zip — HFR) + 3 [6]

where Zp is the x-intercept of the constant phase region with the real axis.
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Previous work from our group demonstrated a method to estimate R¢; contributions to
overpotential (¢ r) for PEMWEs from the Rep and Tafel slope.'> Here, we apply this
approximation to AEMWE, calculating ¢,z as:

Ner = — blogio(w) [7]
where b is the Tafel slope in mV/decade and u is the catalyst layer utilization, given by:

=| ——v 8]
u ))

<1+(1’
int

a (= 1.1982) is a scaling parameter determined previously.'? J;,, is the transition current density
between the region dominated by the Tafel limit and the region dominated by the semi-infinite
pore limit!? and is given by:

Jine = In (10)2> [9]

These equations demonstrate that catalyst layer utilization decreases as current increases, Rep
increases, and the Tafel slope decreases.

Thus far, we have demonstrated how to decouple ohmic, kinetic, and R¢y contributions to
overpotentials by evaluating Nonmic, Nkinetic and N¢rr; together, these contributions account for
most of the losses observed in Figure 2. However, some additional losses remain that are not
captured by these terms and are commonly referred to as residual losses (yesiquar).- These
Nresidual are generally attributed, at least in part, to mass transport limitations through the CL.?¢

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Interestingly, the estimated 7Ngineric values were found to be very similar for the four
catalysts tested, as shown by green shaded area in Figure 2. In contrast, the largest differences
were observed for ¢ g and Nyesiquar (purple and white areas in Fig. 2). These variable R¢ values
may stem from differences in CL structures, influenced by variations in particle size,
agglomeration tendencies, and interactions with anion exchange polymers. These factors also
affect the degree of catalyst utilization and the transport of evolved O,(g), potentially contributing
to the observed trends in 1¢r g and Nyesiauar- We further hypothesize that poor catalyst utilization
contributes to Nginetic and suggest that by diagnosing and reducing R¢p and ngineric Will also
decrease and drive trends closer to those predicted from half-cell, RDE testing (in Fig. 1a).
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(cc)

In the following paragraphs, we outline strategies to improve performance by addressing the
key factors contributing to Rcp. We note that in AEMWES, R¢ can arise from 1) the anode CL,
2) the cathode CL, and 3) the PTL. Specifically, the HER overpotentials are non-negligible in
AEMWE:s and thus the cathode R may be significant, which is in sharp contrast to PEMWE and
consistent with the discussions on Tafel kinetics above. The PTL, often made of OER-active Ni or
stainless steel and flooded with supporting electrolyte, could also exhibit its own transmission line
impedance as we have shown in our previous work.* Here, we focus on the anode CL, as OER is
still expected to be the limiting half-reaction. To isolate the relevant effects, all other variables
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Figure 4. Impact of a) Co and Co;0, catalyst loading, b) PTL porosity, c¢) ionomer content/type, and d)
KOH supporting electrolyte concentration on Rer. All results are for changes to the anode catalyst layer
only. Dashed lines are guides for the eye. In subfigures a-c, the average and standard deviation of three
experiments are plotted as the markers and error bars, respectively.

were held constant while only the anode CL parameters were varied, and the resulting trends were
examined with respect to Rey.

Figure 4 shows the results of changing key catalyst layer design and operational variables
(catalyst loading, PTL porosity, ionomer content, and electrolyte concentration) on Rcp. We note
that these variables had a negligible impact on the high frequency resistance (HFR; Fig. S1, SI)
and Ry trends generally followed the electrochemical performance trends (Fig. S2, SI).

In Figure 4a, the results of changing Co and Co3;04 loading on R¢ are shown, adapted from
our previous work.”® A direct relationship between catalyst loading and Ry would indicate a
significant through-plane electronic or ionic R, where a thicker CL induces increased resistance
due to the inherent conductivity limitations or contact issues. Neither Co nor Co;0, loading
showed this relationship, indicating that CLs with these materials in the loading ranges tested do
not have a through-plane limitation. Instead, for Co, there was an inverse relationship between R
and catalyst loading and for Co;0,4 there was no clear trend between R¢ and catalyst loading. The
disparities in trends between these two materials are likely related to their different inherent
conductivities; as we have shown previously, for catalysts with high conductivity, increased
loading leads to improved kinetics and decreased R¢. and for catalysts with low conductivity, there
is minimal variance in R¢p with loading (< 200 mQ-cm? difference).¢

When changing the PTL morphology for Co;04 CLs, shown in Figure 4b, we found a direct
relationship between PTL porosity and R¢r. Low porosity PTLs (smaller gaps between PTL fibers)
led to the smallest R and high porosity PTL (large gaps between fibers) led to the largest Rey.
This trend underscores the importance of optimizing PTL microstructure to promote effective ionic
and electronic transport within the catalyst layer.

These observed trends (i.e., an inverse relationship between R¢p and catalyst loading and a
direct relationship between R¢y and PTL porosity) may indicate the presence of a pseudo in-plane
electronic resistance, similar to phenomena previously reported for PEMWE CLs.!? In the PEM
case, this was due to the distances electrons must travel along the CL (on the membrane) to reach

Page 8 of 14
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contact points with the conductive PTL in a catalyst coated membrane (CCM) configuration.
While this is not directly analogous to the catalyst coated substrate (CCS) approach commonly
used for AEMWE, the mechanism is likely not ionic, due to the high ionic conductivity provided
by the 1 M KOH supporting electrolyte (discussed further below). Instead, we propose an
explanation related to electronic limitations; at low catalyst loadings and high PTL porosities
(shown here to have high Ry ), there are potentially large gaps between catalyst particles and poor
coverage of the CL on the PTL, leading to a lower effective area for electron conduction. As
loading increases and PTL porosity decreases, the catalyst layer becomes more uniform and there
is better coverage across the PTL pores, increasing the effective conduction area and lowering
resistance. Furthermore, catalyst on the membrane-facing surface of the PTL is likely kept in better
electronic contact than catalyst within the PTL pores during MEA compression. The improved
better of the PTL coverage at high loading/low PTL porosity may therefore lead to better contact
within the CL, contributing to decreasing R¢;.

We note that we assumed the anode-side PTL to be incompressible, such that it did not undergo
any mechanical deformation that could affect CL compressibility. Moreover, for PTLs of differing
thicknesses, it was not possible to precisely match gasket thicknesses, preventing exact
equivalence in compression across all samples. Although not specifically investigated in this study,
variations in CL compressibility with different PTL thicknesses or morphologies could potentially
influence overall performance and Ry values, representing a topic for future study.

Ionic contributions to Ry were probed via changes to the ionomer content and electrolyte
concentration. Figure 4c shows the results of changing the ionomer content on Ry, adapted from
our previous work.?’ Here, high Rcy at low ionomer content suggests insufficient ionic transport
pathways. This result is consistent with the similar R¢ for a CL constructed with 10 wt% Nafion,
a non-anion conducting polymer (i.e., one that provides no anionic conductivity; black star in Fig.
4c¢). Rcp improved as ionomer content was increased to 5 and 10 wt%, suggesting that these
quantities are sufficient to provide ionic transport networks. At 30 wt%, however, R¢p increased
significantly, suggesting segregation of catalyst particles and the ionomer phase, disrupting
catalyst-catalyst contact and electron transport, as has been seen previously.?’?8 This can be seen
clearly in SEM images of the catalyst layer at different ionomer contents, as shown in our previous
work.?” Note that ionomer content can also affect CL structure and porosity,?” which may lead to
differences in Ry caused by electronic resistances. It is therefore important to couple the
assessment of R¢p with other diagnostic techniques, such as cross-sectional microscopy, where
possible. A comprehensive discussion on the influence of ionomer content and electrolyte
concentration on AEMWE performance is available in the literature. 293031

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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While the present study focuses on a single ionomer chemistry, we note that the identity of the
ionomer can also influence R¢y. For example, CLs prepared with 10 wt% Versogen versus 10 wt%
Nafion exhibited differences in apparent porosity and in the homogeneity of the catalyst-ionomer
distribution, and these differences were tied to catalyst-ionomer agglomeration tendencies in
inks.3! Furthermore, strong binding of certain ionomers to catalytic active sites may also affect CL
accessibility, and previous studies have shown that catalyst-ionomer interactions vary
significantly with both catalyst and ionomer type.*
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Ionic conductivity limitations were further probed by changing the electrolyte concentration
with fixed ionomer content (10 wt% PiperlON) as shown in Figure 4d. R decreased with
increasing electrolyte concentration up to 1 M KOH, but there was minimal change upon
increasing to 2 M. This suggests that there is an ionic conductivity limitation that is benefited by
supporting electrolyte, but 1 M KOH is sufficient to overcome it, likely due to the increased ionic
conductivity at higher concentrations.

The trends presented here are based on data collected for CLs in a supporting electrolyte
environment. Overall, these trends are expected to persist for AEMWESs operated with pure-water
feed; however, such systems require dedicated study. For example, ion transport through the
ionomer phase becomes more critical in a pure-water environment, potentially impacting Rcy.
Readers are referred to recent discussions on pure-water AEMWE operation for additional
context.33-33,

In summary, our VBA demonstrated that the intrinsic activity of catalyst materials does
not solely determine the kinetic losses in device-level testing. Instead, we propose that R¢p, may
also contribute to non-ideal kinetics at the device level and suggest that by improving CL design
it may be possible to bridge the gaps between intrinsic kinetics measured in half-cell, RDE testing
and performance in MEAs. The calculated R values were found to range from 100 to 2000 mQ-
cm?, emphasizing the importance of quantifying and diagnosing these resistances. We provide a
discussion of the likely origins of Rcp in AEMWESs and methods to diagnose and reduce these
contributions. Specifically, we find that catalyst loadings must be optimized for each catalyst type
based on composition and inherent conductivity, and that CLs should be constructed with low PTL
porosities, intermediate ionomer contents (5-10 wt%), and supporting electrolyte (> 1 M KOH) to
help decrease R¢p and increase cell performances.
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