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Hydrogen is expected to play a critical role in the
electrification and decarbonization of industrial and
commercial sectors, becoming increasingly cost-

competitive with large-scale fossil fuels.1−3 Green hydrogen
from low-temperature water electrolysis has received signifi-
cant attention with a projected thousand-fold global capacity
expansion by 2030.4 This technology branches into three
configurations: proton exchange membrane (PEM) electrol-
ysis, alkaline water electrolysis (AWE), and anion exchange
membrane (AEM) electrolysis.5 Despite differences in
components and operating conditions, all these configurations
share common challenges, necessitating systematic optimiza-
tion for large-scale industrialization.6

Electrocatalysis is critical in water electrolysis research and a
prominent topic in ACS Energy Letters.7 However, despite a
surge in publications claiming “outstanding” or “excellent”
electrocatalytic activity, very few attempts have been made to
examine their performance in more realistic setups. This trend
has led to an increase in publications that fail to advance the
scientific or engineering knowledge of critical challenges in
water electrolysis.8 These publications come out partly due to
inadequate testing environments and operating conditions.
Contrary to PEM and AEM electrolysis research, where
catalysts have been integrated into the more realistic
membrane-electrode assembly (MEA), AWE academic re-
search primarily uses three-electrode cell configurations, poorly
representative of practical electrolyzers.1,9−11 Testing con-
ditions and stability limits differ significantly when comparing
electrocatalysts in laboratory and industrial settings.5,9,12−14

Thus, there is an urgent need for testing under realistic settings
to capture compounded instability from all components, not
just the catalyst.1

Electrochemical flow cells provide a reliable platform for
transitioning to more realistic settings by imitating MEA-like
conditions and facilitating device-level evaluation of electro-
catalysts.1,10,15 Flow cells enable testing full cell configurations,
where component interactions can affect overall performance
or introduce new stresses.16,17 Moreover, flow cells can be a
powerful tool for examining the durability of electrocatalysts at
the lab scale.18 Beyond only reporting the catalytic activity,
there is an urgent need in the AWE field to understand
practical issues, including catalyst deactivation, gas crossover,
and bubble removal.19,20 These aspects are critical under high
current density conditions, as the operating environment is
drastically different from laboratory configurations where local
pH changes, corrosion, and mass transfer are typically

neglected.18 Understanding electrocatalyst integration into
flow cells and their response to industrially relevant conditions
is crucial for advancing commercially viable technologies.2,12

A substantial challenge in AWE research is the lack of
standardized protocols. Unlike PEM electrolysis and fuel cell
research,10,11,21−23 the AWE community still lacks stand-
ardized procedures for cell configurations, device assembly,
accelerated stress tests, reference materials, and reporting data.
Despite noteworthy efforts,5,24,25 the scarcity of standardized
lab-scale alkaline electrolyzer protocols impedes precise
comparisons and reproducibility, leading to several groups
creating custom architectures and employing unique testing
conditions.26 Establishing methods for accurate electrocatalyst
comparison across laboratories is therefore imperative.12,27

To advance electrocatalysis research in the AWE commun-
ity, we report a standardized electrochemical flow cell setup,
refined after four years of development and optimization by
our group. This Viewpoint outlines the operation of this device
in a laboratory setting, primarily for studying electrocatalytic
stability. Our design aims for simplicity and affordability,
making it suitable for researchers attempting to examine
stability in more realistic settings immediately after the initial
screening of promising catalysts using three-electrode cells. In
the scaling-up pathway for AWE, our approach would logically
follow three-electrode cell testing and precede more
sophisticated electrolyzer setups mimicking industrial oper-
ation.5,26

To facilitate the reproducibility of our approach across the
AWE community, the Supporting Information includes a
comprehensive guide on electrolyzer manufacture, assembly,
integration, operation, and troubleshooting. Furthermore, we
describe three case studies demonstrating the electrolyzer
performance: a Ni electrode, a benchmark NiFe anode for the
oxygen evolution reaction (OER), and a nickel nitride (Ni3N)
precatalyst. We also propose standard protocols for testing
electrocatalytic stability under fluctuating and reverse currents.

This work, inspired by similar advances in CO2 electrol-
ysis,28 represents the next step in AWE electrocatalysis
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research. As illustrated in Figure 1, lab-scale electrochemical
flow cells harmonize stability evaluation and mark an

advancement toward meeting industrial requirements. This
initial effort aims to establish a straightforward protocol and
comparison platform for evaluating and validating electro-
catalysts in AWE. We hope this guide facilitates the transition
to more realistic testing and promotes rigorous examination of
electrocatalytic stability.

Enhancing Electrocatalyst Testing with Lab-Scale
Electrolyzers. Upon identifying a promising electrocatalyst
in three-electrode cells, flow cells provide a more realistic
scenario for further evaluation.1 Unlike typical three-electrode
cells with small electrodes, flow cells accommodate larger
electrodes and operate at higher current densities.2 However,

standardizing electrolyzer design is crucial to ensure com-
parable reaction environments across studies. A significant
challenge for flow electrolyzer design is ohmic cell resistance,
which can be minimized by compressing two porous electrodes
against an ionic conductive separator, resulting in a zero-gap
configuration.3,5,26,29,30 This design shortens ion travel
distances and facilitates gas discharge.13 Despite electrolyte
and bubble management being much simpler than similar
systems, such as CO2 electrolyzers,28 designing zero-gap
configurations requires careful consideration of materials,
dimensions, and cell architectures. Over the past four years,
we have refined various flow cell designs to optimize mass
transport, resulting in an optimized architecture.15 Our group
has utilized this configuration to test OER electrocatalysts
under realistic AWE conditions.31−33 As shown in Figure 2a,b,
the electrolyzer features rigid plastic flow plates compressing a
zero-gap electrode−separator assembly for lab-scale applica-
tions with electrode areas of 4 cm2.

This design is compatible with Ni foam (NF) electrodes,
which are popular in AWE research.34 The electrode
preparation is detailed in the Supporting Information. The
NF electrodes used have a roughness factor of ∼9.9, estimated
from double-layer capacitance measurements in a nonaqueous
electrolyte (Figure S1).35,36 Nickel gauze serves as the current
collector, chosen for its alkaline resistance, affordability, and
low electrical resistance.27,37 The flow plates, fabricated from
acrylic plastic via computer numerical control (CNC)
machining, feature inlet and outlet ports and a pattern
directing electrolyte flow through the porous electrode (Figure
S2). The assembly uses chemically inert polydimethylsiloxane
(PDMS) gaskets, which define the electrode thickness (Figure

Figure 1. Lab-scale flow electrolyzers provide a robust platform for
characterizing electrocatalytic stability, an essential step for the
effective scale-up of water electrolysis technologies.

Figure 2. Flow electrolyzer for lab-scale electrocatalyst testing: (a) fully assembled cell, (b) exploded-view rendering of the electrolyzer and
its components, (c) electrolyzer under operation, and (d) process flow diagram of the electrolyzer setup.
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S3) and seal the current collector to prevent leaks (Figure S4).
We use the state-of-the-art Zirfon PERL UTP 500 diaphragm,
a well-established and long-lasting standard separator in
AWE.13,27,37 The diaphragm is positioned between the cathode
and anode (Figure S5). The manufacture and preparation of
these components are detailed in the Supporting Information.

The electrolyzer is assembled using stainless steel bolts
tightened uniformly at low torque, creating a compact cell
(Figure S6). The bottom-to-top flow direction effectively
enhances bubble removal (Figure 2c).21 The electrolyte
temperature was controlled with a water bath and monitored
using glass thermometers and stainless-steel thermocouples,
with peristaltic pumps circulating the electrolyte through
silicone tubing (Figures 2d and S7). This electrolyzer operates
in a two-electrode configuration and does not use a reference
electrode. Unlike CO2 electrolysis, where controlling the
electrode potential is critical for product selectivity,28 we aim
to emulate a configuration that resembles real-world electro-
lyzers. A complete guide for conducting electrochemical
measurements is included in the Supporting Information,
along with best practices and troubleshooting notes.

To prevent uneven gaps, inconsistent pressure distribution,
and minimize gas crossover,13 we optimized this electrolyzer
for operation at a maximum current density of 150 mA·cm−2,
and the electrode geometric area is limited to 4 cm2.26 Note
that high current densities, pressures, and temperatures
increase gas crossover due to enhanced separator perme-
ability.2 More advanced electrolyzer designs are advisable for
testing practical aspects at higher current densities, including
systems with gas−liquid separators, gas detectors, and
advanced temperature control. Examples of such robust
configurations are available in the literature.5,21,26,28

We focus on a simple cell architecture to ease manufacture
and minimize operational variables. Components can be
fabricated via 3D printing,38 which offers a quick way to
create lightweight, cost-effective electrolyzers.9,15,33 However,
the stability of 3D-printed materials varies significantly.15

Photoresins, for instance, are brittle and less heat-resistant,9,38

whereas materials like polyethylene terephthalate glycol
(PETG) are more stable but expensive.9 We advise caution
with 3D-printed materials and recommend conventional
methods such as CNC machining, especially for materials
like polytetrafluoroethylene (PTFE) that are stable in alkaline
conditions.14,39 The 3D models (.stl files) are available in the
Supporting Information.

Experimental Conditions Influence Water Electrolysis
Performance. We performed electrochemical tests to assess
the electrolyzer performance. The measurements and exper-
imental conditions, carefully adapted from previous proto-
cols,4,9,21,23−25 are detailed in the Supporting Information. We
evaluated three electrocatalysts grown on NF substrates: (1)
nanostructured Ni and (2) NiFe films prepared by electro-
deposition,40 and (3) Ni3N precatalysts prepared by thermal
oxidation and subsequent nitridation. These materials serve as
references: nanostructured nickel serves as a baseline for Ni
stability in alkaline media, NiFe is a well-established OER
benchmark,41,42 and Ni3N represents a promising X-ide
precatalyst, extensively studied by our group.31,32,43,44

Before performance comparison, the electrolyzer underwent
an electrochemical conditioning step at 10 mA·cm−2 for 24 h
using chronopotentiometry. Polarization curves were derived
through multistep chronopotentiometry, holding sequential
current steps for 10 min.21 Currents ranged from 4 to 40 mA
(in 4 and 8 mA increments) and 40 to 600 mA (in 40 mA
increments), with cell potential recorded at each step before
and after conditioning. Electrochemical impedance spectros-
copy (EIS) was conducted at each current to determine the
high-frequency resistance (HFR), indicative of combined ion
and electronic resistances, and used for iR correction of
polarization curves.29,45,46 EIS also provided Nyquist plots.

Figure S8 shows the electrochemical tests for the electrolyzer
using nanostructured Ni on NF (Ni/NF) electrodes.
Conditioning causes significant HFR and Nyquist plot changes
due to oxyhydroxide layer formation. Figure S9 compares

Figure 3. Full-cell polarization curves of the alkaline electrolyzer across various operating conditions: (a) electrolyte concentration, (b) flow
rate, (c) temperature, and (d) presence of Fe impurities. Polarization curves were obtained via multistep chronopotentiometry. The iR-free
cell voltage (EiR‑free) is the total cell voltage corrected for iR drop using the HFR at each current step.
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conditioning responses, Nyquist plots, and polarization curves
for bare NF, Ni/NF, and NiFe/NF anodes. NiFe anodes show
the lowest cell potential and distinctive Nyquist plot
semicircles, indicative of anode and cathode charge transfer
resistances. In contrast, Ni/NF surpassed NiFe/NF as the
cathode (Figure S10). Next, we examined the performance of
the Ni3N precatalyst as cathode and anode (Figure S11).
Despite the activity improvement of Ni3N during conditioning,
activated Ni/NF still surpassed it in both roles. These changes
are attributed to in situ Ni oxyhydroxide formation during the
OER, a process our group has extensively studied.31,32,43,44,47

Thus, conditioning is crucial to achieve a stable active phase.
After identifying promising electrocatalysts, testing under

industrially relevant conditions becomes critical.14,48 We
evaluated four critical AWE conditions that impact the
membrane−electrode assembly environment:21 electrolyte
concentration, liquid flow rate, temperature, and presence of
Fe impurities, with results depicted in Figure 3. This
electrolyzer operates at ambient pressure, as high-pressure
setups are complex and costly, sometimes impractical for
laboratory environments.4 Given our operating current
densities, pressure impact is minor compared to temperature
or electrolyte concentration effects.23 However, we advise
using more advanced electrolysis setups to simulate industrial
conditions.5,21,26,28

Higher electrolyte concentrations decrease the ohmic
resistance.4 Moreover, increased viscosity leads to hydro-
dynamics akin to industrial electrolyzers, enhancing the realism
of bubble management.37 We tested up to 6 M KOH (between
25 and 30 wt %), which lies close to the highest ionic
conductivity for KOH.3,5,37 Figure 3a shows lower cell
potentials with higher concentrations, mainly due to decreased
cell resistance, with HFR dropping from ∼1.1 to ∼0.5 Ω·cm2

between 1 and 6 M KOH (Figure S12b). Faster oxyhydroxide
phase aging explains the differences in conditioning responses
and Nyquist plots at higher concentrations.39,49

Forced convection is essential at high currents to manage
increased water and gas production, impacting mass trans-
port.30,50 Polarization curves diverge at current densities
exceeding ∼50 mA·cm−2 (Figure 3b), and the HFR decreases
from ∼1.3 to ∼1.1 Ω·cm2 with higher flow rates (Figure S13).
As shown in Figure S13g, higher flow rates lower the cell
potential (∼115 mV) and stabilize current responses due to
effective bubble removal.27,33 Note that doubling the flow rate
from 100 to 200 mL·min−1 only lowers cell potential by 15%,
highlighting the importance of pump efficiency on operating
costs. Thus, selecting an optimal flow rate to balance stability
and minimize ohmic resistance is vital.27 We used a 100 mL·
min−1 flow rate in later experiments.

High temperatures enhance electrode kinetics, electrolyte
conductivity, and gas removal, making them preferable in
industrial settings.37,51 Consistent temperature control is
crucial as fluctuations can change material properties, cause
corrosion, or modify reaction rates.52 However, many electro-
catalytic stability studies often overlook temperature’s role. We
tested the electrolyzer performance between 20 and 80 °C,
setting 80 °C as the upper limit to avoid excessive damage and
minimize corrosion.3 Increasing temperature reduces the cell
potential by about 200 mV from 20 to 80 °C at 150 mA·cm−2

(Figure 3c), with the HFR dropping to 0.7 Ω·cm−2 at 80 °C
(Figure S14), the most significant impact on the HFR
compared to electrolyte concentration and flow rate.

Metal impurities are critical in AWE research. Following de
Groot’s classification,48 we tested the electrolyzer performance
under “iron-free” and “some-iron” scenarios. The Ni/NF
anode exhibits higher cell potentials with Fe-purified KOH
electrolytes (Figure 3d), consistent with the well-known effects
of Fe incorporation.17,39,49,53 Differences in HFR suggest that
Fe impurities influence cell resistance (Figure S15). We agree
that Fe-free electrolyzers suit fundamental research and initial
electrocatalyst screening. However, real-world applications
involve Fe impurities, often introduced via feedwater or
corrosion.1,48 Thus, we used unpurified KOH in later
experiments to show consistency with the presence of
Fe.17,48 Note, however, that our design is compatible with
Fe-free testing, and impurity effects can be quantified. Best
practices in electrolyte preparation and control tests are
advised to address impurity effects.39 While impurity
considerations depend on the research aim, their assessment
is crucial for electrocatalyst testing.52

Unlocking Next-Level Stability Testing with Variable
Loads. Electrode stability significantly influences the lifetime
and operational costs of AWE systems.20 However, many
studies focus primarily on electrocatalytic activity, often
overlooking or inadequately investigating stability.52 Testing
protocols often use shorter timeframes and lower current
densities than industrial needs,51 failing to mimic real industrial
AWE electrolyzer conditions, particularly under intermittent
renewable power sources.54 Thus, there is a need for
accelerated degradation tests that accurately simulate degra-
dation mechanisms over appropriate time scales and realistic
operating conditions to develop more robust electrocatalysts.

Using variable current and simulated shutdown steps
stresses the electrodes and speeds up degradation. Thus,
testing fluctuating currents is an excellent approach to
assessing catalyst adaptability.4,23 Inspired by previous
approaches,20,24,54,55 we implemented two stability protocols
to evaluate our three electrocatalytic materials. The electro-

Figure 4. AWE stability testing under variable current and shutdown conditions: (a) close-up views of low- and high-current steps of a Ni3N
anode, and (b) close-up views of shutdown OCP and low-load steps, showcasing cell potential progression over 120 cycles of a NiFe anode.
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lyzer, operating in unpurified 6 M KOH at 50 °C with a 100
mL·min−1 flow rate, followed conditions similar to state-of-the-
art alkaline electrolyzers (HFR ∼ 0.4 Ω·cm2).13 Electrodes
underwent conditioning for 24 h before testing. Figure S16
shows Ni/NF electrodes stabilizing in approximately 18 h,
attributed to NiOOH film formation and Fe incorporation.17,47

Our first stability test alternated between low (60 mA for 10
min) and high (480 mA for 20 min) current steps, each cycle
lasting 30 min, repeated 120 times for a total of 60 h (Figure
4a). These steps represent 10% and 80% of the potentiostat’s
maximum current capacity. Electrodes can undergo reverse
currents and undesirable transformations during electrolyzer
shutdown.37,54 Thus, our second stability test combines
fluctuating current and shutdown steps (Figure 4b), incorpo-
rating an open-circuit potential (OCP) step for 2 min between
high and low currents (Figure S25b). For both tests, we
measured the HFR after each cycle using galvanostatic EIS and
recorded polarization and Nyquist plots before and after the
120 cycles. Results with Ni/NF, NiFe/NF, and Ni3N/NF
anodes are detailed in the Supporting Information (Figures
S17−S28), including supporting notes describing important
transformations observed for each electrocatalyst. Additionally,
Tables S1 and S2 summarize the performance metrics for the
fluctuating current and reverse current tests, respectively.
Electrochemical characterization of these electrodes conducted
at the three-electrode cell level is available in previous
studies.32,39,44

We do not extensively discuss the deactivation or self-
healing mechanisms of the electrocatalysts evaluated here but
encourage further exploration of the following aspects:

Electrochemical Conditioning. Our results underscore the
significance of conditioning in AWE. Unlike PEM electrolysis,
where conditioning is typically shorter,11,21 longer conditioning
times are recommended to achieve complete electrocatalyst
transformation.12,54,56 Conditioning might require several
hours to form the most stable phase, and the duration might
vary for different precatalysts.27 This step also serves as a
warming-up period21,27 and stabilizes Fe incorporation and
dissolution.48 Note that in situ reconstruction during
conditioning could lead to catalyst dissolution and mechanical
degradation, impacting stability.6 Therefore, conditioning also
serves to identify electrocatalysts unable to achieve steady
responses before conducting stability tests. Considering these
insights, we advise conducting electrochemical conditioning for
at least 12 h to ensure uniform testing conditions and improve
reproducibility in AWE research.

EIS for Electrolyzer Evaluation. EIS is a powerful tool for
tracking electrolyzer performance. Tracking the HFR reveals
conductivity changes, including those from material trans-
formations (i.e., electronic) or bubble evolution (i.e., ionic).
EIS can also detect charge transfer resistance shifts when one
electrode is altered, aiding Nyquist plot interpretation.
However, interpreting full-cell Nyquist plots can be complex,
and caution is advised. Tafel analysis of iR-free polarization
curves at low current densities can offer comparative kinetic
insights.5,46

Catalyst Deactivation and Dissolution. Our stability
protocols help assess electrocatalyst resilience against opera-
tional instability from current or potential fluctuations.18,19

Our findings suggest that catalyst degradation often progresses
slowly, avoiding abrupt performance loss or failure (see Figure
S25). Simulated shutdown tests reveal gradual cell potential
shifts, potentially forming soluble metal species (see Figure

S23).37 Thus, shutdown stability tests can aid in tracking
corrosion and catalyst dissolution, as well as related effects
such as membrane poisoning.

Effects of Operating Environments. It is crucial to study
systematically temperature and concentration effects, as these
can alter catalyst dissolution and kinetics.4,18,51 Electronic
conductivity is another aspect requiring further explora-
tion.20,22 For example, NiFe oxyhydroxides are effective OER
catalysts in AWE, while NiCo oxides perform better in AEM
electrolysis due to better conductivity.12 Do not assume
catalyst stability in all environments.

Coupling with Characterization Techniques. Researchers
are encouraged to integrate these protocols with in situ and ex
situ analyses to understand catalyst deactivation comprehen-
sively.48,52 Use elemental analysis to monitor metal dissolution,
particularly during intermittent operation. Analyzing separators
post-mortem, alongside HFR and physicochemical analysis,
helps assess membrane poisoning.1,52 Complement these with
faradaic efficiency assessments41,57 and investigations on
practical aspects like gas crossover and purity.5,26

Catalyst Integrity and Mechanical Stability. Often over-
looked at the lab scale, catalyst integrity is crucial in realistic
settings. Intermittent operation tests can be utilized to measure
the impact of bubble evolution on catalyst adhesion.2,33 Our
electrolyzer setup is ideal for testing new electrode designs or
pore engineering techniques to enhance bubble release and
mechanical stability.33

Strategies for Catalyst Resilience. Future studies should
explore strategies such as using sacrificial electrodes,20

analyzing shutdown step duration, applying cathodic cur-
rents,54 or using transient voltage steps for phase regeneration
after reverse currents.18 Bifunctional materials with inherent
resilience to reverse currents are also attractive.4

Electrocatalyst Research Needs Standardized Proto-
cols. In addition to standardized testing setups, the AWE
community urgently needs protocols and guidelines for
meaningful electrocatalytic performance comparison across
laboratories.1,21,58 This endeavor requires strong collaboration
between academia and industry to ensure reproducible, fair,
and relevant benchmarking.41,52,59 Drawing inspiration from
the fuel cell field, which has made strides through stand-
ardization,21−23 AWE benchmarking should clearly define
operating conditions, testing procedures, evaluation criteria,
and establish “gold” standards.21,41

As an initial step toward AWE benchmarking, we propose a
protocol for evaluating electrocatalytic material stability using
lab-scale electrolyzers (Figure 5), including workflows for
stability testing under fluctuating currents and shutdown
conditions (Schemes S1 and S2). These are adapted from
benchmarking efforts in the AWE community, PEM
electrolysis, and fuel cell research.10,11,21,24,25,55,60 We include
an example of a potentiostat sequence to conduct these
workflows systematically (Figure S29). Moreover, an in-depth
description of the characterization techniques recommended
for evaluating electrocatalytic stability, along with the specific
insights each technique offers, can be found in our previous
work.43 Following Risch’s benchmarking criteria,41 we
encourage AWE researchers to evaluate electrocatalytic
stability under specified conditions (i.e., 50 °C, unpurified 6
M KOH, 100 mL·cm−1 flow rate), using Ni and NiFe as
standards. Our lab-scale electrolyzer offers an accessible
platform for evaluating electrocatalytic stability under realistic
conditions.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Viewpoint

https://doi.org/10.1021/acsenergylett.3c02758
ACS Energy Lett. 2024, 9, 547−555

551

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02758/suppl_file/nz3c02758_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c02758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Defining meaningful evaluation criteria is essential and
requires further attention. We note six key considerations for
evaluating performance: (1) Focus on deactivation rates rather
than stability duration or activity.19,27 Suitable metrics include
the activity-stability factor,61 the S-number,1,41 or the reverse-
current stability factor.20 (2) Reaction environments and
setups must be reported in detail, using reference materials for
comparison. (3) Focus on understanding catalyst deactivation
and failure mechanisms over merely reporting stabilities. (4)
Expose electrocatalysts to challenging environments, especially
under claims of “exceptional” stability. Although steady-state
conditions aid initial development,1 intermittent operation
truly tests catalyst resilience.4 (5) Ensure reproducibility and
evaluate uncertainty.21,39,41 (6) Use iR-free polarization curves
to compare electrocatalytic activity and HFR to determine,
compare, and monitor cell resistance, equivalent to iR
compensation measurements in three-electrode cells.62,63

This protocol is merely a starting point, necessitating further
refinement. We encourage complementing this guide with
resources on electrolyzer disassembly for ex situ character-
ization,16 electrolyzer troubleshooting,28,58 methods for pre-
paring and characterizing separators and diffusion
layers,50,58,64−66 and resources for other bipolar electrolyzer
technologies.58,64 As depicted in Figure 5, ex situ character-
ization after the initial assessment is encouraged to identify the
most stable phase following preactivation and facilitate
comparisons of structure and chemical compositions before
and after the stability test. Note that destructive ex situ
characterization techniques require separate electrocatalyst

samples. For custom cell construction, we recommend
following our method to characterize the hydrodynamics and
mass transport.15 More protocols are necessary for specific
electrolyzer evaluations, including separator stability and
degradation mechanism studies.13,16,23 We hope our work
inspires further standardization efforts, advancing toward a
comprehensive comparison platform in AWE.

Concluding Remarks. Electrocatalyst research in AWE
needs to shift from focusing solely on high performance under
impractical conditions to understanding physical phenomena
in realistic settings.4 The industry favors efficient, cost-effective
materials over those with merely “ultralow” overpotentials.22

Researchers should design catalysts carefully, avoiding complex
chemistries that might lead to instability or harmful byproducts
affecting components like separators. High activity alone
should not be the only performance measure; broader aspects
need consideration.27,29

Future strategic directions include exploring catalyst
resilience to electrolyte convection,2 designing electrodes
with enhanced bubble removal,33 and examining the impact
of high temperatures on performance.4,21 Other improvement
areas include zero-gap configuration and electrolyzer compo-
nents, focusing on separator properties, gas crossover, impurity
effects, flow plate design, and component wear.2,13,22,26,48

Understanding catalyst deactivation is essential for addressing
durability challenges,52 and research should focus on
improving resilience to fluctuating currents.4,54 Collaborative
efforts between academia and industry are crucial for setting
appropriate equipment, operational methods, and evaluation
protocols.

Our lab-scale electrolyzer and stability protocols provide
opportunities for significant AWE research. We invite the
community to use our guidelines for evaluating electrocatalytic
stability after preliminary catalyst screenings in traditional
three-electrode setups. Following these protocols will foster
more accurate and consistent comparisons of electrocatalytic
performance. While our motivation is to meet industry needs,
there is still a significant journey to bridge the gap between
academia and industry. We urge future studies to continue this
effort and promote collaboration with industry to advance
AWE research.
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