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The increasing demand for efficient and sustainable hydrogen production has
driven significant advancements in water electrolysis technologies. Among
these, liquid alkaline water electrolysis (LAWE) stands out for its cost-
effectiveness and scalability. This manuscript establishes best practices and
standardized testing procedures for single-cell LAWE, focusing on the use
of nickel foam as both anode and cathode substrates, while incorporating
catalysts such as nickel-iron layered double hydroxide (NiFe-LDH) as the
anode material and nickel-molybdenum on carbon (NiMo/C) as the cathode
material. By providing detailed guidelines on material preparation, cell assembly,
and performance evaluation, this work offers a comprehensive framework to
improve reproducibility and ensure consistency. The results demonstrate that
applying these best practices minimizes variability across different laboratories
and experimental setups, laying the groundwork for more robust comparisons
and accelerating progress in LAWE research.

KEYWORDS

alkaline electrolysis, harmonization, protocol, nickel electrodes, benchmarking

1 Introduction

In recent years, there has been a growing interest in developing advanced materials
and technologies for water electrolysis, driven by the increasing demand for sustainable
hydrogen production (Franco and Giovannini, 2023; Nazir et al, 2020; Wang et al.,
2021). Liquid alkaline water electrolysis (LAWE) remains one of the most established and
economically viable methods for large-scale hydrogen generation due to its reliance on
abundant and inexpensive components, such as nickel-based electrodes (Ansar et al., 2021;
Lohmann-Richters et al., 2021; Santos et al., 2013; Schalenbach et al., 2018; Zeng and Zhang,
2010) Despite its maturity, ongoing advancements in electrode development (Demnitz et al.,
2024; Karacan et al., 2022b) and cell design (Phillips et al., 2017; Rodriguez and Amores,
2020) continue to improve its efficiency and durability, maintaining LAWE’s relevance.

A fundamental step in advancing LAWE technologies is the reliable evaluation
of components and cell configurations through single-cell testing (Bender et al,
2019; Lickert et al, 2023; Tsotridis and Pilenga, 2021). Single-cell testing provides
researchers with crucial insights into the electrochemical performance, durability, and
scalability of new materials. However, the absence of standardized testing protocols
and methodologies has led to inconsistencies in the data reported by different research
groups, often resulting in unproductive research directions and difficulties reproducing
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promising results. Contrasting cases in the literature reveal how
varying experimental approaches—such as differences in electrolyte
composition, flow rates, and electrode preparation—can produce
significantly different performance metrics (Marquez et al.,, 2024).
For instance, Appelhaus et al. (2024) emphasize that the iron content
in the electrolyte and precise temperature control are critical factors
in achieving reproducible results across different laboratories. These
findings underscore the challenges of comparing data across studies
and highlight the urgent need for standardized methodologies to
ensure that observed performance differences stem from intrinsic
material properties rather than procedural variations.

This study seeks to address and mitigate the challenges of
evaluating the reproducibility of single-cell testing for LAWE under
controlled and standardized conditions. By implementing a unified
testing protocol and practices across two laboratories and comparing
performance using standardized materials and methodologies,
the study seeks to identify and minimize sources of variability.
Drawing inspiration from previous round-robin testing initiatives
in PEM and alkaline electrolysis, this work aspires to establish
a foundation for more consistent and reliable testing practices,
enabling accurate benchmarking of materials and accelerating
advancements in the field.

2 Protocol scope
2.1 Scope and applicability

The objective of this manuscript is to establish best practices and
standardized protocols for single-cell testing in LAWE. This study
focuses on ensuring reproducibility and reliability in performance
evaluation using Ni foam, NiFe-LDH, and NiMo/C. The protocol
outlines detailed procedures for evaluating activity in 30 wt% KOH
at 80°C, aiming to minimize variability and enable consistent
benchmarking across different laboratories and experimental setups.

2.2 Personnel qualifications/
responsibilities

All personnel should be trained to handle chemicals and
mitigate chemical hazards.

2.3 Health and safety warming

Chemical Hazards-This test protocol uses a concentrated
base for the preparation of the electrolyte. Follow SDS safety
precautions when handling concentrated potassium hydroxide. The
concentrated base should be mixed in a fume hood. Standard
personal protective equipment, including safety glasses, lab coat, and
gloves (base-compatible), must be worn.

Electrical hazards- Before disassembling the cell, ensure the
power source is turned off and disconnected. Confirm that the cell
is fully discharged to prevent personal injury and avoid the risk of
short-circuiting during disassembly.

Heat hazard- Allow the cell to cool completely before handling to
avoid injury from contact with hot components. Metal parts of the
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cell, being excellent heat conductors, can retain high temperatures
even after the system is powered down.

Waste Handling-All waste electrolytes, rinsing solutions, and
cleaning residues must be collected and disposed of according to
local hazardous waste disposal regulations. Use designated waste
containers, label them as “Alkaline Waste,” and store them in
an appropriate location until disposed of through an authorized
hazardous waste service. Ensure all waste containers are securely
closed when not in use to prevent leaks or spills.

2.4 Equipment and supplies

To complete the testing properly, researchers will be required to
have this list of equipment and supplies.

2.4.1 Electrochemical testing equipment

Potentiostat
Electrochemical impedance spectroscopy (EIS) setup
Power supply

2.4.2 Cell components

Single-cell test fixture with anode and cathode flow fields
made of nickel

Gaskets from Polytetrafluoroethylene (PTFE) (anode, cathode
and separator)

Zirfon™ separator (Perl UTP 500 by Agfa) should be soaked in
DI water for at least 1 h

Nickel foam as baseline electrodes (300 pm thick, Recemat BV,
Netherlands)

2.4.3 Fluid handling tools

Peristaltic or diaphragm pumps for electrolyte flow

Tubing and connectors compatible with alkaline solutions
Separate anolyte and catholyte reservoirs, either interconnected
via tubing to maintain concentration balance or used
independently without interconnection. In the latter case,
monitoring of electrolyte density and concentration should be
implemented to ensure consistency during operation.

Pressure gauges or transducers can be added to the fluid
inlets to prevent potential damage to the cell from over-
pressurization. These tools allow real-time monitoring of
inlet pressure, enabling prompt intervention in case of
excessive pressure buildup and reducing the risk of leaks or
cell damage.

2.4.4 Temperature control

Thermocouple for monitoring cell temperature
Thermocouple for controlling and monitoring cell inlet
temperature

Heater with temperature controller

Heating components such as rod heaters or heating
pads ensure uniform and efficient temperature control
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FIGURE 1

Images illustrating the cell setup integrated with (A) heating pads, (B) heating rods.

of the cell, Figure 1 illustrates the cell setup integrated with
heating pads or heating rods.

2.4.5 Electrolyte preparation

Potassium hydroxide (KOH) pellets should be the purest
with <10 ppm of Fe salt. (pellets for analysis EMSURE®)
Deionized (DI) water (from Milli-Q IQ 7000 Water
Purification system)

2.4.6 Miscellaneous tools

Scissors (for trimming electrode and separator materials)
Torque wrench for bolt tightening

2.5 Recommended reading

1. S. Appelhaus et al. International Journal of Hydrogen Energy 95,
1004 (2024)

2. C.Karacan et al. international journal of hydrogen energy 47 (7),
4294 (2022)

3 Procedure
3.1 Step-by-step procedure

3.1.1 Electrode preparation
3.1.1.1 Anode electrode

A precursor solution was prepared by dissolving 0.04 M
Ni(NO;),-6H,0 (Sigma-Aldrich, United States) and 0.01 M
Fe(NO;);-9H,0 (Sigma-Aldrich, United States) in deionized
(DI) water, followed by stabilization overnight. Nickel foam with
dimensions of 2.5 x 5.0 cm? was cleaned by sonication in ethanol
for 10 min, thoroughly rinsed with DI water, and dried. The foam
was then used as the working electrode in a three-electrode setup,
with a platinum mesh as the counter electrode and a hydrogen

Frontiers in Energy Research

03

electrode as the reference electrode. Electroplating was carried out
at a current density of ~13 mA/cm? for 14 min in the N,-purged
precursor solution, following stabilization at open circuit voltage
for 5 min. A potentiostat (Bio-Logic, France) was used for process
control. After electroplating, the electrode was rinsed with DI water
and dried in a vacuum oven at 60°C for 2 h. This process results in
a catalyst loading of 5.0 mg/cm? +0.05 mg on Ni Foam. Scanning
Electron Microscopy (SEM) images of the NiFe-LDH coating on Ni
foam are presented in Figure 2.

3.1.1.2 Cathode electrode

For the cathode, a mixture of NiMo/C powder (Pajarito Powder,
United States, 50 wt.% NiMo, BET surface area 500 m*/g), 5%
Nafion dispersion (Chemours, United States), and 1-propanol
(Sigma-Aldrich, United States) was prepared and ultrasonicated.
The weight ratio of catalyst powder to 1-propanol was 1:100,
with the Nafion dispersion content set to 23.16%. The slurry was
sprayed onto pre-cleaned Ni foam using a spray coater (Sonotech,
United States) to achieve a target catalyst loading of 0.7 mg, ,.,;//cm®.
After spraying, the electrode was dried in a vacuum oven at 60°C
for 2 h. The resulting morphology of the NiMo/C-coated cathode
is shown in Figure 3.

While Nafion is widely used as a binder due to its excellent
proton conductivity and ability to provide mechanical stability to
the catalyst layer, its application in alkaline environments presents
challenges (Ahmad et al., 2022). Nafion is prone to degradation
due to hydrolysis or decomposition of its sulfonic acid groups,
leading to a loss in ionic conductivity and mechanical integrity
over time (Madhav et al., 2023). Despite these limitations, Nafion
was chosen in this study because of its widespread availability,
ease of use, and proven performance in short-term experiments
(Demnitz et al., 2024; Kakati et al., 2023; Karacan et al., 2022b;
Zappia et al., 2022).

3.1.2 Prepare the electrolyte solution

1. Prepare electrolyte solution with 30 wt.% of KOH (potassium
hydroxide, pellets for analysis EMSURE®., Millipore) The
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FIGURE 2
SEM images of NiFe-LDH electrodeposit on Ni foam at different magnifications. (A) Low-magnification image showing the porous structure of the Ni

foam substrate with the integrated NiFe-LDH coating. (B) High-magnification image highlighting the surface morphology and uniform coverage of the
NiFe-LDH coating.
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FIGURE 3
SEM images of NiMo/C-coated nickel foam electrodes. (A) Low-magnification image showing the porous structure and uniform coating on the Ni
foam, and (B) high-magpnification image illustrating the uniform deposition of NiMo/C on the foam surface.

FIGURE 4
Assembly process of the single-cell setup. (A) Placement of the flow field on the endplate. (B) Cathode gasket positioned over the flow field. (C)
Cathode Ni-foam trimmed to 5 cm?, fitted within the cathode gasket. (D) Placement of the separator gasket. (E) Zirfon separator positioned on the
separator gasket. (F) Placement of the anode gasket. (G) Anode Ni-foam fits neatly within the anode gasket. (H) Final placement of the flow field on the
top layer. (I) Securing the assembly with the top endplate.

volume of electrolyte prepared should be enough to fill the  3.1.3 Assemble the single cell

reservoirs. (30 wt% KOH: 452.1 g KOH in 870 mL of DI,

density of 1.286 g/mL 35°C) 3. Rinse the nickel flow fields with DI water and dry them with
2. Carefully fill the reservoirs with the prepared KOH electrolyte. nitrogen gas.
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the
illustrated in Figure 4. Place the flow field on the endplate, then
place the cathode gasket (250 um) followed by the cathode
Ni-foam (cut to 5cm?), which should be trimmed to fit
neatly within the gasket. Next add the separator gasket and

4. Assembly steps for single-cell configuration are

the Zirfon separator (4 cm x 5cm), trimming it to size as
needed. Continue by placing the anode gasket (250 um) and
the anode Ni-foam (cut to 5 cm?), also trimmed to fit neatly
within the gasket. Position the flow field and finally, secure the
top end-plate.

5. Once all components are in place, insert the bolts and hand-
tighten them to prepare for proper compression. Once the cell
is ready to be torqued, tighten the bolts in a star-pattern and
in stages. If 50 in-lbs is the desired final torque, first apply
25 in-lbs, then 35 in-Ibs, before finally coming to the desired
cell torque. Proper application of torque will minimize the
risk of electrolyte leakage from cell components and improve
repeatability between measurements.

3.1.4 Connect the cell to testing equipment

6. Connect the inlet and outlet tubing to the flow fields, and
ensure the connections are properly tightened.

. Turn on the pumps and set the flow rate to 50 mLmin'.
Inspect the connections for any signs of leakage while flowing
the electrolyte. If a leak is detected, consider using Teflon tape
or appropriate sealing material to secure the fittings.

8. Connect the thermocouple to the cell, ensuring proper
placement for accurate temperature monitoring.

. Once the electrolyte flow is established in the cell, begin
increasing the temperature for both the anode and cathode
inlets, as well as the overall cell temperature. Initially, set the
temperature to 60°C and allow it to stabilize. Once the system
maintains stability at 60°C, increase the temperature to 80°C
and ensure it stabilizes before proceeding with testing.

3.1.5 Electrochemical testing

10. Connect the anode and cathode current collectors to the power
supply and measurement device. If the cell lacks dedicated
current collectors, establish the connection directly through
the flow fields.

11. Set the experimental protocol as follows:

 Begin the experimental protocol with a 1-h stabilization
period at open circuit voltage (OCV) to ensure the system
reaches a steady state.

Perform polarization curve measurements, starting from
2.5V and decreasing to 1.4V, with a 60-s hold at each
potential and steps of 0.05 V. Then reverse the sequence,
increasing from 1.4V back to 2.5V, holding for 60s
at each step.

o After completing the initial polarization curve, condition
the cell at 2.0 V for 24 h.

Following conditioning, conduct a second polarization

curve measurement, again from 2.5V to 1.4V, but this
time holding for 120 s at each potential and steps 0f 0.05 V.
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Reverse the sequence from 1.4 V back to 2.5 V with a 120-s
hold at each step.

o Finally, perform EIS measurements at each potential to
analyze the cell’s resistance and dynamics.

3.1.6 Data recording and standardization

12. Normalize the data to the active electrode area (5cm?)
for reporting

13. Ensure reproducibility by repeating the test at least three times
under identical conditions.

3.2 Sample handling and preservation

1. Use the highest purity of KOH available, ideally containing
~5-10 ppm of Fe, to minimize the on-affect performance.

. Ensure that all connections and tubing are made from
materials compatible with KOH and resistant to degradation.
Avoid using stainless steel, as Fe leaching improves
performance metrics (Appelhaus et al., 2024).

3. Handle separators and electrodes with care to avoid damage

or contamination. Keep separators wet and in a stable, flat
position to maintain their integrity and functionality.

3.3 Computer hardware and software

The potentiostat software is necessary for performing
electrochemical tests and may also support data analysis.

4 Results and discussion

The following section presents the results obtained using the
outlined testing protocol, with Ni foam electrodes serving as the
baseline components (300 um and a density of 500 gm~2). Two
different cell designs were employed in the study, differing primarily
in the structure of their flow fields. The cell used by NREL features a
meandering flow field (Appelhaus et al., 2024; Karacan et al., 2022a),
while the cell used by LANL incorporates a commercial serpentine
nickel flow field (Fuell Cell Technologies, Inc.) (Figure 5).

As shown in Figure 6, the performance curves measured at 80°C
after the conditioning procedure exhibit a deviation of less than
30 mV at a current density of 0.5 A/cm?. Despite these differences
in flow field design, the standardized testing protocol and consistent
experimental conditions, including temperature control and heating
methods, resulted in very small deviations.

The polarization curves further compare the performance of
electrochemical cells tested using NiFe-LDH coated on Ni foam as
the anode and NiMo/C coated on Ni foam as the cathode (Figure 7).
The integration of these catalysts was specifically implemented to
evaluate the reproducibility of the experimental conditions and
testing protocol across the two labs. Both labs exhibit a similar trend
at lower current densities, indicating consistent performance under
low current densities (<1.5 Acm™2) with a deviation of 30 mV at
1Acm™
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FIGURE 5

used in the LANL cell.

Images illustrating the two flow field designs used in the study. (A) Meandering flow field employed in the NREL cell. (B) Serpentine nickel flow field

26 T T T T T T T T

N
I
1

N
[N}
1

2.0 A

Cell Potential (V)
p
1

-
o
1

-
n
1

T T T T
00 02 04 06 08 10 12 14 16 18

Current Density (Acm™)

FIGURE 6
Performance comparison of experiment sets at 80°C after the

conditioning step using Ni foam as both anode and cathode.

However, at higher current densities, deviations between
tests within each lab and between the two labs become more
1.8 A/cm?.
This increased disparity can likely be attributed to variations
in electrolyte flow rates (Abdelghani-Idrissi et al, 2021), and
inconsistencies in cell assembly, including gasket alignment and

pronounced, reaching approximately 100 mV at

electrode positioning (Xia et al., 2023). Furthermore, variations
in electrode surface morphology and coating uniformity may
influence bubble detachment and distribution, amplifying the
observed differences at higher current densities (Bae et al,
2022; Dastafkan et al, 2023). For a better understanding of
the performance deviations observed at high current densities,
we conducted SEM characterization and elemental composition
analysis of the electrodes after electrochemical testing (Figure 8).
The SEM images of the NiFe-LDH electrode reveal significant
delamination of the catalyst layer, exposing the underlying Ni foam.
Additionally, the exposed areas exhibit aggregates that were not
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FIGURE 7
Comparison of polarization curves at 80°C after the conditioning step,

using NiFe-LDH coated on Ni foam as the anode and NiMo/C coated
on Ni foam as the cathode.

present on the catalyst layer before testing (Figure 8A). Similarly, the
NiMo/C electrode displays pronounced delamination of the catalyst
layer after testing, indicating structural degradation that likely
impacts its electrochemical performance (Figure 8B). Elemental
analysis further supports these observations. SEM-EDS was
employed to assess the elemental composition of the catalyst layers
both before and after testing (Figures 8C,D). For the NiFe-LDH
electrode, the initial composition was 59% O, 23% Fe, and 6% Ni.
After testing, a significant leaching of Fe was observed, accompanied
by an increase in Ni content. Areas where the catalyst delaminated
revealed a surface predominantly composed of Ni, corresponding to
the underlying Ni foam (Figure 8C). On the cathode side, SEM-EDS
analysis showed an initial catalyst composition of 13% Ni, 2% Mo,
26% F, and 40% C. After testing, the fluorine content—originating
from Nafion used as a binder—decreased by half, indicating binder
degradation. More notably, the Mo content decreased substantially,
from 1.7 £ 0.3 at. % to 0.27 £ 0.14 at. %, suggesting significant
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of the catalyst. Standard deviation is shown for N > 3 regions.

SEM images and elemental composition of the electrode after the electrochemical testing. (A) NiFe-LDH (B) NiMo/C, (C, D) Comparison of catalyst
layer elemental composition as determined by SEM-EDS before and after testing. "After, Ni foam” refers to the exposed Ni foam after the delamination
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leaching of this critical active component. In contrast, the carbon
and nickel content of the catalyst layer remained relatively constant.
Interestingly, despite the possibility of redeposition of dissolved
metals from the electrolyte onto the cathode during testing, no
substantial redeposition of Fe or Mo was detected on either
the cathode catalyst layer or the exposed Ni foam after testing.
These findings highlight the structural and compositional changes
occurring during testing, emphasizing the critical role of material
stability in ensuring consistent performance, particularly at elevated
current densities.

The overall similarity observed at lower current densities
underscores the importance of best practices and standardized
protocols in ensuring reproducible baseline performance across
different laboratories. This finding demonstrates that reducing
procedural variability and consistently applying the same
working protocol enables reliable and comparable results, even
when using varied experimental setups. This consistency aligns
with findings from previous benchmarking studies, such as
those by Karacan et al. (2022a), which emphasize the value
of harmonized methodologies in minimizing inter-laboratory
variability. Similarly, insights from Appelhaus et al. (2024) highlight
the crucial role of well-controlled testing environments in isolating
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material performance from external factors, including operational
inconsistencies.

Despite inherent differences in flow field designs—meandering
versus serpentine—the adherence to a unified testing framework
has minimized performance discrepancies, enabling meaningful
comparisons and reliable evaluations. However, the pronounced
deviations observed at higher current densities are likely influenced
by the compromised stability of the electrodes during testing.
Structural degradation and material leaching observed in
postmortem analyses may amplify inconsistencies under these more
demanding conditions. This highlights the system’s sensitivity
to operational parameters and the critical need for further
standardization. Addressing factors such as flow field design, bubble
management, and catalyst stability are essential to ensure uniformity
and reproducibility in performance outcomes, particularly at
elevated current densities.

5 Conclusion

This study emphasizes the critical role of consistent

experimental conditions and standardized protocols in obtaining
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reliable and reproducible results in single-cell testing for LAWE. By
comparing performance across two laboratories using different
cell designs yet adhering to a unified testing framework, the
findings illustrate that precise procedural alignment and meticulous
control of operational variables are key to minimizing deviations
and enabling meaningful comparisons. These results support the
necessity of harmonized practices to advance the field, improve the
benchmarking of electrode materials, and foster greater confidence
in the reproducibility of testing outcomes across laboratories.

6 Quality control and quality
assurance

6.1 Instrument or method calibration and
standardization

Several aspects of single cell testing require calibration and
standardization. The electrolyte solution preparation should be
consistent, the cell assembly and regular calibration of equipment
such as potentiostat and temperature controllers. Moreover,
verifying the purity of the Ni foam and uniformity of catalyst
coatings, as well as cross-verifying data trends between independent
tests. These measures are critical for minimizing variability and
ensuring the robustness of the testing protocol across different
laboratories.

6.2 Cautions

Contamination can significantly impact performance results;
ensure all components are thoroughly cleaned and properly handled
before testing.

6.3 Common issues

Several common issues can arise during single-cell testing,
potentially affecting performance and data reproducibility. Gas
bubble accumulation on electrode surfaces can impede mass
transport, leading to increased resistance and variability in results,
particularly at higher current densities. Improper cell assembly,
such as misaligned gaskets or uneven electrode placement, can
cause electrolyte leakage or inconsistent sealing. Contamination
of electrodes or electrolytes may introduce artifacts, underscoring
the importance of rigorous cleaning procedures. Additionally,
inconsistencies in temperature regulation or flow rate control can
impact performance.
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