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b Univ. Grenoble Alpes, CEA, LETI, DTBS, L2CB, 38000 Grenoble, France
c Mechanical and Materials Engineering, Queen's University, Kingston, ON, K7L 3N6, Canada
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� Identifying difficulties associated with the benchmarking of alkaline single cells.

� Negative effects on reproducibility observed due to reduction in conditioning time.

� A stable passivation layer of NiO on anode during long-term operation.

� Most overvoltage comes from the anode and cathode activation overpotential.

� Morphologies of substrate material exhibited an key influence on the performance.
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a b s t r a c t

This study outlines an approach to identifying the difficulties associated with the bench-

marking of alkaline single cells under real electrolyzer conditions. A challenging task in the

testing and comparison of different catalysts is obtaining reliable and meaningful bench-

marks for these conditions. Negative effects on reproducibility were observed due to the

reduction in conditioning time. On the anode side, a stable passivation layer of NiO can be

formed by annealing of the Ni foams, which is even stable during long-term operation.

Electrical contact resistance and impedance measurements showed that most of the

contact resistance derived from the annealed Ni foam. Additionally, analysis of various

overvoltages indicated that most of the total overvoltage comes from the anode and

cathode activation overpotential. Different morphologies of the substrate material

exhibited an influence on the performance of the alkaline single cell, based on an increase

in the ohmic resistance.
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Introduction

Hydrogen is considered a fuel and chemical feedstock with

high propositional value; an energy carrier with a high energy

density and an almost infinite storage capacity [1,2]. It will

enable a society based on sustainable forms of energy con-

version and storage. Strong emphasis is nowadays placed on

the search for the best technical solutions to cost-effectively

produce “green hydrogen” using water electrolyzers. Low-

temperature alkaline electrolysis is a well-established tech-

nologyandhasbeenwidelyused since thebeginningof the last

century for the electrolytic production of hydrogen at scale

[3,4]. It has significant economical appeal due to the high

abundance and low cost of the electrode materials used and

other components based on nickel and iron, which substan-

tially decrease the fabrication costs of large-scale electrodes.

As previously noted by Smolinka et al. alkaline cells have

reached electrode areas as high as 4 m2 per cell in commercial

stacks [5,6]. One disadvantage of alkalinewater electrolyzers is

the low performance profiles caused by the commonly-used

thick diaphragms that increase ohmic resistance, the lower

intrinsic conductivity of OH� compared to Hþ, and the higher

gas crossover observed forhighly porousdiaphragms [7,8]. Due

to its low current cost of 12 V$kgNi
�1 9 and high chemical resis-

tance in alkaline media, nickel is the most commonly-used

catalyst material. However, due to the lower intrinsic electro-

catalytic activity of nickel compared to noble metals such as

platinum (approximately two orders of magnitude) [9], it is

often necessary to combine it with othermetals to form alloys

such asmolybdenum, iron, aluminum, or tin [10e17]. Another

common approach is to increase the surface area of the cata-

lyst that remains exposed to the electrochemical reactants.

This can be accomplished by different strategies, such as

supporting the active catalyst on a carbon support [18,19],

nano-engineering the catalyst morphology and structure

[20e22], using novel synthesismethods to support the catalyst

on 3D substrates such as nickel foam [23e26], or by exploring

different catalyst deposition methods [27e31]. Therefore, a

great deal of research in the field of alkaline water electrolysis

has been devoted to the search for new electrocatalyst mate-

rials that are not only highly active with respect to water-

splitting but also stable over the long time periods (e.g.,

95.000 h) [32,33] A commonly-usedway to test electrocatalysts

is to utilize the so-called three-electrode setup with catalysts

supported on a rotating disc electrode (RDE). A vast number of

articles have reported on electrocatalysts that were investi-

gated using such a method at relatively low electrolyte con-

centrations (e.g., 1 mol l�1) and at room temperature, to obtain

a first and rapid insight into their performance

[14,15,17,20,21,24,34e36]. Unfortunately, only a few studies

have attempted to properly modulate electrocatalyst perfor-

mance using single cells and, more importantly, under real

alkaline electrolyzer conditions [31,37e41]. In commercial

electrolyzer stacks,manyother parameters, suchashigher gas

cross-over [42], uncontrolled cell-torque conditions [43], and

the interface resistances [2] can, apart from reaction kinetics,

exert a critical influence on catalyst performance and dura-

bility. Hence, an electrocatalyst shown to feature superior
activity in a half-cell test is by no means guaranteed to repro-

duce it in a full cell or electrolyzer [44]. Bender et al. [45] showed

that among various published studies, a voltage difference of

up to 600 mV at 1 A cm�2 exists, which is fully detrimental for

the sake of performance comparisons among different publi-

cations. PEMwater electrolysis is known for itswell-stablished

state-of-the-art materials; and yet, there are major deviations

among the different studies. For alkaline water electrolysis, a

reliable list of benchmark materials has not yet been estab-

lished, and a greater need for the harmonization exists.

Herein, we report an initial approach to identifying and

resolving some of the challenges inherent to the bench-

marking of alkaline single cells under relevant industrial

electrolyzer conditions. Such information will be of great

benefit to those involved in the development of new electro-

catalyst materials and other cells/stack components and will

enable researchers to reliably evaluate and compare catalysts

and serve as a guide to adequately increase the performance

levels of low-temperature alkaline electrolysis test-rigs.

Various cell-conditioning methods have been evaluated and

discussed. We also investigated the passivation behavior of

nickel foam for long-termoperation and outline the interfacial

resistances of the different cell components. The voltage loss

contributions during electrolysis and the contact pressure

distribution of the cell components were also analyzed.

Finally, a useful comparison between this study and several

single cells, stacks, and electrolyzers described in the litera-

ture and industry is performed and discussed. This work

should also serve as an inspiration to other areas of research

and development, not only in terms of electrochemistry but

also for devices that utilize catalysts. By this, we hope to

inspire harmonization-focused activities and work to estab-

lish performance and durability levels that are reliable and

trustworthy, thus contributing to faster advances in technol-

ogy and understanding.
Experimental

Definition of a benchmark

An in-house-designed alkaline single cell was used and is

illustrated in Fig. 1. Nickel monopolar plates (MPPs) with a

meandering flow-field and an area of 5 cm2 were used. Com-

mercial nickel foam with a thickness of 300 mm and a density

of 500 g m�2 (Recemat BV) on the cathode side was used. A

commercial Zirfon® (AGFA Perl UTP 500) was used as the

diaphragm. On the anode side, the same nickel foam was

used, but had previously been annealed for 24 h at 600 �C in a

furnace under air conditions to completely oxidize its surface.

Subsequently, the oxidized foam was welded to the anode

flow-field and used in all the tests. This was performed to

reduce the risk of influence being exerted by changes occur-

ring on the anode side, so that the investigation could focus on

the HER occurring on the cathode one. As gaskets, PTFE foils

were used. The thickness of the PTFE foil around the nickel

foams was 250 mm and, around the Zirfon®, featured a

thickness of 450 mm.
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Fig. 1 e Sketch of the cell design employed in this work, along with photographs of the various components.
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Electrochemical characterization

The first step was to obtain an initial performance evaluation

of the benchmark using 32 cell assemblies that were individ-

ually measured using a custom-build alkaline test station.

More information about the design of our in-house-developed

test rigs for the benchmarking of alkaline single cells can be

found in the supplementarymaterial and information section.

For each cell assembly, freshly cleaned nickel foam was used

on the cathode side. Firstly, nickel foams were immersed in

ethanol at ambient temperature in an ultrasonic bath for

15 min, in distilled water. Ni-foam was assembled and, after

pre-heating the electrolyte to 80 �C, and a constant cell voltage

of 1.7 V (Biologics BCS 815) to condition the cell was applied

until the current density variation was less than 1%$hour�1.

The current density was changed every 5 min, and the range

of 1e600 mA cm�2 was employed. Potentiostatic electro-

chemical impedance spectroscopy (IM 6 Zahner) was also

performed after the cell conditioning to determine ohmic

losses, which were established by fitting the Nyquist plots

with a two constant phase elements model [46].

Physical characterization

The surface morphology and cross-section were examined

with a scanning electron microscope (Zeiss Gemini). The

through-plane resistances were measured using a typical

four-point electrode setup [47]. The through-plane resistance

wasmeasured for contact pressures of between 1 and 4.5 MPa.

To determine the interface resistance between the anode MPP

and annealed nickel foam, the annealed nickel foam was

sandwiched between two used anode MPPs. The contact

resistance was measured with the same setup as previously

described. The same experiment was also used for a fresh

nickel foam sandwiched between two cathode MPPs to
determine the interface resistance between the cathode MPP

and nickel foam.
Results and discussion

Conditioning of single cells

Fig. 2a displays the cell conditioning curve aimed at a current

density variation of less than 1% per hour, which was only

achieved after a conditioning period of 28 h. Fig. 2b depicts the

cell conditioning curve after 5 h, and Fig. 2c for the first 2 min.

All three procedures were potentiostatic at a cell voltage of

1.7 V. Cell conditioning is a crucial step in cell performance

evaluation. A dramatic drop in performance occurs within the

first few hours. It is paramount that a stable cell condition is

established prior to performance testing being performed. In

this work, a current density variation of less than 1% per hour

was chosen as the target for cell conditioning [45]. This

threshold was chosen because it entails time-independent

conditioning and electrodes with different conditioning re-

sponses can be treated electrochemically in the samemanner.

To reach the threshold of 1% change, the single cells had to

run for up to 28 h at a 1.7 V cell voltage, as is illustrated in

Fig. 2a. To observe the influence of a shorter cell conditioning

time, a second cell was conditioned for 5 h at 1.7 V, as is shown

in Fig. 2b. The inset of Fig. 2a shows the cell conditioning curve

for the last 4 h and the change in the current density per hour,

which also represents the deactivation rate of the single cell. It

is apparent from Fig. 2 that the deactivation rate decreased

after 28 h, (down from 213 to 11 mA cm�2 h�1), and 20 times

higher compared to the deactivation rate of a current density

variation of less than 1% per hour. These findings demon-

strate how important proper cell conditioning is, and a high

deactivation rate is still present after 5 h of cell conditioning.

https://doi.org/10.1016/j.ijhydene.2021.11.068
https://doi.org/10.1016/j.ijhydene.2021.11.068


Fig. 2 e a) Example of a cell conditioning curve with a current variation under 1% per hour at a cell voltage of 1.7 V. The inset

represents a zoom-in on the last four conditioning hours with deactivation rates for each hour. b) Example of a cell

conditioning curve with a 5 h conditioning time at a cell voltage of 1.7 V. The inset represents a zoom-in on the last four

conditioning hours with deactivation rates for each. c) Example of a cell conditioning curve at a voltage of 1.7 V for the first

2 min. The inset represents a zoom-in on the first second of the cell conditioning curve.
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Therefore, running a polarization curve based on a short

conditioning time may not represent an accurate figure of

merit with respect to cell performance.

Nevertheless, the largest current drop occurred at the

beginning of the cell conditioning. Therefore, a shorter cell

conditioning was considered to allow for comparisons with

previous studies. Fig. 2c depicts the cell conditioning for the

first 2 min. The inset diagram in the Fig. 2 shows the extent to

which cell deactivation occurs within the first few seconds.

Several mechanisms influence the conditioning curve or

deactivate and degrade the electrodes:

(1) Bubble coverage by product gases.

(2) Absorption of atomic hydrogen in the nickel lattice

(cathode).

(3) Changes in the Ni2þ oxide layer (anode).

(4) Loss of active catalyst material due to mechanical or

chemical stresses.

After the formation of the double layer, a sharp current

drop is observed, which decreases exponentially with time.

(1) One reason for the sharp initial current drop is bubble

coverage of the active layer [48e50]. Vogt et al. showed that a

nickel plate operating as a cathode for 1 h and then being

switched to an anode electrode took 45 min to reach steady-

state bubble coverage in a stagnant electrolyte [49]. Zhang
et al. showed that a bubble “curtain” exists on the electrode,

even at higher current densities and when the electrolyte is

flowing, which can be attributed to the continuous formation

of new bubbles [51]. Unfortunately, these studies were only

performed on electrodes that featured an inter-electrode gap.

The product gas bubbles could be trapped between the pores

in highly porous 3D structures, such as the nickel foam used

in this work. Trapped gas bubbles cannot be removed by

means of simple electrolyte flow or gas buoyancy in liquid

media, as it becomes part of complex two-phase flow phe-

nomena attached to gas absorption behaviors and may be a

more serious problem than in the case with nonporous

layers, such as the perforated electrodes typically used in

commercial stacks. Phillips et al. showed that nickel foams

exhibit higher ohmic resistance at higher current densities

than other nickel substrates, such as expanded metals or

woven structures, and that the foam is clogged by trapped

gas bubbles and the active surface area decreases with

increasing gas evolution [52]. Therefore, it is vital to study

and understand the mechanisms of the bubble coverage

within foam structure, as nickel foam is regularly used as a

catalyst-coated substrate electrolyzers at lab-scale

[22,53e57]. The bubble coverage is assumed to reach a sta-

tionary state and appears to play a minor role in the deacti-

vation rate. Hence, mechanisms (2), (3), and (4) act as soon as

electrolysis starts, gradually deactivating the electrodes.
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(2) is the absorption of atomic hydrogen in the nickel lat-

tice [58e60]. The formation of b-nickel hydride is known

to act as a diffusion barrier against further hydrogen

penetration and causes deactivation of the cathode

catalyst [61]. Thus, mechanism (2) would be strongly

represented when cell conditioning begins. Therefore,

after conditioning, when the reaction rate of b-nickel

hydride formation is reduced, such amechanismwould

contribute to a small fraction of the degradation of the

nickel foam.

(3) The surface structure of the anode electrode can be

changed by it oxidizing at different potentials. Hall et al.

showed that NiO and a-Ni(OH)2 are formed with

increasing anodic potential. Subsequently, b-Ni(OH)2
can be chemically-formed from a-Ni(OH)2, and NiOOH

can be formed from a/b-Ni(OH)2 as the electric potential

increases [62], and is strongly responsible for further

deactivation of the anode electrode, as the later species

are much less active and possess lower surface areas.

(4) Loss of active catalyst material due to successive me-

chanical and/or chemical erosion of nickel particles is a

major problem, especially in coated porous substrates,

and is a major factor in electrode degradation at lab-

scale. As the nickel foam was not coated with a cata-

lyst for the experiments performed in this study, this

degradation mechanism plays no role during the cell

conditioning period.

In summary,we attribute the degradation and deactivation

mechanisms (1), (2) and (3) to the sharp drop in current at the

beginning of the cell conditioning.

Baseline of single cells

Figure a shows the mean polarization curve from 32 cell as-

semblies after reaching a current variation of less than 1% per

hour (28 h) and the curve with the average for a cell condi-

tioning procedure of 5 h, resulting 2.00 ± 0.020 V at

300 mA cm�2. Baseline reproducibility is an essential aspect

related to the minimization of the potential influence of the

overall test rig system and cell assembly on the performance

deviation from one cell to another. This ensures that the

observed performance deviation while evaluating other elec-

trodes can be explicitly attributed to variations in the elec-

trocatalystmaterial employed. Failure to do this would expose

the results to the vagaries of, for instance, unstable temper-

ature control, electrolyte concentration changes during mea-

surements, and material deviation of the components used in

the cell or cell tightness. For a 5 h cell conditioning time, the

current density variation was found to be 2e5% per hour. The

cell voltage was 1.99 ± 0.025 V at 300 mA cm�2. Shortening the

cell conditioning time to 5 h significantly changed the repro-

ducibility. It has not yet been clarified which mechanism has

an impact on reproducibility but based on the literature, a few

assumptions can be made. Rommal et al. showed, in a

galvanostatically-controlled setup, that the absorption rate of

hydrogen into a nickel foil decreases over time. This was

explained by the formation of b-nickel hydride, which is used

as a diffusion barrier against further hydrogen penetration

[61]. As described in the conditioning procedure, bubble
coverage (1) can take 45 min to reach a steady state in a

stagnant electrolyte [48]. Based on this study, bubble coverage

would only affect reproducibility when the conditioning time

is short. However, it is worth noting that the bubble coverage

behavior can differ when a non-stagnant electrolyte and zero-

gap assembly are used. This shows that a sensible condi-

tioning time for single cells is crucial to avoiding misleading

performance curves. A shorter conditioning time would lead

to unacceptable reproducibility, which can be a particular

problem for new electrodes with unknown properties, which

often suffer from poor reproducibility. Finally, it is difficult to

determine whether the lack of reproducibility is due to the

electrode fabrication, the used test protocol, or the cell/system

setup.

Impact of electrolyte flow rates on the benchmark

At this stage, the selected protocol was modified, with the

electrolyte flow varied to 2.0 and 0.2 ml cm�2$min�1, from an

original electrolyte flow rate of 20 ml cm�2$min�1. The

objective here was to determine the effect of a reduced elec-

trolyte flow rate. The pumps of an electrolyzer belong to the

unit's peripheral units and play an important role in its total

cost. The operating cost increases with the flow rate. There-

fore, electrolyzer designs aim to keep the electrolyte pumping

rate as low as possible, while still ensuring a proper supply of

water to the electrodes.

Based on the polarization curves shown in Fig. 3b, it is

apparent that at lower current densities (50e200mAcm�2), the

electrolyte flow rates of 0.2 and 2.0ml cm�2$min�1 improve the

performance of the benchmark cell. Here, the electrolyte flow

rate of 2.0 ml cm�2$min�1 exhibited a reduction in cell voltage

of 30mV at a current density of 200 mA cm �2 compared to the

highest electrolyte flow rate. As the current density increases,

so does the reduction in cell voltage. Here, at a current density

of 250 mA cm�2, the performance of the benchmark cell with

an electrolyte flow rate of 0.2 ml cm�2$min�1 is as high as for

an electrolyte flow rate of 20ml cm�2$min�1. At higher current

densities, the performance for an electrolyte flow rate of

0.2 ml cm�2$min�1 is worse than at 20 ml cm�2$min�1. At a

current density of 600 mA cm�2, the difference in cell voltage

for an electrolyte flow rate of 2 ml cm�2$min�1 is only minor

compared to one of 20 ml cm�2$min�1, considering the sta-

tistical deviation.

Phillips et al. showed that a low flow rate greatly increases

the ohmic resistance for a cell array with an electrode spacing

of 2 mm [52], explained by the fact that a higher flow rate re-

duces the void fraction, which affects the ohmic resistance.

Hence, at lower electrolyte flow rates, even for zero-gap ar-

rays, as the current density increases, the ohmic resistance

becomes higher.

Physical characterization of the benchmark

Fig. 4ae4l show SEM cross-sectional images of the nickel foam

used in the benchmark under different operating conditions.

The corresponding elemental analyses recorded in EDS for the

oxygen and nickel elements are shown. Fig. 4a displays a

cross-sectional image of the cleaned nickel foam, the thick-

ness of whose struts is about 20e25 mm. Fig. 4b and c shows

https://doi.org/10.1016/j.ijhydene.2021.11.068
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Fig. 3 e a) Polarization curve of the baseline with cell conditioning of a current variation under 1% per hour and the baseline

for the cell conditioning procedure of 5 h. Error bars represent the standard deviation of at least 32 cell assemblies. b) The

error bars represent the standard deviation of at least three cell assemblies.
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the EDS elemental analyses where only nickel was detected.

Fig. 4def shows the cross-section of the nickel foampreheated

at 600 �C. Fig. 4e and f shows an oxide passivation layer on the

surface of the nickel foam with a thickness of 1e5 mm.

Atkinson et al. heated polycrystalline nickel sheets at various

temperatures and holding times under an oxygen atmosphere

at 1 atm and observed a linear increase in the NiO passivation

layer thickness with the time and temperature. A layer

thickness of 3.3 mm was reported at a temperature of 600 �C
and a heating time of 29 h, which is consistent with the results

reported herein [63]. Fig. 4gei shows a cross-section of the

nickel foam preheated at 600 �C after 1000 h at a 2 V cell ten-

sion. The oxide layer (1e7 mm) did not significantly change

following the treatment. Fig. 4k and l shows a cross-section of

a non-preheated anode nickel foam after 1000 h at a cell
Fig. 4 e SEM cross-sections of: a) Cleaned nickel foam; b) an oxy

nickel EDS elemental analysis of the purified nickel foam; d) the

analysis of the 600 �C preheated nickel foam; (f) a nickel EDS ele

600 �C preheated nickel foam after 1000 h of long-term measure

preheated nickel foam after 1000 h of long-term measurements

preheated nickel foam after 1000 h of long-term measurements

diffractograms for: m) cleaned nickel foam; n) 600 �C preheated

long-term test; and p) non-preheated anode nickel foam after 1
voltage of 2 V. The oxygen EDS elemental analysis demon-

strates that the oxide layer thickness is less than 1 mm, which

is much thinner than the preheated (Fig. 4h) nickel foam.

Fig. 4mep shows the corresponding XRD diffractograms of

the nickel foams. The diffractogram of the nickel foam pre-

heated at 600 �C (Fig. 4n) exhibits strong nickel and weaker

NiO reflections. This corresponds to the result of the EDS

elemental analysis (Fig. 4e and f), where a NiO passivation

layer was found. Preheating of the nickel foam resulted in a

thickness for which no further electrochemical passivation

occurred at a cell voltage of 2 V. However, higher cell voltages

may lead to an increase in the NiOx thickness. These obser-

vations would explain why the passivation layer of the pre-

heated nickel foamdid not change after 1000 h of constant cell

voltage. The diffractogram of the non-preheated anode nickel
gen EDS elemental analysis of the purified nickel foam; c) a

600 �C preheated nickel foam; e) an oxygen EDS elemental

mental analysis of the 600 �C preheated nickel foam; (g) the

ments; (h) an oxygen EDS elemental analysis of the 600 �C
; and (i) a nickel EDS elemental analysis of the 600 �C
. The scale bar in Fig. 4a applies to all images. X-ray

nickel foam; o) 600 �C preheated nickel foam after a 1000-h

000 h, in Ni (red) and NiO (blue) reference samples.

https://doi.org/10.1016/j.ijhydene.2021.11.068
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Table 1 e Cell voltage at 300 mA cm¡2 for different cell assemblies.

Cell assembly [Anode | Cathode] Cell voltage @ 300 mA
cm�2 [V]

Slope between 200e600 mA
cm�2 [mU$cm2]

600 �C annealed nickel foam | nickel foam (500 g m�2) 2.00 ± 0.020 0.74

600 �C annealed nickel foam | nickel foam (1000 g m�2) 2.05 ± 0.023 0.70

Perforated nickel plate | perforated nickel plate 2.06 ± 0.012 0.52

600 �C annealed nickel foam | no substrate 2.02 ± 0.017 0.46

No substrate | no substrate 1.99 ± 0.008 0.56
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foam after 1000 h at 2 V also exhibited no NiO reflections. As

previously noted for the deactivation mechanism (3) on the

anode side, the NiOx layer increases as a function of the

applied electric potential. The dependence of the passivation

thickness on the applied cell voltage would also explain why

the non-preheated nickel foam (Fig. 4k) has a thinner passiv-

ation layer on the anode side than the preheated nickel foam

(Fig. 4e and h). This thin passivation layer would also explain

why the NiO is not visible in the diffractogram (Fig. 4p), as the

XRD is not a surface-sensitive characterization method.

The influence of electrode morphologies

The same measurement protocol was applied with different

electrodes and cell assemblies to determine if themorphology

of the nickel substrate used had a significant impact on the

performance. The results are presented in Table 1.

The results indicate that the type of uncoated electrodes

used here influences the cell's performance. A perforated

nickel plate (300 mm thickness) was utilized as the electrode

for the anode and cathode. In addition, a nickel foam with a

density of 1000 g m�2 was used to investigate the effect of the

porosity of the nickel foamon the single cell's performance. To

determine whether a nickel substrate has a beneficial effect

on the single cell's performance, the cathode side was

assembled without a nickel substrate and the nickel flow field

was used as the electrode. In another cell assembly, the anode

nickel foam preheated at 600 �C was also omitted. Fig. 5a

displays the polarization curves of the cell assemblies with

1000 g m�2 perforated nickel plate and the benchmark, and
Fig. 5 e Polarization curves of cell assemblies (anode | cathode)

(1000 g m¡2) (red), perforated nickel plate | perforated nickel plat

a zoom-in on the low current density section. b) 600 �C anneale

substrate (orange), and the benchmark cell (black). The error bars

assemblies.
Fig. 5b shows the polarization curves of the cell assemblies

without cathode nickel foam and nickel substrate compared

to the benchmark cell.

The perforated nickel plates increased the cell voltage by

60 mV at a current density of 300 mA cm�2 compared to the

benchmark cell. The slope of 0.74 mU cm2 in the regression

range between 200 and 600 mA cm�2 is 25% greater than that

of the benchmark cell. This is attributed to the much smaller

contact area of the incompressible Ni flow field compared to

the Ni-foam and thus introduces a higher ohmic resistance.

The cell voltage of the nickel foamwith 1000 gm�2 is 50mV

higher than the benchmark cell using a nickel foam with a

density of 500 g m�2 at a current density of 300 mA cm�2. A

possible explanation for this could be that the active surface

area is more reduced in a zero-gap configuration due to the

compression of the nickel foam compared to a less dense

nickel foam. Phillips et al. showed that the electrode

morphology has a significant effect on the ohmic resistance of

the cell, especially with different current density sections [52].

With a slope of 0.70mU cm2, this is 20% higher than that of the

benchmark cell.

Omitting the nickel foam on the cathode indicated that

the overvoltage of the single cell was increased by 20 mV at a

current density of 300 mA cm�2. One explanation for this

could be that the bubble coverage on the nickel foam may

reduce the active surface area during electrolysis to such an

extent that the increased surface area has no significant ef-

fect on performance after conditioning. It should be noted

that because our cell flow field is made of nickel, the flow

field is also electrochemically-active. When there is a nickel
with a) 600 �C annealed nickel foam | nickel foam

e (blue), and the benchmark cell (black). The inset describes

d nickel foam | no substrate (purple), no substrate | no

represent the standard deviation of at least three of the cell
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foam on the flow-field, it covers a significant portion of the

latter's active surface area. With the added effect of the

bubble coverage of the nickel foam, the total

electrochemically-active surface area of the nickel foam can

be reduced to the geometric surface area of the Ni flow-field.

Due to the complex processes that can occur within a cell, a

more detailed investigation of the bubble behavior in the

zero-gap configuration with different substrate morphologies

is required. However, the study of gas bubble evolution in the

cavities of the nickel foam would have implications for

numerous studies in which nickel foam has been used as a

substrate for electrocatalysts in alkaline electrolysis cells

[22,53e55,57].

If the preheated anode nickel foam is also removed, the

overvoltage decreases by 10 mV compared to the benchmark

cell. This is not significant though, considering the statistical

imprecision. However, the polarization curve shows that the

slope of 0.46 mU cm�2 is the lowest of all the cell assemblies

studied. The slope of the ohmic region is significantly lower,

as it contributes to a higher ohmic resistance throughout the

cell due to the presence of the oxidized layer. More informa-

tion and a comprehensive analysis of how the interface re-

sistances were measured and calculated can be found in the

supplementary material and information section.
Conclusions

In this study,we proposed as a first step to harmonize a single-

cell test platform with the purpose to investigate electro-

catalyst materials for classic alkaline electrolyzers. We found

that the typically used short conditioning time has a dramatic

negative impact on the reproducibility of polarization curves,

which indicates that a sufficient conditioning time for single

cells is crucial to avoiding misleading performance data. A

conditioning method with a current density variation of less

than 1% per hour was then chosen in this work for the further

investigation of our electrode systems. However, the condi-

tioning time can be made flexible, especially important for

electrodes with higher degradation rates, as a too quick

recording of the polarization curve would lead to incorrect

conclusions with respect to cell performance. In other words,

one needs to make sure the components present an accept-

able level of stability before performing any performance

tests.

Different morphologies of the substrate material and

different cell assemblies exhibited an influence on the per-

formance of the alkaline single cell stemming from the in-

crease in ohmic resistance. Such effect is especially relevant

for the anode side where significant material oxidation/

passivation occur. SEM and XRD measurements showed that

preheating the anode nickel foam can form a stable passiv-

ation layer of NiO, which is stable in the long term, even after

electrochemical treatment. This guarantees a reproducible

anode electrode, which is essential for the investigation of

HER catalysts in a single cell. On the cathode side, we showed

the importance to use of a higher density nickel foam as it

decreases the possibility to have product gases trapped within

the pores of the foam, thereby reducing the cell performance.
Finally, we have shown that electrocatalysts can indeed be

properly evaluated for performance and durability using

single-cell testing platforms. These results expand the options

available to researchers for characterizing new electro-

catalysts. Our simple setup for test-station, single cell archi-

tecture, and test protocols reported here can also be easily

adapted to enable OER studies, not only for classical alkaline

electrolysis but also with when using ion solvating mem-

branes, AEM water electrolyzers, and other similar electro-

chemical devices.
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