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1. Introduction
Green hydrogen produced through water electrolysis offers a promising

pathway to global decarbonization. Among various electrolyzers, alkaline
water electrolysis (AWE) is the most established and commercially mature. To
reduce the cost of hydrogen production from AWE, it is crucial to increase
operational current density while maintaining or lowering voltage to increase
hydrogen yield and reduce energy consumption. Such efforts are focused on
reducing the ohmic resistance at high current densities through the
implementation of alkaline membranes. However, this work underlines that
the ohmic resistance at high current densities is also influenced by the losses
associated with the evolution of bubbles at the electrode surface and

Global carbon dioxide (CO,) emission,
the most important greenhouse gas
(GHG), rebounded in 2021 to 36.3 Gt,
driven by a sharp rise in the use of coal in
the power sector.!l The rate of increase
in the GHG emission jeopardizes Paris
Agreement temperature targets.[’) The
Mission 2020 was launched to accelerate
actions and approaches toward the 2030
emission reduction targets that align
with the goals of the Paris Agreement

two-phase mass transfer. This is shown by investigating the impact of
tortuosity and bubble point of porous electrodes on AWE performance.
Low-tortuosity porous nickel electrodes are fabricated and analyzed for their
ability to reduce capillary pressure and bubble point, resulting in lower energy
losses and improved efficiency. The cell reaches an industrially appealing
relevant current density of 2 A cm~2 at ~2 V. Besides test in single cells, the
advantageous effect of these low tortuosity porous nickel electrodes are also

reaching net zero emission by the mid-
dle of the century.>* Hydrogen (H,) has
been recognized as a decisively valuable
versatile energy carrier and a key com-
ponent for the zero-carbon energy sys-
tem for addressing climate change.>!!l
From a technological point of view, there
are four main H, production methods: i)

validated in a kW-class AWE stack, confirming their effectiveness in

enhancing overall system performance.

hydrocarbon reforming, ii) hydrocarbon
pyrolysis, iii) biomass processing, and
iv) water splitting."?) Among these, green
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H,, produced by splitting water via electrolysis utilizing renew-
able power feedstock, is the most suitable one for the transition
toward sustainable and secure energy pathways.['*18] The EU hy-
drogen strategy, adopted in July 2020, states that green H, is cru-
cial for deep decarbonization and aims to accelerate the develop-
ment of clean H,.["] The goal is to reach the strategic objective
of 2x40 GW electrolyzer capacity by 2030,/2% along with increas-
ing the cumulative investments in renewable H, in Europe to
180470 billion € by 2050.12!) This large-scale deployment of elec-
trolyzers for the production of green H,, can accelerate the de-
carbonization process at a significant scale and support the EU’s
efforts to transition to a climate-neutral society in 2050 while also
helping global efforts to implement the Paris Agreement.

For water electrolysis, several technologies are available includ-
ing well-matured alkaline water electrolysis (AWE), proton ex-
change membrane water electrolysis (PEMWE), solid oxide elec-
trolysis (SOEL), and others.['22-24] Investment costs represent a
key challenge and may determine which technology is the most
adopted system design for a large-scale application.!'”] The invest-
ment costs for AWE are reported to be much lower than PEMWE
per kW.'7] The high cost is thus a prominent barrier impeding
large-scale application of PEMWE.I?] Moreover, the lifetime of
AWEs is higher and the annual maintenance costs are lower than
those of PEMWE systems.!'”] In addition, performing electroly-
sis under alkaline conditions and a less corrosive environment
allows the use of non-noble metal-based catalysts and non-critical
material components.[2°]

Despite of all these superiorities, AWE has the disadvan-
tage that it typically operates at lower energy efficiency and
lower production rate, (with current densities limited to 0.2-0.4
A cm™?),]7730 when compared to that of PEMWE with more
flexible operation at high current density and efficiency. The
low current density negatively impacts system size and H, pro-
duction costs.[?23] Consequently, it is feasible that operation at
much higher current densities could not only reduce the effec-
tive costs of the stack by reducing the stack size but also increase
the amount of H, production. Therefore, increasing the oper-
ational current density and voltage efficiency of AWEs will en-
able more competitive industrial production of H, gas with these
systems.[?632] AWEs are traditionally operated at low current den-
sities due to high internal ohmic resistance.l3*33] In order to op-
erate the AWE at high current densities, one effective strategy
can be minimizing the ohmic resistance. However, it is worth
mentioning that the ohmic resistance in zero-gap configurations
was consistently found to be much higher than that of the sep-
arator, due to the gaseous evolution in a zero-gap configuration
between the separator and electrodes.!?*! Formation of gases be-
tween separator and electrodes in zero-gap configurations are in-
evitable; because of this, it is not straightforward to completely
eliminate the bubbles, which become trapped between the sepa-
rator and electrodes although they can be reduced. Ohmic resis-
tance, which is mainly influenced by the ohmic resistance of the
separator, can also be affected by the structure of the electrodes
and the gas bubbles formed.[®! The first approach of replacing a
conventional Zirfon separator with an alkaline membrane cur-
rently suffers quite significantly from the low durability of the
membrane.[**]

This work investigates an alternative approach, which can also
cause reducing the ohmic resistance. This consists of investi-
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gating the effect of electrode porosity and structures on improv-
ing mass transport and in particular favoring bubble formation
and transport away from electrode surface and separators. Ac-
tive electrodes with a suitable combination of micro and large
pore size distributions could drastically decrease the ohmic resis-
tance due to their extrinsic activity toward bubble removal. Conse-
quently, the active surface of electrodes remains available for re-
actions to continue enabling the operation of AWEs at higher cur-
rent densities while maintaining high efficiency.**¥/ Enormous
efforts have been dedicated so far toward ameliorating the in-
trinsic and surface activity of electrocatalysts.[2*3>#0 Such ef-
forts are still lacking application in full cells or stack operat-
ing at high current densities. This is primarily because increas-
ing the operational current density leads to higher gas bubble
formation, 2! which in turn blocks a large portion of the active
surface area of electrodes and causes significant ohmic resis-
tance, hindering the voltage efficiency specifically at large cur-
rent densities.['®! The benefits of highly active electrocatalysts
thus become minimized. This work therefore suggests that it
is very important to increase the electrodes’ extrinsic activity,
to enable operations of AWE at high current densities. An ex-
planation of the mass-transport behavior of the electrode might
then be realized through further understanding of the morphol-
ogy of its porous structure. For fuel-gas-diffusion layers, the
pore-size distribution is as important as total porosity for ob-
taining high performance. The most effective structure appears
to be a combination of small pores with a high contact area
and bigger pores with a low tortuosity for effective high-mass
transport.[841]

Herein, we evaluate porous non-noble metal-based electrodes,
namely Ni-based electrodes, for cathodic and anodic reactions
of AWE electrolyzer on top of a Ni substrate fabricated using
a thermal spraying technique. The AWE electrolyzer cell with
fabricated electrodes was evaluated in combination with Zirfon
Perl UTP 500. Via extensive physical, electrochemical, and nu-
merical modeling characterizations, we deliver deep insights into
the mass transport phenomena of the electrodes and discuss the
role of porosity and pore size distribution of electrodes on tortu-
osity and bubble point of electrodes as well as their respective
effects on ohmic resistance and overall cell performance aim-
ing high current density operation. It is found that an electrode
with high porosity and large pore size distributions lowers the
tortuosity and bubble point, which consequently increases the
AWE current densities. This could be due to high porosity and
the appropriate pore size distribution, which results in much
better bubble removal at higher current densities and therefore
lower ohmic resistance. The AWE electrolyzer cell with porous
Ni-based electrodes shows a significant reduction in ohmic re-
sistance compared to the bare Ni substrate (with low porosity
and inappropriate pore size distributions), which consequently
results in a cell with high performance. The AWE electrolyzer
cell based on the fabricated nickel-based-electrodes in combina-
tion with Zirfon shows 2 A cm~? at ~2 V. Finally, the function-
ality of the non-noble electrodes in terms of current density, effi-
ciency, and durability was successfully validated in a 2 kW AWE
stack, which shows a high performance of 1.76 V at 0.8 A cm™2
with the efficiency of 69.7%LHV with no performance degrada-
tion at constant current densities of 0.4 and 0.6 A cm™ in total for
1534 h.
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Figure 1. Cross-section SEM images of a) coated porous Ni-based anodic electrode b) coated Mo incorporated porous Ni cathodic electrode. Pore-
size distributions and cumulative pore volume calculated by MIP forc) coated porous Ni-based anodic electrode d) coated Mo incorporated porous Ni

cathodic electrode.

2. Results and Discussion

A porous Ni-based electrode as an anode and Molybdenum (Mo)
incorporated porous Ni as a cathode electrode on the top of
nickel mesh (NM) substrate are fabricated using a thermal spray
technique.®] The initial powder precursors for electrode fab-
rication consist of Al as a pore-forming agent, which is par-
tially removed by further chemical activation of as-prepared
electrodes.[** X-ray diffraction (XRD) analysis is used for phase
identification of both coated anodic and cathodic electrodes,
Figure Sla,b (supporting information), respectively. The phase
constituent of the anodic porous Ni-based electrode mainly con-
sists of Ni,Al, and NiAl and for Mo incorporated porous Ni elec-
trode mainly consists of Ni,Al;, NiAl, Al;Ni, Mo, ,4Ni, o, and
MoN:i.

To investigate the topological features and properties of the
prepared spongy-based electrodes, the microstructure of the elec-
trode surface was analyzed by scanning electron microscopy
(SEM). SEM micrographs of anodic porous Ni-based electrodes
and cathodic Mo incorporated porous Ni electrodes are shown in
Figure 1a,b. The SEM images for both samples show a porous
sponge-like structure with several gaps between layers and some
open pores for electrodes. Such porosity can potentially facilitate
the mass transport of electrolyte and gaseous products which in-
crease bubble emission from the electrode surface specifically
at higher current densities. The higher magnification SEM im-
ages for both coated anode and cathode are shown in Figure
S2a,b (Supporting Information), showing the spongy-like struc-
tures for both materials but with wider range of pores for coated
cathode. The presence of Ni, Al, Mo, and O is determined by
energy dispersive X-ray (EDX) spectroscopy measurements. As
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shown in Figure S3 (Supporting Information), elemental map-
ping images for coated anode Ni-based electrode and coated cath-
ode Mo incorporated porous Ni electrodes indicate the existence
of Ni, Al, and O and Ni, Mo, Al and O, respectively. The presence
of oxygen suggests partial Ni oxidation at high temperatures dur-
ing the thermal spraying and partial surface passivation during
the chemical activation of the electrode prior to use in an alkaline
solution (for more details see Experimental section).[842]
Mercury intrusion porosimetry (MIP) is employed to evalu-
ate the total porosity, pore size distribution, and pore volume of
the coated electrocatalyst layer on the NM substrates. The results
are collected and displayed in double y-axis plots of cumulative
pore volume and logarithmic differential pore volume distribu-
tion (dV/dlogD) versus pore diameter. First, the calculated total
porosity obtained from MIP analysis uncovered the porosity of
25% for coated anode Ni-based electrode and 41% for coated cath-
ode Mo incorporated porous Ni; both are significantly larger than
that of bare NM substrate (obtained by MIP), Figure S4 (Sup-
porting Information). Note that the total porosity does not re-
veal precise information regarding constituent pore size distribu-
tion and, accordingly, pore volume. It can be seen clearly in SEM
images, Figure 1a,b, that the micropores with wide range exist
in activated electrodes. Figure 1c,d exhibit the cumulative pore-
volume and pore-size distribution curves for coated anode Ni-
based electrode and coated cathode Mo incorporated porous Ni,
respectively. The left y-axis is the cumulative pore-volume curve,
which is plotted as a function of the pore diameter. The total pore
volumes are 7.7 and 11.5 mm?g~! for coated anode and coated
cathode, respectively. The right y-axis is the logarithmic differ-
ential pore-volume distribution (dV/dlogD), which is plotted as a
function of pore diameter. Both coated anode Ni-based electrodes
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Figure 2. Schematic illustration of four different AWE cell configurations: a) uncoated bare NM for the anode and cathode sides (Cell 1), b) coated
Ni-based electrode for the anode side and uncoated bare NM for the cathode side (Cell 2), c) uncoated bare NM as an anode side and coated Mo
incorporated porous Ni for the cathode side (Cell 3), and d) coated Ni-based electrode as an anode and coated Mo incorporated porous Ni as a cathode
side (Cell 4). Electrochemical characterization of the AWE with different cell configurations in 30 wt.% KOH at 70 °C, e) polarization curves for different
Cells 1-4 f) and Nyquist plots from the EIS measurements for different Cells 1-4 at 2 A cm~2; the magnified Nyquist plots of different cells at 2 A cm—2
are shown in the lower inset, while the Nyquist plots of different cells at 0.05 A cm=2 are shown in the upper inset.

and coated cathode Mo incorporated porous Ni show significant
pores in a range from ~0.01 to 100 um. According to Figure 1c,d,
the pore diameter for coated anode Ni-based electrode is located
at 0.53 which significantly is dominated by a smaller pore size
of 0.31 pm. However, the main pore diameters for coated cath-
ode Mo incorporated porous Ni are larger, located at 1.23 um,
and dominated by a smaller pore size at 0.76 pm. The highly
open pore structure and surface area favorably alter the wetta-
bility of the electrode and penetration of mass/ions through the
electrolyte, facilitating the gas molecule evacuation, especially at
higher current densities.!8)

Electrochemical characterizations were performed to investi-
gate the influence of NM substrates with low porosity and porous
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anode and cathode coatings with different porosity and pore size
distributions on the AWE cell performance specifically at high
current densities. As can be seen in the schematic illustration
in Figure S5 (Supporting Information) and Figure 2a—d, the NM
substrate and porous anode and cathode electrodes coated on NM
substrate are implemented in the AWE cell assembly to explore
the effect of each electrode on the full cell AWE performance.
As Figure 2a—d shows, four different cells with various config-
urations were assembled placing a commercial Zirfon Perl UTP
500 separator (see the Experimental section) between two un-
coated bare NM for the anode and cathode sides (Cell 1), coated
Ni-based electrode for the anode side and uncoated bare NM for
the cathode side (Cell 2), uncoated bare NM as an anode side and
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coated Mo incorporated porous Ni for the cathode side (Cell 3),
and coated Ni-based electrode as an anode and coated Mo incor-
porated porous Ni as a cathode side (Cell 4). Figure 2e shows the
polarization curves of AWE cells for the four different cell config-
urations, operated at 70 °C in a 30 wt.% KOH. Cell 1 with both
sides bare NM substrates delivered the highest cell voltage with
2.57 V ata current density of 2 A cm~2. However, Cell 4 with both
sides coated porous Ni-based anodic electrodes and coated Mo in-
corporated porous Ni cathodic electrodes delivered the lowest cell
potential of 2.05 V at the same current density. Thus, an improve-
ment of ca. 0.52 V for Cell 4 with both sides coated electrodes at
2 A cm~2 compared with the cell with the uncoated bare NM at
both sides was attained. As itis shown in Table S1 (Supporting In-
formation), this performance is one of the highest performances
reported for Raney Ni-based electrodes in alkaline conditions.
Other cell configurations with only one side coated electrodes ei-
ther coated porous Ni-based anodic electrodes (Cell 2) or coated
Mo incorporated porous Ni cathodic electrodes (Cell 3) with bare
NM electrodes at the other side, delivered a cell potential of 2.4
and 2.24 V, respectively at 2 A cm™2. As can be seen from the
polarization curves in Figure 2e, at high current densities where
the ohmic resistance plays an important role, Cell 4 with both
sides coated electrodes lowered the cell voltage more significantly
than that of Cell 1 with uncoated bare NM across a range of cur-
rent densities including higher current densities, which is due to
the presence of highly active and porous coated electrodes. Cell
3 with coated Mo incorporated porous Ni cathodic electrode but
bare NM substrate as an anode lowered the cell voltage more sig-
nificantly than that of Cell 2 with coated porous Ni-based anodic
electrodes and bare NM substrate as a cathode. This can be due to
the less sluggish reaction at the cathode side compared to the an-
ode at low current densities and also due to the cathode’s higher
porosity and larger pore size distribution at higher current den-
sities, which affects bubble formation/removal and consequently
reducing ohmic loss. Atlower current densities, where the perfor-
mance is linked to activation loss, the incorporation of Mo to the
cathode has been reported to facilitate the hydrogen evolution re-
action (HER).I’! This aligns with the results of better performance
of Cell 3 compared with Cell 2 and Cell 1 with NM bare substrates
as cathodes. First-principles calculations, based on Density Func-
tional Theory (DFT), showed that the incorporation of Mo atoms
into Ni-based electrodes enhances the thermodynamics of HER.
This is valid at lower current density operations, where the cat-
alytic activity of the electrode species and consequently activation
loss is a dominant factor. While the influence Mo on the kinet-
ics of the process remains unclear, it appears to be closely linked
to the structure and geometry of the exposed metal surfaces. De-
tailed results from the DFT calculations are presented in Figures
S6-S12 and Tables S2-S4 (Supporting Information). However, at
the higher current densities, where the ohmic loss is linked with
electrode structures and consequently more effectively bubble re-
moval, the larger pore size and pore size distribution of coated
cathode can facilitate diffusion of gases to the flow channel in a
direction opposite to the electrolyte flow and more efficiently re-
move the bubbles when compared to a coated anode specifically
at higher current densities.[®) As can be seen from the polariza-
tion curves, at lower current densities where the activation loss
plays a role, Cell 3 with a coated cathode and bare substrate as
anode lower the cell voltage more significantly than that of Cell 2
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with a coated anode and bare substrate as a cathode. The perfor-
mance of these two latter cells is higher than that of the cell with
the uncoated bare substrates but lower than that of the cell with
coated electrodes at both the anode and cathode sides. These re-
sults show that the introduction of both coated anode and coated
cathode as electrodes into the cell is necessary for successfully
lowering the cell voltage at the whole range of current densities.
However, the cathode shows a higher contribution in reducing
the voltage at any particular current density, which can be due to
high activity due to the less sluggish reaction at the cathode side
and the possibility of the cathode being more efficient in remov-
ing bubbles and reducing the contact loss due to its highly porous
structure with a broad range of micro sizes. This performance
improvement across a range of current densities, on a system
level, can have a direct and significant impact on the operational
expenditure.

The positive effect of the anode and cathode-coated electrodes
in the AWE cell was also confirmed by electrochemical spec-
troscopy (EIS) analysis, which was recorded during in situ full-
cell testing. Figure 2f shows the impedance analysis together
with their model fits as a Nyquist plot. The equivalent circuit
consisted of ohmic resistance R, in series with a circuit, com-
prising a charge transfer resistance for cathode and anode re-
action, R, along with their constant phase element in parallel
to each other. The R, ,, or high-frequency resistance, which ap-
pears as the intercept of the Nyquist plots with the x-axis at high
frequency (left side of Nyquist plot) represents the total internal
ohmic resistance of the cell, which arises mainly from solution
and membrane resistance and electrode structure and porosity.!®!
R is identified with the cathode and anode activity. The inductor
(L) in series with the R, is also considered in the model repre-
senting possible inductive parts of cables and other components.
Figure 2f shows the analysis and comparison of the Nyquist plots
with their model fits for all four cells at two different current den-
sities: 0.05 A cm™ in the upper inset, and 2 A cm™ in the general
Figure. The magnified Nyquist plots of all four cells at 2 A cm™
are shown in the lower inset of Figure 2f. The impedance data
collected at a low current density 0.05 A cm~2, where the charge
transfer resistance R is assigned to the cathode and anode activ-
ity and is the most dominant factor for the total cell performance,
show that R drastically decreased when NM is replaced by coated
anode or coated cathode electrodes. The same trend was also ob-
served for ohmic resistance. However, the effect on R, is more
visible at higher current densities, where R related to electrode ac-
tivity influence becomes smaller. The resulting values of charge
transfer resistances can be read from low current densities of 0.05
A cm~2. The values are in the following order: Cell 1 (R: 0.43 Q) >
Cell 2 (R: 0.34 Q) > Cell 3 (R: 0.21 Q), Cell 4 (R: 0.19 Q). The R .
reduces from 0.039 for Cell 1 to 0.025 for Cell 4. However, to see
the direct effect of electrodes on the ohmic resistance of cells, the
impedance should be recorded at a higher current density of 2
A cm~?, where the ohmic resistance is the most dominant factor
for the total cell performance. Figure 2f and its magnified im-
age in the lower inset show that the ohmic resistance decreased
when NM is replaced by coated anode or coated cathode respec-
tively. However, the effect was more prominent when NM at the
cathode side was replaced by the coated cathode. The values of
ohmic resistance at a high current density of 2 A cm™ are in the
following order: Cell 1 (Rgp,: 0.04 Q) > Cell 2 (R;,,,: 0.034 Q)

ohm* ohm*
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Figure 3. Simulation of a) drainage and b) imbibition for the coated anode and coated cathode (coated porous Ni-based anodic electrode and coated
Mo incorporated porous Ni cathodic electrode). c) Calculated bubble point and tortuosity for the coated anode and coated cathode. Saturation and flow
simulation of coated electrodes. Simulated water flows through the FIB-SEM-measured structure of d) coated anode, coated porous Ni-based anodic
electrode, and e) coated cathode, coated Mo incorporated porous Ni cathodic electrode.

> Cell 3 (Rgym: 0.03 ), Cell 4 (R p,,: 0.027 €). Ohmic resistance
in addition to the conventional Zirfon separator resistance is also
affected by the structure of the electrodes and the formation and
removal of gas bubbles. Therefore, since all the cells use the same
separator and cell components, the change in the ohmic resis-
tance can be attributed to the coated electrode structures and a
better liquid/gas flow. However, the coated cathode with more ap-
propriate pore size distribution and higher porosity compared to
those of the coated anode can reduce the trapped-bubble concen-
trations between the Zirfon and electrode surface, which leads
to a further decrease of ohmic resistance and in turn can con-
tribute to an increase of the overall cell performance. However,
the porous coated anode electrode is still more efficient than the
bare NM substrate in reducing the total cell resistance including
ohmic resistance, and increasing overall performance. Therefore,
the incorporation of both coated anodic and cathodic in Cell 4
shows the lowest cell resistance including ohmic resistance, and
consequently higher cell performance.

To further investigate the contribution of the coated compo-
nents on the performance of the electrolytic cells, FIB-SEM 3D
data were acquired and processed with GeoDict. Several modules
of GeoDict were used to describe the structure and to highlight
their influence on water electrolysis. Possible explanations for the
two-phase gas/liquid flow behavior of the porous electrodes may
be found through comparing the morphology of these through-
plane paths for coated electrodes. The size of the pores can be de-
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scribed by the calculation and visualization of the Euclidian dis-
tance. In Figure S13a,b (Supporting Information) the calculated
map of the Euclidian distances for the coated porous Ni-based
anodic electrode and the coated Mo incorporated porous Ni ca-
thodic electrode, respectively, are shown and the larger pores of
the cathodic electrode are clearly visible.

The uptake and release of electrolytes for a given porous
medium can be described by capillary pressure curves. The re-
sults of the simulated drainage and imbibition (water uptake) of
the coated anode and coated cathode are shown in Figure 3a,b, re-
spectively. Concerning water extrusion (drainage), the cells with
coated Ni-based electrode anode, show a steeper slope compared
to cells with the coated Mo incorporated porous Ni cathode, sug-
gesting that more pressure is needed to press water out in the
case of gas penetration from the electrode side.[*}] The shift of the
curve for the coated anode to the higher values can be attributed
to lower permeability when compared to the coated cathode. This
is the case for both the drainage and the imbibition (water uptake)
curves. These observations explain the relatively lower perfor-
mance of the cell with anodic anodic-coated electrode due to the
high pressure necessary for transporting gases through the small
pores. Regarding the imbibition, the results also show steeper
slopes, suggesting that water uptake is more efficient. Upon in-
vestigating the complexity of through-plane pathways, the cells
with coated porous Ni-based anodic electrode show exceptionally
higher tortuosity than those with coated Mo incorporated porous
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Figure 4. a) Photo of the AWE test bench, inset is a photograph of the utilized a 2 kW stack, b) polarization curves for different cells of 2 kW stack of,
cell C with bare NM substrates and cell A and B, two cells with coated electrodes at both sides (coated porous Ni-based anodic electrode and coated
Mo incorporated porous Ni cathodic electrode) at 70 °C in 30 wt.% KOH, c) a durability test at two different current densities of 0.4 and 0.6 A cm™2 (in
total with a duration of 1534 h) at 70 °C in 30 wt.% KOH for different cells of the stack, cell A, cell B and cell C.

Ni cathodic electrode; this suggests that the pathways that gas and
water have to traverse are longer in the anode. Porous structures
and their efficiency for electrolysis can be described by branch-
ing in the pores. Generally speaking, the geometric tortuosity
can be described as the ratio of the flow path given by the porous
medium to the ideal straight path without the medium, with an
ideal flow path achieving a tortuosity of 1.1/l The tortuosity of the
through-plane pores was calculated using the module the Diffu-
Dict module within GeoDict. As shown in Figure 3¢, 7, of the
coated anode with 3.17 is much larger than 7, of the coated cath-
ode material with 2.02. The calculated tortuosity factor for air de-
scribed via Knudsen diffusion is significantly lower for the ca-
thodic electrode (4.06) than the anodic electrode (10.02) and ex-
presses the reduction of the effective diffusivity due to the actual
pore shape of the electrode medium. Another important property
to describe the pores in a porous medium is the bubble point. The
bubble point is defined as the minimum gas pressure needed to
force the electrolyte out of the medium.* The bubble point is sig-
nificantly lower for the cathodic electrode. The calculated tortuos-
ity and bubble points are presented in Figure 3c. For comparison,
a synthetic structure for bare substrate was generated with GeoD-
ict (for more details see Experimental part), Figure S14 (Support-
ing Information). Due to the low porosity of the substrate, no con-
tinuous paths were found through the material, so that a calcula-
tion of the bubble point and tortuosity is not possible for the bare
substrate. The pressure that would be necessary to remove a lig-
uid from the pores is therefore close to infinity, as is the tortuosity.
Therefore, both tortuosity and bubble point can be expected to be
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much lower for coated electrodes than bare substrates. An esti-
mation of the electrolyte flow through the electrodes was made
by simulating the flow of water through these structures. Com-
parative simulation of water mass flow rates through the porous
media was undertaken using the GeoDict module FlowDict. The
connected areas and the paths of the mass flow are visually rep-
resented as the resulting water flow velocity for the coated an-
ode and coated cathode in Figure 3d,e. These simulations show a
higher proportion of paths participating in the electrolyte flow for
the coated cathodic electrode. From the electrochemical results,
the coated cathode has a more positive influence on the perfor-
mance at all ranges of current densities. The higher porosity of
the coated cathode leads to a higher number of connected chan-
nels and, hence, a higher velocity in the channels. These findings
are in good agreement with the polarization curves in Figure 2e.

To validate the functionality of the non-precious thermal
coated electrodes in terms of performance and durability, us-
ing an AWE system test bench, Figure 4a, the 100 cm? anodic
and cathodic electrodes are implemented in a 2 kW stack (inset
of Figure 4a). In Figure 4b, examples of polarization curves for
three cells, cell A and cell B (with coated electrodes at both sides,
coated porous Ni-based anodic electrode, and coated Mo incor-
porated porous Ni cathodic electrode) and cell C (with bare NM
substrates for both anodic and cathodic sides), are recorded at
70 °C in 30 wt.% KOH up t0 0.8 A cm™2. It can be seen that cell C
with bare NM substrates as electrodes delivered the highest cell
voltage with 2.0 V at a current density of 0.8 A cm~2. However,
cell A and cell B with coated electrodes at both sides delivered a
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lower potential of 1.76-1.8 V at the same current density, which
is close to the results obtained from the single cell. This shows
that these electrodes can be successfully scaled up to achieve high
performance for industrial AWE applications. It was not possible
to record data at higher current densities in the stack due to the
limited range of the power supply. The voltage reduction trans-
lates as an efficiency increase from 61.2 LHV% for the cell of
the stack with NM bare substrates, cell C, to 68.1-69.7 LHV%
for the cells of A and B of the stack with coated electrodes as an-
ode and cathode at the highest current density. This efficiency
improvement, on a system level, can have a direct and signifi-
cant impact on operational expenditure. These results show that
the introduction of coated electrodes as the anode and cathode
sides (coated porous Ni-based anodic electrode and coated Mo
incorporated porous Ni cathodic electrode) into the cells of the
stack can effectively lower the cell voltage and increase the effi-
ciency across a range of current densities. Extrapolating from the
results obtained in this work to market demands, the cost reduc-
tion of green H, can be significant. Depending on the particular
application and operation strategies, feeding power from renew-
able energy into the existing grid, brings challenges, requiring
a performance optimization in terms of efficiency, current den-
sity, and partial load as well as significant investment cost associ-
ated with AWE operating at GW capacity. The low current density
negatively impacts system size and H, production costs. The cost
of stack components scales with the geometrical electrode area,
while the amount of produced H, is proportional to the current.
Therefore, the possibility of operation at a much higher current
density while maintaining cell efficiency could not only reduce
the effective costs of the electrochemical stack by reducing the
stack size but also increase the amount of H, production. Higher
H, production that allows for a reduction of stack size is needed
to cut production costs and bring green H, into the energy main-
stream. One crucial challenge that may arise is the long-term
stability of the AWE stack with thermally coated electrodes. To
address this, the voltage/time characteristics of stacks with both
sides using coated electrodes at (cell A and cell B) and also with
bare NM substrates (cell C) are recorded at two different current
densities of 0.4 and 0.6 A cm™2, each for 573 and 961 h, respec-
tively. Encouragingly, the cell voltage at 0.4 and 0.6 A cm™~2 af-
ter 1534 h of continued operation shows almost no performance
degradation. This suggests that the thermally sprayed electrodes
are highly robust against the examined harsh operational condi-
tions, which could make them a suitable and excellent candidate
for long-term industrial use.

After the durability test, the samples were subjected to X-ray
photoelectron emission spectroscopy (XPS), XRD, and EDX anal-
ysis to determine the changes in phase and elemental composi-
tion. For comparison, XPS was also carried out for fresh activated
coated samples as well. The detailed spectra of the nickel 2p;,
regions of the investigated electrode surfaces, plotted in Figure
S15a,b (Supporting Information), show the differences in chem-
istry of the nickel components for fresh-coated electrodes and
aged ones. The electrodes before operation exhibit for both an-
odic and cathodic electrodes two additional signals at 852.5 and
854.0 eV, which can easily be attributed to metallic nickel and
nickel (II) oxide and distinguished from the nickel hydroxide sig-
nals at >855 eV present in all samples.l**] Uniformly, after ag-
ing the coated anode and the coated cathode electrodes show

Adv. Energy Mater. 2025, 2405285 2405285 (8 of 12)

www.advenergymat.de

no nickel metal and low nickel oxide. The slightly asymmetric
peak shape of the aged sample suggests the presence of a small
amount of NiO (indicated at ~854 eV); however, the peak fitting
procedure did not conclusively converge, so the spectral data are
not unambiguously clear. It should be noted that the informa-
tion depth of this method is in the one-digit nanometer range.
However, after degradation, both samples still consist of a float-
ing mixture of NIOOH and Ni(OH), with a broad composite peak
as described elsewhere and also a small amount of NiO.[*] The
detailed spectra of the Mo3d region of the coated cathodic elec-
trode (Figure S15¢, Supporting Information) show a similar be-
havior. The pristine electrode coating exhibits three different Mo
components, metallic Mo at 227.8 eV and the two higher oxida-
tion states Mo(+1V) at 230.2 eV and Mo(+VI) at 232.6 eV for the
Mo3d, , signal each, while the aged electrode shows the latter
only.[*] The lower oxidation state compounds of the freshly ac-
tivated electrodes are completely turned over to Mo(+VI), most
probably MoO,, and Ni(OH), and NiOOH, which cannot be con-
clusively separated by means of this analysis method. As can be
seen in Figure S16a,b (Supporting Information), the XRD pat-
tern of the coated anode electrode and coated cathode electrode
after durability test still keep the same pattern as the fresh ac-
tivated samples as Figure S1 (Supporting Information) but with
the appearance of new peaks which is reported to be indication of
a slight presence of Ni oxide and hydroxide in the case of coated
anode based on porous Ni and also Mo in oxide forms in the case
of coated cathode based on Mo incorporated porous Ni.[*’=7] The
increase of blue color related to oxygen in EDX analysis for both
coated anode and cathode electrodes after aging can be due to
the formation of hydroxide and oxides on the electrode surface
during the long continuous operation in highly KOH solution
(Figure S16¢c—f, Supporting Information).

Hydrogen permeation is an important phenomenon for AWE,
due to several reasons related to safety issues and efficiency loss.
Figure S17 (Supporting Information), shows the time evolution
ofthe H, in O, content when holding the stack at 0.4 A/cm? ~400
h. The H, in O, contents at the beginning of the test (BOT) is 0.75
vol.%, which stays constant over the duration of ~#400 h by the
end of the test (EOT), showing that stack has almost constant H,
in O, content over time of operation at a constant current density
This also satisfies a chosen safety limit of 2 vol.% H, in O,, which
is about half the extent of the previously mentioned lower explo-
sion limit (LEL) of ~4 vol.% H, in O, [®! The stack also exhibits
an insignificant and negligible presence of O, at the beginning
of the test (BOT) (0.14 vol.%), which stays constant over ~400 h
of operation. This exhibit showcases the compatibility between
electrode and diaphragm, emphasizing their seamless integra-
tion and their ability to work together harmoniously with the ab-
sences of any detrimental effects on the diaphragm causing gas
Crossover.

3. Conclusion

Currently, all research efforts in AWE have primarily focused on
improving performance at higher current densities by reducing
ohmic resistance using alkaline membranes instead of conven-
tional diaphragm. In contrast, this research effort examined the
effect of Raney Ni-based electrodes’ porosity and their pore size
distribution on ohmic resistance associated with the evolution
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of bubbles and, consequently, the performance of AWE at high
current densities. The results indicated that low tortuosity and
low bubble point of the electrodes, influenced by electrode struc-
ture, are critical for efficient mass transfer during the electrolysis
operation at high current densities. To better understand the im-
pact of electrode porosity, several physical characteristics, such
as bubble point and tortuosity were correlated with the polariza-
tion curves. The results showed that the electrodes with higher
porosity and larger pore size more efficiently reduced the total
resistance. High porosity, broad pore-size distribution, and low
tortuosity of cathodic electrodes reduce capillary pressure in the
forms of drainage and imbibition facilitating gas bubble removal
formed at the electrode surface more efficiently compared to the
anodic electrode with lower porosity and smaller pores. The re-
sults of simulating the water flow through the structure suggest
that the larger pores might ensure higher mass transport and
result in lower bubble point, whereas smaller pores may drive
bubble formation outside the electrodes and, thus, away from the
catalytic surface, enabling continuous electrochemical reactions
and an effective two-phase flow. On the other hand, DFT calcula-
tions revealed that the incorporation of Mo atoms into Ni-based
electrodes enhances the thermodynamics of HER. However, this
effect is predominantly valid at lower current density operations,
where the catalytic activity of the electrode is critical, and activa-
tion losses are the primary performance-limiting factor. A com-
bination of both coated anodic and cathodic porous electrodes
(coated porous Ni-based anodic electrode and coated Mo incor-
porated porous Ni cathodic electrode) in the cell leads to a high
current density of 2 A cm2 at %2 V compared with the cell with
bare NM substrates as electrodes with very low porosity. The per-
formance and durability of coated electrodes in combination with
Zirfon is validated in a 2 kW stack, demonstrating the high per-
formance of 1.76 at 0.8 A cm~2 with no degradation at constant
current densities of 0.4 and 0.6 A cm~? in total for 1534 h.

4. Experimental Section

Electrode Preparation and Characterization: Electrodes were produced
by spraying globular gas-atomized Nickel-Aluminum type alloy powders
with and without Mo for anode and cathode electrodes, respectively. Al
acts as a pore-forming agent. Coated porous electrodes were produced
on the surface of 4 cm? Ni mesh (NM) substrate using a thermal spray
technique. For this, Ar with secondary gases was used.[#345°] The spray
powder was injected through external injection nozzles into the plasma
jet, where particles were accelerated and heated due to momentum and
heat transfer between plasma and particles and the quasi or fully molten
particles impacted the substrate surface, flattened, solidified, and con-
solidated to form an electrode coating on top of NM substrate. Before
the electrochemical test, the electrodes were activated in 30 wt.% KOH
with a suitable complex former for removing Al as a pore-forming agent
to form porosities.3*%°] Electrode characterization and numerical simu-
lation: XRD patterns of the coating samples were acquired using an X-ray
diffractometer STADI P (STOE, Germany). SEM and EDX were done on
resin-embedded and polished samples using a Zeiss Gemini Ultra plus mi-
croscope. The chemical compositions of the samples were determined by
the EDX spectrometer/detector from the Bruker company. In order to pre-
pare the sample for the FIB-SEM procedure, the electrodes were mechani-
cally cut into smaller pieces of 5 mm x 5 mm for better stability during the
high tilt in the tool. Subsequently, the sample was glued on an aluminum
sample holder using silver conductive RS glue with the cathode layer fac-
ing on top. Slicing of the electrode was done by ion milling (lon beam cut-
ting) using gallium (Ga+) as the ion source. All cross-sections were subse-
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quently made with a focused Ga+ beam at an accelerating voltage of 30 kV
and a current of 500 nA. Each cross-sectional cut was made at a distance of
25 nm between each section in the z-direction. Consecutive imaging of se-
rial sections was acquired by FEG-SEM at a set magnification of 4000 x with
an additional reduced area focusing on the area of interest. All images were
obtained at an acceleration voltage of 5 kV with the In-lens detector. For the
electrodes discussed later, 240 FIB slices were prepared. The 240 consec-
utive SEM images, with a resolution of 27.9 nm (along x) x 27.9 nm (along
y) x 50 nm (along z, since every second slice was documented) for elec-
trodes were then analyzed by different software applications for further in-
formation. A custom-built MATLAB was used for image segmentation pur-
poses. It was important to note that the FIB-SEM raw pictures are shown in
grayscale images in which the darker parts refer to the pores and the bright-
est ones correspond to the solid matrix. The porosity measurements of the
samples have been performed by MIP (Pascal 140/240, Thermo Scientific
up to a pressure of 200 MPa). MIP involves forcing mercury into the pores
of samples by the application of a pressure to measure the size and vol-
ume of pores. As pressure was applied, mercury fills the larger pores first.
As pressure increases, the filling proceeds to smaller pores. The pore-size
distribution was determined from the volume intruded at each pressure
increment. The pore-size distribution was represented as cumulative pore
volume and the first derivative of the cumulative curve, dV/dlogD as a
function of pore diameter. For the purpose of simulating the properties of
the porous electrodes GeoDict software (Math2Market GmbH) was used.
Bubble point and capillary pressure curves were obtained using the struc-
tures from FIB-SEM measurements for both coated cathode and anode. In
these relatively small area measurements compared to other techniques,
the pores were quite small, and as these properties (bubble point and cap-
illary pressure curves) were directly related to the maximum pore size in
the area used for simulation. The segmented FIB-SEM images of the mea-
sured structures were imported using the built-in Import Geo-Vol module.
The edges of the images were cut to remove of clearly visible artifacts from
FIB cutting. The imported images resulted in a 3D model of the electrodes
which was used for further analysis with different modules of GeoDict. The
SatuDict module was used to calculate the capillary-pressure curves for
the given structures for imbibition and drainage processes. Wetting and
nonwetting phase reservoirs were added in z+ and z- directions, respec-
tively. The capillary-pressure curves were acquired using a contact angle
of ~29°.[60] From the obtained results of the capillary-pressure curves, the
relative permeability and diffusivity were calculated. For receiving the ge-
ometric tortuosity factor Knudsen diffusivity simulations were conducted
on both structures using the module DiffuDict with air as fluid. The poros-
ity of the given structure divided by the resulting effective diffusivity from
the simulations gives the tortuosity. The module FlowDict was used to cal-
culate the flow through the structure using the Navier-Stokes—Brinkman
equations by adding in- and out-flow regions. PoroDict within GeoDict
was used to calculate the pore-size distribution and to visualize open and
closed porosity. Using the MIP data from the bare substrate a synthetic
structure was generated using the pore size distribution and generating
the pores as grains in an empty space. The structure was then inverted re-
sulting in a solid structure with the generated grains as pores. The surface
chemistry was investigated with X-ray XPS in a vacuum system with a base
pressure of 2x1071° mbar, using a monochromated Al Ka source with an
X-ray energy of 1486.15"] 74 eV and a hemispherical analyzer (ESCALAB
Xi*, FEl / ThermoFisher Scientific). The peak shape analysis was carried
out with Unifit 2016, applying convoluted Gaussian/Lorentzian profiles
and a Shirley background function.[®?] The surface stoichiometry of the
occurring atoms/signals was calculated using the numerically fitted peak
areas, photoionization cross sections by Yeh and Lindau,[®®] and instru-
mental transmission functions given by the manufacturer. The energy axis
of the system was calibrated by means of Au4f, Ag3d, and Cu2p signals of
the corresponding ion-etched reference metals. The elemental composi-
tion, focusing only on the electrode metals and ignoring other adventitious
elements, averaged over two or, respectively, three samples. Electronic
structure simulations of the different structures were performed using
ab initio methods within the DFT.[6485] The calculations were performed
through the VASP code (Vienna ab initio Simulation Package).[6-70] The
projector augmented wave (PAW) method,7%7"] was employed in order to
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account for the electron—ion core interaction, utilizing the GGA (General-
ized Gradient Approximations) exchange-correlation functional with the
PBE parameterization (Perdew-Burke-Ernzerhof).[7273] PAW-PBE poten-
tials with the following valence electrons: Ni (3523p® 4s23d®), Mo (3s23p®
4523d'°4d%5s"), O (252 2p*) and H (1s') were used. The k-space grid sam-
pling used for the surfaces model was 5x5%1 and a cut-off energy for the
plane wave expansion of 499 eV was selected in all the calculations. For the
simulation, a vacuum space of 15A was selected in concordance with early
works in the non-periodic directions to prevent periodic image-to-image
interaction; this vacuum was successfully used in previous works.[74.75]
The structure was optimized until the forces in all the atoms were lower
than 0.01 eV/A, and the unit cell was optimized until the components
of the stress tensor were lower than 1 kBar. Dispersion correction terms
in total energy were included by means of the Grimme,l76] method with
Becke—Johnson damping function.[””] Phonon analysis, by means of fi-
nite size displacement, was applied for adsorbed H,O and OH* and H*
on different surfaces. It allows the estimate zero-point energy corrections.
Nudged elastic band (NEB) calculations were applied to find and confirm
transition states between molecular and dissociated water upon Ni and
Ni;Mo on surfaces (111) and (100) surfaces. In all the cases the most fa-
vorable molecular adsorbed sites and dissociated systems were taken as
the starting and final points, considering five NEB images in between. An
RMM-DIIS algorithm was selected with a spring constant of —5 eV/A be-
tween each image to find the transition state. Each was confirmed with
vibrational frequency calculations as having a single imaginary frequency.
Finally, initio Molecular Dynamics assisted with Machine-Learning force
fields (MLFF-AIMD) as implemented in VASP was conducted to map the
configurational space, considering the initial and final structures utilized
in the NEB calculations. In reference to the simulation cell, a 2x2x1 super-
cell is built to increase four times the degree of freedom in comparison to
the early set-up. The MLFF-AIMD simulation included the Nose-Hoover
NVT ensemble at T = 300 K with a time step of At = 0.1fs with total
simulation time ranging between t; = 1.0 and 2.4 ps, depending on the
considered case.

AWE cell Electrolyzer Test: The zero-gap electrolyzer cell consists of
five main parts: nickel bipolar plates, Ni wire mesh as gas diffusion lay-
ers (GDL), Zirfon PERL UTP 500 separator and NM substrate and porous
Ni electrodes, coated Ni-based electrode as anode and coated Mo incor-
porated porous Ni as cathode. Zirfon was placed between two electrodes
and supported from each side by porous Ni GDLs and fixed by Nickel bipo-
lar plates from both sides. Four different cells with various configurations
were assembled placing a commercial Zirfon Perl UTP 500 separator be-
tween two uncoated bare NM for the anode and cathode sides (Cell 1),
coated Ni-based electrode for the anode side and an uncoated bare NM for
the cathode side (Cell 2), uncoated bare NM as an anode side and coated
Mo incorporated porous Ni for the cathode side (Cell 3), and coated Ni-
based electrode as an anode and coated Mo incorporated porous Ni as
a cathode side (Cell 4). The test was done at atmospheric pressure in 30
wt.% KOH at 70 °C, by recording polarization curves up to 2 Acm=2 with a
scan rate of 10 mA s, after 30 min activation at a constant current of 0.2
A using a potentiostat from biologic. EIS was performed at low and high
current densities from 100 kHz to 100 mHz to identify the losses. The op-
erating conditions and cell hardware were kept the same for all the tests.
The equivalent circuit for fitting consisted of lumped resistance (Rgp,)
in series with a circuit, comprising a charge transfer resistance including
both cathode and anode charge transfer resistance (R) along with their
constant phase element in parallel to each other. However, an additional
charge transfer resistance in parallel to a constant phase element had to be
added for fitting impedance spectra of Cell 4 at low current densities, as an-
odic and cathodic contribution possess relaxation times of different mag-
nitudes and hence appear as two processes in the recorded impedance
response. Therefore, the sum of the anodic and cathodic charge transfer
resistance was reported as the total charge transfer resistance for this cell.
Theinductor (L) in series with the R ., represents possible inductive parts
of cables and other components. The fitting of the Nyquist plot was done
by RelaxIS3 software from rhd instruments. For the Nyquist plot fitting, the
effect of a high-frequency tail extending toward positive imaginary parts,
which was considered to be inductive contributions due to the electronics
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and wires was included. However, at very low frequencies significant resid-
uals were observed. The residuals were scattered randomly in the positive
and negative directions, which suggested that they were caused by noise.
As this noise becomes dominant, fitting was no longer possible in this fre-
quency range. This holds true, especially for higher current densities where
parasitic impacts become even more pronounced.

Stack Electrolyzer Test: 1t was performed on a 2 kW-stack. The cell as-
sembly consisted of two electrode packages each consisting of stainless-
steel bipolar plates, two stainless steel current collectors, and a pair of
electrodes (coated porous Ni-based anodic electrode and coated Mo in-
corporated porous Ni cathodic electrode or only bare NM substrates as
electrodes), sandwiching a Zirfon UTP 500 diaphragm in a zero-gap con-
figuration. The stack was maintained as a closed and hermetically sealed
environment. To prevent the reaction of KOH with atmospheric CO, and
the subsequent formation of carbonate salts, the demi water undergoes
continuous purging with nitrogen, ensuring an inert atmosphere and com-
plete isolation from the air. The cell voltage was directly measured at the
electrodes to avoid influences of contact resistance at the current collec-
tor and the bipolar plate, affecting the measurements and thus increasing
the comparability of electrode performance. The piping and instrumenta-
tion diagram (P&ID) of the test bench for 100 cm? stack measurements
is illustrated in Figure S18 (Supporting Information). The setup includes
two separate electrolyte cycles, each equipped with a pump, followed by
a flow measurement system and sensors to monitor the inlet and outlet
temperature of the stack. Pressure was measured in both separators and
the temperature of the electrolyte was controlled using heaters surround-
ing each separator. Demi water supply was provided only to the hydrogen
separator. The quality of the product gases was assessed after they were
dried, ensuring accurate measurement. The system was controlled using
software programmed on NI LabView™. Polarization curves were mea-
sured from 100 to 800 mA cm~2 in 100 mA cm~2 steps while holding
each step for 60 s for stabilization of the measurement. For long time du-
ration degradation testing the stack was operated at a current density of
0.4 A cm~2 for ~573 h followed by operation at 0.6 A cm~2 to complete a
1534 h test run. The rectifier used for operating the stack was a PS9040-170
from EA Elektro-Automatik.
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Supporting Information is available from the Wiley Online Library or from
the author.
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