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SUMMARY
An integrated battery-electrolyzer stores renewable electricity as a battery and produces hydrogen when
overcharged. This dual application requires electrode concepts that ideally enhance both battery and elec-
trolysis operation without compromising either. One such concept is 3D structured electrodes including
channels that improve ionic conductivity and material utilization as well as facilitating bubble removal during
electrolysis. In this work, we first develop a 1Dmodel of a porous sintered nickel electrode that takes the void
fraction of the 3D geometry into account and allows for the determination of the current and potential distri-
bution for both battery charging and oxygen evolution. An optimized void fraction thatmaximizes the reactive
surface area for oxygen evolution is determined, and we discuss under what circumstances a 3D geometry is
beneficial. Finally, we show how the improved ionic conductivity of 3D electrodes also results in more homo-
geneous battery charging, increasing charging efficiency in nickel electrodes.
INTRODUCTION

Climate change poses significant risks to modern society,

threatening food security,1 disrupting biodiversity,2 exacerbating

socioeconomic inequalities,3 and causing more frequent and se-

vere weather events.4 It is widely recognized that anthropogenic

CO2 emissions are the major cause of an increase in average

global temperatures since the start of the industrialization. Miti-

gating climate change by reducing CO2 emissions calls for the

transition to renewable energy sources such as wind and solar.

However, their daily and seasonal variability requires the integra-

tion of both short- and long-term energy storage.5,6

The integrated alkaline Ni-Fe battery and electrolyzer (battoly-

serTM) introduced by Mulder et al.7 integrates both short- and

long-term energy storage in a single device. It is based on a

nickel-iron battery in which the nickel and the iron electrodes

not only function as battery electrodes but also generate oxygen

and hydrogen, respectively, when fully charged. This integrated

battery-electrolyzer can compensate for diurnal variations in the

energy supply by charging at times of low energy prices (e.g.,

during oversupply of wind and solar) and discharging when the

energy prices are high (e.g., at peak times in the evening). In

contrast to designated battery technologies such as Li ion, the

battolyser can still store energy in the form of hydrogen even

when fully charged. This can then be stored and used for sea-

sonal energy needs, for transportation, and as a feedstock for

the steel and chemical industry.

However, electrodes employed in conventional nickel-iron

batteries are not designed for this dual application of battery en-

ergy storage and alkaline electrolysis. On the contrary, oxygen
Cell Reports Physical Science 6, 102545, M
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and hydrogen evolution has been considered as parasitic side

reactions that decrease the battery charging efficiency, deplete

water in the electrolyte, and pose an explosion hazard. While

conventional nickel and iron battery electrodes can perform

electrolysis efficiently at low current densities,7 their transport

properties become limiting at high current densities. Therefore,

new types of hybrid electrodes are required that combine a

high battery storage capacity and rate capability with efficient

electrolysis at industrially relevant current densities.

Besides the intrinsic activity of an electrocatalyst, structural

properties of the electrode, such as the thickness, porosity,

and reactive surface area, play a significant role in the electrode

performance.8,9 The larger the reactive surface area over which

the applied current is distributed, the lower the local current den-

sity and thus the overpotential is going to be. Thick, porous elec-

trodes made from sintered metals, foams, or felts loaded with

catalyst and/or active battery material offer a high surface area

and battery capacity per square centimeter of superficial elec-

trode area (height 3 width). However, the utilization of this sur-

face area, and thus the effectively used electrode thickness, is

limited by the ohmic losses incurred by the ionic electrolyte resis-

tance within the electrode.

Additive manufacturing of 3D structured porous electrodes

allows for the realization of complex geometries with multiscale

interconnected porosity, which can be rationally designed to

meet the requirements for a specific application and operating

conditions.10–13 As shown by Roy et al.,10 the integration of

macroscopic electrolyte-filled voids in the porous electrode

structure (e.g., channels) improves electrolyte accessibility and

thus reduces the ionic resistance within the electrode. The
ay 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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benefits of such 3D electrodes have been demonstrated for both

battery applications12,14–16 and water electrolysis.17–20 For the

latter, a periodic 3D structure facilitates bubble removal

compared to, for example, a stochastically structured nickel

foam.17 Bubbles displace the conductive electrolyte and cover

catalytically active sites, resulting in increased ohmic losses,

an inhomogeneous current distribution, and higher overpoten-

tials.21,22 Therefore, strategies to effectively remove bubbles

are essential in increasing the energy efficiency of an electro-

lyzer.23 Due to the advantages for both battery and electrolysis

operation, periodically structured 3D porous electrodes are a

promising option for an integrated battery-electrolyzer.

On the other hand, the benefits of a 3D geometry must be

weighed against the reduction in surface area and battery ca-

pacity compared to a planar electrode. Whether or not a 3D ge-

ometry is suitable has to be decided under consideration of the

electrode porosity, thickness, current density, and overpoten-

tials for both the oxygen evolution reaction (OER) and the (dis)

charging battery reaction. Modeling the current distribution

and overpotential across the electrode thickness can aid in the

understanding of how structural electrode properties affect per-

formance. Such models have been covered extensively in the

literature for planar porous nickel battery electrodes under

consideration of (dis)charging kinetics and concentration gradi-

ents for both OH� and O2.
24–27 However, none of these models

can be applied directly to account for the additional macro-

scopic 3D geometry. Recently, Li et al.28 introduced a density-

based topology optimization framework that optimizes the full-

cell design in electrochemical energy storage devices, including

the individual 3D geometries of both the anode and the cathode.

The resulting interdigitated designs result in an increase in en-

ergy storage density of up to 750% compared to traditional

planar electrode geometries. Similar approaches in topology

optimization have been demonstrated for supercapacitors29

and redox-flow batteries.30 However, these studies do not ac-

count for two reactions in parallel with different relevant overpo-

tentials as is the case for battery-electrolyzer electrodes.

A key parameter required for modeling the current distribution

in electrodes is the ionic conductivity. A planar porous electrode

consists of the solid, partially metallic, phase and the electrolyte

within the pores that conducts the ions. A low porosity, i.e., a low

electrolyte volume within the electrode, will result in reduced ion

mobility, i.e., ionic conductivity, compared to the bulk electro-

lyte. In addition, ion mobility is affected by the tortuosity of the

pores, which is a measure of how convoluted the path of a

pore is. A convoluted path through the electrode increases the

distance an ion must travel, which effectively reduces the ionic

conductivity. However, microscopic properties such as the

porosity and tortuosity will vary throughout the electrode, result-

ing in a locally changing ionic conductivity. In effective medium

theory, instead of accounting for this microscopic heterogeneity,

average values for the porosity and tortuosity are assumed to be

homogeneous throughout the electrode. With this assumption,

an effective ionic conductivity, keff , can be defined using the

Bruggeman relation31,32:

keff = kεg; (Equation 1)
2 Cell Reports Physical Science 6, 102545, May 21, 2025
where k and ε are the bulk electrolyte conductivity and the elec-

trode porosity, respectively. The Bruggeman exponent, g, takes

the tortuosity of the pores into account.33

A 3D structured porous electrode can be considered as hi-

erarchically porous where the pores and 3D features (e.g.,

channels) constitute a micro- and macroporosity, respec-

tively. Here, we describe the macroporosity with the void frac-

tion Q, which represents the volume fraction of the electrode

occupied by open 3D features such as channels. The void

fraction varies across the electrode and is defined by the elec-

trode geometry. For complex electrode geometries, modeling

the current distribution then requires computationally expen-

sive 3D models that describe this specific geometry. Howev-

er, in order to determine limits for the void fraction, a fast

method is required that does not have to take the specific

electrode geometry into account. To this end, we define an

average effective ionic conductivity, keff ;3D, throughout the

electrode that expands the Bruggeman relation to take the

void fraction into account. We then derive a 1D differential

equation in dimensionless form that describes the potential

and current distribution for the OER and the charging reaction

(CR) for sintered 3D nickel electrodes. By solving this differen-

tial equation numerically for varying current densities,

electrode thicknesses, and void fractions, we find a simple

relationship between the electrode utilization and the dimen-

sionless voltage drop for the OER. Based on this, we develop

a methodology to determine the optimal electrode void frac-

tion that maximizes the reactive surface area and thus mini-

mizes electrode polarization for the OER. Furthermore, we

show how the increased effective ionic conductivity in 3D

electrodes results in a more homogeneous current distribution

and how this is beneficial for the charging efficiency and rate

capability of the battery. The modeling results presented in

this work are in good agreement with experimental findings

detailed in a complementary paper34 in this issue of Cell Re-

ports Physical Science, particularly in Figures 5 and 7.

RESULTS AND DISCUSSION

Oxygen evolution
In order to describe the current and potential distribution for the

OER within the porous electrode, we follow the methodology of

Daniel-Bek35 and Posey36 employed for a 1D electrode model.

Here, the electrode is considered as a system of idealized pores

filled with electrolyte embedded within a conductive matrix. Ma-

terial properties such as the specific surface area, porosity, elec-

trolyte conductivity, etc., are considered as uniform throughout

the electrode.We assume further that the reactant concentration

within the pores remains constant over time and do not take the

effects of concentration polarization into account. In practice,

this assumption applies for the following cases: (1) when the

electrolyte is highly concentrated and well mixed (e.g., in a

flow-through configuration) and (2) the first moments after the

OER is started, before gradients in reactant concentration can

form. Effects of oxygen bubbles, such as the reduction of the

effective electrolyte conductivity and coverage of electrochemi-

cally active surface area, are not considered.
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Figure 1. Illustration of the 3D electrode structure
(A) Cross section of a 3D electrode showing channels in the x, y, and z directions.

(B) Schematic of potentials and electrochemical reactions in an idealized porous 3D structured sintered nickel electrode charged at a current ich. The electrode

channels constitute the macroscopic void fractionQ. At the walls of the micropores, charging of the active material NiðOHÞ2=NiOOH (CR) and oxygen evolution

(OER) occur with the local partial current densities jCRðxÞ and jOERðxÞ, respectively. Due to both OER and CR occurring in parallel, the total charging current ich is

split between the respective currents going toward the OER ðiOERÞ and CR ðiCRÞ. For a fully charged electrode, ich = iOER.
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As shown in Figure 1, the total current flows from the counter-

electrode across the length of the pores. Due to the limited con-

ductivity of the solution, the ionic current flow results in a gradient

in the solution potential fSðxÞ across the pore length. For a metal

phase with a sufficiently low electrical resistivity compared to the

ionic resistivity in the solution phase, we can assume that there is

no gradient in the potential of the metal phase, fM. Electrochem-

ical oxygen evolution occurs at the interface between the solution

phase and the conductive pore walls and is driven by the differ-

ence in their respective potentials, DfðxÞ = fM � fSðxÞ. The
rate of oxygen evolution is determined by the overpotential

hOERðxÞ with respect to the equilibrium potential E0;OER:

hOERðxÞ = fM � fSðxÞ � E0;OER: (Equation 2)

Due to the gradient in the solution potential, the overpotential,

and therefore the rate of oxygen evolution, decreases across the

depth of the pore. In the absence of mass transfer limitations and

for high anodic overpotentials, the local current density for oxy-

gen evolution, jOERðxÞ, can be described by the simplified Butler-

Volmer equation:
jOERðxÞ = j0;OER exp

�
aa;OERF

RT
hOERðxÞ

�
; (Equation 3)

where j0;OER and aa;OER are the OER exchange current density

and anodic transfer coefficient, respectively. As a result of oxy-

gen evolution, the ionic current, is, in the electrolyte decreases

across the depth of the pore:

iSðxÞ = iOER � S

Z x

0

jOERðx0Þdx0
: (Equation 4)

S and iOER represent the electrochemically active surface area per

unit length and the applied current, respectively. With Ohm’s law,

assuming a constant electrolyte concentration, the relation be-

tween ionic current and the solution potential is given by

1

Ael

�
iOER � S

Z x

0

jOERðx0 Þdx0
�
= k

dfS

dx
= � k

dhOER

dx
:

(Equation 5)
Cell Reports Physical Science 6, 102545, May 21, 2025 3
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Differentiation of Equation 5 yields35,36

d2hOER

dx2
=

S

kAel

jOERðxÞ; (Equation 6)

where Ael describes the average cross-sectional electrolyte

area and k represents the electrolyte conductivity. Compared

to a conventional, non-3D structured electrode, a 3D electrode

replaces some of the porous electrode volume with open struc-

tures that are filled with electrolyte. These open structures,

such as the channels shown in Figure 1, can be considered

as macroscopic pores. In order to describe this macroscopic

porosity, we introduce the void fraction q as the ratio of the

open volume (e.g., channel volume), Vch, to the total electrode

volume, Vtot: q = Vch=Vtot. In practice, the void fraction will

vary in all three spatial dimensions depending on the electrode

geometry. Instead, we consider the void fraction as an average

value that is uniform throughout the electrode, analogous to

other electrode parameters such as porosity and surface

area. The resulting model allows for more general estimates

of the current and potential distribution depending on the void

fraction, irrespective of the specific geometry. The average

electrolyte cross-sectional area of the porous electrode, Ael,

is determined by the electrode porosity ε and the void fraction

q of the 3D electrode. By rewriting kAel, we can define an effec-

tive electrolyte conductivity for a 3D electrode, keff ;3D:

kAel = k½ð1 � qÞεg + q�A = keff ;3d A; (Equation 7)

wherein A refers to the superficial electrode area and g denotes

the Bruggeman exponent. For a conventional electrode, i.e., for

q = 0, Equation 7 describes the Bruggeman equation for the

effective electrolyte conductivity commonly employed for the

description of porous electrodes.26,32,37 While the larger open

volume of 3D electrodes increases the effective electrolyte con-

ductivity, the resulting reduction in porous electrode material re-

duces the electrochemically active surface area. With the spe-

cific surface area for a conventional electrode S0, the reduced

specific surface area of the 3D electrode is described by S =

S0ð1 � qÞ. Overall, taking the 3D geometry into account, Equa-

tion 6 can be rewritten as

d2hOER

dx2
=

S0ð1 � qÞ
keff ;3D A

jOERðxÞ: (Equation 8)

The equations above can be simplified by adopting a dimen-

sionless notation as shown by Posey.36 We define a reduced

length x = x=l, where l is the electrode thickness; a reduced re-

action rate rOERðxÞ = jOERðxÞ =j0;OER; a reduced total current

IOER = iOER=i0;OER with the exchange current density of the

porous electrode i0;OER = S0ð1 � qÞlj0;OER; the resistance

parameter KOER = ði0;OERlFÞ =ðkeff ;3DARTÞ; and the reduced

overpotentialFOERðxÞ = ½FhOERðxÞ�=RT . With this dimensionless

notation Equation 8 can be rewritten as

d2FOERðxÞ
dx2

= KOERrOERðxÞ; (Equation 9)
4 Cell Reports Physical Science 6, 102545, May 21, 2025
with

rOERðxÞ = eaa;OER FOERðxÞ: (Equation 10)

The potential and current distribution over the thickness of a

porous (3D) electrode can be determined by solving Equation 9

for FðxÞ with the following boundary conditions:

dFOER

dx

����
x = 0

= � KOERIOER;
dFOER

dx

����
x = 1

= 0: (Equation 11)

Battery charging and electrolysis in parallel
In battery-electrolyzer nickel electrodes, the CR of the activema-

terial and the OER occur simultaneously during charging. Equa-

tion 4 can be extended to include both CR and OER in parallel:

iSðxÞ = ich � S

Z x

0

½jOERðx0 Þ+ jCRðx0 Þ � dx0
; (Equation 12)

from which follows

d2hOER

dx2
=

S0ð1 � qÞ
keff ;3D A

½jOERðxÞ + jCRðxÞ�: (Equation 13)

The porosity and electrochemically active surface area are

assumed to be constant throughout charging. In order to solve

this differential equation, we require terms for the local current

densities for both the CR and the OER. The overall CR of

NiðOHÞ2 to NiOOH is given by

NiðOHÞ2 + OH�����!charging
NiOOH + H2O+ e�: (Equation 14)

We assume that the active material loaded into the porous

structure of sintered nickel forms a homogeneous film on the

pore walls. During charging, protons and electrons are released

from the interlamellar sheets of NiðOHÞ2 and diffuse through the

bulk of the active material to the electrolyte interface and current

collector, respectively. Reversely, protons and electrons are

intercalated during discharging.38 The kinetics for both the CR

and oxygen evolution are known to vary with the proton concen-

tration at the surface of the active material film contacting the

electrolyte.38,39 Here, we neglect the diffusive mass transfer re-

sistances of protons and assume that there is no gradient in pro-

ton concentration across the thickness of the activematerial film.

Therefore, the surface proton concentration equals that of the

bulk. Furthermore, we do not take differences in electronic con-

ductivity between the highly conductive nickel scaffold and the

active material into account. The state of charge (SOC), socðxÞ,
can be expressed using the average proton concentration

cHðxÞ in the nickel hydroxide film:

socðxÞ = 1 � cHðxÞ
cH;max

; (Equation 15)

where cH;max denotes the maximum proton concentration, i.e.,

when the active material is fully discharged. Ta and Newman

determined that the exchange current density for oxygen evolu-

tion on pure nickel hydroxide films increases linearly with the
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SOC and exhibits irreversible Tafel behavior.39 Therefore, the

local current density for oxygen evolution can be expressed as

jOERðxÞ = j0;OER;ref

�
cOH

cOH;ref

�2

socðxÞ exp

�
aa;OERF

RT
hOERðxÞ

�
:

(Equation 16)

For the CR, we adapt the kinetic expression used by Fan and

White25 and De Vidts and White24:

jCRðxÞ = 2 j0;CR;ref

�
cOH

cOH;ref

½1 � socðxÞ�exp
�
aa;CRF

RT
hCRðxÞ

�

� socðxÞexp
�
� ac;CRF

RT
hCRðxÞ

�� :

(Equation 17)

Here, cOH is the electrolyte concentration, and cOH;ref is the

reference electrolyte concentration at which the exchange cur-

rent densities of the CR, j0;CR;ref , and oxygen evolution,

j0;OER;ref , were measured. We assume that there are no changes

in reactant concentration over time, so that cOH does not change

across the depth of the pores. The overpotential for each reac-

tion is given by

hOERðxÞ = fM � fSðxÞ � E0;OER; (Equation 18)

hCRðxÞ = fM � fSðxÞ � E0;CRðxÞ: (Equation 19)

The equilibrium potential for the battery CR, E0;CRðxÞ, depends
on the proton concentration and can be estimated by the Nernst

equation26:

E0;CRðxÞ = E0;1=2 +
RT

F
ln

0
BB@
1 � cHðxÞ

cH;max

cHðxÞ
cH;max

1
CCA

= E0;1=2 +
RT

F
ln

�
socðxÞ

1 � socðxÞ
�
;

(Equation 20)

where E0;1=2 represents the equilibrium potential at 50% SOC. In

practice, the CR for the nickel electrode has been shown to

exhibit a mixed potential due to the OER at higher states of

charge.40 In addition, the equilibrium potential is affected by

structural changes and the intercalation of H2O and ions such

as OH� and K+ between the interlamellar sheets. These effects

give rise to a hysteresis behavior resulting in different equilibrium

potentials for the same SOC depending on whether the elec-

trode is charging or discharging. Equation 20 can be modified

to accommodate for the deviation from Nernstian behavior as

a result of the above-described non-ideal effects.41 Since this

work considers only the CR, andmodified Nernstian expressions

are often developed for specific conditions and material proper-

ties, we employ the unmodified term in Equation 20 for the esti-

mate of the equilibrium potential.

Subtracting Equation 19 from Equation 18 allows for the sub-

stitution of hCR in Equation 17:
hCRðxÞ = hOERðxÞ+E0;OER � E0;CRðxÞ
= hOERðxÞ+DE0ðxÞ : (Equation 21)

By inserting Equation 21 into Equation 17, the differential equa-

tion in Equation 13 can be solved for hOERðxÞ. Rewriting Equation

13 in the previously introduced dimensionless notation yields

d2FOER

dx2
= KOER rOERðx; socÞ+KCR rCRðx; socÞ;

(Equation 22)

FCRðxÞ = FOERðxÞ+DF0ðxÞ; (Equation 23)

where DF0ðxÞ = FDE0ðxÞ=RT . The reduced reaction rates rk ,

the resistance parameters Kk , and the reduced current Ik for

OER and CR are defined as

rkðx; socÞ =
jkðx; socÞ
j0;k;ref

; (Equation 24)

Kk =
S0ð1 � qÞl2Fj0;k;ref

keff ;3DART
; (Equation 25)

IkðSOCÞ =
ikðSOCÞ

S0ð1 � qÞlj0;k;ref ; (Equation 26)

where k is OER for oxygen evolution or CR for the charging reac-

tion. ik represents the total current for either OER or CR across

the entire electrode. SOC denotes the overall state of charge

of the electrode, defined as

SOCðtÞ =

Z 1

0

socðx; tÞdx: (Equation 27)

Equation 22 is solved with the following boundary conditions:

dFOERðxÞ
dx

����
x = 0

= � KOER IOERðsocÞ � KCR ICRðsocÞ

=
lFich

keff ;3D ART

dFOER

dx

����
x = 1

= 0

:

(Equation 28)

The local SOC, socðx; tÞ, depends not only on the local

charging current jCR but also on the charging duration. Thus,

the potential distribution described by Equation 22 is implicitly

a function of time. If we neglect double-layer charging and as-

sume no gradients in electrolyte composition, the profiles of po-

tential and current are formed instantaneously. We further as-

sume homogeneous charging across the thickness of the

NiðOHÞ2=NiOOH film and neglect mass transfer resistances

within. Therefore, Equation 22 describes the steady-state poten-

tial and current distribution at time t. The local SOC can then be

calculated after a time step Dt as
Cell Reports Physical Science 6, 102545, May 21, 2025 5
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DC

B Figure 2. Current and potential distribution

in non-3D electrodes

(A and C) Current distribution rðxÞ=rð0Þ and

reduced overpotential FðxÞ over the reduced

electrode coordinate x = x=l for a superficial cur-

rent density of 100 mA/cm2.

(B and D) Electrode utilization U as defined in

Equation 30 and reduced overpotential at the front

of the electrode ðFðxÞ = 0Þ for different electrode
thicknesses and superficial current densities.
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socðx; t + DtÞ = socðx; tÞ+ lSrCR j0;CR;ref
C

Dt; (Equation 29)

where C refers to the battery capacity.

Current and potential distribution in porous 3D
electrodes during oxygen evolution
The larger reactive surface area of porous electrodes can effec-

tively reduce activation overpotentials and thus increase the en-

ergy efficiency of electrochemical reactions such as the OER.

Structural properties that affect electrode performance are the

thickness and the porosity. While an increase in thickness en-

hances the overall surface area, its utilization for the electrochem-

ical reaction is limited by the ionic resistance within the electrode

pores. As a result, electrodes that are too thick can be partially

inactive so that the additional surface area does not contribute

to a further reduction in overpotential. Decreasing the ionic resis-

tance, for example, by increasing the porosity and operating tem-

perature, increases the utilization. However, an increase in

porosity also decreases the surface area. Furthermore, for the

here-discussed hybrid electrodes that also function as battery

electrodes, porosities are typically low in order to accommodate

the loaded active material that determines the energy storage ca-

pacity of the electrode. An increase in temperature is limited by the

stability of the activematerial and cell components.While conven-

tional alkaline electrolyzers operate at temperatures between

80�C and 90�C,42 nickel-iron batteries are typically limited to tem-

peratures below 45�C.43 The 3D structure of electrodes presents

an additional degree of freedom that allows for the adjustment of

the ionic resistance, where the void fraction,Q, is the equivalent of

a macroscopic porosity determined by the additional open vol-

ume of the 3D features (e.g., channels). Just like the microscopic

porosity, ε, of the porous electrode material, an increase in void

fraction of the 3D structure decreases the ionic resistance at the
6 Cell Reports Physical Science 6, 102545, May 21, 2025
cost of a reduction in reactive surface

area. Therefore, the void fraction must be

determined to reduce overpotentials un-

der consideration of the applied current

density as well as structural and catalytic

parameters of the porous electrode

material.

Conventional electrode geometry
Due to the ionic resistance, the solution

potential, and therefore the overpotential,

decreases across the electrode thick-
ness. As shown in Figure 2C, the reduced overpotential is similar

at the front of the electrode, Fð0Þ, and the back, FðlÞ, if the elec-

trode is sufficiently thin for a given current density. Accordingly,

the reaction occurs over the entire electrode, albeit at a lower

magnitude toward the back ðx = 1Þ. Increasing the electrode

thickness results in an inhomogeneous distribution of the over-

potential, shifting the reaction toward the front of the electrode.

How effectively an electrode is utilized can be determined from

the relative reaction rate, rðxÞ=rð0Þ = jðxÞ=jð0Þ. In areas where

rðxÞ=rð0Þ approaches zero, the electrode is considered inactive

as a result of the too-high ionic resistance, which prevents the

penetration of the reaction deeper into the electrode (Figure 2A).

Based on the definition for electrode utilization used by

Rausch and Wendt (U = l� 1
R l
0 jðxÞ=jð0Þdx),44 we can define

the utilization of an electrode via the reduced reaction rate

rðxÞ = jðxÞ=jð0Þ (with i = S
R x
0 jðx0 Þdx0

, so that I =
R 1
0 rðxÞdx):

U =

Z 1

0

rðxÞ
rð0Þdx =

I

rð0Þ : (Equation 30)

As shown in Figure 2B, the utilization decreases not only for

thicker electrodes but also for higher current densities. This is

due to the increased voltage drop across the electrode thickness

at higher current densities. Up to a limiting thickness, llim, the

electrode polarization, Fð0Þ, decreases. Beyond this thickness,

Fð0Þ does not decrease significantly (Figure 2D). This limiting

thickness is commonly referred to as the reaction penetration

depth.8,32,45 It describes the thickness at which the utilization

of the additional reactive surface area gained by increasing the

electrode thickness is limited by the ionic resistance of the elec-

trode. The reaction penetration depth can be defined as the

characteristic length of the exponential decay of the local over-

potential in a semi-infinite electrode (Figure S1).32,45 For higher

current densities, the reaction penetration depth, and thus the

utilization, decreases (Figures 2B and 2D). As a result, the
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B

Figure 3. Effects of the void fraction and

electrode thickness on utilization and po-

larization

Electrode utilization (A), surface enhancement (B),

and difference in reduced overpotential compared

to a non-3D electrode ðQ = 0Þ at a superficial

current density of 200 mA/cm2 for different elec-

trode thicknesses and void fractions (C). For

DFð0Þ< 0, the reduced overpotential is lower

compared to a non-3D electrode.
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electrode thickness should be chosen close to the reaction

penetration depth for a specific current density. Designing elec-

trodes thicker than the reaction penetration depth results in

increased material costs with no additional gain in performance.

Electrodes below the reaction penetration depth reducematerial

costs with the caveat of higher operating costs, i.e., higher

overpotentials.

Effective surface area enhancement with 3D electrodes
As shown above, in conventional electrodes, the thickness and

current density are limited by the ionic resistance. Channels filled

with electrolyte in a more open 3D structure decrease the ionic

resistance within the electrode with the caveat of reducing the

total reactive surface area. In order to reduce the activation over-

potential and increase the energy efficiency, the applied current

must be distributed over as large a surface area as possible.

Thus, when deciding on the void fraction of a 3D electrode, we

need to strike a balance between the removal and the overall

improved accessibility of surface area. Using the utilization U

as defined in Equation 30, the effective electrochemically active

surface, AR;eff , is given by

AR;eff = US0lð1 � QÞ; (Equation 31)

where S0 is the surface area per unit length of a conventional

electrode. In order to assess a 3D electrode compared to a con-
ventional electrode, we define the 3D surface enhancement G,

which is the ratio of the respective effective reactive surface

areas AR;eff ;3D and AR;eff :

G=
AR;eff ;3D

AR;eff

=
U3D

U0

ð1 � QÞ>1

: (Equation 32)

Here, U3D and U0 represent the utilization of a 3D electrode

and a conventional electrode, respectively. In order for a 3D elec-

trode to be beneficial over a conventional electrode, G must be

larger than 1. The resulting difference in electrode polarization

can be derived from Tafel kinetics (see the supplemental

information):

DFð0Þ= F3Dð0Þ � F0ð0Þ

=
1

aa;OER

ln

�
1

G

�
: (Equation 33)

Figure 3 shows the utilization, 3D surface enhancement, and

difference in polarization of electrodes with varying void fraction

and thickness at a constant superficial current density. For elec-

trodes with a void fraction larger than 0, i.e., 3D electrodes, the

utilization increases with the void fraction for all thicknesses.

However, there is a limiting thickness for each void fraction at

which the reduced total surface area of the 3D electrode is
Cell Reports Physical Science 6, 102545, May 21, 2025 7



Figure 4. Polarization curves for varying electrode void fractions

Difference in reduced overpotential compared to a non-3D electrode ðQ = 0Þ
for a 5-mm-thick electrode for different superficial current densities j and void

fractions Q. For DFð0Þ< 0, the reduced overpotential is lower compared to a

non-3D electrode.
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compensated for by the decreased ionic resistance and

enhanced material utilization (Figure 3B). For lower thicknesses,

the effective surface area of a 3D electrode is lower compared to

a conventional electrode ðG < 1Þ, which results in higher elec-

trode polarization (Figure 4C). For thicknesses where G> 1,

the increased effective conductivity results in an increase in

the effectively utilized surface area, which reduces electrode

polarization.

We observe a similar limit for the applied current density at a

constant electrode thickness (Figure 4). It is apparent that higher

void fractions are beneficial only for thicker electrodes or higher

current densities, i.e., when the voltage drop across the elec-

trode thickness is significant. However, there appears to be an

upper limit to the void fraction. For the conditions shown in Fig-

ure 3 and 4, electrodes with a void fraction of 0.40 outperform

those with a void fraction of 0.20 for higher thicknesses and cur-

rent densities, while a void fraction of 0.60 exhibits the lowest

reduction in polarization compared to a conventional electrode.

Consequently, there is an optimal void fraction depending on the

range of operating current density, electrode thickness, and ma-

terial properties of the porous electrode scaffold.
Optimal void fraction for oxygen evolution
The results shown in Figures 2, 3, and 4 were obtained from solv-

ing Equation 9 using the finite difference method. Particularly in

cases where the gradient of the overpotential is high, i.e., for

high superficial current densities and thick electrodes, deter-

mining the electrode utilization and polarization requires a finer

discretization, which increases computational cost. When opti-

mizing the electrode structure, for instance, via parameter

sweeps, this increases the necessary computational resources.

Therefore, our goal was to determine simple relationships be-

tween the dimensionless numbers introduced above that allow
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for the direct calculation of the utilization and polarization for a

given superficial current density and set of electrode properties.

With the definition for the utilization (Equation 30), the dimension-

less electrode polarization, Fð0Þ, is given by (with rðxÞ =

eaaFðxÞ = jðxÞ=j0)

Fð0Þ =
1

aa

lnðrð0ÞÞ =
1

aa

ln

�
I

U

�
: (Equation 34)

The utilization decreases for both higher current densities and

thicker electrodes (Figures 3 and 4). This is due to the voltage

drop in the electrolyte across the electrode thickness. The prod-

uct of the resistance parameter K and the reduced current I can

be considered a dimensionless voltage drop. Plotting the utiliza-

tion over KI for varying current densities, electrode porosities,

void fractions, and thicknesses results in an inverse sigmoid

curve as shown in Figures 5A and S3. The utilization as a function

of KI can be described using a Hill function46:

U =
1

1+

�
KI

m

�k
: (Equation 35)

k and m represent the slope and the value of KI, where the utili-

zation is 50%, respectively. Such an inverse sigmoid curve is

also used to empirically describe the decrease in discharge ca-

pacity as a function of discharge rate in Ni-Cd batteries.47 As

shown in Figure 5, Equations 34 and 35 provide a dimensionless

framework, integrating data across varying operating conditions

and electrode properties. It can be used to rapidly assess when

the use of 3D electrodes is the most effective and which values

for the void fraction to choose.We note that, knowing this dimen-

sionless relationship, Equation 35 can also be fit effectively over

U modeled for a logarithmically spaced range of KI rather than

sweeping over electrode parameters and current densities as

shown here. This would further reduce the amount of computa-

tion required.
Increased 3D void fraction vs. reduction of electrode
thickness
The structural electrode properties of the electrode thickness

and 3D void fraction have a significant impact on utilization

and polarization in that they affect the effectively available reac-

tive surface area. Understanding how electrode thickness and

3D void fraction relate to each other is essential to arrive at

guidelines for the overall electrode design. To this end, we

conduct the following thought experiment: consider two elec-

trodes of thickness l0 with an initial void fraction of 0 and other-

wise identical material properties. Both electrodes are operated

at the same superficial current density j. For one electrode we

decrease the thickness to l for an unchanged void fraction, and

for the other we increase the void fraction while maintaining

the same electrode thickness. In the first step we determine

when the utilization is identical for both cases. As shown in Equa-

tion 35 and Figure 5, the utilization is determined by the factor KI.

An identical value for KI will therefore result in the same value for

the utilization, so that we can write



A

B

Figure 5. Dimensionless relationships be-

tween utilization U, resistance parameter

K, reduced current I, and reduced overpo-

tential at the front of the electrode Fðx = 0Þ
For each set of void fraction and current density,

the polarization and current distribution were

modeled for electrode thicknesses between 0.2

and 8 mm as shown in Figure 2B. The data points

were fitted using Equations 35 (A) and 34 (B) with

m = 1:926 and k = 1:091. KI can also be under-

stood as a dimensionless voltage drop.
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ðKIÞQ = ðKIÞl: (Equation 36)

Here, ðKIÞQ and ðKIÞl refer to the cases for the increase in void

fraction and the decrease in electrode thickness, respectively.

Inserting the expressions for the resistance parameter K and

the reduced current I and rearranging for the relative reduction

in electrode thickness l=l0 yields

l0Fj

k½ð1 � QÞεg+Q�RT =
lFj

kεgRT

ε
g

ð1 � QÞεg+Q =
l

l0

: (Equation 37)

The void fractionQ in Equation 37 represents the void fraction

that results in an equivalent utilization as a reduction of the elec-

trode thickness by a factor of l=l0 would for a given porosity.

For two electrodes with the same utilization, the polarization

for a given superficial current density is determined by the

reduced current I (Equation 34). Therefore, in order to identify

the limit for the void fraction, we determine when the reduced

current is equal for the cases of decreasing the electrode thick-

ness ðIlÞ and increasing the void fraction ðIQÞ:
IQ = Il

jA

S0ð1 � QÞl0j0;OER

=
jA

S0lj0;OER

1 � Q=
l

l0

; (Equation 38)

which represents an equivalent reduction in electrode

material volume, i.e., reactive surface area, for each case.
Cell Reports Phys
Equations 36 and 38 are plotted in Fig-

ure 6A. The intersection of both curves

marks the upper limit for the void fraction,

Qmax, where the utilization and the

reduced current are identical for both

the reduction in electrode thickness

and the increase in void fraction. As a

result, the electrode polarization is equal

at this point (Equation 34). For void frac-

tions below Qmax, a 3D structured elec-

trode results in a higher effective surface

available for OER, which reduces elec-

trode polarization. For void fractions

higher than Qmax, too much reactive sur-
face area is removed compared to a reduction in electrode thick-

ness. The 3D electrodes offer themost significant benefits over a

reduction in thicknesswhen the electrode porosity is low. For low

porosities, the void fraction of the open 3D structure compen-

sates for the reduced effective conductivity of the electrode ma-

terial. As a result, Qmax decreases for higher porosities (Fig-

ure 4B). For porosities above approximately 0.62, employing a

3D electrode structure is less effective than reducing the thick-

ness of a conventional electrode. Therefore, 3D electrodes are

especially suitable for applications where the electrode porosity

is lower. For example, this is the case for the hybrid battery and

electrolysis electrodes discussed, where the theoretical battery

capacity is determined by the amount of NiðOHÞ2 loaded within

the pores.

Optimal void fraction for the reduction in electrode
polarization
The discussion above provides an upper limit for the void fraction

that is determined by the electrode porosity. However, once it

has been established that a 3D structure can improve electrode

performance, we need to determine a void fraction that maxi-

mizes the effectively used surface area and therefore minimizes

electrode polarization. To this end, we insert Equation 35 into

Equation 32, which yields an expression for the 3D surface

enhancement:

G =

1+

�
Plj

mε
g

�k

1+

�
Plj

m½ð1 � QÞεg+Q�
�k

ð1 � QÞ; (Equation 39)
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A B Figure 6. When is it more effective to in-

crease the void fraction compared to

decreasing the electrode thickness?

(A) Equivalent decrease in electrode thickness by

a factor of l=l0 for a given void fraction Q that re-

sults in the same utilization U (–––) and reduced

current I (– – –).

(B) The maximum void fractionQmax, above which

a decrease in electrode thickness is more bene-

ficial, is defined by the intersection of the curves

for constantU and I and depends on the electrode

porosity ε.
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where P = F=kRT . The optimal void fraction, Qopt, results in a

maximum 3D surface enhancement for a given electrolyte con-

ductivity, porosity, electrode thickness, and superficial current

density. We determine Qopt by setting the partial differential of

G to zero and solving numerically for Q:

vG

vQ

����
k;ε;l;i

= 0;0%Q < 1; (Equation 40)

where

vG

vQ

����
k;ε;l;j

=

� k

�
Pjl

mðεgð1 � QÞ+QÞ
�k

ð1 � QÞðεg � 1Þ

ðεgð1 � QÞ+QÞ
�
1+

�
Pjl

mðεgð1 � QÞ+QÞ
�k�2

3

 
1+

�
Pε�gjl

m

�k
!

�

 
1+

�
Pε�gjl

m

�k
!

�
1+

Pjl

mðεgð1 � QÞ+QÞ
�k

:

(Equation 41)

The optimal void fraction and the resulting absolute difference

in the reduced polarization,
��DFopt

��, are shown in Figure 7 for

different porosities and electrode thicknesses at superficial cur-

rent densities of 200 and 400 mA=cm2. Generally, the optimal

void fraction increases for thicker electrodes, lower porosities,

and higher current densities where the ionic voltage drop across

the electrode is high. This higher ionic voltage drop is mitigated

by the improved ionic conductivity of the more open 3D struc-

tures with a higher void fraction. Remarkably, regardless of cur-

rent density, electrode thickness, and porosity, the optimal void

fraction is limited to values no higher than around 0.50. The

threshold porosity above which 3D electrodes are not beneficial

compared to conventional electrodes increases for higher cur-

rent densities and thicker electrodes. It reaches a maximum at

around 0.62, which is consistent with the porosity limit deter-

mined from the thought experiment above (Figure 6). For elec-
10 Cell Reports Physical Science 6, 102545, May 21, 2025
trodes that exclusively perform OER,

and without taking effects of bubble

removal into account, a high porosity at

or above this limit is preferable over a

3D structure, as it simplifies the

manufacturing process. On the other
hand, hybrid battery electrodes, which are used as OER elec-

trodes when fully charged, will generally exhibit lower porosities

and more active mass per area, as the battery capacity is deter-

mined by the volume of NiðOHÞ2 filling the pores. As a result, the

here-discussed 3D electrodes are especially suitable for battery-

electrolysis electrodes, where the channel structure allows for

OER overpotentials comparable to those of a flat OER-only elec-

trode with a higher porosity. In addition, the increased ionic con-

ductivity of the channels is also expected to reduce overpoten-

tials with respect to the battery CR.

Hybrid 3D battery and electrolysis electrodes
During charging, the battery CR, i.e., the electrooxidation of

NiðOHÞ2 to NiOOH, is in competition with the OER. Since charge

consumed by the OER instead of the CR reduces the charging

efficiency, the OER has been considered a parasitic side reac-

tion in conventional nickel battery electrodes. However, as the

exchange current density for CR is orders of magnitude higher

than for OER, significant OER typically first occurs at a higher

SOC as long as the ionic and electrical conductivity is not

limiting. Moreover, excessive gas evolution in battery cells with

limited ventilation can result in pressure buildup and poses an

explosion hazard when combined with the hydrogen produced

at the battery anode during charging. In a hybrid battery-electrol-

ysis system like the battolyser, on the other hand, the cells are

pressure controlled and designed to mitigate the risks from

gas crossover. Furthermore, a low charging efficiency can be

mostly compensated for by extended periods of overcharging,

i.e., electrolysis, but at the cost of increased charging potentials.

Nonetheless, fast battery charging with little gas evolution and

overpotential increase until the electrode is fully charged signifi-

cantly increases the flexibility and efficiency in the operation of

the battolyser. In periods of rapid changes in energy price, the

system can switch faster and store more energy between

charging (low energy price) and discharging (high energy price).

In addition, the nominal H2=O2 production rate is reached sooner

after a period of discharging. For conventional nickel battery

electrodes, the inhibition of the OER has been a central area of
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DC

B Figure 7. Optimal void fraction for the OER

Optimal void fraction ðQopt;OERÞwith respect to the

OER and the resulting absolute difference in the

reduced electrode polarization ð��DFopt

��Þ at vary-

ing electrode thicknesses ðlÞ and porosities ðεÞ for
a superficial current density of 100 (A and C) and

400 mA/cm2 (B and D).
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research over the past decades. This is typically achieved by

increasing the OER potential compared to the charging potential

by the addition of additives such as Co, Ca, and Cd in the active

material in combination with LiOH in the electrolyte.48–50 An in-

crease in OER potential, i.e., the potential during overcharging,

can be achieved using additives that either increase the equilib-

rium potential, E0;OER, or decrease the exchange current density,

j0;OER, and the transfer coefficient, aOER. However, for the here-

discussed hybrid electrodes, an increase in OER potential would

reduce the overall energy efficiency of the battolyser for

hydrogen production. In the following, we demonstrate how a

more open 3D-structured electrode, in addition to reducing

OER overpotential, can increase the battery charging efficiency.

In order to determine the charging characteristics of a 3D elec-

trode, we first determine the ideal void fraction for a specific oper-

ating current density as described above (Figure 7). For this

example, we set the operating current density to 200 mA= cm2

for both charging and subsequent electrolysis, which is within

the range of conventional alkaline electrolyzers.51 For a 5-mm-

thick electrode and a porosity of 0.25, this results in a void fraction

of 0.42. Figure 8 compares the overall SOC and the faradaic effi-

ciency for the CR ðiCR =ichÞ of the 3D electrode and a conventional

electrode throughout charging and overcharging. For batteries, it

is common to express the inserted charge as a fraction of the

nominal capacity. A charge insertion of 0.5 C, for example, is

equivalent to inserting half of the nominal capacity during

charging. Since the nominal capacity of a battery is specific to a

set of operating conditions (charge insertion and charge and

discharge rates), we normalize the inserted charge, Cch, with

respect to the theoretical maximum capacity, Cth, which is pro-
portional to the mass of active material loaded within the pores

of the nickel substrate. At the beginning of charging, the faradaic

charging efficiency is 100%, so that the entire applied current con-

tributes to increasing the SOC of the electrode with no oxygen

evolution. As a result, the SOC initially increases linearly with

charge insertion. However, with an increase in SOC, oxygen evo-

lution becomes more and more prevalent until it consumes all

charge when the SOC approaches 1. The rate of change of the

SOC and the faradaic charging efficiency are related by

dSOC

dðCch=CthÞ =
iCR
ich

= 1 � iOER

ich
: (Equation 42)

A too-early onset of oxygen evolution during charging results

in slower charging of the battery. Consequently, electrodes

should be designed to minimize oxygen evolution until the active

material is fully charged (ideal charging, Figure 8). We define the

onset of oxygen evolution as the relative charge insertion where

the faradaic charging efficiency decreases to below 98%. As

shown in Figure 8B, this threshold is crossed after a charge

insertion of 0.18 and 0.52 C for the conventional and the 3D elec-

trode, respectively. The delay in the onset of oxygen evolution of

the 3D electrode results in a faster increase in the SOC and a

sharper transition to oxygen evolution compared to the conven-

tional electrode. As a result of increased oxygen evolution, the

conventional electrode requires a charge insertion of 2.8 C to

reach an SOC of 85%, which constitutes a 180% increase

compared to the 3D electrode.

How the electrode structure can have such a significant

impact on the faradaic charging efficiency becomes clear
Cell Reports Physical Science 6, 102545, May 21, 2025 11



A

B

Figure 8. Charging efficiency at 200 mA/

cm2

Overall state of charge ðSOCÞ (A) and ratio of

charging current ðiCRÞ to the total applied charging

current ðichÞ (B) over the course of charging for a

non-3D electrode ðQ = 0Þ and a 3D electrodewith

optimal void fraction at 200 mA/cm2 ðQ = 0:42Þ.
Cch and Cth denote the inserted charge and the

loaded capacity, respectively. Electrode thick-

ness and porosity are 5 mm and 0.25, respec-

tively, resulting in a loaded capacity of 172 mAh/

cm2 for the 3D electrode and 296 mAh/cm2 for the

non-3D electrode for an initial electrode porosity

of 0.75 (see Equation 45). Ideal charging repre-

sents the case where no oxygen evolution occurs

and the entire inserted charge goes toward

charging.
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when considering the current distribution within the electrode

throughout charging (Figure 9). Due to the low SOC throughout

the electrode, socðxÞ, and the orders of magnitude higher ex-

change current density, CR is greatly favored over OER at the

beginning of the charging process. Since the overpotentials for

both CR and OER decrease over the thickness of the electrode,

the magnitude of the charging current is initially highest at the

front of the electrode. Therefore, the active material close to

the front is charged first and gradually transitions to oxygen evo-

lution. Because of its high exchange current density, the CR can

continue at the lower overpotentials deeper within the electrode,

while OER predominantly occurs in the areas with a higher SOC

and close to the electrode front where overpotentials are higher.

As a result, a peak in the charging current moves from the front

throughout the electrode as charging continues. As can be seen

in Figure 9, the lower ionic resistance of the 3D electrode leads to

a more homogeneous distribution of the charging current, which

delays the onset of OER to a higher overall SOC (Figure 8). For

the conventional non-3D structured electrode, on the other

hand, the charging current is shifted toward the front of the elec-

trode, resulting in a faster increase in the local SOC and thus an

earlier onset of OER. Due to the higher ionic resistance, current

densities for OER are high at the front of the electrode, while

the rest of the active material is trickle charged at low charging

current densities.

While the model employed above can be used as a tool in the

initial assessment of the charging performance, screening of

different electrode parameters such as thickness, porosity, and

void fraction, as well as operating current densities, is still

computationally expensive. Here, we demonstrate a technique

that can serve as a rapid initial assessment of an electrode

design for a given current density. As shown above, the homoge-

neity of the local charging current density affects the faradaic

charging efficiency and the onset of OER. For OER, we intro-

duced a concise relationship between the electrode utilization

for OER, the dimensionless resistance parameter, and the
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reduced current (Equation 35). However,

when considering both OER and CR in

parallel, the kinetic parameters are a

function of the local SOC and thus vary
spatially and temporally. Therefore, we consider the distribution

of the local charging current density at the very beginning of

charge, where the SOC is 0. Equation 17 then simplifies to

jCRðxÞ = 2 j0;CR;ref
cOH

cOH;ref

exp

�
aa;CRF

RT
hCRðxÞ

�
:

(Equation 43)

This is formally equivalent to the Tafel form used in the discus-

sion of the current distribution for OER (Equation 3), so that the

relationship between utilization, resistance parameter K, and

reduced current I can be derived according to Equation 35.

As shown in Figure S2, the utilization is shifted toward higher

values of KI for the CR at an SOC of 0, compared to oxygen evo-

lution when fully charged. For Tafel kinetics, differences in the

exchange current density affect only the magnitude of the over-

potentials and not the current distribution and utilization.8 We

find that the observed shift in the utilization is determined by

the anodic transfer coefficients of the respective reactions,

which affect the parameter m in Equation 35, whereas the slope

k remains mostly unchanged:

mCR =
aa;OER

aa;CR

mOER: (Equation 44)

Battery capacity in 3D electrodes
While 3D electrodes can reduce OER overpotentials and in-

crease charging efficiency, the open channel volume reduces

the porous substrate volume into which NiðOHÞ2 can be loaded.

As a result, the theoretical maximum capacity is reduced. In the

electrode design process, this caveat must be weighed against

the discussed benefits of 3D structured electrodes under

consideration of the operating conditions. A high areal battery

capacity per unit area of membrane reduces the total amount

of cells, and therefore capital expenditures, required for a target

system energy storage capacity. Assuming that the nickel



A

D

E F

C

B Figure 9. Current distribution and local

state of charge throughout charging at 200

mA/cm2

Local state of charge ðsocÞ and current densities

for oxygen evolution ðjOERÞ and battery charging

reaction ðjCRÞ across the reduced electrode co-

ordinate ðx = x =lÞ for a non-3D ðQ = 0Þ (A, C, and
E) and a 3D electrode (B, D, and F) with optimal

void fraction at a charge rate of 200 mA/cm2

ðQopt;OER = 0:42Þ. These are shown for

increasing charge insertion ðCchÞ relative to the

loaded capacity ðCthÞ. Electrode thickness and

porosity are 5mmand 0.25, respectively, resulting

in a loaded capacity of 172 mAh/cm2 for the 3D

electrode and 296 mAh/cm2 for the non-3D elec-

trode for an initial electrode porosity of 0.75 (see

Equation 45).
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substrate remains inert during battery cycling, the theoretical

maximum areal battery capacity at 100% utilization is deter-

mined by the mass of active material filled into the pores of the

sintered nickel scaffold with the initial porosity ε0:

CA;th;3D = rNiðOHÞ2 cNiðOHÞ2 l ð1 � QÞðε0 � εÞ; (Equation 45)

where rNiðOHÞ2 and cNiðOHÞ2 are the density and the weight-spe-

cific capacity (mAh/g) of the active material NiðOHÞ2, respec-
tively. Figure 10 shows the optimal void fraction for OER and

the resulting theoretical maximum areal capacities for varying

electrode thicknesses and porosities at a superficial current den-

sity of 200 mA=cm2. Thicker electrodes with a low final porosity

and void fraction result in more active material per unit area.

However, this comes at the cost of a decrease in utilization

and thus charging efficiency (higher values for KI; Figure S3).

With 172 mAh=cm2, the theoretical maximum areal capacity of

the 3D electrode discussed above ðQ = 0:42Þ is significantly

lower than that of a conventional non-3D structured electrode

with 296 mAh=cm2. Nonetheless, for the first 1.3 h of charging

at 200 mA=cm2, the charged areal capacity is higher for the 3D

electrode due to the significantly improved charging efficiency

(Figure S4A). For longer periods of charging and overcharging,

the charged areal capacity of the conventional electrode ex-

ceeds that of the 3D electrode as more active material is trickle

charged in parallel to OER. However, we note that, in practice,

the extractable capacity will also depend on the discharge rate

capability. This is expected to be higher in 3D electrodes due

to the improved ionic conductivity resulting in a more homoge-
Cell Reports Phys
neous distribution of the discharge cur-

rent.34 Faster charging of the 3D elec-

trode also results in a stable oxygen

production rate, _mO2
, being reached

sooner (Figure S4B). This is beneficial

for the balance of plant and downstream

processing. Faster (re)charging and sta-

bilization of the oxygen output improve

the ability of the hybrid battery-electro-

lyzer to respond to fluctuations in energy
price and hydrogen demand. Moreover, in the modeled time

period of 4.4 h, the 3D electrode produces 15% more oxygen.

The example above highlights the necessity to choose the void

fraction under consideration of the required OER efficiency and

production rate, areal capacity, and current density. Generally,

a 3D electrodewith a high void fraction is beneficial at higher cur-

rent densities for CR and OER and when the battery-electrolyzer

switchesmore frequently between charging/electrolysis and dis-

charging. In addition, the 3D structure can be designed to facil-

itate bubble removal, which reduces bubble-induced overpoten-

tials.17,18 On the other hand, at low current densities and long

uninterrupted periods of overcharging, the improved ionic con-

ductivity of 3D electrodes with a high void fractionmay not justify

the loss in areal battery capacity. For increasingly thick elec-

trodes with a high areal capacity, however, charging at such a

low current density increases the charging duration. Overall,

the 3D geometry and its void fraction present a novel degree

of freedom that allows for tuning of battery-electrolyzer elec-

trodes across a spectrum between conventional battery elec-

trodeswith a high energy density and combined battery-electrol-

ysis electrodes with a high power density (Figure S5).

In this work, we develop a 1D mathematical model in dimen-

sionless notation that describes the current and potential distri-

bution in 3D battery-electrolyzer electrodes during charging and

oxygen evolution. To this end, we expand the Bruggeman rela-

tion to define an effective ionic conductivity, keff ;3D, that includes

the void fraction constituted by the electrode channels. While the

reduced ionic resistance of amore open 3D geometry results in a

more homogeneous current distribution and increases electrode

utilization, the lower reactive surface area can increase
ical Science 6, 102545, May 21, 2025 13



A

B

Figure 10. Optimal void fraction for theOER

and resulting theoretical capacities

(A) Optimal void fraction ðQopt;OERÞ with respect to

the OER for varying electrode thicknesses l and

porosities ε after active material loading.

(B) Resulting theoretical areal capacities ðCA;th;3DÞ
that can be loaded onto a 3D electrode with an

initial porosity of ε0 = 0:75 before active material

loading and a void fraction ofQopt;OER. The charge

rate is 200 mA/cm2.
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activation overpotentials. Therefore, in order tominimize overpo-

tentials, the void fraction must be chosen to maximize the effec-

tively utilized reactive surface over which the applied current is

distributed. Using the 1D model, we determine the electrode uti-

lization and polarization for oxygen evolution for different elec-

trode thicknesses, porosities, and void fractions. We find simple

relationships between the dimensionless parameters of utiliza-

tion U, reduced polarization F, reduced total current I, and resis-

tance parameter K that allow for the fast assessment of an elec-

trode’s performance at a given current density.

Based on these dimensionless relationships, we develop a

method to calculate the optimal electrode void fraction for a

given electrode thickness, porosity, and current density that

minimizes the electrode polarization for oxygen evolution. Void

fractions of up to around 0.50 are especially beneficial for oxygen

evolution in thick electrodes with porosities below around 0.62

and at high current densities. A 3D geometry can not only reduce

electrode polarization during oxygen evolution but also signifi-

cantly improve the charging efficiency as a result of the more ho-

mogeneous current distribution. However, these benefits must

be weighed against the lower theoretical areal capacity of 3D

electrodes under consideration of the operating conditions and

requirements for energy storage and oxygen evolution.

The void fraction of 3D electrodes constitutes a novel degree

of freedom in the development of battery-electrolyzer elec-

trodes. As such, it allows for the rational design of electrodes

across a spectrum ranging from an emphasis on battery to elec-

trolysis functionality. Even though our analysis neglects effects

of bubbles as well as electrical and mass transfer resistances,

the methods developed in this work allow for a first assessment

of how electrode porosity, thickness, and void fraction affect

performance metrics such as utilization, polarization, and

charging efficiency.
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METHODS

Model implementation
The dimensionless differential Equations 9 and 22 were solved

via the finite difference method implemented in Python version

3.8.5. To accelerate computation, we used the Cython program-

ming language that optimizes Python code by compiling it

into C.52 All computations were performed on an Alienware

Aurora R13 PC with an intel CORE i7 processor. The model im-

plementation was validated for OER by comparison with the re-

sults of Posey.36 Modeling parameters are listed in Table S1.
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