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Méller-Gulland and Mulder demonstrate that an electrode design with 3D
macroscopic channels in the microporous structure enables high charge,
electrolysis, and discharge current densities in nickel hydroxide-based electrodes.
This development brings forward fully flexible integrated Ni-Fe battery and
alkaline electrolyzers, strengthening the individual applications while reducing the
material footprints of both.
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3D nickel electrodes for hybrid
battery and electrolysis devices

Robin Méller-Gulland! and Fokko M. Mulder!-2*

SUMMARY

A renewable power-based energy system will require both short-
and long-term electricity storage and conversion to hydrogen-
based fuels. This study investigates 3D electrodes for an integrated
alkaline Ni-Fe battery and electrolyzer. The dual system can sustain
current densities similar to those in alkaline electrolyzers while
simultaneously reaching efficient hour-duration battery-storage ca-
pacities. We demonstrate that the combination of microporosity
and a conductive three-dimensional (3D) electrode design with
macroscopic channels enables the required current densities during
charge, electrolysis, and discharge. The ionic conduction in the 3D
electrode enables higher utilization of the active electrode mass
and lower overpotentials during both the (dis)charge reaction and
electrolysis. The double function of these electrodes is understood
from a general statistical model and a more detailed porous-elec-
trode model perspective. The 3D structuring provides a pathway
forward, accessible with industrially established techniques, to
these higher-power and higher-energy-density electrodes.

INTRODUCTION

Climate change has been identified as one of the key dangers to our society.' Pri-
marily driven by anthropogenic CO, emissions as a result of energy production from
fossil fuels, the move to renewable, carbon-neutral energy sources is imperative in
order to reach net zero CO, emissions by 2050 and limit global warming to
1.5°C.? Such energy sources include wind- and solar-generated power with intrinsic
seasonal and daily variations in output. To allow for a continuous energy supply and
to stabilize the electrical grid, large-scale energy-storage solutions are necessary on
short daily and long seasonal timescales.”® These include battery-storage technol-
ogies as well as energy storage in the form of synthetic renewable fuels such as H, or
NH;. With round-trip energy efficiencies as high as 90%, batteries are an attractive
solution for diurnal, short-term energy storage. However, batteries are only of
limited use for seasonal, long-term energy storage (i.e., months, years). This is
due to the high cost of large-scale battery-storage facilities that requires as many
charge and discharge cycles over a year as possible to obtain a reduced cost per
storage cycle; one cycle per year as seasonal storage makes batteries economically
unattractive for this application. An energy carrier such as Hp, on the other hand, can

be stored externally after being produced, which makes it a good option for long-
"Materials for Energy Conversion and Storage

term energy storage. However, the overall electrical efficiency of energy storage (MECS), Delft University of Technology, 2629 HZ

in the form of hydrogen is low, as it includes both the production via electrolysis Delft, the Netherlands
and the recuperation into electricity, for example via a fuel cell or a gas turbine. 2Lead contact
As a result, batteries as well as both H, and H,-derived fuels are expected to com- *Correspondence: f.m.mulder@tudelft.nl

plement each other in the future energy-storage infrastructure.® In addition, H, is https://doi.org/10.1016/j.xcrp.2024.102286
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an important feedstock for the chemical industry, but its production from renewable
power preferably only occurs when there is more green power than required for all
other applications, and one is not firing up a gas-fired powered power plant—on
H,—to generate electricity at the same time. Such H, feedstock generation thus
occurs necessarily at a lower utilization or capacity factor than is applied currently
with fossil H, generation.

A recent approach developed in our group is the development of a hybrid battery
and alkaline electrolyzer (Battolyser™).” In this concept, a nickel-iron battery func-
tions as an alkaline electrolyzer to produce H, and O, when overcharged and can
be discharged after electrolysis operation. The negative electrode is based on
Fe(OH); as active material that is reduced to Fe upon charge (Fe charge reaction,

—0.88 V vs. standard hydrogen electrode [SHE]):

harging

Fe(OH), +2e~ Fe+20H". (Equation 1)

discharging
The positive electrode is based on Ni(OH); as active material that releases a proton
and electron during the charge reaction (CR, +0.49 V vs. SHE):

charging

Ni(OH), +OH"~ NiOOH +H,O+e". (Equation 2)

discharging

The OH™ ions are conducted by an aqueous alkaline KOH electrolyte. During
charging, Fe and NiOOH become increasingly present and function as efficient
HER and oxygen evolution reaction (OER) catalysts, respectively. As a result, the
electrochemical reaction shifts from the battery-charging reaction to electrolysis.
Hydrogen evolution takes place at the negative iron electrode (HER, —0.861 V vs.
SHE at pH 14.6):

overcharging
e

2H,0 + 2e~ H,(g) +20H", (Equation 3)

while oxygen is generated at the positive nickel electrode (OER, +0.369 V vs. SHE at
pH 14.6):

overcharging
_—

40H" O2(g) + H,O +4e™. (Equation 4)

Thus, both energy-efficient short-term battery storage and long-term energy stor-
age are integrated in a single device, which reduces cost and increases the utilization
factor overall, while accommodating a lower utilization factor for either functionality
alone. Moreover, the main materials required for nickel-iron (Ni-Fe) batteries count
among the most abundant elements in the earth’s crust. The first prototype devel-
oped by Mulder et al.” employed commercial-type nickel and iron pocket elec-
trodes. It showed that double functionality enhanced the utilization of the full battery
capacity, mainly due to charging continuing while gas evolution also starts. Also,
high efficiencies were observed at 82%-90% combined battery round-trip efficiency
and H; generation (with respect to the higher heating value [HHV] of hydrogen).
Long-term cycling results indicate the feasibility of the approach. In conventional
Ni-Fe batteries, gas evolution due to electrolysis has been considered a parasitic
side reaction that increases self-discharge and reduces the charging efficiency.®”
The latter is adversely impacted by, and thus limits, high charge rates.'® For this
reason, suppressing OER and HER by means of additives in the active material
and electrolyte has been a major focus in past battery electrode development.’’ '
However, when the water splitting adds useful product, these additives are no
longer necessary, opening the possibility to optimize both battery and electrolysis
activity. An example is replacing Co dopants in Ni(OH), meant to suppress OER
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by Fe to promote OER, while remarkably also increasing the battery-storage capac-
ity.'® Also, the current densities applied in alkaline electrolysis reach about 200-240
mA/cm? for non-noble catalyst Ni-based systems at 80% efficiency (with respect to
the HHV of hydrogen).’®"” Higher current densities require noble-metal-catalyst-
promoted electrodes and zero-gap designs to reduce ohmic resistances. However,
the latter come at the cost of enhanced gas crossover and, therefore, minimal power

requirements, i.e., reduced operational flexibility.'®"?

As indicated by Mulder® and the TenneT TSO Adequacy Outlook report,” the
typical installed capacity of battery storage and electrolysis (power to gas) capacity
is roughly similar on a future large gigawatt-scale system level. In addition, the
battery storage needs to be able to store at this power for about 4 h. The combined
battery and electrolysis capacity then becomes proportional to 1 GW + 1 GW = 2
GW and 4 GWh. Taking this as a possible reference target, one would therefore
be interested in C/2 charge rates and C/4 discharge rates of an integrated bat-
tery-electrolyzer system to support the fully renewables-based electricity system
by 2050. Such can then be applied for approximately 4—6 h of daily overproduction;
during such periods of low electricity prices, the combined battery-electrolyzer is
first charged and subsequently produces H; at low cost, which can be used as chem-
ical feedstock or for long-term energy storage. In the following 4-10 h of renewable
underproduction, the battery can be discharged at anticipated higher electricity
price (C/4 to C/10 discharge rate). An illustration of such a charge/discharge scheme
is given in Figure S1, synchronized with the Dutch Day Ahead Market of April 19,
September 19, and September 20, 2023. In addition to such diurnal battery and
long-term H; energy storage, short-term energy arbitrage and grid-stabilization ser-
vices such as frequency regulation and voltage support may require higher charge
and discharge rates to respond effectively to rapid changes in grid conditions
and capitalize on fluctuations in energy prices. To allow for more flexible power
use, one can therefore also target a 1 C charge rate and C/4 discharge rates,
while the charge rate is also reaching similar current densities as state-of-the-art,
non-noble-metal-catalyzed, alkaline electrolyzers. The target could then become
~200 mA/cm? and ~200 mAh/cm? at 1 C charge and C/4 discharge.

The electrodes in commercial Ni-Fe batteries are not designed to facilitate
these high current densities and typically only have rated capacities below
50-80 mAh/cm? at C/4 or C/10 discharge rates.””" In pocket-type electrodes the
active material and conductive additives are pressed and enclosed in perforated
steel pockets. While these can be produced at low cost, material utilization at higher
charge and discharge rates is limited by the poor electronic conductivity provided by
the contact between dispersed particles of active material and conductive additives
(e.g., carbon, nickel powder). Sintered electrodes, on the other hand, are made by
fusing (sintering) metal particles at high temperatures resulting in highly porous,
conductive metal substrates with high surface area. These properties allow for
significantly higher charge and discharge rates as well as improved active material
utilization compared to pocket-type electrodes. However, Lim and Verzwyvelt'®
demonstrated sintered nickel electrodes with rated capacities as high as
130 mAh/cm? that were charged with current densities of up to 260 mA/cm? but re-
turned a limited 44% material utilization (1.3 C charge insertion, 73 mAh/cm?
charged capacity). Even though sintered electrodes offer significant improvements
in rate capability, their thickness, and therefore their capacity, is still limited by the
effective ionic conductivity within the electrode. As a result, active material farthest
from the front of the electrode is utilized the least, so that increasing the electrode
thickness only yields diminishing returns in capacity increase.'%?” The effective
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thickness or areal capacity, however, is essential for increasing the energy density of
the system by increasing the ratio of active material over inactive separator, current
collector, and electrolyte materials in the cell while maintaining good transport
properties.”” Due to the comparatively high cost, sintered electrodes are therefore
kept thin (<1 mm) and applied in applications where power density is prioritized over
energy density. Furthermore, electrolysis, i.e., overcharging, at the targeted current
densities requires the effective removal of H; and O, bubbles from the electrode and
cell. These reduce the effective electrolyte conductivity and shield electrochemically

active sites, resulting in an increase in cell potential.**°

Overall, it is clear that the development of future integrated battery-electrolyzer
systems requires novel electrodes and cell concepts specifically designed for this
hybrid application. In recent years, three-dimensional (3D) electrodes have been
demonstrated successfully for use in electrochemical applications, where the
electrode geometry presents an additional degree of freedom in electrode develop-
ment.?*?% 3D flow-through electrodes have been shown to improve mass transfer

29-3% and facilitate bubble removal in alkaline electrol-

in electrochemical reactors
ysis.” ¢ Saleh et al.”’ reported how 3D hierarchically porous microlattice
electrodes for Li-ion batteries increase electrolyte accessibility and available
electrochemically active surface area, resulting in a 100% increase in areal capacity.
3D-printed lithium-ion battery electrodes have been shown to be capable of reach-
ing 10 mAh/cm?,*® and 3D electrodes have also been demonstrated for lightweight
Ni-Fe batteries for the use in smart devices and wearable electronics.>”**° However,
with areal capacities of around 10 mAh/cm?, these are more than an order of
magnitude below the application targeted in this work. Furthermore, Kou et al.*”
highlighted the benefits of an ordered channel structure of a 3D electrode for the
removal of O bubbles during electrolysis as compared to stochastically structured

nickel foam electrodes.

Due to the benefits of 3D electrodes shown for both battery and electrolysis
applications, we hypothesized that such open and ordered structures should also
improve the performance of hybrid battery-electrolysis electrodes. Here, we report
the development of a 3D hierarchically porous sintered nickel electrode with a high
areal capacity of 140 mAh/cm? that facilitates rapid bubble release and increases the
ionic conductivity within the electrode. Compared to a non-3D-structured conven-
tional electrode geometry, this results in decreased overpotentials, high materials
utilization, and significantly improved rate capability approaching current densities
of industrial alkaline electrolyzers. Using a porous-electrode model, we show how
this boost in performance is the result of a more homogeneous current distribution
throughout the 3D electrode. The designed 3D structure effectively channels the
ionic current deeper into the electrode than without the 3D structure, a result in
line with a porous-electrode optimization approach of Roy et al.*’ From this proof
of concept the electrode geometry can be adjusted to allow for large-scale
manufacturing using powder metallurgy processes such as press-and-sinter and

metal injection molding.*?™**

RESULTS AND DISCUSSION

Dual-function electrode

To understand the interplay of battery charging and electrolysis, a simple statistical
approach for describing the state of charge S(q) as a function of inserted charge g is
insightful. Assume the nickel electrode is limiting (oversized iron electrode) and the
fraction of uncharged Ni(OH), material is equal to (1 — S(q)) and that conductivities
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are ideal, so there are no effects of potential distribution. Upon charge insertion, the
material will be charged according to Equation 2 and increase its Sunchgarged(q) as

dsuncharged (C{) = (1 - S(q))dq (Equation 5)
However, the fraction S(g) that is already charged can perform two electrochemical
activities: it can oxidize water to form O as in Equation 4 or it can charge connected
material further with a probability (1 — S(g)). The increase of Scharged(q) when insert-
ing a charge dq then becomes

dScrargea(q) = S(9) (1 — S(q))da. (Equation 6)

The total change in dS then becomes

dS(q) = dSuncharged (q) + dSchargea (q) = (1 — S(q))dq
+5(9)(1 = S(g))dg= (1 - $*(q))daq,

the solution of which is

(Equation 7)

S(q) = tanh(q),0<g< =. (Equation 8)

Note that Equation 7 can be rewritten as dS(q)/dq = 1 - 5%(q) = 1 - tanh?(q) = Icr(q)/
lch, which indicates how much of the total inserted charge I, is spent on CR while the
OER consumes Sz(q).

Remarkably, this charge retention Equation 8 for 5(g) is the same as the observed
“logistic equation” (9) in our previous work.” The description immediately
indicates how the electrode can accommodate the two competing reactions 2
and 4. However, when applying higher current densities or thick electrodes, the re-
sistances, transport phenomena, and activation potentials do become a factor of
importance, and the electrochemistry occurs progressively more at the electrode
side closest to the counter electrode. The random statistical aspect is then an over-
simplification, and a more detailed porous-electrode model is required in which the
current distribution across the electrode thickness as well as reaction kinetics are
considered. A limited description of this model is described below. A more detailed
description will be provided in a future publication.

Porous-electrode model

To assess how the 3D structure affects both battery charging and OER performance,
we studied the current and potential distribution using a simplified porous-electrode
model. A 3D electrode consists of sintered porous-electrode material interspersed
with open volumes (e.g., channels) filled with electrolyte. As a result, we define
two types of porosity (Figure 1): the microscopic porosity of the electrode material,
¢, and the macroscopic porosity or void fraction, @, that describes the ratio of the
open volume to the geometric volume of the electrode (V). In a 3D electrode ©
can vary in all three spatial dimensions depending on the specific features of the
electrode geometry. Therefore, an electrode model developed for a specific geom-
etry can be complex to implement and computationally expensive. To arrive at a
more general one-dimensional (1D) model, we describe the electrode using effec-
tive medium theory where we assume average values for properties such as void
fraction, material porosity, and surface area throughout the electrode. This allows
us to define an effective electrolyte conductivity within the electrode:

Kefizp = K[(1 — O)€ + O], (Equation 9)

where « is the bulk electrolyte conductivity and 7 represents the tortuosity of the
pores in the electrode substrate. For a conventional non-3D structured electrode
with ® = 0, Equation 9 reduces to Bruggeman'’s equation commonly used in 1D
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Figure 1. Schematic of a porous 3D electrode

(A) Cross-section of a 3D electrode showing channels in x, y, and z directions.

(B) Representation of potentials and reactions in the idealized porous sintered nickel structure with
micron-scale porosity ¢ and the electrode channels constituting the macroscopic void fraction ©.

electrode models.” Since the goal of this model is a first assessment of the impact of
a 3D structure on the current and potential distribution, we simplify the model
further by assuming that the reactant concentration in the electrolyte remains con-
stant over time and throughout the electrode. Moreover, we do not take effects of
bubbles on the electrolyte conductivity and surface coverage into account.
Assuming electroneutrality and neglecting double-layer charging, a charge balance
in the electrolyte yields

Fos0) _ _ 21 - ©) (joer(X) + jer (X)) (Equation 10)

x? Keff,3D

Here, ¢s(x) represents the electrolyte potential, ag is the volume-specific electro-
chemically active surface area of a conventional non-3D electrode, and jogr(x) and
jcr(x) correspond to the local current densities for the OER and battery-charging re-
action, respectively. Ta and Newman determined that the exchange current density
for oxygen evolution on pure nickel hydroxide films increases linearly with the state
of charge soc and exhibits irreversible Tafel behavior, so that jogr(x) can be ex-
pressed as*®

2
. . C a,0erF .
Joer(X) = joref.OER (c A ) soc(x)exp( "g-i-R 7’IOER(X)>~ (Equation 11)

re

For the battery-charging reaction, we adapt the kinetic expression used by De Vidts
and White*” and Fan and White*®:

. . C ascr F
Jer(X) = 2jo ref.cr [C (1~ SOC(X))GXP( Rf; nCR(X))

H,ref

(Equation 12)

- soc(X)eXp( - acﬁ; FnCR(X)> ]
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In the equations above, jo f, @2, and ac represent the exchange current density as
well as the anodic and cathodic transfer coefficients, respectively, for the OER and
CR reactions measured at the reference hydroxide concentration copef. The local
overpotentials nogr(x) and ncr(x) are given by

Noer(X) = dm — ¢s(x) — Eo,oer, (Equation 13)

Ner(X) = ¢m — ds(x) — Eocr(x), (Equation 14)

where Eqoer and Eqcr are the equilibrium potentials for the oxygen evolution and
battery-charging reaction, respectively. Egcr is known to be a function of the state
of charge, which is described in more detail in Figure S4. Due to its high electronic
conductivity, we assume that there is no gradient in the potential ¢, of the sintered
nickel substrate. Equations 11, 12, and 14 require the calculation of the local state of
charge which depends not only on the local charging current jcg but also on the
duration of charging. Therefore, the charge balance described in Equation 10 is
implicitly a function of time. As we neglect double-layer charging and assume no
changes in electrolyte composition, the potential and current profiles are formed
instantaneously. In addition, we neglect mass transfer resistances within the
Ni(OH),/NiOOH film and assume homogeneous charging throughout its thickness.
As a result, Equation 10 describes the steady state of the potential and current
distribution at a time t. The local state of charge (soc) after a time step At is then
calculated as

Ve|ao(1 — @)jCR (X)
C

which is used to determine the potential and current distribution at the time t+ At.

soc(x,t + At) = soc(x,t)+ At, (Equation 15)

Here, C refers to the total battery capacity of the electrode. The overall state of
charge of the electrode (SOC) is defined as

L
SOC (t + At) = 1Z/soc (x,t + At) dx, (Equation 16)
0

where Lis the electrode thickness. The boundary conditions to solve Equation 10 are

d . .

% - = Keff 3D lch, (Equation 17)
d¢5 _ .
- . =0, (Equation 18)

where i, is the geometric current density. The model described above allows for the
estimate of the current distribution and local overpotentials for both CR and OER
during charging and electrolysis. As a result, it can support our understanding of
how the increased effective ionic conductivity of an open 3D electrode affects per-
formance metrics such as material utilization and rechargeability at high charge
rates. Notably, the electrode geometry is taken into account via the void fraction ir-
respective of the specific features of the geometry (Equation 9). Therefore, the
model can be used in a fast assessment of these main parameters in the 3D electrode
geometries without considering a specific shape in more complex 3D models than
required as long as bubble removal and mass transfer is possible.

Electrode preparation
The electrodes serving here as prototype were prepared using the technique
of indirect 3D printing introduced by Hereijgers et al.’® and illustrated in

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 5, 102286, November 20, 2024 7




Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

3d printed PLA mould

Ni, CMC, Epoxy KOH (aq.) Ni(NO,), - 6 H,0

B S c

before loading after loading
¥ h )

Figure 2. Indirect 3D printing and active material loading

(A) Schematic of the indirect 3D-printing procedure followed by active material loading via thermal
decomposition of nickel nitrate hexahydrate.

(B) SEM images of a sintered 3D electrode before active material loading at 30x and 2,000 x
magnification. Scale bars, 500 pm (top) and 10 pm (bottom).

(C) 3D and non-3D electrode with spot-welded contacts before and after active material loading.
Scale bar, 10 mm.

Figures 2 and S2. In essence, this technique involves 3D printing of a polymer
mold of the electrode, which is then filled with a slurry containing the metal
powder, a liquefying agent, and a binder. Following the hardening of the binder,
the mold is removed by dissolution in a suitable solvent, which yields the green
part of the electrode. The green part is then debinded and sintered to yield a
mechanically stable, porous, and electronically conductive 3D electrode
substrate. Building on the methodology of Hereijgers et al.,*’ we find that
polylactic acid (PLA), a commonly used and cost-efficient fused deposition
modeling (FDM) printing material, can be used as mold material that can be
removed with a concentrated potassium hydroxide solution (30 wt % KOH(aq.))
(see Note S1). 3D electrode substrates manufactured with this technique
exhibit porosities ranging from 70% to 80%. Such high porosities are required
for the loading of Ni(OH),, which constitutes the active battery material and,
when charged to NiOOH, catalyzes OER. To assess the effectiveness of a 3D
electrode for the hybrid application as battery and oxygen evolution electrode,
we prepared a 3D electrode with a void fraction of 40% and a conventional
non-3D structured electrode as a control. Each electrode was loaded with
Ni(OH), to an area-specific capacity of approximately 140 mAh/cm? (Figures S3,
S10, S14, and S15).

8 Cell Reports Physical Science 5, 102286, November 20, 2024
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Figure 3. Activation cycles for the 3D mesh electrode and non-3D electrode

(A) Comparison of electrode potentials for activation cycles 1 and 40. Electrodes were overcharged
by 50% at a charge rate of 1 C and a discharge rate of C/2.

(B) Active material capacity utilization over the 42 activation cycles with respect to the theoretical
capacity of 289 mAh/g for the Ni(OH),/NiOOH redox couple. The discharge rate (iqc) was reduced
to C/20 in cycles 21 and 42. In cycle 42 the charge rate (icn) was reduced to C/5.

Electrode activation and battery-charging efficiency

The loaded active mass requires electrochemical activation before reaching its
maximum discharge capacity.”” Nickel electrode activation typically consists of
charging and discharging cycles during which the electrode capacity gradually in-
creases. Ideally, the time required for the activation procedure should be as short
as possible so that the electrode operates sooner to specification. This is especially
relevant for the nickel electrode, as it limits the battery capacity in a full cell. For bat-
teries, (dis)charge rates and the inserted charge are typically expressed relative to a
reference capacity. Here, we use the theoretical capacity of the loaded active mate-
rial as reference (140 mAh/cm?). For example, a charge rate of C/n (140/n mA/cm?)
indicates that inserting the charge of 1 C (140 mAh/cm?) takes n hours. We define the
utilization of the active material as the ratio of the discharge capacity Cy4. to the theo-
retical capacity of the loaded active material Cioaded- The as-prepared electrodes
were activated via the protocol described in Figure 3. A1 C charge rate was utilized,
since this is already faster than the C/2 rate indicated above as target for a full-scale
system. As shown in Figure 3B, the 3D mesh electrode is activated far more
effectively and reaches a utilization of over 90% after only eight activation cycles
compared to 54% for the non-3D electrode. For further activation cycles, the
discharge capacity of the 3D electrode increases steadily and eventually results in
almost full utilization of the active material at the 1 C charge and C/2 discharge
rate (cycle 41). The non-3D electrode, on the other hand, exhibits no further increase
in discharge capacity until the discharge rate is decreased by a factor of 10 to C/20
(20 h discharge rate, cycle 21). It appears that a slow discharge rate allows for
increased material accessibility, which facilitates activation. Interestingly, following
this slow discharge, the utilization of the non-3D electrode is increased to 60% at
the initial 1 C charge and C/2 discharge rate, yet does not increase further. This
suggests that, in contrast to the 3D electrode, the active material of the non-3D
electrode is only partially accessible at the C/2 discharge rate, resulting in
incomplete cycling and activation. A further factor affecting material utilization is
the battery-charging efficiency, which describes the ratio of the inserted charge
going toward the battery-charging reaction CR as opposed to the competing
OER. Whether CR or OER is dominant depends on kinetic parameters such as the
anodic transfer coefficient and exchange current density, the state of charge, as
well as the overpotentials for the respective reactions (Equations 11, 12, 13,
and 14). At the beginning of charging, CR is favored due to the many orders of
magnitude higher exchange current compared to that of OER. With an increase in

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 5, 102286, November 20, 2024 9




¢? CellPress

OPEN ACCESS

1.0 B ;
! —-- ideal charging
0.8 4 1 .
- i for _ dCac
.2 0.6 ! ich dCep
~ I
o
.5 049Bait
1
024 |
1
1
: T T T T T T 0.0 l T Y T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Ceh / Cioaded Cch / Cioaded
Cc
0.60 1.0 0.60 1.0
> >
= - 0.8 = - 0.8
% 0.55 1 . % 0.55 1 .
Iz 06 . © z 06 . ©
S 0.50 1 \1 S 0.50 1 \1
T F04 o T F04 ©
;’ 0.45 1 —=— Non-3D | 0.2 ;’ 0.45 1 L 0.2
w —e— 3D Mesh w
0.40 T T T ¥ ¥ - 0.0 0.40 0.0
0 1 2 3 4 5 6 0
Cch / Cloaded Cch / Cloaded

Figure 4. Charge retention and impact of oxygen evolution on battery capacity during charging
(A) Discharge capacity over charge insertion for charge rates of 0.5 C and 1.5 C and a constant
discharge rate of C/4.

(B) Schematic of the shift in partial current for battery charging in the course of charging and
overcharging (This behavior is described by Equations 8 and 19, 1 — tanh?(x). Ideal charging would
be a step function.

(C and D) Experimentally determined partial current for battery charging at C/2 and 1.5 C overlaid
with voltage progression during charging and overcharging to 6 C. The arrows indicate the
respective y axes for each curve.

state of charge, however, the anodic term in Equation 12 decreases and approaches
zero when fully charged. In addition, the equilibrium potential Eq cr increases, which
results in a reduced overpotential for CR (Figure S4). As a result, the dominant
electrode reaction shifts from CR to OER in the course of charging. However, even
at a lower state of charge the significantly lower equilibrium potential Eqogr, and
at elevated electrode polarization ¢ — ¢, overpotentials for OER can become
sufficiently high to cause a substantial OER current and reduction in charging
efficiency. For this reason, a low charging potential is indicative of a high charging
efficiency.

A common approach to increase the charging efficiency of nickel battery electrodes
is to increase the OER potential by the addition of Co, Cd, or Ca in the Ni(OH); in
combination with LIOH in the electrolyte.'**%*! For a hybrid electrode, however,
this suppression of OER is not required any longer, as water splitting is an intended
product. In addition, as can be seen in Figure 3A, the average charging potential of
the 3D electrode decreases noticeably during activation and is about 30 mV lower
compared to that of the non-3D electrode in the final activation cycle at the 1 C
charge rate. Therefore, the high utilization and more effective activation of the 3D
electrode is now also the result of decreased overpotential and increase in charging
efficiency, without the use of OER-suppressing additives.

The charging efficiency icr /icn can be estimated experimentally by inserting an

increasing amount of charge and then measuring the discharge capacity after
each charge insertion Cg, (Figure 4A). The discharge rate is kept sufficiently low at
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C/4 to allow for the full discharge of the charged material, while the charge rate is
varied in order to assess its impact on the charging efficiency. The charging effi-
ciency can then be estimated as the rate of the increase of the discharge capacity
when increasing the inserted charge (Figures 4C and 4D):

ick _ dCy. _dS

= dCs ~d7q' (Equation 19)

Ideal charging describes the hypothetical case where OER only occurs after all of the
active material is fully charged. However, as mentioned above, OER will already
occur earlier. In this case, all the inserted current is initially spent on the CR, but
above 2 C charge insertion the charging efficiency decreases to close to zero
(Figure 4B). A high charging efficiency is not only beneficial for nickel battery elec-
trodes but also for the operation of the hybrid electrodes presented here. Fast
charging early on in the charging and electrolysis cycle allows for more flexible oper-
ation such as intermittent charge and discharge in response to electricity prices. As
shown in Figures 4C and 4D, OER already occurs at the beginning of charging for
both the 3D and non-3D electrode and is exacerbated by an increase in charge
rate. For the tested charge rates of C/2 and 1.5 C, the 3D electrode exhibits higher
charging efficiencies, so that OER is shifted toward the end of charging. As aresult, a
charge insertion of 1 C at the C/2 rate is sufficient to charge 80% of the loaded active
material of the 3D electrode vs. 74% for the non-3D electrode. Remarkably, for a
3-fold increase in charging current (1.5 C), this value only decreases to 77% for the
3D electrode as opposed to 60% for the non-3D electrode, which exhibits a low
initial charging efficiency of 60% (Figures 4A-4D). As shown for electrode activation
(Figure 3A), the differences in charging efficiency are again reflected in the charging
potentials (Figures 4C and 4D). These increase for higher charge rates and are
considerably lower for the 3D electrode that shows about 50 mV reduction in the
average charging potential for the 1.5 C charge rate. Since both electrodes have
been loaded with the same active material and loading procedure, the observed in-
crease in charging efficiency must be the result of the more open electrode structure.

How the electrode structure can have such a significant impact on the faradic
charging efficiency becomes clear when considering the current distribution within
the electrode throughout charging as determined using the porous-electrode
model described above (Equations 9, 10, 11, 12, 13, 14, 15, 16, 17, and 18). These
are shown in Figure 5A for different levels of charge insertion, where £ = x/L is the
position x divided by the electrode thickness L. Whether OER or CR occurs at a depth
x in the electrode depends on the local state of charge and the local overpotentials
for the respective reactions. Since the exchange current density for CR is orders of
magnitude higher than for OER, CR is dominant if the local state of charge is low
and the overpotential for OER is sufficiently small compared to that of CR. The solu-
tion potential of the electrolyte and, therefore, the overpotentials of the respective
reactions ncg and 7nogr, decrease exponentially over the electrode thickness as a
consequence of the effective ionic resistance of the electrolyte within the electrode.
Therefore, at the beginning of charging, the magnitude of the CR current density is
highest at the front of the electrode with only negligible OER (Figure 5A). Here, the
state of charge increases the fastest, resulting in the gradual transition from CR to
OER. Charging continues within the electrode across a reaction front moving from
the front to the back of the electrode. Comparing the current distribution of the
3D with those of the non-3D electrode, two observations stand out: first, at the
beginning of charging, the battery-charging current density jcg is distributed more
homogeneously over the 3D electrode, resulting in a more homogeneous increase
in state of charge. As a result, the onset of OER at the front of the electrode is
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Figure 5. Modeled current distribution and charging efficiency throughout battery charging at a charge rate of 1.5 C
(A-F) Local state of charge (SOC) and current densities for oxygen evolution (jogr) and battery-charging reaction (jcr) across the reduced electrode
thickness & = x/L for increasing charge insertion Cgp,. Cnax refers to the maximum measured discharge capacity obtained for overcharging as shown in

Figure 4A at C/2.

(G and H) Comparison of modeled overall state of charge (SOC) with experimental data for the 3D electrode (G) and non-3D electrode (H). The

experimental SOC is determined from the discharge capacities shown in Figure 4A divided by Cax.

delayed. Second, even when OER increases at the front of the 3D electrode, CR con-
tinues with a current density of a comparable order of magnitude across its thickness.
Overall, this increased homogeneity of the current distribution significantly im-
proves (re)chargeability and is the direct result of the higher effective electrolyte
conductivity, i.e., lower ionic resistance, provided by the electrode channels (9).
Comparison with the experimental data shows that the simple porous-electrode
model can qualitatively describe the charging behavior for the electrodes of varying
void fraction at the 1.5 C charge rate discussed here (Figure 5). We find that the
model overestimates the charging efficiency up to approximately 3 C charge inser-
tion. This is possibly due to the simplifying assumptions made that neglect effects
such as proton and charge transfer resistances within the active material as well as
the reduction of surface area and electrolyte conductivity due to O, bubbles. Inter-
estingly, the full capacity is not reached in the model for 3D nor non-3D electrode,
but the 3D comes closer. This is due to Equation 12 approaching zero when the
anodic term reduces and the cathodic term increases when the state of charge ap-
proaches 1.

High-rate battery performance

Hybrid battery-electrolyzer electrodes should provide a high charging efficiency and
discharge capacity as well as sufficiently low overpotentials at increased charge
and discharge rates. Figure 6 shows the impact of charge and discharge rates on
discharge capacities and overpotentials for the 3D and non-3D electrode. Increasing
the charge rate from C/10 to C/2 results in no significant decrease in discharge ca-
pacity of the non-3D electrode. Interestingly, the discharge capacity of the 3D mesh
electrode increases up to a charge rate of 1 C. Higher charge rates are known to in-
crease the attainable oxidation state of the active material.*® If the charge rate is still
sufficiently low to limit OER, this increased oxidation state results in higher discharge
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Figure 6. Impact of charge and discharge rate on battery capacity and electrode potential

(A) Experimental areal discharge capacities Ca 4 for varying charge rates at 50% overcharge and a
C/4 discharge rate. Inset: average charging potential for different charge rates.

(B) Experimental areal discharge capacities Ca 4. for varying discharge rates. Electrodes were 50%
overcharged at a charge rate of 1 C. Fit based on Peukert equation (Equation 20).

(C and D) Electrode potentials of the non-3D electrode (C) and the 3D mesh electrode (D) for
varying charge rates (see A) (solid lines) and discharge rates (see B) (dashed lines).

capacities. For charge rates exceeding 1 C for the non-3D electrode, and 2 C for the
3D electrode, the discharge capacities appear to decrease logarithmically with
increased charge rates (Figure 6A). At a total charging time of only 18 min, i.e., a
charge rate of 5 C (700 mA/cm?) and 50% overcharge, the 3D mesh electrode can
still provide a specific capacity of 114 mAh/cm?, which is equivalent to a material
utilization of 81.5%. This is 46% higher compared to the non-3D electrode with a
material utilization of 54% (78 mAh/cm?).

Higher current densities result in a shift of CR and OER toward the front of the
electrode. This affects the charging efficiency in two ways. First, as discussed above,
the more inhomogeneous charging results in an earlier transition to OER at the front
of the electrode while the state of charge in the rest of the electrode is still low.
Second, the reduced utilization of the electrode’s electrochemically active surface
area in combination with higher applied current densities results in increased
electrode polarization, i.e., overpotentials for both CR and OER. Not only does
this resultin increased OER, it is also detrimental to the energy efficiency of charging
and subsequent electrolysis. The lower ionic resistance of the 3D electrode can
compensate for a higher charging current density, thereby facilitating fast charging
at a reduced loss in charging efficiency in addition to a reduction in overpotentials
(Figures 6A-6D, S17, and S18). This difference in charging potentials increases for
higher charge rates and is as high as 100 mV at the 5 C (700 mA/cm?) charge rate.

As typical for nickel battery electrodes, recharging allows for significantly higher ma-
terial utilization at elevated current densities than discharging (Figures 6A and 6B).
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Table 1. Fit of the generalized Peukert equation

io,p (MA/cm?) Crn (MAh/cm?) n
Non-3D 171 121 2.40
3D mesh 415 134 2.86
Cl (non-3D) [167, 176] [119, 123] [2.28, 2.52]
Cl (3D mesh) [381, 450] [127, 141] [2.20, 3.52]

Derived from Equation 20. C,, maximum areal discharge capacity (at C/10 discharge rate, 50% over-
charge at 1 C); o p, discharge current density at which half of C,, is reached; n, exponent of the generalized
Peukert equation; Cl, confidence interval for the fitted parameters igp, Cr, and n.

This is because both proton diffusivity and electronic conductivity within the active
material film decrease for a lower state of charge.”? In addition, the discharge starts
from the active particles’ surface, resulting in a shell with decreased conductivity
around the still charged core. Also during discharge, the polarization of the electro-
lyte results in an inhomogeneously distributed discharging current, which reduces
material utilization farther from the electrode surface.'®?? In addition to electrode
kinetics, these effects of inhomogeneous discharging on the scale of the active ma-
terial thickness (10 pm) and the scale of the electrode thickness (5 mm) determine the
relationship between discharge capacity and discharge rate.'%?? Yazvinskaya et al.?*
introduced a generalized form of the Peukert equation that has been shown to
describe this dependence of the discharge capacity on the discharge rate in batte-
ries with nickel positive electrodes:

Cyc = L (Equation 20)

1+ (Id—c)
lo,p

Here, Cy is the maximum discharge capacity the battery can deliver, iy is the
discharge current density, igp is the discharge current density at which half of Cp,
can be extracted, and the exponent n describes the slope of the curve. As shown
in Figure 6B, the experimental data can be fit with good agreement to this general-
ized Peukert equation. The 3D electrode can be discharged around 2.3 times faster
than the non-3D electrode and still deliver 50% of the maximum discharge capacity
(2.3-fold higher ip p, Table 1) at a current density of 408 mA/cm?. Thisis equivalent to
an areal capacity of 70 mAh/cm? discharged in just 20 min. In contrast, at this current
density, only 16 mAh/cm? can be discharged from the non-3D electrode. To put
these current densities into perspective, the pocket electrodes employed in the pre-
vious work reached an areal capacity of approximately 63 mAh/cm? at a significantly
lower discharge rate of 20 mA/cm?.’ However, it is important to note that the
discharge current density in a Ni-Fe battery is limited by the iron electrode. There-
fore, operating at such high current densities as reached for the 3D nickel electrode
discussed here will require further advancements in the rate capability of iron
electrodes.”?

The significant increase in material utilization of the 3D electrode implies that at high
discharge current densities the ionic conductivity of the electrode limits the effec-
tively utilized electrode thickness. This is further supported by the results of Lim
and Verzwyfelt,'” who demonstrated that for current densities above 300 mA/cm?
there is a limiting electrode thickness above which the discharge capacity increases
no further. For a discharge current density of 300 mA/cm? they report a limiting
thickness of 1 mm, which is in agreement with our results for the non-3D electrode.
For this reason, sintered electrodes with high rate capability are typically thin, sacri-
ficing energy for power density. Due to the increase in the effective ionic conductiv-
ity of the 3D electrode, this limiting value increases by 60% to 1.6 mm.
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The discussion above illustrates the drastically improved rate capability of the 3D elec-
trode for both charging and discharging. In addition to the benefits for the hybrid bat-
tery-electrolyzer system discussed here, the presented 3D electrodes can contribute to
the development of battery energy-storage systems with higher power and energy
density (e.g., Ni-Fe, Ni-Cd, Ni-MH, Ni-H,). Furthermore, the use of thicker electrodes
with high areal storage capacity reduces the number of cells required and the associ-
ated costs of components such as separators/membranes, connections, and seals.

Electrolysis

After the nickel hybrid electrodes are fully charged, they function as electrolysis
electrodes for OER. Sintered nickel electrodes impregnated with nickel hydroxide
have been shown in the past to be highly active for oxygen evolution and even
outperform noble metal catalysts such as Ir0,.>**>> To evaluate the impact of the
electrode geometry on electrolysis potentials, the non-3D and 3D hybrid electrodes
were first fully charged at the 1 C rate for 3 h before undergoing a series of increasing
currents for oxygen evolution (Figure 7A). The highest geometric current densities
tested were 788 mA/cm? and 826 mA/cm? for the non-3D and the 3D mesh elec-
trode, respectively. For sufficiently high overpotentials, the relationship between
current density and electrode overpotentials can be described by the Tafel relation-
ship nogr = b log(i/ip). The Tafel slope b and exchange current density ig are
determined by fitting the experimental data to the Tafel equation. Generally, a
higher exchange current density and lower Tafel slope are characteristic for
electrodes with a high activity toward oxygen evolution.’® The fitted Tafel slopes
are almost identical for the non-3D and the 3D electrode with 87 and 90 mV/dec,
respectively, but are shifted by the difference in the exchange current density.
With respect to the geometric surface area, the exchange current density ip geo is
4.3 x 1072 mA/cm? for the 3D mesh electrode versus 2.7 X 1072 mA/cm? for the
non-3D geometry, which constitutes an increase in activity by a factor of 1.6. At an
overpotential of 350 mV, the 3D mesh electrode achieves a current density of
333 mA/cm? vs. 285 mA/cm? for the non-3D electrode. This is significantly higher
than the values reported by Kou et al.®> (~150 mA/cm? at 350 mV), who used a
similarly structured 3D-printed nickel electrode loaded with carbon-doped NiO.
However, the authors of this study employed a much lower electrolyte concentration
compared to our work (1 M vs. ~7.1 M/30 wt % KOH(aq.)). Remarkably, the 3D mesh
electrode can provide a higher current even though the channel geometry reduces
the electrochemically active surface area by 35% (Figure S5). As a result, the
presented 3D mesh electrode could reduce the material costs of the sintered nickel
substrate by 44% and still outperform a conventional non-3D electrode. This is
especially relevant for upscaling of the technology, as the cost of Ni dominates
the electrode material costs and is expected to be in rising demand in the course

of the energy transition.”’

Evaluating the overpotentials with the current normalized to the electrochemically
active surface area (ECSA) (Figures 7B and 7C) suggests an apparently higher
intrinsic activity of the active material in the 3D electrode (higher igcsa for a given
Noer)- However, since both electrodes have been loaded with the same active mate-
rial, a difference in catalytic activity is excluded. Thus, the differences in electrode
polarization must be of structural origin relating to the accessibility, i.e., utilization
of active material. To estimate the increase in utilization of the 3D electrode, the
Tafel relation can be rewritten as™®

lgeo = angeo io.0er U exp(2.303 ”O—bER) (Equation 21)
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Figure 7. Electrolysis performance

(A) Electrode potential over time during charge (1 C = 140 mA/cm?), OER polarization experiments,
and subsequent discharge (C/4).

(B) Electrode potential vs. geometric current density igeo (left) and vs. current density with respect
to the electrochemically active surface area igcsa (right). The experimental data are compared to
the results obtained from the porous-electrode model.

(C) Tafel fit of the oxygen evolution overpotential vs. igcsa.

(D and E) OER overpotential and current distribution over the reduced electrode thickness £ = x/L at
a geometric current density of 200 mA/cm? determined from the porous-electrode model.

where ap geo is the ECSA per geometric electrode area and U is the utilization.
Comparing two electrodes with the same Tafel slope b at a given overpotential,
we can write

%; _ (:96_01) ZA.geo‘Z _ ::O,ECSAJ‘ (Equation 22)
geo,2 m o= A,geo,1 0,ECSA,2
Here, ip ecsa is the exchange current density with respect to the ECSA (Figure 7C). As
the ratio igeo,1/igeo2 at a given overpotential is independent of current density and
polarization, the enhancement in utilization is defined by the ratio of the electrodes’
respective exchange current densities ipecsa. Applying Equation 22 to our experi-
mental data results in an estimated 2.5-fold increase in utilization of the 3D elec-
trode. As discussed for the 3D electrode’s improved charging efficiency and (dis)
charge rate capabilities, the observed increase in utilization can be explained with
the lower effective ionic electrode resistance of the more open 3D structure. This
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results in a reduced gradient in overpotential across the electrode thickness and,
thus, a more homogeneous current distribution as determined with the porous-elec-
trode model (Figure Sé). Using said current distribution, the utilization can be deter-
mined as

]
[ joer(§) .
U= O/jOER(O) dé, (Equation 23)

where joer(£) is the local OER current density at the reduced position £ = x/ L, and
joer(0) is the current density at the electrode front facing the counter electrode. For
an applied current density of 200 mA/cm?, the utilization is calculated as 5.3% and
12.1% for the non-3D and 3D electrode, respectively. Remarkably, the utilization
enhancement calculated with the simple model is only marginally lower than that
determined experimentally (2.2 vs. 2.5). Such low utilization as the consequence
of the high ionic voltage drop is the reason why the thickness of porous electrodes
or active coatings is typically well below 1 mm for electrolysis.®**>*® While
increasing the electrode thickness increases the ECSA, there is a limit above which
any additional ECSA is not utilized due to the increasingly high ionic resistance.
This limit is also known as the reaction penetration depth.””“° Electrodes thicker
than the reaction penetration depth do not increase the effectively utilized ECSA
so that electrode polarization does not decrease either. With regard to the 3D
electrode discussed in this work, this poses an interesting optimization question.
While a more open geometry with a high void fraction 6 increases the effective ionic
electrode conductivity and electrode utilization, the total ECSA is reduced by a
factor (1 — ). This implies that there must be an optimal electrode void fraction
for each current density that maximizes the ionically accessible ECSA and thus
minimizes electrode polarization for a given thickness and porosity.

We note that even if OER utilization is low for the hybrid electrodes discussed here,
most of the electrode is utilized for the battery (dis)charging reaction (Figures 5
and 6). As stated above, this is because at low S(qg) the exchange current density
for charging is many orders of magnitude larger than for OER. Therefore, 3D hybrid
battery-electrolysis electrodes will generally be thicker than dedicated electrolysis
electrodes and will still be able to charge the full thickness.

In the discussion above we have not yet considered the possible effect of bubbles on

electrode utilization. Bubbles flooding the pores and adhering to the electrode sur-

2561 and reduce the effective

54,55,58

face are known to cover electrochemically active sites
electrolyte conductivity,®**® resulting in a decrease in electrode utilization.
Appleby et al.”® demonstrated that only around 40% of the ECSA is utilized for
OER (extrapolated by Hall®* for a 0.15-mm-thick sintered nickel electrode. For
such thin electrodes, where the ionic resistance is not limiting, a reduction in utiliza-
tion can be attributed clearly to the adverse effects of bubbles within the pores.
However, our results suggest that any adverse effects of bubbles on the utilization
are small compared to the impact of the effective ionic conductivity. First, the simple
electrode model appears to describe the overpotentials and utilization enhance-
ment for the tested electrodes reasonably well (Figures 5 and Sé), even without
taking bubbles into account. Second, if we assume that only 40%°°° of the
OER generating ECSA is available due to bubble coverage (for example at
200 mA/cm?), that would decrease the utilization of the non-3D electrode further
from 5.3% to 2.12%, which is not observed. Therefore, it is clear that in this work
the main mechanism by which the 3D electrode increases electrode utilization is
by increasing the effective ionic conductivity of the electrode. Interestingly, the
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experimental data can be fitted using a simple Tafel relation with a current-indepen-
dent slope b (Figure 6C). This implies that the bubble coverage is not yet leading to
additional transport resistances at these current densities, as has also been shown in
earlier studies on sintered nickel electrodes for both OER**°® and HER.*®

While the measured performance gain of the 3D electrode can be mostly attributed
to an improved ionic conductivity into the porous electrode, one may expect
additional advantages on current densities in a full electrolyzer cell, where such an
electrode can be configured in a zero-gap flow-through configuration. The electro-
lyte flowing through, rather than past, the electrode improves not only bubble
removal but could also facilitate mass and heat transfer.****=” The latter is espe-
cially relevant at high current densities, whereby overheating can result in decreased

battery cycling stability and charging efficiency.'? %%

Energy efficiency

To put the reduction in overpotentials and the increased areal capacity into
perspective for the practical application as an integrated battery-electrolyzer, we
can estimate the overall energy efficiency for a full cell’:

Cdc(ENi,dc - EFe.dc - ng,dc)+1~48 V(Ccr = Ca)
Ccr(ENi.cr - EFe,cr+nQ,cr)

Mot = . (Equation 24)
Here, Eni and Ere represent the average observed potentials during charge (cr) and
discharge (dc) of the nickel and iron electrode, respectively. lonic overpotentials
induced by the electrolyte resistivity in the interelectrode gap are denoted as 7.
Specifically for charging and electrolysis, this resistivity may be increased by some
screening effect of bubbles.?**” The energy that can be stored and extracted
from the cell consists of the energy retrieved during discharging of the battery deter-
mined by the average discharging potentials of anode and cathode. In addition, the
energy stored in the form of hydrogen is determined from the thermoneutral voltage
for alkaline water electrolysis (1.48 V, the difference of Erny(OER) = 0.565 V and
Ern(HER) = —0.912 V vs. Hg/HgO, see Note S3), while the charge insertion for elec-
trolysis is estimated from the difference between inserted charge and discharge ca-
pacity. Here we assume that the battery is cycled from fully discharged, to charged
and fully discharged, and the missing charge is converted to H, and O, either during
discharge (or eventually due to self-discharge when idling after charge). In this work,
the discussed nickel electrodes were only cycled individually and not in a full cell
paired with an iron electrode. Therefore, we estimate the total energy efficiency
with data from a non-3D sintered iron electrode that had been operated at similar
charging/discharging current densities and charge insertion (see Figure S7). The
ohmic potential drop between the electrodes is dependent on the exact cell
configuration to be used. Here only the electrolyte resistance in an assumed elec-
trode gap of 1.5 mm is used. Effects of bubbles on the electrolyte resistance and
a membrane resistance are not taken into account, as the current densities are
limited. The total energy efficiency was calculated for a charge rate of 1 C and a
discharge rate of C/4, which is equivalent to a charging/discharging current density
of 145 mA/cm?/36 mA/cm? for the non-3D electrode and 140 mA/cm?/35 mA/cm?
for the 3D mesh electrode. The electrodes were overcharged to 6 C. This results
in an estimated total energy efficiency of 76.4% and 78.9% for the non-3D and 3D
mesh electrode at room temperature, respectively.

It is worth noting that similar benefits in overpotential and capacity utilization
are to be expected from a sintered iron electrode with comparable 3D structure.
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In addition, the efficiency can be increased further by operating the cell at higher
temperatures. This reduces activation overpotentials and increases the conductivity
of the electrolyte.

In total, the electrode tests including charge, discharge, and electrolysis at different
rates lasted for up to 345 h, with 627 h of discharging during more than 150 cycles
(Figure S8). The electrodes maintain capacity and rate performance, although some
Ni(OH), directly on the surface has detached, as is observed in X-ray diffraction of
the electrode surface (Figure S9).

EXPERIMENTAL PROCEDURES

Chemicals

Nickel powder (—325 mesh, <53 pm, 99.8%), potassium hydroxide (85%), nickel(ll)
nitrate hexahydrate (98%), and carboxymethylcellulose sodium salt (CMC) were
purchased from Alfa Aesar. Araldite two-component epoxy resin was purchased
from RS Components. Ultrapure water was prepared using a Merck Milli-Q Plus
185. The Hy/Ar mixture (5%:95%) was purchased from Linde. The resin used with
the Formlabs Form-2 stereolithographic (SLA) 3D printer (“Clear” resin) was
purchased from MakerPoint. The 3D electrode molds were 3D printed from the
PLA filament “EasyFil PLA" purchased from Form Futura.

Electrode preparation

Electrode molds and filling tools were designed using the CAD software Autodesk
Inventor 2019. The electrode molds were then printed in PLA via FDM on a Prusa
MK3 S 3D printer. Filling tools used to inject the paste into the 3D electrode molds
were printed in clear resin on a Formlabs Form-2 SLA 3D printer. Using the filling
tools and a 5-mL syringe with luer-lock connection, the electrode molds were filled
with a nickel paste consisting of nickel powder (61.5 wt %), epoxy (14.3 wt %), and
an aqueous solution of 3 wt % carboxymethylcellulose sodium salt (24.2 wt %).

The ratios of the paste compounds are based on the findings of Hereijgers et al.*

Before the removal of the electrode mold, solidifying the electrode paste is required
by curing the epoxy resin at 60°C for 3 h. Following the curing procedure,
excess hardened paste is filed off from the mold openings with a powered filing
tool (Dremel). This is essential to prevent blockage of the channels in the final elec-
trode. After curing of the epoxy, the PLA mold material was removed by placing the
molds in well-stirred 25 wt % aqueous potassium hydroxide solution at 80°C for 15 h.
This results in the dissolution of most of the mold material. Any remaining PLA is soft-
ened sufficiently to be blown off with pressurized nitrogen. The epoxy, and thus the
mechanical integrity of the green part, was not affected by the potassium hydroxide
solution. Following the mold removal, the green parts were rinsed thoroughly in
demineralized water in order to remove the potassium hydroxide. Finally, the green
parts were dried at 80°C under vacuum (100 mbar) to constant weight (Thermo
Scientific VT 6025 vacuum drying oven).

In the next step, the rinsed green parts are sintered in a furnace under atmospheric
conditions (Nabertherm L5/12/C450). We adapted the sintering procedure from
Hereijgers et al.>” Under atmospheric conditions, the green part is first heated to
350°C (5°C min 7"), followed by a temperature increase to 600°C (1°C min ).
The green part is kept at 600°C for 1 h to burn away the epoxy before increasing
the temperature to 1,000°C (1°C min . Sintering of the metal particles is achieved
by maintaining the temperature at 1,000°C for 1 h followed by cooling down to room
temperature at a rate of 5°C min ~'. This initial sintering step must be conducted in
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the presence of oxygen, i.e., atmospheric conditions, to fully burn out the epoxy
resin and any PLA residues. Under an inert argon atmosphere, i.e., pyrolysis condi-
tions, Hereijgers et al.>” report carbon residues from the epoxy resin that prevent the
sintering of the nickel particles. However, this results in the oxidation of the nickel
structure, significantly reducing the electrical conductivity. Therefore, a second
sintering step under a reducing atmosphere (H,/Ar) is necessary. The brown parts
were transferred to a tube oven (Applied Test Systems, Series 3210) with a quartz
tube of 35 mm in diameter. Air was removed by evacuating and refilling the tube
with a mixture of 5% H; in Ar three times. The temperature was increased to
800°C (1°C min~") and held for 2 h at a flow rate of 100 mL min~". This allows for
the complete reduction of nickel oxide formed in the brown part during the initial
sintering step under atmosphere. The degree of reduction is assessed via the weight
decrease of the electrode (~21% decrease in weight from NiO to Ni) as well as via
X-ray diffraction. During the sintering procedure the electrodes shrink, as summa-
rized in Table S1. We observe further that temperature inhomogeneities induced
by the gas flow in the tube oven can result in warpage of the electrodes. This
warpage is more likely to occur for the non-3D electrodes, as the open structure
of the 3D electrodes facilitates a more homogeneous temperature profile. Nickel
contacts (0.15 mm thick) were purchased from NKON and spot-welded onto the
sides of the electrode with a SUNKKO 738 AL spot-welding machine purchased
from Banggood. Prior to spot welding, the electrodes were cleaned with acetone
using ultrasound for 5 min, followed by drying at 80°C under vacuum (100 mbar)
to constant weight.

Nickel hydroxide (Ni(OH),) was loaded on the reduced electrodes by thermal
decomposition of nickel(ll) nitrate hexahydrate (Ni(NO3),+6H,0) based on the pro-
cedure outlined by Falk and Salkind?" (Figure S3). Nickel nitrate hexahydrate
(~200 g) was placed in an SAN container (500 mL, Mepal) and placed in a preheated
vacuum oven at 100°C. As soon as the nitrate bath has reached a temperature of
approximately 90°C, the electrodes were placed in the molten nickel nitrate hexahy-
drate and vacuum (40 mbar) applied for 4 min followed by 6 min under atmospheric
conditions. Note that no additional water was added. The electrodes were then
removed from the nickel nitrate bath and excess material on the electrode surface
blown off with nitrogen. In the next step, the now loaded electrodes were roasted
in a furnace at 220°C for 1 h under atmosphere. The electrodes were then removed
from the oven and excess material once again brushed off from the electrode
surface. Special care has to be taken to remove material that has accumulated within
the open structures of the electrodes. In the next step, the electrodes were placed in
25 wt % aqueous potassium hydroxide solution at 80°C overnight. This was followed
by a rigorous rinsing step in demineralized water at 80°C to remove remaining
nitrates. The loaded electrodes were then dried at 80°C under vacuum (100 mbar)
to constant weight. This loading procedure was repeated four times to reach the
desired theoretical capacity of ~140 mAh/cm? (based on 289 mAh/g of
Ni(OH),). We note that it is essential to spot weld the contacts before the loading
procedure.

Electrochemical testing

The electrodes were placed in a 3D-printed frame as shown in Figure S11. The
frame was designed in Autodesk Inventor 2019 and printed with a Formlabs
Form-2 stereolithographic 3D printer using Formlabs’ proprietary “Clear” resin.
This allows for the secure and reproducible positioning of the reference electrode
(RE), counter electrode (CE, Ni foam), and working electrode (WE). The Hg/HgO
RE (Origalys Origasens) was placed adjacent to the WE and connected ionically
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via a capillary. Due to the vicinity of the RE to the WE, the required voltage correc-
tion due to the solution resistance is reduced. A groove in the frame allows for
bubbles to escape between the electrode contact and capillary so that noise in
the potential measurement (WE vs. RE) is significantly reduced. One of the two
welded electrode contacts was used to insert the current, and the other was
used to measure the electrode potential. This removes the electronic resistance
of the nickel strip as well as the contact resistance from the measurement. Note
that a CE was installed on either side of the WE, but for all data shown in this
work only one CE was connected. Furthermore, a thermocouple (RS PRO Type
T, 1.5 mm diameter, purchased from RS Online) was placed next to the WE. This
was included to ensure that temperatures do not rise excessively, especially at
high current densities. The frame including the WE, RE, CE, and thermocouple
was placed in a 500-mL SAN container (Mepal) filled with approximately 450 g
of 30 wt % KOH(aq.). Contacts, RE, and thermocouple were led through openings
cut in the lid and secured with Parafilm (Figure S12). All experiments involving bat-
tery cycling, i.e., charging and discharging, were conducted with a Maccor 4000
battery cycling system. Electrochemical impedance spectroscopy (EIS) and ECSA
measurements were conducted using a PARSTAT 4000A potentiostat (Princeton
Applied Research) (Figures S5 and S13). If not stated otherwise, all reported
voltages have been iR-corrected via the solution resistance measured via EIS
(Figure S13). Water consumed during electrolysis was replaced regularly with
ultrapure water to minimize changes in electrolyte concentration. The potential
of the used Hg/HgO reference electrodes vs. the reversible hydrogen electrode
(RHE) was determined using a HydroFlex RHE purchased from Gaskatel.
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