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In Situ Determination of the Potential Distribution within a

Copper Foam Electrode in a Zinc-Air/Silver Hybrid Flow

Battery

Sascha Genthe,*™ ! Luis F. Arenas,™® Maik Becker,™® Ulrich Kunz,®" and Thomas Turek® "

This work describes a novel methodology for measuring the
potential distribution within the porous copper foam electrode
of a zinc-air/silver hybrid (ZASH) flow battery by using local
potential probes. The suitability of dynamic hydrogen electro-
des (DHEs) and a quasi-reference electrode as probes is
evaluated, with the latter chosen in view of stability. Liquid and
solid-phase potentials are recorded at varying applied current
densities over multiple charge-discharge cycles. Various zinc
structures are found within specific overpotential ranges, with
moss-like structures appearing between 7.8 mV and 13.2 mV
and the desired boulder structures in the range of 22 mV to
100 mV. Regardless of the current density, the highest liquid-

Introduction

Deployment of sustainable energy storage technologies has
become an urgent global challenge given the need to mitigate
climate change, decrease greenhouse gas emissions, and
provide a reliable energy supply for a fast-growing population
while harnessing intermittent renewable power sources.
Future achievement of all of these targets requires multi-
disciplinary efforts. In this regard, electrochemical energy
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phase potentials are always measured in the outermost region
of the porous foam near to the separator. In practice, this
means that increasing the thickness of the copper foam over
about 5 mm does not provide significant performance benefits.
Conversely, solid-phase potentials across the copper foam
remain nearly uniform, resulting in negligible effects on local
overpotential. The presented technique provides unique in-
sights into the behavior of porous electrodes in electrochemical
energy conversion technologies, facilitating the determination
of the optimal properties for maximum efficiency, such as
electrode thickness.

storage represents a critical factor in the evolution to a cleaner
and more sustainable energy infrastructure.?

On the path towards this transformation, zinc-based
batteries could prove to be a key element in meeting the
growing demand for efficient, environmentally friendly energy
storage.”™ In particular, zinc-based flow batteries have several
advantages in scalability and service mode flexibility over
conventional static batteries.*® However, their full potential in
terms of scalability and wide application is limited by persistent
problems, particularly dendrite formation during charging,
passivation during discharging, and undesirable shape changes
at the negative zinc negative electrode.’'”

To overcome these challenges, several studies on the
improvement of zinc-based batteries"’""”! recommend the use
of highly porous 3D electrodes as substrate for the negative
zinc electrode. In particular, commercially available metal foams
with their open-cell structures are promising candidates when it
comes to avoiding restrictions on mass transfer due to short
diffusion paths to the electrode surface and thus also helping
to prevent dendrite growth.""" In addition, the high electronic
conductivity of the network of interconnected pores can
prolong the cycle stability of the battery by avoiding shape
change effects at the zinc electrode.”'®'® The application of
metal foam as negative electrode substrate has been success-
fully demonstrated in some zinc-based flow batteries."*"”

An important challenge to the development of zinc-based
flow batteries with negative metal foam electrodes is the
analysis and control of the potential distribution in the interior
of the porous material, which is critical to achieve homoge-
neous and dendrite-free zinc deposits, avoid cell voltage losses
due to high overpotentials and ohmic losses as well as to
prevent parasitic reactions.>®

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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In fact, the study of potential distribution at porous electro-
des has been a major task of electrochemical engineering for
decades.” Regarding zinc-based batteries, Coleman recognized
as early as the 1950s that the current distribution and thus the
metal deposition within them is not uniform.?" This approach
involved a cell with a porous electrode divided into compart-
ments. By introducing a carbon rod into each of them,
conversion currents were measured, revealing that the current
inside the electrode was notably lower than in its outer regions.

Studies on the utilization of porous electrodes continued
since and moved towards the consideration of metal
foams.”?¥ |n addition to direct measurement of current
distribution, other techniques were used in these studies to
determine the activity within the electrode. For instance, in one
approach the potential distribution along the electrode was
measured with reference electrodes through glass probes,?*
while in another approach the electrode was cut into thin slices
after the experiment to analyze the reaction products.*>*"
Regardless of the technique, however, all of the studies confirm
the relevance of potential distribution at porous electrodes and
provide insights into the impact of various parameters on it
such as electrode thickness. The general conclusion from such
studies remains equally valid today: the optimal utilization of a
porous electrode requires small thickness and low current
density in combination with high conductivities of the electro-
lyte and the electrode matrix.*?

Progress has followed by using analytical models to
describe potential distribution at the electrodes in question
under flowing electrolytes.””~** Meanwhile, the latest develop-
ments have used 3D models and finite element solvers to
combine electrode kinetics and electrolyte hydrodynamics at
planar,®*" and 3D or porous substrates. Metal deposits can
then be evaluated through advanced imaging techniques.***?
Yet, experimental measurements at foam electrodes remain
critical to validate these models for modern energy storage
technologies.?¥ These validations are challenging, mainly due
to the fact that local liquid-phase potentials at different points
along and across the metal foam are considerably difficult to
measure in practice. Moreover, local current and potential
distributions reside, fundamentally, within the irregular polyhe-
dral cells (each of their sides is an open pore) that form such
cellular foam materials.®***

Thus, the application of potential probes in the liquid-phase
within individual cells or pores in the porous material is the
most suitable measurement technique since no destructive
analysis of the electrodes is necessary and the challenging
operation of complex ad hoc electrochemical cell designs is
eliminated. For instance, the use of flexible dynamic hydrogen
electrodes (DHEs) in zinc-based systems has become increas-
ingly popular due to their good handling in a wide and
dynamic pH range.”**? A DHE consists of two electrodes
electrically connected to a power supply and a high ohmic
resistance.”**¥! Submerging this potential probe in an electro-
lyte results in the formation of a thin hydrogen layer on the
cathode, ensuring a stable potential and thus serving as a
reliable reference. DHEs were already successfully tested in
several battery applications and enabled a highly accurate
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measurement of the potentials in the electrolyte, especially in
vanadium flow batteries®****#9 and fuel cells*’~" as well as
water electrolysis applications.

Another candidate for implementation as potential probe in
a porous material is the quasi-reference electrode, which
consists solely of a platinum wire.*”" In contrast to the design of
a DHE, the quasi-reference employs a single metal wire and
simplifies the experimental arrangement. Nevertheless, quasi-
reference electrodes have been widely adopted in several flow
batteries®*™ and fuel cells®**” and are considered as a suitable
reference electrode in adequate conditions. An advantage of
using either a DHE or a quasi-reference instead of a Hg/HgO
reference fitted to a relatively thick glass or plastic capillary is
that the gas evolving nature or the wire probe make them very
resistant to irregular blockage by bubbles or particles present in
the flowing electrolyte. Plus, the wire probes can have a small
diameter compatible with the dimensions of the individual cells
that form many foam materials.

In this study, we demonstrate the close relationship
between the potential distribution in a porous metal foam and
the zinc structures formed therein during the operation of a
zinc-air/silver hybrid (ZASH) flow battery. To achieve this aim,
potential probes were placed in situ within individual cells at
different points of the porous metal foam that constitutes the
negative electrode of the ZASH flow battery. To the best of our
knowledge, this is the first time that the liquid-phase potential
measurement has been performed locally in metal foam
electrodes. Experiments were carried out in a cell design
optimized since our previous study"” to allow a simple
positioning of the potential probes inside a metal foam with a
thickness of 20 mm. The results presented here include experi-
ments on the applicability of DHEs and a quasi-reference
electrode as liquid-potential probes in a zinc-containing electro-
lyte. We also reveal the influence of oxidation processes at the
positive gas diffusion electrode (GDE), which occur during
charging, on the overpotentials at the negative metal foam
electrode. In summary, we present a novel determination of
potential distribution insitu within a porous metal foam
electrode over several charge-discharge cycles in a zinc-based
flow battery. The results provide insights into the utilization of
porous electrodes and enable conclusions about the optimal
electrode thickness for practical applications.

[41]

Results and Discussion
Stability of Different Potential Probes

The designs of the flow cell (Figure 1a) and the in-house
developed potential probe (Figure 1b) were inspired by the
design considerations of DHEs from several studies.?83%484
Modifications for the use in a highly alkaline electrolyte in
combination with a porous metal foam were necessary, which
are described in the following. The potential probes consist of a
positive electrode (PE), a negative electrode (NE) and an ohmic
resistance that limits the electrical current. These electrodes
were connected to a standard 9V primary battery. When both
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Figure 1. A modified ZASH flow battery and dynamic probe for the measurement of liquid-phase potential. a) Exploded view of the electrochemical flow cell

and b) schematic view of a DHE.

electrodes come into contact via an alkaline electrolyte, water
electrolysis begins. The intensity of the reaction at the electro-
des is limited by the resistance, as described below. The
evolving hydrogen in the vicinity of the NE leads to a reducing
regime that protects the electrode from oxidation. Therefore,
the NE of the DHE is preferred to be used as a reference
electrode.”**® For the fabrication of the PE of the DHE, a
flexible sensing lead with a connector (MSB-200, Voltcraft,
Germany) was soldered to one end of the resistance. An
alligator clip was used to connect the lead to any electrically
conductive material that is part of the battery under inves-
tigation, and that is in contact with the electrolyte, e.g., the
current collector of the cell (Figure 1a), which then becomes the
PE of the probe.

A schematic diagram of the design of the quasi-reference
electrode is not shown, as this probe solely consists of the
equivalent of the NE of a DHE without modifications. This
means that no additional battery, no ohmic resistance and
therefore no PE is required to use this potential probe. In
contrast to the NE of the DHE, no hydrogen is formed at the
probe tip of the quasi-reference electrode in alkaline media as
there is no power supply. Instead, Bagotzky et al.*® found that
platinum undergoes a corrosion process forming the soluble
complex [Pt(OH)¢]>” in a T M KOH at 20°C. In a long-term test
over hundreds of hours, they set the electrode potential to
1.05 V vs. RHE and measured a corrosion rate of 107* A m~2 at
the beginning, which decreased quickly in the first 4 hours to
10°°A m™2 and then stabilized. The corrosion of platinum in
alkaline media was also observed by other research groups at
similar conditions.”**" However, due to the rapid stabilization
behaviour and the negligible corrosion rate described above,
we decided to use platinum as the probe material.
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The fabrication of the NE for both types of probe required
more effort in the choice of materials due to the direct contact
with the KOH-containing electrolyte and its high tendency to
creep through even the smallest gaps and channels.® For this
purpose, chemical-resistant dual heat shrink tubing (PTFE/FEP,
Reichelt Chemietechnik, Germany) was used as insulation for
the electrode connection wire (Figure 1b). The shrink tube
consists of two concentrical tubes whose outer material is
polytetrafluoroethylene (PTFE) and whose inner tube is made of
fluoroethylenpropylene (FEP). It reduces its inner diameter
during heating and thus completely encloses the material
inside. A platinum wire with a diameter of 400 um (R. Gotze,
Germany) was used as an electrode connection. At the end of
this wire, which is also entirely enclosed by the shrink tube, an
additional polymer-coated thinner platinum wire with a diame-
ter of 200 um (with coating) (PT-5T, Science Products GmbH,
Germany) is soldered as the active electrode of the probe. Its
coating is also chemical-resistant as it is made of perfluor-
oalkoxy alkane (PFA). About 1 mm of the coating at the tip of
the probing wire was removed with the help of a gas burner.
The diameter of the tip thus exposed is about 127 uym. The
liquid-phase potential at this point is given by the measured
potential difference between the probe tip and the metal foam.
Additionally, two solid-phase potential probes were placed at
the ends of the foam electrode. Their design is less complex
compared to that of the liquid-phase potential probes since
they do not involve HER nor platinum corrosion. These probes
consist of a single platinum wire (d=400 um), with their tip
directly soldered to the metal foam and insulated with the heat
shrink tubing described above.

Figure 2a shows the arrangement of the liquid (L) and solid
(S) phase potential probes at the porous metal foam. Figure 2b
provides a photo of the electrode after the probes were

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U 17 SUOWWOD SAIIea1D) 3|ged! jdde au Ag pausenob afe sl YO ‘9sh Jo sajnl 1oy Akeiqi ] auljuQ AS|IAA UO (SUOIIPUOD-PUR-SLLLIB)WIOD A3 | 1M Alelq 1 puluo//:sdny) suonipuoD pue swie | auy) 89S *[720z/50/.0] uo AriqiauljuQ A3 |IM ‘usdiemiuy 1)SIBAIUN AQ 290007202 2109/200T 0T/I0p/Wod A8 1M Are.qi puljuo-adoins-Ansiweyd//sdny wouy papeojumod] ‘0 ‘9TZ096TZ



Research Article
ChemElectroChem

doi.org/10.1002/celc.202400062

Chemistry
Europe

European Chemical
Societies Publishing

metal foam

po

Nz

X
L - potential probe liquid-phase
S - potential probe solid-phase

current collector &

probe

potential
probe

b)

tential
electrolyte

frame

N
S1

flow direction

Figure 2. Integration of potential probes into the porous metal foam negative electrode. a) Schematic view of the arrangement of the liquid-phase (L1-L5)

and solid-phase potential probes (S1-S2). Green markings indicate the probe
mm). b) Metal foam with potential probes inserted into the electrolyte frame
phase potential probe placed within an individual foam pore.

inserted. Five liquid-phase potential probes (L1-L5) were
introduced into the metal foam on the same xz-plane. The tips
of the probes were located in the middle of a foam pore
without contact with the solid-phase (Figure 2b). The distance
between the probes was 5 mm. Therefore, the outermost probe
L5 was positioned at a distance of 20 mm from the current
collector and probe L1 is directly located at the current collector
at 0 mm. The parts of the probes insulated by the heat shrink
tubing were glued to the surface of the metal foam with a two-
component epoxy adhesive (UHU, Germany) to prevent a
position shift during cell assembly and operation. In some
experiments, two solid-phase potential probes (S1-S2) were
placed at the bottom and the top of the metal foam to examine
the overpotentials at the copper foam during charging.

Figure 3 shows a scheme of the experimental arrangement
for the stability tests of the liquid-phase potential probes. The
test vessel was a beaker filled with 400 mL of an electrolyte
consisting of 30 wt% KOH, and 2wt% dissolved ZnO. The
beaker was hermetically sealed with Parafim M (Amcor,
Australia) from the environment and constantly purged with
nitrogen to prevent the ingress of carbon dioxide. A PTFE-
coated stirring magnet was used to simulate the convective
flow in the battery in Figure 1a.

The stability tests aimed to identify the optimum resistance
required for the DHE circuit in a range from 10 MQ to 14.7 MQ
to ensure a constant potential at the positive electrode of the
probes over several hours. Meeting this important criterion
guarantees the use of a reliable reference electrode. For a block
battery of 9V and standard carbon composition resistors
(Conrad, Germany) of 10 MQ, 13 MQ and 14.7 MQ, the currents
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tip and, thus, the location of the potential measurement (lengths are given in
of the full cell. The magnified section shows the active tip of the NE of the liquid-

1 mercury oxide electrode (Hg/HgO)

2 reversible hydrogen electrode (RHE)
3 dynamic hydrogen electrode (DHE)

4 quasi-reference electrode

(indentical design as the NE of DHE)

5 platinum wire (CE)
6 Parafilm M

Figure 3. Electrochemical cell for the evaluation of different potential probes.
The RHE was used as reference electrode for the in-house developed
potential probes. A Hg/HgO reference was used to verify that the RHE
provides reliable results.

in the electric circuit are 0.9 pA, 0.69 pA and 0.61 pA, respec-
tively.

To enable the desired hydrogen evolution reaction at the
NEs, the PEs of the DHEs were connected to a platinum wire
spiral, which is used as the counter electrode (CE) (Figure 3).
The potentials of the NEs were measured against a commer-
cially available reversible hydrogen electrode (RHE) (Mini-Hydro-
Flex, Gaskatel, Germany). A mercury oxide reference electrode
(Hg/HgO) (RE-61AP, ALS Co., Japan) was used to detect possible
potential fluctuations of the RHE. Critically, we also evaluated a
quasi-reference electrode only consisting of the equivalent to
the NE of the DHE as liquid-phase potential probe (Figure 1b) in
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order to examine the potential without the need or influence of
the electrical current used in the relatively complex DHE.

Figure 4 shows the potential curves of the NEs of four
different (three DHEs, one quasi-reference) liquid-phase poten-
tial probes with different resistances and a commercially
available Hg/HgO reference electrode, measured against the
RHE over 15 h. The potential curve of Hg/HgO vs. RHE confirms
that the potential of the RHE did not change from its initial
value of about 0.977 V during the experiment. This proves that
any influence of the RHE on occurring potential changes can be
neglected. Furthermore, it can be recognized that the potential
of the DHE liquid-phase potential probes increases with higher
resistances. This happens because higher resistances lower the
current in the electric circuit of the probe and decrease the
hydrogen evolution rate at the positive electrode. Besides that,
the value of the resistance has a major influence on the
potential stabilization of the probe over time, which is crucial
for the application as a reference.

As seen in Figure4 the DHE probe with the lowest
resistance of 10 MQ showed the lowest initial potential at about
—0.13V and the highest potential gradient over time. In the
literature, the time period in which a potential gradient occurs
is referred to as an initialization time and is due to the reduction
of oxygen and surface oxides at the probe tip.***¥ Using a
resistance of 13 MQ produced the expected shift of the initial
potential to higher values of about —0.08 V due to a decreased
current in the electric circuit. An increase of the resistance to
14.7 MQ revealed that the potential gradient is significantly
lower compared to the probes with lower resistances. In
addition, the initial potential shifted to values near 0.9 V, which
is about 1V higher than the initial potential of a probe with
13 MQ. This behavior is unexpected and most likely due to a
perturbation of the hydrogen film at the tip of the PE and the
adsorption of oxygen."**? This can be caused when the current
is too low, as set by a high resistance.

1.1
> /-(

1.0}
2 09k
= 51 Hg/HgO vs. RHE
5 0.8k " quasi = g/HgO vs. X 1
> T 14.7 MS) 13 MO = 10 MQ|T
=
= -0.1F
b=
3

5 0.2 _\‘hn\L

s 0.2
(@

_0‘3 1 1 1 1

0 3 6 9 12 15
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Figure 4. Stability of the measured potentials of in-house developed liquid-
phase potential probes. The resistances within the electric circuit of the
probes were varied to examine the influence on the potential stabilization.
The quasi-reference configuration was selected for stable measurements.
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Besides the potential differences at the DHE probes, we
observed a slight color change of the tip of the NE of the
probes from a silvery shiny surface to a gray matte surface. This
was seen in particular at the probes with the resistances of
10 MQ and 13 MQ, which show a potential below 0V against
RHE. In a repetition experiment with a similar 10 MQ potential
probe operated for 50 hours under similar conditions, the
structural change became more evident (Figure S1a, b). A likely
reason is that zincates are adsorbed on the probe tip, followed
by a reduction reaction to zinc. These processes may cause an
error in the reference electrode, which has been observed for
other electrochemical systems in the literature.*** The
comparison of DHE probe potentials in the following provides
more clarity. The measured potential of the probe using a
resistance of 10 MQ is about —0.266 V against RHE at the end
of the experiment, with a strong tendency to decrease further.
We measured an open cell voltage of a porous zinc-plated
electrode of —0.430V against RHE at similar conditions in
previous work."” The closeness of both values and the fact that
the potential of the 10 MQ probe had not yet stabilized after
15 hours support our hypothesis that zinc deposition may have
already occurred in addition to zincate adsorption. In contrast,
and as shown in Figure 4, a quasi-reference electrode afforded
a much more stable potential of approximately 1.063 V after 4 h
and remained almost unchanged for the rest of the experiment.
Therefore, we decided to use this type of reference electrode as
a liquid-phase potential probe for the full-cell experiments to
prevent zinc deposition errors and the progressive shift of
potential value of the DHE probes. The functionality of each of
the in-house developed probes was tested before each flow cell
experiment by performing a hydrogen evolution reaction at the
electrode tip in an alkaline electrolyte consisting only of
30 wt% KOH. The resting potential of the probes was then
measured with a voltmeter for several minutes against a RHE.
When the measured potential was close to 1V, the probe was
rinsed and fixed to the center of a pore in the metal foam
electrode of the battery.

Qualitative Impact of Current Density on Foam Electrode
Utilization

As shown in Figure 5, the zinc deposition is inhomogeneous
within the metal foams, seen as different colored areas. The
foam samples were taken after an additional charging process
conducted after five complete charge-discharge-cycles and
current interrupt (Cl) measurements at a capacity of 1.2 Ah. The
preparation of the foams for examinations was made by cutting
the foams along the xz-plane at a height (y-axis) of 20 mm
(Figure 2a) with a blade from a cutter knife. The yellow dots
indicate the positions of the tips of the liquid-phase potential
probes L1-L5 (0 mm-20 mm). Exposed copper areas resulting
from cutting the foam are ignored in these observations.

The inhomogeneity of zinc deposition is particularly evident
at the current densities of 50 mAcm™ and 90 mAcm™2 In
contrast, the zinc deposition seems more homogenous across
the foam operated at 130 mAcm™2 To assess the amount of
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Figure 5. Cross-section of porous copper foams along the xz-plane (Fig-

ure 2a). Foam samples were taken after the charging processes, which were
performed at current densities of 50 mAcm™2 90 mAcm ™2 and 130 mAcm 2,
respectively. The charged capacity was 1.2 Ah in each case. The yellow
markings indicate the location of the tips of the liquid-phase potential
probes L1-L5 (0 mm-20 mm), with the outermost probe L5 positioned at

20 mm. The rectangles marked with the letters (a) and (b) correspond to
sections examined in more detail with the 3D microscope (Figure S2a, b).

deposited zinc more accurately, the foam samples operated at
90 mAcm™? and 130 mAcm? were qualitatively examined with
a microscope. Therefore, comparable locations on the foam
samples were chosen indicated by (a) and (b) at a width (z-axis)
of about 10 mm (Figure 2a). These areas correspond to the
position of the tip of the probe L3. The magnified images of
these regions (Figure S2a, b) confirm that at the higher current
density of 130 mAcm™2 zinc deposition within the metal foam
is more prominent. This is shown by the intense gray metallic

1.0

a) potential probe S1 o 1% cycle
0.8 A 2" eycle

solid-phase potential / mV

time / min

color. The coating thickness appears to be very thin. However,
comparing the section of the foam sample operated at
90 mAcm™? (Figure S2a) with a copper foam before any charge
or discharge (Figure S2c), it becomes clear that zinc is also
present, but it does not completely cover the surface of the
foam struts as at 130 mAcm™ (Figure S2b). This finding also
appears to hold for operation at a current density of
50 mAcm™? when comparing the color of the foam sample
(Figure 5) at the widths (z-axis) of 0 mm to 10 mm with the
initial color of a pristine foam (Figure 2b).

It becomes evident that increasing the current density has
only a limited effect on zinc distribution within the porous
copper foam. It follows that the flow battery capacity cannot be
increased by simply choosing a thicker electrode, since the
highest activity occurs near the counter electrode. The observed
activity gradient across the foam thickness can be confirmed by
numerous studies on the theoretical and practical investigation
of metal deposition in porous electrodes.?*?*2°%4¢ The reason
for this distribution of deposited zinc is the heterogeneous
potential distribution across the metal foam (z-axis in Figure 2a),
which depends on the kinetics and the ohmic resistances of the
electrode and electrolyte.™

Influence of the Solid-Phase Potential on the Local
Overpotential

As seen in Figure 6a, b the solid-phase potentials ¢ measured
at the probes S1 (0 mm) and S2 (20 mm) (Figure 2a) during five
charging cycles did not differ significantly at a current density
of 130 mAcm . The measured overpotentials show the shape
of measurement noise points, mainly caused by the sensitive
potentiostat detecting minor changes in the system at the
submillivolt range. Indeed, the solid-phase potentials measured
at both probes were always below 0.4 mV, which means a

1.0
b) potential probe S2 o 1*cycle
0.8 1 a2 eycle
% 39 cycle
061l 4™ cycle
% 5" cycle

solid-phase potential / mV

0 10 20 30 40

time / min

Figure 6. Solid-phase potentials measured at a current density of 130 mAcm™ during five charge cycles. a) Potentials measured at probe S1, which is
positioned at the bottom of the foam at 0 mm. b) Potentials measured at probe S2, which is positioned at the top of the foam at 20 mm.
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negligible influence on the local overpotential, #. This finding
was expected due to the high electrical conductivity of the
copper metal foam. Consequently, the liquid-phase potential ¢,
is determining the local overpotential according to Equation (1).

N =@s— @ — Eq M

Here, parameter E,, is the equilibrium potential measured
between the probe tip and a single pore strut in the metal
foam. Since the metal foam did not exhibit high overpotentials
at probes S1 (0 mm) and S2 (20 mm) at a current density of
130 mAcm?, no further experiments were performed at the
lower current densities of 50 mAcm ™2 and 90 mAcm™2 In other
words, the ohmic drop across the metal foam electrode and its
contribution to electrode overpotentials are negligible for these
dimensions owing to the very high conductivity of copper.

Liquid-Phase Potentials and Corresponding Zinc Structures

The liquid-phase potentials measured during five charge-
discharge cycles and the structure of zinc deposits after one
additional charging cycle near the probe tip are examined in
this section. Due to the large amount of data, the following
discussion is focused on the results from the experiments at the
lowest and highest current density of 50 mAcm™ and
130 mAcm?, respectively (Figure 7 and Figure 8). The results of
the experiment at the intermediate current density of
90 mAcm™? are displayed in Figure S5.

The liquid-phase potentials recorded with the quasi-refer-
ence probes are illustrated in 3D plots in Figure 7a and
Figure 8a. For clarity, the measured potentials of each probe are
separately displayed in Figure S3a—e and Figure S8a-e. Repro-
ducibility was ensured by repeating the experiments with the

same setup but changing the probes, the electrolyte and cell
components (metal foam, GDE, etc.) each time. The results of
the repeated experiments are shown in Figure S3f-j and
Figure S8f-j. The results for the experiments conducted at a
current density of 90 mAcm™ are also shown in Figure S7a-e
and Figure S7f-j, respectively. Recorded liquid-phase potentials
are discussed just below, after presenting the zinc morphology
relevant to such results.

Indeed, the evaluation of the SEM images centers around
the zinc deposits at the probes L3-L5 (Figure 7b and Figure 8b).
This is due to the negligible utilization of the metal foam near
the probes L1 and L2 below a width (z-axis) of 10 mm
(Figure 2a), as shown in a previous section in Figure 5. For
completeness, the SEM images of the zinc deposits near the
probe tips of L1 and L2 are shown in Figure S9.

According to the literature, the formation of specific zinc
morphologies is dependent on the applied current density and
the resulting overpotentials at the zinc electrode.”” ™" The
reported liquid-phase potentials for the formation of mossy,
boulder and dendritic structures in an alkaline solution of KOH
with dissolved ZnO are summarized in Table 1. Despite many
differences in electrolyte composition and used reference
electrode, the potential ranges for the different zinc structures
are clearly recognizable. Moss-like structures are observed at
low overpotentials in the range of 10 mV to 30 mV. Boulder
structures are formed at a moderate overpotential range of
30 mV to 140 mV. Dendrites are produced under an over-
potential range of 75 mV to 320 mV. The overlapping ranges for
the formation of boulder structures and dendrites are presum-
ably originated by the different experimental conditions and
testing times. However, the determined ranges have a sufficient
accuracy, which is shown in the following.

As seen in Figure 7a, the measured liquid-phase potentials
at the probes L1-L5 (0 mm-20 mm) at a current density of

Table 1. Overpotentials for the formation of mossy, boulder and dendritic zinc structures in alkaline electrolytes containing KOH and dissolved zinc.
KOH Zinc Reference Overpotential Overpotential Overpotential Ref.
concentration concentration electrode mossy boulder dendrite

MolL™"  wt%  MollL™' mv mvV mvV

6.82 30 0313 platinum 7.8-13.2 22-100 - this work
- 44 0.02 SCE 30 n.a. 180 [73]
- 43 1.13 zinc <25 50 100 [70]
- 10 0.01-0.2 zinc n.a. n.a. 85-140 [74]
2 - 0.1 zinc wire 10 50 100 [75]
8.4 - 0.74 Hg/HgO <25 50 75-200 [76]
1 - 0.1 Hg/HgO 30 90 130-220 [771
1 - 0.1 Hg/HgO 20-30 n.a n.a [78]
7 - 0.7 Hg/HgO >17 n.a n.a [79]
4 and - 0.1 zinc <25 n.a n.a [80]
6

6.0 - 0.5 Hg/HgO 20 60-140 320 [71]
6 - 0.1-0.4 Hg/HgO n.a. 30-80 n.a. [81]
6 - 0.4 zinc wire 25 65 125-150 [82]
8 - 0.243 Hg/HgO ~21 ~111 ~258 [83]

ChemElectroChem 2024, €202400062 (7 of 16)

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85US017 SUOWILLIOD 3A1IR1D) 3|l dde 8Ly Ag pausenoh a8 Saole YO ‘SN J0 S3|NI 04 A%1q 1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M A RRIq 1 BU1IUO//SARY) SUORIPUOD PUe SWIB L 83U} 89S *[202/50/.0] Uo AriqiTauluo A8 |im ‘uediemiuy 1eIsRAIUN AG 290007202 2189/200T OT/I0p/W00" A8 M Areiq1putjuoadoins-Aiis iupyo//sdny wouy papeojumod]‘0 ‘9T2096TC



Research Article
ChemElectroChem

doi.org/10.1002/celc.202400062

Chemistry
Europe

European Chemical
Societies Publishing

jab)
g

[SA}
(e]

o 15 cycle
A 9nd cycle
grd
4th
5th

=
o

cycle

[
O

cycle

X

cycle

DO
o

—
o

o s g Jypeplwpanifiasa Lo ooy

liquid-phase potential / mV

[ )

LS

Bottom
.{‘ r

10 pm

Mag = 500 x

Figure 7. Conditions at a porous copper foam with a thickness (z-axis) of 20 mm during charging at 50 mAcm™
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2, a) Potential distribution determined over five

charge cycles at five liquid-phase potential probes (L1-L5) across the metal foam. The probes were spaced 5 mm apart. b) SEM images of the zinc structures
near the probe tips of L3-L5 (10 mm-20 mm) formed in an additional charging process at 50 mAcm 2 In addition, the zinc structures at the top and bottom
region of the SEM image taken near the probe tip of L5 (20 mm) were examined at 100x and 500x magnification.

50 mAcm™? differ significantly, with the highest potential in all
five charging processes measured each time at probe L5
(20 mm). This finding was expected due to the known
heterogeneous potential distribution within the foam and the
associated high zinc deposition near the counter electrode
(Figure 5). When comparing the potential signals, it is notice-
able that the one of the 1 cycle always showed higher values,
except for probe L5 (20 mm) at the beginning of the charging
process. In contrast, in the repeated experiment (Figure S3f-j)

ChemeElectroChem 2024, 202400062 (8 of 16)

and in further experiments at a current density of 130 mAcm™2

(Figure S8a—j) the measured probe potentials at L5 (20 mm)
were always higher during the 1* cycle than in all subsequent
charging processes. This is likely due to the initial zinc
nucleation over a pristine copper substrate. The reason for the
deviation during the 1* charging cycle in Figure 7a might be
due to a shading of the probe tip by residual gas bubbles in the
system.
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Figure 8. Utilization of a porous copper foam with a thickness (z-axis) of 20 mm during charging at 130 mAcm™
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2, a) Potential distribution determined over five

charge cycles at five liquid-phase potential probes (L1-L5) across the metal foam. The probes were spaced 5 mm apart. b) SEM images of the zinc structures
near the probe tips of L3-L5 (10 mm-20 mm) formed in an additional charging process at 130 mAcm™ In addition, the zinc structures at the top and bottom
region of the SEM image taken near the probe tip of L5 (20 mm) were examined at 100x magnification.

Another similarity among the measurements in Figure 7a is
the decrease of the potential from the beginning to the end of
the experiment. This is particularly noticeable for probes L3-L5
(10 mm-20 mm). This could be also observed at higher current
densities of 90 mAcm™2 and 130 mAcm™? (Figure S5a and
Figure 8a). The reason for this is most likely the decrease in
local current density caused by the increase in the surface area
of the metal foam due to the formation of zinc structures as the
deposition progresses.”®”" Another noticeable characteristic of

ChemeElectroChem 2024, 202400062 (9 of 16)

the recorded potentials is the occurrence of strong variations
with steep gradients at a time range from 30 min to 50 min at a
current density of 50 mAcm™2 (Figure 7a), which are particularly
recognizable at probes L4 and L5. These measurement artifacts
were also observed in the experiments with higher current
densities of 90 mAcm™ and 130 mAcm™ (Figure S5a and
Figure 8a). The occurrence and cause for these artifacts will be
explained in detail in the following section but here it can be
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said that it is not unexpected, being part of the ZASH flow
battery voltage curve as reported in our previous work."”

The liquid-phase potentials measured with the probes L1—
L3 (0 mm-10 mm) were 3 mV or less during all five charging
cycles at a current density of 50 mAcm™ (Figure 7a). The SEM
image (Figure 7b) of the foam near the probe tip of L3 (10 mm)
shows no remarkable changes of the pores and foam struts,
which supports the earlier observation (Figure 5) that zinc
deposition at and below 10 mm (z-axis) is vanishingly small.
Negligible or small amounts of reduced metal close to the
current collector are typical and clearly observed in other flow
cell studies deliberately using thick porous electrodes, such as
for platinum reduction on titanium felt and mesh.®>?

The potentials measured with the probes L4 (15 mm) and
L5 (20 mm) were 7.8 mV and 39.0 mV at the beginning of the
5™ charging process at a current density of 50 mAcm™2 After
120 min at the end of the experiment, the potentials decreased
to 0 mV and 13.2 mV, respectively. The SEM image of the foam
at the position of the probe tip of L4 shows the characteristic
properties of the moss-like zinc structures (Figure 7b). In fact,
the measured potential of 7.8 mV at the beginning of the
experiment is quite close to the potential range of 10 mV to
30 mV (Table 1) and thus the formation of mossy structures was
expected during charging. In contrast, the initially measured
overpotentials above 30 mV at probe tip L5 (20 mm) during the
charging indicate the formation of the preferred boulder
structures. Indeed, the zinc deposits examined exhibited a
boulder-like morphology in the top region of the SEM image in
Figure 7b. However, as can be seen in Figure S4, the steady
decrease of the potential to 13.2 mV at the end of charging,
resulted in the onset growth of moss-like structures on top of
the initially formed boulder structures. Furthermore, the bottom
region of the SEM image near L5 (20 mm) (Figure 7b) shows
already a growth of moss-like structures.

Similarities in the distribution of the zinc structures across
the foam were found by comparing the experiments conducted
at the current densities of 50 mAcm™ and 90 mAcm™2 Moss-
like structures could also be detected near the probe tip of L4
(15 mm) after the charging process at 90 mAcm™ (Figure S5b).
The measured liquid-phase potentials had its maximum near
10 mV during the first 20 min of the five charging processes
and were thus within the specified range of 10 mV to 30 mV for
mossy zinc deposits (Table 1). The examined structures near the
probe tip of L5 (20 mm) in the top region of the SEM image
shows the desired boulder structure (Figure S5b). The measured
probe potentials were in a range of 40 mV to 75 mV during the
whole experiment and thus above the critical value of 30 mV
reported for boulder-like structures in literature (Table 1).
However, the repeated experiment (Figure S7f-j) shows that the
potential can even fall below 20 mV at the end of charging (t=
120 min) and thus the formation of mossy structures cannot be
prevented. A magnification of the bottom region of the SEM
image in Figure S5b taken near the tip of L5 (20 mm) (Figure S6)
confirms the growth of the moss-like structures on the top of
the boulder structures. Consequently, a further charging would
lead to a further decrease of the local liquid-phase potential

ChemElectroChem 2024, €202400062 (10 of 16)

and inevitably lead to overgrowth of the boulder-like structures
even in the immediate vicinity of the probe tip of L5 (20 mm).

When the flow battery is operated at a current density of
130 mAcm™2, zinc morphologies and their distribution across
the thickness of the metal foam changes in comparison to the
experiments at lower current densities. Accordingly, some
mossy zinc deposits could be observed in the region of the
probe tip of L3 (10 mm) at a probe potential of about 4 mV
(Figure 8b and Figure S10a). Liquid-phase potentials of about
22 mV and 3 mV were measured at the probe tip of L4 (15 mm)
at the beginning and end of the 5% charging process,
respectively. The probe potential of 22 mV is below the critical
value of 30 mV for the formation of boulder-like structures and
thus the formation of mossy-like deposits is preferred (Table 1).
Indeed, mossy structures are visible on the SEM image (Fig-
ure 8b), recognizable by the light gray colored deposits.
However, a magnified region of these deposits (Figure S10b)
reveals that small boulder structures are also present beneath
the mossy deposits. As a result, boulder structures may already
occur below the critical value of 30 mV reported in literature.

The deposits near the probe tip of L5 (20 mm) after
charging at a current density of 130 mAcm™ had, without any
exception, the characteristics of boulder structures (Figure 8b).
This is accompanied by the measured potentials of about
90 mV and 37 mV at the beginning and end of the 5% charge
cycle, respectively, which are clearly within the potential range
for the formation of boulder-like structures. However, there are
slight differences in the shape of the deposits. A magnified SEM
image of the bottom area near the position of L5 (20 mm)
shows a sphere-like structure, whereas the deposits in the
immediate vicinity of the probe tip in the top region show
sharper edges. It is likely that at higher overpotentials caused
by a current density over 130 mAcm™ the deposits would
become more sharp-edged and dendritic.

The repeated experiment (Figure S8f—j) at 130 mAcm™
shows significantly higher overpotentials at probe L5 (20 mm)
compared to the previous experiment (Figure 8a). Accordingly,
the probe potentials measured at the beginning and at the end
of the 5" charge cycle are 115mV and 74 mV, respectively.
Despite the high overpotentials, an SEM image of the foam
pore near the probe tip of L5 (20 mm) (Figure S10c) shows that
zinc structures similar to those in Figure 8b of the previous
experiment are present at a current density of 130 mAcm™.
The reason for the differences in the overpotential may be due
to the probe tip shifting into a lower region of the metal foam
during assembly in the previous experiment (Figure 8). The
measured liquid-phase potential was about 100 mV during the
first 20 min of charging and thus is defined as the upper limit of
the potential range for the formation of boulder-like structures
in this study (Table 1).

Despite the good agreement of the measured potentials
and the zinc structures described above, the potential curves
differ slightly from cycle to cycle in all experiments for both low
and high current densities (Figure 7a, Figure S5a and Figure 8a).
The most likely reason is the influence of the complex
mechanisms at the positive GDE surface affecting the electric
field at the negative electrode and thus the activity of the metal
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foam during the charging cycle, as observed in our previous
study.” At a current density of 130 mAcm™, the measured
potentials actually decrease with each charge cycle, instead of
stabilizing after a few cycles as they do at current densities of
50 mAcm 2 and 90 mAcm™2 This phenomenon also causes the
liquid-phase potential measured at probe L5 to be lower at the
end of charging at 130 mAcm™2 than at 90 mAcm 2 (Figure 8a
and Figure S5a). The reason for this could be the ageing onset
of the GDE, which is accelerated by the high peak current and
can lead to less active regions on the GDE and thus also on the
opposite foam electrode. Consequently, the liquid-phase poten-
tial decreases with time.

Measurement Artifact and its Origin

As mentioned in a previous section, a measurement artefact is
recognizable in the responses of the potential probes at the
negative foam electrode during the charging process in the first
half of all experiments, independently from the applied current
density (Figure 7a, Figure S5a and Figure 8a). This is visible in
particular in the potential measured with probes L4 and L5. The
assumption from previous work is that the oxidation processes
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of the silver species in the GDE are the reason for this
occurrence."” In order to examine this hypothesis, we replaced
the GDE with a pure zinc plate (Grillo-Werke, Germany) after
finishing an experiment with five charge-discharge cycles at a
current density of 50 mA cm™2 (Figure 7a). Beyond that, no other
cell components were replaced. After reassembling the flow
cell, the experiment was started with the same charging
procedure used during the previous experiment at 50 mAcm™.

As seen in Figure 9a, the cell potential measured during the
5% charging cycle using a GDE as a positive electrode
corresponds to the typical potential curve of a ZASH flow
battery reported in our previous study."”” The encircled
number 2 and the corresponding gray dashed line identify the
potential peak at about 2.21 V (t=41.35 min), which represents
the transition from the highly-resistive silver(l)-oxide (o=
7x10° Qcm)® to silver(ll)-oxide (0=5x10°Qcm)® at the
GDE."” The numbers 1 and 3 correspond to operating states six
minutes before (t=35.35 min) and after (t=47.35 min) the peak
occurs. In contrast, neither a potential shift to higher values nor
a potential peak occurred when a zinc plate was used as the
positive electrode. The overpotentials at the flow cell during
the current pulse showed a constant value over time with a
small decrease. The low cell voltage with a maximum of about
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Figure 9. Evaluation of the impact of the GDE on the probe potentials measured inside the porous metal foam during charging at a current density of

50 mAcm 2. a) Potentials during a charging cycle with a GDE as PE and an additional charging cycle with a Zn-plate as PE. The circled numbers from 1 to 3
denote crucial changes in the potential when using a GDE as a PE, caused by the different oxidation states of the silver in the GDE. Orange area represents
the current range of the pulsed current regime. b) Probe potentials measured at the liquid-phase potential probe L5 (20 mm) using a GDE as PE and a Zn-
plate as PE. c) Changes in the oxidation states of the active area of the GDE during charging.
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0.2V during a current peak is due to the fact that both
electrodes are coated with or consist of zinc. In addition, the
cell voltage does not drop to the expected 0V during the
current pause, which is most likely due to residual capacitance
at the electrodes.

The liquid-phase potentials during the charging processes
were measured at probe L5 (20 mm) and are shown in
Figure 9b. For comparison, the predefined time frame from
Figure 9a is also shown, indicated by the encircled numbers
from 1 to 3. The potential curve of the 5 charge cycle with a
GDE as PE shows the expected measurement artifact occurring
within the same time frame. In contrast, no artifact was
observed when a zinc plate is used as PE, which is consistent
with the observations already made in Figure 9a. This finding
indeed confirms that the measurement artifact is most likely
attributable to the oxidation processes of the silver species at
the GDE. Apart from this, however, the measured potentials
before and after the occurrence of the artifact correspond to
those measured with a zinc plate as PE (Figure 9b).

In further experiments, different oxidation states of the GDE
were examined to determine possible correlations between the
probed potential and the measurement artifact encountered.
Therefore, the battery cell was again operated at a current
density of 50 mAcm™2 and charged differentially up to the
operating states indicated by the encircled numbers 1 to 3 in
Figure 9a, b. The flow cell was subsequently disassembled in
each case, and the active area of the GDE was examined
qualitatively with photography. As seen in Figure 9c, the
oxidation of the active area of the GDE was heterogeneous up
to the operating state 1 (t=35.35 min). The brownish spots
indicate that oxidized silver species are already present. In
contrast, the brighter and smaller spots correspond to the non-
oxidized silver species in the electrode matrix. As can be seen in
Figure 9b, the measured probe potential at probe tip L5
increased before and after reaching the operating state 1.
Several factors, such as electrolyte concentration, the distance
of the probe tip to the metal foam pore and the conductivity of
the electrolyte or electrode, could cause this rise in the
potential. However, these factors do not change over time to
the extent that the potential would shift to remarkably higher
values. More likely is the increase of the local current density,
which is caused by the preferred current flow through the non-
oxidized areas at the GDE instead of the areas containing highly
resistive silver oxides. As a result, the local current density is
higher in the areas without oxides, leading to higher potentials
and, thus higher activity at the parallel metal foam near these
areas.

When operating the flow cell up to the potential peak at
the operating state 2 (t=41.35 min) in Figure 9a, the bright
non-oxidized areas almost completely disappeared (Figure 9c).
This is consistent with the fact described in the literature that at
this point, the silver species have been completely converted to
silver(l)-oxide and further oxidation to silver(ll)-oxide is
initiated."”#*®9 Extending the test time by further six minutes
leads to the operating state 3 (t=47.35 min) (Figure 9a) and
results in a complete coverage of the active area of the GDE
with silver oxides. The appearance of the area changed to a
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darker color compared to the area at the potential peak and is
most likely due to oxidation of the silver species. The cell
voltage decrease between the operating states 2 and 3 (Fig-
ure 9a) is due to oxidation to a low-resistance silver(ll)-oxide
layer on the GDE surface. The decrease is also recognizable in
the curve of the probe potential in Figure 9b. This is probably
due to an equalization of the current distribution in the active
region of the GDE caused by the progressive oxidation and
disappearance of heterogeneous areas with non-oxidized silver
species. As a result, the hotspots of high local current densities
disappear and so does the increased activity at the metal foam.

Ohmic Contribution to the Potentials Measured in Liquid-
Phase

As described in the experimental section, CI measurements
were conducted every 30 s during the charging process. The
resulting iR drop values include several ohmic potential losses
mainly caused by the properties of the cell components, such
as the conductivity of the electrolyte and electrode materials.®”
Additionally, passive layers at the electrode surfaces may
increase the iR drop. However, the effects of possible passive
layers on the zinc electrode are negligible since they form
preferentially during the discharge process.>*®

Cl measurements were performed with the potential probes
L3-L5 (10 mm-20 mm) at current densities of 50 mAcm™,
90 mAcm™ and 130 mAcm™ (Figure 10, Figure S11a,b, Fig-
ure S12a, b, c and Figure S13a, b, ¢). However, in the following,
only the results of the measurement carried out at a current
density of 50 mAcm™ with the potential probe L5 (20 mm) are
discussed. This is due to the fact that the results of the tests at
higher current densities are similar and differ only in the
magnitude of the probe potentials. This also applies to the
potentials measured with probes L3 (10 mm) and L4 (15 mm).

50

A potential probe L5

O ohmic overpotential

40

(O8]
(e

(]
S

overpotential / mV

(]

0 20 40 60 80 100 120
time / min

Figure 10. Potential measured at the liquid-phase potential probe L5

(20 mm) during a charging process at 50 mAcm? alongside the ohmic
overpotential determined from CI measurements taken every 30 s during the
same charging step.
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The ClI measurements were repeated with replaced cell
components and different potential probes. The results are
similar to those of the previous experiments (Figure S11c, d,
Figure S12d, e, f and Figure S13d, ¢, f).

As shown in Figure 10, the ohmic overpotential between
the probe tip at L5 (20 mm) and the metal foam was about
20 mV at the beginning of the charging process at a current
density of 50 mAcm™ This value corresponds to about 50% of
the overall measured liquid-phase potential at probe L5 at the
beginning. The previously mentioned measurement artifact due
to the presence of the silver-based GDE is clearly visible in the
curve of the probe potential during the experimental period of
30 min to 50 min. Besides slight changes in the potentials
around 40 min, no other potential gradients are visible in the
curve of the ohmic overpotential. This result is similar to the
results of the CI measurements at the current densities of
90 mAcm™? and 130 mAcm™? (Figure S12a and Figure S13a),
although the slight decrease in the ohmic overvoltage curve
mentioned above is more pronounced.

It seems that the conversion processes of silver at the GDE
surface already have a minor impact on the iR drop at the metal
foam. Apart from the fact that the used sampling rate of 100 ps
is too low, possible influences on the course of the ohmic
overpotential are given in the following. According to Ohm’s
law, the resistance and the applied current determine the
magnitude of the ohmic overpotential at the electrode.
However, the resistances caused by the electrolyte and the
electrode material are expected to be almost constant during
charging. Accordingly, the conductivity of the electrolyte used,
consisting of a 30 wt% KOH solution and 2 wt% dissolved ZnO,
changed only slightly from ~605mScm™ (Q=0 Ah) to
~610 mScm™' (Q=1200 Ah) during a typical charging process.
Furthermore, the overpotential at the metal foam is negligible
throughout the charging process (Figure 6). Indeed, the con-
ductivity of copper (~58.0x10°Sm™) is higher than the one of
the deposited zinc (~16.7x10°S m™), but the value is by far
higher than the conductivity of the electrolyte and thus the
impact on the ohmic overpotential is negligible. Consequently,
the most likely reason for the potential changes in the ohmic
overpotential is the already discussed reduction in current
caused by the different local oxidation states of the GDE
surface. Complex experiments would be needed to fully under-
stand the mechanism of the measurement artifact and the
influence of the GDE on the measured probe potentials at the
metal foam.

At the end of the charging process (t=120 min) the ohmic
overpotential and the probe potential at L5 (20 mm) decreased
to about 6 mV and 14 mV (Figure 10), respectively. This
decrease was expected since the formation of zinc structures
lead to an increase of the surface area and thus to a decrease in
local current density as described in a previous section.

Liquid-Phase Potentials During Discharging

Figure 11 shows the potentials measured at the quasi-reference
probe tips of L1-L5 (0 mm-20 mm) in the negative metal foam
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Figure 11. Potential distribution measured using five liquid-phase potential
probes (L1-L5) within a metal foam with a thickness (z-axis) of 20 mm during
discharge at 50 mAcm™2. The corresponding charging cycles were con-
ducted at a current density of 50 mA cm~2 (Figure 7a).

electrode during discharge at a constant current density of
50 mAcm™2 The corresponding charging steps were performed
at a current density of 50 mAcm™? and are displayed in
Figure 7a. Since all discharge tests were conducted at the same
current density regardless of the current density applied during
the charging process, the following discussion is based on the
results shown in Figure 11. Indeed, a comparison of the
potentials measured during discharge after charging at a
current density of 50 mAcm™ and 130 mAcm™ shows no
significant differences (Figure S14a-j). The punctual potential
drops that occurred during some discharge cycles, seen in
particular in Figure S14g at probe L2, were likely caused by the
passing of bubbles between the probe tip and the metal foam.

The discharge graphs displayed in Figure 11 show similar
trends regardless of the probe location and cycle number. In
contrast to the dependency of liquid-phase potential on the
electrode thickness during charging (zinc reduction), no clear
relationship between the same potentials and distance is
observed during discharging (zinc oxidation). This may be due
to the fact that the discharge constant current is lower than the
pulsed current applied during charging, implying lower over-
potentials and a less intense potential distribution across the
electrode. Plus, zinc oxidation takes place from a wholly
covered zinc surface. Only the 2™ discharge cycle showed an
increased potential at the beginning of the experiment and a
shortened test duration, which is almost the same for all probes.
The reasons for this are unclear but it is likely due to a local
disturbance at the GDE caused by partial drying out or
screening of the active area due to a gas bubble lodged
between the separator and GDE during charging. However,
subsequent discharge cycles did not exhibit any of these
irregularities, so this will not be discussed further.
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The measured potential at the beginning of discharging
differs from probe to probe in a range of 0.4V to 0.6 V, which is
probably due to slight differences in the probes and their
surrounding environment. Small impurities on the probe tip
caused by the challenging integration of the probes into the
foam pores during cell assembly or by the flow battery
operation itself may have some impact on the probe potential.
Apart from these minor differences in the recorded potentials,
no measurement artifacts, such as those occurring during the
charging processes, are visible. This finding is remarkable
because a change in the oxidation states of silver also takes
place at the positive GDE during discharge."’***? Presumably,
the reduction of the silver oxides proceeds more uniformly than
the oxidation during the charging process. This could be
explained by the low constant current that is supplied during
discharge, which is only one-third of the peak pulsed current
during charge. A lower current means lower overpotentials and
a slower reaction rate at the silver species in the GDE. More
details could be obtained by discharging the cell to various
operating states and then disassembling it to study the GDE, as
was done in the charging process (Figure 9¢). Finally, at the end
of the discharge processes, a steep potential drop towards 0V
can be seen, which is caused by zinc depletion on the metal
foam, i.e., full discharge of the cell.

Conclusions

In this study, we have successfully integrated liquid-phase and
solid-phase potential probes into a porous copper foam serving
as the substrate for the negative electrode of a ZASH flow
battery. This allowed us to determine the potential distribution
across the thickness of the metal foam during the operation of
the flow battery. We validated a quasi-reference electrode
against DHEs with various resistances and a Hg/HgO electrode.
The simple quasi-reference probes showed superior stability in
a zinc-containing electrolyte and were thus used in the flow cell
experiments. Our investigation demonstrated that the meas-
ured potential at the liquid-phase potential probes directly
reflects the local electrode overpotentials. Our findings align
well with prior knowledge of potential distribution at foam
electrodes in rectangular channel flow cells (e.g.?”), confirming
that the magnitude of the local current is a function of distance
from the current collector due to local overpotentials. In
contrast, even at a relatively high pulsed current density of
130 mAcm™2 (390 mAcm™? at pulse peak), the solid-phase
exhibited negligible overpotentials, irrespective of its position
in the foam electrode. We have also shown that local potentials
control the formation of particular zinc morphologies on the
metal foam as a function of distance from the current collector.
Specifically, we identified moss-like structures within the over-
potential range of 7.8 mV-13.2 mV and boulder-like structures
within a range of 22 mV-100 mV. As in previous work,"” we did
not observe the formation of dendritic structures near the
probe tips owing to the use of a pulsed charge regime during
the charging steps. One noteworthy remark pertains to a
measurement artifact observed at the negative electrode during
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the initial half of the charging steps, particularly in the potential
curves measured with the probes near the positive GDE. Our
subsequent experiments, replacing the silver containing GDE
with a zinc plate, led to identifying the origin of this artifact,
confirming the change of oxidation state of silver in the GDE as
its source. However, the primary and most significant finding of
our study is that, regardless of the applied current density, the
region of highest activity for zinc deposition is concentrated
near the GDE. Consequently, only the foremost 5 mm of the
20 mm thick copper metal foam is effectively utilized for zinc
deposition, while the remaining 15 mm is thinly covered with
zinc. Attempts to increase the flow battery capacity by choosing
a metal foam thicker than approximately 5 mm are unlikely to
provide significant benefits because the areas near the negative
electrode current collector are not adequately utilized. This
conclusion is relevant to similar electrochemical devices incor-
porating metal deposition on foam-structured electrodes.

Experimental

Cell Design and Potential Probes

An exploded view of the flow cell and a schematic diagram of a
DHE liquid-phase potential probe are shown in Figure 1a, b. The
cell design was based on the battery cell described in our previous
work"”" differing in dimensions and a reduced number of
components. Due to the similarities, the description of the cell used
here is focused on the modifications. The porous copper foam
(average pore diameter ~2 mm, volumetric porosity: 96.3 %) used
as negative electrode substrate, had a geometric area of 12 cm? a
thickness of 20 mm and was provided by Xiamen Zopin, China. The
porosity was calculated from the bulk density of a foam sample of
known volume. The inlet and outlet of the electrolyte were located
at the top of the electrode frame. The flow direction of the
electrolyte is not from bottom to top, as in our previous study,"”
but from right to left (Figure 2b). To meet the requirement of a
similar flow regime and thus comparability of the results of both
studies, the foam orientation was rotated by 90° to the current
collector. A further modification of the flow cell design is the
integration of the flow field directly on the air supply frame, which
simplifies the assembly.

All experiments were performed with an aqueous alkaline electro-
lyte consisting of 30 wt% KOH (pellets, 85 % purity, VWR Chemicals)
and 2wt% dissolved ZnO (powder, 99% purity, Grillo-Werke,
Germany). The electrolyte flow rate was set to 500 mLmin™
(=~ 1.04 cms™ interstitial flow velocity through the foam) with the
help of a peristaltic pump (323 U, Watson Marlow, USA). An
electrolyte volume of 1.0 L was circulated between the cell and a
separate tank. After each experiment, the electrolyte was com-
pletely replaced to enable the same initial conditions. The electro-
lyte tank was constantly flushed with nitrogen (5.0 grade, Linde) to
prevent carbonate formation in the solution through the absorp-
tion of carbon dioxide from ambient air. Synthetic air (5.0 grade,
Linde) was supplied with a flow rate of 0.5 Lh™' as reaction gas to
the bifunctional GDE sourced from Covestro, Germany. Both gases,
nitrogen and synthetic air, were humidified in wash bottles to
prevent water removal from the electrolyte.
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Electrochemical and Optical Characterizations

The flow cell experiments and the stability tests were performed
using a Reference 3000AE potentiostat coupled to a Reference
[30k] Booster (Gamry Instruments, USA) for enabling currents above
3 A. The flow cell tests with integrated potentials probes consisted
of five charge-discharge cycles and one additional cycle with
repeated Cl measurements during charging and a subsequent
charging process. The latter was used for post-mortem examination
of the zinc structures deposited on the metal foam. The charging
was realized by a pulsed charging protocol adapted from our
previous study with a pulse-pause ratio of 1s to 2s."” When
evaluating the data, the liquid-phase and solid-phase potentials
were calculated as the difference between the potentials measured
at the end of a pause at 2 s and at the subsequent end of the pulse
at 1 s. The transferred capacity during charging steps was limited to
1.2 Ah. In three series of tests performed, current densities of
50 mAcm™? 90 mAcm 2 and 130 mAcm? were applied during
charging with respect to the geometric area of the foam (12 cm?).
Taking into account the above pulse-pause-ratio, peak current
densities had values of 150 mAcm™? 270mAcm? and
390 mAcm=207

The discharge of the ZASH's single cell was performed in
accordance with our previous study at a constant current density of
50 mAcm™2 until reaching a cut-off voltage of 0.9 V."'” This limit is
crucial to prevent oxidation of the tin coating of the current
collector. The applied Cl method was adapted from our previous
study."” A Cl measurement was taken every 30 seconds during the
charging process. Here, the same current as during the charging
process was applied for 1 ms, followed by a switch-off time of 1 ms.
The sampling rate was 100 ps. A high-performance scanning
electron microscope (SEM) (EVO 50 MA 10, ZEISS, Germany) was
used to examine the morphology of zinc deposits. For this purpose,
the foam samples were cut along the xz-plane (Figure 2a) at a
height (y-axis) of 20 mm, where the tips of the liquid-phase
potential probes were located during the experiments. This allowed
a direct correlation of the zinc structures with the measured
overpotentials in the liquid-phase.
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Porous electrodes enhance mass
transfer to a greater electrode surface
area and improve fluid flow distribu-
tion of the electrolyte. Their use in
flow batteries has therefore become

increasingly important in recent years.

The application of quasi-reference
electrodes to a copper foam in a zinc-
air/silver hybrid flow battery reveals a
non-uniform utilization across the
foam thickness with the highest
activity near the counter electrode.
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