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1. INTRODUCTION

Zinc-air batteries have the potential to function as cost-effective,
environmentally friendly, and safe electrochemical energy storage systems in a wide
range of industrial applications. The main arguments in favor of developing
marketable systems lie in the existing infrastructure for globally established zinc-
air primary cells, the high availability and cost-effectiveness of the active material,
and the environmental compatibility of the complete system Feldhaus &
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Vahlenkamp (2010). The greatest challenge in increasing the performance of
rechargeable zinc-air power storages lies in avoiding or minimizing the growth of
dentritic zinc structures during the use. Zinc dendrites are branched crystal
structures that can form on the zinc anode and can lead to short circuits if they break
through the electrolyte. This is a major problem for the rechargeability of zinc-air
batteries, as it can significantly affect the life and performance of the battery Cura et
al. (2023).

The formation of zinc dendrites is influenced by various factors, including
current density, charge and discharge rate, temperature, and electrolyte
composition. Research is focused on finding ways to minimize or prevent the
formation of zinc dendrites in order to develop rechargeable zinc-air batteries that
offer longer life and better performance. Some approaches to tackling this problem
include material innovation; using new materials for the anode and cathode can also
help reduce zinc dendrite formation. Design improvements: The design of the
battery can be engineered to make dendrite formation more difficult. By separating
layers or using unique electrode structures, this is possible to control Ramin et al.
(2020). In zinc airflow batteries, copper compounds play a key role in reducing the
weight and cost of the cell, and although this compound is meant for a single-cell
testing. The metallic plate at the positive electrode is referred to as the air electrode
in this study. In a Zinc-Air battery, the zinc reacts as anode material with oxygen (02)
out at the air electrode. Zinc-air batteries can have a high power density if they are
designed as flow reactors with high-performance oxygen electrodes. In addition,
zinc particles enriched in alkaline solution are used as the electrolyte. Mahlendorf
et al. (2018). The zinc-air discharge efficiency of these flow batteries under the
effects of sodium is high. However, the technology is still in its development phase.
Nevertheless, the technology is available at various levels for further upgrades, and
continuous research needs to be carried out to improve performance, reduce costs,
extend the operating time, and extend the operating life.

This paper's work was inspired by the desire to make the zinc-air battery work
better by creating a copper bipolar plate that can work as an air electrode plate and
last a long time in an electrolyte solution of potassium hydroxide (KOH). The
ultimate goal is to develop a new material based on copper as a new type of air
electrode with low weight and higher stability in the aqueous medium with no
indication of corrosion. As per Hosseini et al. (2018) it is proved that the
performance of the zinc-air flow batteries is influenced by the corrosion and
passivation of bipolar plates. Therefore, this paper aims to show how the status is
when using new materials, such as copper compound to develop a new electrode for
a zinc cycle battery. A 1000-hour ageing test in a potassium hydroxide (KOH) water
solution was used to see how useful the copper compound might be as an electrode
material. There is a steady increase in the resistance of the cell when the copper
compound and especially compound with graphite filler are applied in the single-
cell zinc-airflow battery test. To optimize the production of the copper plates, it is
only possible by the compression molding process using PEEK-based molds (PEEK
= polyetheretherketon), since PEEK material can withstand the compression
molding at 50°C below its melting temperature of 300-320 °C Howell & Fukumoto
(2014).

2. MATERIALS AND METHODS

This section is to give an overview of the different materials used for the project
concerning the filler material and different polymers as binders.
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2.1. ELECTRICAL FILLER MATERIALS

Polymers act as binders for the conductive materials. The proportion of
electrically conductive filler in the composite matrix is responsible for the current
transport through the bulk of composite. Fillers are based on two types: on the one
side these are metallic species, and on the other side are carbon-based derivatives
commonly used for composite bipolar plates. Copper and graphite are chosen as
primary and secondary fillers.

2.1.1. COPPER

The chemical composition of the used copper (purity of > 99.95 %) is shown in

-
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2.1.2. GRAPHITE

As a hexagonal crystal system of carbon, graphite is a particularly common
species of this element. It has higher electrical and thermal conductivity than both
metals and non-metals. The properties of graphite as a filler are presented in Table
2.
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Planes et al. (2012)

Graphite

Particle size / um 50 -500

Aspect ratio / - ~1

2.2. POLYMERS

As already mentioned, the electrical fillers determine the conductivity of the
composite material Hickmann (2021). The polymers can also influence the electrical
conductivity in various ways, such as their surface energy and ability to disperse the
filler homogeneously. Thermoplastics or duromers are regarded as suitable binders
in industrial applications. For these experiments, thermoplastics used as polymer
materials.

2.2.1. THERMOPLASTICS

Various researchers investigated different thermoplastic usages for bipolar
plate applications depending on the various temperatures of operations. The most
commonly used thermoplastics are polypropylene (PP) and polyvinyliden fluoride
(PVDF) for the bipolar plates. The main purpose of using polypropylene (PP) is that
it has good mechanical properties, low cost, and easy processing as it melts at low
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temperatures Tariq et al. (2023). Since, the copper composite bipolar plates are in
contact with the potassium hydroxide (KOH) electrolyte in zinc airflow batteries,
Polyvinylidene fluoride (PVDF) is one of the polymers that are most suitable for this
medium of application with good barrier properties.

Futhermore, it is also sufficiently resistant to acids and alkalis as well as
moisture and has the required mechanical properties Dallaev et al. (2022).

2.3. MOLDING PROCESS AND MOLD MATERIAL

The most popular production technique for small and intermediate batches of
bipolar plate is compression molding Mahlendorf & Jansen (2009). Compression
molding is a complex process that and parameters varies with mold material, filler,
and binders. Mold temperature, compression force used, cooling time, and cooling
temperature parameters must be carefully controlled in order to produce a non-
porous compound with uniform filler and binder distribution. Moreover, the aim is
to produce copper compounds in large quantities and quality that are equivalent to
standard bipolar plates. Two different molds used in this experiment. For the first
set of compounds, a steel mold of 1.2314 grade is used, and for the second set of
experiments, a PEEK material mold is used.

Table 3
Rzatki et al. (2015)

Mold Youngs Poisson Hardness tensile
material Modulus coefficent / MPa strength
/ GPa MPa

3. EXPERIMENTAL SET-UP
3.1. COMPOSITE PREPARATION

For copper composite plates, there are different processes for selecting the
filler particle size. Before introducing copper or graphite fillers in the compound,
these graphite fillers sorted with different particle sizes using sieve analysis. After
choosing the required particle size between 150 and 250 pm. Then the graphite
powder added with an approximate weight ratio, and the obtained compounds were
coded according to the type of filler in the composite, as shown in Table 4. Filler
mixed with polymers in the planetary rotating machine at 140 rpm for 35 minutes
at 30 °C. The main purpose of adding the graphite filler to copper compound is to
increase the conductivity of the compound and to compare the compound durability
in the alkaline medium with different filler ratios.

Table 4

Compound type Compound No Polymer / vol-% Filler / vol-%

M-2 60 40

40 60

4
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PP + Cu M-6 70

PVDF + Cu + M-16 22 78 [Cu=39 and
Graphite Graphite=39]

M-18 22 78 [Cu=58.5 and
Graphite =19.5]

Composites with PP and PVDF based by using the PEEK polymer mold.
Compounds out of PEEK mold are complex to produce, as the melting temperature
of the PEEK is lower than the steel mold. Moreover, a higher polymer ratio in the
compound leads to the flow of the melted composite mix out of the mold during the
hot press.

Table 5

Compound PP / vol % PVDF / vol-% Cu / vol-%

C-8 20 0 80

4. CHARACTERIZATION
4.1. IN-PLANE ELECTRICAL CONDUCTIVITY (IPEC)

The conductivity of bipolar plates plays an essential role in the transfer of
electrons in addition to providing mechanical strength. Therefore, electrical
conductivity characterization is evaluated to understand the various bipolar plate
materials’ particle distribution and their arrangement throughout the plate or on
the flow fields Taherian (2016). As per Naftaly et al. (2021) measuring voltage drop,
the bipolar plate surface resistance can be calculated using Ohm’s. The specific
material conductivity is calculated from the surface resistance depending on the
sample geometry.

4.2. SCANNING ELECTRON MICROSCOPY (SEM)

Bipolar plates must be tested for various quality characteristics. SEM helps to
investigate the component surfaces, interfaces, and submicron-scale features of
those components, which establish key characteristics influencing the effectiveness
of electrochemical energy conversion. To allow for the emergent features required
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to create a high-quality electrolysis system, each stack should be customized at the
micron to sub-micron scale, including a quality bipolar plate. Pitting, crevice, and
inter granular corrosion have distinctive visual characteristics under the SEM,
making it easy and compatible Yuxi et al. (2020).

4.3. AGEING TEST OF THE COPPER COMPOUND

Copper compounds are stored in the 30% KOH electrolyte of a 250-ml solution
by maintaining a temperature of 45 °C. The test is performed for 1000 hours, and
then the samples are cleaned with iso-propanol. This test was evaluated by weighing
the samples before and after the test. Factors that are important to evaluate the
composite material during the corrosion test or ageing test are changes in the
surface before and after storage, a decrease in material contents, and other residues
of KOH from the storage Pilinski et al. (2021). Copper composites are used in the
zinc airflow battery, where they counter other chemicals. Therefore, it is important
to maintain safety requirements and produce compounds with higher reliability of
design and performance.

5. DESIGN OF EXPERIMENTS AND RESULTS

In this study, the investigation of the copper compounds was calculated with
varying volumes (%) or weights (%) of polymers, i.e., polypropylene (PP),
Polyvinylidene fluoride (PVDF), and acrylic. Due to their higher conductivity,
graphite and copper are chosen as the main fillers. For the first set of tests, 18
different compounds are prepared. A maximum of 3500 kN of clamping force is
used, and the compounds are demolded at 100 °C. The temperature maintained
during the compression molding process varied depending on the polymer used. For
PP-based materials, the melting temperature is 65°C and for PVDF, it is 225 °C.
Therefore, for PP, the mold temperature is 185 °C and for PVDF, it is 235 °C. These
samples are further investigated for the ageing test. Based on their performance in
the ageing test. For the first set, the copper is 95% pure with a particles with 90%
particles are of size of 40 um. However, for the second trial, the copper is 99.9% pure
with a particle size of 33 um. Copper compounds with PVDF are considered a major
target for the next set of trials. However, the choice of materials like polypropylene
(PP) is based on a comprehensive material and cost analysis that determines the
time-related processability of the compound, the electrochemical parameters, and
its overall production cost Minke et al. (2016). The mold is cooled to 100 °C and then
300 tons of compression force was applied on the mold. The compound is demolded
by cooling the mold at 80 °C.

Therefore, compounds M-1 to M-5 are set as targets to compare the PP and
PVDF based on the second set of trials. The first step is to choose the polymers and
then the filler as per the required weight, and then a rotatory mixing process
performs the mixing of the composite material. During this mixing process, rubber
balls are placed in the material, and then this material is placed in the closed silicon
box, and then it is placed in the planetary rotating device for 30 minutes at 150 rpm.
The thickness of the compound finalized by the cell design, and the form filled with
composite material. As per experiments carried out at Eisenhuth with PEEK mold, it
is observed that the mold can be deformed after repeated usage at higher
temperatures. Compression molding with the PEEK mold is complex, and the
clamping force should not exceed 2000 KN at 250 °C. After this clamping force, the
PEEK mold is gradually deformed and this is proven Li, and Song Li et al. (2022). For
demolding the compound, Clamping force is gradually increased as the mold’s
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temperature increases because the mold cannot resist a higher clamping force. This
case leads to the deformation of the PEEK mold. During the cooling process, the
compound should be cooled in 3 steps of gradual decrement of the mold
temperatures, if not compounds with higher polymers flown out of the mold.
Therefore, cold press begins after the mold cools down to 120 °C.

6. RESULTS AND DISCUSSIONS
6.1. IN-PLANE ELECTRICAL CONDUCTIVITY (IPEC)

Experiments show that there are variations in the conductivity of the
compounds among different compression molding parameters. Electrical
conductivity is a complex parameter that depends on many independent and
dependent factors, like the filler conductivity, homogeneous filler distribution
during compression molding, aspect ratio, mixing methods of the material,
mechanical process, filler alignment in the compound, and the surface energy of the
compound Ye et al. (2004). The first set of test copper and graphite used as filler
materials, and the compound with 20 % PVDF without graphite has a conductivity
of 660.5 S/cm.

However, a change (5 %) in the polymer or filler material makes a huge
difference in the conductivity. As per Forero-Sandoval et al. (2021) when the
percentage of fillers increases, their conductivity changes drastically at a given
threshold. From Figure 1 we can observe that the compounds with 50 % polymer
had 151 S/cm, which is nearly 1 percent of the conductivity, that 10 % polymer-
based compound has. Moreover, 10% PVDF based has a conductivity of 15800 S/cm.
The difference in the conductivity of the compounds with the steel mold and PEEK
is due to the surface of the distribution of the compound. As shown in Figure 1 the
conductivity of different compounds concludes that, as the amount of filler material
increases, the conductivity of the copper compounds increases.

Figure 1

specific conductivity (k/S cm-1)
16000

12000

8000
b I
. . . —
a b C d e f g

Copper compounds

6.2. SEM OF KOH TREATED SAMPLES FOR AGEING TEST

Investigations with scanning electron microscopy (SEM) are performed to
correlate surface area changes during corrosion or ageing tests performed Maria et
al. (2021). Figure 2 shows the SEM images of the three different composite materials
that used during the test. For SEM, probe size of the Copper compound obtained was
80um, and one can observe that there are signs of the deposition of different
elements on the surface. This shows a sign of corrosion and an increase in the weight
of the samples, and it can be seen that the graphite-base compounds have an uneven

k/S em-1
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surface and few voids. The composition of the elements deposited on the samples
can be investigated by using an EDX-analysis (energy-dispersive X-ray) for the next
phase of research.

Figure 2

Before ageing test

After ageing test

PVDF + Cu

PP+ Cu

PVDF + Cu and
Graphite

Figure 2 it shows that the compounds with PVDF have a low amount of deposit,
while the PP-based compounds have shown signs of deposits. The Polypropylene
compounds with and without graphite filler have a mass gain during an ageing test
is >1 % but in the PVDF-based compound it is < 0.3 %. Copper compounds for the
bipolar plates produced from the PEEK mold are shown in Figure 3. All copper
compounds start to oxidize after 10 days when exposed to atmospheric air. After
1000 hours of storing the copper compounds in a 30% KOH solution, these
compounds turn light green, causing extensive corrosion. Moreover, this sort of
corrosion occurs at a rapid rate when the compounds are dried and exposed to
atmospheric air after the ageing test. Moisture conditions are also another
important factor to consider when performing the test.

Figure 3

Compound after Before aging test (Day-10) After aging test (Day-45)
production (Day-1)

»

Figure 3 shows the formation of thin oxide layer formation after 45 days of
ageing test in 30 % KOH. Copper compounds produced from the PEEK mold; there
is still a formation of an oxide layer that effect further happening of corrosion. The
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PP-based compounds produced for set-2 experiments have a mass gain of 0.279 %
after the ageing test.

6.3. PERFORMANCE OF A ZINC CELL WITH A COPPER
COMPOUND

The electrochemical cell resistance of a zinc-air laboratory scale system over
the test period is shown in Figure 4. The active area has the dimensions of 100 cm?
and was developed as part of the "ZinCycle" research project. These copper
electrodes are milled and tested in a single-cell test as part of the research project
cooperation at the University of Duisburg-Essen. The resistances of the copper
connections are evaluated in a flow conductivity measurement setup during the
current voltage and cell discharge measurement of the cell.

Figure 4
Cell Resistance

0.8
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§ 07
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In Figure 4, there is a continuous increment in the cell resistance after 15
minutes of testing. Similar to Lu et al. (2022) experiment with the zinc cell, it is
observed that the zinc granules turned black by a sudden drop of current to a much
lower value contributed by hydrogen evolution in the cell. For the first set of single
cell testing, during the 0.8 Q, the in-cell hydrogen evaluation remained nearly
constant; which shows that hydrogen evolution occurs either very slowly at this
discharge rate, or not at all. It is likely because the anode potential becomes
sufficiently high to make the hydrogen evolution unfavorable for the cell and this
case shall be investigated in later steps. This affected the copper compound, and the
continuous degradation of copper compounds. This further affects the zinc slurry
in the zinc airflow battery. After 20 minutes of testing, the copper compound begins

to passivate and form an oxidized surface that further increases the resistance at
constant rate.

Figure 5

15 Cell Resistance
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For the second set of tests, three compounds are tested with same parameters
and Figure 5 shows the resistance of different compounds produced by the PEEK
mold. From the three compounds, Z-3 shows that PVDF-based compounds have a
constant resistance, but compounds with PP-based resistance are gradually
increasing at a rapid rate.

Figure 6

C-8

Compound

fixed in
the stack

case

Zn slurry can be observed in Figure 6 in the center of the compound. The slurry
from the metallic zinc appears shiny prior to initiating the cell discharge. The
particles close to the separator and progressively passivated as the cell is discharged
further, up to 70 minutes; the cell itself is not entirely passivated. It is interesting to
note that the Zn slurry region darkened uniformly across the anode column during
discharge. The overall behavior at the beginning of the test was very different and
much more interesting than what was observed after 70 minutes, and the resistance
increased by more than 50%. Comparing the trend of resistance increment for
different compounds, it can be concluded that the PEEK-based set of copper
compounds has remained constant for a period, while in the steel-based compound,
the resistance is increasing at a rapid rate.

7. CONCLUSION

Here, the surface variations and the mass change of copper compounds are
presented. The conductivity of different compounds and the variations with respect
to the mold are studied. This change in mass and conductivity attributed to various
factors, like the mixing process of the composite material and the contact of the raw
material with other metals. The ageing test of the copper compound from the first
batch, immersion of the samples in 250 mL of 30 wt-% KOH showed that the
samples with PP-based compounds had a higher material deposition than PVDF-
based compounds. The complexity of the production of compounds with higher
polymers content are noticed in this process of test. From our experiments, we
found that the electrical resistance of the compounds increases with a small increase
in polymer content, resulting in a rapid increment in the electrical resistance.

Moreover, our experiments regarding compound production by the PEEK
polymer mold showed that there was less gain in mass and the resistance was
constant during the single-cell test of the compounds that produced by the PEEK
mold. These effects in the formation of the hydrogen at the anode side of the zinc air
battery are low when compared to the first set of compounds. Considering the
results, the challenge is to decrease the corrosion and evaluation of hydrogen, which
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we are able to achieve to a certain extent. The presented results are related to the
research topics of Eisenhuth GmbH & Co. KG. It is not always possible to meet the
goals at a full scale, which were set for preventing the formation of hydrogen gas
and different metal ions in composite materials. However, the most recent results
with a new mold show a big drop in corrosion and hydrogen production. It could be
interesting that substituting copper composite materials of smaller particle size
with 90 % of particles more than 1 mm of copper granules is an option to increase
the performance and to bring the material cost and the weight of the copper plate
down, but the complexity of producing these copper compounds will be optimized
in the future.
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