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Abstract

The commercialization of rechargeable alkaline zinc—air batteries has been constrained
by critical challenges associated with the zinc electrode, including passivation, dendrite
growth, and hydrogen evolution reaction. These issues severely limit the cycle life and pose
a major barrier to large-scale industrial deployment. Integration of porous anode structures
and electrode additives—two widely investigated approaches for mitigating challenges
related to zinc anode—shows significant promise. However, effectively combining these
approaches remains challenging. This study introduces a method for fabricating zinc
anodes that can combine the benefits of a porous structure and electrode additive. The
polytetrafluoroethylene (PTFE) polymer binder used in fabricating the anode material
resulted in a stable scaffold, providing the desired anode porosity of approximately 60%
and effectively anchoring ZnO nanoparticles. The zinc anodes prepared using a nickel mesh
current collector without any electrode additives demonstrated stable cycling performance,
sustaining 350 cycles at a current density of 60 mA gz, ! with a coulombic efficiency of
approximately 95%. Incorporating 2 wt.% BiyO3 as an electrode additive further enhanced
the cycling performance, achieving 200 stable cycles with 100% coulombic efficiency under
an increased current density of 120 mA gz, !, signifying the effectiveness of the proposed
fabrication strategy.

Keywords: Zn-air; alkaline; anode architecture; scaffold; electrode additive

1. Introduction

The increasing global demand for energy, coupled with concerns about the environ-
mental impact of fossil fuels, is motivating researchers to explore clean, affordable, and
secure renewable energy sources. However, due to the intermittent nature of renewable
energy sources, the need for energy storage is unavoidable [1-3]. Currently, Li-ion batteries
dominate energy storage applications, but their high cost, safety concerns, and limited
environmental friendliness make them less suitable, especially for large-scale energy stor-
age applications [4]. Aqueous metal-air batteries are emerging as a promising alternative
for the next-generation technology for grid-level energy storage [5-9]. The uniqueness of
metal-air batteries lies in incorporating oxygen from the surrounding atmosphere into the
cell chemistry to form the active cathode component, enhancing the gravimetric energy
density. The rapid electrochemical kinetics of zinc in aqueous alkaline electrolyte systems,
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combined with cost-effectiveness, environmental compatibility, and high theoretical spe-
cific energy (1300 Wh kgz, 1), position aqueous zinc-air batteries as one of the leading
candidates among metal-air batteries [3,10].

However, as with any emerging technology, developing a rechargeable zinc-air battery
poses significant challenges [11]. The main issues with the zinc anode in aqueous alkaline
electrolytes include zinc passivation, shape change, dendrite formation, corrosion, and
hydrogen evolution reaction (HER). High zinc solubility in concentrated alkaline envi-
ronments greatly impacts the performance of secondary zinc—air batteries. This solubility
leads to the formation of either saturated or supersaturated zincate (Zn(OH),2~) solutions.
Supersaturation near the electrode surface results in the formation of a dense zinc oxide
film, known as passivation [12,13], which acts as a barrier to the diffusion of hydroxide
ions (OH™). This passivating film reduces the electrochemical performance of the zinc an-
ode [14]. Using strong alkaline solutions can mitigate zinc passivation due to the increased
solubility of Zn [12]; however, this may also cause shape changes in the zinc electrode.
The deposition of zinc from highly soluble Zn(OH)42~ ion is nonuniform during battery
charging, which can lead to reduced cycling stability or even short circuits if zinc dendrites
penetrate the battery separators.

Moreover, the density difference between zinc and zinc oxide significantly affects
anode stability. During discharge, the conversion of zinc to zinc oxide requires extra
space, as zinc oxide occupies a larger volume than zinc, leading to potential stress-induced
failures [15,16]. Moreover, the hydrogen evolution reaction (HER) occurring at the zinc
anode during charging reduces the cycle life of a zinc-air battery by producing hydrogen
gas, which directly impacts capacity retention over time. At the same time, the corrosion
of zinc reduces the utilization of active material and generates hydrogen gas, leading to
increased internal pressure [5]. Addressing these challenges is crucial for fully realizing the
benefits of zinc-air batteries.

One promising approach involves the development of porous zinc-based anodes,
primarily composed of either zinc or zinc oxide [3,17,18]. The porous zinc anode plays a
crucial role in enhancing battery performance. The interconnected pores facilitate efficient
electrolyte transport to the anode, which is essential for the electrochemical reactions that
drive battery operation [19,20]. High porosity effectively mitigates the formation of sharp,
needle-like dendrites by minimizing local current density, thereby reducing the risk of
battery short-circuiting [21]. Moreover, high porosity enhances the mechanical stability of
the anode by accommodating the volume changes that occur during the conversion of zinc
to zinc oxide [19], preventing the anode from crumbling or breaking.

Various methods for fabricating porous zinc anodes have recently been reported,
such as electrodeposition, calcination, annealing, and preparation of monolithic salt pre-
cursors [22]. For example, Deckenbach et al. [17] prepared a 3D hierarchically porous
nanoscale zinc oxide anode using the highly ordered porous framework of MOF-5,
achieving peak discharge capacity of 267 mAh g~! (32.6% DOD) at a current density of
0.55 mA g~! for 30 cycles in a zinc-air battery. Liu et al. [23] prepared electrodeposited

porous zinc, which cycled at a current density of 5 mA cm 2

over 60 cycles. Similarly,
Chamoun et al. [24] prepared a nanoporous electrodeposited zinc foam anode on a plat-
inum wire, which improved the capacity retention and reduced dendrite formation when
cycled in a Zn-Ni cell. Qu et al. [25] also prepared a zinc anode by electroplating zinc
on copper foam, achieving a discharge capacity of 566.7 mAh gz, ! at 2 mA cm~? for
255 min in a zinc-air battery with a hydrogel electrolyte. Parker et al. [26] fabricated a 3D
zinc sponge by casting and consolidating Zn powder emulsions. This sponge electrode
cycled in a symmetrical zinc vs. zinc cell for 45 charge—discharge cycles at a current density

of 24 mA cm~? to a depth-of-discharge of 23% over 90 h of continuous cycling. In a sep-
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arate study, Parker et al. [27] demonstrated that the open porosity and interconnectivity
of the sponge particles were retained even at higher depths of discharge. These studies
highlight the effectiveness of creating stable, porous anode architectures for enhancing the
performance of the zinc anode.

Another strategy for improving zinc anode performance involves incorporating elec-
trode additives. Additives can help suppress HER and reduce dendrite growth by pro-
moting more uniform deposition [28-31]. For example, Park et al. [28] used bismuth oxide
as an electrode additive and prepared a zinc electrode by mixing zinc metal powder with
PTFE, isopropanol, and the additive. After casting and roll pressing, they observed a
reduction in dendrite growth and improved cyclability, achieving up to 20 cycles in cyclic
voltammetry tests using three-electrode electrochemical cells. Aremu et al. [31] used BiO,
PbO, and K35 as electrode additives and prepared electrodes similarly to Park et al. They
achieved 60 cycles with a 10% DOD in a zinc—air cell using a combination of all these
additives. Da et al. [32] prepared electrodes by mixing ultrafine bismuth powder with
zinc powder, acetylene black, PTFE, and PVA, and then casting and pressing them onto
nickel-plated brass mesh. They achieved reduced corrosion, increased cycling performance
up to 84.6% coulombic efficiency (CE) after 60 cycles with the electrode additive compared
to 71.2% CE in bare zinc, and reduced dendrite growth in a zinc—air battery. Lee et al. [33]
prepared a zinc gel anode by mixing zinc powder with silicon and aluminum as electrode
additives with PTFE and gelling agent PAA. Their results demonstrated that the silicon and
aluminum mixed zinc electrode had improved anti-corrosion properties and reversibility
in both half-cell and zinc—air full-cells. Thus, the use of electrode additives has proven to
be an effective strategy for enhancing the performance of zinc anodes.

Combining high porosity electrodes with electrode additives in zinc anodes has the
potential to significantly enhance the performance of zinc-air batteries. On the one hand, a
high porosity anode would facilitate efficient transport of electrolytes and minimize local
current density, allowing space for zinc-zinc oxide conversion. On the other hand, electrode
additives would suppress HER and further reduce dendrite growth. However, integration
of these two approaches poses substantial challenges. The incorporation of additives into
porous zinc—whether through electrodeposition or pressure-based techniques—can often
compromise porosity or be difficult to control. Recently, a porous electrode with an additive
has been prepared using calcination [34]. However, the use of high temperatures limits the
choice of electrode additives.

This work presents a scalable and straightforward method for fabricating porous zinc
electrodes using ZnO nanoparticles and PTFE binder with electrode additives. At first,
various methods for fabricating the anode were evaluated to prepare a porous electrode
without any electrode additives. Following this, the electrochemical performance of the
anode prepared using a Ni mesh current collector without additives was assessed. In
the next step, an electrode additive, namely Bi,O3, was incorporated into the anode, and
the electrochemical performance of these modified anodes was further evaluated. This
fabrication strategy, which allows for the integration of electrode additives into a high
porosity electrode, contributes to the development of more efficient and long-lasting zinc-
air batteries.

2. Materials and Methods
2.1. Chemicals and Materials

Zinc oxide (ZnO) powder (99.0%) and polytetrafluoroethylene (60 wt.% in deion-
ized water), potassium hydroxide (KOH) pellets (>85%), and bismuth oxide (99.9%) ac-

quired from Sigma-Aldrich (St. Louis, MO, USA) were used in this study. Isopropanol
(98%) was procured from Bernd Kraft, Duisburg, Germany. The Ni mesh (aperture width:
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1.06 mm, wire diameter: 0.18 mm) was supplied by Haver & Boecker from Oelde, Germany.
Hg/HgO reference electrodes were obtained from ALS, Tokyo, Japan.

2.2. Anode Preparation and Characterization

To prepare the anodes, mixtures of ZnO nanoparticles and PTFE were prepared in a
weight ratio of 85:15. The anode mixtures were prepared using either a mortar and pestle
or a planetary ball mill (Pulverisette 5, from Fritsch GmbH, Idar-Oberstein, Germany)
under dry or wet conditions (using isopropanol). The planetary ball mill was operated at
150 rpm for 24 h with zirconia balls (3 mm and 10 mm diameter balls in 1:1 weight ratio)
with material-to-ball weight ratio of 1:6.

Subsequently, the anode mixtures were fabricated into 1 mm thick anodes, incorpo-
rating Ni meshes of 1 cm X 1 cm as current collectors, sandwiched between the anode
materials. For this process, either a die press (Paul-Otto Weber GmbH, Remshalden, Ger-

1 was used. These

many) at 90 MPa or a roll press (MTI) at linear roller speed of 25 mm s~
anode fabrication processes were conducted at room temperature.

After preparation, the anodes were air-dried for at least 3 days before any investiga-
tions commenced. Anodes with 1 wt.%, 2 wt.%, and 5 wt.% (with respect to ZnO weight),
Biy O3 as additives were prepared via roll press using anode mixture prepared via planetary
ball mill under wet conditions. Other fabrication steps remained the same.

All electrochemical characterizations were conducted using potentiostat (Biologic,
Grenoble, France) in a half-cell configuration, using three-electrode cells, with the prepared
ZnO-PTFE electrodes serving as the anode, a platinum (Pt) mesh as the counter electrode,
and Hg/HgO as the reference electrode. First, to convert zinc oxide to zinc, the prepared
anode was subjected to a constant current of 160 mA gz, ! in 6 M KOH. Following
this, symmetric cell galvanostatic cycling was performed at various current densities and
different depths of charge and discharge (DOD) in a 6 M KOH with 0.2 M ZnO electrolyte.
Throughout the studies, the upper cut-off potential was set at —1.2 V and the lower cut-off
potential at —1.8 V, with respect to Hg/HgO reference. Cyclic voltammetry (CV) was also
performed using the same three-electrode setup between —1.8 V and —1.2 V vs. Hg/HgO
reference electrode in 6 M KOH electrolyte at a scan rate of 5mV s~ 1.

For X-ray diffraction (XRD) analysis, an X-ray diffractometer from Malvern Pana-
lytical, Kassel, Germany, with Mo K« radiation (55 keV, 40 mA), was used. Scanning
electron microscopy (SEM) was used to investigate the fabricated anodes before and after
electrochemical studies, using a Quanta FEG 650 (FEI, Hillsboro, OR, USA) operated at
5 kV. Energy dispersive X-ray spectroscopy (EDS) analyses were conducted using a Amber
X (Tescan, Brno, Czech Republic) equipped with an EDAX Octane Elite detector (Ametek,
Berwyn, PA, USA) operated at 20 kV.

Open porosity of the anode pellets was estimated using Archimedes’ principle, with
isopropanol serving as the fluid. This method provides information about the open pores
in the anode pellets. To understand the role of Bi;O3 additive in decreasing hydrogen
evolution during charging in the fabricated electrodes, the amount of hydrogen gas evolved
during galvanostatic charging of the ZnO-PTFE electrodes, both with and without Bi;O3
additive, was compared. For this purpose, electrochemical experiments were conducted
in a homemade three-electrode closed cell (see Figure S1), where the anodic compartment
and counter electrode (Pt) compartment were separated by anion exchange membrane
to allow movement of anions while preventing gas flow from one direction to another.
During the galvanostatic charging process, Ar gas was flown into the anodic compartment
through one port, and the resultant gas was collected through another port into a gas bag.
The concentration of hydrogen in the gas bags was measured using a gas chromatograph
(Thermo Scientific Trace 1310 (Waltham, MA, USA)).
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3. Results and Discussion
3.1. Selection of Anode Fabrication Method

Various preparation methods were evaluated for the fabrication of the porous anode.
The anode mixtures were prepared by mixing ZnO nanoparticles and PTFE in a weight ratio
of 85:15. PTFE was selected as the binder due to its stability in KOH. ZnO nanoparticles
served as the active materials, as their use would enhance the active sites. In this study, a
two-dimensional nickel mesh was used as the current collector. While three-dimensional
current collectors are widely reported to extend cycle life [21,35], the simpler mesh geometry
was intentionally chosen for this fundamental investigation. This decision ensures that the
observed electrochemical behavior, particularly the improvements in cycling stability and
coulombic efficiency, can be unambiguously attributed to the intrinsic properties of the
ZnO-PTFE architecture and the effect of the electrode additive. To assess the stability of the
prepared anodes, the pellets were immersed in 6 M KOH, and SEM investigations were
carried out to gain insight into the prepared anode.

Figure 1 shows the comparison of the anodes prepared via different methods. Anode
pellets prepared using the ZnO-PTFE anode mixtures, prepared via mortar and pestle or
ball mill, using a die press with a pressure of 90 MPa, at a necessary 90 MPa to achieve a
defined shape, disintegrated within minutes in 6 M KOH. However, the pellets prepared
using the ball mill exhibited greater stability, disintegrating into larger chunks compared to
those made with the mortar and pestle. Figure 1a,b show typical SEM micrographs of the
pellets that were prepared using the mixture from the mortar and pestle. The images reveal
a notable agglomeration, indicating a non-uniform distribution of PTFE, which suggests
that the PTFE was not mixed thoroughly when the anode mixtures were prepared with this
method. Conversely, a distinctly different structure was observed in the electrode pellets
that were prepared using the mixture from the ball mill. In these samples, PTFE formed a
fiber-like structure, as illustrated in Figure 1c. These PTFE fibers vary in diameter, with
thicker fibers measuring up to approximately 20 micrometers (marked by blue arrows) and
thin fibers (indicated by green arrows) being as thin as 100 nm. ZnO nanoparticles are
adhered to these fibers. The inset in Figure 1c provides a clearer view of the thin fibers.
However, some areas within these pellets do not display fiber-like structures; instead, PTFE
appears as small agglomerates, as shown in Figure 1d. The enhanced stability of these
pellets in a 6 M KOH solution can be attributed to the formation of these fiber-like structures
that effectively bind ZnO nanoparticles.

Enhancing the distribution of PTFE, particularly with thinner PTFE fibers, could
further improve pellet integrity. Inspired by the previous work of Janowitz et al. [36], iso-
propanol was added to the ZnO:PTFE mixture (with a weight ratio of ZnO:PTFE:isopropanol
of 85:15:50) during ball-milling to achieve better mixing uniformity. Figure S2 presents
typical images of the anode mixture prepared via ball milling using isopropanol. These
images show that the PTFE fibers are well-distributed, with an average diameter of ap-
proximately 50 nm, and ZnO nanoparticles are attached to these fibers. The formation of a
well-distributed PTFE fibrous network with ZnO particles is a direct result of isopropanol-
assisted ball milling. In contrast to dry milling, which suffers from inefficient energy trans-
fer, leading to material agglomeration and a less uniform mixture, the use of isopropanol
as a liquid processing medium is crucial for achieving improved results. Isopropanol
serves two primary functions: first, it acts as an effective dispersing agent for both the ZnO
nanoparticles and the PTFE microparticles, creating a homogeneous slurry. This ensures
uniformity of the high-impact shear forces generated by the milling media. Second, by
wetting the newly formed surfaces of the PTFE, isopropanol mitigates re-agglomeration
driven by van der Waals forces, thereby promoting extensive fibrillation. The ZnO nanopar-
ticles act as localized stress concentrators. During milling, impacts from the grinding balls
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press the ZnO particles into the softer, ductile PTFE matrix. This focused pressure initiates
fibrillation, drawing the PTFE into fine fibers. As these fibers are generated, they entangle
and form a robust network, mechanically entrapping the well-dispersed ZnO particles.
As a result, the increased number of PTFE fibers has resulted in a more effective binder
network distribution, allowing for a higher amount of ZnO particles per unit volume of
PTFE compared to thicker fibers. Another important advantage of this preparation method
is that anode pellets with defined shapes can be prepared without the need for intensive
densification, which is crucial for achieving high porosity in the pellets. A roll press was
used for this purpose. Figure le,f show the SEM images of the prepared electrode. The
low magnification image (Figure le) shows a flat surface of the anode, whereas the higher
magnification image (Figure 1f) reveals the presence of PTFE fibers and ZnO particles
attached to them.

Mortar pestle

bMiIIing without
isopropanol

Planetary ball milr\_)

Milling with
isopropanol

Figure 1. Typical SEM images of the ZnO-PTFE anodes prepared via different preparation methods:
(a,b) anode mixture prepared via mortar pestle, followed by die pressing for anode pellet preparation;
(c,d) anode mixture prepared via dry ball mill, followed by die pressing for anode pellet preparation,
inset shows thinner fibers; and (e,f) anode mixture prepared via wet ball mill, followed by roll press
for anode pellet preparation.

When these anodes were immersed in a 6 M KOH solution, they showed no signs of
disintegration. To assess the open porosity of these anodes, as open pores would allow
electrolyte access during electrochemical cycling, measurements were conducted using
Archimedes’ principle [37-40] with isopropanol. The results indicated that the anodes
produced through roll pressing using a wet ball-milled mixture exhibited a reproducible
(open) porosity of 63% (£1). This porosity value aligns well within the optimal range of
60-80% recommended for zinc-air battery anodes [19,41,42]. Thus, a stable, porous anode
that remains stable in a 6 M KOH solution has been successfully fabricated.

3.2. Structural and Electrochemical Performance of the Porous Anode

X-ray diffraction (XRD) measurements were conducted on the ZnO-PTFE anode
prepared using a wet ball mill process. As depicted in Figure 2a, the diffraction pattern
displays several sharp, well-defined peaks, which indicate the crystalline nature of the
ZnO phase within the ZnO-PTFE anode. The prominent peaks correspond to the (100),
(002), (101), (102), and (110) planes of ZnO, along with additional higher-angle reflections
(database: 96-210-7060), confirming that the ZnO crystalline structure was preserved during
the ball milling process. Furthermore, the peak observed around 8° is associated with the
presence of PTFE (database: 96-410-8430) in the sample.
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Figure 2. (a) XRD of the ZnO-PTFE anode prepared via wet ball mill showing the ZnO peaks;
(b) high resolution images showing ZnO attached PTFE fibers and electrode porosity; (c) CV analysis
of the ZnO-PTFE anode between —1.2 V and —1.8V with respect to Hg/HgO.

The high-resolution SEM images, Figure 2b, of the prepared electrode clearly demon-
strate that ZnO nanoparticles are attached to the thin PTFE fibers. This high-resolution
image also shows the inherent porosity of the electrodes. Additional lower magnification
images can also be seen in Figure S3.

To investigate the electrochemical behavior and cycling stability of the electrode, cyclic
voltammetry (CV) was performed. Figure 2c presents the 20th, 25th, and 30th CV cycles
recorded at a scan rate of 5 mV s~! within a potential window of —1.8 V to —1.2 V vs.
Hg/HgO. These cycles were specifically chosen for analysis as they would reflect the
stabilized operational state of the electrode.The voltammograms display characteristic
peaks indicative of the electrochemical behavior of zinc in an alkaline electrolyte. During
the anodic sweep, as the potential crosses approximately —1.5V, the net current becomes
anodic; in the region between —1.5 V and —1.35 V, the net current rises steeply. This
potential range corresponds to the active dissolution of zinc, which is primarily controlled
by charge transfer, leading to the formation of soluble zincate species (Zn(OH),2~) [43,44].
A distinct anodic shoulder is observed around —1.35 V, representing the onset of pre-
passivation, which is attributed to a dissolution-precipitation mechanism.

As anodic dissolution continues, the concentration of zincate ions at the electrode-
electrolyte interface increases, leading to a supersaturated state. This results in the pre-
cipitation of a porous, non-adherent “Type I” zinc oxide/hydroxide film on the electrode
surface [44]. The formation of this porous layer temporarily impedes the dissolution re-
action, causing the observed current shoulder before the onset of full passivation at more
positive potentials, which was avoided in this study.

On the reverse cathodic sweep, a prominent reduction peak is observed with a maxi-
mum current density at approximately —1.67 V. This peak corresponds to the reduction of
metallic zinc from the zincate ions [43,45]. The high degree of overlap between the 20th,
25th, and 30th cycles demonstrates excellent cycling stability and high electrochemical
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reversibility. A slight, progressive decrease in peak current densities for both the anodic
and cathodic processes is observable. These minor changes may be attributed to subtle
morphological changes in the electrode surface or the incomplete reduction of the passivat-
ing oxide film during the cathodic scan, leading to a potential gradual loss of active surface
area over extended cycling.

All electrochemical performance evaluations were conducted using a three-electrode
half-cell configuration. This setup was intentionally chosen to isolate and fundamentally
assess the intrinsic properties of the fabricated anode. By decoupling the anode’s perfor-
mance from variables introduced by other components (e.g., the air cathode), this approach
allows for a direct and unambiguous correlation between our fabrication method and
the observed electrochemical behavior, such as cycling stability and rate capability. This
provides a foundational understanding of the anode’s performance before its integration
into more complex full-cell systems in the future. Figure 3a shows the galvanostatic cycling
behavior of the anodes that were prepared via the wet ball milling method. A two-step
electrochemical cycling process was employed. In the first step, to convert the zinc oxide
particles to zinc, the anodes were charged in a 6 M KOH solution at a rate of 160 mA gz, !
to a theoretically calculated capacity value of 820 mAh gz, ~!. This activation step would
also improve the charge transfer resistance due to the better electronic conductivity of
zinc compared to zinc oxide (ranging from 1071 to 1073 S em~1!) [26]. The SEM image
of the fully charged anode, which illustrates Zn particles attached to the PTFE fibers, in-
cluding the corresponding EDS analysis, can be found in the Supplementary Materials
(Figure S4). In the second stage, the anodes were subjected to galvanostatic cycling at a rate
of 60 mA gz, ! in 6 M KOH + 0.2M ZnO electrolyte. The addition of ZnO to a 6 M KOH
solution was intended to reduce Zn corrosion and HER [46].

a) 100—:llllllIIl:ll:l.llIlIl.IlllC'l.l'l'--..l
§ 240, "‘ ®e o a%e o oo
Fso-H. © ai a0t D el ele
g ; .
£ 60 - ‘ ’
L]
e 4 %
o -
£ 40
% . = 30%DOD
8 20 - . = 60%DOD
4 s+ 80%DOD
0 E T L T E T . T
0 10 20 30 40

Figure 3. (a) Comparing Coulombic efficiencies across cycles at 30%, 60%, and 80% depth of charge
and discharge (DOD) levels, with a constant current of 60 mA gz, . Typical SEM images of anodes
cycled with various DODs (b,c) anodes cycled with 80% DOD after 20 cycles; (d,e) anodes cycled
with 60% DOD after 30 cycles; (f,g) anodes cycled with 30% DOD after 40 cycles.
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Three different depths of charge and discharge (DODs)—30%, 60%, and 80%—were
compared to analyze their effects on coulombic efficiency (CE) and cycle number. Figure 3a
illustrates the relationship between CE and cycle number for these DODs, with CE cal-
culated based on material utilization. Initially, the CE of the anodes cycled at 80% and
60% DOD fluctuated before experiencing significant performance degradation. The CE of
the anode cycled at 80% DOD continuously decreased, reaching approximately 80% after
10 cycles and dropping below 20% after 20 cycles. The CE for the anode cycled at 60% DOD
dropped to about 90% after 20 cycles and around 50% after 30 cycles. The corresponding
charge—discharge capacities are plotted in Figure S5. It can be seen that for the higher DODs
(60%, 80%), even though the charge capacity is mostly maintained throughout the tested
cycles, the discharge capacity is reduced over the cycles. This could be linked to loss of
active zinc and/or surface passivation. The anodes operated at a 30% DOD demonstrated
better electrochemical stability, maintaining a stable coulombic efficiency of 95% over
40 cycles. The rapid decline in CE at higher DODs can be attributed to an increased amount
of dissolved zinc in the electrolyte due to the zinc oxidation reaction. This may lead to
negative effects, such as dendrite formation and ZnO precipitation. Moreover, increased
dissolution rates at higher DODs can result in empty pores within the anode, compro-
mising its electrical conductivity [47]. These cumulative effects ultimately reduce CE at
higher DODs.

However, even after cycling at higher DODs, the overall structure of the anode re-
mained intact and did not degrade. This stability can be attributed to the PTFE scaf-
fold. To investigate whether any ZnO particles were still attached to the PTFE fibers, a
series of post-mortem SEM analyses was carried out on the cycled electrodes. Typical
SEM images of the cycled anodes at 80%, 60%, and 30% DODs are shown in Figure 3b,c,
Figure 3d,e, and Figure 3f,g, respectively. These SEM images confirm that the active materi-
als continue to adhere to the thin PTFE fiber network. While Figure 3b—e reveal additional
sprouts like deposition that could be responsible for dendrite formation, no external de-
position was observed in the SEM images of the cycled anode at 30% DOD (Figure 3f,g).
Further, electrodes cycled at higher DODs showed more porosity. This can be linked to
the loss of active material during cycling. To investigate the suitability of the prepared
anode for long-term cycling, a DOD of 30% (equivalent to an absolute cell capacity of
100-140 mAh) was selected. Although this DOD may appear modest, it is adequate
due to the relatively high specific energy of Zn-air batteries [26]. A current density of
60 mA gz, ! (approximately 10 mA cm 2, based on the geometrical surface area of the
electrode) was chosen for the cycling. This current density is consistent with those com-
monly used in the literature for zinc-air batteries [21,23,48].

Figure 4a represents the results of the CE versus cycle number during long-
term cycling. The as-prepared anode delivered a discharge capacity of approximately
230 mAh gz, ! over 350 cycles, achieving a CE of around 95% before experiencing capacity
fading. Although the number of charge—discharge cycles in this three-electrode cell cannot
be directly compared to those in a full-cell, this high number of cycles, combined with a
high CE, demonstrates the prepared anode’s suitability for long-term cycling.

To investigate the underlying reasons for this performance over a span of 4 months, a
series of microscopic analyses were carried out during various stages of the charging and
discharging process. Figure 4b—g illustrate the SEM analyses conducted after one, 150, and
400 cycles. The SEM images of the anodes after the first cycle show active particles attached
to PTFE fibers. Compared to the pristine electrode, ZnO particles became more spherical.
These images (Figure 4b,c) are very similar to those taken after 40 cycles (Figure 3f,g). In
both cases, minimal external deposition is noticeable. In contrast, the SEM images of anodes
after 150 and 400 cycles (Figure 4d,e and Figure 4f,g, respectively) reveal the presence of
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flower-like deposits alongside the adhered active nanoparticles with PTFE fibers. It can be
suggested that while the anchored ZnO nanoparticles transformed from zinc oxide to zinc
during cycling, the flower-like formations resulted from Zn deposition from the electrolyte.
These deposits have the potential to contribute to dendrite formation [17]. However, the
main focus here is the persistence of the adhered active nanoparticles with the PTFE fiber
network, even after cycling for up to 400 cycles. This indicates the successful fabrication
of an anode architecture suitable for long-term cycling. The porosity of this architecture
provides sufficient space to accommodate the volume changes from zinc to zinc oxide [19],
thereby ensuring mechanical stability. Furthermore, the high surface area of the porous
anode minimizes local current densities and reduces dendrite growth [3].

350
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Figure 4. (a) Long-term charge-discharge capacities and Coulombic efficiency with 30% DOD at
60 mA gz, 1. Typical SEM analysis of anodes cycled at different cycle numbers (b,c) anodes after 1st
cycle; (d,e) anodes cycled up to 150 cycles; (f,g) anodes cycled up to 400 cycles.

3.3. Electrochemical Performance of Anode with Incorporated Electrode Additive

Previous studies have reported that the presence of Bi;O3, owing to its high hy-
drogen evolution overpotential, reduces the formation of hydrogen gas during Zn
deposition [28,30]. Additionally, Qu et al. demonstrated that the presence of Bi;O3 on the
electrode surface mitigates polarization effects and limits dendrite formation [29]. Thus,
BipO3 was selected as the electrode additive. To demonstrate the potential of the fabrication
strategy for integrating electrode additives, we prepared electrodes using BiOs. This strat-
egy facilitated the straightforward incorporation of additives into the anode; the desired
amounts of electrode additives were added to ZnO and PTFE during the wet ball milling
process, while the remaining steps in anode preparation were unchanged. Anodes with
1 wt.%, 2 wt.%, and 5 wt.% of Bi,O3 additives were produced. To confirm that the electrodes
with additives could maintain porosity, we measured their porosity using Archimedes’
principle. As shown in Table S1, the estimated porosity of these electrodes is approximately
63%. This finding demonstrates the effectiveness of our method in achieving a porous
electrode that includes electrode additives.



Batteries 2025, 11, 359

11 0f 15

Figure 5a compares the performance of anodes prepared with different amounts
of Bi,O3 additives. All the anodes with different amounts of Bi,O3 additives achieved
the discharge capacity of 246 mAh gz, ! at a current density of 60 mA gz, !'. Simi-
larly, at 100 and 120 mA gz, ! current densities, all anodes maintained this capacity of
246 mAh an_l. However, at 180 mA an_l, apart from the electrodes with 2 wt.% Bi,O3
additives, other electrodes, namely with 1 wt.% and 5 wt.% additives begin to show
fluctuations in discharge capacity. Only the anodes with 2 wt.% BiyOj still delivered a
stable discharge capacity of 246 mAh gz, !. This finding is consistent with previous
research by Park et al. [28], who also concluded that a similar composition resulted in the
best performance. Even though the exact reason for the best performance of the 2 wt.%
Biy O3 concentration is not yet fully understood and requires further investigations, this
concentration was selected for further investigations.
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Figure 5. Electrochemical performance and physical characterization of porous anode with electrode
additive. (a) Variation of discharge capacity of anode with different concentration of BipOs at different
current densities; (b) the BSE image and the corresponding (c) EDS map the pristine anode with 2%
BiO3; (d) comparison of coulombic efficiency between anode with and without 2% Bi;O3 during
long-term cycling at 120 mA gz, ! at 30% DOD; and (e,f) typical SEM images of the anode with 2%
Biy O3 cycled after 250 cycles.

To assess the distribution of Bi;O3, SEM and EDS measurements were carried out on
an anode containing 2 wt.% BipO3. Figure 5b presents a typical backscattered electron (BSE)
image, with the corresponding elemental mapping of Bi shown in Figure 5c. The bright
spots observed in both the BSE image and the Bi elemental map indicate the presence of
BiyOs. Figure 5b,c illustrate that BiO3 was uniformly distributed throughout the anode,
highlighting the effectiveness of the preparation method.

Long-term cycling experiments were conducted using anodes containing 2 wt.% BiO3
at a current density of 120 mA gz, ! and a DOD of 30%. Figure 5d compares the coulombic
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efficiency of the anode with 2 wt.% BiyOj to that of the anode without an additive. At this
current density, the anode without an additive exhibited severe capacity fading after just
15 cycles. Figure S6 illustrates the comparison of charge-discharge capacity for the anode
without any additives. It is evident that at higher current densities, although the charge
capacity is largely maintained throughout the cycles, the discharge capacity decreases over
time. This reduction may be attributed to the loss of active zinc and/or surface passivation.
Additionally, Figure S7 presents a comparison of the charge-discharge profiles at different
cycles for current densities of 60 mA gz, ! and 120 mA gz, . As expected, increasing the
current density results in a higher overpotential. However, the anode with 2 wt.% Bi,O3
achieved 200 cycles with a 100% CE (at 30% DOD). This demonstrates the advantages
of combining porous Zn anodes with electrode additives, resulting in improved cycling
stability and performance in Zn-air batteries.

The BSE image and the corresponding EDS mapping of the cycled anode with 2 wt.%
Bi, O3 (Figure S8) confirm that Bi,O3 particles are still present. Additionally, secondary
electron images in Figure 5e,f reveal that even though sprout-like deposits are evident at
the end of the 250 cycles, the active particles have remained adhered to the PTFE fibers.
D.-]. Park et al. previously integrated BipOs additive into a pressed ZnO-PTFE anode using
a roll press [28]. They reported achieving a specific capacity of approximately 100 mAh g~!
after 20 cycles at a C/20 rate with a 3 wt.% BiO3 additive. Although the results cannot
be directly compared due to differences in depth of discharge (DOD) and the absence of
porosity data, the 100% coulombic efficiency achieved over 200 cycles, spanning over two
months at a current density of 120 mA gz, ! in this study, demonstrates the effectiveness
of the porous electrode preparation strategy.

To examine the effect of BiyO3 on HER, gas chromatography was conducted during
charging with the 2 wt.% BipO3 anodes. The results demonstrated a 40% reduction in
hydrogen production during charging at 60 mA gz, ! for 1 h when using the 2 wt.% Bi,O3
electrode additives, compared to the anode without the additive. This indicates that the
addition of BiyOj3 significantly reduces HER. These results are provided in Supplementary
Materials (Table S2).

This straightforward and scalable strategy has successfully enabled the fabrication of
an anode architecture that can sustain long-term cycling at high current densities. It should
be pointed out, further surface modifications of Zn/ZnO should be explored to minimize
zinc corrosion in KOH. Notably, anodes incorporating these types of active nanoparticles
can be prepared using the same procedure.

4. Conclusions

In this study, we developed a scalable and versatile fabrication method using wet
ball milling and roll pressing to create a robust and porous ZnO anode architecture. The
effectiveness of this approach is demonstrated by its ability to consistently achieve a de-
sirable porosity of approximately 63%. This technique results in a structure where ZnO
nanoparticles are anchored onto a stable polytetrafluoroethylene (PTFE) fiber scaffold.
Cyclic voltammetry confirmed the highly reversible nature of the electrode’s electrochemi-
cal processes. The anode demonstrated good cycling stability, delivering over 400 cycles,
maintaining a 30% depth of discharge with approximately 95% coulombic efficiency at a
current density of 60 mA gz, ~!. Moreover, the developed framework serves as an ideal
platform for incorporating electrode additives. For example, incorporating 2 wt.% BiyOs3
significantly improved the electrode performance (over 200 cycles at 120 mA gz, ! with
nearly 100% coulombic efficiency). We attribute this enhancement to the additive’s role
in reducing hydrogen evolution and potentially mitigating electrode passivation. Fur-
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thermore, the results reveal that the coulombic efficiency is decreasing due to a declining
discharge capacity while the charge capacity remains relatively stable.

These findings validate a powerful strategy that synergistically combines engineered
anode porosity with the targeted action of electrode additives. By demonstrating the
anode’s intrinsic benefits in a half-cell configuration, we establish a strong foundation
for future advancements. A critical next step is to translate these promising results into
a practical full-cell zinc-air battery to evaluate performance under realistic operating
conditions. Integrating this optimized anode with advanced 3D foam current collectors
within such a full-cell system presents a clear path to enhance cycling performance and
validate its practical viability. Furthermore, the inherent flexibility of our fabrication process
is well-suited for incorporating coated ZnO nanoparticles, offering a promising route to
mitigate zinc corrosion and extend the cycle life of aqueous zinc-based batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries11100359/s1. Figure S1: Schematic representation of the
cell for Hy evolution measurement; Figure S2: Typical SEM image of wet ball-milled anode mixture
showing thin PTFE fibers run throughout the anode mixture; Figure S3: Additional SEM images of
the pristine ZnO-PTFE electrode prepared using wet ball mill anode mixture; Figure S4: Typical SEM
and EDS results of full charged anode (after gold coating). Figure S5: Charge—discharge capacity, and
the corresponding coulombic efficiency, for (a) 80%, (b) 60% and (c) 30% DOD at a constant current of
60 mA gz, ~!. Figure S6: Specific capacities and coulombic efficiencies of ZnO-PTFE anode with 30%
DOD at 120 mA gz, ~!; Figure S7: Comparison of potential profiles of the ZnO-PTFE anodes during
charge—discharge at 60 and 120 mA an_l at (a) 5th, (b) 30th and (c) 50th cycles; Figure S8: The BSE
image and the corresponding EDS map of the 2% Bi,O3 anode cycled with 120 mA gz, ~'at 30%
DOD; Table S1: Measured open porosity of electrodes with additives using Archimedes’ principle.;
Table S2: Measured H; evolution during charging through gas chromatography.
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