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Abstract: Rechargeable Zn–air batteries (ZABs) can play a significant role in the transition to a cleaner
and more sustainable energy system due to their high theoretical energy density, high cell voltage,
and environmental friendliness. ZAB’s air cathode is the principal determinant in predicting the
battery’s overall performance, as it is responsible for catalyzing the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) during the discharging and charging process, respectively. In
this work, a detailed optimization study of the architecture of the air cathode was carried out using
the benchmark bifunctional oxygen electrocatalyst (Pt/C-RuO2). The air cathode composition and
architecture were optimized regarding the choice of the commercial gas diffusion layer (GDL), the
effect of hot pressing the catalyst layer (CL), and the optimum pore size of the current collector. The
best cathode from this study shows a maximum power density (PDmax) of 167 mW/cm2, with a
round trip efficiency and a voltage gap (Egap) of 59.8% and 0.78 V, respectively, indicating the air
cathodes preparation approach proposed in this work as a promising strategy for the improvement
of the overall performance of ZABs.

Keywords: zinc–air batteries; air cathodes optimization; electrode configuration; oxygen reduction
reaction; oxygen evolution reaction

1. Introduction

Humankind faces several environmental issues due to the extensive use of fossil fuels,
climate change being the most prominent. The dependence on fossil fuels for energy con-
sumption should be minimized to limit further emissions of CO2 in the atmosphere, and the
fraction of electricity produced via renewables must be increased considerably [1,2], which
today is limited by the absence of cheap battery technologies [3]. In this context, lithium-ion
batteries are considered the most promising technology for energy storage applications
and find widespread applicability in all portable electronics, electric and hybrid electric
vehicles, and grid-scale energy storage systems [4,5]. Nevertheless, large-scale production
of lithium-ion batteries for grid application needs to be improved for several reasons,
including limited lithium availability, high cost, and poor safety [6–8]. These drawbacks
motivate the search for alternative energy storage technologies, among which rechargeable
metal–air batteries (MABs) emerge as a new promising class of electrical storage [9].

Although the energy-storing capabilities of Mg and Al–air batteries are comparable
to Li, their low reduction potentials lead to quick self-discharge with hydrogen evolution,
causing low coulombic efficiency [10,11]. Along with a more favorable reduction potential,
Zn metal is abundant, economically feasible, and can be charged more efficiently in aque-
ous electrolytes than lithium [12]. Therefore, due to environmental and electrochemical
characteristics (1218 Wh/kg energy density and 1.66 V cell voltage), Zn–air batteries (ZABs)
appear to be very promising [13–17].

A rechargeable ZAB comprises a zinc anode, separator, electrolyte compartment, and
an air electrode (Figure 1).
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Figure 1. Schematic for a rechargeable ZAB. 

During the charging and discharging process, electrochemical reactions at the zinc 
metal anode and the air cathode occur in an alkaline electrolyte that closes the circuit [18]. 
During the discharge process, the zinc anode is oxidized and converted to zincate ions 
Zn(OH)42−, followed by the precipitation of ZnO, as described in Equations (1) and (2). At 
the air cathode, ORR occurs, with oxygen being reduced to OH− (Equation (3)) [19]. The 
OER occurs at the air cathode during the charging process, and metal zinc is deposited at 
the anode. 
Zinc electrode reaction 

Zn + 4OH− ⇌ Zn(OH)42− + 2e− (E° = −1.25 V vs. SHE) (1)

Zn(OH)4 2− ⇌ ZnO + 2OH−+ H2O (2)

Air electrode reaction 

O2 + 2H2O + 4e− ⇌ 4OH− (E° = 0.4 V vs. SHE) (3)

The overall reaction 

2Zn + O2 ⇌ 2ZnO (E = 1.65 V vs. SHE) (4)

ZAB has a standard cell potential of 1.65 V; however, its practical discharge voltage 
can only reach about 1.20 V. The charging voltage of the ZAB is generally higher than 2 
V, which significantly reduces the energy efficiency of the ZABs [20,21]. This large charge 
and discharge voltage gap is mainly caused by the overpotential of the electrochemical 
reactions at the air electrode [22]. A bifunctional electrocatalyst must be incorporated into 
the air cathode [23–28] to overcome this issue. Air electrodes capable of mass and charge 
transport are exceedingly required to develop a rechargeable ZAB with a high round trip 
efficiency and power output. 

Air electrodes have been extensively investigated as promising cathodes for MABs 
such as Li-, Mg-, Al-, and Zn–air batteries due to natural O2 availability and the high energy 
density obtained from these systems. Moreover, the air electrode design offers flexibility 
for application in other promising electrochemical systems, such as flow reactors for CO2 
electroreduction (CO2RR) [1,2], Li-CO2, and Zn-CO2 batteries [4]. One of the drawbacks of 
this electrode configuration is the carbonate formation from CO2 in the air under operating 

Figure 1. Schematic for a rechargeable ZAB.

During the charging and discharging process, electrochemical reactions at the zinc
metal anode and the air cathode occur in an alkaline electrolyte that closes the circuit [18].
During the discharge process, the zinc anode is oxidized and converted to zincate ions
Zn(OH)4

2−, followed by the precipitation of ZnO, as described in Equations (1) and (2). At
the air cathode, ORR occurs, with oxygen being reduced to OH− (Equation (3)) [19]. The
OER occurs at the air cathode during the charging process, and metal zinc is deposited at
the anode.

Zinc electrode reaction

Zn + 4OH− 
 Zn(OH)4
2− + 2e− (E

◦
= −1.25 V vs. SHE) (1)

Zn(OH)4
2− 
 ZnO + 2OH−+ H2O (2)

Air electrode reaction

O2 + 2H2O + 4e− 
 4OH− (E
◦

= 0.4 V vs. SHE) (3)

The overall reaction

2Zn + O2 
 2ZnO (E = 1.65 V vs. SHE) (4)

ZAB has a standard cell potential of 1.65 V; however, its practical discharge voltage
can only reach about 1.20 V. The charging voltage of the ZAB is generally higher than 2 V,
which significantly reduces the energy efficiency of the ZABs [20,21]. This large charge
and discharge voltage gap is mainly caused by the overpotential of the electrochemical
reactions at the air electrode [22]. A bifunctional electrocatalyst must be incorporated into
the air cathode [23–28] to overcome this issue. Air electrodes capable of mass and charge
transport are exceedingly required to develop a rechargeable ZAB with a high round trip
efficiency and power output.

Air electrodes have been extensively investigated as promising cathodes for MABs
such as Li-, Mg-, Al-, and Zn–air batteries due to natural O2 availability and the high
energy density obtained from these systems. Moreover, the air electrode design offers
flexibility for application in other promising electrochemical systems, such as flow reactors
for CO2 electroreduction (CO2RR) [1,2], Li-CO2, and Zn-CO2 batteries [4]. One of the
drawbacks of this electrode configuration is the carbonate formation from CO2 in the air
under operating conditions, which significantly affects the durability of these systems.
Moreover, kinetics for the oxygen electrocatalyst are limited, and the wettability of the
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air cathodes is challenging to balance in aprotic solvents, making such electrodes more
suitable to operate in aqueous electrolytes [18]. The primary role of an air electrode is to
offer reaction sites for both ORR and OER [29]. The ORR occurs at the gas–liquid–solid
triple-phase region during battery discharge. Therefore, the air electrode must have a
porous structure to facilitate air diffusion and promote wettability. The balance between
hydrophobicity and hydrophilicity is required to allow air to diffuse through and avoid
electrolyte flooding [30]. Along with developing efficient electrocatalysts with proper
wettability and durability under operating conditions, the air cathode architecture plays a
decisive role in improving battery performance [31].

Air electrodes usually consist of three main parts: a catalyst layer (CL), a gas diffusion
layer (GDL), and a current collector [32]. The air cathode is fabricated so that CL faces the
internal liquid electrolyte compartment and GDL faces the external surroundings, while
the current collector either fits in between the CL and GDL or is incorporated together with
the GDL [33].

1.1. Types of Commercial Gas Diffusion Layers (GDLs) and Their Role

The role of the GDL is critical in optimizing the air electrode for ZABs. Commercial
GDLs used in various electrochemical devices, such as fuel cells [34,35] and electrolyzers,
typically consist of a microporous layer (MPL) adjacent to the catalyst and a macroporous
layer adjacent to the air, which are both structured on a carbon-based substrate impregnated
with a hydrophobic agent, usually polytetrafluoroethylene (PTFE). The PTFE-bonded
carbon layers are characterized by interpenetrating microchannels of hydrophilic and
hydrophobic domains, which are bounded on current collectors, usually carbon, nickel, or
stainless steel mesh-based substrates [18]. They mainly differ by the presence of a thinner
layer based on commercial carbon blacks such as Vulcan and carbon black pearls and PTFE,
which compose the MPL [31,36]. The combination of MPL and macroporous layers in
commercial GDLs offers several advantages. The MPL ensures efficient gas diffusion and
water management, while the macroporous layer provides the required strength. Their
porosity is also crucial since it helps mass transport through the GDL while providing a
large surface area for the electrochemical reactions [18,36].

Commercial carbon cloth (CC) and carbon paper (CP) are commonly used as conductive
substrates to obtain GDLs for various electrochemical devices, including ZABs [29,37,38].
CC and CP GDLs typically comprise woven porous carbon fibers that provide structural
integrity to the GDL, facilitate oxygen transport from the air to the cathode reaction site, and
ensure it can withstand the battery’s assembly, operation, and handling processes [36,39].
Along with good electrical conductivity and enabling efficient electron transfer during
electrochemical reactions [40], CC has been extensively used as an electrode substrate due
to its high mechanical strength and stability. However, the choice of the carbon-based
substrate depends on the specific requirements of the ZAB system, including design,
performance targets, manufacturing, and cost considerations. It has been demonstrated
that CP can be an efficient alternative to carbon cloth electrode substrates since it offers high
surface area [41,42], modulable chemical surface, and electrochemical properties [43–45].
Moreover, the highly torturous porous structure and smooth surface of carbon papers were
found to be an advantage under dry operating conditions [40], making them promise to
alleviate electrolyte evaporation at the electrode side facing the air by optimizing wettability
of PTFE-modified GDLs [19].

1.2. Current Collectors and Catalyst Layer (CL)

Rechargeable ZABs also require an active catalyst layer (CL) that can withstand the
repeated charge and discharge cycles without significant degradation [46,47]. In most cases,
the active catalyst layer covers the surface of the current collector and contacts with the
electrolyte, while the gas diffusion layer lies on the reverse side and faces the surrounding
air, or the current collector is placed in the middle of the active layer and gas diffusion layer
and forms a sandwich structure [48].
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The choice of catalyst is equally essential as it is responsible for enhancing ORR and
OER during the discharging and charging of the battery. Since this study aims to optimize
the air cathode architecture, benchmark ORR and OER catalysts were used. Pt supported
on carbon (Pt/C) is the benchmark catalyst for ORR, exhibiting excellent ORR activity at
very low loadings [34,49]. Despite its high ORR activity, durability in a highly alkaline
environment (pH = 14) is compromised via Pt dissolution from the carbon support and
the formation of oxide layers at high potentials, leading to a significant decrease in Pt/C
activity [50–52]. In contrast, RuO2 and IrO2 are state-of-the-art OER catalysts due to their
high activity and performance durability under hash acid and alkaline pH [53,54]. Several
studies reported the combination of Pt/C and RuO2 (Pt/C-RuO2) for both ORR and OER
at the air electrode of the rechargeable ZABs [55,56]. The amount of catalyst loaded onto
the cathode substrate affects the overall performance and cost of the battery. As Pt and
Ru are rare and expensive metals, decreasing the loading of such metals is desirable to
combine high electrochemical activity and cost-effectiveness, promoting the large-scale
commercialization of ZAB technologies [35,57–62].

In addition to the critical role of current collectors, hot-pressing the catalyst layer
of the ZABs air cathodes can be an efficient approach to improve their performance and
durability [63]. The hot-pressing process helps densify the CL, improve its mechanical
stability, enhance gas diffusion pathways, and reduce interfacial resistance between the
CL and the substrate [64]. These improvements can lead to better overall performance and
durability of the ZAB’s air cathode.

The role of commercial current collectors in improving the performance of ZABs
must be considered, as they are crucial for efficient current distribution and electrolyte
management within the battery [65]. The current collector is usually a conductive metal
mesh, such as nickel foam and stainless steel [66], responsible for ensuring effective electron
transfer to the external circuit, enabling the charge and discharge process in the battery [67].
SS mesh current collectors can offer several advantages over other types of current collectors
in battery applications [68] due to their high electrical conductivity, corrosion resistance,
large surface area for gas diffusion, and mechanical stability and structural integrity [69].
The geometry of the SS mesh, such as wire diameter and mesh pore size, can affect the
overall performance of the ZABs. While defining the optimum pore size of the mesh, several
factors must be considered, including electrode structure, gas diffusion requirements, and
the size of ions/species involved in the electrochemical reactions. The pore size should be
large enough to facilitate oxygen diffusion from the air to the cathode surface [70]. It is
essential to balance the need for gas diffusion with the requirement for a high surface area
and good electrode–electrolyte contact while designing an SS mesh current collector for
ZABs air electrodes [71].

Since the choice of the GDL carbon-based substrates, the current collectors, and the
carbon-based ink formulations for preparing both the GDL and CL are critical to boost
the activity and durability of the air cathodes [48], we propose in this work a detailed
optimization study related to the main components of air cathodes for zinc–air batteries,
using Pt/C-RuO2 as a benchmark bifunctional catalyst. The effect of hot pressing the
catalyst layer, using carbon cloth and carbon paper for preparing the gas diffusion lay-
ers, and the different current collector mesh designs were evaluated. ZABs carrying the
different cathode configurations were assembled and examined regarding their overall
electrochemical performance and cycling durability.

2. Results and Discussion

Different sets of Pt/C-RuO2-based cathodes were prepared as described in the flow
diagram, along with schematics of the cathode architecture shown in Figure 2. Air-dried and
hot-pressed electrodes were prepared to investigate the effect of hot-pressing the catalyst
layer. Afterward, the carbon cloth used as an electrode substrate for both the catalyst layer
and GDL was replaced by carbon paper, and their effect on the battery performance was
investigated. Finally, the effects of a coarse (0.667 mm) and a fine (0.125 mm) pore size
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opening on integrating the SS mesh, as a current collector, to gas diffusion and catalyst
layers were analyzed.
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Figure 2. Air cathode architecture and a flow chart of all the prepared cathodes.

2.1. Morphology of the Prepared Gas Diffusion and Catalyst Layers

Figure 3a,b show SEM micrographs of homemade gas diffusion layers used for inte-
grating different current collectors with commercial GDLs. As can be seen in Figure 3a, an
incomplete coverage of the SS mesh current collector with a 0.667 mm pore size was ob-
served. This feature can be related to the spilling of the GDL slurry, which can compromise
the adhesion of the current collector to the commercial GDL (carbon cloth with a micro
and macroporous layer), limiting mass transport through the A1, A2, and B1 cathodes.
Morphology of the catalyst layer based on Pt/C and RuO2 over the commercial MPL of
the air-dried A1:CC-M0.667 (AD) and the hot-pressed A2:CC-M0.667 (HP) cathodes is
characterized by a porous structure composed by the RuO2 and carbon support particles
ranging between 50 and 100 µm, with the smaller Pt particles (bright dots) distributed over
the carbon support (Figure S1a,b), in good agreement with the literature [72]. Despite the
similar morphology at high magnification (200 kX), the micrographs at low magnification
(800 X) indicated that the catalyst layer hot-pressing step resulted in a smoother surface
of the catalysts layer over the carbon cloth MPL (Figure 3c,d). Replacement of the carbon
cloth by a carbon paper electrode substrate preserved the catalyst layer morphology, as
indicated by comparing the micrographs in Figure 3d,e and Figure S1b,c.

Moreover, using an SS mesh with a smaller pore size (0.125 mm) enhanced the SS/GDL
interface (Figure 3b) as compared to using the largest pore size (0.667 mm) SS (Figure 3a).
This change also led to a smoother catalyst layer surface of the B2:CP-M0.125 cathode
(Figure 3f). Using a smaller SS pore size effectively prevented the GDL from spilling
from the SS mesh, ensuring a uniform coverage of the current collector. Noteworthy, the
combination of the SS mesh with the smaller pore size (0.125 vs. 0.667 mm) and thickness
(325 vs. 554 µm) together with the carbon paper significantly reduced the overall electrode
thickness, as indicated by the micrographs of the cross-section zones of B1:CP-M0.667 and
B2:CP-M0.125, showed in Figure S1e,f. B1:CP-M0.667 had a thickness of around 860 µm,
while B2:CP-M0.125 was approximately 550 µm. Cross-section micrographs shown as
insets in Figure 3e,f for B1:CP-M0.667 and B2:CP-M0.125, respectively, also indicate that
the lower thickness and different design of the wires for the SS mesh 0.125 mm pore size,
improved the adhesion of the homemade gas diffusion layer to the SS mesh. SEM analysis
revealed the effective combination of the catalyst layer hot-pressing step and carbon paper,
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as commercial GDL, and the SS mesh 0.125 mm pore size. This combination successfully
achieved air cathodes with adequate coverage, adhesion of the GDL materials to the current
collector, and a smoother catalyst layer surface. These features are required to decrease
the electrode resistance and improve the air cathodes’ mass transport, active surface area,
and durability [19].
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Figure 3. SEM micrographs at an 80 X magnification for the homemade GDL deposited on a SS mesh
with (a) 0.667 mm and (b) 0.125 mm pore size. Catalyst layer surface of (c) A1, (d) A2, (e) B1, and B2
(f) cathodes at an 800 X magnification, with the correspondent cross sections micrographs for B1 and
B2 (inset of Figure 3e,f) focused on the homemade GDL and the SS mesh.

2.2. Catalyst Layer Optimization

Two series of air cathodes, A1:CC-M0.667 (AD) and A2:CC-M0.667 (HP), were pre-
pared utilizing carbon cloth as an electrode substrate and SS mesh with a 0.667 mm pore size
as a current collector to investigate the effect of hot-pressing the catalyst layer on activity
and durability of the air cathodes during operating conditions of the ZABs. Power density
and polarization curves, together with the percentage increment of the maximum power
density and round trip efficiency for A1:CC-M0.667 (AD) and A2:CC-M0.667 (HP) cathodes,
are shown in Figure 4. The A2:CC-M0.667 (HP) cathode showed higher performance in
terms of PDmax (121 vs. 105 mW/cm2) (Figure 4a), with a 13 % increment (Figure 4b) as
compared to A1:CC-M0.667 (AD). Moreover, the cyclability test for A1:CC-M0.667 (AD)
showed a significant increase in Egap after 12 h of operation, reaching a value of 1.47 V by
the end of the experiment (Figure 4c). On the other hand, A2:CC-M0.667 remained remark-
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ably stable throughout the charge–discharge cycling experiment, achieving an Egap of 0.83 V
after 24 h. Round trip efficiency after 24 h (Figure 4d) was also higher for the A2:CC-M0.667
as compared to the A1:CC-M0.667 (AD) cathode (57.9% vs. 39.1%), indicating a higher
charging power storage for the hot-pressed cathode. The improved energy output and
durability over the charge and discharge cycles achieved for the A2:CC-M0.667 are in good
agreement with the SEM analysis that showed a smoother catalyst layer on the carbon cloth
microporous layer after being hot pressed. These results can also be related to a higher
adhesion between the CL and the carbon cloth used as an electrode substrate, reducing the
CL thickness and the interfacial resistance while improving the mechanical stability, gas
diffusion pathways, and electron transfer between the catalyst and the GDL [73].
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2.3. Commercial GDL and SS Mesh Pore Size Optimization

The best-performing A2:CC-M0.667 (HP) cathode was modified by replacing carbon
cloth with carbon paper and labeled as B1:CP-M0.667. As shown in Figure 5a, the PDmax
was higher (134 mW/cm2) for the B1:CP-M0.667 cathode, with an increment of 9.7%
compared to A2:CC-M0.667 (HP). The Egap was also reduced from 0.83 V to 0.81 V after 24 h,
as shown in Figure 5b, with a slight increase in the round trip efficiency (58.2% vs. 57.9%)
for B1:CP-M0.667, indicating that carbon paper was a more effective electrode substrate
than carbon cloth. The performance improvement can be ascribed to the lower thickness
and higher porosity of carbon paper compared to carbon cloth, which promotes oxygen
transport through the GDL to the catalyst layer, affecting the overall efficiency of oxygen
utilization within the battery and potentially increasing its power density. Furthermore,
the optimized wettability of the carbon paper, under the ZABs operating conditions, can
contribute to minimizing electrolyte flooding and evaporation loss at the electrode side
facing the air, improving the battery performance [19]. To promote a higher adhesion
and a more homogeneous distribution of the GDL and CL onto the current collector and
a consequent decrease of the cell resistance and performance improvement, an SS mesh
with a smaller pore size (0.125 mm) was also evaluated as an alternative to the mesh with
a 0.667 mm pore size. Polarization and power density curves (Figure 5a) for the B2:CP-
M0.125 cathode indicated that maximum power density increased by 19.76% with a smaller
SS mesh pore size, reaching 167 mW/cm2. Cyclability of B2:CP-M0.125 was also improved,
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as pointed out by a lower Egap (0.78 V), as shown in Figure 5b,c, with a round trip efficiency
of 59.8% after 24 h. The morphology of the catalyst surface of the B2:CP-M0.125 cathode
slightly changed after charge and discharge cycling, with the presence of small cavities
non-homogeneously distributed at the surface, promoting agglomeration of the catalyst
particles. This is in good agreement with other studies that showed a typical degradation
of the catalyst layer, primarily due to corrosion of the carbon support, after aging in
highly alkaline solutions [74]. The observed performance improvement is associated with
the adequate coverage of the current collector adhesion of the GDLs, which affects the
catalyst immobilization, mechanical and electrochemical durability, and diffusion of the
electroactive species [64].
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Figure 5d shows a picture of several LED lights powered by two assembled ZABs
utilizing the optimized B2:CP-M0.125 cathode. Table 1 summarizes the electrochemical
performance of the ZABs assembled with the air cathodes prepared in this work. Table 2
compares performance with ZABs reported in the literature assembled with benchmark
Pt/C-RuO2 air cathodes. This comparison highlights our approach as an efficient alternative
to boost the performance of ZABs.

Table 1. Performance comparison of A1, A2, B1, and B2 cathodes of ZAB’s tests.

Pt/C-RuO2-Based Air Cathodes PDmax
(mW/cm2)

Charge
Potential(V)

Discharge
Potential (V)

Egap
(V)

Round Trip
Efficiency (%)

A1 CC-M0.667(AD) 105 ± 0.2 2.43 0.95 1.47 ± 0.2 39.1
A2 CC-M0.125(HP) 121 ± 1.0 1.97 1.14 0.83 ± 0.3 57.9
B1 CP-M0.667 134 ± 1.2 1.94 1.13 0.81 ± 0.1 58.2
B2 CP-M0.125 167 ± 0.3 1.94 1.16 0.78 ± 0.05 59.8
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Table 2. Performance comparison of the Pt/C-RuO2-based cathodes for rechargeable ZABs from the
existing literature.

Pt/C-RuO2-Based
Cathodes(V) Egap

Durability
Hours/No. of Cycles (n) @J(mA/cm2)

PDmax
(mW/cm2) References

1 1.45 28h@10 110 [56]
2 1.30 110h@5 112 [75]
3 1.70 35h@10 75 [76]
4 1.10 20h@5 129 [77]
5 1.69 300cycles@10 82 [78]
6 1.16 72cycles@4 - [79]
7 1.60 24h@10 40 [80]
8 0.78 24h/75cycles@5 167 This work

3. Materials and Methods
3.1. Materials

Zinc foil (Goodfellow), zinc acetate (99%), potassium hydroxide (KOH, 85%), Pt/C
(20 wt.% Pt), RuO2, Nafion (5 wt.%) solution, and polytetrafluoroethylene (PTFE, 60 wt.% dis-
persion in H2O) were purchased from Sigma–Aldrich (St. Louis, MO, United States). Carbon
Vulcan XC 72R was supplied by the CABOT Corporation (Boston, MA, USA), 304 stainless steel
mesh #30 (0.667 mm pore Size) and 304 stainless steel woven wire #120 mesh (0.125 mm pore
size) were used as current collectors. Carbon paper 38-BC (thickness = 325 µm, porosity per-
centage = 80%) and carbon cloth ELAT 1400 (thickness = 554 µm, porosity percentage = 65%)
were supplied by SGL TECHNOLOGIES GmbH (Bonn, Germany) and Quintech (Göppin-
gen, Germany), respectively, and were used as gas diffusion layer substrate.

3.2. Preparation of Air Cathodes for Rechargeable ZABs
3.2.1. Preparation of the Homemade Gas Diffusion Layer

Stainless steel (SS) meshes were used as current collectors and modified with a gas
diffusion layer (GDL) as follows: 300 mg of carbon Vulcan were dispersed in 4 mL of
ethanol containing 400 µL of PTFE emulsion (40 wt.% dispersion in H2O). The obtained
thick paste was homogenously spread with the help of a spatula on SS mesh (7 cm2) and
dried in an oven at 40 ◦C for 5 min. The SS mesh containing GDL was hot pressed twice
(80 ◦C and 4.96 MPa) for 1 min. Then, CP/CC was placed on the GDL-modified SS mesh
and hot pressed (under 80 ◦C and 4.96 MPa) for 1 min.

3.2.2. Preparation of the Catalyst Layer

The catalyst layer was prepared by dispersing 24 mg of a catalyst into a Nafion 5 wt.%
(160 µL) and isopropanol solution (200 µL). The ink was deposited to the CC or CP surface
through four successive brush-painted layers, allowing each to fully dry before the next
was applied to a catalyst loading of 2 mg/cm2. The Nafion content was 33 wt.% relative to
the solid weights of the catalysts. The prepared cathodes were subjected to two different
treatments: air-drying overnight (A1:CC-M0.667 (AD)) or hot pressing at 80 ◦C under
a pressure of 4.96 MPa for 2 min, for cathodes A2:CC-M0.667 (HP), B1:CP-M0.667, and
B2:CP-M0.125.

3.3. Methods

ZAB tests were performed by assembling the air cathodes prepared as described in
Section 3.2 into an in-house ZAB prototype, realized by sealing four plexiglass (5 × 5 × 0.5 cm)
sheets with Viton rubber gaskets, as shown in Figure 6. A 1 mm thick zinc foil served as
an anode, and 7 mL of an aqueous solution of 0.2 M Zn (CH3COO)2 in 6.0 M KOH was
used as an electrolyte. The performance of the ZABs was evaluated regarding polarization
and power density curves acquired via steady-state galvanostatic polarization experiments.
The entire battery test was performed at room temperature. Polarization and power den-
sity curves were obtained using a multichannel VSP potentiostat/galvanostat (BioLogic,
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Seyssinet-Pariset, France) connected to a personal computer operating the EC-Lab software.
The tests were carried out using a two-electrode configuration with the cathode connected
to the working electrode channel and the anode connected to the counter and reference
electrode channel. The cycling stability and efficiency were evaluated via the galvanostatic
charge–discharge mode at a current density of 5 mA/cm2 for 20 min per cycle. The po-
larization curves were recorded through a linear sweep voltammetry (LSV) test using a
scan rate of 100 mV/s. The power density and current density generated by ZABs were
normalized to the cathode geometric surface area of 3.14 cm2.
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The electrochemical parameters used to evaluate the performance of the ZABs include
voltage gap (Egap), round trip efficiency, durability, and power density. The round trip
efficiency is the energy-utilizing efficiency of the ZABs and is estimated by dividing the
voltage of the discharge process by the voltage of the charging process. Egap is measured
by measuring the difference between charging and discharging curves obtained during a
galvanostatic measurement.

The morphology of the homemade GDLs and prepared air cathodes was investigated
using a scanning electron microscope (FE-SEM, Leo Supra 35, Carl Zeiss, Oberkochen,
Germany).

4. Conclusions

Different air-cathode families were prepared using Pt/C-RuO2 as a bifunctional cata-
lyst towards ORR and OER. A detailed optimization study of the air-cathode architecture
was carried out to improve the overall performance of ZABs. This study showed that
the catalyst layer hot-pressing step enhanced the performance of the assembled ZABs,
particularly in terms of durability over the charge and discharge cycles. It can be ascribed
as the effect of a smoother distribution of the Pt/C-RuO2 catalysts over the carbon cloth
microporous layer. Moreover, using carbon paper alternatively to carbon cloth as electrode
substrate preserved the catalyst layer morphology and improved battery performance.
It can be related to the carbon paper’s lower thickness and higher porosity, positively
affecting oxygen transport and electron transfer at the cathode. Utilizing an SS mesh with
a 0.125 mm pore size potentially increased the power density of the ZABs. The smaller
pore size prevented the escaping of the GDL slurry through the SS mesh, leading to its
adequate coverage and adhesion of the materials composing the GDLs to the current col-
lector. These features impact gas diffusion, effective electrolyte distribution, and catalyst
immobilization. The optimized B2:CP-M0.125 cathode reached a high maximum power
density (167 mW/cm2) and a small Egap (0.78 V) after 24 h of cycling, indicating the high
performance achieved with the optimized electrode architecture, in comparison to the
literature studies dealing with Pt/C-RuO2-based air cathodes. The optimized architecture
of bifunctional platinum–group–metal (PGM)-based air cathodes can be utilized for other
PGM-free bifunctional oxygen electrocatalysts in rechargeable ZABs.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13101319/s1, Figure S1: SEM micrographs for the catalyst
layer surface of A1, A2, B1, and B2, together with the cross-section micrographs for B1 and B2
cathodes, are provided as supplementary material. Figure S2: SEM micrographs for the catalyst layer
surface of the B2 cathode after charge and discharge cycling.
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