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Zinc-air batteries have attracted increasing attention as sustainable energy storage systems due to their high theoretical energy
density and low cost. However, their practical application is limited by the reliance on expensive and scarce platinum-based
catalysts. In this study, we aimed to develop an iron-doped biomass-derived electrocatalyst from waste orange peels through
a high-temperature pyrolysis process. The structure and composition of the prepared catalyst were characterized using X-ray
diffraction, scanning electron microscopy, nitrogen adsorption-desorption, and X-ray photoelectron spectroscopy. The oxygen
reduction reaction performance of the catalyst was evaluated under alkaline conditions and further tested in zinc-air battery
devices. The optimized catalyst showed good activity toward oxygen reduction, with a positive onset potential and a high current
density. The assembled battery delivered an open-circuit voltage of 1.27 V and a maximum power density of 47 mW cm™2.
Moreover, three flow cells connected in series successfully powered a 3.0 V light-emitting diode wristband, demonstrating
the practical feasibility of device integration. Although the performance remains lower than that of commercial Pt/C, further
optimization is expected to enable this biomass-derived catalyst to serve as a sustainable and cost-effective alternative for

zinc-air battery application.
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Introduction

The world’s rising demand for energy has caused severe re-
source depletion and environmental degradation, prompting
the urgent need for the development of sustainable and effi-
cient energy storage technologies >. However, conventional
fossil fuel-based systems are being considered increasingly
unsustainable, motivating the development of alternative en-
ergy storage solutions. Among various emerging technolo-
gies, metal-air batteries have gained attention as promising
candidates for next-generation energy storage systems>. Zinc-
air batteries (ZABs), in particular, stand out due to their large
theoretical energy density, low production cost, and inherent
safety®>. The overall performance and efficiency of the ZABs
largely depends on the oxygen reduction reaction (ORR) at the
air cathode, which are often regarded as the primary limiting
step due to its sluggish kinetics®. Therefore, the development
of a highly efficient and durable electrocatalyst is essential for
the practical application of ZABs in real life. Currently, ex-
tensive efforts have been devoted on to the synthesis of noble
metal-based catalysts, particularly platinum-based materials,
due to their supreme catalytic performance. However, despite
this advantage, their high cost and low long-term stability un-
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der practical conditions significantly hinder large-scale appli-
cations %7,

Transition metal and nitrogen-doped carbon (M-N-C) mate-
rials have emerged as promising low-cost alternatives to noble
metal-based ORR catalysts. Prepared via high temperature py-
rolysis, these materials form numerous active sites from M-Nj
coordination structures, which enhances their overall perfor-
mance®. Most M-N-C catalysts are synthesized using com-
mercial carbon materials such as carbon black and graphite
as supports. However, metal aggregation remains a common
problem faced during the synthesis process, as it reduces the
accessibility of active sites and impairs catalytic activity and
stability®. Recently, extensive efforts have been put on engi-
neering the structure of the carbon support to obtain uniform
M-N-C structures, including hollow carbon nanoparticles and
carbon nanofibers, which have demonstrated excellent cat-
alytic performance !%!!, Nevertheless, the complex synthesis
routes required by these catalysts still impede their scalability
and cost-effectiveness, calling for the need of a simpler and
more sustainable preparation route.

Biomass-derived carbon offers a sustainable and low-cost
option for the development of catalysts due to their abundance
and sustainability '>!3. Compared to other biomass precur-
sors, orange peels present as an attractive candidate as they
are abundant in nature, inexpensive, and carbon rich. Un-
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like coconut shells, banana peels, and lignin, which are com-
mon biomass materials used in electrocatalysis, orange peels
possess a favorable biochemical composition and porous fi-
brous structure, enabling the formation of hierarchical porous
and defect-rich carbon during pyrolysis'4. Moreover, the
use of orange peels reduces the reliance on conventional car-
bon sources and promotes waste recycling and sustainable re-
source utilization, making it a promising carbon precursor for
the synthesis of efficient electrocatalysts for energy conversion
applications.

Against this background, this study aims to propose a sim-
ple route for synthesizing efficient orange-peel derived elec-
trocatalysts (OPC) for the air cathode in ZABs. It is hypoth-
esized that waste orange peels, when carbonized and doped
with a suitable amount of iron, can generate an efficient ORR
catalyst for ZABs. By optimizing the Fe content, an active
catalyst was synthesized. The resulting material was then
systematically characterized in terms of structural character-
istics, electrochemical performance, and practical applicabil-
ity. Specifically, X-ray diffraction (XRD), scanning electron
microscopy (SEM), nitrogen adsorption-desorption measure-
ments, and X-ray photoelectron spectroscopy (XPS) will be
used to analyze the catalyst’s crystalline structure, surface
morphology, pore characteristics, and elemental composition.
The ORR performance and stability will be evaluated through
standard electrochemical measurements to identify the opti-
mal sample. In order to evaluate the practical performance of
the OPC, the selected sample will be integrated into a ZAB de-
vice and the system’s power density and stability are measured
under repeated charge-discharge cycles. Ultimately, the sys-
tem was used to power an LED band as a demonstration of its
potential for real-world applications. The successful lighting
of the band proves the practical potential of the synthesized
catalyst.

Results

The OPC was synthesized through a two-step process involv-
ing pre-carbonization and iron doping. At first, the cleaned
and dried orange peels were pre-carbonized in a tubular fur-
nace at 400 °C for 2 h under an argon atmosphere to remove
any moisture or volatile impurities. The pre-carbonized prod-
uct was then ground into fine powder and dispersed in aque-
ous solutions containing different amounts of Fe(ac), (1 wt%,
2.5 wt%, and 5 wt% relative to the biomass). After stirring for
24 hours, the suspensions were freeze-dried under vacuum to
preserve the dispersion and structure of the Fe-containing pre-
cursor and minimize aggregation as the solvent was removed.
The final powders were ultimately subjected to high temper-
ature pyrolysis at 800 °C under a flowing 10% NHj3/Ar at-
mosphere, producing a series of Fe-doped OPC catalysts with
varying iron contents.

The structure and morphology of the OPC samples were
examined using XRD and SEM. The XRD patterns exhibit
two broad peaks at 23.8° and 42.5°, which are the (002) and
(101) planes of graphitic carbon (Figure 1a). The calculated
interlayer spacing (dooz) of 0.376 nm indicates a relatively
low degree of graphitization, which may be related to nitro-
gen incorporation and the resulting structural disorder within
the carbon framework '>. SEM images reveal a morphology
dominated by carbon nanotube-like structures, accompanied
by some particle aggregation in the OPC samples, with the
relative proportion strongly dependent on Fe content doped.
At a low Fe loading of 1.0 wt%, carbon nanotube-like struc-
tures are predominant, with only limited particle aggregation
observed on the surface (Figure 1b). When the Fe loading is
increased to 2.5 wt%, the particle aggregation becomes more
evident while the nanotube-like morphology is still observable
(Figure 1c). Further increasing the Fe content to 5.0 wt% re-
sults in extensive particle aggregation (Figure 1d).
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Figure. 1 Structural and morphological characterization of OPC
samples. (a) XRD patterns of OPC catalyst. (b—d) SEM images of
OPC samples with different Fe loadings: (b) 1.0 wt%, (c) 2.5 wt%,
and (d) 5.0 wt%.

N, adsorption-desorption analysis was additionally per-
formed to evaluate the specific surface area and pore structure
of the OPC catalysts (Figure S1). The results show that the
Fe-loaded OPC catalysts possess relatively high specific sur-
face areas and a hierarchical porous structure. Notably, the
2.5 wt% Fe sample shows the highest specific surface area
among all samples, which is expected to enhance mass trans-
port and improve the accessibility of electrochemically active
sites during the ORR process.

Elemental composition and chemical states of the OPC cat-
alyst were further analyzed using XPS. The survey spectra
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confirm the presence of C, N, and Fe in the sample. The C
1s spectrum can be deconvoluted into three peaks correspond-
ing to graphitic sp?> C—C (284.9 eV), C-O (285.7 eV), and
0-C=0 (287.5 eV), respectively (Figure 2a). The N 1s spec-
trum displays peaks at 398.1 eV, 399.2 eV, 401.0 eV and 404.6
eV, which are assigned to pyridinic-N, pyrrolic-N, graphitic-
N, and oxidized-N, respectively !¢ (Figure 2b). Pyridinic-N is
generally considered to contribute to the formation of Fe-N,
centers and to modulate the local electronic structure of car-
bon matrix, which may facilitate oxygen adsorption and ac-
tivation!”. The peak at 398.8 eV peak, together with Fe 2p
signals at 705.0 eV and 711.0 eV, is attributed to Fe-N coordi-
nation species (Figure 2¢) %19

The electrochemical ORR performance of the OPC cata-
lysts was evaluated in an H-type cell using a standard three-
electrode configuration (Figure S2). The catalyst was loaded
onto carbon paper with a catalyst loading of 1 mg cm~2, and
1 M KOH was used as the electrolyte under O,-saturated or
Nj-saturated conditions. In this setup, O, was supplied di-
rectly to the side of the working electrode, enabling simulta-
neous contact with the electrolyte and catalyst to form a three-
phase interface. As expected, negligible current response was
observed in Nj-saturated electrolyte, whereas a distinct ca-
thodic current appeared under O,-saturated conditions, indi-
cating that the measured current originates from ORR (Figure
3a). For comparison, a Ketjenblack-loaded electrode was also
tested and evaluated. The results showed that it exhibited a
weak cathodic response, indicating a neglectable contribution
from the carbon support under identical conditions (Figure
S3). Among all the tested sample, the OPC (2.5 wt%) cata-
lyst exhibited the best performance, giving an onset potential
of 0.85 V versus reversible hydrogen electrode (RHE, here-
after). The current density significantly increased within the
working potential range and reached 120 mA cm™2 at 0.2 V
vs. RHE, indicating efficient ORR activity. The electrochemi-
cal performance of a commercial Pt/C catalyst was also tested
under identical conditions as a benchmark reference (Figure
S4). Although the OPC (2.5 wt%) showed lower ORR activity
compared to the benchmark, its renewability and low cost still
makes it a promising candidate for large-scale applications in
the future.

The effect of Fe loading on ORR performance was then
evaluated. Both the onset potential and current density were
found to increase with Fe content, reaching a maximum
at 2.5 wt% and decreasing at higher loadings (Figure 3b).
Among the samples, the OPC catalyst with 2.5 wt% Fe ex-
hibits the most positive onset potential of 0.85 V vs. RHE and
the highest current density, which is therefore identified as the
optimal composition within this study.

To further evaluate the ORR selectivity, rotating ring-disk
electrode (RRDE) measurements were conducted to deter-
mine the electron transfer number (n) and H,O; yield. The

results suggest that the ORR predominantly proceeds via a
four-electron pathway, with only a minor contribution from
the two-electron pathway, indicating low H,O, productions
(Figure S5). The stability of the OPC catalyst was assessed
by chronoamperometry at a constant potential of 0.67 V under
O;-saturated conditions. The current density remains nearly
unchanged over 3600 s, implying good durability (Figure 3c).

Based on the promising ORR activity of the OPC catalysts,
we assembled the synthesized catalyst into ZABs to evaluate
their potential as air cathode materials. The devices employed
OPC-loaded hydrophobic carbon paper as the air cathode, zinc
foil as the anode, and 1 M KOH as the electrolyte, which
was continuously circulated using peristaltic pumps (Figure
4a). The assembled ZAB delivers an open-circuit voltage of
1.27 V (Figure 4b). The polarization curve and correspond-
ing power density curve show a maximum power density of
approximately 47 mW cm~2 at a current density of 80 mA
cm~2 and a cell voltage of 1.20 V (Figure 4c). At higher cur-
rent densities, the voltage drops sharply, which is likely due to
mass-transport limitations.

To further demonstrate practical applicability, three ZABs
were connected in series. The combined open-circuit voltage
increases to 3.72 V (Figure 4d), and a maximum power density
of ~115 mW cm~2 is achieved at 58 mA cm~2, corresponding
to an output voltage of 3.50 V (Figure 4e).

Finally, we demonstrated the practical applicability of the
system by connecting three flow cells in series to power exter-
nal electronic devices. The three-cell stack delivered a com-
bined open-circuit voltage of 3.8 V, as measured by a mul-
timeter, consistent with the expected additive scaling from
single-cell operation (Figure 5a). As shown in Figure 5b-c, the
stacked cells successfully powered a commercial LED wrist-
band, providing stable illumination under both ambient light
and dark conditions. The continuous lighting confirms that
the stacked flow cells can provide sufficient output to drive
low-voltage electronics. This demonstration shows that under
real-world scenarios, multiple units can be integrated to po-
tentially meet the high voltage and power requirements, while
also validating the scalability of the flow cell architecture as
well as the efficiency of the synthesized catalyst.

Discussion

In this study, Fe-doped OPC were successfully synthesized
using waste orange peels with appropriate Fe-doping. Struc-
tural characterization showed the formation of a porous, CNT-
predominant carbon framework, together with the presence of
Fe-N, active sites, which are likely to enhance the catalyst’s
performance. Among the three prepared samples, the OPC
(2.5 wt%) exhibited the best ORR performance, delivering an
onset potential of 0.85 V v.s. RHE and stable operations in the
ZAB, with an open-circuit voltage of 1.27 V and a peak power
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Figure. 2 XPS spectra of the OPC sample. (a) C 1s spectrum; (b) N 1s spectrum; (c) Fe 2p spectrum.
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Figure. 3 Electrochemical ORR performance of OPC catalysts in H-cell. (a) Polarization curves of OPC (2.5 wt%) under different atmospheres.

(b) Polarization curves of OPC catalysts with different Fe loadings. (c) Chronoamperometry response of OPC (2.5 wt%) at a constant potential
of 0.67 V.
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Figure. 4 Electrochemical performance of the ZAB device. (a) Photograph of the customized flow cell. (b) OCPT curve of a single ZAB.
(b) Discharge polarization and power density curves of a single ZAB using OPC cathode. (c) OCPT of three ZABs connected in series. (d)
Discharge polarization and power density three ZABs connected in series.
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Figure. 5 Practical demonstration of theZAB-powered device. (a)
Photograph of the LED wristband with lights on. (b) LED wristband
in the off state for comparision. (c) LED wristband worn by the ex-
perimenter.

density of approximately 47 mW cm~2. Ultimately, the suc-
cessful operation of the three-cell stack to power a LED wrist
band highlights the feasibility of the device for larger applica-
tions. Overall, the results from the experiment confirmed that
orange peels can be converted to active electrocatalysts after
high temperature carbonization and iron doping. Although its
performance is still not comparable to the commercial Pt/C
benchmarks, its advantages of low cost and renewability pro-
vides it the potential to serve as an alternative for ZABs in the
future.

Structural analysis reveals the presence of both carbon nan-
otubes and aggregated particles, which can be attributed to the
catalytic effect of Fe during high temperature carbonization°.
During this process, carbon-containing gaseous species like
CO and CH4 was generated from the decomposition of orange
peel biomass and could serve as additional carbon sources for
CNT formation, as reported in previous studies?'?>. These
gas species will decompose on the surface of Fe nanoparticles
within the OPC matrix, where carbon atoms adsorb and sub-
sequently precipitate as graphitic layers, leading to the forma-
tion of tubular CNT structures via vapor-liquid-solid (VLS) or
vapor-solid-solid (VSS) pathways??. The CNT formed is ex-
pected to improve the electrical conductivity of the material,
which will potentially enhance its ORR performance. While
Fe may play a role in CNT formation during pyrolysis, the en-
hanced electrocatalytic performance is still mainly associated
with the formation of Fe-N, active sites incorporated within
the biomass-derived carbon framework. However, it’s impor-
tant to note that, the effect of Fe-doping on waste orange peels
was the primarily area investigated in this study, with empha-
sis placed on optimizing the Fe content and assessing its effect
on the catalyst’s ORR performances. The dispersion of the
Fe-N, active sites, on the other hand, still remain unsolved.
Future research could therefore focus on proposing synthetic

routes that yields catalysts with a more uniform Fe-N, distri-
bution, which may further enhance its overall catalytic perfor-
mance in advanced energy conversion systems.

Electrochemical testing confirmed the high ORR activity of
the OPC catalysts, further supporting the hypothesis that or-
ange peel-derived catalysts can serve as efficient air cathode
materials for ZABs. Although the current performance of the
catalyst may still not reach the most advanced reported cata-
lysts, the use of kitchen waste as the precursor offers advan-
tages in cost reduction and resource recycling. Notably, the
ORR performance of the OPC showed a clear dependence on
the amount of Fe doped. Moderate Fe incorporation show-
cased the best catalytic activity, which is likely due to the in-
creased formation and more uniform dispersion of Fe-N, ac-
tive sites during pyrolysis. In contrast, excessive Fe content
resulted in a decline in activity, possibly because of the pres-
ence of more particle aggregation that reduces the effective
exposure and utilization of active sites.

At this stage, Fe incorporation was controlled only by ad-
justing the amount of Fe within the Fe(ac); solution. There-
fore, further optimization remains necessary when compared
with the most effective and efficient catalysts reported in the
literature2*2°.  In addition to Fe-N, sites as the main ac-
tive centers, the ORR activity may also be affected by other
factors, including pore structure, electrical conductivity, ni-
trogen species distribution, and the presence of residual Fe-
containing species. Together, these factors can affect mass
transport and active site accessibility, thereby impacting the
overall catalytic performance. Systematically optimizing the
synthesis parameters, such as pyrolysis temperature and post-
treatment processes (e.g., acid washing), would therefore be
an aspect where further research is needed to achieve struc-
tural uniformity and catalytic efficiency for the OPC-based
electrocatalysts.

Although ZABs have long been recognized as a promis-
ing energy storage technology, their application has been re-
stricted by the absence of an efficient ORR catalyst at the cath-
o0de 2627, The assembly of OPC as the cathode material into a
ZAB proves it practical potential. The effective voltage scal-
ing demonstrates the feasibility of simple cell stacking to en-
hance output, while slight fluctuations in the open-circuit po-
tential overtime indicate minor instabilities within the stack.
Several factors may contribute to these fluctuations, including
uneven liquid and gas distribution, interfacial contact resis-
tance, and membrane hydration changes. These factors would
collectively affect the transport of ions, causing signal varia-
tions and instabilities during the operation. The minor fluctu-
ations may also be attributed to the non-ideal assembly condi-
tions during the testing, as the current system only represents
a proof-of-concept rather than a fully optimized design. Fur-
ther optimization of the cell design will be needed in order to
reduce the fluctuations.
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Meanwhile, the current stability tests were limited to 3600
seconds, which is short relative to practical requirements. As
the system operates for extended periods, it may experience
performance decay caused by Fe leaching, carbon oxidation,
or electrode flooding, which all reduces active site accessi-
bility and hinder mass/electron transport within the electrode.
Future studies could therefore extend the stability test to over
hours or days in order to better understand the catalyst’s per-
formance under practical conditions. Addressing these lim-
itations would give a comprehensive understanding of the
OPC’s practical potential to serve as ORR catalysts. All in
all, through synthesis and systematic characterization of the
OPC, this study underscores the feasibility of utilizing waste
orange peels as the carbon precursor for efficient ORR cata-
lysts, offering a promising candidate for green energy storage
technologies in the future.

Methods

This study presents a simple route for synthesizing the orange-
peel derived electrocatalyst that could be employed in ZABs.
The OPCs are prepared with precisely controlled Fe-dopant
(1.0 wt%, 2.5 wt%, and 5.0 wt%), which is the primary vari-
able investigated, to gain a holistic understanding of how the
amount of metal incorporation will influence the performance
of the catalyst. XRD, SEM, BET, and XPS techniques are
used to examine the structure and morphology of the yielded
product, and its ORR performance was evaluated through
standard electrochemical measurements. To further demon-
strate the OPC’s practical potential, it was integrated into a
ZAB as the cathode material, and the system’s power density
and stability was measured. This experimental procedure al-
lows for a comprehensive evaluation of the OPC’s practical
potential and enables the extrapolation of the relationship be-
tween metal incorporation and performance.

In this study, discarded orange peels were obtained from
consumed oranges purchased from a local market. These peels
were processed to produce different Fe-doped samples. The
main difference among the samples is the Fe content. In addi-
tion, the other chemical reagents used in this study are listed
as follows: Iron (II) acetate (Fe(ac);, 95%) was obtained from
J&K Scientific Co., Ltd. Potassium hydroxide (KOH, 99%)
was purchased from Macklin Biochemical Co., Ltd. (Shang-
hai, China). Commercial Pt/C (20 wt% platinum on Vulcan
XC72) was purchased from Premetek Co. Ketjenblack carbon
(KB, GR) was supplied by Huizhou Tenghui Technology Co.,
Ltd. Carbon fiber papers (P75T and 39BB) were provided by
Suzhou Sinero Technology Co., Ltd., and the zinc foil was ob-
tained from Suzhou Suke Jingyi Instrument Co., Ltd. Deion-
ized water was prepared using a Milli-Q purification system
and used throughout all experiments. All chemicals were pur-
chased and used without further purification.

Preparation of OPC Catalyst

The leftover orange peels from eaten oranges were first air-
dried at room temperature for several days until they became
hard and brittle. The dried peels were then placed in clean
plastic bags and soaked in deionized water, followed by ul-
trasonic treatment for 15 min to remove any impurities on the
surface. After draining, the peels were immersed in anhydrous
ethanol and ultrasonically treated for an additional 15 min to
eliminate residual water and soluble organic compounds. The
peels were subsequently rinsed with deionized water and sub-
jected to a further 15 min of ultrasonic cleaning. Finally, thor-
oughly cleaned orange peels were transferred to a clean beaker
and oven-dried at 80 °C for 24 h to remove surface moisture.

The dried orange peels were subjected to pre-carbonization
in a tubular furnace under an Ar atmosphere. The temperature
was ramped at a rate of 5 °C min~! to 400 °C and maintained
for 2 h. After pre-carbonization, the furnace was allowed to
cool naturally to room temperature, and the obtained material
was finely ground using a mortar and pestle. Subsequently,
0.5 g of orange peel powder was dispersed in 20 mL of ethanol
solution containing Fe(ac), at different loadings (1 wt%, 2.5
wt%, and 5.0 wt%, relative to the mass of orange peel powder)
and stirred continuously for 24 h. The resulting mixtures were
washed several times with deionized water and subsequently
subjected to vacuum freeze-drying to obtain the OPC precur-
sor powder. Finally, a total of 0.2 g of Fe-loaded OPC powder
was carbonized in a tubular furnace by heating at 5 °C min~!
to 800 °C and holding for 1 h under a flowing 10% NH3/Ar
atmosphere, yielding Fe-doped OPC catalysts.

Structural Characterization

XRD analysis was conducted on a PANalytical X-ray
diffractometer using monochromatic Cu Kea radiation (A =
1.5406 A). The diffraction patterns were recorded over a 26
range of 5-80 ° with a step size of 0.026° and a scan rate of
0.067°/s. Data processing included background subtraction,
peak fitting, and phase identification using the ICDD PDF-4
database and HighScore Plus (PANalytical).

SEM images were collected using a ZEISS G500 instru-
ment. The accelerating voltage was set to 5.00-6.00 kV, with
a working distance of 7.7-9.1 mm. Images were acquired over
a magnification range of 9.21-39.21 K X. The samples were
prepared by dispersing the material in ethanol, followed by
drop-casting onto a silicon wafer and drying under ambient
conditions.

BET analysis was performed on a Quantachrome Autosorb
Station 1 instrument. Prior to measurements, the samples
were degassed at 120 °C for 8 h under vacuum to remove ad-
sorbed impurities. Nj adsorption-desorption isotherms were
recorded at 77 K using liquid nitrogen as the coolant. The spe-
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cific surface area was calculated using the Brunauer-Emmett-
Teller (BET) method based on adsorption data in the rel-
ative pressure (P/Py) range of 0.05-0.30. The total pore
volume was estimated from the nitrogen uptake at P/P
= 0.99. The pore size distribution was determined using
the Barrett—Joyner—Halenda (BJH) method from the adsorp-
tion/desorption branches.

XPS analysis was performed on an SSI S-Probe XPS spec-
trometer using a Kratos Axis UltraDLD spectrometer (Kratos
Analytical, Shimadzu group company) using a monochro-
matic Al Ko X-ray source (1486.6 eV). The analyzer pass
energy was set to 40 eV, and all spectra were calibrated by ref-
erencing the C 1s peak at 284.8 eV. Peak deconvolution was
carried out using Shirley background subtraction and Voigt
(Gaussian-Lorentzian) peak fitting functions using CasaXPS
software, with constraints applied to binding energy positions
and FWHM. The samples were prepared by pressing the cat-
alyst powder directly onto indium foil, forming a conductive
sample holder for XPS measurements.

Electrochemical ORR Measurement

To prepare working electrode, a catalyst ink was prepared us-
ing 1 mg of OPC, 0.5 mg of KB, and 7.5 uL of 5 wt% Nafion
solution dispersed in 250 uL of ethanol and sonicated for 30
min. The resulting ink was dropcast onto a 1 x 1 cm? car-
bon fiber paper (P75T) and dried under room temperature and
pressure. Electrochemical ORR measurements were carried
out in an H-cell using a standard three-electrode configura-
tion controlled by a CHI 660E potentiostat. The OPC-loaded
working electrode and a SCE reference electrode were posi-
tioned in the anodic compartment, while a graphite rod served
as the counter electrode in the cathodic compartment. Each
compartment contained 25 mL of electrolyte and was sepa-
rated by an anion-exchange membrane (FAA-PK-130, from
Suzhou Sinero Technology Co., Ltd, pre-activated in 1M
KOH). Prior to each test, the electrolyte was bubbled with
O, for at least 20 min to achieve saturation, and a steady
O, flow of 20 sccm was maintained over the solution during
measurements to ensure continuous oxygen supply. Polariza-
tion curves were collected at a scan rate 10 mV s~!, while
chronoamperometry (i-t) was employed to assess its stability
over time.

Electrochemical RRDE Measurement

For RRDE measurements, the catalyst ink was prepared in the
same manner as for the H-cell measurements and drop-cast
onto a glassy carbon disk electrode (5 mm diameter). The cat-
alyst loading was controlled at 0.089 mg cm~2, followed by
drying under ambient conditions prior to electrochemical test-

ing. The RRDE experiments were carried out in O;-saturated
0.1 M KOH solution at a rotation speed of 1600 rpm using a
standard three-electrode configuration. Linear sweep voltam-
metry (LSV) curves were collected at a scan rate of 10 mV
s~!, and the ring current was simultaneously recorded to cal-
culate the electron transfer number and H,O» yield.

Zinc-Air Battery Testing and Device Demonstra-
tion

Zinc-air battery tests were carried out using a custom-built
three-compartment flow cell reactor with a reaction area of
1 cm?. The reactor consisted of a gas chamber, a cathodic gas
diffusion electrode (GDE, 39BB carbon paper loaded with the
catalyst at ~1.0 mg cm~2, a typical loading used in standard
ZAB testing), a catholyte chamber, a cation exchange mem-
brane (FAA-PK-130), an anolyte chamber, and a zinc foil.
Both the catholyte and anolyte chambers were supplied with 1
M KOH, circulated at a flow rate of 20 mL min~' using peri-
staltic pumps. Meanwhile, O, was continuously delivered to
the gas chamber at the rate of 40 sccm using a digital mass
flow controller. Polarization data (V-i) were collected using
linear sweep voltammetry at a scan rate of 50 mV s~ !, while
the open-circuit potential was monitored as simultaneously
collected. In addition to measurements on a single flow cell,
electrochemical performance of three identical flow cells con-
nected in series was also investigated. All measurements were
conducted under the same conditions using the same instru-
mentation. For practical demonstration, three identical flow
cells were connected in series and used to power a 3.0 V LED
wristband. All devices were directly connected to the series
configuration under the same experimental conditions as the
electrochemical measurements, without additional circuitry.
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