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Abstract: China is one of the largest sugarcane industrial countries in the world, and the annual
output of bagasse waste is abundant. Classical incineration, landfill, and other treatment methods are
inefficient and seriously harmful to the environment, so it is urgent to develop a new comprehensive
utilization of agricultural waste. In this work, the sugarcane waste residue is converted to biological
activated carbon (BAC) through a simple pre-carbonization and KOH activation process, which is
then mixed with perovskite oxide BaCo0.5Fe0.5O3−δ (BCF) to form BAC/BCF composite air electrode.
BAC/BCF assembled rechargeable zinc–air battery (ZAB) exhibits a relatively good output maximum
power density of 96 mW·cm−2 and considerable long-term charge–discharge cycle stability over
250 h operation. These results indicate that the BAC derived from sugarcane waste is a promising
potential carbon material candidate for ZAB application, which can realize the high-value utilization
of agricultural waste in the field of efficient and durable energy storage and conversion devices.

Keywords: sugarcane waste; rechargeable zinc–air battery; biological activated carbon; resource
utilization; oxygen electrocatalyst

1. Introduction

As a major bioenergy crop, sugarcane has a relatively large carbon footprint. Sugar-
cane waste is the main by-product of the sugarcane industry. As the third largest sugarcane
producer in the world, China produces countless sugarcane residues every year [1,2].
These discarded bagasse will cause secondary pollution to the environment, and most
of them will be disposed of in the landfills of sugar mills [3]. Traditional methods such
as incineration and landfilling will not only waste rich biomass resources but also cause
environmental damage to water, air, and land, which is not sustainable for the concept of
circular economy [4]. It is urgent to develop a novel way of comprehensive utilization of
agricultural and industrial wastes such as bagasse [5]. So far, research on the high-value
use of bagasse has attracted much attention due to its low cost and attractive technical prop-
erties, and researchers have explored a range of innovative strategies to recycle sugarcane
waste [6–12]. For example, Andrade et al. added malted bagasse to ceramic materials as a
partial substitute for clay, thus applying it in the field of civil construction [13]. Meanwhile,
Ferreira et al. mixed cassava starch with agro-industrial wastes such as sugarcane bagasse
and successfully applied them to biodegradable composites [14]. Rattanachueskul et al.
used sugarcane bagasse ash as a precursor of alkali-activated material to prepare magnetic
Fenton catalyst and applied it to biochemical fields such as tetracycline removal [15]. These
studies indicate that bagasse biomass resources have broad application prospects in many
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fields. However, almost no literature has reported the application of sugarcane waste
residue to new energy fields such as metal–air batteries (MABs) so far.

Traditional fossil fuel reserves are gradually decreasing due to the continuous ex-
pansion of consumption, and the use of such non-renewable energy will increase carbon
dioxide emissions and seriously harm the ecological environment [16–19]. With the deple-
tion of resources and the deterioration of the environment, society’s demand for safe and
environmentally friendly renewable energy is increasing. In order to meet the growing
demand for renewable energy, researchers have studied a series of advanced energy storage
and conversion technologies [20–22]. As an economical and environmentally friendly en-
ergy storage technology, MABs have been widely studied and applied [23,24]. Rechargeable
zinc–air battery (ZAB), one promising kind of MABs, has attracted wide attention because
of their high specific capacity, high safety, and low pollution [25,26]. However, it still faces
some key remaining challenges, such as electrolyte stability, parasitic processes, electrode
corrosion and stability, etc. Nowadays, many strategies, including the development of new
electrolytes, CO2 and H2O managements, and surface wettability of the gas diffusion layer
and catalyst layer, have been proposed to address these issues and alleviate the surface side
reactions and electrode corrosion, thereby increasing the service lifetime [23–26]. Recently,
ZAB often uses commercial activated carbon (CAC) with a relatively single preparation
source and relatively high cost as the cathode conductive material, which greatly restricts
its sustainable development and application [27,28]. Biomass is regarded as a highly effi-
cient carbon source because of its economic and environmental protection characteristics.
Biomass-derived carbon shows good pore size distribution and physicochemical stability
through a high-temperature activation process, which is convenient for synthesis [29–31].
In addition, biomass-activated carbon often contains a large number of oxygen-containing
functional groups, such as C-O, C=O, and carboxyl groups, making it have more excellent
properties than traditional carbon materials [32]. Researchers have converted all kinds of
waste biomass resources into activated carbon for use in new energy fields, such as superca-
pacitors and batteries [33–37]. For example, Li et al. used olive leaf biomass as raw material
to prepare an oxygen-rich layered porous carbon by high-temperature activation method as
a cathode conductive material for zinc ion hybrid capacitors. The layered porous structure
can enrich the active site and improve the ion transfer rate. At the same time, oxygen-rich
functional groups improve the wettability and electrical conductivity of porous carbon
and achieve excellent electrochemical properties [38]. In addition, Dubey et al. converted
pineapple peel into activated carbon through a high-temperature activation process of
potassium hydroxide, and applied it to an asymmetric supercapacitor, and retained 90%
of its initial specific capacitance after 10,000 charge and discharge cycles, showing good
cycle stability [39]. These studies show that biomass is a promising source for electrode
materials, and activated carbon prepared from biomass has excellent physical and chemical
properties and electrochemical conductivity, showing great prospects in energy storage
devices such as batteries and supercapacitors. It can be seen that it is feasible to convert
sugarcane waste residue into active carbon as a conductive material for the cathode of ZAB.

Perovskite oxide is a promising bifunctional oxygen electrocatalyst due to its low price,
high catalytic activity, and flexible composition [40,41]. Our previous study demonstrated
that the perovskite oxide BaCo0.5Fe0.5O3−δ (BCF) can provide sufficient oxygen vacancies
and electrocatalytic oxidation of metal ions toward oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) [42]. Therefore, the electrocatalytic performance of ZAB
can be effectively improved by mixing BCF with biological activated carbon (BAC) prepared
from sugarcane waste residue to achieve the BAC/BCF composite air electrode.

In this study, low-cost sugarcane waste residue is converted into oxygen-rich biological
activated carbon (BAC) through pre-carbonization and activation processes, which is then
mixed with BCF to form the BAC/BCF composite air electrode (BAC/BCF), as shown
in Figure 1. In this paper, the effects of activators on the carbon properties of biomass
are investigated, and the effects of different recombination ratios on the electrochemical
properties of ZAB are systematically studied.
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Figure 1. Schematic illustration of the preparation of BAC/BCF composite air electrode.

2. Results and Discussion
2.1. Physicochemical Properties

The morphology of non-activated carbon (NAC), BAC, and CAC is observed and
presented in Figure 2. As shown in Figure 2a–d, the particle size of the carbon material
is greatly decreased after KOH activation, and the activated BAC material with a three-
dimensional (3D) structure shows more uniform particle size distribution and more porosity
than the inactivated NAC, reasonably resulting in a high specific surface area, and thereby
holding a great promise to enhance the electrochemical performance of the carbon material.
The formation of the multilayer fragmented structure in the BAC sample is primarily due
to the high-temperature KOH activation at 900 ◦C [39].

Furthermore, no obvious difference in particle size and particle size distribution
between BAC and CAC has been observed in Figure 2c–f. The detailed particle size and
particle size distribution of NAC, BAC, and CAC are shown in Figure 2g–i. According to
the calculated results, the average particle size of NAC is estimated to be about 4.60 µm,
and the particles below 1 µm only account for 9.3%. In contrast, the calculated average
particle size is significantly reduced to about 1.30 µm for the BAC sample after activation
treatment, and 58% of the particles are smaller than 1 µm. Note that the particle size of
BAC is greatly close to that of CAC (1.08 µm), implying that the as-prepared BAC material
is a promising carbon material candidate for ZAB application.

Additionally, the energy dispersive spectrometer (EDS) element distribution mapping
images are collected and shown in Figure 2j,k. It is clearly shown that all the elements in
the BAC/BCF-2 composite catalyst, including C, Ba, Co, Fe, and O elements, are evenly
distributed, and the carbon element is the predominant element. It should be pointed out
that the typical signals for Ba, Co, and Fe elements belonging to the BCF phase are separately
collected, indicating the successful synthesis of the BAC/BCF-2 composite catalyst.

Raman spectra are highly sensitive to the crystallinity and defects in carbon materials
and are usually used to analyze sample defects. The full Raman spectrum shows two
typical peaks at the center of 1340 and 1590 cm−1, which corresponds to the D band
and G band for carbon material, respectively. G peak represents sp2 bonded graphitic
carbon, while D peak represents sp3 defects. Thus, the intensity ratio of ID/IG can be used
to evaluate the defect degree in the as-prepared carbon materials [32,38]. As shown in
Figure 3a, the calculated ID/IG ratios for NAC, BAC, and CAC samples are 0.83, 1.08, and
1.22, respectively, indicating that defect content in the KOH-activated BAC sample is greatly
enhanced after KOH activation when compared with the inactivated NAC sample. This
enhancement facilitates electron conduction, leading to improved electrode performance
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and energy efficiency. Notably, the ID/IG value for BAC is lower than the CAC sample, but
their difference has been largely decreased, further suggesting the possibility of BAC in ZAB.
At the same time, the structure of these carbon material samples is further characterized
by Fourier transform infrared spectroscopy (FTIR), and the FTIR results are summarized
in Figure 3b. A significant structural difference between the precursor bagasse and as-
prepared is clearly obtained, again confirming the successful synthesis of BAC. The results
indicate that BAC material contains plenty of hydrophilic groups, such as hydroxyl groups,
while the aliphatic groups near 800 cm−1 in the precursor bagasse are almost removed.
This structural modification ensures that BAC is capable of stable and uniform dispersion
in the air electrode, promoting efficient and stable charge transfer [30,43].
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(g) Survey XPS spectrum of BCF and high-resolution spectra of (h) Fe 2p and (i) Co 2p.

In order to better understand the thermal stability of these carbon materials, the
thermogravimetric analysis (TGA) is conducted in the air, and the data are shown in
(Supplementary Materials, Figure S1). Only slight weight loss is observed for these three
samples at the temperature below 200 ◦C, which is due to the desorption of the adsorbed
H2O and gaseous species. The onset thermal decomposition temperatures for NAC, BAC,
and CAC are measured to be 338, 519, and 598 ◦C, respectively, and the sudden drop in
mass occurs as the temperature over the decomposition point, which is likely ascribed to
the carbon oxidation reaction [39]. These results reveal that KOH activation improves the
thermal stability of BAC, making its stability close to that of the commercial one.

To explore the surface valance states of BAC material, we collect its X-ray photo-
electron spectroscopy (XPS) spectrum in the binding energy (BE) range of 200–700 eV
(Figure 3c–f), and the characteristic XPS peaks for the C1s, N1s, and O1s orbits are clearly
detected. The presence of N1s orbits in the BE range of 396–408 eV indicates the success-
ful retention of the heteroatom N during the high-temperature carbonization and KOH
activation (Figure 3d) [30]. The C1s spectrum of BAC (Figure 3e) shows four typical fitting
peaks centered at 284.8, 285.5, 286.4, and 290.5 eV, corresponding to C=C/C-C, C-N, C=N,
and C=O/C-O groups, respectively, confirming the abundant oxygen-containing polar
groups on the BAC surface, which is highly consistent with the FTIR results (Figure 3b).
The high-resolution N1s spectrum (Figure 3d) also shows four typical peaks, including
oxidized N at 402.3 eV, graphitic N at 400.6 eV, pyrrolic N at 399.5 eV, and pyridinic N
at 398.1 eV. Generally, the introduction of N atoms can effectively adjust the electronic
structure of adjacent C atoms, resulting in charge redistribution and increased catalytic
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activity. Specifically, pyridinic N can increase the onset potential, while graphitic N deter-
mines the diffusion-limiting current of the ORR [5]. These fitting peaks for all the elements
are quantified by the Rietveld method by using the XPSPeak4.1 software, and the relative
atomic percentages of oxidized N, graphitic N, pyrrolic N, and pyridinic N in BAC are
determined to be 31.7%, 26.8%, 25.6%, and 15.9%, respectively, indicating their important
roles in oxygen electrocatalysis. In the high-resolution O1s spectrum (Figure 3f), the fitting
peaks centered at 533.6, 532.4, and 531.2 eV correspond to the O=C-O group, O-C group,
and O=C group, respectively. The nitrogen and oxygen-containing functional groups can
greatly improve its hydrophilicity, thus ensuring its stability in the ZAB. Additionally, these
functional groups can enhance the electrical conductivity of the carbon materials, thereby
improving their electrochemical performance [30,44].

From the perspective of ORR and OER catalysis, the contents of Co and Fe are the
main components of the active reactive sites. Therefore, we collect the XPS spectrum of
BCF at 0–900 eV, as shown in Figure 3g. The Co3p, Co2p, Ba4d, Ba3d, Fe2p, and O1s
signals, belonging to BCF material, can be clearly observed in the entire XPS spectrum,
which indicates the successful synthesis of BCF material. Figure 3h shows that Fe has a
mixed valence state. The peaks centered at 712.2 and 725.5 eV belong to Fe3+, while those
located at 710.1 and 723.3 eV correspond to Fe2+. The content of Fe3+ and Fe2+ in BCF
material is 42.0% and 58.0%, respectively. Previous studies have shown that the presence of
Fe2+ is a negative factor affecting OER activity [45,46]. Therefore, BCF material has good
catalytic activity. Figure 3i illustrates the XPS spectrum of the Co2p orbit, represented by
the observed peaks of Co3+ (779.7 and 795.5 eV) and Co2+ (794.4 eV). The previous literature
reported that higher Co3+/Co2+ ratio and Co3+ content were conducive to improving the
catalytic activity of bifunctional oxygen catalysts [42,47]. The Co3+ content and Co3+/Co2+

ratio of BCF material reach the expected high values of 83.0% and 4.88, respectively, and
these high values are conducive to achieving an improved eg occupancy rate, thereby
demonstrating that BCF material has a good ability toward OER and ORR.

2.2. Electrochemical Performance

To obtain the optimal BAC to BCF ratio, five typical ZABs with NAC/BCF-0.5 air
electrode, BAC/BCF-0.5 air electrode, BAC/BCF-2 air electrode, BAC/BCF-3 air electrode,
and CAC/BCF-2 air electrode, are assembled and tested, and their electrochemical perfor-
mance results are summarized in Figure 4. The BAC/BCF cathode-based ZAB not only can
maintain a stable open circuit voltage (OCV) of 1.354 V during operation (Supplementary
Materials, Figure S2) but also can successfully light up a digital LED screen with “Zn-Air”
letters (Supplementary Materials, Figure S3).

The electrochemical performance of ZABs based on various composite electrodes is
evaluated by collecting LSV curves at 0–2.5 V. Figure 4b shows the charge and discharge
voltage difference (∆Egap) for ZABs with NAC/BCF-0.5 and BAC/BCF-0.5 composite air
electrodes. In the entire current density range, the ∆Egap value for the BAC/BCF-0.5 cathode
is smaller than that of the NAC/BCF-0.5 cathode, indicating its superior electrocatalytic
performance. Additionally, the maximum output power (pmax) of the ZAB with BAC/BCF-
0.5 composite electrode is 46 mWcm−2 and is also significantly higher than 23 mW cm−2

for the latter one, reflecting an enhancement rate of 100% (Figure 4c). This further confirms
the superiority of the charge–discharge performance of the BAC/BCF-0.5 air electrode,
which can be explained by the extended specific surface area and uniform 3D structure
induced by the KOH activation [28,30]. Furthermore, the ∆Egap value for the BAC/BCF-2
cathode is smaller than other batteries, demonstrating the best electrochemical performance.
As shown in Figure 4e, the pmax of the ZAB with BAC/BCF-2 composite electrode can
reach 96 mWcm−2, which is higher than the 74 mWcm−2 of BAC/BCF-3 and the 46 mW
cm−2 of BAC/BCF-0.5, indicating the optimal BAC/BCF ratio is 2. Figure 4f compares
the electrochemical performance of BAC/BCF-2 and CAC/BCF-2 cathodes. At the low
current density range, BAC/BCF-2 ZAB exhibits better charging performance than that of
the CAC/BCF-2 ZAB, but comparative discharge performance and similar pmax values are
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achieved for the ZABs with BAC/BCF-2 cathode (96 mW cm−2) and CAC/BCF-2 cathode
(101 mW cm−2), which are comparative with the results reported previously [42,48–56],
and the comparison of the electrochemical performance has been summarized in Table S2
in the Supplementary Materials file. These results highly agree with the differences in
physicochemical properties between BAC and CAC, demonstrating that the BAC/BCF-
2 cathode has comparative electrochemical with the commercial CAC/BCF-2 cathode,
making it suitable for practical application.
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Figure 4. (a) ZAB schematic diagram, (b) linear sweep voltammetry (LSV) curves at 0–2.5 V, and
(c) current density–voltage–power density (i-V-p) curves of ZABs based on NAC/BCF-0.5 cathode and
BAC/BCF-0.5 cathode, (d) LSV curves at 0–2.5 V, and (e) i-V-p curves of ZABs based on BAC/BCF-0.5
cathode, BAC/BCF-2 cathode and BAC/BCF-0.5 cathode, (f) LSV curves at 0–2.5 V, and (g) i-V-p
curves of ZABs based on BAC/BCF-2 and CAC/BCF-2, (h) rate performance of BAC/BCF-2-based
ZAB at 1, 5, 10, and 20 mA cm−2, (i) specific capacity, (j) charge–discharge cycle curve, and (k) the
magnified (j) for the BAC/BCF-2-based ZAB.

In addition, the charge–discharge cycling durability and specific capacity of the
BAC/BCF-2 ZAB, which has the optimal BAC/BCF recombination ratio, are systematically
investigated. Figure 4h shows that the ZAB loaded with BAC/BCF-2 cathode maintains
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stability at the current densities of 1, 2, 5, 10, and 20 mA cm−2. The discharge potential can
return to its initial value after applying a high current density of 20 mA cm−2, indicating
its good short-term stability under high current densities. More importantly, this ZAB
has a high specific capacity of 865 mAh g−1 at 10 mA cm−2 (Figure 4i), slightly exceeding
the theoretical value, and this discrepancy is possible due to the overestimation of zinc
consumption because of the accumulation of ZnO on the Zn surface. Additionally, its
charge–discharge cycling durability at 10 mA cm−2 with a charge–discharge cycle period
of 10 min is presented in Figure 4j,k. The BAC/BCF battery exhibits excellent charge–
discharge cycling stability and maintains its function at a lower charge–discharge voltage
difference of 1.05 V after 1590 charge–discharge cycles over 265 h operation. Overall, these
results, including the output power density, the charge–discharge stability, and specific
capacity, confirm that BAC is a promising carbon material candidate.

To understand the effect of KOH activation on the ZAB performance, their ORR and
OER performance are performed via the rotating disk electrode (RDE) measurements and
summarized in Figure 5. The measured half-wave potential (E1/2) for the BAC/BCF-2
catalyst is 0.776 V, which is 204 mV higher than the inactivated NBC/BCF catalyst and
also 52 mV better than the commercial CAC/BCF-2 (Figure 5a). Figure 5b shows that the
Tafel slope value for the BAC/BCF-2 catalyst is 65 mV dec−1, lower than 95 mV dec−1 for
the CAC/BCF-2 catalyst and 107 mV dec−1 for the NAC/BCF-2 catalyst. A higher E1/2
and lower Tafel slope value indicate better ORR catalytic performance for BAC/BCF-2.
Figure S4 in the Supplementary Materials file presents the current densities of BAC/BCF-2
at different scanning rates. The current density increases with raising the rotating rate,
indicating that the ORR activity of BAC/BCF-2 is also controlled by the mass diffusion
process. According to the Koutecky–Levich (K-L) equation, the calculated electron transfer
numbers (n) are 2.6, 2.0, and 2.3 for the BAC/BCF-2, NAC/BCF-2, and CAC/BCF-2
catalysts, respectively (Figure 5c), suggesting that the addition of KOH activation enhances
the electron transfer pathway of the ORR process [53–57].
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The OER curve in Figure 5d shows that BAC/BCF-2 has a lower overpotential and
better OER performance compared to NAC/BCF-2, which is further confirmed by the
largely decreased Tafel slope value from 534 mV dec−1 for NAC/BCF-2 to 80 mV dec−1

for BAC/BCF-2 (Figure 5e). Additionally, their corresponding electrochemical surface area
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(ECSA) and double-layer capacitance (Cdl) are calculated using the cyclic voltammetry
(CV) measurement (Supplementary Materials, Figure S5) and provided in Figure 5f. The
Cdl value is greatly increased from 0.131 mF cm−2 for NAC/BCF-2 to 0.473 mF cm−2

for BAC/BCF-2, indicating the enlarged active sites and specific surface areas for the
bifunctional oxygen catalyst after KOH activation. To date, the ORR and OER processes
have been dominated by three representative oxygen reaction mechanisms, including the
adsorbate evolution mechanism (AEM), lattice oxygen-mediated mechanism (LOM), and
the labile oxygen participant adsorbate evolving mechanism (LAM) [58–62]. However,
the oxygen reaction mechanism for the cathode studied in this work cannot be clearly
explained due to the lack of density function theory calculation results, which needs to be
further studied in the future to better understand the feasibility of the carbon materials
prepared in this work.

It should be noted that the ORR/OER performance of the BAC/BCF catalyst is still
lower than the conventional 20% Pt/C-RuO2 catalyst. However, it is expected that the
performance of the composite catalyst can be improved by adjusting the activation temper-
ature or other ways in future studies, for example, the preparation of the hybrid catalysts
with the synergistic effect by combining the metals and perovskites [63].

Overall, the BAC/BCF composite cathode based on activated BAC exhibits superior
ORR, OER, and ZAB performance. The ORR performance of the BAC/BCF-2 compos-
ite cathode surpasses that of the commercial carbon material, further confirming that
the BAC/BCF-2 composite electrode can achieve excellent electrocatalytic performance
for ZABs.

3. Materials and Methods
3.1. Materials Synthesis

After washing and drying, the waste bagasse is put into a tube furnace, which is
then heated at 600 ◦C in a N2 atmosphere with a dwell time of 2 h. After natural cooling,
inactivated sugarcane carbon (NAC) is obtained. Followingly, the NAC is activated by
KOH at 900 ◦C in a N2 atmosphere for 1 h to achieve the BAC. Meanwhile, the perovskite-
type BCF is synthesized by the combined solution combustion method and rapid cooling
treatment, which is described in our previous work [42]. In this work, the as-prepared NAC
and BAC materials are mixed with BCF to prepare the NAC/BCF composite air electrode
and BAC/BCF composite air electrode by ultrasonically mixing, respectively. NAC/BCF
and BAC/BCF represent composite electrodes composed of inactivated sugarcane carbon
and biological activated carbon and BCF, respectively.

3.2. Characterizations

The morphologies of NAC and BAC powders, as well as the commercial activated
carbon purchased from Kelude Ketjen black EC-300J, are observed by SEM (MIRA3 LMA,
Tescan, Brno, Czech), while the element distribution of BAC/BCF composite material
is collected by the equipped EDS (Maxx 20, Oxford Aztec Energy, Oxford Instruments,
Abingdon, UK). In addition, the defect degree and structure of all these carbon materials
are studied by Raman Spectroscope (Raman, XploRA Plus, HORIBA Jobin Yvon, Paris,
France) and FTIR (Nicolet iS50, Thermo Fisher Scientific Instruments, Carlsbad, CA, USA),
respectively. Moreover, the valance states of the BAC and BCF material are determined by
XPS (ESCALAB250Xi, Thermo Fisher Scientific, Carlsbad, CA, USA) with an Al source.

3.3. Electrochemical Measurements

To investigate the effects of KOH activation and BAC to BCF weight ratio on the
electrochemical performance, we prepare five typical air electrode inks, simplified as
NAC/BCF-0.5, BAC/BCF-0.5, BAC/BCF-2, BAC/BCF-3, and CAC/BCF-2. Note that Table
S1 in the Supplementary Materials file summarizes the detailed parameters of these five air
electrode inks, while the descriptions of the ink preparation process are also provided in
the Supplementary Materials file.
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ZABs are assembled by using a carbon paper loaded with 2 mg cm−2 catalysts men-
tioned above, a 0.3 mm thick zinc plate anode, and 6 M KOH/0.2 M Zn(CH3COO)2
electrolyte solution, and the cathode and anode are separated by a thin polymer film
Celgard 2340. To compare the electrochemical performance of the five ZABs prepared,
their LSV curves in the voltage range of 0–2.5 V are recorded by using an electrochemical
workstation (Admiral Squidstat Plus, Tempe, AZ, USA), while the charge–discharge cycling
stability for the optimal ZABs is evaluated at 10 mA cm−2 with a cycle period of 10 min
(CT2001A, LAND Instruments, Wuhan, China).

ORR and OER performance are evaluated in O2-saturated and N2-saturated 0.1 M
KOH by a rotating disk electrode (RED, AF01MV10, Pine Instrument, Grove City, OH,
USA) connected to the above-mentioned electrochemical workstation in the voltage range
of 1.2–0.2 V and 1.2–2.0 V vs. RHE, respectively. Meanwhile, the K-L equation is used to
determine the n values,

1
J
=

1
JK

+
1
JL

=
1

0.62nFD2/3
O2

v−1/6C0ω1/2
(1)

where J, JK, and JL are measured current density, dynamic current density, and diffusion
limit, respectively. F is Faraday’s constant (96, 485 C mol−1), and DO2 is the diffusion
coefficient of oxygen with a value of 1.9 × 10−5 cm2 s−1. Meanwhile, k is the rate constant
of ORR, v is the kinetic viscosity of the solution (1.0 × 10−2 cm2 s−1), C0 is the saturation
concentration of oxygen (1.2 × 10−3 mol L−1 in 0.1 m KOH solution), and ω is the rotational
speed (rpm).

To determine selectivity, RDE measurement is performed, and n can be calculated by
using the following Equation (2):

n = 4 × ID

ID + IR
N

(2)

where the collection efficiency N is 0.37, IR is the Faraday current at the disk electrode, and
ID is the Faraday current at the disk.

4. Conclusions

In summary, the activated carbon derived from sugarcane waste residue can support
the sustainable development of efficient and durable ZAB electrode materials and holds
great application potential. This work demonstrates that a simple activation process can
produce multilayered, oxygen-rich BAC from sugarcane waste. In addition, the combined
BAC/BCF cathode significantly enhances the electrochemical and electrocatalytic prop-
erties. The pmax of the BAC-based cathode increased by 100% when compared with the
inactivated NBC sample, highlighting the substantial impact of the activator on electro-
chemical performance. The BAC/BCF-2 composite air electrode-based ZAB performs 1590
charge–discharge cycles over 265 h, showing excellent electrocatalytic stability. Addition-
ally, the BAC/BCF-2 catalyst exhibits better ORR performance compared to the CAC/BCF-2
composite electrode. In conclusion, our work could expand the sources of high-efficiency
carbon materials for ZABs, propose a new circular economy approach to reduce the en-
vironmental impact and promote sustainable ZAB development, and thus provide new
insights into surface engineering strategies for advanced ZAB electrode materials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal14100740/s1, Figure S1: TGA curves of the NAC, BAC and
CAC in air; Figure S2: The measured OCV for the ZAB based on BAC/BCF-2 air electrode; Figure
S3: Photograph of a light-emitting diode (LED) with the “Zn air” logo, powered by the ZAB based
on BAC/BCF-2 air electrode; Figure S4: ORR performance: LSV curves of BAC/BCF-2 at different
rotating rates; Figure S5: CV curves of (a) NAC/BCF-2, and (b) BAC/BCF-2; Table S1: the detailed
parameters of NAC/BCF-0.5, BAC/BCF-0.5, BAC/BCF-2, BAC/BCF-3, and CAC/BCF-2; Table
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S2: Comparison of electrochemical performance of zinc-air batteries with different cathodes. The
references [42,48—55] are cited in the Supplementary Materials.
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