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ABSTRACT. Activated N-doped carbon derived from water hyacinth leaves (WHL) was prepared and investigated
as metal-free bi-functional catalyst for oxygen reduction and evolution (ORR/OER) in zinc-air batteries (ZABs).
Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Brunauer—-Emmett—Teller
(BET) methods were used to examine the morphology, elemental composition and the specific surface area of the
samples, respectively. Linear sweep voltammetry (LSV) at rotating disk electrodes (RDEs) and rotating ring-disk
electrodes (RRDEs) were employed to characterize the electrocatalytic activities. The electrochemical studies reveal
that N-doped porous carbon from N-WHLs exhibited remarkable electrocatalytic activity for ORR, with an onset
potential of 0.95 V and half-wave potential of 0.88 V comparable to commercial Pt/C catalyst. It also displays
promising activity towards OER, with an overall potential of 1.86 V versus RHE to reach a current density of 10
mAcm' ', resulting in an oxygen electrode activity (OEA) value of 0.98 V. The percentage of hydrogen peroxide
produced was significantly low, with average electron transfer number value of 3.94 at 0.8 V for N-WHL.
Furthermore, the ZAB using N-WHL catalysts as an air cathode displayed a power density of 84 mW cm™ and
superior stability over 450 hours.

KEY WORDS: Bifunctional catalyst, Oxygen reduction reaction, Oxygen evolution reaction, Water hyacinth, Zinc-
air battery

INTRODUCTION

The growing global demand for renewable energy sources such as solar, wind, and hydro has been
driven by the diminishing supply of traditional energy sources, as well as the need to reduce
greenhouse gas emissions and air pollution [1, 2]. This has spurred the development of
technologies that rely on high-performance battery energy storage systems which are critical for
harnessing the full potential of the intermittent renewable sources [3]. Among the various energy
storage options, lithium-ion batteries (LIBs) are widely used in portable electronics and proposed
for electric vehicles. However, their use is limited by concerns over the finite lithium supply,
volatile pricing, and safety issues, leading to growing interest in alternative battery chemistries
based on more abundant elements like sodium, potassium, magnesium, aluminum, and zinc.
Particularly, rechargeable zinc-air batteries (ZABs) hold great promise as an alternative to
lithium-ion batteries, offering advantages such as lower cost, higher ambient stability, good
compatibility with aqueous electrolytes, non-toxicity, and simplified material processing and
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battery manufacturing [4, 5]. However, the widespread adoption of zinc-air batteries is hindered
by the sluggish kinetics of the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER). These processes require costly, rare, and unstable platinum-based electrocatalysts for
ORR and ruthenium/iridium oxide catalysts for OER, which cannot be easily scaled up [6].
Thanks to the 2009 discovery of N-doped carbon nanotubes as effective carbon-based metal-free
electrocatalysts (C-MFECs) for the oxygen reduction reaction (ORR), which challenged the
necessity of expensive noble metal-based catalysts like platinum (Pt) in fuel cells and metal-air
batteries, significant global research efforts have been spurred [7]. Such efficient C-MFECs can
also be derived from biomass which is a renewable carbon-rich source. Particularly, utilizing
agricultural wastes and invasive plants as feedstock is a more economical approach that supports
the development of a sustainable, circular economy [8].

Among the invasive plants, water hyacinth (WH) is one of the worst invasive weeds, causing
serious problems in irrigation, navigation, and power generation in many tropical and subtropical
countries. To control the spread of this weed, several approaches such as mechanical, chemical,
and biological methods have been intensively utilized. However, the most economical approach
is to reduce its spread through utilization. Different potential uses for WH have been reported and
suggested, such as biomass feedstock, biomethane, bioethanol, organic fertilizer, biogas,
remediation for water purification, and sustainable energy applications [7, 9]. Thus, motivated by
the method of control via utilization, our research group has intensively investigated and reported
on the application of materials derived from water hyacinth for the adsorption of toxic metals like
Cr(VI), Pb(Il), and Cd(II) ions [10-13]. To further expand the application of materials derived
from water hyacinth, we synthesized nitrogen-doped activated carbon from WH and investigated
its electrocatalytic activity for both the oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER). This makes it a bifunctional electrocatalyst suitable for use in zinc-air batteries.
To the best of our knowledge, there is only one recent report [14] on the use of activated carbon
derived from water hyacinth in zinc-air batteries. We found that our synthesized material
delivered outstanding stability compared to the previously reported work. The improved stability
of the N-WHL material in this study may be attributed to factors such as the different geographical
source, pyrolysis methods, and activation agents employed in this work. Here, we present the
detailed investigation and the promising results regarding the use of this invasive plant material
in zinc-air battery applications.

EXPERIMENTAL
Materials

The water hyacinth leaves (WHL) were collected from Lake Tana, Bahir Dar, Ethiopia.
Isopropanol (Sigma-Aldrich, 99.5 wt%), zinc chloride (ZnCl,, 98 wt%), ammonium chloride
(NHA4CI, > 99.5%), hydrochloric acid (HCl, 37 wt%), and Nafion® (Aldrich, 5 wt%) solution
were provided as analytical grade and used as received. Nitrogen and oxygen gases were
purchased in cylinders from Chora Gas and Chemicals Product Factory, Addis Ababa. Deionized
water was used in all the experiments.

Synthesis of N-doped porous carbon materials

The water hyacinth leaves (WHL) samples were collected from Lake Tana, Bahir Dar, Ethiopia.
The collected leaves were thoroughly cleaned with running water several times and dried in air.
The dried leaf part was then crushed to fine powders and pre-carbonized at 500 °C for 1.0 hour in
nitrogen atmosphere. Nitrogen-doped activated carbon derived from water hyacinth leaf (N-
WHL-AC) was then prepared by dissolving 4.0 g of ZnCl, and 1.0 g of NH4Cl in 50 mL of
deionized water followed by the addition of 2.0 g of WHL pre-carbonized at 500 °C. Then, the
mixture was stirred at 25 °C for 8 hours and dried in an oven at 80 °C for 12 hours. Afterward, the
mixture was placed in an atmosphere furnace filled with flowing nitrogen gas and annealed at 800
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°C for 1 hour with a heating rate of 10 °C min™'. Finally, the carbon product was collected after
being thoroughly washed with 2 M HCI and distilled water and dried at 80 °C. The nitrogen-doped
water hyacinth leaves carbon was named N-WHL.

Material characterization

The material morphology was examined with scanning electron microscopy (SEM, SU8600). X-
Ray photoelectron spectroscopy (Axis Ultra DLD, Al Ka) was employed to analyze the elemental
composition at the surface and the bonding configuration of the samples. N, adsorption-desorption
isotherms were tested at 77 K using a Micromeritics ASAP 2460 surface area and porosimetry
analyzer. The specific surface area (SSA) and pore size distributions (PSD) were determined
through the Brunauer-Emmett-Teller (BET) method and a density functional theory (DFT),
respectively.

Preparation of N-WHL modified GCE and electrochemical measurements

The electrocatalyst ink for the thin-film electrode was prepared by dispersing 4 mg of N-WHL,
10 pL of Nafion® solution and 1 mL of isopropanol with ultrasonication for 30 min to obtain a
homogeneous suspension. 6 puL of this ink was drop-casted on the glassy carbon electrode
(diameter 5 mm and collection efficiency, N = 0.37) for RDE measurements. For RRDE
measurements, 8 pL of the ink was dropped on the glassy carbon electrodes (diameter 5.61 mm).

All electrochemical measurements were performed using a potentiostat/galvanostat (Autolab
PGSTAT 128N) and a Pine bipotentiostat (model AFCBP1) in a three-electrode system where the
working electrode is a thin N-WHL film on a glassy carbon electrode. Silver/silver chloride
(Ag/AgCl, 3 M KClI) and a platinum wire served as reference and counter electrodes, respectively.
The measured potential of this reference electrode was converted to the RHE reference scale using
equation (1).

E(Vvs.RHE) = E(Vvs. Ag/AgCl) + 0.21V + 0.0591 V x pH (1)

Before testing the electrocatalytic activities of N-WHL for ORR and OER, the electrocatalyst
was stabilized using cyclic voltammetry (CV) by scanning the potential between -0.8 V and 0.2
V vs Ag/AgCl at a scan rate of 50 mV s’ for 40 cycles under Ny-purged electrolyte. A 2-cycle
CV was then conducted between 0.18 to 1.2 V vs. RHE in 0.1 M KOH at a scan rate of 20 mV
st

The ORR activity of N-WHL was evaluated by CV and LSV in an Os-saturated or an N»-
saturated 0.1 M KOH aqueous solution. A 2-cycle CV measurement was performed between 0.18
to 1.2 V vs. RHE in 0.1 M KOH at a scan rate of 20 mV s'. RDE LSV measurements were
conducted from 0.18 to 1.2 V vs. RHE in 0.1 M KOH at a scan rate of 20 mV s! under disk
rotation rates of 400, 625, 900, 1225, 1600 and 2500 rpm. The apparent number of electrons
transferred in the ORR reaction on the carbon catalysts can then theoretically be determined by
the Koutecky-Levich equation given by:

1 1
S=—t—=—+— 2
J LUK gz K @

where, B = 0.2nFC,D/?v1/6.
The kinetic current density (Jk) can be determined based on mass transfer loss compensation using
the equation:

_ L
Ji =4 3)
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where J is the measured current density, JK is the kinetic current density, JL is the diffusion-
limited current density, ® is theelectrode rotation rate, F is the Faraday constant (96485 C mol-
1), CO is the bulk concentration of O (1.2 x 10~ mM), DO is the diffusion coefficient of O, (1.9.x
10" ¢m? s!) and v is the kinetic viscosity of the electrolyte (0.01 cm? s! for 0.1 M KOH solution

[9].

For the RRDE test, the disk potential was scanned at 20 mV s°!, and the ring potential was
held at 1.5 V vs. RHE in order to oxidize any H202 produced [15]. The collection efficiency (N)
was determined using 1 M KNO; and 10 mM K3Fe(CN)s deaerated with pure nitrogen. Equations
4, 5, and 6 were used to calculate the number of electrons transferred during ORR (n), the
percentage of H»O, released during ORR, and the collection efficiency of the electrocatalyst,
respectively [16].

aly

= @
2L/N

%H,0, = 100 2 (5)

N=-I (6)

Iq

where Id is the faradic current at the disk, I, is the faradic current at the ring, and N is the H,O»
collection coefficient at the ring.

For OER measurement, CV and LSV measurements were taken under N,-purged 0.1 M KOH
for a potential range from 0 to 2.1 V for N-WHL (with a catalyst loading of 0.122 gcm™). For
comparison purposes, the ORR and OER catalytic activities of a thin film electrode made from a
commercial 20 wt% Pt/C catalyst (30 pug cm™) were also evaluated under the same conditions.

Fabrication and testing of aqueous rechargeable ZABs

The aqueous rechargeable ZABs were assembled in a two-electrode configuration as per the
reference [17]. A polished Zn plate was used as the anode. The electrolyte used for ZABs is a
mixed solution of 6 M KOH and 0.2 M Zn(Ac),. The air cathodes were prepared similarly to the
working electrode, except that the GCE was replaced by a carbon cloth with a gas diffusion layer.
The mass loading of the catalyst is 1 mg cm™, and the effective gas diffusion area of the air cathode
is 1 cm?. The charge—discharge cycling test was operated with 5 min for charging and 5 min for
discharging at 5 mA ¢cm? current density by using a Land-CT2001A.

RESULTS AND DISCUSSION

SEM images of the N-WHL sample are shown in Figure la-b. The surface morphology of the
sample exhibits a randomly oriented granular-like structure with a rough surface; at the same time,
in some parts, the catalyst shows a flake like structure. These structures are interconnected with
one another and form a porous structure as clearly shown in higher resolution SEM image (Figure
1b). These kinds of structures could offer a high specific surface area with abundant active sites
and mass transfer channels [18], which enables the N-WHL sample to be a preferred candidate
for bifunctional catalytic performance towards the ORR and OER.

The pore structure and specific surface area of the sample were further quantified by using
nitrogen adsorption-desorption measurements. As shown in Figure lc, the nitrogen adsorption—
desorption isotherms and the corresponding pore-size distribution (PSD) of the N-WHL sample
were presented. The isotherm of N-WHL displays a joint curve of type I and IV with a distinct
hysteresis loop at P/P0 of 0.4 to 1.0, showing a co-existence of micropores and mesopores in the
sample (Figure 1d) [9]. The specific surface areas of the porous carbon were characterized by
Brunauer-Emmett-Teller (BET) and DFT analysis methods and summarized in Table 1. The
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SBET is 794.60 m2 g ! with a total pore volume of 0.42 cm*g and a pore diameter of 2.12 nm.
Pore size distribution analysis by DFT showed that the sample has a hierarchical porous structure
with micropores (< 2 nm) and mesopores (= 2 nm) (Figure 1d). Therefore, the results obtained
from N, adsorption-desorption are in agreement with SEM analysis, where N-WHL has a porous
structure. The porous characteristics of N-WHL provide a higher number of active sites that make
it more suitable for electron and ion transport [19, 20]. Hence, N-WHL is supposed to be an
effective and efficient electrocatalyst material for ORR and OER.
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Figure 1. (a) Low magnification (50 um) and (b) high magnification (5 pm) SEM, (c) N
adsorption-desorption isotherm and (d) DFT pore size distribution curve.

The chemical composition and its states in the N-WHL sample were determined using XPS.
The survey XPS spectra (Figure 2a and Table 1) displays characteristic peaks at 284.8, 532 and
398.8 eV corresponding to C 1s, O 1s and N 1s, respectively. Moreover, based on the integrated
peak areas, N-WHL is primarily constituted of carbon (81.29%), oxygen (11.70 at%), and
nitrogen (6.68 at%).
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Figure 2. (a) XPS survey spectra of N-WHL; (b) high-resolution XPS spectra of Cls; (c¢) Ols (¢);
and (d) Nls.

High-resolution C 1s core level spectrum (Figure 2b) consists of peaks at 284.3 eV, 285.1 eV,
286.2 and 288.8 eV corresponding to C-C, C-N, C-O, and COOH bond, respectively. The
deconvoluted O 1s spectrum (Figure 2¢) of N-WHL can be resolved into three distinct peaks
corresponding to O-1 (C=0 quinone type groups), O-1I (C-OH phenol groups and/or C-O-C ether
groups), and O-III (COOH carboxylic groups and/or water), which are respectively assigned to
532.06 eV, 533.17 eV, and 535.25 eV. The survey spectra together with the assigned C-N bond
in the deconvoluted C 1s, reveals that the obtained sample was indeed N-doped carbons. The
introduction of N facilitates the adsorption and reduction of oxygen, which regulates the electronic
characteristics and charge redistribution of C atoms in the carbon skeleton of N-WHL [21, 22].
The catalytic activity of N-doped metal-free carbons with respect to the ORR and OER is
influenced especially by the type of N-doping, and its amount as well [23]. The different types of
N are further probed by the high-resolution N 1s spectrum of N-WHL (Figure 2d). The spectrum
can be divided into four peaks representing pyridinic N, pyrrolic N, graphitic N, and oxidized N,
assigned to 398.36, 399.59, 401.03, and 403.35 eV, respectively. The pyridinic N and graphitic N
active sites generally govern the ORR, whereas oxygen-containing functional groups and/or p-
type doped pyridinic N are the active sites responsible for the OER [24]. As can be seen in Table
1, the contents of pyridinic N and graphitic N in N-WHL are 2.67 and 1.74 at%, respectively.
Overall from the physical characterization, the N-WHL synthesized by N-doping pyrolysis is
porous and abundantly contains pyridinic N and graphitic N. Thus, N-WHL is expected to exhibit
significant electrocatalytic activity towards ORR/OER.
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Table 1. Specific surface area (SSA), pore structure, and elemental contents (at%) of NWHL obtained from

XPS.
Seer (m? g!)| Pore volume | Pore C (e} N
(cm® g") | diameter Pyridinic | Pyrrolic | Graphitic | Oxidized | Total
(nm) N N N N
794.60 0.42 2.11 81.29]11.70 2.67 1.85 1.74 0.41 6.68

Electrocatalytic activity towards ORR

Electrochemical measurements using cyclic voltammetry and linear sweep voltammetry, together
with the hydrodynamic method were performed to assess the electrocatalytic activities of N-WHL
towards ORR. Cyclic voltammograms for WHL, N-WHL and Pt/C performed in a 0.1 M KOH
solution saturated with N, or O, are shown in Figure 3a. The WHL and N-WHL show quasi-
rectangular voltammograms with no observable peaks in Nz-saturated 0.1 M KOH, while well-
defined cathodic peaks were clearly observed at +0.71 V and 0.81 V (+ 0.78 V vs. Pt/C)
respectively, in O;-saturated solution. The anodic shift in the ORR peak potential for N-WHL can
be attributed to the nitrogen doping which increases the electron density [25]. This confirms the
effective electrochemical reduction of oxygen at WHL and N-WHL. The observed double-layer
(capacitive) charging current in WHL and N-WHL in the N-saturated electrolyte indicates the
existence of good charge propagation throughout the porous carbon framework.

LSV curves (Figure 3b) at 1600 rpm in O, saturated KOH for WHL, N-WHL and commercial
Pt/C catalysts show consistent results with CV curves. The current density gradually increases
over time, rather than exhibiting a sharp rise that leads to saturation as is the case for carbon-based
materials [26]. The limiting current density of WHL, N-WHL and Pt/C for O, reduction are 2.79,
3.20 and 3.06 mAcm™ at 0.18 V vs RHE. The N-WHL catalyst exhibits a relatively higher limiting
current density than WHL and Pt/C. The higher limiting current density for N-WHL could also
be attributed to the nitrogen doping known to increase the electron density and surface area.
N-WHL exhibited a highly positive half-wave potential (E;) of +0.88 V that is similar to Pt/C,
and a comparable ORR onset potential of E, = 0.97 V to that of Pt/C (0.98 V).

Linear sweep voltammetry at RDE at various rotation speeds (400 to 2500 rpm) was carried
out to get further information on the ORR. The polarization curve (Figure 3c) shows the
characteristics of the diffusion control region, mixed diffusion kinetic control region, and Tafel
region. The corresponding K—L plots (! vs @ %) derived from LSV curves are presented in
Figure 3c. The K—L plots from +0.70 to +0.80 V are linear and parallel suggesting the first-order
reaction kinetics for ORR with respect to the dissolved oxygen concentration [27]. The kinetic
current densities (JK) calculated using equation (2) for N-WHL is 1.41 mA cm? (at 0.80 V vs.
RHE) and is highly close to the value deduced for Pt/C (1.80 mA cm?) under the same
experimental conditions. Linear sweep voltammetry measurement at the ring-disk electrode
(RRDE) is also performed to evaluate the extent of peroxide formation, the number of electrons
transferred per O2 molecules (n) and the ORR pathways. The collection efficiency (N) of the ring
was found using equation (6) to be 0.37 for Pt/C and 0.43 for WHL and N-WHL. The ‘n’ value
and the corresponding H,O, production (%) during ORR on WHL, N-WHL and Pt/C electrodes
were obtained from equations (4) and (5) over the potential range 0.2 V to 0.8 V and plotted in
Figure 3e. The average ‘n’ value for WHL, N-WHL and Pt/C were found to be 3.44, 3.94 and 3.7,
respectively at 0.8 V. The average percentage of H,O, yield was relatively low and less than 15%
for N-WHL. The lower percentage of H>O, and higher value of ‘n’ close to four proves that the
dominant ORR pathway is the direct reduction of oxygen to water. This is crucial for selecting an
efficient electrocatalytic material for metal-air batteries and fuel cells. These results were
consistent with the relatively high calculated jk using equation (3) for ORR at the N-WHL
electrode compared to WHL and Pt/C electrodes, which reveals that the N-WHL catalyst exhibits
a dominant direct four electron reduction reaction pathway.
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Bull. Chem. Soc. Ethiop. 2025, 39(3)



N-doped activated carbon derived from water hyacinth for bifunctional electrode 579

rates; (d)Koutecky—Levich (K—L) plots obtained from LSV curves of N-WHL in O,-
saturated solutions;(e) number of electron transfer (n) and hydrogen peroxide yield (%
H>0y) at different electrode potential based on RRDE; and (f) Tafel plots for WHL, N-
WHL and Pt/C.

To get further insights into the mechanism of the ORR on WHL and N-WHL, Tafel analysis
was performed. As shown in Figure 2f, N-WHL exhibited a lower Tafel slope value of 61 mV
dec! than Pt/C (79 mV dec™!). The Tafel slope of N-WHL was comparable and even lower than
previously reported carbon-based electro-catalysts (Table S2). This could be due to the presence
of a high amount of pyridinic and graphitic N active sites in N-WHL. Hence, the ORR on N-WHL
proceeds via a mechanism with a single-electron transfer as the rate-determining step (RDS),
indicating more efficient kinetics consistent with a direct four-electron reduction pathway [22].

Table 2. Comparison of ORR catalytic activities for the obtained kinetic parameters (at 0.1 M KOH) of WHL
and N-WHL with some biomass-based catalysts in literature.

Sample OP Half-WP | Tafel slope | Electron number | Mass activity Reference
V vs.RHE | V vs. RHE | (mV dec) (Jvm @ V)
N-WHL 0.95 0.88 61 3.69(02-08V),| 11.5@08V This work
WHC-700 0.98 - 103 3.51-3.82(0to | 578 @ 0.8V [28]
0.85V)
N-MCNs- - 75@0.8V [29]
7-900
WHCR-Zn 0.93 0.80 3.6(at0.5V) [30]
SNPC-900 0.97 0.85 58 - - [31]
AWC-1 0.92 0.85 55.6 - - [31]
WHNC-A 0.84 [14]

Electrocatalytic activity towards OER

The electrocatalytic activities of N-WHL for the OER were assessed in an O»-saturated 0.1 M
KOH solution, as shown in Figure 4a. The polarization curve shows a lower onset potential for
the N-WHL sample (1.63 V) and a higher current density compared to the commercial Pt/C (>
1.71 V).

N-WHL catalyst also showed a relatively small overpotential (630 mV) compared to Pt/C
(850 mV) at a current density of 10 mA cm? (Jy9), exhibiting a superior electrocatalytic activity
towards OER. The Tafel plots for OER kinetics were obtained from the LSV measurements
(shown in Figure 4a-b). The N-WHL displays an overall lower Tafel slope of 296 mV dec’! than
Pt/C (~310 mV dec!). This could be presumably due to the presence of oxygen-containing
functional groups and pyridinic-N active sites. There is a huge range of reported values of Tafel
slope for N-doped carbon electrocatalyst materials that lie between 658 mV/dec and 83 mV/dec
due to the complexity of the material structures with a variety of reaction mechanisms [32, 33].
The overall ORR/OER activities of the N-WHL electrocatalyst were evaluated using the potential
gap (AE = E; = 10 — E'?) between OER (E;= 10) and ORR (Ei») as shown in Figure 4c. This
potential gap is thermodynamically preferred to be narrow and is a key parameter to evaluate the
electrocatalytic performance during reversible oxygen catalysis [34]. The N-WHL catalyst
showed AE of 0.98 V, which is comparable to highly active electrocatalysts including Pt/C (AE =
0.94 V) [35], I./C (AE = 0.92 V) [36], transition metal CaMn4Ox (AE = 1.04 V) [36]; NixOy/N-
doped C (AE = 0.93 V) [15], and non-metal material (N-doped graphene/carbon nanotubes) (AE
~1.00 V) [23].
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Figure 4. OER Performance: (a) polarization OER curves of N-WHL and commercial Pt/C
electrodes;(b) Tafel plots; and (c) the overall polarization curves (ORR + OER) of N-
WHL and Pt/C for the potential range of 0.2-2.0 V, in O;-saturated 0.1 M KOH at 1600
rpm and scan rate of 10 mVs'.

Performance of aqueous rechargeable ZABs

Considering the promising bifunctional ORR/OER activity of the prepared N-WHL
electrocatalyst, the viability of the material for aqueous ZAB as a cathode catalyst was tested in a
two-electrode device. Accordingly, the power density polarization and discharging-charging
curves (in Figure 5a) show that N-WHL has a slightly greater power density (84 mW cm™) than
Pt/C-RuO; (78 mW cm) [ 14].The specific capacity of N-WHL was 782 mAh g"! Zn at a discharge
current density of 5 mA cm 2 (Figure 5b), which was comparable with similarly reported as shown
in Table 3.

The porous structure, and N doping, the presence of graphitized N in the N-WHL
electrocatalyst along with its excellent ORR activity, were responsible for better discharge
performance in the ZAB [14, 34]. The doped N helps in storing and transporting electrons, and
the graphite-N maximizes the carbon electrocatalyst’s ability to transport electrons [35].

The discharging stability test of the electrocatalyst in Figure Sc exhibits outstanding rate
capability with all discharge voltages notably staying steady and flat; it displays only a small
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voltage drops the current density increases from 0 to 40 mA c¢cm™. Furthermore, the voltage was
restored to its initial values when the discharging current density of 40 mA cm was lowered to a
current density of 2 mA cm 2, indicating a prominent multiplicative performance of the cell, which
may be related to the high stability exhibited in Figure 5d.

The stability of the rechargeable Zn-air battery was further evaluated by galvanostatic charge—
discharge cycling tests at 1 mA cm 2. The N-WHL-based catalyst exhibited outperforming
stability of 450 h (2,700 cycles)with capacity decay of only 0.001% per cycle, manifesting a
voltage gap less than 0.8 V between the charging and discharging cycle (Figure 5d, inset).
Furthermore, the voltage gap for the Sth and 550th (AE = AEsso - AEs) charging and discharging
cycle (Figure 5d inset) for N-WHL (AE = 0.71 - 0.70 = 0.01 V) which is less than that reported
(AE = 0.06 V) as well as for Pt/C-RuO, (AE = 0.18 V) [14].The ultra-stability of N-WHL is
demonstrated by the lowest value of 0.01 V (Figure 5b), confirming the catalyst’s high stability
and the characteristics of porous materials responsible for rapid electron/ion channels and
transport of active species, which is in agreement with the results of the SEM [14, 34].

The high performance of the N-WHL-based rechargeable Zn-air battery is comparable to or
even superior to those devices involving different bifunctional electrocatalysts reported
previously (Table 3) [14, 17, 39]. The exhibited electrocatalytic activity is due to the presence of
micro/meso pores in N-WHL from the effect of ZnCl,, and N doping that allows for many
structural flaws and exposes extra active sites for electrocatalyzed reaction [14, 34]. The higher
power density and improved stability can also be attributed to the successful introduction of the
N atom into the carbon backbone.

1.8 T r r r 100
5mAcm” b
a . 1.2
1.5 80 “
54 mW om® - 782.56 mAh g
13
S _ 1.0
12 leo 2
s £ °
) = 13
Py = £
2 @ S 0.8 4
5 09 lao 8
> =
5
o\ 3 0.6
0.6 20 &
0.4 T T T T
0.3 T T T T 0 200 400 600 800
5o 100 150 200 Specific Capacity (mAh g")
Current Density (mA cm?)
25
16 d
Cc 2.0
1.5+
1.4 1.5 <
‘ s
s 0 mA cm” Y - -
o 1.3 8 . M
g 2ma e’ 2maem’ 301 - T : T
o 5mhA cm” e -
> 12 10 mAcm” I e e e e T
20 maenm” 0.5 " : " .
1.1+ 30 mA om* v -
WA om® 0.0 : IO .
10 T T T T T 0 150 300 450
0 3000 6000 9000 12000 15000 18000 Time (h)

Time (s)

Figure 5. (a) Discharge polarization and power density curves, (b) specific capacity, (c)
galvanostatic discharge rate curve and (d) charge—discharge (CD) cycling curves of
aqueous rechargeable ZAB of N-WHL, and selected cycles (inset).
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Table 3. Comparison of the electrocatalytic activity and ZAB performances of various similar biomass
derived catalysts.

Catalyst ORR and OER performance ZAB performance
Ein(V) Ejio AE Tafel Activation Specific Durability
(ORR) V) (V) | (mVdec agent capacity (hy/ Ref.
(OER) D} (mA Wg) | j(mA/cm?)
(ORR) j(mA/cm?)
WHNC- | 0.843 - - 92 ZnCl/ 775/10 212 /2 [14]
A (C3HesNe)
AC-HC | 0.77 - - 50 K>CO3s/KOH 740.7/10 280/10 [39]
NPBC 0.86 - - 66 NH4+Cl/NaOH 780/2, 300/1 [17]
748/10
N-WHL | 0.88 1.86 | 0.98 61 ZnCl/NH4Cl 782/5 450/1 This
work
*Wh g
CONCLUSION

In conclusion, activated N-doped bulk-phase hierarchically porous carbon electrodes were
prepared from invasive natural water hyacinth leaves via a facile pyrolysis method using a top-
down approach. The carbon-based electrocatalyst N-WHL was evaluated for electrocatalytic
reduction and evolution of oxygen as a bifunctional electrocatalyst towards ORR and OER
activities, highlighting its potential application for ZABs. Electrochemical measurements of the
fabricated N-doped carbon catalyst (N-WHL) showed enhanced catalytic activity for ORR in
alkaline media, with remarkable performance that was highly comparable to that of commercial
Pt/C catalysts. Due to its cross-linked pore structure, large specific surface area (794.60 m? g'!)
and nitrogen-rich active sites, N-WHL displays outstanding electrocatalytic ORR/OER
performance (Ei, = 0.88 V, Ej= 10 = 1.86 V). The N-WHL electrocatalyst is highly comparable
to the best biomass-based carbon catalysts reported in the literature in terms of important kinetic
parameters including half-wave potential (0.88 V) and onset potential (0.95 V). Furthermore, the
significantly low percentage of hydrogen peroxide produced and electron transfer number values
(approximately 3.94 at 0.8 V) indicate a direct 4e” pathway dominates the ORR activity of N-
WHL demonstrating electrocatalytic selectivity. N-WHL also exhibits a good activity towards
OER achieving a potential of 1.86 V (vs. RHE) to attain a current density of 10 mAcm™ with an
electrode activity value of 0.98 V. The assembled reversible ZABs demonstrate promising
performance, with an acceptable peak power density of (84 mW c¢m2), and long-term cycling
stability over 450 hours. As a result, the simple, low-cost, and easily scalable synthesis method
employed in this work provides insights thoughts for the utilization of value-added biomass and
the preparatiaon of bulk-phase porous carbon electrodes for energy-related devices.
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