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Abstract: Metal-air batteries rely on the oxygen reduction reaction (ORR) for their operation. However,
the ORR is kinetically slow, necessitating the use of Pt-based catalysts, which is hindered by their high
cost and limited availability. Consequently, considerable efforts have been dedicated to developing
metal-free catalysts for the ORR. Among these, heteroatom-doped carbons have emerged as promising
candidates by manipulating their composition and microstructure. Inspired by the ancient “Pharaoh’s
snakes” reaction, this study utilized sugar, melamine, and a polymerizable ionic liquid as precursors
to prepare heteroatom-doped carbons with the desired composition and structure. The resulting
carbon catalyst exhibited an onset potential and half-wave potential in a 0.1 M KOH electrolyte that
was comparable to those of a commercial Pt/C 20 wt.% catalyst, with values of 0.97 and 0.83 VRyg,
respectively. Furthermore, the catalyst demonstrated excellent stability, retaining 93% of its initial current
after a 10,800-s test. To evaluate its practical application, the synthesized carbon was employed as the
cathode catalyst in a Zn-air battery, which achieved a maximum power density of 90 mW cm~2. This
study, therefore, presents a simple yet effective method for producing metal-free heteroatom-doped
carbon ORR catalysts used in various energy conversion and storage devices.

Keywords: oxygen reduction reaction; “Pharaoh’s snakes” reaction; metal-free electrocatalyst; carbon
material; heteroatom doping

1. Introduction

The continuously increasing energy consumption has resulted in an energy crisis
and significant environmental problems [1]. These challenges have prompted extensive
research into sustainable, efficient, and clean power sources. Metal-air batteries have
garnered considerable attention as promising power sources for the future due to their
excellent efficiency and environmentally friendly nature [2]. In these power sources, the
oxygen reduction reaction (ORR) plays a vital role as an electrode reaction. However, due
to its sluggish kinetics, high-performance electrocatalysts are necessary to facilitate the
ORR [3]. Until now, platinum-group metals (PGMs) have remained the optimal catalysts
for the ORR. However, the scarcity, high cost, and instability of Pt-based catalysts have
significantly hindered their widespread use. The heavy reliance on Pt-based electrocatalysts
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has become a major concern for the advancement of metal-air batteries [4]. Therefore, it is
crucial to explore efficient and cost-effective electrocatalysts that can replace PGM-based
ORR electrocatalysts [5-8].

Heteroatom-doped carbons have received significant attention as promising low-coast
catalysts due to their profound electrocatalytic activity, high chemical stabilities, and excel-
lent conductivity. Various heteroatoms such as S [9], N [10,11], P [12], and B [13] have been
explored for doping into carbons as high-performance metal-free ORR electrocatalysts since
these heteroatom dopants can alter the electronic properties of carbon [14]. In particular,
multi-heteroatom-doped carbon shows great promise for the ORR due to the synergistic
effects of the dopants [15,16]. The microstructure of the carbon also plays an essential role
as it impacts electrolyte transport within the catalyst and the availability of active sites. To
this end, developing a fabrication process that combines the advantages of dopants and de-
sired structures is of utmost importance [17]. Several related studies have been conducted
to explore desired synthesis processes. For instance, a metal-organic framework (MOF)
templated method was investigated for preparing N- and S-doped carbon [18]. Zeolite tem-
plates were utilized to prepare Co-supported N-doped porous carbon [19]. Poly(phenylene
sulfide sulfone) (PPSS) was explored as a template for synthesizing honeycomb-like N,
S co-doped carbon [20]. Additionally, ZIF-8 templated porous Fe-Ny-doped carbon was
prepared [21]. All these studies have demonstrated the significance of developing processes
to prepare carbon materials with the desired structures and compositions for efficient
ORR catalysis.

The “Pharaoh’s snakes” reaction (FSR) is a renowned ancient reaction that produces
foam-like materials with diverse compositions. This reaction utilizes precursor chemicals,
known as pore fabricators, that contain the desired elements to prepare ORR catalysts with
high catalytic performance, such as those containing Fe [22] or Co [23]. Inspired by these
studies, we propose that a precursor like that of the FSR may enable the preparation of
carbon with both favorable composition and structure as an ORR catalyst.

In this study, we developed a simple one-pot method based on the FSR to synthesize a
nitrogen (N), sulfur (S), and oxygen (O) co-doped carbon material with a three-dimensional
(3D) interconnected porous structure. The precursor mixture consisted of sugar, melamine,
NH4HCO3, and a polymerizable [Etvim]EtSO, ionic liquid (PIL). Their electrochemical
tests revealed a half-wave potential of 0.83 Vryg (reversible hydrogen electrode voltage)
and an onset potential of 0.97 Vryg for the ORR. Additionally, the catalyst demonstrated
excellent durability during ORR testing. Furthermore, when employed as the ORR catalyst
in a zinc-air battery, a peak power density of 90 mW cm~2 can be achieved.

2. Results

Sugar was chosen as the carbon precursor for several reasons. Firstly, sugar has the
ability to melt at high temperatures, allowing it to effectively wrap around the melamine
and NH4HCOj3. This wrapping action facilitates the formation of pores in the carbon since
the decomposition of melamine and NHyHCOj releases gases. Additionally, the oxygen
present in the sugar molecules serves as a source of O dopants in the carbon material. The
[Etvim]EtSOy IL undergoes polymerization during the pyrolysis process, resulting in the
formation of a carbon matrix that is doped with N and S. The difference in precursors used
for the catalyst synthesis results in variations in the composition of the catalysts. For clarity,
Table 1 presents the precursors and compositions used for each catalyst.

Table 1. Summary of the precursors and compositions for the three catalysts.

Sample Precursor Composition
Cy Sugar, NH;HCO3, melamine, [Etvim]EtSO4 C,N,S,0
Cy sugar + melamine + NH4HCO3 C,N,O

(@) [Etvim]EtSO4 + NHy;HCO3 C N,S
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The ORR catalytic activity of the prepared carbon material was evaluated using cyclic
voltammetry (CV) measurements, and the results are presented in Figure 1. The CV curves
provide initial evidence of the catalytic performance of the carbon material, showing its
ability to facilitate the reduction of oxygen in the electrolyte. In Figure 1a, the CV curves
obtained in both Nj- and O;-saturated electrolytes are compared. In the Np-saturated elec-
trolyte, no significant features or peaks related to the ORR were observed. However, in the
O;-saturated electrolyte, a distinct reduction peak appeared at 0.85 Vryyg. This observation
suggests that the carbon material obtained here exhibits effective electrocatalytic activity
for the ORR.
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Figure 1. (a) CV curves for the C; in Ny and O; saturated electrolyte (0.1 M KOH), (b) LSV curves
at 1600 rpm for Cy, C; (precursor of sugar), Cs (precursor of [Etvim]EtSO,) and commercial Pt/C
(20 wt.%), (c) corresponding Tafel plots, and (d) CV area as a function of scanning rate.

The linear sweep voltammetry (LSV) curves presented in Figure 1b provide further ev-
idence of the high ORR activity of C; material prepared with sugar, NH4HCO3, melamine,
and [Etvim]EtSOy in this study. C; exhibits an onset potential of 0.97 Vryg, which is
comparable to the reported values in previous works (0.94 Vrug [24], 0.92 Vgryg [16],
0.97 Vryg [25], and 0.9 Vryg [26]). This value is also comparable with those of other
carbon-based materials, such as graphic C3Ny (~0.973 Vryg) [27], N-doped graphene
(0.87 Vgrug) [28], carbon nanotube (0.92~0.97 Vrug) [29], and graphene nanosheets stabi-
lized by P3HT (~0.87 Vryg) [30]. It indicates that the catalysts prepared using the facile
method in this study demonstrate comparable or even higher catalytic activity compared to
the carbons, which require a complex preparation process. It is worth noting that the LSV
curve of the state-of-the-art commercial Pt/C is also included in Figure 1b for comparison.
The LSV curve of the C; catalyst closely resembles that of the Pt/C, supporting its high
ORR activity.

From the LSV curves, it is evident that the onset potential of C; is higher than that of
C; and Cs. Additionally, the current density for C; increases at a much faster rate compared
to C; and Cs. The Tafel plots constructed based on the LSV curves (see Figure 1c) further
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elucidate the ORR kinetics of the corresponding catalysts. C; exhibits a Tafel slope of 46.5
mV dec™!, which is lower than that of C; (103.4 mV dec™!) and C3 (173.8 mV dec™1). A
lower Tafel slope indicates a slower loss of voltage per increase in the current density,
demonstrating the improved activity of C;. These observations suggest that the addition of
both [Etvim]EtSOy4 and sugar is crucial for achieving the enhanced catalytic performance of
C;. The absence of O when sugar is not added or the lack of S and N when [Etvim]EtSO4
is not added leads to a significant decrease in catalytic performance. The combination of
[Etvim]EtSO, and sugar plays a critical role in preparing the C; catalyst with superior ORR
activity. The electrochemical surface areas (ECSA) of C;, Cy, and C3 were evaluated based
on the slope of the CV closed area-scanning rate line [31] (Figure 1d). The corresponding
CV curves for Cq, Cy, and Cj3 are presented in Figure S1. Our results reveal that C1 exhibits
the highest slope, indicating the highest electrochemical surface area (ECSA) since ECSA is
directly proportional to the slope of the line. [31].

Figure 2 presents the microstructure of the prepared C; catalyst. Two different areas are
shown in Figure 2a,b, both of which exhibit a porous structure with interconnected channels
and pores. This porous structure is formed by the gas generated from the decomposition of
melamine and NH4HCOj3, which can increase the exposure of the active sites of the catalyst.
Additionally, the presence of pores and channels can facilitate mass transportation throughout
the catalyst, contributing to enhanced catalytic performance. Figure 2c displays a transmission
electron microscope (TEM) image of the catalyst, further confirming the presence of porous
sheets. Figure 2d shows a high-resolution TEM (HRTEM) image, indicating that the carbon
material is amorphous as no long-distance ordering is observed. The amorphous nature of
the carbon suggests that it lacks a well-defined crystalline structure.

Figure 2. (a,b) SEM images of different areas; (¢) TEM image; (d) HRTEM image; (e) merged EDS
mapping image of C, N, O, and S; (f-i) EDS mapping images of C, N, O, and S.

To analyze the elemental distribution within the C; catalyst, energy-dispersive spec-
troscopy (EDS) characterization was conducted. The scanning transmission electron mi-
croscopy (STEM) images shown in Figure 2e-i demonstrate the uniform distribution of N,
O, and S on the carbon material. This indicates the efficient incorporation of these elements
(O, N, and S) into the carbon matrix, which is important for achieving the desired catalytic
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properties. This further supports the role of these heteroatoms in enhancing the catalytic
activity of the C; catalyst.

The surface area and pore size of C; were measured using N; adsorption measure-
ments. The N, adsorption-desorption isotherm shown in Figure 3a exhibits a type I curve,
demonstrating a significant adsorption capacity at a low relative pressure (P/Py) and
reaching equilibrium. This suggests the presence of typical micropores [32]. The inset in
Figure 3a shows the pore size distribution, with a dominant pore size of approximately
1.25 nm. This confirms the micro-porous structure of the C; material. These micropores,
particularly those with sizes below 2 nm, can serve as hosting sites for the active species
involved in the ORR, thereby enhancing the catalytic activity of the material. The Brunauer-
Emmett-Teller (BET) surface area of C; is determined to be 261 m? g’l. This value is higher
than that of some ORR catalysts prepared using other methods, such as 150 m? g~! [33]
and 180 m? g~ ! [34]. The higher surface area of C; allows for increased accessibility of the
active sites, thereby contributing to improved catalytic activity.
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Figure 3. (a) N; adsorption/desorption isotherm of Cy. Inset is the pore size distribution curve.
(b) XRD pattern and (c) Raman spectra of C.

The crystallography of C; was investigated using X-ray diffraction (XRD), as shown
in Figure 3b. The XRD pattern exhibits two broad peaks at around 24.4° for C (002) and
43.07° for C (100). These broad peaks indicate the amorphous nature of C; [35]. This is
further supported by the HRTEM image in Figure 2d, where no long-range order can be
observed. The amorphous carbon structure doped with heteroatoms has been reported to
exhibit higher ORR catalytic activity compared to graphitized carbon [36].

The Raman spectra of Cy, displayed in Figure 3¢, exhibit two prominent peaks corre-
sponding to the D and G bands at approximately 1333 and 1570 cm ™!, respectively. The D
band is typically associated with the breathing mode in graphitic materials and is indicative
of certain degrees of disorder within the carbon structure [37]. Therefore, the presence of
the D band suggests a disordered structure and the presence of defects in Cy. Furthermore,
the D band can also be influenced by heteroatom doping, which disrupts the local sym-
metry of the carbon structure. The G band, on the other hand, is related to the vibration
of all hybridized sp? carbon atoms in the carbon layers [38]. It represents the ordered and
graphitic carbon domains within the material. The ratio of the D band intensity (Ip) to the G
band intensity (Ig), known as the Ip /I ratio, is commonly used as a measure of structural
disorder in carbon materials. For Cq, the Ip/Ig ratio is determined to be 1.19. This value is
higher than that of several other carbon materials at 0.8 [39], 1.1 [40], and 1 [41]. A higher
Ip/Ig ratio indicates the presence of more defective domains in the carbon structure [42,43].
These defects provide additional active sites and can enhance the electrochemical reactivity
of the material. Therefore, the N, adsorption measurements, surface area analysis, XRD
pattern, HRTEM image, and Raman spectra demonstrate the micro-porous structure, high
surface area and amorphous nature of Cy, all of which contribute to its enhanced ORR
catalytic activity.

The XPS survey spectra (see Figure S2) provide an overall analysis of the elemental
composition of C;. The presence of peaks for C (78.99 at.%), N (1.23 at.%), S (0.19 at.%),
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and O (0.19 at.%) confirms the successful doping of N, O, and S into the carbon mate-
rial. The C 1 s spectra, presented in Figure 4a, exhibit five distinct peaks. The peaks at
284.5 eV (27.6 at.%) and 284.9 eV (28.8 at.%) can be attributed to graphitic carbon [44]. The
peak at 285.4 eV (21.0 at.%) corresponds to C-N bonds [45]. The peak at 286.5 eV (11.9 at.%)
is assigned to C—O—C or C-S bonds [46,47]. The peak at 288.8 eV (10.6 at.%) represents
C-N bonds [48]. Figure 4b shows the N 1 s spectra, which reveal three peaks. The peaks at
399.6 eV and 398.1 eV are associated with pyrrolic (9.8 at.%) and pyridinic nitrogen
(26.1 at.%), respectively [49]. The peak at 401.0 eV corresponds to graphitic nitrogen
(64.0 at.%) [50,51]. In the S 2p spectra (see Figure 4c), two main peaks are observed. The
peaks at 163.8 eV and 164.9 eV are assigned to C-S—-C bonds (58.6 at.%) [52,53]. These bonds
contribute to the presence of S in the carbon material. The peaks at 168.2 eV and 169.5 eV
correspond to oxidized sulfur species (41.4 at.%) [54,55]. Figure 4d presents the fine spectra
of O 1s. The peak at 531.7 eV corresponds to C=0O bonds (47.1 at.%) [56], indicating the
presence of carbonyl groups. The peak at 532.2 eV can be assigned to singly bonded oxygen
(29.6 at.%) [57]. The peak at 533.2 eV is related to O—C bonds (47.1 at.%) [58].
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Figure 4. XPS spectra of the C;: (a) C1s,(b)N1s,(c)S2p,and (d)O1s.

The XPS analysis of C; confirms the successful doping of N, S, and O into the carbon
matrix. The C 1 s spectra reveal the presence of graphitic carbon, C-N, and C-O-C/C-S
bonds, indicating the incorporation of N, S, and O into the carbon structure. The N 1 s
spectra demonstrate the presence of pyrrolic, pyridinic, and graphitic N. The N-doping
enhances the conductivity and wettability of the carbon material, making it easier for
active species to reach the active sites. Additionally, the electronegativity of N charges
adjacent to C atoms positively facilitates the adsorption of oxygen molecules [25]. N doping
introduces spin density asymmetry, contributing to the ORR catalytic activity [59-61]. The
S 2p spectra indicate the presence of C-S—C and oxidized sulfur species. Sulfur doping
induces high strains at the edges of the carbon lattice and increases spin densities [9],
which can facilitate O, transfer, adsorption, and reduction. The presence of S can form
thiophene sulfur sites, which act as ORR active sites by positively charging neighboring
carbon atoms and facilitating the adsorption of *OO, *OH, and H intermediates in the ORR
process [62]. O doping introduces Lewis basicity to the carbon material, enhancing the
interaction between the Lewis acidic oxygen on the active surface and the reactants [63].
This leads to improved ORR catalytic activity [64]. Therefore, when N, S, and O are
doped simultaneously, these three factors work synergistically to enhance the catalytic
performance of the carbon material. The combined effects of N, S, and O doping contribute
to improved conductivity, increased spin density, favorable adsorption of oxygen species,
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and enhanced interaction with reactants, ultimately resulting in enhanced ORR catalytic
activity. Considering that the S content is significantly lower than that of N and O, it is
likely that the active sites are the C atoms associated with N and O.

The catalytic activity and kinetics of C; towards ORR were further analyzed using
rotating disk electrode (RDE) technology. Figure 5a shows the LSV curves at various rota-
tional speeds. It can be observed that the current density increases with higher rotational
speed. This increase is attributed to the reduction in the thickness of the diffusion layer
at higher rotational rates, which enhances the transport of oxygen to the catalyst surface.
The development of a diffusion-limited current platform is evident at all rotational speeds.
Furthermore, the LSV curves are nearly parallel to each other, indicating first-order reaction
kinetics with respect to the oxygen concentration. The number of electrons (n) involved in
the ORR process was then determined using Koutecky-Levich (K-L) analysis. The K-L lines
(see Figure 5b) were obtained by plotting ]~ (where ] is the current density) against w~1/2
(where w is the rotation speed) based on the LSV curves shown in Figure 5a. The slope of
the K-L line was then used to calculate n according to Equations (1) and (2):
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Figure 5. (a) LSV curves for the C; at different rotational speeds; (b) the Koutecky-Levich plots;
(c) the LSV of the RRDE (1600 rpm) of Cy; (d) the H,O,% and n at different potentials; (e) LSV curves
for the Cy, Pt/C, C; exposed to CH30H (20,000 ppm) and Pt/C exposed to CH3OH (20,000 ppm);
and (f) current-time curve 0.73 Viryg of C; for ORR.
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In these equations, ji represents the density of the kinetic current, j is the measured
current, F is the Faraday constant (96,485 C mol’l), Cp is the bulk concentration of oxygen
(1.1 x 1073 mol L™3), v is the electrolyte kinetic viscosity (0.01 cm? s 1), and Dy is the
diffusion coefficient for oxygen in the electrolyte of 0.1 M KOH (1.9 x 10> cm? s~ 1). The
constant 0.2 is used when expressing the rotation rate in rpm [65]. The calculated values of
n range from 3.22 to 3.73, which confirm the 4-electron ORR process [66].

Figure 5c reveals that the C; catalyst exhibits a high disc current density and a low ring
current density during the RRDE tests conducted at 1600 rpm. The high disc current density
indicates a strong catalytic activity of the C; catalyst towards the ORR. This suggests that
the catalyst effectively promotes the reduction of oxygen molecules, leading to a high
current density at the working electrode (disc). On the other hand, the low ring current
density indicates a low production of hydrogen peroxide (H,O;), which is a common
byproduct of the ORR. Based on Equations (3) and (4), the number of electron transfers (n)
and % HO, can be calculated using the ring and disc current values obtained from the

RRDE tests at 1600 rpm.
4 x id

g +17/N ( )
i
HO, % = 200—— @)
lg+14/N

where i; represents the disc current and 7, represents the ring current. N is the collection
efficiency, which is given as 0.39 in this case. These values are presented in Figure 5d. Based
on the results, it is indicated that the value of n is higher than 3.5, suggesting a largely
4-electron process for the ORR on the C; catalyst. Additionally, the % HO, is below 20%,
indicating low production of hydrogen peroxide, which is desirable for efficient ORR in
metal-air batteries.

A major advantage of metal-free electrocatalysts is their high tolerance to methanol. To
evaluate the CH3OH tolerance of the Cy, the LSVs of C; and Pt/C before and after exposure
to CH30H of 20,000 ppm were measured. The results are presented in Figure 5e. The
catalytic performance of the Pt/C decreased dramatically after being exposed to CH3;OH,
with the onset potential shift from 1.1 to ~0.7 Vryg. For the Cy, the limit current and half-
wave potential only decreased by 10 mA cm~2 and 14 mV, respectively. More importantly,
the onset potential remained nearly unchanged after the CH3OH. The methanol-tolerance
tests confirmed the superiority of the C; metal-free catalyst compared to the metal-based
catalysts in terms of methanol tolerance.

Furthermore, the stability of the C; catalyst was evaluated through chronoamperome-
try at 0.73 Vryg in an O,-purged electrolyte. The current-time curve (Figure 5f) shows that
approximately 93% of the initial current remains after the stability test of 10,800 s, demon-
strating the profound stability of the C; catalyst. Comparing this stability performance with
other reported catalysts, the C; catalyst outperforms or shows comparable stability to some
reported catalysts with 86% [67], 81.4% [68], and 72.3% [69] current retention after a stability
test. The stability of the present work is ~95% at 2000 s, which is similar to that observed for
functionalized graphene [70]. This high stability is of significant importance for practical
applications, as it ensures the long-term durability and reliability of the catalyst, making it
a promising candidate for use in various electrochemical devices and systems.

To assess the practical application of the prepared carbon catalyst, zinc-air batteries
(ZABs) were assembled and tested. The structure of ZABs is illustrated in Figure 6a.
Figure 6b shows the performance comparison between the ZAB with three doped carbon
catalysts and the ZAB without the catalyst. It can be observed that the ZAB with the C;
catalyst exhibits a smooth discharge process, while the ZAB without the catalyst is unable to
function properly, resulting in a significantly lower peak power density. The ZAB with the
C; catalyst achieves a peak power density of 90 mW cm~2, which is even higher than that
of batteries utilizing Pt/C+RuO; catalysts with peak power densities of 80 mW cm 2 [71]
or 50 mW cm~2 [72]. It demonstrates the excellent catalytic activity of the C; catalyst for



Catalysts 2023, 13, 1059

9 of 14

the oxygen reduction reaction (ORR) in the ZAB system. Furthermore, Figure 6¢c shows
that the ZAB with the C; catalyst is capable of lighting LEDs to provide practical power
output. Overall, the electrochemical results from the ZAB tests confirm that the N, S, and
O co-doped C; catalyst possesses profound ORR catalytic activity, enabling its effective
utilization in the ZAB system.

o . o 100 .
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Figure 6. (a) Diagram of the ZABs; (b) polarization and power density curves of ZABs with (Cy, Cp,
C3) and without (Blank) catalysts prepared in this work; and (c) photo images of a panel being lit by
a Zn-air battery with C;.

3. Materials and Methods

The polymerizable [Etvim]EtSOy ionic liquid was prepared using a method similar to
the one previously described [17], as illustrated in Figure 7. Diethyl sulfate (0.1 mol) was
first added dropwise to vinyl imidazole while stirring the mixture in an ice-water bath.
After the complete addition of diethyl sulfate, the system was further stirred in a water
bath at 50 °C for 3 h. Following the reaction, a viscous, slightly yellow liquid was obtained.
A Bruker DRX500 instrument was used to conduct proton nuclear magnetic resonance (‘H
NMR) spectroscopy analysis on the obtained liquid. In addition, deuterium oxide (D,0O)
was used as the solvent. The 'H NMR spectrum of the product is presented in Figure S3,
indicating the successful synthesis of the expected product.

sugar melamine lonic liquid NH4HCO,

;»wq,i
e RO gD+ 551

| Dry and 900 °CIN> Y

A

;,g :

!;g;so‘

a
*

-

‘ts..

°d ‘:.4

Figure 7. Illustration of the catalyst preparation process.

The catalyst was prepared using the obtained IL. In a typical procedure, sugar (1.5 g),
NH4HCO; (0.4 g), melamine (1.2 g), and [Etvim]EtSOy4 (1.2 g) were dissolved in water to
form a turbid solution. The turbid solution was then dried. The resulting solid material
was subjected to pyrolysis in a tubular furnace under an N, atmosphere. The pyrolysis
process was conducted at 900 °C for 1 h with a temperature ramp rate of 5 °C/min. After
the furnace was allowed to cool down to room temperature, a foam-like black sample
(Cy, Figure S4) was obtained. For comparison, two other carbon materials doped with
N and O (Cp) and N and S (C3) were also prepared using similar procedures but with
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different precursor compositions. C, was prepared using a mixture of sugar, melamine,
and NH4HCOj3, while C3 was prepared using a mixture of the polymerizable ionic liquid
[Etvim]EtSO,4 and NH4HCOj (see Table 1).

The electrochemical measurements were conducted using a CHI 760E electrochemical
workstation (Chenhua, Shanghai, China). A three-electrode cell configuration was em-
ployed, with a mercury/mercuric oxide (Hg/HgO) electrode and a platinum wire serving
as the reference and counter electrodes, respectively. To make the working electrode, a
homogeneous catalyst ink was prepared by mixing 2.5 mg of the catalyst sample, 50 uL of
a 5 wt.% Nafion solution, and 450 uL of ethanol. A glass carbon electrode was utilized as
the substrate for the working electrode. After that, 10 uL of the prepared catalyst ink was
drop-casted onto the glass carbon electrode. The catalyst loading on the working electrode
was set at 0.25 mg cm 2. For comparison, the commercial Pt/C (20 wt.% Pt) catalyst was
also measured with a loading equal to that of the catalyst obtained in this study.

During the electrochemical measurements, all potentials were referenced to a reversible
hydrogen electrode (RHE) by Erpg = Eng/ngo + 0.93. The detail for the conversion is
presented in Figure S5. The potential of Hg/HgO was calibrated with the method described
elsewhere [73]. The ORR activity was investigated using CV and LSV techniques in Np- or
O;-purged 0.1 M KOH electrolyte. To further investigate the ORR mechanism, the RRDE
experiments were conducted at a scan rate of 10 mV s~!. The ring potential was set at
1.5 Vryg in the Op-saturated electrolyte [74]. The stability of the catalyst was assessed by
recording chronoamperometric current-time (i-t) curves at —0.2 V vs. Hg/HgO (0.73 VRug)
in the O,-saturated electrolyte, with a rotation speed of 400 rpm.

The carbon morphologies were examined using the SEM with the JEOL JSM-7500F
model. The TEM was performed using the JEOL JEM-2100F model. The XRD patterns were
obtained using Cu Ko radiation (A = 1.5406 A) with a Panalytical Empyrean instrument. The
XPS spectra were collected using a monochromatic Al Ko X-ray source on a V.G. Escalab220i-
XL instrument. The pore size distribution and specific surface area measurements were
conducted using an N adsorption/desorption isotherm with the Micromeritics ASAP 2020
V3.00 H instrument. The BET and Barrett-Joyner-Halenda (BJH) methods were applied
to analyze the data. Raman spectra were collected using an XploRA PLUS spectrometer
equipped with a laser operating at a wavelength of 526 nm.

To prepare the catalyst ink for preparing ZABs, a mixture of 350 uL of ethanol, 5 mg of
the prepared catalyst, and 50 pL of Nafion solution (5 wt.%) was sonicated for 45 min. Next,
80 puL of the catalyst ink was pipetted and coated onto a hydrophilic carbon paper, serving
as the cathode, with a catalyst loading of 1 mg cm 2. A polished zinc plane was used as the
negative electrode. For the electrolyte, a mixture solution of 0.2 M Zn(CH3COO); and 6 M
KOH was used. A battery with a working area of 1 cm? was assembled. The prepared ZABs
were allowed to stabilize at room temperature for 1 h before testing. The discharge behavior
of the batteries was recorded using a CHI 760E instrument. For comparison, batteries with
Cy, Cy, and Cj3 catalysts as well as a battery without any catalyst were assembled and tested
under similar conditions.

4. Conclusions

In this study, a facile method has been developed to prepare a porous N, S, and
O co-doped carbon catalyst with favorable composition and structure for the electrocat-
alytic ORR. The carbon catalyst was synthesized using a precursor similar to that of the
“Pharaoh’s snakes” reaction. The presence of multiple dopants and the unique structure of
the carbon catalyst contribute to its significantly improved catalytic performance compared
to control samples doped with only one or two heteroatoms. Based on the electrochemical
measurement results, this catalyst exhibits profound electrocatalytic activity for the ORR
through a 4-electron pathway. It displayed an onset potential of 0.97 Vryg and a half-wave
potential of approximately 0.83 Vryg. These performance parameters are comparable to
those of commercially available Pt/C (20 wt.% Pt) catalysts. Furthermore, the stability of
the N, S, and O co-doped carbon catalyst was assessed. It demonstrated excellent stability,
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with 93% of the initial current remaining after a stability test of 10,800 s. These findings
highlight the great potential of N, S, and O co-doped carbon catalysts as metal-free alter-
natives for ORR catalysis, which is a critical cathode reaction in various emerging power
sources. The study, therefore, contributes to the development of alternative processes in a
facile approach for preparing high-performance metal-free ORR catalysts.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal13071059/s1: Figure S1: CV curves of Cy, Cp, and Cgz;
Figure S2: XPS spectra of Cy; Figure S3: I'H NMR with D,O as the solvent; Figure S4: Picture of
the prepared carbon from sugar powder, NHyHCOj3, melamine and ionic liquid of [Etvim]EtSOy;
Figure S5: CV curves for the calibration of Hg/HgO reference electrode.
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