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Abstract

A versatile use of a sulfur self‐doped biochar derived from Camellia japonica

(camellia) flowers is demonstrated as a multifunctional catalyst for overall

water splitting and a supercapacitor. The native sulfur content in the camellia

flower facilitates in situ self‐doping of sulfur, which highly activates the

camellia‐driven biochar (SA‐Came) as a multifunctional catalyst with the

enhanced electron‐transfer ability and long‐term durability. For water

splitting, an SA‐Came‐based electrode is highly stable and shows reaction

activities in both hydrogen and oxygen evolution reactions, with over-

potentials of 154 and 362mV at 10mA cm−2, respectively. For supercapacitors,

SA‐Came achieves a specific capacitance of 125.42 F g−1 at 2 A g−1 and high

cyclic stability in a three‐electrode system in a 1M KOH electrolyte. It

demonstrated a high energy density of 34.54Wh kg−1 at a power density of

1600W kg−1 as a symmetric hybrid supercapacitor device with a wide working

potential range of 0–1.6 V.
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1 | INTRODUCTION

With the growing public concern about environmental

protection and climate change, advanced conversion and

storage technologies for green energy have become a

research hotspot worldwide.1–4 In the field of energy

conversion, because hydrogen (H2) fuel with high energy

density can be directly produced from water, electro-

catalytic water‐splitting based on the hydrogen evolution

reaction (HER) and the oxygen evolution reaction (OER)

is considered a new promising technology.5–7 Energy

storage devices, in particular supercapacitors, with a

rapid charge/discharge rate and a long cycling life, have

received considerable attention. To date, noble metal‐

based catalysts (Pt, Ir, and Ru) are still the most widely

used water‐splitting catalysts.8–10 Because commercial

hydrogen production requires cheap and earth‐abundant

electrocatalysts, the high cost of noble metal‐based

catalysts limits their development in this field.11 Like-

wise, supercapacitors are also facing this problem, as the

existing energy storage materials are still dominated by

noble metal‐based catalysts.12–15 Therefore, novel low‐

cost and high‐performance electrode materials need to be

developed for the commercial application of electroche-

mical water splitting for H2 production and

supercapacitors.16–18

Carbon‐based materials have been proven to be a

reasonable alternative to noble metal‐based materials for

energy applications. Carbon materials, including acti-

vated carbon,19 graphene,20 carbon nanotubes,21 and

carbide‐derived carbons,22 have been widely studied as

electrode materials for supercapacitors and electroche-

mical water splitting. Thus, the development of multi-

functional carbon‐based materials to simultaneously

achieve water splitting and energy storage applications

has also become a feasible target.23 However, most of the

existing carbon materials are still highly dependent on

mineral raw materials and petroleum products in their

synthesis and cannot perfectly fulfill the requirements of

green chemistry.24–26 Considering the major environ-

mental problems faced by humanity at present, biochar,

as a regenerable activated carbon produced from biomass

via modern pyrolysis processes, is worth exploring.27 In

addition to the inherent advantages of low cost and

environmental friendliness,28 biochar usually has a self‐

doping effect during the pyrolysis process, which can

lead to spontaneous doping of nitrogen, sulfur, and

phosphorus heteroatoms on their carbon skeleton, which

results in promising electrochemical activity.29 In gen-

eral, by introducing exogenous heteroatoms into a highly

ordered carbon skeleton, the electrochemical capacity of

the original π–electron network can be adjusted, result-

ing in an unbalanced electroactive state to provide

greater electrocatalytic activity.30 Compared with the

complex heteroatom doping strategies that need to be

adopted in artificial carbon materials for modification,

biochar is attractive because a heteroatom‐doped carbon

skeleton can be obtained based on a simple synthesis

strategy through the self‐doping effect. Numerous

biomass sources, such as bean sprouts,31 poplar catkin,32

watermelon rind,33 and coffee waste,34 have been

investigated for the synthesis of self‐doped biochar.

Camellia japonica (camellia) is an ornamental flower

that is widely distributed in East Asia. Considering that

the camellia is rich in anionic heteroatoms, it can be a

valuable biomass feedstock for the synthesis of

biochar.35,36

In this study, sulfur self‐doped activated camellia

(SA‐Came) nanospheres were prepared using a

solvothermal–pyrolysis method with camellia flowers as

raw materials. During the process, sulfur atoms were

naturally doped into the carbon nanospheres without

additional doping precursors. The SA‐Came nanospheres

showed remarkable electrocatalytic activity in both HER

and OER with overpotentials of 154 and 362mV,

respectively, to reach a current density of 10 mA cm−2.

When applied for overall water splitting on a dual‐

electrode system, an output voltage of only 1.76 V was

needed to reach 10mA cm−2. Moreover, the as‐prepared

SA‐Came nanosphere electrode showed a specific capac-

itance of 125.42 F g−1 at 2 A g−1 and high cyclic stability

in a three‐electrode system in a 1M KOH electrolyte.

This study demonstrates that sulfur self‐doped biochar

derived from waste camellia flowers can be applied as a

multifunctional electrocatalyst for energy conversion/

storage with outstanding electrochemical performance.
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2 | EXPERIMENTAL SECTION

2.1 | Synthesis of S‐ACame nanospheres

Naturally falling camellia flowers were collected from

local camellia bushes at Chonnam University (Gwangju,

South Korea). Subsequently, the separated petals were

sun‐dried for 2 days and ground. The as‐prepared powder

(3 g) was dispersed in 60mL of 1M H2SO4 (ACS reagent,

95.0%–98.0%; Sigma‐Aldrich) in a Teflon‐lined autoclave

and placed in a muffle furnace at 180°C for 24 h. The

obtained sulfur‐doped camellia powder was centrifuged

and thoroughly washed with deionized water and ethanol,

and then dried in a vacuum at 80°C overnight; the

obtained sample was labeled S‐Came. The S‐Came was

activated by mixing it with KOH (ACS reagent, ≥85%;

Sigma‐Aldrich) at a volume ratio of 1:1 in deionized water

under constant stirring for 24 h, followed by washing and

drying at 80°C for 12 h. The KOH‐activated sample was

carbonized in a horizontal tube furnace at 800°C for 2 h

under an N2 atmosphere at a heating rate of 5°Cmin−1;

this final product was labeled SA‐Came. Additionally, the

experimental conditions were optimized by carbonizing

the samples at various temperatures (800°C and 900°C)

under different Ar atmospheres. The resultant samples

were named SA‐Came(A8) and SA‐Came(A9), respec-

tively. Here, the alphabet represents the Ar atmospheric

conditions, while the number denotes the applied

temperature (800C & 900°C).

2.2 | Characterizations

The morphology and elemental map features were

estimated by field emission scanning electron microscopy

(FE‐SEM, S‐4700; Hitachi) and transmission electron

microscopy (TEM; Tecnai F20 ST; FEI) using an energy‐

dispersive X‐ray spectroscopy (EDS) module. The phase

formation and structure were studied using powder X‐ray

diffraction (XRD) (Rint 1000; Rigaku) and laser Raman

spectrophotometry (NRS‐5100; Jasco). The chemical

bonding between the elements was observed and mea-

sured by X‐ray photoelectron spectroscopy (XPS; Multilab

2000). A multichannel potentiostat (VMP3‐Biologic) was

used to determine the electrochemical properties.

2.3 | Electrochemical measurements

The electrocatalytic properties of the samples were

determined at a temperature of 25°C using a 1M KOH

aqueous electrolyte in two‐ and three‐electrode systems.

The working electrodes were prepared by mixing the

as‐prepared samples, polyvinylidene difluoride, and

carbon black at a mass ratio of 8:1:1 in N‐methyl‐2‐

pyrrolidone and loading them onto nickel foam sub-

strates. Thereafter, the electrodes were oven‐dried over-

night at 80°C. In the three‐electrode system, a Hg/HgO

electrode and a graphite rod were used as the reference

electrode and the counter electrode, respectively. The

potential of the electrocatalytic reaction was converted

into a reversible hydrogen electrode (RHE) according to

the following equation:

E E= + 0.118 + 0.059pH.RHE (Hg/HgO)

3 | RESULTS AND DISCUSSION

3.1 | Carbonization

At high temperatures, various organic substances present

in camellia flowers undergo a series of physical and

chemical transformations. Therefore, to determine the

carbonization temperature, thermogravimetric differential

thermal analysis (TG‐DTA) was conducted on camellia

flowers activated by KOH. As shown in Figure S1, the

activated camellia showed an initial weight loss of

approximately 5.5%—from 30°C to 100°C. This weight loss

is mainly attributed to the evaporation of water from the

sample. In the temperature range of 100–400°C, with the

thermal decomposition of the remaining cellulose and

hemicellulose after the KOH hydrothermal treatment,37,38 a

slight weight reduction of approximately 3.5% was

observed. When the temperature was higher than 400°C,

the TG curve showed a linear decrease in mass with the

temperature, which indicated that the carbon skeleton

started to decompose.39,40 The trend of mass decrease

shown in the TG curve is consistent with the exothermic

behavior of activated camellia shown in the DTA curve.

According to the TG–DTA characterization curves, 800°C

was selected as the carbonization temperature to optimize

the carbonization of the activated camellia. Because the

determination of the optimal carbonization temperature is

not the aim of this study, we did not compare the effects of

different carbonization temperatures on the electrochemical

performance of the final product.

3.2 | Characterization of activated
carbon

SA‐Came was successfully prepared using a simple chemical

activation process using camellia flowers, as shown in

Figure 1A. Furthermore, the electrochemical performance of

the synthesized S‐Came and SA‐Came as a supercapacitor
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electrode was studied and compared with that of commer-

cially available activated carbon (C‐AC; Yakuri).

The surface morphologies of all samples were

confirmed using FE‐SEM and TEM. Figure 1B–D shows

FE‐SEM images of C‐AC, S‐Came, and SA‐Came pow-

ders. The SEM images of the three samples showed

similar interconnected spherical morphologies. The for-

mation mechanism of uniform carbon spheres of camellia

flower via hydrothermal treatment involves three major

processes: (i) dehydration, (ii) polymerization, and (iii)

carbonization.41–43 During the dehydration process,

organic compounds such as cellulose, monosaccharides,

acids, and phenolic compounds in the ground camellia

powder decompose and dehydrate into reactive mono-

mers like furan compounds.43,44 The presence and

composition of the organic compounds in the camellia

flower play a crucial role in generating uniform carbon

spheres via hydrothermal treatment.45,46 The monomers

react to form functionalized aromatic molecules via

condensation and polymerization processes.41,42 Finally,

the powders were subjected to high‐temperature

carbonization treatment to produce the desired uniform

carbon spheres. Thus, the hydrothermal treatment of

camellia flowers revealed distinct uniform spherical

shapes and size distributions. The microsphere structure

of C‐AC had an average diameter of approximately 18 nm

and that of S‐Came was approximately 26 nm. After

carbonization, the particle size significantly increased

because the carbon nanospheres agglomerated at high

temperatures; in SA‐Came, the particle size was approxi-

mately 50 nm. The morphology of the SA‐Came nano-

spheres was a spherical structure with a rough surface

and nanopores. The formation of a large number of

nanopores leads to an increase in the number of

micropores and mesopores, which increases the surface

area and pore volume and is essential for charge transfer

in electrochemical reactions. The formation of nano-

spheres in SA‐Came was confirmed by TEM results,

showing an amorphous carbon structure (Figure 1E,F).

Moreover, as shown in Figure 1G, EDS mapping of SA‐

Came indicated that S was uniformly distributed on the

surface of the samples. In addition, to ensure the stable

FIGURE 1 (A) Schematic for the preparation of the S‐Came and SA‐Came nanospheres. FE‐SEM images of (B) C‐AC, (C) S‐Came, and

(D) SA‐Came. (E,F) Transmission electron microscopy images of SA‐Came at various magnifications and (G) energy‐dispersive X‐ray

spectroscopy mapping images of the SA‐Came nanospheres. C‐AC, commercially available activated carbon; FE‐SEM, field emission

scanning electron microscopy; S‐Came, sulfur‐doped camellia; SA‐Came, sulfur self‐doped activated camellia
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content of sulfur atoms doped in each batch of samples,

we have determined the elemental composition for two

batches of samples prepared at separate intervals through

energy‐dispersive X‐ray spectroscopy analysis (Figure S2).

The sulfur contents in the SA‐Came batch 1 and batch

2 samples were identified to be 5.32 and 5.76 wt%,

respectively. This result confirms the reproducibility of

the self‐doped sulfur in SA‐Came.

XRD analysis was performed to confirm the crystal-

lographic structures of C‐AC, S‐Came, and SA‐Came; the

results are shown in Figure 2A. Only two broad peaks

were observed in all three of these samples at 23.1° and

43.6°, which, respectively, belong to the (0 0 2) and

(1 0 1) planes in the disordered graphitic structure.47

Raman spectra were further explored to verify the

chemical structure and degree of disorder, as shown in

Figure 2B. All the spectra (C‐AC, S‐Came, and SA‐Came)

showed two distinct peaks: the D band at approximately

1330 cm−1 and the G band at approximately 1580 cm−1,

which signified disordered carbon and graphitic carbon,

respectively. Generally, the integrated intensity ratio at

the D and G bands (ID/IG) is used to represent the degree

of structural disorder of a material.48,49

The ID/IG values of C‐AC, S‐Came, and SA‐Came were

1.03, 0.88, and 1.01, respectively. Compared to that of

S‐Came, the higher ID/IG value of SA‐Came demonstrated

that the proportion of disordered carbon in the structure of

the sample increased when the sample was subjected to

persistent activation and pyrolysis. The formation of these

disordered carbon structures is beneficial for generating

more activation sites and promoting electrical conductivity,

thereby improving electrochemical performance.50

XPS was performed to analyze the surface states and

elemental compositions of the activated camellia flower and

the carbon samples. As shown in the full‐scan spectra

(Figures S3 and 2C), raw camellia contained various

elements, such as Na, Ca, P, and N, in addition to C, O,

and S. After activation and carbonization, most of the trace

elements were removed with the decomposition of organics,

and only C, O, and S elements could be detected. To confirm

that the hydrolysis treatment by H2SO4 would not introduce

additional S atoms into the SA‐Came sample, as a reference,

KOH was used to activate the camellia flower directly, and

the obtained sample was characterized via XPS. As shown

in Figure S4, corresponding peaks appeared in the S 2p

spectrum of this sample at the same binding energy,

proving that the doped S atoms in SA‐Came come from

camellia flowers. The S 2p XPS spectra of the C‐AC,

S‐Came, and SA‐Came samples are shown in Figure 2D. The

S 2p spectra of C‐AC did not have any broad peaks, which

FIGURE 2 (A) X‐ray diffraction patterns and (B) Raman spectra of the C‐AC, S‐Came, and SA‐Came samples. (C) Full‐range XPS

spectra, (D) S 2p, (E) O 1s, and (F) C 1s XPS spectra of the C‐AC, S‐Came, and SA‐Came samples. C‐AC, commercially available activated

carbon; S‐Came, sulfur‐doped camellia; SA‐Came, sulfur self‐doped activated camellia; XPS, X‐ray photoelectron spectroscopy
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confirmed that the C‐AC sample did not contain sulfur. The

high‐resolution S 2p XPS spectra of S‐Came and SA‐Came

were deconvoluted into four peaks. The peaks located at

164.0 and 165.3 eV are, respectively, related to C–S bonding

and attributed to S 2p3/2 and S 2p1/2. The other peaks located

at 166.9, 168.9, and 170.1 eV correspond to various ‐SOx
‐

species, such as R2S═O, SO3
2−, SO4

2−, and RSO3H.
51,52 The

spectrum of S‐Came showed higher intensity at the peaks

attributable to ‐SOx
‐ species, whereas the peak attributable to

C–S bonding in the spectrum of SA‐Came showed higher

intensity. This indicates that the S element in the S‐Came

sample mainly exists in the sulfur–oxygen groups, whereas S

atoms in the SA‐Came sample are directly incorporated

through the C–S bonding into the carbon framework. The

incorporation of S atoms into the carbon framework

promotes charge transfer between the electrolyte and the

electrode, thus enhancing the energy capacitive properties.53

Moreover, naturally substituted S sites provide more

polarized surfaces with high activation sites, which are

expected to improve the electrochemical performance.54–56

In Figure 2E, all the deconvoluted O 1s spectra

of these three samples showed four peaks at

530.2 eV (C═O), 531.4 eV (C–O–C), 532.7 eV (C–O),

and 534.0 eV (O–C═O), whereas the S‐Came and

SA‐Came samples showed another peak correspond-

ing to S═O bonding at 532.0 eV. The intensity of

the deconvoluted peak of the S═O bonding in the

S‐Came spectrum was higher than that in the

SA‐Came spectrum, which also verifies the different

bonding modes of S in these two samples. For the

deconvolution of C 1s spectra (Figure 2F), four peaks

at binding energies of 284.1, 284.7, 286.0, and 289.9 eV

should correspond to the standard sp2‐hybridized

C═C, sp3 hybridized C–C, C–O, and O–C═O compo-

nents, respectively.57–59 S‐Came and SA‐Came had a

deconvoluted peak at 285.2 eV, corresponding to C–S

bonding. The C–S peak in the SA‐Came spectra had a

higher intensity, which is consistent with the decon-

volution result for the S 2p spectrum.

The electrochemical property of the prepared

SA‐Came: Electrochemical impedance spectroscopy

(EIS) analysis was performed to investigate the ion

diffusion kinetics at the electrode–electrolyte interface.

The EIS of SA‐Came, S‐Came, and C‐AC was con-

ducted from 100 kHz to 0.01 Hz at the open circuit

potential, and the Nyquist plot is shown in Figure 3A.

The Nyquist plot revealed a semicircle curve, including

electrolyte resistance (Rs) and charge‐transfer

FIGURE 3 (A) Nyquist impedance plot of C‐AC, S‐Came, and SA‐Came. The inset shows the EIS at high frequency. (B) Nyquist

admittance plot of C‐AC, S‐Came, and SA‐Came, (C) the capacitance current of C‐AC, S‐Came, and SA‐Came at scan rates of 10–50mV s−1,

(D) HER LSV curves, (E) HER Tafel slopes of the bare Ni foam, C‐AC, S‐Came, and SA‐Came, and (F) CA curves of SA‐Came at various

applied potentials for HER. C‐AC, commercially available activated carbon; CA, chronoamperometry; EIS, electrochemical impedance

spectroscopy; HER, hydrogen evolution reaction; LSV, linear sweep voltammetry; S‐Came, sulfur‐doped camellia; SA‐Came, sulfur

self‐doped activated camellia
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resistance (Rct) in the high‐frequency range, while a

vertical line of the Nyquist plot indicated the ion

diffusion within the electrode in the low‐frequency

range. The estimated Rs and Rct values of SA‐Came

were 1.90 and 0.27Ω, which were less than those of

C‐AC (3.0 and 0.77Ω) and S‐Came (2.06 and 0.33Ω),

respectively (inset in Figure 3A). The lower Rs and Rct

values induce faster ion diffusion rates, and the

shorter vertical line at SA‐Came those at C‐AC and

S‐Came confirms the faster ion‐transfer behavior

between the electrolyte and the electrode. The admit-

tance plots from the EIS curve of SA‐Came,

S‐Came, and C‐AC are shown in Figure 3B. The knee

frequency induced by the admittance plot is demon-

strated as the maximum frequency wherein resistance

can be negligible, and the capacitive reaction is

dominant. Thus, the knee frequency of SA‐Came

(470.75 Hz) is higher than those of C‐AC (31.97 Hz)

and S‐Came (218.39 Hz), showing that the former has a

lower charge‐transfer resistance than the latter two.

Furthermore, to comprehensively understand the

electrocatalytic activity, the electrochemical specific

surface area (ECSA) was measured to demonstrate the

activity of the electrocatalysts. As shown in Figure 3C,

the Cdl values of C‐AC, S‐Came, and SA‐Came were

5.63, 23.05, and 47.44 mF cm−2, respectively. Theoreti-

cally, the larger the ECSA, the more the active sites

present in the electrocatalyst in the corresponding

reaction, which leads to more effective electron

transfer. Therefore, this further explains why the SA‐

Came electrocatalyst showed the best HER perform-

ance among the as‐synthesized materials: the SA‐Came

electrocatalyst had a larger electrochemical surface

area and more reaction active sites, thereby yielding

higher reaction kinetics.

The electrochemical performance was evaluated to

determine the hydrogen production performance and

energy storage capability of the prepared SA‐Came,

S‐Came, and C‐AC electrodes in a conventional three‐

electrode configuration using a 1M KOH aqueous

electrolyte. The electrocatalytic HER activities of the

C‐AC, S‐Came, and SA‐Came electrocatalysts were tested

via linear sweep voltammetry (LSV). A commercial Pt/C

catalyst was also used as an electrochemical hydrogen

production anode material for reference. As shown in

Figure 3D, as the best known HER catalyst, Pt/C has the

lowest HER overpotential of 63 mV at 10 mA cm−2.

Interestingly, SA‐Came showed superior HER perform-

ance, reaching a current density of approximately

300mA cm−2 at a nominal applied potential, and the

SA‐Came anode showed the highest HER activity with

the lowest overpotential, except for commercial Pt/C, for

achieving a current density of 10 mA cm−2.

The overpotentials of the nickel foam, C‐AC,

S‐Came, and SA‐Came anodes were 282.7, 228, 166,

and 154 mV, respectively, at 10 mA cm−2. In addition,

the HER LSV curves of SA‐Came prepared under

different experimental conditions were also con-

structed, as shown in Figure S5. SA‐Came(A9)

(174.6 mV) and SA‐Came(A8) (187.6 mV) showed

much higher overpotentials than SA‐Came (154 mV)

at a current density of 10 mA cm−2, respectively.

Moreover, as shown in Figure 3E, the SA‐Came anode

showed the smallest Tafel slope of 89.92 mV dec−1

among the as‐synthesized carbon‐based electrocata-

lysts, which indicates the superior HER catalytic

kinetics. The chronoamperometry of SA‐Came was

measured at various potential ranges from −0.25 to

−0.45 V (vs. RHE) with a step of −0.1 V (vs. RHE),

which was retained over 50,000 s (Figure 3F). The

negligible changes observed for the chronoamperome-

try curves of SA‐Came highlight its durability against

HER in highly alkaline aqueous electrolytes. As shown

in Figure S6, the XPS results after HER show that the

surface state of the SA‐Came electrocatalyst during

the HER process changed, which can be considered

the result of surface activation. The most significant

change was that the intensity of the C–C and C–S

peaks decreased after the reaction, and the intensity of

the C–O and S═O peaks increased significantly. This

phenomenon was attributed to the combination of the

–OH groups with the C–C and C–S bonds during

the reaction. This also shows that the carbon skeleton

was doped with sulfur to produce C–S bonds, which

promoted the adsorption of –OH groups on the surface

of the electrocatalyst during the HER process and

provided more reactive sites. This was further con-

firmed by electrochemical characterization.

Additionally, when it was used as an anode

material, SA‐Came also showed reaction activity in

OER. As shown in Figure S7, SA‐Came showed a low

overpotential (340 mV) for a current density of

10 mA cm−2, and its Tafel slope was 86.01 mV dec−1.

With the remarkable reaction activity in both HER

and OER, a lab‐scale overall water‐splitting system

was fabricated (as shown in Figure 4A) using SA‐

Came as both the anode and the cathode in a 1 M

KOH aqueous solution. The LSV curve indicated an

overpotential value of 530 mV at a current density of

10 mA cm−2 (Figure 4B), and the fabricated SA‐Came

electrodes showed considerable stability for 24 h

(Figure 4C). Compared to other artificial sulfur‐

doped carbon catalysts (Figure 4D), SA‐Came had a

comparable overpotential and the lowest total value,

thereby demonstrating that SA‐Came is an excellent

bifunctional catalyst for water splitting.60–65
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3.3 | Supercapacitor performance

Considering the satisfactory characterization and water‐

splitting performance of the SA‐Came electrocatalyst, the

performance of the as‐synthesized samples for super-

capacitor electrodes was also investigated. First, cyclic

voltammetry (CV) analysis was conducted to differentiate

the individual performances of the prepared SA‐Came

with respect to S‐Came, C‐AC, and bare Ni foam

electrodes at a fixed scan rate of 10 mV s−1 in a negative

potential range from 0 to −1.0 V versus Hg/HgO

(Figure 5A). The AC electrodes showed a quasi‐

rectangular CV curve, which revealed a typical electrical

double layer capacitance (EDLC), whereas the CV curves

of the SA‐Came sample showed some tiny humps,

attributed to the pseudocapacitance arising from

sulfur–carbon functional groups in the carbon frame-

work. The partial redox activity shown by the SA‐Came

sample could be attributed to the partial charge‐transfer

contribution achieved by the presence of sulfur and

oxygen functional groups in the adjacent carbon atoms.

Further, the CV curves were measured to differentiate

the individual performance of the SA‐Came sample

prepared under different experimental conditions

(Figure S8). Comparatively, the SA‐Came sample promi-

nently covers a large current area that results in higher

FIGURE 4 (A) Schematic representation of the S‐AC water electrolyzer behavior. (B) LSV curve and (C) CA analysis of the fabricated

S‐AC water electrolyzer. The inset shows the electrolyzer with the visible evolution of oxygen and hydrogen bubbles. (D) OER and HER

overpotential of sulfur‐doped carbon, biomass‐derived AC, and catalysts in this study. AC, activated carbon; CA, chronoamperometry; HER,

hydrogen evolution reaction; LSV, linear sweep voltammetry; OER, oxygen evolution reaction
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specific capacitance of 141.83 F g−1 than SA‐Came(A9)

(71.98 F g−1) and SA‐Came(A8) (104.96 F g−1).

The energy storage properties of S‐Came were

evaluated by CV at various scan rates from a lower to a

higher order (Figure 5B). The CV curves of SA‐Came at

low scan rates ranging from 1 to 10mV s−1 are shown in

Figure S9A. To further analyze the effect of capacitance

control and diffusion control on the capacitance behav-

ior, a more detailed quantitative analysis of the cyclic

voltammetry curve was conducted. For SA‐Came, a linear

fitting analysis was performed on the logarithm of the

scan rate and the logarithm of the current at different

potentials (Figure 5C). Based on Equation S5, the

calculated slope values at various potentials demonstrate

that in the SA‐Came electrode, capacitive‐controlled

EDLC behavior dominated. At a low scan rate, the

observed anodic peak current values of SA‐Came were

plotted against their respective scan rates and root of scan

rates (Figure S9B). The fitted anodic peak current values

were linear with scan rates, also indicating that the

capacitive behavior of SA‐Came was a typical capacitive‐

controlled process. Furthermore, the contribution ratios of

the capacitive and diffusion processes in the capacitance

behavior were calculated based on Equation S6.

Figure S9C shows that the capacitive mechanism was

present mainly with a partial contribution from the

diffusion mechanism at a scan rate of 100mV s−1. As

shown in Figure 5D, the improved charge storage property

FIGURE 5 (A) CV curves at a scan rate of 10mV s−1 of the bare Ni foam, C‐AC, S‐Came, and SA‐Came in the potential range from –1 to

0 V versus Hg/HgO, (B) CV curves at various scan rates, (C) linear plot of log i versus log υ for SA‐Came, (D) fractions of contributions at

scan rates in the range of 20–100mV s−1, (E) GCD curves at a current density of 2 A g−1 of all prepared samples, (F) specific capacitance

retention plot of GCD curves versus current density, and (G) cycling stability of SA‐Came in the three‐electrode system. C‐AC, commercially

available activated carbon; CV, cyclic voltammetry; GCD, galvanostatic charge/discharge; S‐Came, sulfur‐doped camellia; SA‐Came, sulfur

self‐doped activated camellia
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of the SA‐Came electrode was because of the predominant

contribution of the EDLC mechanism as well as the

partial redox reaction. With an increase in the scan rate,

the fraction of charges stored by the diffusion‐controlled

process decreased with the gradual increase in the

capacitive contribution.

Then, galvanostatic charge/discharge (GCD) measure-

ments were performed to investigate the charging and

discharging behavior of the electrodes. Similar to the CV

analysis, the GCD curves of the prepared SA‐Came, S‐

Came, and C‐AC, as well as bare nickel foam, were

compared to differentiate the electrodes based on their

performance (Figure 5E). The GCD curves revealed that the

prepared SA‐Came showed a higher specific capacitance

(125.42 F g−1) than S‐Came (5.72 F g−1), C‐AC (65.75 F g−1),

and bare nickel foam (2.16 F g−1) at a current density of

2 A g−1. The GCD curves in Figure S10 show that SA‐Came

prepared under different experimental conditions shows a

lower specific capacitance of 60.42 F g−1 (SA‐Came(A9))

and 115.72 F g−1 (SA‐Came(A8)) than that of SA‐Came

(125.42 F g−1) at a current density of 2 A g−1, respectively.

Figure 5F shows the GCD curves of SA‐Came at various

current densities (2–10A g−1) to estimate its capacity

retention behavior at higher current densities. The capaci-

tance retention plot confirmed that SA‐Came had enhanced

capacitance retention: it retained 92.51% of its initial

capacity at high current density compared to the auxiliary

electrodes. In addition, SA‐Came showed good cycling

stability with a minimal loss in its initial capacity for

approximately 4000 cycles at a current density of 5 A g−1

(Figure 5G).

To further evaluate SA‐Came nanospheres for practical

applications, a symmetrical hybrid supercapacitor was

fabricated using an SA‐Came electrode with a

dual‐electrode system (Figure 6A). The CV curves of the

device were quasi‐rectangular at various scan rates from 1

to 100mV s−1 (Figures 6B and S11). The device stretched to

a high cell voltage of 1.6 V, which is relatively higher than

that reported for biomass‐derived supercapacitor systems.

The calculated specific capacity from the CV curve showed

the highest specific capacity of 117.52 F g−1 at a scan rate of

1mV s−1. The GCD curves of the device obtained at various

current densities from 1.0 to 4.0 A g−1 reached a cell voltage

of 1.6 V with a quasi‐triangular curve (Figure 6C).

Moreover, the specific capacity of the device

calculated from the GCD curves was 77.7 F g−1 at a

current density of 1.0 A g−1. The energy and power

densities of the device were calculated from the GCD

curves. In this study, the highest energy density was

34.54Wh kg−1 at a power density of 1600W kg−1. This

result suggests that the SA‐Came supercapacitor device

showed a significantly improved energy density com-

pared to other carbon‐based composites ones. The

Ragone plot of the SA‐Came device confirmed its

superiority over other reported artificial sulfur‐doped,

carbon‐based, and biomass‐derived supercapacitor

devices (Figure 6D). Notably, the original sulfur‐doped

SA‐Came electrode showed higher energy and power

density values than the N and S‐codoped catalysts. The

detailed energy and power density values are listed in

Table S1. Finally, the cycling stability of the device

indicated high stability for approximately 15,000 cycles at

a current density of 4.0 A g−1 with a significant capacity

retention rate (98%) (Figure 6E). The device was utilized

in real‐time applications in white (3.5 V), yellow (2.1 V),

blue (4.0 V), and green (2.2 V) light‐emitting diode

devices (inset images in Figure 6E).

The as‐synthesized SA‐Came electrocatalyst showed

good electrochemical supercapacitor performance, which

may be attributed to the high electrochemical surface

area provided by the mesoporous structure and the fast

charge‐transfer process promoted by S‐doping, thereby

accelerating the redox reaction. For an in‐depth under-

standing of the enhanced electrochemical performance of

SA‐Came, the effect of S‐doping was investigated by

density functional theory calculations: the adsorption

energy, the population of electrons from the density of

states (DOS), and plane‐averaged charge density differ-

ence. By comparing the adsorption energies of adsorbing

electrolyte ions (K+) on the C‐AC surface and the SA‐

Came surface, the effects of S‐doping on the adsorption

of K+ were observed (Figure 7A). As the adsorption/

desorption of K+ ions from KOH aqueous electrolyte

occurs during charging/discharging of a supercapacitor,

we calculated the adsorption energies of K+ ions on the

active sites of C‐AC and SA‐Came. According to the

classical Sabatier's principle, K+ ions should bind neither

too strongly nor weakly on the catalytic surface to avoid

hindrance to the charge/discharge process. Thus, the

adsorption energy of the K+ ion should be nearly zero.

As we mentioned in the study, SA‐Came, consisting of

S‐containing reduced graphene oxide (rGO) and

a‐carbon, showed nearly zero adsorption energy on both

active sites. Hence, it is obvious that charging/dischar-

ging will take place more efficiently on the surface of

SA‐Came than that on the surface of C‐AC. The electrical

conductivities of SA‐Came and C‐AC were compared by

electron density of states (DOS). The electrical conduc-

tivity is related to the electron charge/discharge kinetics,

meaning that the easier the movement of electrons, the

better the electrocatalytic activities. Moreover, the DOS

and plane‐averaged charge density difference (Figure 7B)

indicated that SA‐Came has higher conductivity than

C‐AC. We can see that the number of electrons near the

Fermi level of SA‐Came is higher than that of C‐AC,

indicating that the electrons can move more easily in
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SA‐Came. Thus, sulfur self‐doping of SA‐Came leads to

stronger electrolyte adsorption and higher conductivity,

which is preferred for boosting electrochemical performance.

Also, the built‐in electric field can be formed by the

difference of the work function between two different

materials in a heterojunction structure. Especially, the

large difference in the work function between S‐consisting

of rGO and a‐carbon in SA‐Came induced a larger

magnitude of the built‐in electric field in comparison to

the case of C‐AC. The formed built‐in electric field of

SA‐Came can play two main roles in the performance of

water splitting and a supercapacitor. It can behave as an

attractive force to induce OH− and H+ on the catalyst

surface of rGO and a‐carbon, respectively, for enhancing

water‐splitting performance. Subsequently, OH− ions,

which are involved in the charging/discharging process,

can be incorporated into the S‐containing rGO/a‐carbon

heterostructure by the built‐in electric field. They will

result in a potential difference according to the OH− ion

concentration in the inner region of the heterojunction

structure. It can promote the discharging process through

the enhanced ability of OH− desorption and consequently

lead to improved supercapacitance. Therefore, we can

conclude that the doped S atom of SA‐Came significantly

contributes to the enhanced multifunctional catalytic

reactivity for water splitting and supercapacitors.

FIGURE 6 (A) Schematic charge mechanism of the SA‐Came symmetric hybrid supercapacitor device. (B) CV curves of the

fabricated supercapacitor at various scan rates. (C) GCD curves of the fabricated supercapacitor at various current densities. (D)

Ragone plots of the fabricated supercapacitor. (E) Cycling stability and capacity efficiency of the fabricated supercapacitor. Inset: the

fabricated supercapacitor being used in a real‐time application. CV, cyclic voltammetry; GCD, galvanostatic charge/discharge;

SA‐Came, sulfur self‐doped activated camellia
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4 | CONCLUSION

In summary, SA‐Came was prepared using the

solvothermal–pyrolysis method using camellia flower

biomass as a raw material. In particular, with the self‐

doping of sulfur heteroatoms on the carbon skeleton,

rapid charge transfer can be achieved in electroche-

mical reactions, which is favorable in supercapacitors

and water‐splitting applications. Compared with

commercial activated carbon materials, SA‐Came

shows higher electrochemical activity. As a reliable

electrode material, SA‐Came showed high HER and

OER performances with overpotentials of 154 and

362 mV to reach a current density of 10 mA cm–2 and a

low Tafel slope (89.92 mV dec−1). When assembled as

a dual‐electrode water‐splitting system, the device

was driven with a voltage of 1.76 V at 10 mA cm–2.

Additionally, it showed a specific capacitance of

FIGURE 7 (A) Calculated K+ and OH− Gibbs free energies of SA‐Came and C‐AC. The blue, yellow, black, red, and pink balls represent

K, S, C, O, and H atoms, respectively. (B) Calculated total density of states (TDOS) of S‐AC and AC. The black lines represent the TDOS of

the a‐carbon/rGO heterostructure, which consists of rGO and a‐carbon. The yellow and pink lines show the TDOS of a‐carbon and rGO,

respectively. Ø represents the work function. Ef (1), Ef (2), and Ef (3) depict the Fermi energies of the heterostructure, a‐carbon, and rGO

with horizontal dotted lines, respectively. Plane‐averaged charge density differences of S‐AC and AC. The pink and blue regions denote the

electron accumulation and depletion regions, respectively. The isovalue is set to 0.04 e/Bohr. The black, red, and yellow balls indicate C, O,

and S atoms, respectively. AC, activated carbon; C‐AC, commercially available activated carbon; rGO, reduced graphene oxide; SA‐Came,

sulfur self‐doped activated camellia
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125.42 F g−1 at a current density of 2 Ag−1. The

obtained sulfur self‐doped biochar derived from

camellia flowers not only has good potential for

energy conversion and storage devices but also

provides valuable insights into the efficient utilization

of waste biomass.
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