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A B S T R A C T

A successful transformation of Datura metel seed pod into activated carbon (AC) codoped with nitrogen (N) and
sulfur (S) contents have opened up a new route in this process which turned the material to be source material
for supercapacitor application. The appropriate proportion of KOH with raw material and the activation con-
dition were the key factors in this conversion process. The conversion of Datura metel seed pod into AC has
opened the possibility of the material for supercapacitor application. HRSEM/EDX with elemental mapping and
XPS analysis evidenced the morphologies and codoped surface functionalities. XRD, Raman spectra and N2

adsorption/desorption isotherm analysis were studied. The activation temperature 600 °C for 1 h with 30 wt% of
KOH resulting the surface area of the derived AC (DM 3) is found to be 795.4857m2/g. The codoped surface
functionalities have led to a significant specific capacitance of 340 F/g at a current density of 1 A/g. The novel
material exhibits excellent cycling stability with 95.24% capacitance retention at 1 A/g for 3000 cycles proved to
be an excellent electrode material for energy storage especially for supercapacitor application.

1. Introduction

Immoderate consumption of fossil fuels attains faster than huge
energy challenges and the level of rise in climate-warming, carbon di-
oxide (CO2) in the atmosphere is a near-record. The amount of these
issues and practical concerns of modern life in our planet prompted an
increasing in the number of researchers, countries and companies are
embracing the global production of renewable energy coming from
solar radiation, wind energy, recent forms of waste-to-biomass trans-
lation assembly leading to biofuel energy and other sources of alter-
native energies [1–5]. For adapting global technologies, we require
reliable electric energy-storage systems. The electric energy-storage
devices store energy electrochemically in supercapacitors (ultra-
capacitors) and traditional lithium-ion batteries [6–10]. Though bat-
teries are enriched for higher energy density, but their power density
factors low down with deprived cycle life makes hamper for high power
demanding applications such as hybrid electrical vehicles, cranes, dri-
vetrains, other transport system and in opening urgent situation doors
systems [11–14]. By disparity, supercapacitor can store better amount
of energy than the conventional capacitors and a better choice to pro-
vide energy far quicker than batteries [15]. Hence, supercapacitor

lucratively meets the demands for portable electronics in electric ve-
hicles bridges an ideal energy-storage device. The mechanism of
charge-storage in supercapacitors, can be explained by the following
possibilities [6,16,17] EDLC (electric double layer capacitance) storage
system relies on the non-Faradaic reaction at electrode/electrolyte in-
terface in which a variety of bioderived activated carbon (AC) materials
are used as electrode materials and pseudocapacitance system relies on
the reversible Faradaic redox reactions at electroactive surfaces in
which certain metal oxides or conducting polymer based are used as
electrode materials [18,19]. However, the demands and cost of the
device are vital for large-scale industries choice. On account of these
commercial available supercapacitors relies on AC for their low cost
and high surface area [20–24] as electrode materials. To enhance the
challenges mentioned above, researchers explored activated carbon
materials from various biomasses have especially used for electrode
materials [25–28]. Among them, a derived AC is utilized as electrode
material for supercapacitor due to its low cost, high conductivity, sur-
face area, availability and possessing better properties [29–31].

Nowadays, more and more researchers are focused on utilization of
biomass materials as they are abundant, clean and renewable. Hence,
biomass-derived porous carbon materials can be used as an inexpensive
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source of carbon for the production of high added-value products
[32–35]. More important, its high electrical conductivity influences the
electrochemical performances. The carbon-based electrode materials of
double-layer capacitors accelerate the energy-storage of super-
capacitors, features the capacitance property relationship reported in
the literature. The activation process of the electrode material include
activation temperature, chemical activating agents, ratio of activating
agent and holding time are important for high yield material and well-
developed pores [36–45]. The electrode material with modulated sur-
face areas and pore-size must be greater than electrolyte ion to have
significant increase in capacitance, as the distributions of pores dis-
tinguished as micropores, mesopores and macropores in the size range
from<2, 2–50 and> 50 nm to smooth the progress of access and
adsorption of the ions on the surface of electrode materials to store
charges, enhancing the electrode material gapping between batteries
and conventional capacitors providing high power supercapacitor
[46,47].

Besides the pore-size distribution of electrode materials, the surface
functionalities also play important roles in the chemical storage sys-
tems, by embellishment with various kinds of functionalities foremost
to the reactions between the functionalities and protons in the elec-
trolyte, enhances the surface-active sites promote energy-storage ap-
plications [48]. The S and N codoped AC is favored in fine-tuning the
electronic structure of the carbonaceous material leading to change in
electron density of states, increasing electrode-electrolyte interaction,
conductivity shows an excellent specific capacitance [49]. The O
functionalities also have important effects in enhancing the material
surface wettability by increasing the hydrophilic polar sites. Other
surface functionalities such as boron (B), fluorine (F) and phosphorus
(P) doped into the carbon matrix enable additional surface pseudoca-
pacitance in carbon materials [50]. The current collector used in elec-
trochemical study offers the enhanced contact impedance between the
active film and the current collector, especially for activated carbon-
based material the carbon-felt is used as current collector in aqueous
electrolytes providing higher ionic conductivity, flexibility and does not

corrode, led to improve electrochemical stability at wide potentials
[51].

Datura is an herbaceous perennial or annual shrubby plant, which is
grown in tropical region. The species are also known by other common
names such as Devil's snare etc. The plant consists of stem, broad leaf,
flower and seed [52]. Herein, we employ our attention on the viability
of using an abundant Datura metel seed pod as carbon precursor in a
simplistic technique for the large-scale yield of AC. The pioneering
work of employing Datura metel seed pod in synthesizing the N, S co-
doped AC for supercapacitor application is established. To the pre-
eminent of our information, no studies are reported on Datura metel
seed pod based porous carbon for supercapacitors application.

2. Experimental

2.1. Sample preparation

The Datura metel seed pod is used as the raw material for the
sample preparation. The DM materials were synthesized as follows: The
seed pod was washed thrice using deionized water to remove dust and
other particles. The cleaned pieces were dried in an oven at 100 °C to
removal of water bodies present in the raw material. Further, the
temperature is raised to 200 °C and maintained in the same condition
for 1 h to reduce the moisture content present in the raw material. The
carbonized sample was then ground in to small particles using mortar
pestle. The charcoal was activated by mixing the above prepared raw
material and agitated with potassium hydroxide (KOH) of 30 wt%
aqueous solution. The impregnation ratio kept as 2:1 (KOH: carbon),
respectively. 1M of thiourea added for N and S source in the AC. The
mixture was mixed homogeneously at ambient condition with occa-
sional stirring for 24 h. Finally, the mixture was filled into a stainless
steel autoclave for obtaining porous carbon. The autoclave sealed with
the prepared mixture and kept in a muffle furnace at three different
activation temperatures such as 400, 500 and 600 °C at a heating rate of
5 °C/min under vacuum conditions for 1 h to study the activation

Fig. 1. Schematic illustration of the step procedures for preparing a highly porous carbon with Datura metel seed pod as starting materials.
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process in AC. Then, the resultant mixture was repeatedly washed with
deionized water to eradicate residuals and maintain a neutral pH. The
resulting sample was dried in the hot air oven at 60 °C throughout
night. The DM series samples synthesized at different activation tem-
peratures enriched with nitrogen and sulfur carbon sources are referred
as DM 1, DM 2 and DM 3, respectively. A schematic representation of a
highly porous AC with Datura metel seed pod as illustrated in Fig. 1.

2.2. Characterization methods

X-ray diffraction (XRD) measurements were carried out using
Bruker AXS D8 attached to an advanced diffractometer (Rigaku) with a
CuKα radiation fitted with Lynx Eye detector. The samples were
scanned in the range between 10° and 80° with a scan rate of 0.02°/min.
Raman spectra were obtained on a (CRM) confocal Raman microscope
with an excitation laser beam wavelength of 532 nm (Nd-YAG). N2

adsorption/desorption isotherms analyzed using ASAP 2020 analyzer at
−196.15 °C. The surface area was calculated from the adsorption des-
orption isotherms using Brunauer-Emmett-Teller (BET) method. The
surface morphologies were determined by using high-resolution scan-
ning electron microscope (HRSEM) FEI Quanta FEG 200. The func-
tionalities were investigated through EDX (Energy dispersive X-ray
spectrum) fitted with elemental mapping tool. The surface functional-
ities of the samples were analyzed with X-ray photoelectron spectro-
meter (CAE: pass energy 120.0 eV of analyzer mode). HRTEM analysis
made with JEOL 3010 instrument. The EIS analysis was carried out
using BioLogic scientific instruments were conducted in the frequency
range of 10 KHz to 1mHz at an open-circuit potential with an a.c.

amplitude of 10mV.

2.3. Working electrode preparation and electrochemical measurements

All the electrochemical measurements were evaluated in electro-
chemical workstation using PGSTAT302F (Autolab). The fabrication of
working electrodes for the supercapacitors were formulated as follows:
Firstly, taking accurately weighed amounts of the active material (80 wt
%), conducting black material (10 wt%), and binder polyvinylidene
difluoride (PVDf) (10 wt%). Secondly, the weighed electrode material
taken in the ratio of 8:1:1 added with few drops of N, N-di-
methylformamide to form a homogeneous slurry, all the preparation
were carried out for about 1 h. Thirdly, the homogeneous slurry was
coated on the carbon-felt in the geometric area, 1× 1 cm2 by Doctor's
blade method. Finally, the slurry coated on the carbon-felt was dried at
80 °C for 12 h in an oven. Electrochemical test were carried out in a
three-electrode system in 1mol/L H2SO4 aqueous solution. The carbon-
felt coated with codoped activated carbon served as a working elec-
trode material for electrochemical characterization. Ag/AgCl as re-
ference and Pt wire as counter electrode, respectively. The electro-
chemical properties are evaluated for all DM samples were determined
by cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and
electrochemical impedances spectroscopy (EIS). The CV tests of the
codoped activated carbon electrodes were carried at various scan rates
in the potential window between 0.0 and 1.0 V (vs. Ag/AgCl). GCD
curves of the codoped activated carbon electrodes were measured in a
potential of 0.0 to 1.0 V, respectively, at different current densities. The
specific capacitance of a single electrode was determined using Eq. (1):

Fig. 2. (a) XRD pattern, (b) Raman spectra, (c) N2 adsorption−desorption isotherm and (d) pore-size distributions of the AC.
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where C is the gravimetric capacitance (F/g), I is the discharge current
(A), Δt is the discharge time (s), m is the mass of the active material (g)
and ΔV is the array of charge-discharge voltage (V).

3. Results and discussion

The X-ray diffraction pattern of the codoped DM samples obtained
at 400, 500 and 600 °C are shown in Fig. 2(a). All the samples exhibit a
broad diffraction peak around 2θ of 24° represents the (002) reflection
plane of graphitic carbon planes of graphitic frameworks [53], attrib-
uted to turbostratic stacking [54]. The increases in temperature reflects
in increases in peak intensity at (002) plane, especially DM 3 with in-
crease in graphitic stacking order [55]. In addition, a small spike no-
ticed at a broad diffraction peak around 2θ of 28° indicates a graphitic
order [56]. Another peak centered at 44° assigned to the (100) dif-
fraction plane is relatively low in intensity. The intensity of (100) plane
increases, resulting in formation of superior degree of graphitic struc-
ture at superior activation temperature. These obtained nano-graphitic
structures will significantly get better with electrical conductivity
[57–61].

Raman spectroscopy is an influential assesses to detect the structure
and quality information on the degree of graphitized carbon materials.
As shown in Fig. 2(b) which shows three absorbance region: The region
observed at 1350 cm−1 is mainly attributed to the D band arises from
disordering degree in the structure (CeC). The region centered nearly
at 1578 cm−1 is due to the G-band originates from the vibrations of sp2-
hybridized carbon. The peak obtained at 2732 cm−1 is a characteristic
region of 2D-band [62–64]. The intensity ratio of G to D bands is di-
rectly proportional to the crystalline level of the carbon material [65].
The degree of graphitization of the carbon materials can be expressed
by the ID/IG ratio calculated from the peak intensity of D and G bands.
The peak ratio of DM 1, DM 2 and DM 3 are determined to be 0.86, 0.86
and 0.84, respectively. The smaller the ID/IG ratio, the higher the degree
of graphitization with a low degree of amorphous, improves the elec-
tron transportability, reduce interfacial charge transfer resistance
[66,67]. Activation of KOH in raw material can offer extra structural
defects foremost to a superior degree of disorder [68].

The materials porosity is examined by N2 adsorption at −196.15 °C
and the data obtained for adsorption/desorption isotherms are shown
in Fig. 2(c). The parameters of surface area and pore volume are
summarized in Table 1. As exposed in Fig. 2(c) all the samples display
type I and IV adsorption isotherms according to the IUPAC rule with
obvious hysteresis loops at relatively higher pressure in P/P0 range
from 0.5 to 1, signifying the existence of abundant mesoporous em-
bedded in the activated carbon samples [69–71]. The low and high
activation temperature compared with the BET surface area and pore
volume calculated by BJH method lie in the range of 10.5784m2/g and
0.054012 cm3/g for DM 1 and DM 3 range to 795.4857m2/g and
0.395933 cm3/g, respectively. Significantly, there is no collapse of the
pore structure noticed with an increase in the activation temperature as
shown in Fig. 2(d) ideal for ions movements enhance the superior
performance of electrode.

The codoped AC of sample DM 1 with small number of activated
sites, leading to a less porous and low surface area compared to DM 2
and DM 3 samples may be due to low activation temperature. The ac-
tivation progress of DM 2 and DM 3 is sufficiently enhanced in devel-
opment of high surface area and pore width corresponding with in-
creasing temperature. The KOH/raw material(DM) weight ratio has
significantly developed high surface area, pore width and the hysteresis
loop adsorption curve at higher pressure profile. As it is believed that
superior surface area of active material is essential for the permeability
of electrolyte ions from side to side pores [72,73]. The calculated
average pore diameter of DM 1, DM 2 and DM 3 are 10.4, 5.0 and

4.1 nm, respectively. The activation temperature and activating agent
are significant factors for the formation of interstitial porosity and the
results confirms the interparticle pores promoted the mesoporosity
enhanced in sample DM 3 (600 °C) with pore size of 4 nm. These evi-
dences clearly demonstrate the enhancement of KOH during the acti-
vation process. The amount of KOH and activation processes improves
the surface area and pore volume of derived AC [74,75] afford for the
transport of electrolyte ions which is beneficial in various applications
[76–79].

HRSEM investigation was performed to obtain the detailed mor-
phology in the low and high magnification SEM images as shown in Fig.
S1 (a - i). From the perspective of the magnified SEM image, the mor-
phology appears to be volcanic lava stone. Fig. S1 (a - c) shows image of
DM 1 AC at activation temperature 400 °C, the stratum of AC is thick
and densely compact with small pores at lower activation temperature,
as activation temperature increases to 500 °C there are improved nu-
merous porous network developed in the AC stratum as shown in Fig.
S1 (d - f) exhibits DM 2 sample. Fig. S1 (g - i) shows the morphology of
the sample DM 3 with higher activation temperature shows uniformly-
distributed numerous porous network. At lower magnification, the SEM
images shows porous nature of the carbon matrix in 1 and 2 μm, and
higher magnification of SEM images at 500 nm display a numerous
pores are created in the surface on the carbon matrix. Interestingly, DM
3 exhibits highly porous structure in the carbon matrix obtained. It is
manifested that the activation temperature and activation agent KOH
have successfully opened up porous structures in active materials.
Additionally, the layers of carbon particle become smaller and plentiful
round holes increases play a vital role in storage and transport ability.
Moreover, the porous structure could be observed from the HRTEM
image Fig. S2. The inset figure reveals disordered carbon matrix
showing no interlayer distance, which is consistent with the corre-
sponding Fast Fourier Transform (FFT) pattern obtained.

The addition of thiourea as the precursor for codoping results in the
introduction of N, S atoms into the carbon structures of all the prepared
samples. The contents of N and S heteroatoms in various carbon sam-
ples were determined by elemental mapping and summarized in
Table 2. The sample DM 1 activated at 400 °C reported the highest
weight percentages of codoped heteroatoms is 19.75 wt% (19% for N
atom, 0.75% for S atom). The sample DM 2 activated at 500 °C reported
the weight percentages of codoped heteroatoms is 10.22 wt% (5.75%
for N atom, 4.47% for S atom) and sample DM 3 activated at 600 °C
reported the moderate weight percentages of codoped heteroatoms is
6.23 wt% (5.03% for N atom, 1.2% for S atom) respectively. These
weight percentages of codoped heteroatom in carbon matrix showed
the level of doping at three activation temperature. From the Fig. S3
EDX graph of sample DM 3 with inset indicates the elements C, N, O and
S have been successfully incorporated.

XPS was employment to authentic the surface functionalities of DM
3 and their corresponding spectra are shown in Fig. 3(a - d). Through
XPS spectra, the surface functionalities of DM 3 were authenticated.
Additionally, the comparison with DX mapping is show in Table 3.
From XPS spectra the content of carbon is determined as 85.5 at.% is in
accordance with those measured through EDX mapping shows 83.7 at.
%. The level O doped by 10.07 at.% is in accordance with 10.03 at.%.
The level N doped by 3.24 at.% is in accordance with 5.03 at.%. The
level S doped by 1.23 at.% is in accordance with 1.2 at.% which reveals
the presence of N, S elements codoped activated carbon. The fitted
high-resolution carbon (C1s) spectrum shown in Fig. 3(a) can be de-
convoluted into five peaks, 283.68, 284.21, 284.87, 285.65 and 287.58
ascribed to C-S-C, C-C/C=C, C-OH/C-H/C-S, C-N-C and C-O-C/O-C=O
respectively. The presence of functionalities certainly creates wett-
ability and pseudocapacitance, due to transfer kinetics of electron and
admirable redox [80] . The fitted high-resolution oxygen (O1s) spec-
trum shown in Fig. 3(b) can be deconvoluted into four peaks, 530.99,
532.63, 534.73 and 536.95 eV ascribed to carbonyl groups C]O,
C–O–C/C–OH, SOx and H-O-H respectively [81]. The Fig. 3(d) shows
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high resolution N1s peaks are the chemical state of nitrogen's species on
carbon matrix, the peaks at binding energies of 397.22 eV are assigned
to pyridinic–N and pyrrolic–N (399.16 eV) [82]. The fitted high-re-
solution sulfur (S2p) spectrum shown in Fig. 3(c) can be alienated into
two broad regions, the region from 162.0–166.3 eV is assigned to aro-
matic sulphide and one more region from 166.5–172 eV is assigned to
oxidized sulfur, these regions are comprise of strong relations between
S and C. The aromatic sulphide can be deconvoluted into two peaks,
163.85 and 164.94 eV, ascribed to S2p3/2 attributed to SeS and S2p1/2
attributed to C–S–C, arising from spine-orbit coupling respectively. The
oxidized sulfur can be deconvoluted into two peaks, 168.36 and
169.60 eV attributing to(C-SOxH−) sulphone bridges respectively [83] .

An electrochemical impedance spectroscopy (EIS) is a powerful tool
to examine the charge transport and ion diffusion of DM working
electrodes in 1M H2SO4 aqueous solution. The Nyquist impedance
spectra recorded with two regions between Z″ (imaginary axis) and Z′
(real axis) obtained in a frequency range of 10 KHz to 1mHz re-
presented in Fig. 4. The Nyquist plots reveal DM 1 to DM 3 electrodes
doesn't have same conductivity, besides their tempo of vary in wt% of
functional group and their activation stipulation. From the Nyquist
plots of DM 1, DM 2 and DM 3, particularly in the low frequency region
shows almost vertical line, demonstrating idyllic behavior of a capa-
citor. The plots do not show any semicircle in this region, possibly

Fig. 3. XPS spectra of DM 3(a) deconvoluted C1s, (b) deconvoluted O1s, (d) deconvoluted N1s and (c) deconvoluted S2p.

Fig. 4. Nyquist plots of DM 1, DM 2 and DM 3 electrodes in the frequency range
of 10 KHz to 1mHz.
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owing to its little Faradaic resistance [84]. From Nyquist plot, the slope
of the line is connected to the development rate of the EDLC. Superior
the slope value, the quicker the EDLC will be formed [85]. Thus, it can
be accomplished that the N, S functionalities on the surface of AC la-
beled DM samples are greatly encouraging for the speedy development
of EDLC, which agrees well with the CV measurements. In addition, the
mid-frequency range slope portion of the curve is entitled to Warburg
resistance, which is ascribed to ion diffusion and transport from elec-
trolyte to the surface of electrode [86]. Fig. 4 inset, indicates a typical
Warburg impedance showing DM 1, DM 2 and DM 3 are 1.6, 0.7 and
1.2Ω, respectively.

To authenticate the working performance of derived N, S codoped
AC materials from Datura metel seed pod was assembled in a three-
electrode system. The testing includes cyclicvoltammetry and galva-
nostatic charge/discharge, the capacitive performances of the elec-
trodes are explored in 1M H2SO4 used as an electrolyte. The working
electrodes of the labeled energetic materials tested in a potential
window of 0.0–1.0 V at different scan rates ranging from 2, 5, 10, 20,
50, 75 and 100mV/s, reveal the electrochemical nature of carbon
material. The typical capacitive behaviors of the N, S codoped AC
materials were revealed in Fig. 5(a - c). The working electrodes labeled
as DM 1, DM 2 and DM 3 used in this study as energetic material dis-
plays CV curves of highly capacitive nature. The obtained CVs of the
energetic material reveals completely distorted rectangular shape with
redox active sites exhibited from carbonaceous materials associated
from moderate N, S containing functional groups [87] and high surface
area which reflects the arrangement of electric double layer capacitance
and pseudocapacitance. With the rising activation temperature from
400 to 600 °C, the DM 3 electrode exhibit superior shape of CV curves
among other, which exhibits almost rectangular trend. It is evident the
areas with CV curves are clearly not alike. Such noticeable changes in
the CV curves are almost certainly ascribed to their porous structures
and cooped heteroatoms in the AC [88]. The current responses of all the
working electrodes were studied, respectively. The specific capacitance
is practically relative to the area of the CV shape [89] evidently, the
working electrode DM 3 has a larger CV curve area than that of other
working electrodes, consistent with the highest specific capacitance.

The CV curves of working electrode DM1 along with bare carbon
felt are reported in Fig. 5 (a) shows the comparative CV traces of bare
carbon felt scanned at 10mV/s along with DM 1 working electrode
scanned at different scan rate. The CV trends of bare carbon felt de-
monstrate far different from the working electrode DM 1, evidently the
current response of bare carbon felt shows a negligible current re-
sponse. CV traces of bare carbon felt scanned even at various scan rates
in sort to find the current response of the same; seems to be poor per-
formance and discharging time takes place even<1 s, which relatively
shows negligible effect in actual specific capacitance. Meanwhile,
compared to the working electrodes DM 1 and DM 2, the enhanced DM
3 working electrode represents better-symmetric and rectangular CV
curves evidenced at higher scan rates ascribed to N, S functionalities, a
higher specific surface area and acute porous structure which supply
lodging to electrolyte ions.

For deeper perceptive of capacitive behavior in relative to the CV
curve, in particular at a scan rate of 5mV/s in the same potential range
is selected for the determination of comparative behavior of the
working electrode of DM 1, DM 2 and DM 3 are shown in Fig. S4 (a)
indicates a typical quasi rectangular shape ideal for EDLC. Similarly,
GCD profile of working electrodes DM 2 and DM 3 are compared with
their curve, in particular at a current density of 1 A/g in the same
potential range indicates similar discharging curves are shown in Fig.
S4 (b).

The GCD profile of working electrodes DM 2 and DM 3 exposes a
triangular shape signifying distinctive galvanostatic charge/discharge
curves, especially discharge curves express an arc-like contributing to
the pseudofaradaic reactions [90]. As shown in Fig. 6 (a and b) contains
GCD curves of derived N, S codoped AC for DM 2 and DM 3, at a variety

of current densities range from 1, 2, 3, 4, 5 and 10 A/g, and the specific
capacitances are calculated using Eq. (1) and the values are tabulated in
Table 4 which illustrates the working electrode of energetic material
DM 3 presenting high capacitive activities and well-balanced charge
storage, contribute awesome capacitive behavior. The importance of
moderate N, S functional groups in the AC modify the polarization of
carbon matrixes because the carbon atoms adjoining to an N or S atom

Fig. 5. Comparison of CV traces of N, S codoped AC (a) DM 1with bare carbon
felt (b) DM 2 and (c) DM 3 at different scan rates (2, 5, 10, 20, 50, 75 and
100mV/s).
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acquire a notably positive charge solidity to recompense the sturdy
electronic affinity of the N and S atoms, which improve the wettability
of the carbon matrix. Therefore, improved electrode/electrolyte wett-
ability can support ion diffusion at the interface between the electrolyte
and electrode, thus improving the electrochemical performance [91].

The derived specific capacitances through galvanostatic charge/
discharge for the working electrodes DM 2 and DM 3, display the ex-
cellent capacitance values of which DM 3 shows high specific capaci-
tances of 340 F/g at 1A/g, respectively derived from Eq. (1), similarly
the others are tabulated. These results suggest that the working elec-
trode DM 3 possesses the highest capacitances compared to other
working electrodes measured at 1 A/g current density. Further, the
working electrode DM 3 reveals the superior capacitive performance
obtained with established N, S codoping, high surface area and more
suitable pore size distribution successfully increase the capacitance of
the carbon material. Simultaneous in situ, at small current density of 1
A/g, the working electrode DM 3 exhibit the longest time to a com-
prehensive charge/discharge cycle. The time taken to discharge is
higher than charging. This synergistic result is the novelty of the de-
rived activated carbon from a Datura metel seed pod with the high
capacitance of 340 F/g. An extraordinary association between the
content of N and S incorporated into the carbon framework proves
convincing specific capacitance value. The electrochemical properties
of AC derived from Datura metel seed pod is compared with different
biomass derived activated carbon electrode material and their electro-
chemical parameters are compared in Table 5.

To investigate the electrochemical stability, a long-term cycling test
of DM 2 and DM 3 working electrodes is studied for 3000 charging-
discharging cycles and represented in Fig. 7(a and b) with inset showing
the first 5 cycles and last 5 cycles, exhibiting the capacitance retention
of 85.53% and 95.24% at potential windows of 0.0–1.0 V, respectively.
Fig. 7(c) demonstrates the rate performance measurements of DM 2 and
DM 3, representing the specific capacitances with cycle number ex-
hibiting performance of DM 2 and DM 3 at various current densities.
Fig. 7 (d) shows the relationship between specific capacitance and
current densities. These results further evidence the excellent cycle
stability of DM 3 electrode.

4. Conclusion

In summary, a novel N, S codoped AC mesoporous structure shows
volcanic lava stone like morphology of the carbon matrix derived from

Fig. 6. Comparison of GCD traces of N, S codoped activated carbon (a) DM 2 and (b) DM 3 at different current densities (1, 2, 3, 4, 5 and 10 A/g).

Table 1
Study of activation condition progress in the surface area and pore size.

Sample Activation temperature (°C) BET surface area (cm3/g) Pore volume (P/Po= 0.99) (m2/g) Pore width (Å)

DM 1 400 10.5784 0.054012 1424.425
DM 2 500 415.2237 0.249746 7.716
DM 3 600 795.4857 0.395933 5.651

Table 2
Elemental analysis of codoped AC samples.

Sample DM 1 DM 2 DM 3

Element wt% at.% wt% at.% wt% at.%

CK 73.68 77.41 77.83 83.32 82.32 83.7
NK 19 17.11 5.75 5.28 6.28 5.03
OK 6.57 5.18 11.95 9.61 9.61 10.03
SK 0.75 0.29 4.47 1.79 1.79 1.2

Table 3
Authentication of codoped atoms of DM 3 sample with EDX and XPS.

DM 3

Elements EDX XPS

At.% At.%

CK 83.7 85.5
NK 5.03 3.24
OK 10.03 10.07
SK 1.2 1.23

Table 4
Specific capacitance of the samples DM 2 and DM 3 at different current den-
sities.

Sample Specific capacitance (F/g)

1 A/g 2 A/g 3 A/g 4 A/g 5 A/g 10 A/g

DM 2 196 170 150 136 130 110
DM 3 340 294 249 228 220 200
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Datura metel seed pod was synthesized successfully by a simple hy-
drothermal process. The advantage of this simple preparation route,
suggesting the high yield of activated mesoporous carbon could be
obtained. The 30 wt% of KOH and addition of thiourea influenced a
crucial role in the activation process, facilitate codoped N, S meso-
porous architecture and ultrahigh surface area. The graphitic nature
was confirmed by XRD and Raman spectra. DM 3 sample acquired a
maximum surface area of 795.4857m2/g among all other samples was
obtained by BET measurements. EDX and XPS evidenced the presence
of N, S, C and O in the samples. The specific capacitance of 340 F/g at a
current density of 1 A/g was attained for working electrode DM 3 via
galvanostatic charge/discharge tests. Thus, Datura metel seed pod can
be used as a prosepective choice for the synthesis of AC material for
energy-storage based applications.

Authors' statement

I am submitting a manuscript which reports on N, S codoped acti-
vated mesoporous carbon derived from the Datura metel seed pod as
active electrodes with the moderate intakes of Nitrogen and (N) sulfur
(S) contents in the codoped AC process turned the materials to be a
potential candidate for supercapacitor applications, this attempt ex-
plored the pioneer work in this species via hydrothermally. This co-
doped AC exhibits high specific capacitance of 340 F/g at a current
density of 1 A/g. I assure you that the manuscript has not been pub-
lished previously and it is not under consideration in any journal for
publication elsewhere. Also the publication is approved by all authors
and explicitly by the responsible authorities where the work was car-
ried out. Submission also implies that, if accepted, it will not be

Table 5
Comparison of electrochemical parameters of different biomass derived activated carbon electrodes.

Carbon source Activating agent Specific capacitance (F/g) Current density Electrolyte Ref.

Argania spinosa (seed shell) KOH/melamine 355 125mA/g 1M H2SO4 [92]
Bamboo carbonization and KOH 293 0.5 A/g 3M KOH [93]
Neem dead leaves No activation 400 0.5 A/g 1M H2SO4 [94]
Sugarcane bagasse ZnCl2 300 250mA/g 1M H2SO4 [95]
Sunflower seed shell KOH 311 250mA/g 30wt% KOH [96]
Waste coffee beans ZnCl2 368 50mA/g 1M H2SO4 [97]
Datura metel seed pod KOH 340 1 A/g 1M H2SO4 present work

Fig. 7. Electrochemical performances of DM 2 and DM 3 using 1M H2SO4 as electrolytes: (a) cycling stability of DM 2; (b) cycling stability of DM 3; (c) rate
performance measurements and (d) the relationship between specific capacitance and current densities.
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published elsewhere in the same form, in English or in any other lan-
guage, without the written consent of the Publisher. It may kindly be
considered in “Diamond and related materials” for publication.

Appendix A. Supplementary figures

• HRSEM image of samples from DM 1 to DM 3 at different magni-
fications

• EDX with elemental mapping of sample DM 3

• Comparative CV traces from DM 1 to DM 3 at a scan rate of 5mV/s

• Comparative GCD profiles of electrodes DM 2 and DM 3 at a current
density of 1 A/g

Supplementary figures to this article can be found online at https://
doi.org/10.1016/j.diamond.2019.107687.
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micro- and mesoporous materials. Pitfalls and limitations in gas adsorption data
analysis, Microporous Mesoporous Mater. 60 (1) (2003) 1–17.

[72] M.Y. Song, H.Y. Park, D.-S. Yang, D. Bhattacharjya, J.-S. Yu, Seaweed-derived
heteroatom-doped highly porous carbon as an electrocatalyst for the oxygen re-
duction reaction, ChemSusChem 7 (6) (2014) 1755–1763.

[73] K.P. Singh, M.Y. Song, J.-S. Yu, Iodine-treated heteroatom-doped carbon: con-
ductivity driven electrocatalytic activity, J. Mater. Chem. A 2 (42) (2014)
18115–18124.

[74] P. Pachfule, D. Shinde, M. Majumder, Q. Xu, Fabrication of carbon nanorods and
graphene nanoribbons from a metal–organic framework, Nat. Chem. 8 (2016) 718.

[75] Y. Zhu, S. Murali, M.D. Stoller, K.J. Ganesh, W. Cai, P.J. Ferreira, A. Pirkle,
R.M. Wallace, K.A. Cychosz, M. Thommes, D. Su, E.A. Stach, R.S. Ruoff, Carbon-

based supercapacitors produced by activation of graphene, Science 332 (6037)
(2011) 1537–1541.

[76] H. Wei, H. Chen, N. Fu, J. Chen, G. Lan, W. Qian, Y. Liu, H. Lin, S. Han, Excellent
electrochemical properties and large CO2 capture of nitrogen-doped activated
porous carbon synthesised from waste longan shells, Electrochim. Acta 231 (2017)
403–411.

[77] C. Ma, X. Chen, D. Long, J. Wang, W. Qiao, L. Ling, High-surface-area and high-
nitrogen-content carbon microspheres prepared by a pre-oxidation and mild KOH
activation for superior supercapacitor, Carbon 118 (2017) 699–708.

[78] M. Sevilla, R. Mokaya, Energy storage applications of activated carbons: super-
capacitors and hydrogen storage, Energy Environ. Sci. 7 (4) (2014) 1250–1280.

[79] D. Kang, Q. Liu, J. Gu, Y. Su, W. Zhang, D. Zhang, “Egg-box”-assisted fabrication of
porous carbon with small mesopores for high-rate electric double layer capacitors,
ACS Nano 9 (11) (2015) 11225–11233.

[80] Z. Song, D. Zhu, L. Li, T. Chen, H. Duan, Z. Wang, Y. Lv, W. Xiong, M. Liu, L. Gan,
Ultrahigh energy density of a N, O codoped carbon nanosphere based all-solid-state
symmetric supercapacitor, J. Mater. Chem. A 7 (3) (2019) 1177–1186.

[81] E. Hao, W. Liu, S. Liu, Y. Zhang, H. Wang, S. Chen, F. Cheng, S. Zhao, H. Yang, Rich
sulfur doped porous carbon materials derived from ginkgo leaves for multiple
electrochemical energy storage devices, J. Mater. Chem. A 5 (5) (2017) 2204–2214.

[82] J. Qu, C. Geng, S. Lv, G. Shao, S. Ma, M. Wu, Nitrogen, oxygen and phosphorus
decorated porous carbons derived from shrimp shells for supercapacitors,
Electrochim. Acta 176 (2015) 982–988.

[83] R. Atchudan, T.N.J.I. Edison, S. Perumal, A.S. Parveen, Y.R. Lee, Electrocatalytic
and energy storage performance of bio-derived sulphur-nitrogen-doped carbon, J.
Electroanal. Chem. 833 (2019) 357–369.

[84] Q. Wu, Y. Xu, Z. Yao, A. Liu, G. Shi, Supercapacitors based on flexible graphene/
polyaniline nanofiber composite films, ACS Nano 4 (4) (2010) 1963–1970.

[85] W.-C. Chen, T.-C. Wen, H. Teng, Polyaniline-deposited porous carbon electrode for
supercapacitor, Electrochim. Acta 48 (6) (2003) 641–649.

[86] H. Peng, G. Ma, K. Sun, J. Mu, Z. Zhang, Z. Lei, Formation of carbon nanosheets via
simultaneous activation and catalytic carbonization of macroporous anion-ex-
change resin for supercapacitors application, ACS Appl. Mater. Interfaces 6 (23)
(2014) 20795–20803.

[87] L. Zhao, L.-Z. Fan, M.-Q. Zhou, H. Guan, S. Qiao, M. Antonietti, M.-M. Titirici,
Nitrogen-Containing Hydrothermal Carbons with Superior Performance in
Supercapacitors, (2010).

[88] D. Hulicova-Jurcakova, M. Seredych, G.Q. Lu, N.K.A.C. Kodiweera, P.E. Stallworth,
S. Greenbaum, T.J. Bandosz, Effect of surface phosphorus functionalities of acti-
vated carbons containing oxygen and nitrogen on electrochemical capacitance,
Carbon 47 (6) (2009) 1576–1584.

[89] G. Boopathi, G.G. Karthikeyan, S.M. Jaimohan, A. Pandurangan, A.L.F. de Barros,
Dopant effects of Gd3+ on the electrochemical pseudocapacitive characteristics of
electroactive mesoporous NiO electrodes for supercapacitors, J. Phys. Chem. C 122
(17) (2018) 9257–9274.

[90] D. Hulicova-Jurcakova, M. Seredych, G.Q. Lu, T.J. Bandosz, Combined effect of
nitrogen- and oxygen-containing functional groups of microporous activated carbon
on its electrochemical performance in supercapacitors, Adv. Funct. Mater. 19 (3)
(2009) 438–447.

[91] M. Kotal, H. Kim, S. Roy, I.-K. Oh, Sulfur and nitrogen co-doped holey graphene
aerogel for structurally resilient solid-state supercapacitors under high compres-
sions, J. Mater. Chem. A 5 (33) (2017) 17253–17266.

[92] A. Elmouwahidi, Z. Zapata-Benabithe, F. Carrasco-Marín, C. Moreno-Castilla,
Activated carbons from KOH-activation of argan (Argania spinosa) seed shells as
supercapacitor electrodes, Bioresour. Technol. 111 (2012) 185–190.

[93] G. Zhang, Y. Chen, Y. Chen, H. Guo, Activated biomass carbon made from bamboo
as electrode material for supercapacitors, Mater. Res. Bull. 102 (2018) 391–398.

[94] M. Biswal, A. Banerjee, M. Deo, S. Ogale, From dead leaves to high energy density
supercapacitors, Energy Environ. Sci. 6 (4) (2013) 1249–1259.

[95] T.E. Rufford, D. Hulicova-Jurcakova, K. Khosla, Z. Zhu, G.Q. Lu, Microstructure and
electrochemical double-layer capacitance of carbon electrodes prepared by zinc
chloride activation of sugar cane bagasse, J. Power Sources 195 (3) (2010)
912–918.

[96] X. Li, W. Xing, S. Zhuo, J. Zhou, F. Li, S.-Z. Qiao, G.-Q. Lu, Preparation of capacitor's
electrode from sunflower seed shell, Bioresour. Technol. 102 (2) (2011)
1118–1123.

[97] T.E. Rufford, D. Hulicova-Jurcakova, Z. Zhu, G.Q. Lu, Nanoporous carbon electrode
from waste coffee beans for high performance supercapacitors, Electrochem.
Commun. 10 (10) (2008) 1594–1597.

F.R.M.S. Raj, et al. Diamond & Related Materials 102 (2020) 107687

10

http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0255
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0255
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0260
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0260
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0265
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0265
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0265
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0270
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0270
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0275
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0275
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0275
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0280
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0280
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0280
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0285
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0285
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0285
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0290
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0290
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0290
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0295
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0295
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0295
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0300
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0300
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0300
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0305
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0305
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0305
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0310
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0310
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0310
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0315
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0315
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0320
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0320
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0320
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0325
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0325
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0325
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0330
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0330
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0330
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0335
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0335
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0335
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0340
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0340
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0340
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0345
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0345
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0345
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0350
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0350
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0350
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0355
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0355
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0355
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0360
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0360
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0360
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0365
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0365
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0365
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0370
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0370
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0375
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0375
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0375
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0375
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0380
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0380
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0380
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0380
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0385
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0385
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0385
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0390
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0390
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0395
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0395
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0395
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0400
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0400
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0400
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0405
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0405
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0405
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0410
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0410
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0410
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0415
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0415
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0415
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0420
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0420
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0425
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0425
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0430
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0430
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0430
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0430
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0435
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0435
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0435
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0440
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0440
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0440
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0440
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0445
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0445
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0445
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0445
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0450
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0450
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0450
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0450
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0455
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0455
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0455
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0460
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0460
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0460
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0465
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0465
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0470
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0470
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0475
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0475
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0475
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0475
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0480
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0480
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0480
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0485
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0485
http://refhub.elsevier.com/S0925-9635(19)30664-8/rf0485

	N, S codoped activated mesoporous carbon derived from the Datura metel seed pod as active electrodes for supercapacitors
	Introduction
	Experimental
	Sample preparation
	Characterization methods
	Working electrode preparation and electrochemical measurements

	Results and discussion
	Conclusion
	Authors' statement
	Supplementary figures
	References




