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H I G H L I G H T S

• Sulfur-self doped carbon are prepared
via a hydrothermal carbonization fol-
lowed by self-chemical activation.

• Inexpensive and simple manufacturing
method.

• High specific capacitance along with
durability is achieved.

• The resulting materials show out-
standing ORR activity.
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A B S T R A C T

The growing global concerns about the increased fossil fuel consumption and related environmental issues have
motived scientists to find new, green and sustainable energy resources and technologies. In this work, byproduct
lignin biomass was successfully converted into sulfur self-doped carbon via in-situ hydrothermal carbonization
followed by thermal annealing. The sulfur surface content in the as-prepared porous carbon is up to 3.2 wt % as
indicated by the XPS measurements. Beyond the traditional synthesis methods which employ KOH or ZnCl2
treatment to activate the carbon surface, the developed synthesis strategy doesn't include such separate acti-
vation step. Activation of the as-prepared porous carbons has been conducted in-situ via a calcium ions during
the synthesis process. The resulting materials displayed high BET surface areas up to 660m2 g−1 along with
micro/meso porosity and graphitic/amorphous carbon structure. The as-prepared sulfur self-doped electrode
materials displayed high electrochemical activity for supercapacitor applications. The sulfur-doped carbon SC-
850 electrode exhibited capacitance of 225 F/g at a current density of 0.5 A/g, and high durability where the
electrode capacitance did not change over 10,000 cycles at harsh conditions. Additionally, the as-prepared
sulfur-doped carbons are promising catalysts for oxygen reduction reaction with 3.4 electrons transferred per
molecule at 0.8 V, which approaches the optimum 4-electron pathway.
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1. Introduction

Electrochemical capacitors (ECs), also called electro-double layer
capacitors, are electrochemical devices in which an ion adsorption/
desorption process is used to store the charge [1,2]. ECs have attracted
a lot of attention over the past decades as potential energy storage
devices due to their fast charge/discharge rates and high power density
[3] which make them suitable for a wide range of technological ap-
plications including hybrid electric vehicles, electronic devices,
memory backup etc. Pure electrical double layer capacitors (EDLCs) are
based on a non-faradic process to store the charge and exhibit low
specific capacitance, which limit their applications and widespread use
[4,5]. An appealing route to enhance the capacitance of the EDLCs
involves the addition of N, O, S or P heteroatom and/or MaXb (where M
is a transition metal ion, X is O, S or OH− and a, b are integers) [6–12].
The add-atom has been designed to enhance the capacitance of a ma-
terial via storing the charge through a reversible faradic redox reaction
[13]. In particular, sulfur has been demonstrated to be an interesting
heteroatom dopant of carbon materials for energy storage applications
[14,15]. The presence of the sulfur atoms modify the electronic struc-
ture and electron density balance of the carbon atoms. As a result,
electroactive centers and/or defects are generated on the material
surface to enhance the electrocatalytic and capacitive performance of
the carbon materials [16–18].

Carbon-based materials such as activated carbon, carbon nanotubes,
graphitic carbon, and graphene displayed promising results as electrode
material for EDLCs [19]. Traditional methods for the production of
porous activated carbon materials include ex-situ treatment of the
carbon with chemical agents such as KOH, ZnCl2 or CO2 to activate the
surface. This activation process consume time, money and has the
possibility to produce environmental hazards. In this work, activation
of the as-prepared porous carbons has been conducted in-situ via a
calcium catalyst during the hydrothermal carbonization without the
employment of corrosive materials such as KOH or adding extra steps
which makes the developed synthesis strategy more environmentally
benign, cost and time efficient.

Oxygen reduction reaction (ORR) is an interesting catalytic reaction
that has drawn an increasing attention due to its applications in fuel
cells, water purification, and metal-air batteries [20–22]. There is a
massive effort to develop inexpensive, abundant, chemically stable,
highly durable and eco-friendly metal-free ORR catalysts to replace the
expensive platinum-based ORR catalysts [23]. Doped carbon materials
are fulfilling these requirements and so they are potentials candidates
as a metal-free catalysts for the ORR [24].

Among the large number of studies on the application of nitrogen-
and sulfur-doped biomass-derived carbon materials in energy storage
and fuel cell [25–29], little attention has be devoted toward those de-
rived from lignin biomass [30–36]. Herein, a facile, eco-friendly and
scalable synthetic pathway has been developed to produce lignin-de-
rived sulfur self-doped carbon electrodes for use in supercapacitors and
oxygen reduction reactions. Impacts of hydrothermal carbonization and
thermal annealing on the capacitance of the final material have been
studied.

2. Experimental

2.1. Chemicals

Commercially available calcium lignosulfonate (Norlig A) and or-
ganosolv (sulfur-free) lignins were received from Lignotech and Lignol
Innovations, respectively. Potassium hydroxide (KOH), polytetra-
fluoroethylene (PTFE, 60 wt% dispersion in H2O) and 20wt% Pt/
carbon were obtained from Sigma-Aldrich. Carbon black was received
from Alfa Aesar. Ni foam was purchased from MTI Corporation.
Deionized water (18.2MΩ cm) was used as a solvent in the hydro-
thermal carbonizations and the electrochemical measurements.

2.2. Bio-char synthesis from lignin

Bio-char was synthesized via the hydrothermal carbonization (HTC)
process [37]. In a typical synthesis, lignin (10 g) was mixed with 80mL
deionized water. The resulting mixture was placed into a 300mL ul-
trasonic high-pressure reactor (Col-Int). The reactor is equipped with
ultrasonic probe to enhance the mass transfer from the solid phase into
the solvent phase and to increase the removal of oxygen from lignin
during the hydrothermal treatment [38]. The reaction was carried out
at 300°C and 98 bar for 30min [39]. Water in this reaction was under
sub-critical conditions which had both liquid and vapor phases in
equilibrium. After the HTC, the reactor was allowed to cool down to
ambient temperature. The obtained brown aqueous suspension was
filtered to isolate the produced bio-char from the solvent.

2.3. Preparation of sulfur self-doped carbon material from bio-char

Sulfur self-doped carbons were obtained by thermal annealing of the
bio-char: 1.0 g of bio-char was charged into a tubular furnace (Carbolite
MTF250) and heated to the desired temperature (700–1000 °C) for 1 h
under N2 flow at a heating rate of 5 °C/min. The resulting carbon ma-
terial was washed with 3M HCl followed by dilute water in order to
remove calcium and other contaminants.

2.4. Physical characterization

Thermogravimetric analysis (TGA) was recorded by a Perkin
thermo-gravimetric analyzer with a constant heating rate of 5 °C/min
under N2 flow and temperature ranging from 30 to 1000 °C. FTIR
spectra of the as-prepared carbon materials were collected by Nexus
670 FTIR spectrometer which uses a Smart ATR Nicolet. Operating
conditions were fixed to average 16 scans at 1 cm−1 interval and a
resolution of 4 cm−1 scanned from 4000 to 400 cm−1. Raman spectra of
the carbon materials were collected on Horiba LABRam HR spectro-
scopy with excitation of 532 nm light source in order to determine
degree of graphitization. The morphology of the synthesized materials
was examined by scanning electron microscope (SEM, Hitachi SU-70
FE-SEM) at 5 kV acceleration voltage under a vacuum atmosphere. The
Brunauer-Emmett-Teller (BET) specific surface area and porosity
properties were determined by N2 adsorption/desorption isotherm with
a NOVA surface analyzer. The X-ray photoelectron spectroscopic (XPS)
analysis was performed on X-ray photoelectron spectrometer
(ESCALAP250) with a monochromatic Al K alpha source (1486.6 eV,
20 kV, 250W) to determine surface electronic environment of the
prepared carbons. The sp2 carbon peak was adjusted to 284.6 eV to
calibrate the XPS energy scale.

2.5. Electrochemical measurements

All electrochemical measurements in this study were performed on
a CHI 660E electrochemical workstation (CH Instruments, Inc.) uti-
lizing a conventional three-electrode configuration in 1M KOH aqueous
electrolyte under ambient conditions. Silver/Silver chloride (Ag/AgCl)
and platinum wire were used as reference and counter electrodes, re-
spectively. The working electrode was obtained by mixing the active
material, carbon black, and PTFE binder with a weight ratio of
80:10:10. The resulting slurry was spread on a nickel foam current
collector (1.5 cm×3 cm) then dried at 80 °C overnight and pressed
under a high pressure of 20MPa. Geometric surface area of 0.32 cm2 for
the working electrode was achieved by using UHMW tape (CS-Hyde).
Cyclic voltammetry (CV) measurements were conducted at different
constant scan rates (1–100mV s−1) within the potential window −0.6
to 0.2 V. Galvanostatic charge/discharge measurements were carried
out to evaluate the capacitance and cyclability of the as-prepared
electrodes at a range of constant current densities (5–20,000mA/g)
between −1.0 and 0.0 V. Electrochemical impedance spectroscopy
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(EIS) analysis for the supercapacitor electrodes was conducted by ap-
plying an AC amplitude of 5mV within the 10mHz–0.5MHz frequency
range.

The EIS spectra can be fitted by electrical equivalent circuits, which
are composed of Rs, Rct, Zw, C and Q (Fig. 7(e)). Rs, Rct, Zw are ascribed
to the series resistance, charge-transfer resistance and Warburg im-
pedance, respectively. C is associated with the double layer capacitance
and Q is correlated to the Faradic capacitance. EC-Lab V11.01 (ZSim-
Bio-logic analysis) software was applied for the EIS data fitting.

The gravimetric specific capacitance (Cs, F g−1) of electrodes was
calculated from the galvanostatic discharge curves according to equa-
tion (1):

=C IΔt
mΔVs (1)

where, I is the discharge current (A), ΔV is discharging voltage, m is the
mass of the active electrode material (g) and Δt is the discharge time.
The volumetric capacitance (Cv, F/cm3) was calculated by the following
equation:

Cv = ρCs (2)

Fig. 1. The synthesis pathway of sulfur self-doped carbons.

Fig. 2. (a) TGA curves of lignin, bio-char and the as-prepared sulfur self-doped
carbon at 850 °C, (b) FTIR spectra of lignin, bio-char and sulfur self-doped
carbons, (c) Raman spectra sulfur self-doped carbons, (d) nitrogen uptake at
77 K, (e) pore size distribution calculated from carbon model using adsorption
branch fitted, QSDFT.

Fig. 3. SEM image of SC-700, SC-850 (variable magnification), C-850 and SC-
1000.

Fig. 4. XPS analysis of obtained materials (a) survey spectra of lignin, SC-700,
SC-850 and SC-1000, (b) High resolution C 1s core level analysis of SC-850, (c)
High resolution O 1s core level analysis of SC-850, (d) High resolution S 2p core
level analysis of SC-700, (e) High resolution S 2p core level analysis of SC-850,
(f) High resolution S 2p core level analysis of SC-1000.
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where Cs is specific capacitance, ρ is particle density calculated by
equation (3) [40,41]:

=

+ ( )V
ρ 1

t
1

ρt (3)

Vt is total pore volume cm [3]/g and ρt is true density of carbon (2 g/cm3).
For the ORR measurements, the working electrode was prepared

from an ink solution composed of 5mg active material, 100 μL Nafion
binder and 300 μL ethanol. The mixture was sonicated for 30min and
8 μL of the resulting ink were dropped onto a freshly cleaned rotating
disc glassy carbon electrode (RDE, 3mm diameter, CH Instruments
Inc.). The prepared RDE was warmed to 70 °C to improve adhesion of
the active material on the glassy carbon electrode surface. 0.1M
(80mL) KOH solution was used as an electrolyte in a three-electrode
cell with RDE. The obtained current was normalized by the geometric
area of the active surface (mA/m2). For kinetic measurement, the
Koutecky-Levich equation (4) was applied at the potential from 0.4 and
−0.8 V and for rotational speed range from 500 to 2500 rpm as follows
[42].

= +

J J Bω
1 1 1

k
0.5 (4)

where, J is the current density, Jk is kinetic current density, ω was ro-
tational speed, and B is the slope of K-L curve. The theoretical value of n
can be calculated from the following equation (5):

=
−( )B nF D C v0.2 O O

2
3

1
6

2 2 (5)

where, n is the number of electrons transferred per O2 molecule during
the oxygen reduction reaction, B is the slope of K-L curve, F is the
faraday constant (96,485 Cmol−1), DO2 (1.9× 10−5 cm2 s−1) is the
diffusion coefficient of O2 in KOH electrolyte, CO2 (1.2*10−6) is con-
centration of O2 in the electrolyte and ν (0.01 cm2 s−1) is the kinematic
viscosity of the electrolyte.

Fig. 5. (a) Charge-discharge curves of SC-700, SC-850 and SC-1000 at 1 A g−1,
(b) Charge-discharge curves of SC-850 and C-850 at 0.5 A. g−1, (c) Charge-
discharge curves of SC-850 at 2, 5, 10, 20 A g−1, (d) Specific capacitance of
obtained materials (all experiments were conducted in 1M KOH electrolyte
solution).

Fig. 6. (a) CV curves of SC-700, SC-850 and SC-1000 at 20mV s−1 scan rate, (b)
CV curves of SC-850 at scan rates of 1–10mV s−1, (c) CV curves of SC-850 at
different scan rate from 50 to 100mV s−1, (d) Nyquist plot of SC-700, SC-850
and SC-1000, (e) electrical equivalent circuits (f) The cycling performance of
SC-850 (all experiments were performed in 1M KOH electrolyte solution).

Fig. 7. CV curves of (a) SC-850 (b) 20 wt% Pt/C in N2/O2-saturated 0.1M KOH
electrolyte at 10mV s−1 scan rate, (c) CV curve of SC-850 in N2/O2-saturated
0.1M KOH electrolyte at variable scan rate, (d) RDE voltammograms for SC-
850 and 20 wt% Pt/C in O2-saturated 0.1M KOH electrolyte rotation speed of
1600 rpm, (e) RDE voltammograms in O2-saturated 0.1M KOH electrolyte
(rotation speed from 500 to 2500 rpm, sweep rate 5mV s−1), and (e) K–L plots
derived from the RDE measurements at the potential between −0.6 and
−0.8 V.
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3. Results and discussion

3.1. Physical properties

The pathway for the synthesis of sulfur self-doped carbons is illu-
strated in Fig. 1. The production of S-doped carbons has been designed
to be facile, inexpensive, environmentally friendly, and easy to scale-
up. The as-prepared S-doped carbons were labeled as SC-x, where S
denotes the sulfur self-doping, C refers to carbon and x refers to the
carbonization temperature in oC. Carbon C-850 (pristine) was also
synthesized by following the same procedure from sulfur-free (orga-
nosolv) lignin.

In this study, we used two types of lignin. First, Norlig A (calcium
lignosulfonate) lignin which is separated from woody plants in H2SO4

solution to form black liquor and then, lignin was precipitated by the
addition of lime (CaO) [32]. The elemental composition of Norlig A is
36.8 wt% C, 37.3 wt% O, 6.7 wt% S, and 2.5 wt% Ca as shown in
Table 1. The presence of calcium and sulfur atoms enhances the elec-
trochemical and surface activation properties of the as-prepared carbon
materials, as discussed in following sections. Second, lignol (organo-
solv) is a lignin lacking sulfur and calcium atoms in its structure due to
the use of organic solvents in the separation process [32,43]. Organo-
solv lignin contains 65.4 wt% C and 35.6 wt% O. Absence of sulfur and
calcium atoms in the organosolv lignin limits the electrochemical and
surface activation properties in the resulting carbon material (C-850). It
is important to point out that both the carbons surface activation by
calcium and sulfur doping were carried out in-situ and in a one-step
synthesis process via the careful design of the experiment and proper
selection of the reaction precursors.

TGA was used to investigate the thermal decomposition of lignin,
bio-char and the as-prepared sulfur self-doped carbon materials as
shown in Fig. 2(a). Lignin, bio-char and SC-850 desorb water at 150 °C.
Lignin started to decompose at 200 °C and continued the decomposition
up to 725 °C. The residual ash content of lignin is calculated to be 16wt
% at 1000 °C. Approximately 41 wt% of bio-char remains at 850 °C as
shown in Fig. 2(a). The TGA of the as-prepared SC-850 reflects its high
thermal stability.

Lignin, bio-char and sulfur self-doped carbons were analyzed by
FTIR in order to determine the transformation of the functional groups
over the course of the synthesis process. The collected FTIR spectra are
shown in Fig. 2(b). Several functional groups characteristic of the lignin
structure are observed. For instance, the IR peaks located at 1032,
1420, 1450, 1507, and 1593 cm−1 correspond to the C-H bonds and
aromatic ring groups of lignin. The peak located at 2939 cm−1 is as-
cribed to the vibration of the C-H bond from the aliphatic carbon in the
lignin structure [33,36]. The –OH functional group of lignin displayed a
peak around 3300 cm−1. The characteristic IR peaks of lignin such as
the –OH group disappeared in the IR spectra of the corresponding bio-
char and carbon due to elimination of the hydroxyl groups during the
HTC and thermal annealing steps [44].

Raman spectroscopy is a crucial technique to investigate the degree
of graphitization for carbon materials. Fig. 2(c) displays two char-
acteristic peaks in Raman spectra of the samples. The G band located at

1580 cm−1 corresponds to the graphitic carbon (sp2) structure while the
D band at 1360 cm−1 is associated with the disordered structure of the
carbon-based materials [45]. The appearance of G and D bands in
Raman spectra of the as-prepared sulfur self-doped carbons indicates
that the structure consists of a combination of graphitic and disordered
(amorphous) carbons. The intensity ratio of the D band (ID) to G band
(IG) is an indicator of the formation of graphitization and disordered
structure [46,47]. The lower ID/IG ratio corresponds to higher degree of
graphitization in the resulting materials. The ID/IG ratios were found to
be 0.83, 0.89, 0.97 and 1.01 for the SC-700, SC-850, SC-1000 and C-
850, respectively confirms a high degree of graphitization. The slight
enhancement in the ID/IG ratio at 850 and 1000 °C might be attributed
to destruction of well ordered-graphitic structures at the higher an-
nealing temperatures [48]. It is assumed that the specific capacitance of
a carbon-based material increases with the amorphous carbon content
due to the large surface area of the disordered structure. However, the
electrical conductivity of amorphous carbon is low. On the other side,
graphitic carbon possesses an outstanding electrical conductivity be-
cause of its well-ordered crystalline structure however, its surface area
and pore size distribution is limited [46]. Thus, optimization of the
graphitic/amorphous structural ratio in the carbon materials is crucial
to obtain the desired electrochemical activity. In the present study, the
carbon sample SG850 with ID/IG ratio of 0.89 displayed the highest
electrochemical activity.

The N2 adsorption/desorption isotherms and pore sizes distribution
of the sulfur self-doped carbons are presented in Fig. 2(d and e). The
BET surface area of the SC-700, SC-850, SC-1000, and C-850 were
found to be 78, 660, 260, and<20m2/g, respectively, as listed in
Table 2. The total pore volume of SC-700, SC-850 and SC-1000 were
found to be 0.05, 0.25 and 0.12 cc/g, respectively. It is worthwhile to
mention that in the studied system, the surface area and pore sizes
distribution of the as-prepared carbon samples are significantly influ-
enced by the annealing temperature. The annealing temperature 850 °C
was found to be the optimum temperature to produce carbon with high
BET surface area. At the lower annealing temperature (700 °C), surface
activation was not completed due to the insufficient thermal energy.
The lower BET surface area of the SC-1000 sample is caused by col-
lapsing of the micro/meso pores at the high annealing temperature
[49,50]. We further compared the BET surface area of SC-850 with
respect to C-850 (calcium free lignin). The surface area of C-850
(< 20m2/g) is significantly lower than that of SC-850. It is important to
point out the synthetic strategy of both C-850 and SC-850 did not in-
clude any surface activation steps. As it mentioned in the previous
sections, the carbon material derived from the organosolv lignin is
calcium-free while the carbon materials derived from the calcium lig-
nosulfonate lignin displayed up to 2.5 wt% calcium content. The high

Table 1
Elemental and surface chemical composition of sulfur self-doped materials by
XPS analysis.

Sample C (wt.
%)

O (wt.
%)

S (wt.%) Sulfide
(at.%)

Sulfoxide
(at.%)

Sulfone
(at.%)

Lignin 56.9/
36.8∗

37.3/
43.9∗

6.6/3.4∗ - - -

SC-700 87.5 9.2 3.2 51.8 24.7 23.4
SC-850 90.5 6.9 2.6 65.7 27.5 6.6
SC-1000 91.1 6.4 2.5 47.6 37.5 14.8

*Bulk analysis.

Table 2
The capacitance, ID/IG ratio, S/C ratio, the BET surface area and pore volume
values of the as-prepared carbon materials.

Sample Capacitance
(F/g)a

ID/IG S/C ratio BET
surface
area
(m2/g)b

Micropore
volume (cc/
g)c

Total
volume
(cc/g)d

SC-700 124 0.83 0.0036 78 0.03(60) 0.05
SC-850 202 0.89 0.0028 660 0.19(76) 0.25
SC-1000 146 0.97 0.0027 260 0.08(67) 0.12
C-850 44 1.01 < 20

a Calculated at 1 A/g current density except for C-850 at 0.5 A/g.
b BET surface area was calculated in the partial pressure range which gives

the best linear fitting.
c Determined by cumulative pore volume at 2 nm maxima of the PSD as-

suming slit/cylindrical shaped pores and QSDFT model; the values in par-
entheses are the percentage of micropores volume relative to total pore volume.

d Total pore volume at P/Po = 0.95.
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BET surface area of SC-850 reflects that the importance of calcium ions
which act as a surface activating agent during the annealing treatment.
This observation is in accordance with our previous finding that metal
ions such as Mn2+ and Fe3+ can effectively activate the carbon surface
[51]. The pore sizes distribution of the as-prepared carbon samples
indicates their micro/meso porous nature as shown in Fig. 2(e). For
example, the SC-850 sample displayed micropores of 1.5 nm and me-
sopore of 15 nm.

The SEM micrographs of the synthesized sulfur self-doped carbon
materials are presented in Fig. 3. All the sulfur self-doped carbon
samples displayed a similar morphology composed of spherical shaped
particles that stick to each other in a random fashion with a size ranging
from 0.5 to 3 μm. The main dissimilarity in the samples morphology
was the size of the carbon spheres. The morphology of C-850 is different
from SC-850 where microstructure of the C-850 is non-porous due to
the absence of the surface activating catalyst/calcium ions and consists
of fused carbon spheres that form a compact structure.

The surface chemical composition of sulfur self-doped carbons ma-
terials were investigated by means of X-ray photoelectron spectroscopy
(XPS). The surface elemental composition and the corresponding
functional groups of the prepared carbons are listed in Table 1. The
survey scans of the sulfur self-doped carbon materials are shown in
Fig. 4 (a). Carbon, oxygen, and sulfur peaks are located at 288.4, 532
and 164.7 eV, respectively. The carbon content has been significantly
increased during the HTC and annealing processes to be ∼1.6 times
higher than that in the pure lignin as shown in Table 1. The observed
enhancement in the carbon content of S-doped carbons reflects the ef-
ficiency of the carbonization process and could be attributed to the low
volatility of the carbon compounds compared to those of the dopant
such as oxygen and sulfur. In particular, the oxygen content has been
significantly decreased through the HTC and thermal annealing steps
being 5 to 6 times less than its value before the treatment, due to the
deoxygenation of many functional groups (e.g., hydroxyl and carboxyl
groups) which is consistent with FTIR results [52]. The S/C ratio is
slightly decreased with the increase of the annealing temperature due
to the volatility of sulfur compounds. The bulk elemental composition
of lignin was compared with surface composition XPS data (e.g.
5–10 nm) as shown in Table 1. The variation between the XPS and bulk
elemental analysis results arises from the fact that XPS is a surface
sensitive technique that determine the surface composition of the ma-
terials (e.g. 5–10 nm), while C/H/S elemental analysis examines the
bulk composition [53]. The C 1s, O 1s and S 2p high-resolution core-
level spectra of the as-prepared carbon samples are depicted in Fig. 4.
For XPS deconvolution of the C 1s, the main peak located at 284.4 eV in
Fig. 4(b) is attributed to the C=C group. The two small overlapped
peaks observed at 285.6 eV and 286.5 eV are attributed to C-O, C=O
and O-C=O functional groups [54]. Another peak located at 283.9 eV is
assigned to C-S groups [55,56], which is consistent with the high-re-
solution core-level sulfur spectrum. The high-resolution XPS core-level
scan of the O 1s is presented in Fig. 4(c). Three types of oxygen func-
tional groups can be identified from the spectrum. The main peak lo-
cated at 531.2 eV refers to the C=O bond while the small peaks at
531.5 and 532.9 eV correspond to O-CO/C-OH bonds [57]. Careful
examination of the S 2p high-resolution core-level spectra indicates the
presence of three types of sulfur functional groups as shown in Fig. 4 (d,
e, f). The two core peaks located at 164 and 165.2 eV are assigned to
sulfide (-S-C-S) and sulfoxide groups [27,45]. The relatively small peak
seen at higher energy 168.6 eV is ascribed to -C-SO2-C bonds (sulfone
bridge) [55,58]. The effect of variable sulfur functional groups is dis-
cussed in the electrochemical results (see below).

3.2. Electrochemical capacitance

The galvanostatic charge/discharge (GCD) measurements were
conducted in a three-electrode configuration to evaluate the electro-
chemical performance of the sulfur self-doped carbons as electrode

material in supercapacitors. As shown in Fig. 5(a), all the sulfur self-
doped carbons displayed nearly isosceles triangular-shaped GCD
curves. Furthermore, the GCD measurements were performed at vari-
able current densities of 5–20,000mA/g. The SC-850 maintained the
desired triangular-shaped even at higher current densities (up to 10 A/
g) indicates a near ideal EDLC behavior with a fast charge propagation
[14,45]. The specific capacitance (Cs, F/g) of the sulfur self-doped
carbons was calculated from equation (1). The Cs for SC-700, SC-850
and SC-1000 are 124, 202 and 146 F g−1, respectively at a current
density of 1 A g−1 in 1M KOH electrolyte. Although SC-700 displayed
the highest sulfur surface content as indicated by the XPS data, its Cs is
lower than that of SC-850 which is 1.6 times greater than the SC-700.
The high Cs of SC-850 sample could be attributed to its high surface
area (660m2/g) which is 8 times higher than that of SC-700 sample.
The high surface area in conjunction with the enhanced pore volume
facilitate mass transport of electrolyte through the pores of the elec-
trode and provide more active sites for the electrosorption of electrolyte
ions. Another factor that may contribute to the observed high capaci-
tance of the SC-850 samples the higher amorphous carbon content. The
SC-850 sample displayed higher ID/IG ratio than that of the SC-700
sample as shown in Table 2. It is already addressed before that amor-
phous carbon is assumed to possess large specific capacitance value
while the graphitic carbon exhibits more conductivity [46]. Although
the Cs of SC-700 is the lowest among the sulfur doped samples, the
conductivity of the SC700 is higher than others. This finding is con-
sistent with the EIS data and will be discussed in a more detail. The
higher capacitance of SC-850 with respect to SC-1000 is associated with
the synergistic effect of higher surface area, larger micropore volume
and higher S/C ratio of the SC-850 sample. Moreover, the Cs of the SC-
850 (225 F/g at 0.5 A/g) is about 5 times that of the un-doped C-850
(pristine) which was found to be 44 F/g at 0.5 A/g. The high Cs for the
SC-850 could be attributed the presence of sulfur atoms (pseudocapa-
citance) which contribute to facilitate/improve the ion transport and
increase the number of the electroactive centers/higher surface area.
The proposed faradaic reaction of sulfur-containing functional groups
was reported previously as follow [59].

S + 2e- H2O+ 2OH-

S

O
e- H2O+

H
S
OH

+ OH-+

S

O
+ (I)

(II)

The faradaic reactions are originating from the sulfone and sulf-
oxide functional groups, respectively. In addition, the sulfide functional
groups are responsible for enhancing the charge transfer at the sample
surface. The sulfide functionalities could induce polarization of carbon
surface via the interaction between the electron-rich sulfide groups and
the carbon structure [59]. In the present study, the sulfur in the SC-850
is in the forms of 65.7% sulfide, 27.5% sulfoxide and 6.6% sulfone
functional groups as revealed by the XPS data analysis. At variable
current densities, the gravimetric specific capacitances of the SC-850
sample were found to be 185, 147, and 95 F/g at 2, 5 and 10 A/g,
respectively. The outstanding performance even at higher current
densities offering a good rate of capability [60]. The volumetric specific
capacitances of SC-850 at variable current densities were calculated
from equation (3) to be 300, 269, and 195 F/cm [3] at 0.5, 1 and 10 A/g
current densities, respectively. Comparing the specific and volumetric
capacitance values of SC-850 electrode with the literature [61–68] in-
dicted that the specific and volumetric capacitance of SC-850 (225 F/g
and 300 F/cm [3] at 0.5 A/g) are higher or comparable to the reported
capacitance values for many biomass-based carbon electrodes [69–72].

To examine the presence of the pseudocapacitive contribution in the
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as-prepared sulfur self-doped carbon materials, cyclic voltammetry
measurements were also performed at variable scan rates. The CV data
of the sulfur self-doped carbons revealed that SC-850 has the highest CV
area, which is consistent with the galvanostatic charge/discharge
measurements. The SC-850 sample displayed a nearly perfect rectan-
gular shaped CV curve at 20mV s−1 scan rate as shown in Fig. 6(a)
which reflects an ideal double layer capacitor behavior. Close ex-
amination of the SC-850 sample's CVs at slow scan rates indicated the
presence of pseudocapacitive behavior where redox peaks appeared
around −0.3 V as depicted in Fig. 6(b). This peak could be attributed to
the reversible faradaic redox reaction of the sulfone and sulfoxide
surface functionalities [27,45]. The increased electrical resistance and
poor penetration of the electrolyte into the electrode material pores at
fast scan rates could account for the observed slight distortion of the
CVs of the SC-850 sample from the rectangular shape, Fig. 6(c).

EIS measurements were conducted to examine the interfacial
properties and electron transfer kinetics of the as-prepared sulfur self-
doped carbon materials. Nyquist plots of the materials are presented in
Fig. 6(d). They are similar, consisting of a semicircular part in the high
frequency region and a linear part in the low frequency region. In the
high frequency region, the intercept of the semicircular part of the
Nyquist plot with the real impedance axis (Z′-real axis) gives the
equivalent series resistance (ESR). For an electrochemical capacitor, the
ESR governs the rate of the charged–discharge process and it is a
combined resistance from the electrolyte ionic resistance, intrinsic and
contact resistances of the current collector and the electrode material.
The SC-700 and SC-850 electrodes displayed almost the same ESR of
∼5.7Ω as shown in Fig. 6(d). The observed relatively high resistance
(6.3Ω) for the SC-1000 electrode with respect to the other electrodes
could be attributed to the poor accessibility of the electrolyte to the
electrode material which resulted in slow electron and ion transfer
rates. In the high-frequency region, the diameter of the semicircular
part of the Nyquist plot gives the charge transfer resistance (Rct) which
originates from the electron transfer process (e.g. Faradic reactions) at
the electrode surface. The SC-700 sample displayed smaller Rct value
(0.5Ω) than that of the SC-850 sample (0.7Ω). This slight variation in
the conductivity might be assigned to the presence of higher degree of
graphitization carbon content in the SC-700 than the SC-850. These
findings are in agreement with the Raman data which indicated that the
SC-700 has the lowest ID/IG ratio. In the low-frequency region, the
linear part of the Nyquist plot for the SC-850 sample is obviously more
vertical than that for the other sulfur self-doped materials, which is
indicative of lower ionic diffusion resistance and so enhanced capaci-
tive performance and faster ionic diffusion through the electrode ma-
terial facilitated by its high surface area and porous nature.

It is important to test the cycling degradation of the supercapacitor
electrode materials. The SC-850 sample displayed excellent cycling
stability after 10,000 cycles at 5 A/g with a retention of specific ca-
pacitance close to 99% as displayed in Fig. 6 (e). Interestingly, the
specific capacitance slightly increased during the charge-discharge cy-
cling as shown in Fig. 6(a). This increase is due to physical opening of
the clogged pores upon cycling [73]. The long cycle life of the tested
electrodes reflects the reversibility of the Faradic redox process and
high chemical and structural stability of the sulfur self-doped carbons,
which make them potential candidates as a highly stable electrode
material for supercapacitors.

3.3. Oxygen reduction reaction

We further investigated the application of the sulfur self-doped
carbons as a potential ORR electrocatalyst. The SC-850 sample is
chosen as a model example for the ORR study due to its superior per-
formance as a supercapacitor electrode material. For comparison,
commercial 20 wt % Pt/C catalyst was tested under the same condi-
tions. The CV and linear sweep voltammetry (LSV) measurements were
conducted in O2 or N2 saturated 0.1M KOH aqueous electrolyte in order

to assess the electrocatalytic activity of the SC-850 sample toward the
ORR. As can be seen in Fig. 7(a), the collected CV curves at SC-850 as a
working electrode material within the potential window +0.4 to
−0.8 V in O2-saturated 0.1M KOH solution, exhibited well-defined
oxygen cathodic reduction peaks centered around −0.33 V while the
CV recorded in N2- saturated 0.1M KOH solution did not display any
characteristic redox peaks (i.e., is featureless). The observed enhance-
ment in the CV area demonstrates the high electrochemical activity of
the SC-850 towards the oxygen reduction reaction. This is explained by
the fact that sulfur doping provides extra catalytic sites for the ORR and
ensures efficient electrolyte ion migration and electron transport. In
addition, it is well known that the ad-atom in the N-doped carbons is
predominantly responsible for enhancing the carbons ORR catalytic
activity via changing the charge density around the carbon atom and
make it more positive due to the higher electronegativity of N with
respect to carbon. Such change in the charge density around the carbon
atoms is unlikely to occur in the studied system (SC-850) due to the
close electronegativity values of C (2.55) and S (2.58) atoms. As a re-
sult, the well-defined redox cathodic peak in the CV of the S-doped
carbon sample could be attributed to the tailor spin density in the C-S
bond as it reported before by Huang et al. [10] In order to compare the
CV plot of SC-850 with that of the commercially available Pt/C catalyst,
the CV plot of 20 wt% Pt/C was recorded under the same conditions as
shown in Fig. 7 (b). The area under the CV curve of the commercial Pt/
C catalyst is enhanced in the O2 saturated electrolyte with respect to
that obtained in the N2 saturated electrolyte, and a characteristic
oxygen reduction peak was observed around −0.37 V. The ORR peak
for the SC-850 sample appeared at a more positive potential with re-
spect to that recorded on the commercial Pt/C catalyst. In addition to
the CV measurements, a LSV experiment was also carried out on rota-
tional glassy carbon disk electrode at speeds from 500 to 2500 rpm
within a potential range from 0.4 to −0.8 V at 5mV s−1 scan rate. The
LSV response of the SC-850 and Pt/C 20wt% at 5mV s−1 scan rate is
shown in Fig. 7(d and e). The onset potentials are observed to be −0.17
and −0.06 V (vs. Ag/AgCl) for the SC-850 and Pt/C, respectively. The
SC-850 sample displayed a comparable limiting current to the Pt/C
catalyst at potential of −0.45 V and higher limiting current at a more
negative potential. This finding indicates that the SC-850 sample has an
excellent ORR activity. The current density is directly proportional to
rotational speed and the corresponding K-L curve shows good linearity
between J−1 and the inverse of square root of rotational speed which
indicates a first-order reaction kinetics toward O2 reduction (Fig. 7(f))
[74]. Four-electron pathway for reducing O2 is highly desirable to ob-
tain optimum energy capacity for the ORR applications and to avoid
hydrogen peroxide formation, which is poisonous to the catalyst, as an
intermediate. The number of electrons transferred per O2 during the
oxygen reduction reaction was calculated from Equations (4) and (5).
The transferred electron number (n) is calculated to be 3.4 to 2.7 within
the potential window −0.8 to −0.7mV, respectively, which implies a
four-electron oxygen reduction reaction. As previously reported, owing
to asymmetric atomic spin density between carbon and sulfur atoms,
the resulting doped structure provides extra active sites for O2 surface
adsorption [75]. These favorable active sites for diatomic adsorption
could efficiently weaken O-O bonding and facilitate the direct reduction
of oxygen into OH− via a four-electron process [76].

4. Conclusions

In this work, we have shown that sulfur self-doped carbon materials
were successfully synthesized from commercially available lignin via
hydrothermal carbonization followed by thermal annealing. A facile,
inexpensive and environmentally benign synthesis pathway has been
developed. The as-prepared SC-850 sample exhibits high BET surface
area of 660m2/g with abundant micro/meso porous structure. The SC-
850 demonstrates an excellent capacitive behavior of 225 F/g at 0.5 A/
g current density in 1.0M KOH and high durability up to 10,000 cycles
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at a harsh condition of 5 A/g current density. Furthermore, the SC-850
displayed a high electrocatalytic activity toward the ORR process in
0.1 M KOH electrolyte. In conclusion, the inexpensive and sustainable
byproduct lignin has been easily converted into porous carbon, and the
obtained material can further be utilized for energy storage and elec-
trocatalysis applications.
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