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N,S co-doped hierarchical porous carbon from
Chinese herbal residues for high-performance
supercapacitors and oxygen reduction reactiont

Lin Zhang,? Qingin Xu,*2 Xia Wang,? Qi Sun,? Feng He,® Weidong Pan®
and Haibo Xie &*2

The sustainable development of human society is facing challenges of resource depletion, energy crisis and
worsening environment. In this work, a typical Chinese herbal residue (gallnut residues), with a large amount
of organic waste threatening the environment after extracting the bioactive components, especially in
China, was used as a single precursor for both a carbon and heteroatoms source to prepare
heteroatoms co-doped hierarchical porous carbon via carbonization and a subsequent KOH activation.
The prepared nitrogen, oxygen and sulfur co-doped porous carbons (NOSPC-X) show developed
hierarchical micro—mesoporous structures, high specific surface areas, as well as high content of N/S
co-doping. When used as supercapacitor electrodes, NOSPC-800 exhibits excellent electrochemical
performance with an ultrahigh specific capacitance, a high energy density of 11.25 W h kg™* at 25 W kg~*
and an excellent charge-discharge cycling stability of 96.5% capacitance remained after 10 000 cycles.
As an ORR electrocatalyst, it shows outstanding ORR activity as well as much better stability and
methanol-tolerance capacity than that of a commercial Pt/C catalyst. The unique hierarchical micro—
mesoporous architecture, high surface area as well as optimal N and S co-doping level make biomass-
derived NOSPC-800 an excellent candidate for electrode materials in diverse electrochemical energy

rsc.li/rsc-advances applications.

Introduction

The sustainable development of human society is facing chal-
lenges of resource depletion, energy crisis and environment
worsening.™” It is well accepted that the development of energy,
materials, and chemicals from renewable resources via
sustainable technologies can significantly contribute to the
solution of these challenges. Therefore, a considerable
sustainable energy conversion and storage devices are urgently
needed to resolve the current problems.** Supercapacitors (SCs)
and fuel cells (FCs) are two promising energy-storage devices
that have aroused worldwide research in the past few decades.>”
Currently, SCs suffer from low energy densities, specific
capacitance and rate performance due to an inappropriate
porous structure.® It is well known that carbon materials with
hierarchical pore size distribution are critical to obtain good
energy storage characteristics,”'® of which macropores can serve
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as the ion-buffering reservoirs in the interior of carbon mate-
rials, mesopores can be as channels to accelerate the rapid
transport of ions, and micropores can work as the active sites
for charge accommodation."* Hierarchically structural carbon
materials also present great potential in FCs as the carbon
materials are promising alternatives to substitute high cost Pt-
based noble metals electrodes and boost ORR,**™* in which
hierarchically porous structure can prompt mass transport and
yield abundant accessible active sites.”*™” Actually, the targets of
the structure and component features for ideal supercapacitor
electrode materials and metal-free ORR catalysts are consistent.

The surface functionalization of carbon materials also plays
a key role in improving their electrochemical properties.
Heteroatom doping (e.g. N, S, P, O etc.) can effectively regulate
the morphology, structure and electronic properties of carbon
materials, so as to meet more application requirements, such as
effectively improving the capacitance and catalytic properties of
porous carbon materials.'®" Post-treatment and in situ doping
are two common nitrogen doping methods. Among them, the
post-treatment method is to introduce the heteroatoms con-
taining precursor into the synthesized carbon materials
combined with other treatments such as templating or
carbonization. However, it suffers from the problems including
complicated synthesis steps, low doping amount, uncontrol-
lable and uneven heteroatoms doping.**** In situ doping can

This journal is © The Royal Society of Chemistry 2020
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effectively regulate the hierarchical structure and electro-
chemical properties of carbon materials by simply adjusting the
source structure of heteroatoms-containing precursors and the
adding methods.?* Thus, the development of simple and effi-
cient methods to prepare hierarchically porous structure and
heteroatom doped carbon is highly attractive. For this purpose,
biomass becomes a source of attractive precursors, due to their
intrinsic composition and natural structural features.” Its well-
connected micro-structure and multichannel structure for
water and minerals, can be viewed as the self-template to
produce hierarchical porous structure of carbon materials.”*
Moreover, biomass is rich in various basic elements such as
C, N, S, P, and so on. Therefore, it can be reasonably predicted
that the in situ and self-doped carbon materials can be prepared
by pyrolysis and carbonization of biomass.”® Due to the advan-
tages of homogenous heteroatom distribution, appropriate
pore distribution and controlled dopant content in the resultant
carbons, the biomass-based carbon is expected to be a prom-
ising carbon electrodes candidate.*® Moreover, the biomass-
based carbon is generally cheap, environmentally friendly,
accessible, and recyclable as well as extensively available.”” In
recent years, researchers have paid increasing attention to
employing green, reproducible biomass or its derivatives, and
renewable materials to prepare heteroatoms-doped hierarchical
porous carbons, such as cornstalk,* garlic skin,* ant powder,*
wheat flour," etc., which not only greatly reduce the cost, but
also inherit both the structural flexibility and chemical diversity
of the natural resources.

Chinese herbal has played an important role in the world
medical system, especially in Chinese communities. With the
enforcement of modernization of traditional Chinese medicine,
plenty of Chinese herbal-derived organic waste was produced
after extracting the bioactive components every year, and it has
been up to 3 x 10’ tons per year in recent years.** Chinese
herbal-derived organic waste usually has an unpleasant smell,
high water content, and their direct discarding has caused serial
environmental pollution, such as atmospheric pollution, water
pollution as well as soil pollution, which has been regarded as
an emerging industrial solid waste in China. The Chinese
herbal residue is mainly composed of lignocellusic biomass,
fatty, starch, protein and so on.** In order to solve the waste
problem, the residues have been tried to be used as resources
for biological fertilizer, poultry feed through complex post-
pretreatment processes, and so on. However, the current
disposal strategies still cannot meet the increasing production
of Chinese herbal-derived organic waste. Therefore, the explo-
ration of new potential use of this waste is prime both from the
points of view of resources utilization and environment
protection. Chinese gallnut (also called Wubeizi) is a kind of
forest by-product and is used as a common Chinese herbal
medicine, with tannic acid as the main active ingredient. Being
a typical Chinese herbal residue, gallnut residues are consisted
of a shell of plants and a core of gall, which is rich in a variety of
heteroatom elements such as C, N, S, O, etc. Therefore, it is
likely to be a good precursor for multiple heteroatom doped
carbon materials.
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Herein, in this work, we present a facile approach to prepare
N/S co-doped porous carbon materials by using Chinese herbal
residues (gallnut residue) as the only source via in situ self-
doping. A series of N/S co-doped porous carbon materials
(NOSPC-X) with ultrahigh surface area up to 3351.8 m*> g " as
well as moderate nitrogen content (2.73 at%) and sulfur content
(0.28 at%) were prepared via carbonization and KOH activation.
The electrochemical properties were systematically studied
when it was used as electrodes in SCs and FCs. The study
presents an example of high-value-added use of Chinese herbal-
derived organic waste, and discovers the value of this zero-cost
of solid waste resources.

Experimental
Materials synthesis

Chinese gallnut residues were collected from the local
company, washed by ultrapure water, dried at 60 °C for 12 h,
and then ground into powder with a mortar. The dried Chinese
gallnut residue powders were pre-carbonized with a heating rate
of 5°C min~" heated to 300 °C and kept for 1 h in a horizontal
tubular furnace in an Ar atmosphere. Subsequently, the pre-
carbonized powders were ground and mixed with KOH at
a weight ratio of 1 : 4. Then the solid mixtures were transferred
into a nickel boat, firstly heated to and maintained at 300 °C for
1 h and then heated to 700 °C, 800 °C and 900 °C, respectively,
for 2 h in a tube furnace for carbonization under Ar atmosphere.
After cooling down to room temperature, the obtained samples
were washed with 1 M HCI and ultrapure water several times
until the pH = 7. Finally, the samples were dried at 80 °C in
vacuum overnight, and labeled as NOSPC-X (X is the tempera-
ture of carbonization). For comparison, the carbon material
from Chinese gallnut residues with the same procedure as that
of NOSPC-800 without KOH activation was also prepared and
named as NOSC-800.

Materials characterization

The morphologies and structures of the samples were charac-
terized by transmission electron microscopy (TEM, Tecnai G2
F20), X-ray diffraction (PXRD, Panalytical, X'PertPowder, Cu Ko
radiation), Raman spectrometry (Horiba Scientific LabRAM HR
Evolution, under excitation at 532 nm), and X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, USA, using
Al Ka radiation as the excitation source). Element analysis (EA)
(Elementarvario el cube) was employed to get elemental
compositions. To investigate the specific surface area (SSA) and
pore size distribution (PSD) of the samples, N, adsorption-
desorption measurements were performed on a Micromeritics
Instrument 3Flex at 77 K after being vacuum-dried at 300 °C for
12 h. The SSA was calculated using the Brunauer-Emmett-
Teller (BET) method, and the PSD was calculated by the Non-
Local Density Functional Theory (NLDFT) model.

Electrochemical characterization

The supercapacitor performance of the carbon materials was
carried out in a two-electrode system by assembling a CR2032
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coin-type cell. The working electrodes were prepared by coating
the mixture of PTFE (10 wt%), acetylene black (10 wt%) and the
active material (80 wt%) on nickel foam (diameter 1 cm), then
dried at 80 °C for 12 h. Compressed by a tablet machine at
5 MPa for 2 min, the nickel foam disk was washed by ethanol,
and finally dried at 60 °C for 4 h. A polypropylene membrane
was used as the separator and 6 mol L' KOH was used as the
electrolyte. The mass loading of active materials in each
working electrode is 3-4 mg cm 2. After assembly, the working
electrodes were characterized by cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) on a CS2350 electrochemical
work-station (Wuhan Corrtest Instruments Corp., Ltd, China).

The specific capacitances of SCs were examined by the GCD
measurements, at the current densities of 0.1, 0.5, 1, 2,4, 10 and
20 A g ', respectively, with the potential ranging from 0 to 1 V.
For the CV measurements, the sweep rates were 5, 10, 20, 50,
100, 200 mV s~ ', respectively, with the potential ranging from
0 to 1 V. For the EIS measurements, the frequency range was
from 10 mHz to 100 kHz. The specific capacitance Cs (F g )
examined by the GCD was calculated based on the following
equation (eqn (1)):

2IAt
C. =

s — m (1)

where m (g) is the mass of the active material on a single
working electrode, I (A) is the constant discharge current, A (s)
is the discharging time, and AV (V) is the potential window.

The energy density (E) and power density (P) were calculated
based on the following eqn (2) and (3):
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where E (W h kg™') and P (W kg™ ") are energy and power
density, respectively, At (s) is the discharging time, C represents
the specific capacitance and AV (V) is the potential window.

The ORR electrocatalytic properties were estimated by
rotating disk electrode (RDE) measurements in a conventional
three-electrode cell on CS2350 electrochemical work-station
(Wuhan Corrtest Instruments Corp., Ltd, China) at room temper-
ature, that rotating disk electrode was consisted of a glassy carbon
electrode and the as-prepared catalyst ink. A Pt wire as counter
electrode and a Hg/HgO electrode as reference electrode (0.098 V
relative to the reversible hydrogen electrode, RHE). The electrolyte
was N,/O,-saturated 0.1 M KOH solution. The CVs were tested
from —0.8 to 0.4 V with a scan rate of 10 mV s '. Specially, the
linear sweep voltammograms (LSVs) curves were recorded with
a scan rate of 5 mV s~ under different electrode rotation rates
(400, 625, 900, 1225, 1600, 2025 and 2500 rpm) by rotating disk
electrode (RDE) measurement. The values (1) of electron-transfer
number by the rotation disk electrode (RDE) measurement was
according to the following eqn (4):

LIS TS S S |
J  Jo Jx B Uk

(4)
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where J is the measured current density of catalyst, J, is the
diffusion limiting current density, Jx is the kinetic-limiting
current density, w is the electrode rotating rate. B is obtained
from the slope of K-L plot (eqn (5)):

B = 0.2nFCo(Dg)? v (5)

The constant 0.2 is adopted when the rotation rate is
expressed in rpm, n is the number of electron transfer per O,
molecule, Fis the Faraday constant (F = 96 485 C mol '), C, and
D, are the bulk concentration (1.2 x 10~° mol L™") and diffu-
sion coefficient (1.9 x 107> ecm* s") of O, in 0.1 mol L' KOH
solution, respectively, and v is the kinematic viscosity of
0.1 mol L™" KOH solution.

The working electrode ink was prepared by ultrasonically
dispersing 10 mg of the carbon material and 100 pL of 5%
Nafion suspension in 1.8 mL solution containing ethanol and
deionized water, 5: 1 by volume or 2 h to get a uniform ink.
Before RDE experiments, 15 puL of the solution was carefully
applied to the 0.196 cm?® disk, and then dried at room temper-
ature for the rotation disk electrode (RDE) measurement. The
commercial Pt/C (20 wt%) electrodes were prepared in the same
way for comparison.

Results and discussion
Material characterization

The microstructures of the prepared samples were character-
ized by TEM. Fig. 1 shows TEM and HRTEM images of NOSC-
800 and NOSPC-Xs samples. It can be seen from Fig. 1(a) that
there are almost no micropores and mesopores in NOSC-800
(without KOH activation), while NOSPC-Xs (with KOH

Fig. 1 TEM and the corresponding HRTEM images of (a) and (a):
NOSC-800, (b) and (b'): NOSPC-700, (c) and (c’): NOSPC-800 and (d)
and(d’): NOSPC-900 carbon samples.

This journal is © The Royal Society of Chemistry 2020
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activation) have abundant mesopores and microporous struc-
tures that cross each other (Fig. 1b-d), which can be mainly
attributed to the activation of KOH, that the reaction between
KOH and carbon produces pores and facilitates pore formation
at high temperatures. For supercapacitors, the extensive exis-
tence of abundant mesopores and micropores can not only
provide more active sites, but also provide convenient and
continuous channels for the smooth entry and transfer of
electrolyte ions and mass, such that these porous structures are
beneficial for enhancing the electrochemical performance.*
Meanwhile, it can be observed from the HRTEM images in
Fig. 1b’-d’ that all NOSPC-X samples have micropores with
a diameter of 1-5 nm and exhibit wormlike shape, which is the
feature of carbon materials with well-organized micropore and
mesopore structure, also indicating a large specific surface area
of the carbon materials.”

The porous structure and specific surface areas of as-
prepared carbon materials were calculated by N, adsorption—
desorption measurements. Fig. 2(a) displays the N, adsorption-
desorption isotherms of all the samples. NOSC-800 prepared by
direct carbonization has no apparent uptake of N,, implying its
non-porous structure. However, the NOSPC-700 presents a type
Iisotherm characteristic with a drastic increase in the adsorbed
volume at low relative pressures (P/P, < 0.1) and the weak
hysteresis loops at high relative pressure, indicating the pres-
ence of micropores and a small amount of mesopores. The
NOSPC-800 and NOSPC-900 show similar isotherms which are
consisted of type I and type IV isotherm indicating the hierar-
chical porous structure of two samples. In detail, a sharply
increasing adsorption capacity at low relative pressure (P/P, at
low relative pressure P/P, < 0.1) was observed, suggesting a large
proportion of micropores in the samples. Furthermore, a type
IV hysteresis loop caused by capillary condensation at relative
pressure P/P, ranging from 0.5 to 1 was observed, which implied
the existence of mesopores in NOSPC-800 and NOSPC-900.%'"%*
The pore size distribution curves (Fig. 2(b)) reveal the micro-
and mesoporous structure of NOSPC-Xs, derived from the
release of small molecule volatile products due to decomposi-
tion of carbon and the KOH activation.® The results are
consistent with the TEM observation shown in Fig. 1. Further-
more, the porous properties of the samples are summarized in
Table 1. The BET surface areas of NOSC-800 and NOSPC-800 are
calculated to be 19.2 m* ¢~ * and 3351.8 m* g~ ', respectively,
which clearly indicates that the use of KOH significantly
enhances the SSA of the samples. Except for the influence of
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Fig. 2 (a) N, adsorption—desorption isotherms, (b) pore size distri-
bution (PSD) profiles of NOSC-800 and NOSPC-X samples.
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KOH, the carbonization temperature has an important role on
the pore structure formation of NOSPC-Xs. With the increase of
temperature from 700 °C to 800 °C, the surface area increases
from 2000.8 m* g~ (NOSPC-700) to 3351.8 m* g~ ! (NOSPC-800),
and the pore volume increases from 0.97 to 2.16 cm® g~
correspondingly. However, activation at higher temperature
(above 800 °C) will lead to severe collapse of partial structural,
resulting in mesopore consolidation or enlargement, thus
reducing the surface area to 3179.3 m”> g~ ' (NOSPC-900). By
providing an effective access of the electrolyte ions into the
contact sites, the hierarchical porous structure can facilitate the
ion transport and minimize the high-rate diffusional loss.'***
Hence, compared to NOSC-800, NOSPC-700, NOSPC-800 and
NOSPC-900, the NOSPC-800 sample with high surface area is
expected to illustrate higher performance both in the SC and
electrocatalytic ORR.

PXRD and Raman spectroscopy were carried out to further
understand the internal structure of the carbon samples
(Fig. 3(a)). There are two obvious diffraction peaks at 25° and
43° on the samples NOSC-800 and NOSPC-700, corresponding
to (002) and (100) crystal faces of carbon, respectively, indi-
cating the existence of crystalline graphite in both samples.”®
However, both the two characteristic peaks on NOSPC-800 and
NOSPC-900 are very weak (Fig. S11), due to the reason that the
activation of KOH increases the defects of the materials and
thus reduces the intensity of diffraction peaks. Fig. 3(b) shows
the Raman spectra of NOSC-800 and NOSPC-X samples, which
can help study the degree of graphitization of the samples. The
D-band represents the defects and disorder structure
(1350 cm ™) inside the carbon material, and the G-band reflects
the bond stretching of sp> hybridization of the carbon material
(1580 ecm™ "), and the intensity ratio between the D-band
strength and the G-band strength (I/I;) represents the degree
of graphitization inside the carbon material.*® The I/I; ratios
are 1.05, 1.36 and 1.15 for NOSPC-700, NOSPC-800 and NOSPC-
900, respectively, with the highest Iy/Ig value for NOSPC-800,
demonstrating that there are more defects generated on
NOSPC-800 carbon sample. Noteworthy, the Ip/Ig ratio of
NOSPC-700 (1.05) is even lower than that of NOSPC-800 (1.36),
which may be due to the incomplete activation of KOH at
700 °C, suggesting that both high temperature and KOH acti-
vation have great influences on the graphitization degree of
carbon materials.

To understand the role of heteroatoms functionalities in
electrochemical performance, it is necessary to clarify the types
of heteroatoms doped into the carbon materials via XPS (Fig. 4)
and calculate the content of heteroatoms by EA (Table S17).
From the wide-scan XPS spectra of NOSC-800 and NOSPC-X
samples (Fig. 4(a)), there are four characteristic peaks are
observed at ~173 eV, ~284 eV, ~405 eV and ~532 eV, respec-
tively, indicating four elements of S, C, N and O present on the
prepared samples.*® The results indicate that N and S are
successfully doped into the hierarchical porous carbon. As
illustrated in Fig. 4(b), the high-resolution O1s spectrum can be
divided into three individual peaks C=0 (O-I: 531.9 eV), C-O
(O-I1: 532.5 eV), and ~COOR (O-I1I: 533.7 eV).>* The main effects
of oxygen functional groups are increasing the conductivity by

RSC Adv, 2020, 10, 41532-41541 | 41535
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Table 1 Physicochemical properties of the NOSC-800 and NOSPC-X samples

Samples SBETa (mz gil) Vtotalb (Cm3 gil) Vmicroc (Cms gil) Dd (1’11’1’1)
NOSC-800 19.2 0.03 0.007 4.08
NOSPC-700 2000.8 0.97 0.456 2.18
NOSPC-800 3351.8 2.16 0.273 2.38
NOSPC-900 3179.3 2.24 0.259 2.50

“ Specific surface area. ” The total pore volume.  The micropores volume. ¢ The most probable size of pore.
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Fig. 3 (a) PXRD patterns and (b)Raman spectra of NOSC-800 and
NOSPC-X samples.
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Fig. 4 (a) Wide-scan XPS spectra of NOSC-800 and NOSPC-X; High-
resolution (b)O1s, (c)N1s, (d) S2p spectra of NOSC-800 and NOSPC-X
samples.

improving the wettability of carbon materials in SCs and
promoting the ability of adsorbing O, to reducing the over-
potential of ORR. Similarly, the high-resolution N1s spectrum
(Fig. 4(c)) are deconvoluted into four peaks which are corre-
sponding to pyridinic N (N-6: 398.6 eV), pyrrolic N (N-5: 400.2
eV), graphitic N (N-Q: 401.2 eV) and oxidized-N (N-Q: 402.8
eV).??*%%” pyridinic nitrogen and pyrrolic nitrogen are two major
chemical states of N atom, which can increase the active sites
and defects of materials, thus promoting the storage capacity of
materials by introducing pseudocapacitance, and these N
chemical states can also act as the active sites for ORR.*®
Meanwhile, graphitic N could improve the conductivity of
electrode materials which can increase the rate performance of
SC and the active performance of ORR. The high-resolution S2p

41536 | RSC Adv, 2020, 10, 41532-41541

spectrum (Fig. 4(d)) reveals three deconvoluted peaks, where
the two centered at ~164.3 eV and ~165.4 eV are attributable to
C-S bonding and one centered at 168.8 eV is assigned to an
oxidized sulfur moiety (-SO"").* The doping of S atom could
increase the activity sites by inducing defect owning to the large
atomic radius of S, which can effectively enhance the storage
capacity and improve ORR kinetics. In addition, the surface
containing nitrogen, oxygen and sulfur functional groups can
improve the wettability, reduce the resistance and improve the
electrochemical efficiency. These properties may have endowed
the product significant potential as a high-performance elec-
trode material for supercapacitor and oxygen reduction reac-
tion, which will be discussed vide infra. The detailed elemental
percentages of S, C, N and O in NOSC-800, NOSPC-700, NOSPC-
800 and NOSPC-900 samples were measured by EA as shown in
Table S1.1 It can be observed that with carbonization temper-
ature increasing, both the O and N contents decrease, and the C
content increases, which is due to the N/O decomposition from
carbon lattice and the pyrolysis of surface C-N and C-O bonds
with the increasing temperature, thereby leading to elimination
and/or stabilization of sp® saturated oxygen-containing groups
and the restoration of the sp” conjugated graphene basal plane
of the structures.**° The S content of NOSPC samples increase
a lot compared to that of NOSC (before KOH activation), which
can be attributed to the much slower decomposition of S, due to
the higher bond energies of the S-O and S=O covalent bonds
over that of C-N or C-C covalent bonds.>***"** In general, the
content of S element keeps relatively steady from 700-900 °C.

Supercapacitor performance

The electrochemical performance of the materials was charac-
terized by CV, GCD and EIS tests in the electrolyte of 6 M KOH.
Fig. 5(a) shows the cyclic voltammetry measurements of the
samples at the scanning rate of 50 mV s ' under a voltage
window of 0 to 1 V. The CV curves of the samples all present
quasi-rectangular shapes, indicating that they have the combi-
nation effects of electric double-layer capacitance and pseudo-
capacitance, the latter of which could be attributed to the
faradaic reactions associated with the heteroatoms doped in the
structure. Of all the CVs, the area of the NOSPC-800 sample is
the largest, indicating that the carbon material has the largest
capacitance. Fig. 5(b) shows the GCD curves at the current
density of 0.1 A g ', all carbon materials present a quasi-
isosceles triangular shape, which indicates that the material
has pseudo-capacitance characteristics. Based on the GCD
measurements, the specific capacitances are calculated to be

This journal is © The Royal Society of Chemistry 2020
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84.2,236.72, 324.06 and 265.04 F g~ for NOSC-800, NOSPC-700,
NOSPC-800 and NOSPC-900, respectively, with the NOSPC-800
sample exhibiting the largest specific capacitance, which
agrees with the result obtained from the CV tests. Fig. 5(c)
shows the Nyquist impedance spectra of all the samples in
a frequency range of 10 kHz to 10 MHz in a 6 M KOH electrolyte.
The Nyquist curves of NOSPC-X samples in the low frequency
region are almost vertical, exhibiting the ideal capacitance
performance. However, in the low frequency region, the curve of
45° appears in the NOSC-800, which indicates that the capaci-
tance performance of the material is very poor. The intercept of
the solid line in the high frequency region can be obtained from
the enlarged picture of the high frequency region, which is the
value of the equivalent series resistance (ESR). All NOSPC-Xs
samples show a very small value less than 0.5 Q, which shows
a good conductivity. The semicircle diameter reflects the charge
transfer resistance at the interface between the electrolyte and
the electrode, and a smaller semicircle indicates a higher
conductivity level of the electrode. It can be observed that
NOSPC-800 has a very small equivalent series resistance and
charge transfer resistance, and has a good conductivity in the
aqueous electrolyte. The superior electrochemical performance
of NOSPC-800 could be ascribed to the hierarchical porous
structure which minimizes the transport resistance of electro-
lyte ions. It is believed that very low ESR is crucial for enhancing
both the rate capability and the power density of the electro-
chemical supercapacitors. Fig. 5(d) shows the capacitance
retention performances of the samples. With a largest specific
capacitance and over 70% capacitance retention, NOSPC-800
exhibits a good capacitance retention capability.

The electrochemical supercapacitance performance of
NOSPC-800 was further studied in a two-electrode system with
6 M KOH as electrolyte under a voltage window of 0-1.0 V
(Fig. 6). As shown in Fig. 6(a), the CV curves at different

This journal is © The Royal Society of Chemistry 2020
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scanning rates all present the quasi-rectangular shape, indi-
cating that the material has good capacitance performance.
Fig. 6(b) shows the GCD curves of NOSPC-800 at different
current densities, with a high specific capacitance up to 324.06
F g " obtained at the current density of 0.1 A g~ . In addition,
the NOSPC-800 material also shows an excellent cycle stability
(Fig. 6(c)). After 10 000 times of constant current charge and
discharge tests at 4 A g, its specific capacitance still maintains
96.5%, which illustrates that the NOSPC-800 sample displays an
outstanding long-term cycling durability as the carbon elec-
trode. Fig. 6(d) displays the Ragone plot of NOSPC-800 in 6 M
KOH, a maximum energy density of 11.25 W h kg™ was ach-
ieved at the power density of 25 W kg~ '. Moreover, the energy
density of NOSPC-800 remains 7.77 W h kg™ when power
density reaches 5000 W kg™, suggesting an excellent applica-
tion prospect for NOSPC-800. The electrochemical performance
of the carbon sample in this work and other samples derived
from various biomass precursors are compared in Table S2,}
and it can be observed that the carbon sample NOSPC-800
prepared in this work exhibits superior supercapacitance
performance, indicating a bright application prospect in
supercapacitors.

The gravimetric specific capacitance, the total surface
content of N, O and S, and the content elements of the
surface N, O and S configurations of the carbon samples are
calculated so as to identify the correlation between the surface
elemental compositions, SSA and their electrochemical perfor-
mance of the as-prepared carbon materials (Fig. 7 and Table 2).
As shown in Fig. 7(a), that carbon materials exhibit satisfactory
specific capacitance (>200 F g~ ') with the SSA over ~2000 m”
g ', indicating that SSA plays a vital part in the materials’
specific capacitance. Additionally, this consequence not only
illustrated that the high SSA could provide abundant sites to
adsorb electrolyte ions on the electrode surface but also proved
that the proper pore distribution is conducive for both the
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Fig. 6 Electrochemical performance characteristics of NOSPC-800
measured in a two-electrode system in the 6 mol L™ KOH electrolyte.
(a) CV curves at different scan rates; (b) GCD curves at different current
densities; (c) cycling stability at a current density of 4 A g~*; (d) Ragone
plot.
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storage and transport of electrolyte ions, which contributes to
a large electrical double layer capacitance.* It can be found that
there is no apparent relationship between the total content
elements (N, S, O) and the specific capacitance from Fig. 7(b).
Actually, a proper N chemical state distribution in N-5, N-6, N-Q,
and N-X, a moderate O chemical state distribution in O-1, O-II,
and O-III, and a good S chemical state distribution in S1, S2
and S3 (Fig. 7(c)-(e)) is another desirable structural feature
which can lead to superior electrochemical properties. It is

worth noting that the specific capacitance is positively
promoted with the element contents of N-6, O-II, and the total
content of S1 and S3, indicating that these three element
configurations are conducive to the increase of specific capac-
itance. In general, it is believed that N-6 can help to reduce the
resistance of the ions transfer and thus result in the increase of
pseudocapacitance.”**® On the other hand, O-II can help to
improve the wettability of these carbon materials, producing
a hydrophilic surface, and bring in pseudocapacitance by redox

Table 2 N, O, S contents evaluated from XPS of NOSC-800 and NOSPC-X samples

N configuration (at%)

O configuration (at%)

S configuration (at%)

Specific capacitance

Samples N-6 N-5 N-Q N-X o1 o1 O-IT s1 S2 S3 Fg™
NOSC-800 21.04 27.93 47.95 3.08 30.97 35.25 33.78 57.88 28.91 13.21 84.20
NOSPC-700 41.62 24.21 18.32 15.86 25.40 31.57 43.03 45.05 40.59 14.36 236.72
NOSPC-800 59.66 17.70 11.05 11.59 20.48 47.11 32.40 58.07 17.14 24.79 324.06
NOSPC-900 50.90 19.23 12.95 16.91 34.21 37.51 28.28 66.29 32.05 1.66 265.04
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reactions.*** Furthermore, S1 can enhance the conductivity
owing to delocalized electrons on the conjugated backbones of
carbon, while S3 endows the high affinitive carbon matrix and
provides a polarized surface and reversible pseudo-sites, as a result
increases the capacitive performance.”*** The NOSPC-800 carbon
sample, which shows the best electrochemical supercapacitor
performance in this study, has a N-6 relative content up to 59.66%,
an O-II relative content up to 47.11%, and the total content of S1
and S3 accounts for 82.86%, all of which are the highest among the
carbon samples (Table 2). It is believed that the synergistic effect of
the structural features of carbon materials, such as high SSA with
a proper hierarchical structure, adequate N, O and S contents in
a suitable chemical configuration distribution, make contribu-
tions together to the electrochemical performance of carbon-based
supercapacitors.'**

Electrocatalytic oxygen reduction reaction (ORR) performance

In addition to working as supercapacitor electrodes, the ob-
tained carbons with promising structures and compositions are
also expected to show potentiality in the electrocatalysis field.
The electrocatalytic activity of NOSPC-800 and Pt/C catalysts was
evaluated firstly by cyclic voltammetry measurements in 0.1 M
KOH solution with N, or O, saturated. As shown in Fig. 8(a),
there is an obvious characteristic reduction peak appeared at ca.
—0.12 V of NOSPC-800 in the O, saturated alkaline electrolyte,
compared with a rather smooth CV under N, condition, indi-
cating that the apparent ORR occurred on the electrode in O,
saturated electrolyte.* Although the oxygen reduction peak
potential of NOSPC-800 (—0.12 V) is lower than that of Pt/C (0 V),
the catalytic current is much higher, suggesting that NOSPC-800
has good electrocatalytic activity for ORR. LSV tests were carried
out on the catalyst at different scanning rates using a rotating
disk electrode, as shown in Fig. §(b), in order to better investi-
gate the ORR reaction kinetics of NOSPC-800. It can be seen
clearly that the current density increases with the increase of
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Fig. 8 (a) CV curves of Pt/C and NOSPC-800 in N, and O, saturated
0.1 M KOH electrolyte at 50 mV s~ (b) LSVs of oxygen reduction on
NOSPC-800 at various rotation speeds; (c) corresponding K—-L plots of
NOSPC-800; (d) the electron transfer numbers of NOSPC-800.
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rotating speed from 400 to 2500 rpm because of the shortened
diffusion layer for electrode material, which indicates that the
ORR is controlled and influenced by the diffusion rate.*
Fig. 8(c) shows the K-L curves corresponding to the LSV test by
rotating disk electrode (RDE), and it can be observed that the
reciprocal of current density is linear with the reciprocal of
rotating speed of turntable, which proves that the catalytic
process conforms to the first-order reaction kinetics. The
number of electron transfer of NOSPC-800 in the ORR reaction
was calculated by K-L equation (Fig. 8(d)). The number of elec-
tron transfer was 3.1, 3.2, 3.7 and 4.0, corresponding to the
potential of —0.5 V, —0.6 V, —0.7 V and —0.8 V, respectively,
which indicates that the ORR reaction of NOSPC-800 conformed
to the four electron transfer pathway.*” The good electrocatalytic
activities may be due to optimal pore size distribution and acti-
vated interfaces by introducing more active sites through N/S co-
doping, which results in superior ORR activity of NOSPC-800.
Methanol toxicity resistance and long-term electrochemical
stability of ORR catalysts are two critical indexes for actual
applications. As shown in Fig. 9(a) and (b), the long-term cata-
Iytic performance stability of Pt/C and NOSPC-800 is compared
through the accelerated durability testing (ADT). It can be found
that both Pt/C and NOSPC-800 show gradual attenuation after
1000 CV cycles, while the current density of NOSPC-800 has
aretention up to 99% of the initial current density, much higher
than that of Pt/C (~95%), indicating that NOSPC-800 has more
stable catalytic activity than Pt/C. Fig. 9(c) and (d) show the
methanol toxicity resistance of Pt/C and NOSPC-800 respec-
tively. The RDE polarization curve of Pt/C shows a large oxida-
tion peak at the potential of —0.18 V in the methanol containing
electrolyte, indicating that the Pt/C electrode has poor methanol
toxicity resistance. Compared with the obvious retardance of Pt/
C, there is only negligible change of the RDE polarization curve
of NOSPC-800 in methanol, which shows that NOSPC-800 has
an excellent methanol toxicity resistance, which has potential
applications in methanol fuel cells. Moreover, NOSPC-800
shows half-wave potential of —0.12 V and the largest current
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Fig. 9 LSV curves of the initial and after 1000 CV cycles for (a) Pt/C
and (b) NOSPC-800; LSV curves of the initial and after 1000 CV cycles
of methanol toxicity test for (c) Pt/C and (d) NOSPC-800.
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density of 4.09 mA cm > at —0.8 V, both of which are quite close
to and only slightly lower than those of commercial Pt/C
(-0.07 V, 5.09 mA cm?), indicative of a higher density of
surface-active sites as well as outstanding ORR performance.

Conclusions

In summary, we present a facile and efficient preparation
method of N/S co-doped hierarchical porous carbon from
organic waste (Chinese gallnut residues) without any extra
heteroatom materials source, via carbonization and subsequent
KOH activation. The prepared NOSPC-X carbon materials show
high specific surface areas, abundant micro-/meso-porous
structures, and with high N/S co-doping content. The NOSPC-
800 carbon material is found to show both good super-
capacitor performance and ORR activity. The unique features of
the composition and structure endow the carbon material an
outstanding electrode material for supercapacitor with a high
specific capacitance in a two-electrode system, good capacitance
retention capability (70% retention at current densities up to
20 A g ") and good cycling stability (96.5% retention of the
initial specific capacitance after 10 000 cycles). The material
also exhibits excellent electrocatalytic properties for oxygen
reduction reaction. NOSPC-800 shows a more positive half-wave
potential, and it also has a large current density (4.09 mA cm >
at 0.8 V) which is very close to that of commercial Pt/C elec-
trocatalyst. Furthermore, it also exhibits superior stability and
better resistance to methanol than commercial Pt/C catalyst.
These results demonstrate that biomass-derived NOSPC-800 is
a promising candidate as an excellent electrode material in the
prospective industrial applications. Our study provides an in
situ and effective heteroatoms co-doping method in the
controllable construction of hierarchical porous carbon mate-
rials, as well as a new path of high value utilization of Chinese
herbal residues.
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