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Graphitic nitrogen-doped hierarchical porous carbon nanosheets for supercapacitor application were
derived from an easily obtained and green silk by simultaneous ZnCl, activation and FeCls graphitization
at different heating temperatures. By increasing the heating temperature from 700 to 850 °C, the degree
of graphitization and BET surface area rose to their highest levels, while the nitrogen doping content was
maintained at 2.24 wt%. Carbonized silk at 850 °C displays a nanosheet morphology and a considerable
specific surface area (1285.31 m? g%, and it was fabricated into a supercapacitor as an electrode
material, exhibiting superior electrochemical performance with a high specific capacitance of 178 F g~*
at 0.5 A g7 and an excellent rate capability (81% capacitance retention ratio even at 20 A g7 in
1 mol L™t H,SO, electrolyte. A symmetric supercapacitor using carbonized silk at 850 °C as the
electrodes has an excellent specific energy of 14.33 W h kg~* at a power density of 251 W kg~* operated
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Introduction

Supercapacitors with a high power density, a good cycle life, and
low cost have attracted exceptional attention in recent years due to
their extensive potential for use in the field of electrical energy
storage devices."® Supercapacitors can be divided into two types in
view of their energy storage principles.>”” One type is the electric
double-layer capacitor (ECs) charge store, which originates from
the typical ion adsorption at the electrode interface in the atmo-
sphere of the electrolyte, and which demands active materials with
a high accessible surface area and suitable pore size." The other
type is a pseudocapacitor related to fast and highly reversible
faradaic reactions using metal oxides and electrically conductive
polymers as electrodes.>"***> Pseudocapacitive materials contribute
to considerable capacitance, even achieving 1300 F g~ (such as
MnO,). However, their exorbitant price, lack of electrical conduc-
tivity, and disappointing cycle life have restricted their actual
application.**'**® The drawback of supercapacitors is their very
low energy density (5 W h kg™ " for commercial supercapacitors)
relative to the battery (70-100 W h kg™ ").>*** Now the research
community is trying its best to improve the energy density in
various ways and from different aspects. According to the energy
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over a wide voltage range of 2.0 V in agueous neutral Na,SO4 electrolyte.

density formula E = 0.5CU?, there are undoubtedly two ways to
improve the energy density of supercapacitors, as follows. On the
one hand, there is improving the specific capacitance of the elec-
trode material. There are several effective ways to improve the
specific energy of a supercapacitor, including increasing the
specific surface area and inducing pseudocapacitance by intro-
ducing heteroatoms.*'***** On the other hand, the energy density
of supercapacitors can be improved by expanding the voltage
window of the system by assembling an aqueous symmetric
supercapacitor in a neutral electrolyte (such as Na,SO, or
Li,S0,).>*?® Therefore, aqueous symmetric supercapacitors based
on carbon electrode materials have received considerable attention
due to their lower costs and safety, and they are even easy to find
relative to other types of supercapacitors. Unfortunately, they have
a low energy density due to a narrow working voltage window
caused by water splitting. As the Nernst equation shows, the
evolution potential of the cathode is ¢eq = —0.059 pH — 7y, and
the evolution potential of the anode is gox = 1.23 — 0.059 pH + 70,
If the voltage drop (IR) is taken into account, then the critical
voltage window of water splitting of carbon-based symmetric
supercapacitors is E = ¢ox — ¢req = 1.23 + 134, + 0, + IR. Therefore,
to meet people's energy needs in the situation of an energy
shortage, we urgently need to find a kind of carbon material that
has a large oxygen evolution overpotential and a large hydrogen
evolution overpotential to expand the voltage window limit and
further improve the energy density.

Recently, carbon-based materials endowed with pseudocapa-
citive effects by doping with heteroatoms have attracted a wide
range of attention. There have been many reports that nitrogen-
doped porous carbon materials carbonized from natural

This journal is © The Royal Society of Chemistry 2018
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materials with high heteroatom doping, hierarchical porosity,
graphitization, and thin nanosheets can be utilized as high-
storage supercapacitor electrodes. Researchers have made
tremendous efforts to produce various porous carbons derived
from inexpensive renewable biomass, such as sugar cane
bagasse,” corn husks,* coconut shells,” bacterial cellulose,*
Broussonetia papyrifera,® willow,*?** Perilla frutescens,” soybean
residue,* flour,”” soybeans,*® human hair,*” and egg white.*
Among natural materials, silk has a high content of nitrogen
(18%) and oxygen (20%);* hence, it can be utilized as a carbon
and nitrogen source for the production of porous carbon elec-
trode materials.***' In addition, it also avoids the environmental
pollution that results from achieving high nitrogen doping by the
addition of a nitrogen source such as urea*** or NH,.***
Nitrogen-doped carbon materials from non-mulberry silk
cocoons are applied in supercapacitors, which display a specific
capacitance of 264 F g~ in aqueous electrolytes and a stable cycle
life,** and which exhibit an excellent capacitance of 242 F ¢~ " in
ionic liquid electrolytes.*> However, to the best of our knowledge,
there are no reports to date regarding using the carbonization
temperature to influence the porous structure, specific surface
area and nitrogen content or the use of silk-derived porous
carbon nanosheets to expand the voltage window of an aqueous
symmetric supercapacitor in a neutral electrolyte.

In this work, silk fibroin was transformed into highly
ordered graphitic carbon with considerable heteroatom doping
and good electrical conductivity for use in energy conversion
and storage. FeCl; not only facilitates the dissolution of natural
silk but also acts as a graphitization agent.>*® The zinc precursor
ZnCl, acts as an effective activator that can introduce a porous
structure with plentiful micro- and mesopores for a high surface
area.*»"” It is expected that electrode materials prepared from
low-cost and widely sourced biomass silk cocoons via ZnCl,
activation and FeCl; graphitization will have excellent capaci-
tance performance. The effects of carbonization temperature on
the capacitive performance of the carbon materials will be
investigated. The voltage window of a silk-derived porous
carbon nanosheet based aqueous symmetric supercapacitor in
a neutral electrolyte will be further expanded.

Results and discussion
Synthesis of carbonized silks

Nitrogen-doped graphitic carbon-based electrode materials
were prepared with ZnCl, as the activator, FeCl; as the graphi-
tizer and silk as the carbon source via co-heat treatment. The
experimental process is as follows: 3 g of Bombyx mori silk
coccoon shells (Guangxi Sericulture Technology Co., Ltd.) was
mixed with 2.5 M ferric trichloride (FeCls) solution containing
ZnCl, (30 g). The carbon precursor was obtained by drying at
150 °C in an oven before stirring at 80 °C for 4 h. Then, the
carbon precursors were put in a tubular furnace under a N,
atmosphere at a rate of 2 °C min~" up to 700 °C, 750 °C, 850 °C,
900 °C for 1 h. Finally, acid treatment was applied to get rid of
the iron species. The carbonized silks (SCs) were denoted as SC-
700, SC-750, SC-850, SC-900. The preparation process is illus-
trated in Fig. 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration for the synthesis of SCs.

Morphology and structure of SCs

The pyrolysis temperature is one of the key effects on the porous
structure, specific surface area and nitrogen content. SEM
images of SC-700, SC-750, SC-850, SC-900 present a 2D porous
nanosheet structure (Fig. 2), which is consistent with the atomic
force microscopy (AFM) analysis (Fig. S17). A porous nanosheet
structure offers minimum diffusive resistance and shortens the
diffusion pathways.* To better observe the structure of the
carbon materials, the SCs can be further viewed by high-
resolution transmission electron microscopy (HR-TEM)
(Fig. S2t). As shown in Fig. S2,7 SC-850 and SC-900 present
carbon microstructures. Nanopores can serve as active sites for
ions, which contribute to the excellent capacitance and high
rate performance of the electrodes.**** From HR-TEM, SC-850
has worm-like stripes, indicating the presence of partial
graphitization, and SC-900 exhibits many crystal stripes, hint-
ing at high graphitization during the carbonization process. It
also shows that increasing the pyrolysis temperature favours
graphitization. The conductive graphene layers can contribute
fast electron transfer to the ions. With an increase in the
carbonization temperature, the surfaces of the nanosheets
become rougher, smaller and more fragmented. All of these
factors are important in delivering excellent capacitance and
high rate performance for the electrodes.

The porous structure characteristics of the SCs were further
characterized by nitrogen adsorption/desorption isotherm
measurements. Detailed Brunauer-Emmett-Teller (BET)

Fig.2 SEM images of (a) SC-700, (b) SC-750, (c) SC-850, (d) SC-900.
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Table 1 BET surface area, and pore size parameters of the SC samples from different temperatures (700, 750, 850 and 900 °C)

Sample Sger (M* g™ 1) Smic (M> g™ Smeso (M* g™ Y) Viotal (cm® g7 1) D (nm)
SC-900 1119.52 177.32 942.20 1.11 2.83
SC-850 1285.31 345.57 939.74 0.77 1.99
SC-750 727.76 149.44 578.32 1.10 2.51
SC-700 933.57 373.76 559.81 0.61 3.09

specific surface areas and pore size distributions are listed in
Table 1. Fig. S31 shows the pore size distribution (PSD) for SCs
at different activation temperatures. SC-700, SC-750, SC-850, SC-
900 exhibit a hierarchical porous structure. The micropores are
mainly concentrated at about 1.2 nm; the mesopores are mainly
distributed at about 3 nm. The distribution of micropores and
mesopores is relatively narrow. SCs have a well-developed pore
structure and a hierarchical network pore structure. This result
is consistent with the pore structure information obtained by
SEM and TEM. A hierarchical porous structure can provide
successive channels for the transportation of ions and lessen
diffusion pathways to reduce ion transport resistance.****
Abundant micro-and meso-pores provide a high surface area for
ions, leading to large specific capacitance.”*** Moreover, larger
mesopores and nanometer-sized diffusion distances can fulfil
high rate capability by rapid mass transport.*”® The specific
surface area increases with an increase in carbonization
temperature. The surface area of SC-850 increases up to 1285.31
m? g, probably due to the evaporation of ZnCl, (boiling point
= 732 °C) to create more micropores during the carbonization
process. When the temperature is greater than 850 °C, the
specific surface area does not change much.

The structures of the SCs were further studied by X-ray
diffraction (XRD), Raman spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) (Fig. 3, Table 2). From Fig. 3a, two
characteristic diffraction peaks at 26 value of 26.5° and 44° can
be seen belonging to the (002), (101) planes of graphite (JCPDS
card no. 41-1487).° The crystallinity increases with an increase
in the carbonization temperature according to the intensity of
the peaks (26 = 26.5°) of the SCs, indicating promotion of the
degree of graphitization. This is consistent with the HR-TEM
results (Fig. S21). Meanwhile, the d,o, values decreased (Table
2) due to the transformation from a stacking structure into the
graphite structure.® Very weak diffraction peaks at 35.5°, 54.6°,
41.6°, 43°, 56.8° belong to Fe;C, hinting at a few residual iron
species, which is consistent with thermogravimetric (TG) anal-
ysis (Fig. S47).

Raman spectroscopy of the SCs has three featured peaks,
located in the D-band at 1351 ecm ™" (involving defects), the D'-
band at 1647 cm™ ' (related to defects), and the G-band at
1581 cm ' (related to graphitic structure) (Fig. 3b).***® The
values of Ig/I, for SC-700, SC-750, SC-850, and SC-900 are 1.00,
1.02, 1.05 and 2.83, respectively (Table 2), indicating that the
carbonization temperature promotes graphitization, which
agrees with the XRD and HR-TEM results. Graphitization can
effectively improve the electrical conductivity of carbon mate-
rials, resulting in a soaring rate capability and huge stability
because it prompts charge transportation.**”*® For SC-900, the

22148 | RSC Adv,, 2018, 8, 22146-22153

2D band appears at 2686 cm™ ', suggesting that a few graphene-

like nanosheet structures were formed.>®

The elemental ingredients of the SCs were further assessed
by XPS. The peaks located at 284.8, 401.1, and 530.8 €V corre-
spond to the C 1s peak of sp? carbon, the N 1s peak of nitrogen,
and the O 1s spectrum, respectively (Fig. 3c). The contents of C,
O, N and the type of doped nitrogen obtained from XPS at
different carbonization temperatures are summarized in Table
2. The high-resolution N 1s core level XPS spectra can be divided
into 4 peaks (Fig. 3d) signifying pyridinic N1 (N-6 at 398.3 eV),
pyridonic N2 (N-5 at 400 eV), graphitic N3 (N-Q at 401 eV) and
oxidized N4 (N-X at 404 eV). As the carbonization temperature
increases, the contents of N nitrogen decrease, such as pyridinic
and pyridonic N type nitrogen, due to nitrogen instability and
decomposition at high temperature.

Electrochemical properties

The electrochemical performance of the SCs electrodes was
characterized in 1 M H,SO, by a three-electrode system. An ideal
carbon porous structure should be able to provide a channel for
rapid ion transport, which can quickly form an electric double
layer at the beginning of the charge, resulting in a rectangular-
like CV curve. The squareness of the CV curve reflects the diffu-
sion rate of electrolyte ions in the carbon nanopore structure.
The CV curves of SCs at 10 mV s~ * exhibit a high degree of
squareness, indicating that electrolyte ions can be rapidly trans-
ported in the SC structure (Fig. 4a). Redox reaction humps located
at ~0.25 V to ~0.5 V are related to pyridinic or pyrrolic N.%%?*25%
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Fig. 3 (a) XRD patterns of the SC materials, (b) Raman spectrum of
SCs, (c) XPS of the SC materials, (d) N 1s XPS spectra of SC materials.
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Table 2 XRD, Raman and XPS analysis of SCs
XRD Raman XPS (%) N type (%)

Sample 2600 (deg) doop (Nm) I/ C N o N1 N2 N3 N4 N1 + N2
SC-900 26.52 0.3358 2.83 91.55 1.59 6.02 0.01 0.27 0.54 0.16 0.28
SC-850 26.48 0.3363 1.05 90.89 2.24 5.50 0.56 0.27 1.09 0.38 0.76
SC-750 26.44 0.3368 1.02 83.04 1.96 83.04 0.43 0.96 1.00 0 1.39
SC-700 26.21 0.3397 1.00 87.22 3.15 87.22 0.82 0.66 1.22 0.44 1.48

While the gross contents of pyridinic and pyridonic N type
nitrogen decrease with increasing carbonization temperature, the
redox potential increases. At a scan rate of 200 mV s~ ', only the CV
curves of SC-850 and SC-900 exhibit any dramatic distortion or
a large ring area (Fig. 4b). This is because SC-850 and SC-900 have
large open holes and lower resistivity. The high degree of graphi-
tization of SC-850 and SC-900 makes the materials very conductive.
The CV curves of SC-850 and SC-900 show approximately equal
encircled areas, suggesting that they have equivalent capacitance.
This is because the specific surface areas of SC-850 and SC-900 are
almost equal. Quasi-triangular-shaped galvanostatic charge/
discharge (GCD) cycling curves further confirm the results of the
CV curves (Fig. 4c). Fig. 4d summarizes the gravimetric specific
capacitance of the SCs at current densities from 1.0 to 20 A g™ .
Due to the slower diffusion rate of electrolyte ions in the micro-
pores, the specific capacitance of the SCs decreases with increasing
current density. As can be seen from Fig. 4d, SC-850 and SC-900
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Fig. 4 Electrochemical performance characteristics of SCs measured
by a three-electrode system in 1 M H,SO, electrolyte: (a) CV curves at
10 mV s7%; (b) CV curves of SCs at 200 mV s™2; (c) GCD curves of SCs at
1 A g% (d) specific capacitances of SCs at different current densities;
(e) Nyquist plots of the SCs electrodes; (f) cycle stability curve of the
SC-850 electrode.

This journal is © The Royal Society of Chemistry 2018

have lower specific capacitance reduction rates. The main reason
is that SC-850 and SC-900 have a relatively suitable hierarchical
porous network structure, which can provide channels and “buffer
pools” for the rapid diffusion of ions, resulting in good perfor-
mance at high magnification. Nyquist plots of SC electrodes are
shown in Fig. 4e. In the low-frequency region, compared with the
SC-700, SC-750 and SC-900 electrodes, SC-850 shows the straight-
est line with an almost 90° angle, which is characteristic of better
capacitive behaviour. In the medium-frequency region, the
Warburg-type line (the slope of the 45° region of the plots) of the
SC-850 based supercapacitor is shorter than those of the other
electrodes, which indicates that SC-850 has short electrolyte
diffusion pathways due to its graphene-like structure. Although the
equivalent series resistance (ESR) for SC-850 is slightly higher than
that for SC-900, the obvious decrease in ion transport resistance
indicates that SC-850 favours the access of ions within the elec-
trode materials, suggesting that the porous graphene-like structure
of SC-850 benefits effective ion migration into the electrode.
Electrochemical impedance spectroscopy (EIS) was analysed by the
software ZView 2 on the basis of the electrical equivalent circuit, as
shown in Fig. S5.1 Ry stands for the ionic resistance of the elec-
trolyte, and R, is the charge transfer resistance at the active
material/current collector interface, which is caused by the fara-
daic reaction. C is related to the capacitor layer that formed during
the charge-discharge process, CPE1 is related to frequency, and W;
is related to diffusion resistance. The SC-850 samples have a low
ionic resistance of 0.66 Q, and a small interfacial charge transfer
resistance of 1.94 Q. Fig. 4f is the cycle curve of SC-850; the
capacitance of SC-850 shows almost no decline after 10 000 cycles
at 10 A g7, indicating that SC-850 has excellent electrochemical
stability and reversibility.

In order to study the voltage window in practical applications
of SC-850, we assembled an SC-850-based symmetric super-
capacitor tested by a two-electrode system in 1 M Na,SO,
aqueous electrolyte. Because we know that the energy density of
a supercapacitor is proportional to the square of the voltage
window, a high voltage window is expected to produce a high
energy density, which is also a bottleneck in an aqueous system
symmetric supercapacitor. This work has extraordinary signifi-
cance for follow-up studies. The SC-850-based symmetric
supercapacitor was studied at different voltage windows from
1.0 to 2.2 V (Fig. 5a). The CVs of the symmetric supercapacitor
accompanied by a good rectangular shape possess an ideal
double-layer capacitive performance, even when the voltage
increases to 2.0 V. The voltage window cannot increase to 2.0 V
due to the occurrence of a redox reaction. The reason why the

RSC Adv., 2018, 8, 22146-22153 | 22149
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Fig. 5 (a) CV curves of the symmetric SC-850 supercapacitor in

different voltage windows at 50 mV s~1 (b) GCD curves of the
symmetric SC-850 supercapacitor in different voltage windows at
0.5 A g~ (c) CV curves of the symmetric SC-850 supercapacitor in
various scan rates in a 2.0 V voltage window. (d) GCD curves of the
symmetric SC-850 supercapacitor in various current densities in
a 2.0 V voltage window. (e) The specific capacitance of the symmetric
SC-850 supercapacitor in different current densities in a 2.0 V voltage
window. (f) Ragone plots of the symmetric SC-850 supercapacitor
with 1 M Na,SO4 electrolyte.

voltage window of an SC-850-based symmetric supercapacitor
can reach 2.0 V is that this carbon material has a great devel-
opment of hydrogen evolution or hydrogen oxygen over-
potential (Fig. S51). The energy density of a symmetric
supercapacitor was obviously improved according to the rela-
tion that the energy density is proportional to the square of the
voltage window. Similarly, GCD curves (Fig. 5b) further confirm
that a symmetric supercapacitor has ideal capacitive charac-
teristics due to there being no predominant current increase
even at 2.0 V. Therefore, 2.0 V was selected as the voltage
window of the supercapacitor to further characterize the elec-
trochemical performance of SC-850. The CVs of the SC-850
symmetric supercapacitor at different scan rates from 5 to
100 mV s~ are displayed in Fig. 5c. At a high scan rate of
100 mV s~ ', the CV shape is unchanged, manifesting an excel-
lent rate capability and rapid ion transportation. Fig. 5d shows
the GCD curves of the SC-850 symmetric supercapacitor at
different current densities, indicating its superior capacitive
behaviour and high reversibility. The SC-850-based symmetric
supercapacitor possesses an electrode-specific capacitance of
103.2 F g ' at a current density of 0.25 A g~ * (Fig. 5e). Fig. 5f
shows the Ragone plots of the supercapacitor. The energy
density of the SC-850 capacitor is 14.33 W h kg™ " at the specific
power density of 251.8 W kg~ '. The SC-850-based symmetric
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supercapacitor has a higher energy density relative to
commercial supercapacitors (5 W h kg™"). The energy density of
the SC-850 capacitor is much higher than the values reported
for TP-NRs//ACs® (13.1 W h kg™ !), V;S,/3DGH//MnO,/3DGH®*
(7.4 W h kg™"), NiCo,S,/graphene® (2.9 W h kg™') or Ni;S,-
C0oSg/NF//AC* (12.93 W h kg™ ).

Nitrogen doping can improve the pseudocapacitance caused
by a redox reaction. Fig. 6a shows the specific capacitance
values at different current densities for different voltage
windows (1.0, 1.2, 1.4, 1.6, 1.8, 2.0 V): the specific capacitance
values increase with increasing voltage window. The specific
capacitance (1.0 V) can provide 39.58 F g~ ' at a low current
density of 0.5 A g~ 1, whereas the specific capacitance increases
to 49.58 F g~ ' in a higher voltage window of 2.0 V. The electric
double-layer capacitor makes no contribution when the voltage
window is based on the storage mechanism, so the part of the
capacitance that is related to the voltage window must be from
pseudocapacitance.®***>*%% The specific capacitance for SC-850
versus the voltage window at different current densities shows
a clear linear trend (Fig. 6b). The linear relational equation only
applies in low current densities, and the double layer might
affect the voltage at high current densities due to restrictive
narrow pores. Herein, we select the low current density of
0.5 A g~ ' to further analyse the experimental data. Fig. 6c
displays the specific capacitance for SC-850 at 0.5 A g~ * over
different cell voltages (1.0-2.0 V), which shows the linear rela-
tionship between capacitance and cell voltage window. The
form of the relational equation of SC-850 fits:

CFgh=aV+b (1)

Based on the mechanism of energy storage, b is the double-
layer capacitance (Cq;) due to independence of the voltage

o
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Fig. 6 (a) Specific capacitance values for SC-850 versus the voltage

window (V) at 0.5 A g™t and linear fits. (b) CV curves of symmetric SC-
850 with various scan rate windows at 2.0 V. (c) Specific capacitance
values for SC-850 versus the voltage window (V) at 0.5 A g%, (d) The
respective potential variations of the anode and cathode when the
assembled SC-850-based symmetric supercapacitors were charged/
discharged at 0.5 A g~! with a voltage of 2.0 V.
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window, while a is the pseudocapacitance (Cp,) due to depen-
dence on the cell voltage. The relational equation of SC-850 was
fitted: C (F g™ ") = 10.42 V + 29.9, 50 Cq; = 29.9 Fg" ' and C,, =
10.42 V. When the voltage window is 2.0 V, the double-layer
capacitance is 29.9 F g, the pseudocapacitance is 20.84 F
g7', and the contribution of pseudocapacitance to the entire
capacitance of the SC-850-based symmetric supercapacitor
exceeds 70%. Doping with nitrogen enhances the performance
of the materials due to the presence of pseudocapacitance,
which is in line with previous research.'****> The CVs of the SC-
850-based symmetric supercapacitor show ideal capacitive
behaviour even when the voltage extends to 2.0 V since no
significant OER tail occurred (Fig. 5a). The reason why the
voltage window of SC-850-based symmetric supercapacitors can
reach 2.0 V is because this carbon material has a great devel-
opment of hydrogen evolution or hydrogen oxygen over-
potential.****%¢ The conventional symmetric supercapacitors
based on SC-850 electrodes were assembled with an additional
reference electrode monitoring the respective potential varia-
tion of the anode and cathode when the assembled SC-850-
based symmetric supercapacitors were charged/discharged at
1 A g " with a voltage of 2.0 V (Fig. 6d: the upper limit of oxygen
evolution potential, PU; the lower limit of hydrogen evolution
potential, PL). As shown in Fig. 6d, the practical di-hydrogen
and oxygen evolution potentials at pH = 6.5 should theoreti-
cally be —0.95 V and 1.05 V, respectively. As the Nernst equation
shows, the thermodynamic limit for the evolution potential of
the cathode is ¢q = —0.059 pH vs. SHE, and the thermody-
namic limit for the evolution potential of the anode is ¢ =
1.23-0.059 pH. Thus the thermodynamic hydrogen and oxygen
evolution potentials in 1 mol L™ " Na,SO, (pH = 6.5) should
theoretically be —0.38 V and 0.85 V, respectively. In contrast, the
hydrogen evolution and oxygen evolution overpotentials widen
to 0.57 V and 0.2 V, respectively. Therefore, the downward shift
in Py v (Py v plays the key role in determining the potential
distribution of two electrodes) would realize the possibility of
further exploiting the unused energy density, then boosting the
energy density of the SCs.

Considering the capacitance characteristics and synthesis
costs, a supercapacitor using SC-850 as the electrodes exhibits
superior performance among the four samples. This high
supercapacitor performance can be attributed to the synergy
effect as follows. (1) SC-850 has a hierarchical porous nanosheet
nanostructure, shortening the transport length of ions and the
improving rate capability. (2) The graphitized structure of SC-850
offers good electric conductivity, which also helps to reduce the
electrode voltage (IR) drop. (3) SC-850 has the highest specific
area (1285.31 m* g ). (4) SC-850 with 2.24% high N-doping not
only induces pseudocapacitive behaviour, but also offers good
hydrophilicity, leading to an increase in the effective access area.

Experimental
Characterization

X-Ray diffraction was measured by using a Bruker-AXS XRD at 2.2
kW (Cu Ko radiation, 40 kV, 20 mA). Raman spectra were carried
out by using a Horiba-Jobin Yvon system with an excitation laser

This journal is © The Royal Society of Chemistry 2018
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wavelength of 532 nm and a 100x objective lens (Numerical
Aperture, NA = 0.95). The morphology of carbonized silk carbon
materials was measured by an SU70 (Hitachi, Japan) scanning
electron microscopy (SEM) instrument operating at 5 kV. Trans-
mission electron microscopy (TEM, JEM-2010, Japan) was used to
characterize the morphology of the carbon samples. Micro-
meritics Tristar II was used to measure the nitrogen adsorption—
desorption isotherms at 77 K. The specific surface area of the
materials was calculated by the Brunauer-Emmett-Teller (BET)
theory. Surface analysis was carried out by XPS (PHI Quantum
2000 Scanning ESCA Microprobe, Physical Electronics, USA)
using a monochromatic AlKa1,2.

Electrochemical measurements

The SCs materials, acetylene black, poly (tetrafluoroethylene)
(PTFE) at a weight ratio of 8 : 1 : 1 were dropped onto platinum
plates and dried at 60 °C for 8 h in an oven. Ag/AgCl was used as
the reference electrode, platinum foil containing graphene gel
was used as the counter electrode. The capacitive performances
of the SC materials were evaluated by a three-electrode system
in 1 M H,SO, aqueous electrolyte solution. The capacitive
performance of the SC samples was studied by using cyclic
voltammetry (CV, 5-100 mV s ', 1.0 V), galvanostatic charge-
discharge (0.25-10 Ag~", 1.0 V) and electrochemical impedance
spectroscopy (EIS, 0.01 Hz-100 kHz, 5 mV) techniques per-
formed on a CHI660D electrochemical workstation.

Two platinum plates containing SC-850 materials were
assembled into a two-electrode system. The electrochemical
workstation was used to measure cyclic voltammetry (CV, 5-
100 mV s~ %), galvanostatic charge-discharge (0.25-10 A g™ %)
and electrochemical impedance spectroscopy (EIS, 0.01 Hz-100
kHz, 5 mV) at different voltage windows ranging from 1.0 V to
2.4V in 1 M Na,SO, aqueous electrolyte solution. An additional
saturated calomel electrode was added into this two-electrode
system to detect the potential variation of the respective elec-
trode in situ. Galvanostatic charge/discharge cycling was
implemented in 1 mol L' Na,SO, aqueous solution (pH = 6.5)
using a VMP potentiostat-galvanostat (Biologic, France).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The work was supported by National Natural Science Foundation
of China (Grant No. 51773171, U1405226), 111 Project (Grant No.
B16029), Fujian Provincial Department of Science and Technology
(Grant No. 2017]J06019), Natural Science Foundation of Guang-
dong Province (Grant No. 2015A030310007), 1000 Talents
Program, and the Fundamental Research Funds for the Central
Universities (Grant No. 20720160088), NUS tear 1 funding (WBS: R-
144-000-367-112), China Postdoctoral Science Foundation (Grant
No. 20130121110018). One of the authors, X.-Y. Liu's primary
affiliation is Department of Physics, National University of
Singapore.

RSC Adv., 2018, 8, 22146-22153 | 22151


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01988f

Open Access Article. Published on 15 June 2018. Downloaded on 1/10/2026 12:34:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Notes and references

1 Y. Zhai, Y. Dou, D. Zhao, P. F. Fulvio, R. T. Mayes and S. Dai,
Adv. Mater., 2011, 23, 4828-4850.

2 J. Bae, M. K. Song, Y. J. Park, J. M. Kim, M. Liu and
Z.L.Wang, Angew. Chem., Int. Ed. Engl., 2011, 50, 1683-1687.

3 J. R. Miller and P. Simon, Science, 2008, 321, 651-652.

4 Y.S.Yun,S.Y. Cho,J. Shim, B. H. Kim, S. J. Chang, S. J. Baek,
Y. S. Huh, Y. Tak, Y. W. Park, S. Park and H. ]J. Jin, Adv.
Mater., 2013, 25, 1993-1998.

5 S. Y. Cho, Y. S. Yun, S. Lee, D. Jang, K. Y. Park, J. K. Kim,
B. H. Kim, K. Kang, D. L. Kaplan and H. ]. Jin, Nat.
Commun., 2015, 6, 7145.

6 V. Sahu, S. Grover, B. Tulachan, M. Sharma, G. Srivastava,
M. Roy, M. Saxena, N. Sethy, K. Bhargava, D. Philip,
H. Kim, G. Singh, S. K. Singh, M. Das and R. K. Sharma,
Electrochim. Acta, 2015, 160, 244-253.

7 C.Long, J. Zhuang, Y. Xiao, M. Zheng, H. Hu, H. Dong, B. Lei,
H. Zhang and Y. Liu, J. Power Sources, 2016, 310, 145-153.

8 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845-854.

9 L. Sun, C. Tian, M. Li, X. Meng, L. Wang, R. Wang, J. Yin and
H. Fu, J. Mater. Chem. A, 2013, 1, 6462.

10 E. Frackowiak, Phys. Chem. Chem. Phys., 2007, 9, 1774-1785.

11 H. Hu, K. Zhang, S. Li, S. Ji and C. Ye, J. Mater. Chem. A, 2014,
2,20916-20922.

12 Z. S. Wu, K. Parvez, A. Winter, H. Vieker, X. Liu, S. Han,
A. Turchanin, X. Feng and K. Mullen, Adv. Funct. Mater.,
2014, 26, 4552-4558.

13 1. Nam, S. Park, G.-P. Kim, J. Park and J. Yi, Chem. Sci., 2013,
4, 1663.

14 X. Xie and L. Gao, Carbon, 2007, 45, 2365-2373.

15 Z.-S. Wu, D.-W. Wang, W. Ren, J. Zhao, G. Zhou, F. Li and
H.-M. Cheng, Adv. Funct. Mater., 2010, 20, 3595-3602.

16 M.-C. Liu, L.-B. Kong, C. Lu, X.-J. Ma, X.-M. Li, Y.-C. Luo and
L. Kang, J. Mater. Chem. A, 2013, 1, 1380-1387.

17 Z. Yan, Q. Zhao, M. Wen, L. Hu, X. Zhang and ]. You,
Spectrochim. Acta, Part A, 2017, 186, 17-22.

18 Z. Yan, Y. Zhu, J. Xu, C. Wang, Y. Zheng, P. Li, L. Hu and
J. You, Anal. Methods, 2017, 9, 6240-6245.

19 Z.Yan, X. Zhang, C. Bao, H. Tang, Q. Zhao, L. Hu and J. You,
Sens. Actuators, B, 2018, 262, 869-875.

20 Q. Gao, L. Demarconnay, E. Raymundo-Pifiero and
F. Béguin, Energy Environ. Sci., 2012, 5, 9611.

21 L. Wang, G. Zhang, B. Han, Y. Chang, H. Li, J. Wang, C. Hu,
Z. Chang, Z. Huo and X. Sun, J. Mater. Chem. A, 2017, 5,
6734-6739.

22 H.-L. Guo, P. Su, X. Kang and S.-K. Ning, J. Mater. Chem. A,
2013, 1, 2248-2255.

23 G. Lota, B. Grzyb, H. Machnikowska, ]J. Machnikowski and
E. Frackowiak, Chem. Phys. Lett., 2005, 404, 53-58.

24 G. Lota, K. Lota and E. Frackowiak, Electrochem. Commun.,
2007, 9, 1828-1832.

25 D. Hulicova-Jurcakova, M. Seredych, G. Q. Lu and
T. J. Bandosz, Adv. Funct. Mater., 2009, 19, 438-447.

26 H. Xia, Y. Shirley Meng, G. Yuan, C. Cui and L. Lu,
Electrochem. Solid-State Lett., 2012, 15, A60.

22152 | RSC Adv., 2018, 8, 22146-22153

View Article Online

Paper

27 M. P. Bichat, E. Raymundo-Pifero and F. Béguin, Carbon,
2010, 48, 4351-4361.

28 Q. Abbas, P. Ratajczak, P. Babuchowska, A. L. Comte,
D. Belanger, T. Brousse and F. Beguin, J. Electrochem. Soc.,
2015, 162, A5148-A5157.

29 K. Wang, N. Zhao, S. Lei, R. Yan, X. Tian, J. Wang, Y. Song,
D. Xu, Q. Guo and L. Liu, Electrochim. Acta, 2015, 166, 1-11.

30 S. Song, F. Ma, G. Wu, D. Ma, W. Geng and J. Wan, J. Mater.
Chem. A, 2015, 3, 18154-18162.

31 D. Shan, J. Yang, W. Liu, J. Yan and Z. Fan, J. Mater. Chem. A,
2016, 4, 13589-13602.

32 T. Wei, X. Wei, Y. Gao and H. Li, Electrochim. Acta, 2015, 169,
186-194.

33 L. Xie, G. Sun, F. Su, X. Guo, Q. Kong, X. Li, X. Huang,
L. Wan, W. song, K. Li, C. Lv and C.-M. Chen, J. Mater.
Chem. A, 2016, 4, 1637-1646.

34 ]. Liu, Y. Deng, X. Li and L. Wang, ACS Sustainable Chem.
Eng., 2015, 4, 177-187.

35 B. Liu, Y. Liu, H. Chen, M. Yang and H. Li, J. Power Sources,
2017, 341, 309-317.

36 G. A. Ferrero, A. B. Fuertes and M. Sevilla, Sci. Rep., 2015, 5,
16618.

37 Y. Hao, F. Xu, M. Qian, J. Xu, W. Zhao and F. Huang, RSC
Adv., 2017, 7, 10901-10905.

38 C. Long, L. Jiang, X. Wu, Y. Jiang, D. Yang, C. Wang, T. Wei
and Z. Fan, Carbon, 2015, 93, 412-420.

39 W. Qian, F. Sun, Y. Xu, L. Qiu, C. Liu, S. Wang and F. Yan,
Energy Environ. Sci., 2014, 7, 379-386.

40 Z. Li, Z. Xu, X. Tan, H. Wang, C. M. B. Holt, T. Stephenson,
B. C. Olsen and D. Mitlin, Energy Environ. Sci., 2013, 6, 871.

41 P. Hao, Z. Zhao, J. Tian, H. Li, Y. Sang, G. Yu, H. Cai, H. Liu,
C. P. Wong and A. Umar, Nanoscale, 2014, 6, 12120-12129.

42 H. Peng, G. Ma, K. Sun, Z. Zhang, Q. Yang and Z. Lei,
Electrochim. Acta, 2016, 190, 862-871.

43 H. W. Liang, X. Zhuang, S. Bruller, X. Feng and K. Mullen,
Nat. Commun., 2014, 5, 4973.

44 N. Guo, M. Li, Y. Wang, X. Sun, F. Wang and R. Yang, RSC
Adv., 2016, 6, 101372-101379.

45 J. Hou, C. Cao, F. Idrees and X. Ma, ACS Nano, 2015, 9, 2556
2564.

46 Y. S. Yun, C. Im, H. H. Park, I. Hwang, Y. Tak and H.-J. Jin, J.
Power Sources, 2013, 234, 285-291.

47 Y. Onal, C. Akmil-Basar, C. Sarici-Ozdemir and S. Erdogan, J.
Hazard. Mater., 2007, 142, 138-143.

48 D. W. Wang, F. Li, M. Liu, G. Q. Lu and H. M. Cheng, Angew.
Chem., Int. Ed. Engl., 2008, 47, 373-376.

49 L. Qie, W. Chen, H. Xu, X. Xiong, Y. Jiang, F. Zou, X. Hu,
Y. Xin, Z. Zhang and Y. Huang, Energy Environ. Sci., 2013,
6, 2497.

50 H. Peng, G. Ma, K. Sun, J. Mu, Z. Zhang and Z. Lei, ACS Appl.
Mater. Interfaces, 2014, 6, 20795-20803.

51 Y. Liang, D. Wu and R. Fu, Sci. Rep., 2013, 3, 1119.

52 Y. Li, Z. Li and P. K. Shen, Adv. Mater., 2013, 25, 2474-2480.

53 C. Hu, L. Wang, Y. Zhao, M. Ye, Q. Chen, Z. Feng and L. Qu,
Nanoscale, 2014, 6, 8002—-8009.

54 H. M. Jeong, J. W. Lee, W. H. Shin, Y. J. Choi, H. J. Shin,
J. K. Kang and J. W. Choi, Nano Lett., 2011, 11, 2472-2477.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01988f

Open Access Article. Published on 15 June 2018. Downloaded on 1/10/2026 12:34:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

55 R. H. Sestrem, D. C. Ferreira, R. Landers, M. L. A. Temperini
and G. M. do Nascimento, Eur. Polym. J., 2010, 46, 484-493.

56 K.-H. Wu, D.-W. Wang and I. R. Gentle, Carbon, 2015, 81,
295-304.

57 L. L. Zhang and X. S. Zhao, Chem. Soc. Rev., 2009, 38, 2520-
2531.

58 L. Sun, C. Tian, Y. Fu, Y. Yang, J. Yin, L. Wang and H. Fu,
Chemistry, 2014, 20, 564-574.

59 L. L. Zhang, X. Zhao, H. Ji, M. D. Stoller, L. Lai, S. Murali,
S. McDonnell, B. Cleveger, R. M. Wallace and R. S. Ruoff,
Energy Environ. Sci., 2012, 5, 9618.

60 Y. Tang, T. Chen and S. Yu, Chem. Commun., 2015, 51, 9018—
9021.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

61 T. Zhai, X. Lu, H. Wang, G. Wang, T. Mathis, T. Liu, C. Li,
Y. Tong and Y. Li, Nano Lett., 2015, 15, 3189-3194.

62 Y. Gao, Q. Lin, G. Zhong, Y. Fu and X. Ma, J. Alloys Compd.,
2017, 704, 70-78.

63 T. Han, L. Jiang, H. Jiu and J. Chang, J. Phys. Chem. Solids,
2017, 110, 1-8.

64 V. Khomenko, E. Raymundo-Pifiero and F. Béguin, J. Power
Sources, 2006, 153, 183-190.

65 M. Yu, D. Lin, H. Feng, Y. Zeng, Y. Tong and X. Lu, Angew.
Chem., Int. Ed. Engl., 2017, 56, 5454-5459.

66 N. Jabeen, A. Hussain, Q. Xia, S. Sun, J. Zhu and H. Xia, Adv.
Mater., 2017, 29, 1700804.

RSC Adv., 2018, 8, 22146-22153 | 22153


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01988f

	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f

	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f

	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f
	Aqueous supercapacitors based on carbonized silk electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra01988f


