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ABSTRACT: Hierarchical porous heteroatom-doped carbon
composites were developed by carbonization followed by KOH
activation process, with natural silkworm cocoon and chemical
exfoliated graphene sheets as starting materials. The introduction of
graphene sheets offers more hierarchical micro/meso porosities, a
low charge-transfer resistance, and a large BET surface area of
∼1281.8 m2 g−1, which are responsible for the fast charge/discharge
kinetics and the high rate capability compared with those of single
silk fibroins-derived carbon materials. The silk fiber provides a high
level of heteroatom functionalities (∼2.54% N and ∼21.3% O),
which are desirable for high faradaic pseudocapacitance. The as-
prepared carbon composite exhibited a high specific capacitance of
290 F g−1 with good rate capability and cycling stability. The symmetric supercapacitors yielded a high value of energy density of
12.9 W h kg−1 at a power density of 95 W kg−1 with a 1.45 V voltage range in 1 M KOH aqueous electrolytes.

1. INTRODUCTION
Carbon materials have been widely used for electrochemical
capacitors (ECs). It has been regarded as an ideal negative
electrode for a capacitor cell with a wide operating voltage
range.1−4 Carbon materials usually possess low capacitance and
insufficient energy density due to their typical electric double-
layer capacitor charge-storage mechanism. Most of the studies
were devoted to the modification and exploration of
hierarchical porous structures for carbon materials.5−8 Active
carbons possess highly porous surface areas consisting of
different types of pores while having poor electrical
conductivity and a relative high series resistance of the
electrode [electron series resistance (ESR)] and low power
density. Carbon nanotubes (CNTs) are well known for their
excellent conductivity and good mechanical properties, but
they have limited accessible surface area especially for the
tightly bundled CNTs and multiwalled carbon nanotubes.
Special surface treatment is needed to develop pores and
modify the space charge distribution through functionalization
with a redox agent.9 Since graphene sheet is proposed as an
excellent candidate for supercapacitors, many efforts have been
devoted to fabricate graphene-based electrodes for super-
capacitors.10,11 However, graphene layers tend to restack and
form multilayer graphite, which dramatically reduces the
performance of the capacitors. Graphene composite electrodes
with other carbon materials including graphene/CNT and
graphene/active carbon have been explored to produce a
synergistic effect which is desired for better capacitor
performance.12−15

The modification of carbon materials with heteroatoms,
such as N, O, B, S, or P atoms, is considered to be an efficient
way to improve the electrochemical performance for ECs.16−21

The heteroatom-associated electrochemical redox reactions
and the surface polarity improvement give rise to the specific
capacitance enhancement. High levels of N and O function-
alities also improve the interfacial interaction between the
carbon electrode and the electrolyte, which is beneficial for the
accessibility of the electrolyte ions within the micropores of
carbon materials, thus leading to high power output and good
rate performance of the carbon electrode. Yi et al. reported
phosphorus (P)-doped carbon with a hierarchical porous
structure derived from lignocellulose with an extraordinary
capacitance of 133 F g−1 at a high current density of 10 A g −1

for supercapacitors.22 Lin et al. explored N-doped ordered
mesoporous few layer carbon with a high specific capacitance
of 855 F g−1 in aqueous electrolytes.23 They found that the
improvement of capacitive performance mostly stems from
robust reactions at nitrogen defects without affecting its
electrical conductivity. Recently, hierarchical heteroatom-
doped active carbon composite electrodes have been obtained
by us for ECs which produce a synergistic effect, significantly
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enhancing the capacitance performance.24 In our previous
work, 3D heteroatom-doped carbon composite films from the
silkworm fiber and low-molecular-weight phenol resin
composite for flexible solid-state supercapacitors were
fabricated without using any adhesive. The 3D silk fiber with
abundant heteroatoms is a good candidate for manufacturing a
hierarchical electrode with other electrochemical materials.
The charge−discharge performance of the carbon composites
was further enhanced by the following KOH activation process
because of the hierarchical porosity.25

In this work, highly conductive graphene was introduced
into the carbon composite. The porous carbon composite was
prepared with silk fibroin and chemical exfoliated graphene
sheets as raw materials through simple in situ dip-coating
process and carbonization followed by the KOH activation
process. The chemical exfoliated graphene sheets provide high
conductivity and low charge-transfer resistance for a better
capacitive performance. The as-prepared porous carbon
possesses a high specific capacity of 290 F g−1 with a voltage
range of 1.45 V in aqueous solution and excellent charge/
discharge rate capability.

2. EXPERIMENTAL SECTION
2.1. Preparation of Porous Graphene and Active

Carbon Composite. The porous carbon composite was
prepared with silk fibroin and chemical exfoliated graphene
sheets as starting materials. The chemical exfoliated graphene
sheet was prepared through improved Hemmer’s method
according to previous report.26 The amount of silkworm
cocoon was first immersed in 1 M NaOH solution for 24 h to
obtain dispersive silk fibroin, followed by washing with
deionized water and drying at 80 °C for hours. The dried
silk fibroin was carbonized at 600 °C for 3 h under pure
nitrogen atmosphere with a heating rate of 10 °C/min. The N2
flow rate was adjusted within 5−10 mL/min. After that, the
sample was dip-coated in 1 mg/mL graphene ethanol solution
and dried at 80 °C for 10 min. The dip-coating and drying
process were repeated at least three times. The as-made silk
carbon composite was then placed in 6 M KOH solution for
hours, followed by filtration and drying for chemical activation.
The silk carbon composite was then subjected to active
treatment individually at 600 °C (named as sample KCC-600),
700 °C (sample KCC-700), 800 °C (sample KCC-800), and
900 °C (sample KCC-900). To illustrate the advantage of the
carbon composite KCC, carbon composite without coating of

Table 1. Chemical Composition, BET Surface Area, Pore Volume, and Average Pore Size of Different Samples

sample raw materials activity temperature (°C) BET surface area (m2/g) pore volume (cm3/g) N/C content (at. %) O/C content (at. %)

SC silk carbon 0.8 0.0014 11.63 23.53
KSC-700 silk carbon 700 1734.9 0.868 3.58 37.70
KCC-700 silk/rGO 700 1281.8 0.678 3.34 28.07
KCC-600 silk/rGO 600 51.2 0.045
KCC-800 silk/rGO 800 1274.1 0.815
KCC-900 silk/rGO 900 1238.1 0.837

Figure 1. (a) Isotherm curves of SC, KSC-700, and KCC-700. (b) Isotherm curves of KCC-600, KCC-700, KCC-800, and KCC-900. (c) Isotherm
curve of KCC-700 and pore size distribution of SC-700, KSC-700, and KCC-700 samples in the inset.
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graphene sheets (named as KSC) as well as pure silk fibroin-
derived carbon (named as SC) without coating of graphene
sheets and chemical activation process were prepared.
2.2. Material Characterization. Field emission scanning

electron microscopy (SEM, Carl Zeiss, Germany) and
transmission electron microscopy (TEM, JEM2010-HR, 200
kv) images were taken to observe the morphologies of the
samples. Compositional information was determined by X-ray
photoelectron spectroscopy (XPS) spectra recorded on a
Thermo ECSALAB 250 electron spectrometer using Al Kα
radiation, and Raman spectroscopy was performed using a
confocal laser micro Raman spectrometer (HR800UV,
HORIBA Jobin Yvon, France) with the excitation wavelength
at 633 nm. The Brunauer−Emmett−Teller (BET) surface area
and porous structure of the carbon were studied by the
classical analysis of nitrogen adsorption−desorption isotherms
using an ASAP2020 instrument at −196 °C.
2.3. Electrochemical Measurements. The electrodes

were prepared by pasting the as-prepared active carbon
powders (pure SC, composite KSC, and KCC) with an
inactive carbon colloid binder on the carbon cloth with a
weight ratio of 3:1. Carbon cloth was used as the working
electrode’s current collector. Electrochemical experiments were
carried out on a CHI660e potentiostat using a three-electrode
system which consist of a platinum plate as the counter
electrode and a saturated calomel electrode (SCE) as the
reference electrode. Electrochemical capacitive performances
of the electrodes were evaluated by cyclic voltammetry (CV),
chronopotentiometry (CP), and electrochemical impedance
spectroscopy (EIS) with 1 M KOH electrolyte as the
electrolyte. EIS spectra were measured at frequency ranging
from 100 kHz to 10 mHz and the potential amplitude of 5 mV.
Symmetric supercapacitors were assembled by using the as-
prepared electrode as the two electrodes, carbon cloth as the
current collector, and the KOH/PVA gel as both the
electrolyte and separator, as our previous studies.25 The
working area of the two electrodes was 1.2 × 1.0 cm2 with the
mass loading of about 4.8 mg for each electrode.

3. RESULTS AND DISCUSSION
3.1. Characterization of KCC Composite Film. The

surface area and porous distribution of the samples were
investigated by the nitrogen adsorption and desorption
measurement. Table 1 illustrates that the KSC and KCC
samples have much higher BET surface areas than the SC,

indicating that the KOH activity treatment induced a dramatic
increase of the specific surface area. The BET surface area of
the KCC is about 1282 m2 g−1, which is slightly lower than that
of KSC, implying that the coating of graphene sheet on the silk
fibroins surface partly restrained the reaction between the
carbon silk fibroins and KOH. The isotherm of KSC, as shown
in Figure 1a, reveal typically a type I adsorption curve, which is
indicative of microporosity. For comparison, the KCC shows a
combined I/IV type isotherm, a steep adsorption increase in
the low part of P/P0 and a hysteresis loop in the high-pressure
region (P/P0 > 0.4), which is related to accessible micropore
filling, together with capillary condensation in mesopores.27

This suggests that the KCC has more hierarchical porous
structures than the KSC due to the presence of the graphene
sheets.
To determine the KOH active temperature for the KCC

composite, nitrogen adsorption and desorption isotherms of
the samples are represented in Figure 1b. The KCC-600, KCC-
700, KCC-800, and KCC-900 samples were named based on
their active temperature. The KCC-600 isotherm shows a little
amount of adsorbed gas, indicating the lack of developed
porosity. The hysteresis loops appeared at KCC-700, KCC-
800, and KCC-900 samples which are associated with well-
defined mesopore structures. All isotherms of these samples
appeared slightly upswept at high relative pressure (P/P0 >
0.9), which is regarded as the stage of macroporous adsorption.
The hysteresis loop increased with an increase in the active
temperature from 700 to 900 °C due to the higher active
temperatures producing a larger pore size and wider
distributions of the pore size. Meanwhile, the isotherms of
KCC-800 and KCC-900 tend to flatten at the lower-pressure
region, suggesting a few amounts of micropores in their
structures. The KCC-700 isotherm, as shown in Figure 1c,
exhibits concave to the P/P0 axis at the relative lower pressure,
which is thought to be associated with the accessible
micropores. The pore volume of KCC-700 is calculated to
be about 0.678 cm3 g−1, ranging from the pore size of 1.7 to
100 nm, suggesting the hierarchical nanopore structure of the
KCC-700 sample. The pore size distribution curves shown in
the inset of Figure 1c exhibit the superiority of the KCC to
pure SC and KSC in terms of accumulated pore volume and
hierarchical pore size distribution. Such a hierarchical porous
structure is beneficial for the electrolyte ions being accessible
to the micropores of the carbon material electrode.

Figure 2. (a−c) Low resolution of SEM for KCC-700; (d−f) high resolution of TEM for KCC-700.
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The morphologies of the samples were inspected by SEM
and TEM. The typical SEM image of KCC (Figure 2a) reveals
a large number of pores distributed in the spongelike bulk,
ranging from meso to macropores. Figure 2b,c clearly presents
the lamellar structure of graphene sheets with plenty of
mesopores between layers. High resolution of the TEM image
further reveals transparent graphene-like sheets in Figure 2d
and micropore distribution with a number of light dots in
Figure 2e. The dense pore structures of the KCC sample with
the distribution of pore size between 1−20 nm are originated
from the thermal treatment and the following KOH activation
process. TEM image (Figure 2f) well illustrates the
combination of transparent thin graphene sheets with dark
carbon materials in KCC samples. The SEM and TEM images
further corroborate varied structures of the KCC with
numerous hierarchical pores, which are very different from
the images of the SC and KSC (Figure S1) and consistent with
the pore size distribution from the nitrogen adsorption and
desorption measurement. This hierarchical pore structure is
desirable for fast charge/discharge kinetics with low resistance
for supercapacitors.
Figure 3a shows the typical wide-angle X-ray diffraction

(XRD) patterns of the SC, KSC, and KCC samples. SC
possesses a low graphitic degree and basically amorphous
carbon. After further high temperature activation by KOH,
significant peaks appear near 26 and 45° in the pattern of KSC,
indicating that graphitization degree increased and forms the
graphite structure of KSC. The KCC pattern shows a
diffraction peak near 23° with a weaker intensity and a wider
peak width compared with that of KSC, which is the
characteristic peak of graphene materials, indicating the
coexistence of graphene materials in the KCC sample. The
(002) reflection peak shifted from 26 (KSC) to 23° (KCC),
indicating that the (002) plane space increases from ∼0.36 to
∼0.38 nm, which is favorable for charge storage and
transport.28

Raman spectroscopy was conducted to identify the specific
structure of graphite or graphene-based species. The KCC
spectra in Figure 3b can be fitted as D, I, D′, G, and 2D bands.
The KSC spectra are fitted as D and G bands. The G band is
associated with the E2g phonon of sp2 carbon atoms and the

characteristic feature of ordered graphitic layers. The D band
corresponds to the disordered graphitic structures. The 2D
band is more sensitive to the electronic structure of graphene
materials.29 The spectra of the KCC exhibits the 2D band
around 2700 cm−1, suggesting the combination of the
graphene materials with silk-fibro carbon, which is consistent
with the aforementioned XRD analysis. The KCC spectra also
show the as-fitted I band around 1220 cm−1 and the D′-band
located around 1500 cm−1, which can be attributed to the
presence of disordered graphitic lattice or amorphous
carbon.30 The intensity of the D mode with respect to the G
mode is widely used as a quantity determining the
concentration of defects. The higher the value of IG/ID, the
higher electrically conductivity can be expected. The IG/ID
value of the KCC (0.41) is higher than that of the KSC (0.33),
suggesting the higher ordered graphene structures and higher
conductivity of the KCC.31

The chemical composition and chemical state of the samples
were investigated by using the XPS technique. The wide scan
XPS spectra for the KCC with the KSC and SC in Figure 4a
presents three peaks at 282.7, 398.1, and 530.8 eV assigned to
C 1s, N 1s, and O 1s, respectively. The relative amounts of C,
N, and O on the surface are also illustrated in Tables 1 and 2.
The ratio of O/C and N/C for the KCC sample is about 28.1
and 3.34%. The involvement of nitrogen and oxygen was
assumed to improve the wettability and compatibility in
aqueous electrolyte solution, which can facilitate charge
transfer between the electrode and aqueous solution and
create a large capacitance.32 The N content in the KCC sample
is close to that of KSC and lower than that of the SC,
indicating that the KOH activation process tends to promote
further decomposition of N functional groups.
The C 1s spectrum, as shown in Figure 4b, was

deconvoluted into four peaks at binding energy ca. 284.7 eV
for C�C, 285.0 eV for C�N/C−O, 285.9 eV for C�O/C−
N, and 288.9 eV for C−O�C.33 Being activated by KOH,
C�C (C1) decreases from 79 to 62%, C�N (C2) decreases
from 63 to 17%, and the content of O−C�O increases from 9
to 21%, indicating that the KOH activation may cause the C�
C or C�N double bonds to be broken and produce more C−
O bonds; thus the graphitization degree of silk-fibro is reduced

Figure 3. (a) XRD patterns of SC, KSC, and KCC and (b) Raman spectra of KSC and KCC.
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in the KSC sample, which is in agreement with the TEM
results in Figure S1. Being combined with graphene, KCC
exhibits the increase of the C−O single bond (C2) and the
decrease of the C�O double bond (C3), which is likely due to
the fact that carbon atoms at the edge of graphene are more
likely to be oxidized to form C−O rather than C�O in the
graphene material. The C1 content in KCC is about 34.7%,
which is beneficial for the electronic transport in the electrode.
The N 1s peak shown in Figure 4c can be deconvoluted into

four component peaks, namely, pyridinic N (N-6, 398.6 eV),
pyrrolic N (N-5, 400.2 eV), graphitic N (N-Q, 401.2 eV), and
oxidized N (404.4 eV), respectively.34 The N-5 and N-6 with a
total content of ca. 2.0% are responsible for faradaic reaction-

based pseudocapacitive and good rate capability. The
possibility of redox reactions for N-5 can be explained by the
fact that pyrrolic N is electrochemically oxidized to pyridone
nitrogen in the KOH electrolyte. The presence of N-Q bond
and N-oxide species in the KCC is responsible for rapid
electron transfer and conductivity of carbon materials, leading
to high rate capability and cycling performance of super-
capacitors.20 The only presence of N-Q and N-oxidized species
in the KCC sample can be ascribed to the combination of
graphene materials.
3.2. Electrochemical Performance of KCC Electrode.

CV scan was performed on KCC, KSC, and SC films in 1 M
KOH at a scan rate of 10 mV s−1 (Figure 5a). The CV curve of

Figure 4. (a) XPS survey spectra of the SC, KSC, and KCC. (b,c) High-resolution XPS spectra of deconvoluted C 1s and N 1s peaks.
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KCC exhibits the highest current density among those
electrodes over a potential range from −0.8 to 0.8 V, indicating
the better capacitive behavior of the KCC. The wide potential
ranges can be ascribed to the electrochemical reactions of N
and O functionalities on these electrodes which may lead to
higher overpotentials for gas evolution and give rise to higher
energy density for supercapacitors.35

Further information about the kinetics of electrochemical
process was obtained by impedance measurements in the
KOH electrolyte. For comparison, the frequency responses in
the range from 100 kHz to 10 mHz for those electrodes are
shown in Figure 5b. The distorted semicircle in the high-

frequency region and the almost vertical linear in the low-
frequency region reveal the typical capacitive behavior of the
KCC electrode. The RC semicircle can be described as the
capacitance (Cdl) in parallel to the charge-transfer resistance
(Rct) owing to the charge exchange of electroactive
functionality groups such as C−N, C−OH, and −COOH at
the interface.36 The Rct of the KCC is around 0.4 Ω, which is
smaller than that of KSC (1.30 Ω), suggesting the lower
charge-transfer resistance of the KCC. The equivalent circuit
achieved by ZSimpleWin software in the inset of Figure 5b
presents the faradaic pseudocapacitance (Cφ) in parallel with
the double-layer capacitance (Cdl). The steeper slope of the
linear for the KCC indicates that the double-layer capacitive
behavior is dominant. A Warburg diffusion line (Zw) appeared
in the low-frequency region on the curve of the SC, which
indicates the significant diffusion process control for SC. The
KCC electrode exhibits the smallest value of Z″ and the
highest capacitance of 0.80 F (667 mF cm−2) at the low
frequency of 10 mHz, which is calculated by using the
equation:37 C = 1/2πf Z″, where f is the frequency and Z″ is
the corresponding imaginary impedance, which is in agreement
with the CV and CP results. The calculated specific
capacitance of the KCC shows 16 and 300% increases in
comparison with that of the KSC (0.69 F) and the SC (0.20
F), respectively, indicating the superior performance of the
KCC electrode.
Figure 5c represents the CV curves of the KCC film at

various scan rates. The CV curves are close to rectangular

Table 2. Summary of XPS Data for the SC, KSC, and KCC
Samples

SC KSC KCC

element percentage (at. %)
C 73.98 69.59 75.94
C1 (C�C) 38.1 43.5 34.7
C2 (C�N/C−O) 31.4 12.1 30.1
C3 (C−C�O) 4.4 15.0 11.2
N 8.61 2.49 2.54
N1 (N-6) 2.0 0.3 0.6
N2 (N-5) 6.6 2.2 1.4
N3 (N-Q) 0.3
N4 (oxide N) 0.3
O 17.41 26.26 21.32

Figure 5. (a) CV curves of composite KCC, KSC, and SC electrodes at 10 mV s−1. (b) Nyquist plots for those electrodes measured at 0 V DC
potential in the frequency range of 100 kHz to 10 mHz; the insets show the expansion of impedance spectra and corresponding equivalent circuit.
(c) CV curves of KCC at different scan rates in 1 M KOH electrolyte. (d) Galvanostatic charge/discharge profiles of KCC at various charge−
discharge current densities from 0.2 to 4 A g−1. (e) Specific capacitance of the three samples at different current densities in 1 M KOH.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02735
ACS Omega 2022, 7, 28284−28292

28289

https://pubs.acs.org/doi/10.1021/acsomega.2c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02735?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shapes with no significant distortion at scan rates from 10 to
100 mV s−1, indicating the good capacitive behavior of the
electrode. The charge/discharge curves in Figure 5d exhibit
symmetry at different current densities, showing high
reversibility. The KCC-700 electrode can deliver an excellent
specific capacitance of 290 F g−1 at a current density of 0.2 A
g−1, which is superior to the value of KSC (254 F g−1) and
pure SC (203 F g−1). The specific capacitances as a function of
charge and discharge current densities for those electrodes
measured by CP are shown in Figure 5e. The specific
capacitance of SC dropped dramatically at higher current
density. The KCC delivered a high charge storage value of 175
F g−1 at a current density of 4 A g−1, and the specific
capacitance retains 70% from 0.4 to 4 A g−1, which is higher
than those of KSC (65%) and SC (47%), showing a better rate
capability of the KCC. This should be related to the high
conductivity of graphene sheet and hierarchical porosities in
the structure, which is beneficial for the charge transfer
through the electrode.38,39

To evaluate the suitability for practical applications, the two-
electrode symmetric KCC//KCC ECs were assembled and
investigated by CV, CP, and EIS techniques with 1 M KOH
electrolyte solution. The voltage range was selected as 1.45 V
according to the above CV and CP curves of the KCC
electrode. Figure 6a shows the CV curves of the ECs at
different scan rates under a voltage of 1.45 V. The current
density increases with the scan rate increasing, and no
significant distorted change was observed, indicating that
electronic and ionic transportations were rapid enough with

the increase of the scan rate. Figure 6b shows the galvanostatic
charge/discharge profiles of the ECs at various current
densities. The specific capacitance of the capacitor was
calculated to be 42.9 F g−1 at the current density of 0.15 A
g−1. The capacitance was retained about 61% when the current
density increased from 0.15 to 4.5 A g−1, suggesting good rate
capability. The voltage drop at the initiation discharge is about
0.02 V at the current density of 0.15 A g−1, implying a low ESR
in the cell. The device achieved a maximum energy density of
12.9 W h kg−1 at a power density of 95 W kg−1 and an energy
density of 8.9 W h kg−1 at 1.49 kW kg−1, which are comparable
to other ECs.22,26,40−43 The frequency responses, as shown in
Figure 6d, display a low charge-transfer resistance of R (around
2.3 Ω) and a high capacitance of 0.35 F at the low frequency of
10 mHz, suggesting that the KCC electrode is a good
candidate for ECs.
The cyclic stability of the capacitor was also investigated by

constant charge/discharge for 10000 cycles over a voltage
range of 1.45 V at a current density of 0.75 A g−1. As shown in
Figure 6c, the capacitive retention was about 86%, showing
good stability of the electrode. The frequency responses of the
impedance collected at the 1st and 10000th cycles (Figure 6d)
show nearly identical linear characteristics, indicating the
electrochemical stability of the electrode. A slight increase of
the imaginary axis of Z″ value after 10000 cycles implies a
decrease of the capacitance, which is in agreement with the CP
results. A little change of resistor Rct (from 2.1 to 2.3 Ω) over
10000 cycles suggested that the charge-transfer resistance of
the device slightly increases with the charge/discharge time.

Figure 6. (a) CV curves of assembled symmetric ECs based on tow KCC electrodes at different scan rates over a voltage range of 1.45 V. (b)
Galvanostatic charging/discharging curves of KCC//KCC symmetric ECs measured with different current densities. (c) Cyclic stability test for the
KCC//KCC symmetric ECs for 10000 cycles. (d) Nyquist plots for symmetric ECs measured at 0 V DC potential before and after 10000 cycles;
the inset shows the expansion of impedance spectra.
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Meanwhile, the series resistance of Rs decreases from 6.5 to 6.2
Ω due to the increased effective interfacial area and
accessibility of high-area materials to the electrolyte.25

4. CONCLUSIONS
Porous N,O-doped carbon composite derived from the silk
fibroins and chemical exfoliation of graphene sheets represents
excellent capacitive performance with a high specific
capacitance of 290 F g−1 and a high rate ability. The presence
of graphene sheets contributes to the more hierarchical porous
structures with a high BET surface area and a lower charge-
transfer resistance, which is essential for the charge and the ion
transfer between the electrode and electrolyte solution. The
nitrogen and oxygen functional groups are favorable for
transforming the hydrophobic carbon to hydrophilic nature,
thus allowing the carbon material electrode become the
electrolyte reservoir which is beneficial for ion transfer through
the electrode. The two-electrode cell has a voltage range of
1.45 V, an energy density of 12.9 W h kg−1 at a power density
of 95 W kg−1, and an energy density of 8.9 W h kg−1 at 1.49
kW kg−1, indicating a good candidate for energy-storage
applications.
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