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HIGHLIGHTS

o N/P co-doped porous carbon is prepared from silkworm cocoon and phytic acid.
o As the electrode active material for high performance supercapacitor.

e317Fg ! (482Fecm ) at 1A g}, and 159F g~} (242Fcm™>) at 50Ag™?

o A high areal capacitance of 2.44 F cm 2 can be obtained.

o Flexible supercapacitor delivers maximum 19.6 Wh kg ' and 17.5 kw kg~ .

ARTICLE INFO ABSTRACT
Keywords: N/P co-doped porous carbon is prepared from biomass (silkworm cocoon) and natural product (phytic acid) by
Porous carbon an eco-friendly self-activation approach. Owing to the rational pore structure, and abundant pseudocapacitive

Capacitive performance
Semi-solid state supercapacitor
Flexible devices

Silkworm cocoon

active sites of heteroatom doping, the prepared Cheese-brick-like porous carbon presents outstanding perfor-
mances. The optimized S2 sample delivers both high gravimetric capacitance and volumetric capacitance of
317Fg ! (482Fcm™>) at 1A g1, and an impressive capacitance of 159F g% (242F cm™>) at a high current
density of 50 A g1 in 1 M H,S04. Also, the thick electrode (10 mg cm™~2) can deliver a high areal capacitance up

Blomass to 2.44Fcm ™2 at 10mA cm™2 and 1.29 F cm ™2 at 500 mA cm™2. Additionally, the porous carbon based flexible
symmetric supercapacitor (1.4V) can deliver a remarkable 19.6 Wh kg’1 (29.8 Wh 1’1) at 350Wkg’1, and
9.6Wh kg™! (14.6Wh 171) at 17500 Wkg ™!, respectively, as well as outstanding cyclic longevity (~98%
capacitance retention after 10000 cycles). These attractive performances enable a wonderful potential of our
porous carbon applied in supercapacitors for wearable electronics and other energy storage devices.

1. Introduction electrical double layer capacitors (EDLCs) and pseudocapacitors by

different charge storage mechanisms. EDLCs store the charge originated

With characters of high power and long cyclic life, electrochemical from the electrosorption of ions at the electrode/electrolyte interface,
supercapacitors (ECs), play an essential role of bridging the gap between while pseudocapacitors utilize reversible fast faradaic reactions
batteries and traditional capacitors. ECs can be mainly classified into involving interfacial electron transfer between the electrode and
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electrolyte. In whatever types, the electrode material is one of the most
paramount components, mainly determining the performances. Among
the electrode materials, porous carbon is most widely applied due to its
relatively low cost, long cyclic durability, high power capability and it is
environmentally friendly [1-4]. Considerable efforts have been devoted
to prepare porous carbon for supercapacitor. A wide range of porous
carbons derived from biomass [2-12], such as bristlegrass seeds [2],
bamboo [3], Jujube [5], silkworm cocoon [6-9], pistachio shell [10],
seaweed [11] banana fiber [12] and so on, have been widely investi-
gated as the potential electrode materials. Some of the biomass derived
porous carbon contain heteroatoms, such as oxygen (O), phosphorus (P),
nitrogen (N), sulfur (S) and P, N codoped [1,13-17]. It has been proved
that the incorporation of heteroatoms in porous carbon can greatly
enhance the capacitive performance. Particularly, N doping has been
widely reported to improve the performance by altering the electrical
conductivity, chemical reactivity, microstructure, as well as partici-
pating in the faradaic process [14]. As a naturally sustainable biomass,
silkworm cocoon derived porous carbons, which are rich in nitrogen
content, have been widely explored as the potential electrode materials
for supercapacitor. In order to obtain excellent capacitive performances,
cocoon derived or their composite porous carbons with various prepa-
ration approaches have been well investigated, such as microporous
carbon nanoplates from regenerated silk fibroin-KOH film [17], carbon
from staged KOH activation [7], nitrogen doped graphene by activation
of HNOg3 [6], Silk/CNT composite [9], Silk/GO carbon aerogel [8].
Those interesting reports clearly demonstrate the silk cocoon is a
promising raw material for supercapacitor electrode materials. An
impressive high capacitance of 408 Fg'! can be achieved with ultrahigh
specific surface area of 3841 cm 2g~! by staged KOH activation [7].
However, such a high surface area may result in lower density, leading
to lower volumetric capacitance, which is considered as an important
metric to evaluate the performance of the electrode material [18,19].
Additionally, although the common used activated agents (such as KOH,
NaOH) is effective, they may corrode the furnace at high temperature
[10].

In this paper, we develop a facile method to prepare N/P-co-doped
porous carbon for supercapacitor electrode materials, employing the
natural products of Silkworm cocoon and phytic acid (PA) as the raw
materials. Silkworm cocoon provides the N and the mainly carbon
source with interesting network structure. PA, as a nontoxic molecular
compound, which presents in most of legumes, including nuts, soy
beans, and corns, plays the roles of P-doping source, activated agent, as
well partial carbon source. It is a self-activation and self-co-doping
approach to prepare porous carbon, which is simple, mild, eco-
friendly and cost-effective. The resulting Cheese-brick-like carbons
exhibit microporous texture (with a medium surface area of
500-2000 m? g~ ') with high N and P co-doped. The aforementioned
porous carbon, taking advantage of N, P heteroatoms incorporation,
enhancing the capacitive performance. The S2 sample shows an
outstanding performance, achieving both high gravimetric capacitance
and volumetric capacitance of 317 Fg~! (482Fcm ) at1Ag ™!, and an
impressive capacitance of 159Fg’1 (242ch’1) at a high current
density of 50A g~! in 1 MH,SO4. To demonstrate its practicality, a
flexible H>SO4/PVA based symmetric supercapacitor was fabricated.
With distinct flexibility, it can extend the potential window up to 1.4V,
delivering a remarkable 19.6 Wh kg~! at 350 Wkg ™!, and 9.6 Wh kg !
at 17500 Wkg™!, as well as outstanding cyclic longevity (~98%
capacitance retention after 10000 cycles).

2. Experimental
2.1. Preparation of samples
N, P co-doped porous carbon was synthesized by mixing 1.5 g silk

cocoon with different mass ratio (S1:0.5, S2: 1, S3: 1.5) of Phytic acid
(70% water solution, Alladdin) in a flask. Then, the mixture was
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evaporate to dryness in a drying oven at 80 °C. After that, the mixture
was heated at 10 °C min~! in a tube furnace for 2 h under the flowing Ny
at 900 °C. For comparison, the sample without phytic acid (SO) also
prepared. The as-prepared sample was ground and rinsed with 0.5M
HCI solution and then ultrapure water for several times.

2.2. Characterization

The surface morphologies were observed by a Hitachi S4800 mi-
croscope. The microstructure was visualized on a JEOL JEM-2100F
microscope. A Rigaku D/max-2600PC diffractometer (XRD) with
nickel-filtered Cu Ka radiation (A = 1.5418 10\) was used to determine the
structure of the samples. Raman spectra was obtained by a Renishaw
Reflex (A =532.5nm). Nitrogen isotherm was collected by a Micro-
meritics (ASAP 2020) at 77 K. Before testing, the sample was outgassed
at 250°C for 12h. X-ray photoelectron spectroscopy (XPS) was per-
formed on a XPS System (Thermo Fisher Scientific ESCALAB 250Xi). A
Shirley background was removed from the spectra before deconvolu-
tion. A four point probe meter (SX1944, Suzhou Telecommunication
Instrument) was used to determine the electrical conductivity. 90 wt%
of the sample and 10 wt% Polytetrafluoroethylene (PTFE) were blended
and pressed at 25 MPa to form discs ($p30 mm, thickness of 50 pm). For
comparison, the commercial carbon YP-50 is also evaluated.

2.3. Electrochemical evaluation in three-electrode cell

Usually, PTFE and PVDF based process are two most common
electrode-fabrication methods for performance evaluation. In order to
test the high mass loading electrode, the PTFE based process is easy to
implement. The disc-shaped-electrode is fabricated by mechanical
pressing of the pre-mixed slurry. To form a uniform slurry, the sample
(80 wt %) powder, PTFE binder (10 wt %, 60 wt % in H,0, Aldrich) and
conducting carbon (super-p, 10%) were thoroughly mixed. The working
electrodes were prepared by pressing the electrode onto a stainless mesh
(400 mesh) and measured in a conventional three-electrode cell with
1 M HyS04 electrolyte. The Ag/AgCl and Pt foils (4 cm?) were used as the
reference electrode and counter electrode, respectively. The mass
loading is 2.00-3.00 mg cm 2.

2.4. Fabrication of flexible two-electrode symmetric supercapacitor

The electrodes were fabricated by cast coating the slurry onto current
collector of CNT cloth (~0.7 x 1.6 cm, 17 pm thick) with a mass loading
of 2.00-3.00 mg cm™2. After drying and rolling depression, the sol gel
electrolyte (PVA/H3S04) was spread onto the electrodes. Two gel coated
electrodes were pasted together in a sandwiched way. After the solidi-
fying the electrolyte, the supercapacitor is well prepared. Cyclic Vol-
tammetry (CV) at various scan rates and galvanostatic charge-discharge
(GCD) with different current densities were recorded on a potentios-
tat-galvanostat (CHI 660C) instrument. The contribution to the capac-
itance of the current collector has been deducted.

2.5. Calculations

The specific capacitance was calculated from the CVs or the GCD
curves, based on the equations [19]:

C,= / 1dV /(vmV) (€]
C,=It/(mV) 2
Cv = Cg* p (3)

Here, Cg is the gravimetric capacitance (Fg_l), Iis current (A), vis the
scan rate (V/s), m is mass (g), V is potential range, t is discharging time,
Cy is the volumetric capacitance (F cm’B), and p is the density of each
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electrode films.

The energy density E (Wh kg™1), and power density P (W kg™1) of the
symmetric two-electrode cell were calculated based on the GCD curve by
the following equations:

C=It/(m AV) (€3]
E=C; AV¥(3.6 x 8) 5)
P = 3600E/t, (6)
E, = E*p %)
P, = P¥p ®

Where C; is the single electrode gravimetric capacitance of the two-
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electrode cell, I is the applied current density based on the single elec-
trode, m is mass based on a single electrode, AV is the effective potential
range during discharge, t» is the discharging time (s), E is the gravimetric
energy density, and E, is the volumetric energy density, P is the gravi-
metric power density, Py is the volumetric energy density, and p is the
density of each electrode films.

3. Results and discussion
3.1. Material preparation and characterization
Fig. 1 (a)-(d) present the SEM image of the resulting samples. After

activation and carbonization, the shape of the particles turns out to be
irregular flakes, with dimension of 10-20 pm. Compared to the SO

Fig. 1. SEM images of the prepared samples (a) SO (b) S1(c) S2 (d) S3, and inset in (c) is a piece of cheese for comparison. TEM (e) and HRTEM (f) of the sample S2.
The inset in (f) is fast Inversed Fourier transformed (IFFT) patterns of the selected square area HRTEM image.
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(without PA), the particles of other samples possess some “air bub-
bles”similar to the cheese bricks (inset in Fig. (d)). The “air bubbles”may
originated from the decomposition of the phytic acid during the
carbonization process. The cheese-brick-like porous structure of the
particles with open pores may act as ion-saving container, in favor of fast
reaction. The sample S2 is further verified by the TEM images
(Fig. 1e-f). Similar to former reports, the particle can be exfoliated into
lamella-like layers after sonication, with hundreds nanometers thick-
ness. And small pores with 50-100 nm can be observed in the layers.
This structure may be induced from self-assemble of the silk fibroin and
PA [17]. Inside the particle, it basically exhibits amorphous structure
with an irregular atomic arrangement (Fig. 1f). However, it also presents
some fringes of lamella-like structure with a d-spacing~4 A, as shown in
the inset picture.

XRD patterns of the prepared samples are plotted in Fig. 2 (a). Two
broad peaks at 22°and 43° with low intensity can be indexed as the
(002) and (100), revealing the amorphous graphitic structure of the
samples [20]. Note that, the samples exhibit diffraction peaks (002)
shifting from 26.54° of graphite to lower values of 22.3-24.4°, which
suggests the expansion of the interlayer spacing of the prepared samples.
This may be due to the distortion of the graphitic planes caused by N, P
doping. On careful observation, this expansion increases along with the
increasing of PA ratios. It has been reported that P is likely to incorpo-
rate on the graphene edges, which may enhance the interlayer spacing
[1]. Therefore, the expansion of the d-spacing may be attributed to the
more P-doping. Fig. 2b shows the Raman spectrum of the samples. There
are two obvious peaks at around 1320 and 1580 cm ™2, corresponding to
the D-band and G-band, respectively [21]. The high integral Ig/Id value
verifies partial graphitization structure of the samples, suggesting the
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samples may possess good electrical conductivity [10]. Among the
S0-S3 samples, the S2 has the highest Ig/Id value, implying the highest
degree of graphitization. The electrical conductivity are also measured
by four-point probe method [10]. The values turn out to be 2.1 (S0), 1.2
(S1), 2.6 (S2), and 2.4 S cm_l(SS), compared to 1.2S cm ! of the com-
mercial YP-50. The satisfactory electrical conductivity could be due to
the amorphous graphitic structure or P, N co-doping.

The N5 adsorption isotherms and the pore size distribution for the
four samples are presented in Fig. 2c and d, respectively. And the
detailed information is presented in Table 1. The SO sample without PA
exhibits a small BET area of 24m?g~!, revealing that the PA is an
effective activated agent. At high temperature, PA is supposed to release
the phosphoric acid anions which could act as an acid catalyst in pro-
moting bond cleavage reactions with the silk protein and formation of
crosslinks [1,17].

The three samples (S1, S2, S3) exhibit medium values of the BET area
(500-2000 m?g™!), mainly composing of micropores. From the shape of
the isotherms (I/IV type curves), the PA activated samples (S1, S2, S3)
can be assigned to the microporous and mesoporous (with an obvious
hysteresis loop in the high pressure range) character [22]. However, the
BET values do not increase with the increasing of amount of PA. It is
notable that the sample S2 possesses the highest pore volume. The pore
size distributions are exhibited in Fig. 2d. The pores for PA activated
samples are mainly composed of micropores (<2nm), especially the
sub-nanopores (<1 nm), which are considered to dominantly provide
enhanced capacitance [5]. A small part of mesopores are also included in
the samples (S1, S2, S3), which can be functional as pathways for ions
transport [5]. In addition, macropores are not detected in the sample.
The low mesopores/macropores contain can make sure the high density
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Fig. 2. Structural characterization of the as-prepared samples, (a) XRD patterns (b) Raman spectrum (c) Isothermal curve of N2 adsorption. (d) Pore distribution.
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Table 1

XPS data, BET analysis, and pore size distribution of the samples.
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Sample Mass ratio Cocoon/PA XPS Sher(m®g ") Shictm®g ™) Vorai(em®g ™)
P% C% N% 0%

SO 0 0 85.50 4.08 10.42 24.36 12.27 0.02

S1 1:0.5 1.55 84.9 3.08 10.47 567.99 495.58 0.28

S2 1:1 1.63 85.31 3.65 9.41 1247.60 1083.82 0.58

S3 1:2 2.90 76.43 1.98 18.69 1168.07 805.20 0.60

Specific surface area determined according to BET method. b. From T-plot method. c. Total pore volume.

of the porous carbon.

To determine the bonding information and chemical composition,
the samples were examined by XPS (Fig. 3 and Table 1). Table 1 gen-
eralizes the composition of the prepared samples. Both the P and N are
contained in the three samples. It can be also observed that the contents
of P element increase with the enhancement of PA. The N 1s, P 2p of the
S2 sample are further analyzed and shown in Fig. 3. The N 1s can be
mainly deconvoluted into four peaks as 398.5eV, 400.2eV, 401.2 eV
and 402.1 eV, which correspond to the pyridinic N, pyrrolic N, graphitic
N and oxidized N, respectively. As shown in Fig. 3 (b), the P 2p can be
deconvoluted into the tetrahedral C-POs3 (133.3eV) and C3-PO
(132.2 eV). The P-containing groups may be located on the edge of the
graphene layers, which is consistent with the XRD results of increasing
the interlayer spacing (Fig. 2a) [1].

3.2. Electrochemical performances in three-electrode-cell

Based on the material characterization, the porous carbon (S1, S2,
S3) with abundant active reaction sites, rational pore structure, and
excellent electrical conductivity are observed, thus outstanding elec-
trochemical performances is expected to be achieved.

To evaluate the performance of the prepared samples as electrode
materials for supercapacitors, they were examined in a three-electrode
cell with 1.0 M aqueous HySOy4 electrolyte. Fig. 4a displays the typical
CV profiles of the samples at a medium rate of 10 mV sL. The PA acti-
vated samples (S1, S2 and S3) present much larger areas, indicating the
large capacitance enhancing. This could be attributed to the enhancing
of EDL dominated capacitance while the BET surface raises after the PA
activation, illustrating the important role of PA. Samples S1, S2 and S3
present a symmetric rectangular shapes, indicating nearly ideal capac-
itive performance. The curves also exhibit a set of broader humps at
around 0.4V vs Ag/AgCl, suggesting the coexistence of pseudocapaci-
tance along with the electrical double layer capacitance. Without PA
activation, the SO shows an asymmetric wedge-shaped curve, indicating
poor capacitive performance. It is noteworthy that the operational po-
tential window of the prepared sample is 1.2V, which is higher than
other porous carbon using HySO4 based electrolytes. The reason can be
attributed to the bonded N- and P- based surface groups, which can

(a)

(b)

accept the protons to prevent the water splitting to a certain extent. As
shown in Fig. 4b, it plots the galvanostatic charge-discharge (GCD)
profiles at 1Ag™! for the samples. The curves are shown to be
symmetric-slope-shaped, which is a typical index of capacitive behavior
[23]. Calculated from the CVs and GCD profiles, the S2 shows the best
performances. To further understand the capacitive behavior, electro-
chemical impedance spectroscopy (EIS) is further employed to test the
sample based electrodes (Fig. 4c).

The EIS is measured at open circuit voltage from 0.1 to 106 Hz. The
Nyquist plots display small semi-circles at the high frequency region and
straight lines in the low frequency region. The line denotes Warburg
impedance, which comes from the ion diffusion of the electrolyte. It is
accepted that the more vertical of the straight line, the more ideal
capacitive performance of the porous carbon. Thus, the PA activated
carbon (S1, S2, and S3) with almost vertical lines suggest ideal capaci-
tive performance. On the contrary, the deviated vertical line of the SO
indicates much poor capacitive behavior, which is in accord with the
asymmetric CV curve. The semicircle represents charge transfer resis-
tance from the interface of electrode/electrolyte. The existence of small
semicircles reveals the pseudocapacitive behavior of the porous carbon
[3]. From the plots, the S1 exhibits most vertical line to the x-axis with
lower transfer resistance compared to other plots, which is consistent
with the electrochemical performances results (Fig. S1).

Fig. 4c shows the GCD profiles recorded at different current densities
of sample S2. The calculated gravimetric (Cg) and volumetric (Cy) ca-
pacitances based on the GCD results versus current density are presented
in Fig. 4d. The specific capacitances are calculated to be 317Fg~?,
(482F cm™!) at low current density of 1 Ag~L. Even at high discharge
rate of 50A g™}, it still can deliver a high capacitance of 159F g~}
(242ch’1), demonstrating excellent rate performance. It is worth
mentioning that, the values of the volumetric capacitances are much
higher due to the high density of the sample. Table S1 and Fig. 4f present
the capacitive performances and methods of reported silk-cocoon-
derived and other biomass derived porous carbons. Compared to other
silk-cocoon-derived carbons, our method is facile and effective. Also, the
volumetric capacitance value is relatively higher compared to other bio-
materials derived carbons, such as porous carbon from jujube [5],
seaweed [11], Perilla frutescens leaves [13], soybeans [24], Auricularia
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406 404 402 400 308 3%
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Fig. 3. XPS spectra of S2 sample (a) N1s and (b) P2p.
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trochemical impedance spectrum (EIS) of the different samples based electrode (inset is magnified region at high frequency). (d) GCD curves of the S2 sample at
different current densities. (e) Plot of capacitance versus discharge current density of S2 (f) Comparison of the specific capacitances of S2 with former reports.

[25] and sugarcane bagasse [26]. The high volumetric values can be
attributed to the high density of the sample. The high density could be
ascribed to the micropores dominated texture, without abundant mes-
opores or macropores. High mass loading and areal capacitance are two
another paramount metrics to evaluate the capacitive behavior. Fig. S2
shows the capacitive performances of the high mass loading electrode
(S2,10mg cm?). The outstanding capacitive behavior can be seen from
the CV and GCD curves (Fig. S2 a, b). Even at a high rate of 500 mv st
and a high current density of 50 Ag™!, the curves still turn out to be well
defined rectangle and symmetric slopes, respectively. Indeed, the thick
electrode can exert a high capacitance of 244 and 129F g™, at 1 and
50Ag~! (3s discharge response), respectively. This means the areal
capacitance can be delivered up to 2.44 and 1.29 F cm 2, at 10 mA cm ™2
and high current density of 500 mA cm™2, respectively, demonstrating
the potential application of this material in wearable power sources.
The distinct performance can be attributed to unique structure of the

material. Highly conductive N, P co-doped graphitic lamella-like nano-
layers (Fig. 1e) stacking together to form micro-sized particles, facili-
tates the electron transfer and ensures the packing density. Balance of
sub-nanopores, micropores and mesopores plays a paramount role in
capacitive performance (Fig. 2d) Abundant sub-nanopores and micro-
pores provide a part of capacitance. And the active N, or P species may
generate along the pores to form active sites for fast pseudocapacitive
reactions. The sufficient mesopores can enable facile transport of elec-
trolyte ions to access the active surfaces and active sites. Thus, the
effective conducting-network of electron and ion can be formed to
achieve the excellent rate-performance.

In addition, the contribution of the capacitance is another important
issue. Since the sample with relatively low surface area (only
~1000m? g1 could not afford to provide such a high capacitance
(~320Fg Y by electrical double layer. The mainly capacitance
contributor should be the pseudocapacitance. The co-doping of N, P
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containing functionalities may enhance the capacitance. The N- and P-,

based functional groups could mainly directly produce pseudocapaci-
tance by redox reactions. The reactions are proposed as below [1,13,27].

N\

N+ H" +e NH
Z S\ Z S
‘ FHY 4 e
A AN
——c—l__-——-o +H" +¢ —(l;—T~OH
O o<
_—c—l—:_o H +e¢ ——(|:—P——0H
O o<

Furthermore, linking the capacitive results (Fig. 3 a, b) to the XPS
element content results (Fig. 3b), it seems the N content active sites may
make greater contribution to the capacitance than P active sites.
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3.3. Electrochemical performance of flexible symmetric two-electrode-cell

We have proved the outstanding performance of the prepared porous
carbon (S2) using PTFE binder based process, especially the high mass
loading electrode. Unfortunately, the PTFE binder based process is not
so compatible with the PVA based electrolyte. And the PTFE binder
based electrode is not flexible enough for wearable electronic applica-
tion. Thus, the-slurry-coating method is applied to fabricate the flexible
supercapacitor.

To verify the practicality of the prepared sample for device appli-
cation [28-30], a flexible semi-solid-state supercapacitor based on S1 is
fabricated. CVs at 10mVs~! with different bending angles are carried
out to test the flexibility of the device (Fig. 5a). The rectangular shaped
CVs exhibit almost overlapped curves, indicating the flexibility and
excellent capacitive performance of the device. In addition, the opera-
tional voltage can be extended to 1.4V in the two-electrode-device,
which will largely contribute to enhance the energy density. Fig. 4b
displays the GCD plots recorded with different current densities. All of
the curves show nearly symmetric slashes, revealing the good capacitive
behavior of the device. The cell presents a high capacitance of 288 Fg~!
at 1A g~!. This value is slightly lower than that of measured in
three-electrode-cell (316Fg’1), which may be due to the electrode
coupling and relative slower kinetic of the semi-solidstate-electrolyte.
Impressively, the cell can deliver a high capacitance of 142F g1 at
50 A g™, with a high capacitance retention ratio 50A/1 A of 49% [29].
The excellent performances could originate from the compatibility be-
tween the active material and current collector. The Ragone plot in
Fig. 5c presents the outstanding capacitive performance of the flexible
supercapacitor. High energy density of 19.6 Wh kg ! at 350 Wkg !, and
9.6 Wh kg™! at 17500 Wkg ™! (29.8 Wh 17! at 532W17!, and 14.6 Wh

(b)
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Fig. 5. CV curvesat 10 mV s for the flexible supercapacitor subjected to different bending (inset is the picture of bended flexible supercapacitor). (b) GCD curves at
1-50A g, (c) Ragone plot. (d) Cyclic performance at 20 A g~'. The inset is the GCD curve at 20 Ag . The blue and red discs denote capacitance retention and
columbic efficiency, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



Y. Wang et al.

17! at 26600 W1™!) can be achieved. For supercapacitor, long cyclic
capability is a paramount feature. Indeed, our flexible supercapacitor
can keep a capacitance over 97.8% after 10,000 cycles at 20 Ag?,
implying superb electrochemical cycling stability. Such values are so
competitive compared to some flexible supercapacitors (Table S1).
Furthermore, the performance can be improved by optimizing the
fabricating process and device design.

4. Conclusion

In this paper, we developed a facile, mild, eco-friendly and cost-
effective self-activation method to prepare N/P-co-doped porous car-
bon. The prepared sample (S1) shows cheese-brick-shaped particles
assembled with laminar carbon layers. Attributed to the expanded
interlayer spacing of (002), rational pore structure, abundant active sites
of P, N-co-doing, the samples exhibit excellent capacitive performances.
The S2 sample achieves both high gravimetric capacitance and volu-
metric capacitance of 317Fg~! (482Fem™) at 1A g7}, and an
impressive capacitance of 126 F g~! (242 F cm™!) even at a high current
density of 50 A g~ ! in 1 M HSO4. Additionally, the porous carbon based
a flexible symmetric can deliver a remarkable 19.6Wh kg™! at
350 Wkg ™!, and 9.6 Wh kg™ ! at 17500 W kg !, respectively, as well as
outstanding cyclic longevity (~98% capacitance retention after 10000
cycles). Considering the abundance and sustainability of the silkworm
and phytic acid, together with the easy controlled self-activation pro-
cess, the N, P-co-doped porous carbon will also be possibly used in other
energy storage aspects, such as batteries, catalyst for fuel cell, or water
splitting, and so on. Therefore, our work here provides a simple, cost-
effective, and green approach to prepare P, N-codoped porous carbon
for energy storage applications.
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