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ABSTRACT Hierarchical porous nitrogen-doped carbon (HPNC)
nanosheets (NS) have been prepared via simultaneous activation
and graphitization of biomass-derived natural silk. The as-obtained
HPNC-NS show favorable features for electrochemical energy storage
such as high specific surface area (Sger: 2494 m%/g), high volume of
hierarchical pores (2.28 cm®/g), nanosheet structures, rich N-doping
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(4.7%), and defects. With respect to the multiple synergistic effects

>
&
=
=
=
=
=]
=

of these features, a lithium-ion battery anode and a two-electrode-based supercapacitor have been prepared. A reversible lithium storage capacity of 1865

mA h/qg has been reported, which is the highest for N-doped carbon anode materials to the best of our knowledge. The HPNC-NS supercapacitor's electrode
in ionic liquid electrolytes exhibit a capacitance of 242 F/g and energy density of 102 W h/kg (48 W h/L), with high cycling life stability (9% loss after 10 000
cycles). Thus, a high-performance Li-ion battery and supercapacitors were successfully assembled for the same electrode material, which was obtained

through a one-step and facile large-scale synthesis route. It is promising for next-generation hybrid energy storage and renewable delivery devices.
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mance energy storage has great

importance for the advancement of
electrical vehicles and renewable energy.’?
Currently, carbon is recognized as the lead-
ing electrode material for anodes of com-
mercial lithium-ion batteries (LIBs) and electro-
chemical supercapacitors due to its low cost,
high electrical conductivity, good chemical
stability, environmental friendliness, and long
cycling life.”~"" Unfortunately, most com-
mon graphitic carbons have relatively low
theoretical capacity (372 mA h/g) and poor
rate performance and do not meet the
requirement of high-energy and -power
LIBs.'> ™ As for electrical double-layer
capacitors (EDLCs), commercially available
activated carbons (ACs) offer limited con-
trol over specific surface area, conductivity,
pore size distribution (PSD), and porosity,
suffering from the limitations of commer-
cial supercapacitors (5 Wh/kg).1 Therefore,
there is a critical need to develop new and
advanced carbon-based materials with en-
hanced characteristics (hierarchical pores,

Fabricating devices for high-perfor-
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2D-nanostructures, high specific surface
area (Sger), heteroatom modification, high
electrical conductivity, etc.) through a facile
synthesis route for highly efficient energy
storage devices.

Over the years, many new carbonaceous
materials have been developed to address
various inherent problems: (i) high Sger for
active sites facilitates charge capacity;'> ="’
(i) designing novel nanostructures can
shorten the diffusion pathways and offer
minimized diffusive resistance to mass
transport on a large electrode/electrolyte
interface;'®2® (i) hierarchical porosity
(intertwined micro-, meso-, and macro-
pores) can offer rapid ion transport with
improved rate capability;'”2' 23 (iv) intro-
ducing defects and heteroatom and/or
functional groups can increase available
active sites and effectively modulate their
electronic and chemical character.?%427—3°
It is without doubt that the multiple syner-
gistic effects of the above-mentioned fea-
tures will boost the related performance of
carbonaceous materials in energy storage
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Figure 1. SEM images (a—c) and TEM (d—f) of an HPNC-NS.

applications. Unfortunately, there are still huge chal-
lenges in satisfying all the aforementioned charac-
teristics of carbonaceous materials simultaneously
through existing technologies. In addition, from a long-
term perspective, looking for biorenewable carbon
sources along with developing their simple and easy
synthesis routes is essential and highly needed.*’

On the basis of these concerns, the metal salts FeCls
and ZnCl, not only facilitate dissolution of natural
silk to reformulate it into new materials (regenerated
silk fibroin)*? but also act as effective activation—
graphitization agents that can introduce a porous
structure with plentiful micro- and mesopores for a
high surface area. In the dissolution process, the silk
fibroin lamellar-like layered structure is formed by self-
assembly of hydrophilic and hydrophobic blocks in an
aqueous system.?® Like cyclization, a lamellar-like
layered structure can easily be converted to carbon
materials undergoing structural transformation.333*
Therefore, novel carbon-based nitrogen-doped hier-
archical porous nanosheets (HPNC-NSs) can be pre-
pared from a lamella-like multiple layer structure via
the metal salt activation—graphitization process. The
as-obtained unique graphitized HPNC-NS possesses
remarkable features of high Sger (2494 mz/g) with
abundant active site dispersion over hierarchical pores
(2.28 m3/g) to facilitate rapid charge transfer, high
charge capacity, easy electrolyte access, adequate
mass transport, and minimized polarization effects.'> 2
Moreover, rich heteroatom doping (e.g., N: 4.7%) and
defects in HPNC-NSs enhance the electrochemical
reactivity and electronic conductivity,?>?**”~3° which
contributes to the exceptional performance as well.
These characteristics have favorable multiple synergis-
tic effects, beneficial for LIB and supercapacitor appli-
cations, which require high energy and power density.

RESULTS AND DISCUSSION

As seen from SEM in Figure 1a—c, the architecture of
an HPNC-NSs with 2D nanosheet morphology and the
thickness of the nanosheets can be estimated in the
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range of 15 to 30 nm, which is consistent with AFM
analysis (Figure S1). The folds of the nanosheets effec-
tively limit them from stacking together. A continuous
2D porous network is observed (Figure 1c—e). Further-
more, the TEM images show progressively more gra-
phene ordering going from Figure 1e to Figure 1f. In
addition, the HRTEM image (Figure 1f) shows that the
thickness of the graphene sheets is around 2 nm with 4
to 5 layers of graphene. The layer-to-layer distance is
0.40 nm, which is confirmed by the (002) XRD peaks.
The nanosheet architecture not only offers minimum
diffusive resistance to mass transport on a large elec-
trode/electrolytes interface for charge-transfer reac-
tion but also provides easy ion transport by short-
ening the diffusion pathways.'®~2° The nanopores can
serve as active sites for ions, while conductive gra-
phene layers function as paths for fast electron transfer
and intercalation sites for ions.'>~2? All of these are
important in delivering excellent capacitance and high
rate performance of electrodes.

The X-ray diffraction (XRD) pattern of HPNC-NSs can
be seen in Figure 2a. Two characteristic peaks of the
sample are located at around 26 = 26° corresponding
to the (002) and 44° corresponding to the (101) plane.
These diffraction planes belong to the hexagonal
graphite (JCPDS card no. 41-1487).3° The Raman spec-
trum of HPNC-NS (Figure 2b) presents a G-band at
1593 cm ™' (related to graphitic carbon) and a D-band
at 1357 cm ™! (associated with defects). Further Ie/Ip =
1.15 by Raman results, the relatively highly graphitized
HPNC-NS,>**7 offering good electric conductivity,
which is consistent with the XRD. Elemental analysis
shows C, N, H, and O contents in HPNC-NS are 89.1,4.7,
1.4, and 4.4 wt %, respectively, which is consistent with
the EDX (Table S1 and Figure S2). XPS measurements
are performed in order to probe further for the chemi-
cal identification of the heteroatoms in the functiona-
lized HPNC-NS. These results agree with the elemental
analysis; that is, C 1s, N 1s, and O 1s peaks can be
seen in the XPS spectra (Figure S3). The high-resolution
N 1s spectra (Figure 2b) can be fitted by two peaks
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Figure 2. (a) XRD patterns, (b) Raman spectrum, and (c) high-resolution spectrum of the N 1s XPS peak of the HPNC-NS.
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Figure 3. Nitrogen adsorption—desorption isotherm (inset: cumulative pore volume) (a) and pore size distribution (b) of an
HPNC-NS.

located at 400.9 due to a quaternary (N-Q) group and area can offer an ample electrode/electrolyte interface
at 398.2 eV attributed to a pyridinic nitrogen group for ion or charge accumulation. The HPNC-NS pore size
(N-6).” This exhibits the partial conversion of N atoms distribution is calculated using the conventional DFT
within the amino group of silk into N-6 or N-Q during method on the N, adsorption isotherm part as shown
the carbonization process. The high-resolution C 1s in Figure 3b. The micropores are centered at 0.59 and
spectrum demonstrates the presence of a C—N bond 1.29 nm. A continuous pore distribution within the
(285.3 eV) (Figure S3). The abundance of N-Q (73%) in range of 2—100 nm is found, which is almost in a linear
HPNC-NS is much more compared to N-6 (27%). This decline relation with pore size. The total pore volume
indicates N atoms mainly reside in graphene layers of HPNC-NS is found to be 2.23 cm®/g, the micropore
instead of at the periphery. As indicated by a previous volume 0.41 cm?/g, the macro-/mesopore volume

study's results,*® the N atom substituents (N-Q) within 1.82 cm®/g, the micropore/total pore volume ratio
the graphene layers could enhance the electronic con- 18%, the macro-/mesopores/total pore volume ratio
ductivity of carbon materials, which is highly needed 82%, and the average pore size diameter 4.6 nm. As
for electrodes with high conductivity.>* Furthermore, compared to the conventional activated and micro-

for pseudocapacitive interactions initial active sites porous carbon synthesized from silk proteins by KOH
can be facilitated by easily reachable N-Q and N-6 activation (which typically possesses pores of 4 nm or
groups.3?® In addition, the presence of N atoms  smaller),'>?**'*2 the present high volume of macro-/
produces defects in carbon as well as creates addi- mesopores (1.82 cm?/g) is more favorable for rapid
tional active sites for Li" storage.?%%27 30 diffusion of ions and results in an exceptionally

To further determine the porosity of HPNC-NS, N, enhanced rate performance electrode material. In
adsorption—desorption isothermal analysis is exe- addition, the appropriate proportion of micropores
cuted. For strong N, adsorption HPNC-NS showed an guarantees their high specific surface area. Such a
I/IV-type adsorption—desorption isothermal curve. The hierarchical porous nanosheet architecture demon-
behavior is observed at low pressure with slight sheer strated that the synergistic effect of macro-, meso-,
adsorption within the 0.7—1.0 relative pressure range and microporosity is extremely beneficial for both

(Figure 3a). It is much different from the I-type asso- high-rate performance and high-density energy
ciated with traditional activated carbon adsorption— storage.' The applications of such high specific sur-
desorption isotherms.'>?°*! The collective curves of face area carbon nanosheets with a variety of pore
HPNC-NS indicate that micro-, meso-, and/or macro- sizes are extendable to other properties such as high-
pores exist in HPNC-NS. The specific surface area is density hydrogen storage.*

found to be 2494 m%/g, as calculated by the Brunauer— As a new type of N-doped carbon-based material of a

Emmett—Teller (BET) method. This high specific surface hierarchical porous nanosheet structure, the HPNC-NS is
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Figure 4. Electrochemical performances of HPNC-NS: (a) charge—discharge curves at 0.1 A/g; (b) CVs of the initial four cycles
at a scan rate of 0.1 mv/s; (c) capacity over cycling at different rates; and (d) cyclability at 3720 mA/g.

suitable as a high-performance electrode material for
energy storage. For example in LIBs, its hierarchical
porous nanosheet structure with high surface area is
highly desired because it can cut down the transport
length for lithium ions as well as proffer a large
electrode/electrolyte interface, which is favorable for
charge-transferring reactions.'” Doping electron-rich N
in the partial graphite carbon nanosheet structure with
defects that are chemically active®?**?” 3 can further
enhance the electrical conductivity and reactivity by
giving more available active sites for Lit adsorp-
tion**~*° and improving Li" storage ability.**
Electrochemical Performance of HPNC-NS as a LIB Anode.
The electrochemical performance of an HPNC-NS as a
LIB anode is presented in Figure 4. Figure 4a shows the
charging/discharging behavior profiles of HPNC-NS for
thefirst, second, and tenth cycles at a current density of
0.1 A/g with a voltage range of 0.01—3.0 V. The initial
reversible capacity is 1913 mA h/g, 5 times more
as compared to the theoretical capacity of graphite
(372 mA h/g), indicating that there are some different
mechanisms for lithium storage in this graphite.'?4¢
The initial Coulombic efficiency of HPNC-NS is 49.2% at
0.1 A/g, which is higher than that of 2D mesoporous
carbon nanosheets (~21%)."®'® Moreover, a large
irreversible capacity of 1991 mA h/g is measured in
the first cycle, which can endorse formation of a solid
electrolyte interphase (SEI) layer on the relatively large
specific surface area of the HPNC-NS (2494 m?/g)'>'®
and trap lithium ions in this SEl film and/or from
irreversible lithium insertion into special positions in
the vicinity of residual H atoms in the carbon mate-
rial.*” The continuous trapped Li ions may fracture and
re-form a thick SEI film during the initial capacity fading
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period.*® Furthermore, after the first cycle the capa-
city becomes stable and reversible. The Coulombic
efficiencies of the HPNC-NS at low and high current
density remain more than ~95% after the first few
cycles.

In the first discharge, the apparent area centered at
0.62 V was also observed, which radically drops in the
second cycle. This behavior is associated with irrever-
sible reactions leading to an SEI layer.”>'® The cyclic
voltammetry (CV) curves were quite similar after the
third cycle, which indicates a stable state of the HPNC-
NS is attained. The capacity above 0.5 V is attributed to
manifold defects of 2D architectures and layers, pores,
and cavities among these, boundaries between differ-
ently oriented graphite crystallites, and Li binding with
heteroatoms, while that below 0.5 V is associated with
lithium metal under potential deposition.**~>' In addi-
tion, the more active sites for Li storage were provided
by increasing the number of defects and vacancies by
incorporation of a nitrogen element in the carbon
nanosheet framework.**~*> During the Li-extraction
process, an appreciable potential hysteresis can be
observed, showing that the inserted lithium ions were
removed in a wide voltage range of 0.01—3 V. Peaks at
0.1 and 1.14 V were observed, which are associated
with Li extraction from graphene layers and pore
structures/defects, respectively.'>*>* A relatively
weak peak was observed between 2 and 3 V, which
arose due to Li binding with heteroatoms on the
surface of the anode materials."*** Furthermore, Li ion
adsorption and insertion/extraction on surfaces/defects
of HPNC-NS was noticed, which may be ascribed
to the high Sggr with copious micro- and mesopores
and reversible binding at heteroatoms'’?*32 3>
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(experimental details provided in the Supporting In-
formation Figures S5 and S6). Therefore, multiple Li
storage positions in HPNC-NS electrodes might explain
why the carbon has a much higher capacity.

With the increase of charge—discharge current
densities from 0.2 to 37.2 A/g, the reversible capa-
cities are ca. 1604, 1372, 1201, 1005, 776, 629, 523,
373,and 261 mA h/g at 0.2,0.3,05, 1, 2, 3,5, 10, and
20 A/g, respectively (Figure 4c). Even at an ultrahigh
current density of 37.2 A/g (100 C), a large reversible
capacity of 212 mA h/g is obtained. After cycling
at various rates when the current density is again
0.1 A/g, the specific capacity can still be recovered to
1865 mA h/g, implying highly stable cycling perfor-
mance and good reversibility. To the best of our knowl-
edge, the present specific capacity (1865 mA h/qg) is
5 times greater as compared to the theoretical capacity
of graphite (372 mA h/g) and is the highest capacity
that has been reported so far for N-doped carbon
anode materials.

As shown in Figure 4d and Figure S7, the HPNC-NS
anode exhibits high cyclability and capacity, while the
reversible battery capacity is 1287 and 512 mA h/g in
the first cycle, which steadily increases to 1401 and
714 mA h/g after 300 cycles at 372 and 3720 mA/g,
respectively. After a large initial loss of capacity, the
hierarchical porous nanosheet structure is efficiently
reactivated and the unique nanostructure of HPNC-NS
effectively shortens the diffusion length, providing fast
mass transport and minimized polarization effects. The
self-optimized thin and stable SEI layer shows long-
term cycling, significantly enhancing the lithium stor-
age performance at high rates.**>>” Moreover, the
ac impedance spectroscopy (EIS) results in Figure S8,
the initial EIS and after 300 cycles help to further
understand the advantages of HPNC-NS structure for
excellent electrochemical performance. The EIS spec-
trum (Figure S8) after 300 cycles presented a depressed
semicircle and a smaller interfacial charge-transfer
resistance, indicating good electronic conductivity of
the material and high Li* ion transfer speed across
interfaces between the electrolyte and active electrode
materials.’**” The high reversibility and good rate
capability of HPNC-NS are superior or comparable to
many other carbon-based materials (Figure 4c and d),
including 2D mesoporous carbon nanosheets (C),
N-doped carbon materials (N—C), N,S-co-doped car-
bon materials (N,5—C), metal oxide and N-doped
carbon composites (MOx/N—C), metal and N-doped
carbon composites (M/N—C), and metal sulfide and
carbon composites (MS,/C) as summarized in Table S2.
Examples can be found for mesoporous graphene
nanosheets (770 mAh/g at 0.1 A/g),'® N-doped carbon
nanofibers (637 mA h/g at 2 A/g),"® N,S-co-doped
porous graphene (860 mA h/g at 0.5 A/g),*> B-doped
carbon nanosheets/Fe,0; (980 mA h/g at 0.1 A/g),*®
SnO,@N-doped graphene sheets (1074 mA h/g at
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0.5 A/g),*° Sn/N—C (560 mA h/g at 2A/g),%° and
MoS,/CNTs (1126 mA h/g at 0.05 A/g).°"

To increase the energy density of electrical double
layer capacitors, one can enlarge the interfacial area
between the electrodes and electrolyte through intro-
ducing nanopores and by using wider voltage range
electrolytes such as ionic liquids (ILs).*® However, com-
mercially available ACs have poor Sger (<2000 m?/g),
and the very smal pore size, less than 0.6 nm,°>
limits the access of IL electrolyte ions.%® The rela-
tively large ion sizes and high viscosity of ionic liquids
needs 2D-hierarchical porous nanostructures, which
offer minimized diffusive resistance for mass trans-
port by macropores and effective Sger.?'? The pre-
sence of nitrogen also enhances the capacitance by
providing a high pseudocapacitance via pseudocapa-
citive redox reactions and improved polar prop-
erties. Also it improves the electrical conductivity and
wettability, which further enhances the ion-transfer
efficiency. 204041

Electrochemical Behavior of HPNC-NS for Supercapacitors.
The high Sger and hierarchical porous architectures of
HPNC-NS are very important for electrochemical super-
capacitors as well in the EMIMBF 4 electrolyte. Figure 5a
shows that the CV curves from 0 to 3.5 V demonstrated
obvious Faradaic humps at low scan rates, which
suggest that the capacitive response is due to the
combined effect of redox reactions and electrical
double-layer formation. In addition,the samples main-
tain a roughly rectangular shape even at high scan
rates. This can be ascribed to the enlarged size of pores
in the HPNC-NS, which indicate a fast and efficient
charge transfser rate. HPNC-NSs display symmetric
charge—discharge curves (Figure 5b), exhibiting only
a very small IR drop at a high current density. At a
current density of 0.1 A/g, the high specific capaci-
tance (for a single electrode) of 242 F/g (113 F/cm?)
was obtained for HPNC-NS (Figure 5c). The value is
much higher than that of commercial ACs (<100 F/g,
<60 uF/cm?®)."~> Moreover, the synthesized products
still retain high values of 213 F/g (100 F/cm® and ~88%
capacitance retention) and 155 F/g (73 F/cm® and
~64% capacitance retention) at a high current density
of 1 and 10 A/g, respectively. The high-rate super-
capacitor results are due to simultaneously synergistic
effects; that is, the nanosheet's architecture has shor-
tened the transport length of ions, hierarchical porous
structure has enhanced the liquid electrolyte transport
between the electrode and ions, and the high Sger of
the active site provided a smooth and convenient
electron/ion-transport path. Moreover, the relatively
highly graphitized structure of the HPNC-NS with
N-doping offers good electrochemical reactivity and
electric conductivity, favorably contributing to the
exceptional performance 24%4!

Therefore, the capacitances obtained in this work
are higher than carbon obtained from silk protein by
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Figure 5. Electrochemical performance of HPCN-NS for a two-electrode system using EMIMBF, as IL electrolytes at room
temperature. (a) CV curves for various scan rates; (b) galvanostatic charge/discharge curves for various current densities;
(c) specific capacitance as a function of current densities; (d) Nyquist plots; (e) Ragone plot of symmetrical supercapacitors;
(g) cycling stability at a current density of 2A/g up to 10 000 cycles.

KOH activation®® (168 F/g at 0.8 A/g), human hair,®*
leaves® (107 F/g, 88 F/g at 2 A/g), hemp,®® potassium
citrate®” (134 F/g, 54 F/cm® at 5 A/g), and rice bran
(133 F/g at 10 A/g)®® and even greater than some novel
carbon materials such as carbon nanotube arrays®’
(120—170 F/g at 1A/g) and a-MEGO’® (activated
microwave-expanded graphite oxide, 50 F/cm? for
0.3 g/cm?), and more surprisingly these are com-
parable or superior to high density graphene-based
electrodes achieved through a compressed a-MEGO
(110 F/cm? for 0.75 g/cm®)”" and partially reduced GO
paper (95 F/cm > for 0.46 g/cm>).”? From the EIS results
in Figure 5d, HPNC-NSs not only have a relatively low
equivalent series resistance but also have shown a
much shorter Warburg region. A Ragone plot for sym-
metrical HPNC-NS supercapacitors depicts that the
specific energy density is about 90.0 Wh/kg (42.3 Wh/L)
at power densities of 875 W/kg (~370 s), while the
energy density remains as high as 52.5 Wh/kg (24.7
Wh/L) at power densities of 8750 W/kg (~22 s), which is
comparable to commercial devices (pseudocapac-
itors <30 Whrkg),' > a hybrid supercapacitor (48—
60 Wh/kg),”>"7> and those achieved with advanced
activated carbons.®®~72 In our case the carbon weight
is ~25% of the total mass of a packaged commercial
EC,’® i.e., a specific energy of 22.5 and 15.1 Wh/kg (10.6
and 6.2 W/L), which is expected for a real packaged
device and 4 times higher than commercial ACs-based
supercapacitors (5 Wh/kg). The HPNC-NS also showed
a high stability of ~92% after 10 000 cycles at a current
density of 2 A/g compared with the initial materials
(Figure 5g), which is due to the corrosive presence of
the functional groups.”

The above results indicate HPNC-NS as a promising
material for advanced electrodes for both LIBs and
electrochemical supercapacitors. The HPNC-NS's high
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Sge, Unique hierarchical porous nanosheet structures,
and partially graphitized and heteroatom-modified
carbon leads to extraordinarily large and stable energy
storage performance. Other than these, their favorable
multiple synergistic effects are the following:

(i) The superhigh Sger (2494 m?/qg) for active site
dispersion over meso-/micropores provides an
appropriate electrode/electrolyte interface to
facilitate fast charge transfer and charge capa-
city, absorb (Li™) ions, and minimize polarization
effects.’”>™"7

(ii) The thin nanosheets can shorten the transport
length of ions, while the high volume of macro-/
mesopores (1.82 cm?/g) on their surface can
supply favorable accessibility, adequate mass
transport, and facile transport channels for
ions.17,21—23

(iii) The performance can be enhanced to an ex-

ceptional level by N-doping (4.7%) in HPNC-NSs
with relatively highly graphitized carbon walls.
This results due to possible enhancement of
electrochemical reactivity, defects sites, and
electronic conductivity.?2?42730

(iv) The above three elements have favorable mul-

tiple synergistic effects: interaction and easy
transportation to improve the HPNC-NS elec-
trode material performance for superior energy
storage applications.

CONCLUSION

In summary, the novel nanostructured HPNC-NS has
been prepared via simultaneous activation and gra-
phitization and a facile large-scale synthesis route. The
as-obtained HPNC-NS consisted of 2D nanosheet-
architecture carbon with high hierarchical porosity
(2.28 m*/g), high surface area (2494 m%/g), rich N-doping

VOL.9 = NO.3 = 2556-2564 = 2015 ACS\[A

J

WL

N

Na

WWwWW.acsnano.org

2561



(4.7%), and defects. These characteristics have favor-
able multiple synergistic effects, beneficial for high-
performance energy storage-related applications.
We obtained the highest reported reversible lithium
storage capacity (1865 mAh/g) for any N-doped car-
bon anode materials. Tested as a supercapacitor in an
ionic liquid electrolyte two-electrode system, the
carbons exhibited a capacitance of 242 F/g, energy

EXPERIMENTAL SECTION

Materials. Silk was obtained from Anhui, China. Ferric chlo-
ride hexahydrate (FeCls-6H,0), zinc chloride (ZnCl,), and hy-
drochloric acid (HCl) used were of analytical grade. 1-Ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBF, > 99%, water
content <100 ppm) was purchased from the Linzhou Branch of
Materials Science and Technology Co.

Synthesis of Hierarchical Porous Nitrogen-Doped Carbon (HPNC-NS). Six
grams of natural silk without any further treatment was mixed
with 15 g of ZnCl, in a 2.5 M (100 mL) FeCl; solution as an initial
step. The solution was continuously stirred and evaporated
at 60 °C for 4 h. Carbon precursor was obtained by further drying
at 80 °C in a conventional oven. Activation and graphitization
were followed by annealing carbon up to 900 °C for 1 h under a
N, atmosphere in a tubular furnace with ramp rate of 2 °C/min.
The resulting dark solid was ground to bulk, washed witha 1 M
HCI solution to remove iron species, and then washed with
deionized water. It was dried at 120 °C for 12 h, and HPNC-NS
was obtained as a final product.

Electrochemical Testing. The electrochemical performance of
the HPNC-NS was measured in ionic liquid electrolytes for a
two-electrode system. A 85 wt % amount of obtained carbon,
10 wt % of acetylene black, and 5 wt % of PTFE binder were used
for the electrode preperation. The mixture was pasted on
aluminum foil of 11 mm in diameter and then dried under
vacuum at 120 °C for 6 h. After drying, the electrodes were
pressed under 10 MPa for 30 s. A 6—8 mg amount was loaded on
an area of 1 cm?. As a separator, a cellulose film (TF4840, NKK)
was used. The calculated densities of the electrode material are
provided in Supporting Information Figure S3. Cyclic voltam-
metry, galvanostatic charge/discharge, and EIS tests were mea-
sured using a CHI660D electrochemical workstation. Impedance
spectra were measured for a 0.01 Hz to 10 kHz frequency range
with a £5 mV voltage amplitude. The cutoff charge voltage was
setat 0to 3.5 Vfor the EMIMBF, electrolyte. Specific capacitance
for a single electrode was calculated by using eq 1:

2/

~ dv/dom M

G
where [ (A) = discharge current, dV/dt (V s~') = slope measured
through the discharge curve after ohmic drop, and m (g) =
active material mass for a single electrode. The specific energy
density (Ecen) and specific power density (Pcey) for symmetrical
supercapacitors were also calculated by using eqs 2 and 3:

CqAV
Ecell = ) i 36 (2)
E
Peat = — 3)

where AV (V) = cell voltage after ohmic drop and t (h) =
discharge time.

For the battery test, copper foil of 14 mm in diameter was
used as current collector. A 80 wt % amount of obtained carbon,
10 wt % of acetylene black, and 10 wt % of PVDF binder were
used for the electrode preparation. Around 1.5 mg of active
material was pasted on a single electrode. The battery was
assembled in an argon-filled glovebox (with O, < 1 ppm, H,0 <
1 ppm) by using 2032 coin-type cells, polyethene as the separator,
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density of 102 Wh/kg, with high cycling life stability
(9% loss after 10000 cycles). Our results indicate
that the HPNC-NC is promising for next-generation
hybrid energy storage and renewable delivery
devices with high power and energy density. More-
over, the obtained HPNC-NS can also be used for a
sodium ion battery, an adsorbent, a catalyst, and
hydrogen storage.

Li metal foil as the counter electrode, and 1 M LiPF¢ (solution with
ethylene carbonate—dimethyl carbonate) as the electrolyte.

Chemical Analysis and Textural Characterization. In order to see the
morphology more clearly, field emission scanning electron
microscopy (FSEM) and transmission electron microscopy
(TEM) tests were performed using a Hitachi S-4800 and JEOL-
2100, respectively. The powder X-ray diffraction pattern from
10° to 80° was measured using a PANalytical-X-pert diffrac-
tometer (Cu Ko radiation at 40 kV and 40 mA). The Raman
spectrum was measured at 514 nm excitation by a Renishaw
apparatus. A Thermo Fisher Scientific (EA-1108-CHNS-O) ele-
mental analyzer was used to measure elemental ratios. An Axis
Ultra spectrometer was used for XPS analysis. The nitrogen
adsorption—desorption isotherm was measured at 77 K and a
relative pressure p/po of 3.3 x 1077—0.995 by using a Micro-
meritics-ASAP-2020. BET and density functional theory (DFT)
tests were performed to measure the specific surface area and
pore size distribution.
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