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ABSTRACT: The development of electrode materials with high
volumetric performance in compact energy storage is extremely
appealing, yet challenging. However, the state-of-the-art compact
carbon electrodes succumb to an electrode matrix with sluggish
ion-transfer kinetics and unsatisfying volumetric performance.
Herein, a molten-salt pyrolysis strategy is presented for preparing a
fluorine and nitrogen dual-doped porous carbon nanosheet (F/N-
CNS). During the molten-salt pyrolysis, nitrogen- and fluorine-rich
precursors were converted into a unique two-dimensional carbon
nanostructure with in-plane micropores and tailor-made fluorine/
nitrogen dual doping. The as-fabricated thick and compact
electrode of the F/N-CNS demonstrates a high packing density
of ~1 g cm™>, fast ion-transfer kinetics, and largely boosted pseudocapacitive characteristics. As a result, the F/N-CNS electrode in a
two-electrode configuration exhibits a high volumetric capacitance of 255 F cm™ (1 A g™'), a high volumetric energy density of 18.8
W h L™ in an aqueous electrolyte, and an exceptional cycling stability for 20 000 cycles with almost no capacitance loss. These
features demonstrate that the developed F/N-CNS is a promising candidate for high-volumetric-performance electrode materials in
next-generation compact energy storage devices.
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1. INTRODUCTION as boost additional pseudocapacitive performance, thus
endowing them with high gravimetric and volumetric
capacitances.'”"? Nitrogen doping (N-doping) is in favor of
changing polarity and electron distribution of carbon matrix,

Supercapacitors with high performance of fast charging/
discharge property, low maintenance cost, and long cyclin§
life are highly attractive for next-generation energy storage.'~

Carbon materials are preferred as promising electrode thus providing the possibility for achieving efficient ion
materials for supercapacitors because they perfectly meet the diffusions.”* Meanwhile, N-doping also accelerates the
requirements of high porosity and good electrical conductivity migration rate of electrolyte ions by enhancing the wettability
involving the energy storage mechanism of an electrical at the interface between the electrolyte and the carbon
double-layer capacitor.” However, the porous characteristics electrode matrix. The increased ion migration rate significantly
and low density of carbon materials have become an improves the rate and cycling performance of carbon electrode
irreconcilable contradiction limiting the realization of high materials.’>'® Heteroatom doping, especially like fluorine
volumetric performance of carbon electrodes. In the past, the doping (F-doping), can easily change the electron donor/
engineering of carbon materials with a hierarchically porous acceptor relationship of nearing carbon atoms because of the

structure enables them with competitively high gravimetric
energy density. Consequently, a significant improvement of the
porosity of porous carbon materials will unquestionably affect
the volumetric performance of the carbon electrode because of
the largely reduced packing density of electrodes.”"" There-
fore, the development of new emerging carbon electrode
materials with a high packing density and high volumetric
performance is urgently demanded yet challenging.”™""
Heteroelement doping is revealed to significantly improve
the intrinsic conductivity of carbon electrode materials, as well

highest electronegativity of fluorine elements.'” The highly
electronegative fluorine functional groups are effective to refine
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the pore structures/surfaces among the resultant carbon
structures.'® The dual doping of fluorine and nitrogen (F, N
dual doping) endowed the resultant carbon electrode materials
with increased active sites and largely boosted their
pseudocapacitive performance.'” For heteroatom-doped com-
pact electrode materials, it is evident that the capacitance
increases due to the pseudocapacitance introduced by
heteroatom doping, but the increase of volumetric capacitances
of electrode materials cannot be ignored by reasonably
increasing the packing density of electrodes. Therefore, the
fabrication of compact carbon electrodes with a high packing
density is considered as an important concern for the
achievement of high volumetric capacitances of carbon
electrode materials.”” Most of the fluorine doping reactions
at present are relatively complex and uncontrollable, generally
using toxic and expensive gaseous fluorine-containing reagents.
The tightness and safety of equipment for fluorine doping
reactions are strictly required. Improper handling of this toxic
gas may also cause harm to the environment and personnel.
Therefore, the current challenge lies in the development of a
green and efficient strategy for preparing fluorine and nitrogen
dual-doped carbon materials with controllable doping amount
and excellent electrochemical performance.

Herein, a molten-salt pyrolysis strategy is presented for
preparing a fluorine and nitrogen dual-doped carbon nano-
sheet (F/N-CNS) by employing fluorine- and nitrogen-rich
organic compounds as the precursor. The molten salt, which is
easily molten at a relatively low temperature, is used as a
promising “solvent” to provide an ideal reaction medium for
the formation of ultrathin carbon architectures with
hierarchical porosity. The molten salt not only reduces the
release of C-, N-, and F-containing species but also significantly
improves the carbonization yield due to a mild and confined
pyrolysis process. It is easily removed by simple washing with
dilute hydrochloric acid and recycled for subsequent synthesis.
Due to the high packing density, fast ion transport, and
additional pseudocapacitive behavior of the electrode structure,
the F/N-CNS electrode shows a high volumetric energy
density, and excellent rate and cycling performance in an
aqueous electrolyte.

2. RESULTS AND DISCUSSION

F/N-CNS was pyrolyzed from the powder mixture of nitrogen-
rich glucosamine hydrochloride (GLH), fluorine-rich poly-
vinylidene fluoride (PVDF), and LiCl/KCl eutectic molten salt
at 600 °C (Figure la). The GLH is a nitrogen-rich organic
compound extracted from natural chitin. GLH has been used
as a sustainable and low-cost precursor containing carbon and
nitrogen species for the synthesis of nitrogen-doped carbon via
pyrolysis.”’ Meanwhile, for the carbonization of PVDF, the
carbon products typically show a highly porous structure due
to the partial escape of the H and F elements. Therefore, the
carbon materials prepared by the pyrolysis of PVDF have the
characteristics of a uniform nanostructure and a high
carbonization yield.22 F/N-CNS-1, F/N-CNS-2, and F/N-
CNS-3 represent the pyrolyzed products prepared by the
GLH/PVDF/molten salt weight ratios of 1:0.2:100, 1:1:100,
and 1:5:100, respectively. Control samples without PVDF or
GLH addition, and direct pyrolysis of neat GLH, PVDF, and
GLH/PVDF mixture (1/1, wt/wt) were also prepared and
named as F-CNS, N-CNS, N-C, F-C, and F/N-C, respectively,
as detailed in the Experimental Section. F/N-CNS-2 exhibits a
wrinkled nanosheet morphology with a lateral size of 2—5 ym
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Figure 1. (a) Schematic illustration of the preparation procedure of
F/N-CNS. (b, c¢) Scanning electron microscopy (SEM) and (d, e)
transmission electron microscopy (TEM) images of F/N-CNS-2. (f)
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of F/N-CNS-2 and the
corresponding energy dispersive spectroscopy (EDS) elemental

mappings.

(Figure 1b,c). No apparent pore structure was found in
ultrathin two-dimensional (2D) nanosheets (Figure 1d,e), and
uniform elemental distributions of C, N, F, and O are achieved
among F/N-CNS-2 (Figures 1f and S1). The variation of the
morphological evolution of F/N-CNS by GLH/PVDF feeding
ratios is revealed in Figure 2. N-CNS exhibits a nanosheet
morphology with the wrinkled surface due to the volume
exclusion effect of the molten salt (Figure 2a—c). After adding
a small amount of PVDF to the precursor, the morphology of
the as-obtained F/N-CNS-1 becomes similar to that of the N-
CNS, but the roughness and thickness of carbon nanosheets
increase (Figure 2d—f). When PVDF is dominant in the
precursor, the F/N-CNS-3 sample shows a thick lamellar
morphology (Figure 2g—i). The increased PVDF content in
the precursor could increase the contact probability between
the primary carbon fragments, which leads to an increase in the
thickness of the final carbon nanosheet. GLH is not only used
as a nitrogen source but also contributes to PVDF nanosheet
structure formation in the presence of molten salt. The
morphology of F-CNS can verify this. Without the addition of
GLH, F-CNS shows a multilayer morphology with pore sizes
below 10 nm (Figure 2j—1). The molten salt during pyrolysis
determines the formation of a 2D carbon nanosheet structure.
The formation of 2D nanostructures during the molten-salt
pyrolysis is probably due to the elimination of primary carbon
fragments from molten salt before molten salt crystallization.”
The control samples of N-C (Figure S2a,b), F/N-C (Figure
S2¢,d), and F-C (Figure S2ef) exhibit irregular-shaped bulk
carbon structures with rough surfaces due to the absence of
molten salts. The direct pyrolysis of precursors such as PVDF
and GLH under an inert atmosphere generally leads to a
condensation carbonization that proceeds by the elimination of
small molecules and often results in a disordered carbonaceous
material.

The X-ray photoelectron spectroscopy (XPS) survey spectra
indicate the componential information of various elements
such as C, N, O, and F among F/N-CNS (Figure S3a). The F
1s XPS spectra of F/N-CNS can be mainly fitted into three
peaks (Figure 3a). Three XPS peaks located at 685.9, 687.5,
and 689.4 eV are observed in the F 1s XPS spectrum of F/N-
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Figure 2. Morphological characterizations of the F/N-CNS sample: SEM and TEM images of (a—c) N-CNS, (d—f) F/N-CNS-1, (g—i) F/N-CNS-
3, and (j—1) F-CNS.
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Figure 3. Compositional and structural characterizations of F/N-CNS: (a) High-resolution F 1s XPS spectra of F-CNS, F/N-CNS-1, F/N-CNS-2,
and F/N-CNS-3. (b) High-resolution F 1s XPS spectra of F/N-CNS-2. (c) Fluorine contents in terms of covalent, semi-ionic, and ionic C—F in F/
N-CNS-1, F/N-CNS-2, F/N-CNS-3, F-CNS, and F/N-C. (d) High-resolution N 1s XPS spectra of N-CNS, F/N-CNS-1, F/N-CNS-2, and F/N-
CNS-3. (e) High-resolution N 1s XPS spectra of F/N-CNS-2. (f) Nitrogen contents in terms of graphitic-N, pyrrolic-N, and pyridinic-N in N-
CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and F/N-C. (g) Raman spectra, (h) nitrogen adsorption/desorption isotherms, and (i) pore size
distributions of F-CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and N-CNS. The inset of (i shows enlarged microporous regions of i).
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Table 1. Comparison of BET Surface Area, Pore Size Distribution, Density, and Carbonization Yield of N-CNS, F/N-CNS-1,

F/N-CNS-2, F/N-CNS-3, F-CNS, F/N-C, and F-C Samples

SZBET pore volume micropore volume mesopore volume tap density packing density carbonization yield
samples [m* g™'] [mL g™'] [mL g™'] [mL g7'] [g cm™] [g cm™3] [wt %]
N-CNS 83 0.07 0.03 0.04 0.07 0.93 34.1
F/N- 164 0.11 0.07 0.04 0.05 0.95 35.2
CNS-1
F/N- 290 0.15 0.12 0.03 0.09 0.96 36.9
CNS-2
F/N- 50S 0.26 0.22 0.04 0.22 0.88 39.3
CNS-3
F-CNS 495 0.26 0.21 0.05 0.26 0.85 40.5
F/N-C 428 0.26 0.17 0.09 0.66 0.78 27.9
F-C 784 0.50 0.31 0.19 0.65 0.73 29.1

CNS-2 (Figure 3b), which are ascribed to the ionic, semi-ionic,
and covalent C—F bonds, respectively.”* Among the three
typical C—F bonds of F/N-CNS-2, the content of the semi-
ionic C—F bond is the highest, about 60% of the total C—F
bond content. The semi-ionic C—F bond is formed by the
isolated fluorine atoms attached to the surface of carbon
nanosheets, which plays a vital role in boosting the
pseudocapacitive performance with fast ion and electron
transport.”> The XPS spectra of F/N-CNS-1 and F/N-CNS-
3 show that the variety of C—F bonds is strongly related to the
composition of the precursor. Figure 3c shows the total
content of F elements and the evolution of three C—F bonds in
doped carbon. With the increase of the PVDF ratio, the
fluorine content in F/N-CNS increased from 0.61 atom % (F/
N-CNS-1) to 2.24 atom % (F-CNS), and the ratio of covalent
C—F bond also increased. This evolution is mainly due to the
increase of the F/C ratio as a result of the increasing
proportion of PVDF among the precursors.”® The XPS results
of F/N-CNS-2 and F/N-C show that the proportions of three
different C—F bonds in the two samples are almost the same,
but the F content in F/N-CNS-2 is significantly higher than
that in F/N-C (Figure S3b). The results indicate that the
existence of molten salts has a little effect on the evolution of
C—F bond species, but can significantly improve the F-doping
efficiency. Therefore, the molten salt can provide a confined
pyrolysis environment by limiting the release of highly active
gas doping agents. The N 1s XPS spectra of N-CNS, F/N-
CNS, and F/N-C are deconvoluted to three peaks (Figures
3d,e and S3c), which are assigned to the pyridinic-N (398.4
eV), pyrrolic-N (399.8 €V), and graphitic-N (401.1 eV),”’
respectively. F/N-CNS and N-CNS show similar types of N-
doping in terms of graphitic-N, pyridinic-N, and pyrrolic-N
due to the use of the same nitrogen sources from the GLH
(Figure 3f). The nitrogen content of F/N-C (4.6 atom %) is
lower than that of F/N-CNS-2 (7.8 atom %), indicating that
the molten salt is in favor of confining the release of gaseous
doping agents for the formation of C—N bonds during the
pyrolysis. The C 1s XPS spectrum of F/N-CNS-2 can be
deconvoluted into a series of peaks (Figure S3d). The XPS
peaks at 284.3, 286.3, and 289.2 eV correspond to C—N, CO,
and C(O)O bonds, while the XPS peaks at 288.8, 290.3, and
291.8 eV indicate the existence of the semi-ionic C—F bond
and two different covalent C—F bond configurations,
respectively.”®

The structural characteristics of the X-ray diffraction (XRD)
measurements and the Raman spectra of F/N-CNS, N-CNS,
and F-CNS are shown in Figures 3g and S4. The observed
diffraction patterns at 25 and 41.6° suggest the formation of

the graphitic carbon structure from organic precursors.”” The
Raman peaks of the D and G bands are observed at 1335 and
1585 cm™!, respectively.”® Moreover, their intensity ratio (I,/
Ig) is usually applied to estimate the defects in the graphitic
carbon structure. The intensity ratio I/I; gradually rises from
0.80 (N-CNS) to 0.88 (F-CNS) with the increased PVDF
content in precursors, indicating that the in-plane sp> domains
of the carbon nanosheets decrease and more defects have been
introduced upon the F-doping.

Nitrogen adsorption—desorption measurements were used
to evaluate the pore structures of the resultant F/N-CNS
(Figures 3h and SSa), and the pore structure data including the
specific surface area and pore volume of N-CNS, F/N-CNS, E-
CNS, F/N-C, and F-C are summarized in Table 1. The F/N-
CNS samples show an obvious hysteresis of the desorption
curve in the range of relative pressure from 0.4 to 1.0,
indicating that there exists the type IV adsorption behavior
with an obvious mesopore structure in the pore structure.’’
Also, the adsorption isotherm is slightly upturned at a relative
pressure close to 1.0, revealing that macropores have been
introduced. The nitrogen adsorption—desorption isotherms of
F/N-CNS show that the as-prepared carbon materials can
obtain larger specific surface areas with the increase of the
proportion of PVDF in the precursor. The pore volume of N-
CNS increases compared to that of F/N-CNS, indicating that a
higher proportion of macropore structure is achieved within N-
CNS. However, no macropore structure is obtained in the F/
N-CNS samples. The presence of PVDF not only effectively
increases the specific surface area of the resultant carbon but
also refines the pore structure with more micro- and
mesopores. The pore size distributions of N-CNS, F/N-
CNS, and F-CNS are plotted in Figure 3i, indicating that well-
defined micropores of 0.5—2.0 nm exist in F/N-CNS. It is
worth to be noted that the pore volume of these samples is
lower than that of the carbon samples prepared without the
addition of molten salt (Figure SSb). That is, the presence of
molten salt benefits the macroscopic rearrangement of the sp*-
bond carbon framework and the formation of the densely
stacked carbon. The existence of macropores among the
carbon samples contributes little to the specific surface area,
although it can improve the ion mobility to some extent.
Moreover, the presence of macropores will decrease the
packing density of carbon electrode materials, thus reducing
their volumetric capacitances. F/N-CNS shows a 2D nano-
sheet morphology with a wrinkled structure, which shows a
flufty structure and a low tap density. However, its 2D
nanosheet features facilitate a high-packing-density electrode
fabrication by a simple mechanical compression.”**Table 1
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Figure 4. Electrochemical characterizations of F/N-CNS: (a) CV curves of F-CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and N-CNS at 10 mV
s7'in 1 M H,SO,. (b) Galvanostatic charge/discharge (GCD) curves of F-CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and N-CNS at 1 A g™ in
1 M H,SO,. (c) CV curves of F/N-CNS-2 at various scan rates in 1 M H,SO,. (d) GCD curves of F/N-CNS-2 at different current densities in 1 M
H,S0,. Specific capacitances of F-CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and N-CNS at various current densities in (¢) 1 M H,SO, and (f)
6 M KOH. (g) Nyquist plots of F-CNS, F/N-CNS-1, F/N-CNS-2, F/N-CNS-3, and N-CNS in the frequency range of 100 kHz to 0.01 Hz. The
inset of (g shows enlarged high-frequency regions of g). (h) Cycling performance of F-CNS, F/N-CNS-2 and N-CNS for 20 000 cycles in 1 M
H,SO,. (i) Ragone plots of the supercapacitor with the F/N-CNS-2 electrode compared to other doped carbon electrodes.

indicates that the packing density of N-CNS, F-CNS-1, and F/
N-CNS-2 is significantly higher than that of other samples
because the wrinkled nanosheets are easy to deform and
assemble into densely stacked carbon structures under
compression. The packing density of F/N-CNS-2 is about
0.96 g cm™, which is close to an ideal packing density of
balanced gravimetric and volumetric capacitances.

Molten salt can increase the doping content of heteroatoms
by limiting the release of highly active gas doping agents.
Interestingly, the carbonization yield of the products is also
improved (quantitatively calculated in Table 1), as the molten
salt provides a mild and confined environment to prevent the
release of gaseous carbon sources during the pyrolysis. For
example, F/N-CNS-2 and F/N-C have a similar ratio of GLH
and PVDF in the precursor; however, the molten-salt pyrolysis
of F/N-CNS-2 exhibits a higher carbonization yield (36.9%)
than F/N-C (27.9%). The structural features of high surface
area, well-balanced micro/mesoporosity, and 2D nanosheet
morphology of F/N-CNS-2 are beneficial for its application as
electrode materials with a high packing density, achieving
excellent volumetric capacitance for supercapacitors.

Figure 4a shows the cyclic voltammetry (CV) curves of N-
CNS, F/N-CNS, and F-CNS electrodes at a scan rate of 10
mV s~" in 1 M H,SO,. The approximate rectangular CV curve
shows that the electrode has a fast response behavior of
double-layer capacitance with an ideal capacitive behavior.
Benefited from the hierarchical pore structure of the
nanosheets that realizes a highly efficient ion transport, the
F/N-CNS electrodes exhibit a larger CV surrounding area than
the N-CNS and F-CNS electrodes in the electrolytes of 1 M
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H,SO, and 6 M KOH (Figures 4a and S6a), respectively.
Moreover, the F/N-CNS electrodes demonstrate extra redox
pairs compared to the N-CNS and F-CNS electrodes, as the
pseudocapacitive behaviors are attributed to additional electro-
chemically active sites by the F, N dual doping. It is worth
noting that the redox peak of the CV curve of the F/N-CNS
electrode in the acid electrolyte is more obvious than that in
the alkaline electrolyte, which is due to the different
electrochemical activities caused by the basic characteristics
of F/N dual doping in these carbon samples.”® The CV curve
of the F/N-CNS-2 electrode shows the largest rectangular area
compared to the F/N-CNS-1 and F/N-CNS-3 electrodes at
the same scanning speed, corresponding to its optimized semi-
ionic C—F contents, high surface area, and well-balanced
micro/mesopore distributions.

The F/N-CNS-2 electrode also shows the excellent
electrochemical properties by the galvanostatic charge/
discharge (GCD) characterization (Figures 4b and S6b).
Considering the ionic mobility of the acidic electrolyte is
slightly higher than that of the basic electrolyte, the specific
capacitances of the F/N-CNS electrodes in the acidic
electrolyte are larger than that in the basic electrolyte. When
the F/N-CNS-2 electrode is scanned in the voltage range of
0—1 V at a scanning rate of 10—200 mV s7,, the CV curve
remains approximately rectangular (Figures 4c and S6c¢),
indicating its excellent rate performance. In addition, the GCD
curve of the F/N-CNS-2 electrode at different current
densities is nearly linear, and the Coulombic efficiency can
reach 90% (Figures 4d and S6d), which is due to the high
conductivity and rapid ion transport of the electrode matrix
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Table 2. Summary of the Electrochemical Parameters of F/N-CNS-2 with Heteroelement-Doped Carbon Materials in the

Literature

electrode materials specific capacitance (current density)

N, S-PCNs 298F ¢! (05Ag™")
B/N-CS 223Fg'(01Ag™)

2D CoSNC 3601 Fg™' (1.5Ag™)
NFMCNFs 2526 F g (05Ag)
a-HHPC 214F g (02Ag™)
FNC 168F g (0.5Ag™")
BN-PCPs 360Fg ' (2Ag™")
CNG 98 Fem™ (1A g™)
ERGO 1765 Fem™ (1 Ag™")
RGO-HD 255 Fem™ (2 A cm™)
N-doped graphene 300 F cm™ (0.6 A cm™)
NP-OMC 210Fg ' (1Ag™)
P-NP-CNFs 280F g (1Ag™")
CS-650+850 1569 Fg™' (10Ag™)
HRGO 216 Fem™ (1 A cm™)
Th-SNG 284 F ¢! (10 mVs™)
N-AC/Gr 257.7 F cm™ (0.05 A g™%)
CM-N 200 Fem™ (1 Ag™)
F/N-CNS-2 266 Fg, 25§ Fem™ (1 Ag™)

device configuration electrolyte [mol L] refs
three-electrode Na,SO, (1) 36
three-electrode KOH (6) 37
three-electrode KOH (2) 51
three-electrode H,S0, (1) 38
two-electrode KOH (6) 52
two-electrode TEA BF, in PC (1) 53
three-electrode H,S0, (1) 39
two-electrode EMImBE, 54
two-electrode KOH (6) 40
two-electrode KOH (6) 44
three-electrode KOH (2) 45
three-electrode KOH (6) SS
three-electrode KOH (6) 41
three-electrode KOH (6) 56
three-electrode KOH (6) 57
three-electrode KOH (1) S8
two-electrode KOH (6) 42
three-electrode H,S0, (1) 19
two-electrode H,S0, (1) this work

structure. The specific capacitance of the F/N-CNS-2
electrode is larger than 192 F g™' at a high current density
of 10 A g7 in the 1 M H,SO, electrolyte. When the current
density increases from 0.5 to 10 A g !, the capacitance
retention of the F/N-CNS-2 electrode is 70 and 82% in the
H,SO, and KOH electrolytes, respectively. It is nearly doubled
than the capacitance retention of the N-CNS and F-CNS
electrodes, whose specific capacitances decreased about 45 and
40% (Figure 4e,f), respectively. The specific capacitance of the
F/N-CNS-2 electrode (192 F g') outperforms those of the N-
CNS (75 F g_l) and F-CNS (106 F g_l) electrodes, when the
current density is 10 A g~". The excellent capacitance retention
performance is promising for the applications where high-rate
charge/discharge processes are required.

Figure 4g shows the electrochemical impedance spectrosco-
py (EIS) of the N-CNS, F/N-CNS, and F-CNS electrodes in
the Nyquist diagrams. Because of the slanted lines related to
mass transfer in the low-frequency region of these EIS
diagrams, these samples exhibit a typical capacitive behavior.
The slopes of the F/N-CNS electrodes are steeper than those
of the N-CNS and F-CNS electrodes, showing their low ion-
diffusion resistances.>* In the high-frequency region, there are
no apparent semicircles in the F/N-CNS electrodes, indicating
the low charge transfer resistance between the electrodes and
electrolytes due to the sufficient sites on 2D carbon
structures.”> The electrical conductivities of F/N-CNS are
measured by four-probe measurements, which are summarized
in Table S1. Owing to the unique 2D graphitic structure with a
well-balanced porosity, F/N-CNS exhibits superior electrical
conductivities from 1.51 to 2.86 S m™" compared to that of F/
N-C (1.28 S m™).

The cycling stability of the N-CNS, F/N-CNS-2, and F-CNS
electrodes was evaluated by repeating the GCD tests at the
current density of 10 A ¢! in the 1 M H,SO, electrolyte
(Figure 4h). Compared to the capacitance retention of N-CNS
(87%) and F-CNS (98%), the F/N-CNS-2 electrode shows an
extraordinarily long cycling life with almost no capacitance loss
after 20000 charge/discharge cycles. The excellent cycling
performance of the F/N-CNS-2 electrode is attributed to
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improved structural stability (Figure S7a,b). The fluorine
atoms stabilize the graphitic carbon structure at the edge of
carbon lattices, which is able to resist corrosion and shrinkage
during repeated charge/discharge processes. Figure 4i presents
the Ragone plots of supercapacitors with the F/N-CNS-2
electrodes and other doped carbon electrode materials in the
literature. The specific energy of the supercapacitor with the F/
N-CNS-2 electrodes reaches up to 17.5 W h kg™'. When the
specific powder increases from 2 to 10 kW kg™', the specific
energy of the supercapacitor with the F/N-CNS-2 electrodes
only keeps 76.6% with a small drop to 13.4 W h kg™". The
specific energy of the F/N-CNS-2 electrode is superior to that
of other doped carbon electrode materials in the literature
(Table 2).

Considering the practical applications of carbon electrode
materials, the volumetric capacitance of the electrode is an
essential parameter of supercapacitors. F/N-CNS-2 with
unique structural features of 2D nanosheet with in-plane
pores facilitates the fabrication of a compact electrode with a
high capacitive behavior. The packing density of the F/N-
CNS-2 electrode can be easily improved by mechanical
compression.”” As the packing density increases to 0.96 g
cm™, the volumetric capacitance of the F/N-CNS-2 electrode
almost doubles (Figures Sa and S8). The volumetric
capacitance of the F/N-CNS-2 electrode can reach 255 F
cm™ at a current density of 1 A ¢!, much higher than that of
the uncompressed F/N-CNS-2 electrode (113 F cm™) and
most of the reported carbon electrodes (Figure 5b). 1042 —4s
The ideal packing density of F/N-CNS-2 makes it have
excellent gravimetric and volumetric capacitances. F/N-CNS-2
has supreme and comparable performance to other carbon
materials with a high packing density (Figure 5c).***>*~*
The F/N-CNS-2 electrode-assembled supercapacitor exhibits a
high volumetric energy density of 18.8 W h L™' at a power
density of 192 W L™" in the acidic aqueous electrolyte, which is
higher than that of most carbon electrode-based super-
capacitors reported (Figure 5d). 108699

The F/N-CNS electrode has a high specific capacity and
good cycle stability, and explanations are as follows. First, the
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Figure S. Density—capacitance relationship and device performance.
(a) Volumetric capacitances of the F/N-CNS-2 electrode before and
after compression. (b) Comparison of volumetric and gravimetric
capacitances of F/N-CNS-2 with other doped carbon electrodes in
the literature at a high packing density. (c) Comparison of energy
density and specific energy of supercapacitors using F/N-CNS-2 and
other doped carbon electrodes in the literature. (d) Ragone plots of

supercapacitors using F/N-CNS-2 and other doped carbon electrodes
in the literature.

molten salt synthesis provides a unique confined pyrolysis
environment and synthesis platform for a large-scale
preparation of F/N-CNS electrode materials with a high
carbonization yield.”> Second, a high-level F, N dual doping
within the F/N-CNS-2 electrode not only effectively improves
the wettability of the electrode with electrolytic ions by
minimizing the interfacial resistances but also increases the
number of redox-active sites for high pseudocapacitances due
to enlarged interlayer distances and increased structural defects
of F/N-CNS.>® Third, the high surface area, well-balanced
micro/mesoporosity, and 2D nanosheet morphology boost the
high volumetric capacitive performance of the F/N-CNS
electrodes with a high packing density.

3. CONCLUSIONS

In summary, a molten-salt pyrolysis strategy is presented for
preparing F/N-CNS-2 with tunable F and N dual doping. The
as-obtained F/N-CNS-2 not only performs fast ion transport
due to the unique in-plane pores within the graphitic carbon
but also provides an additional pseudocapacitive behavior due
to the active sites by the F, N dual doping. The packing density
of the F/N-CNS-2 electrode approaches 1 g cm™ after simple
compression, which makes it a new-type carbon electrode
material with high gravimetric and volumetric energy densities.
The F/N-CNS-2 two-electrode supercapacitor device has a
high energy density of 18.8 W h L™ at the volumetric power
density of 192 W L™". After 20 000 charge—discharge cycles in
acid and alkaline electrolytes, the F/N-CNS-2 electrode has a
nearly 100% capacity retention. Therefore, this mild and
confined molten-salt pyrolysis strategy provides a green and
large-scale approach to prepare 2D dual-doped carbon
materials with high carbonization yields and high-level
heteroelement doping for compact capacitive energy storage.
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4. EXPERIMENTAL SECTION

4.1. Synthesis of F/N-CNS, N-C, F-C, and F/N-C. A powder
mixture of GLH (0.10 g) and PVDF was ball-milled with mixed salts
(10 g, LiCl/KCl, 45/55, wt/wt) for 30 min. The mixture was
pyrolyzed at 600 °C for 2 h at a heating rate of 5 °C min™' in a
nitrogen flow. After cooling, the product was washed with dilute
hydrochloric acid and deionized water several times and dried in
vacuum. F/N-CNS-1, F/N-CNS-2, and F/N-CNS-3 represent the
pyrolysis products prepared with 0.02, 0.10, and 0.50 g PVDF,
respectively. For comparison, F-CNS and N-CNS were synthesized
without GLH and PVDF, respectively, with other conditions the same
as F/N-CNS-2 used. N-C, F-,C and F/N-C were directly pyrolyzed
from GLH, PVDF, and the mixture of GLH (0.10 g) and PVDF (0.10
g) at 600 °C, respectively.
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