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One way to solve this problem is to make 
hybrids using graphene and nanoparti-
cles of high capacitance materials used 
for pseudocapacitors such as metals 
and metal oxides, which show greatly 
improved capacity, rate capability, and 
cycling stability because of the syner-
gistic effect between graphene and nano-
particles.[11–13] Alternatively, various 3D 
porous graphene materials such as foams, 
hydrogels, and sponges have been inten-
sively developed to efficiently prevent the 
aggregation of graphene sheets to improve 
the performance of SCs.[14–23] However, 
3D porous graphene with both high sur-
face area and high conductivity is difficult 
to be synthesized.[24]

Graphene foam (GF) is a porous gra-
phene macrostructure with 3D intercon-
nected networks of high-quality graphene, 

which is prepared by chemical vapor deposition (CVD) method 
with metal foams as substrate. This material has both high 
electrical conductivity and large specific surface area, providing 
a great potential for SC applications.[15,25,26] Unfortunately, the 
direct use of GF in SCs is limited because of the poor wetta-
bility with electrolyte, small surface area, and the lack of active 
sites. Although graphene hydrogels or sponges assembled by 
graphene oxide (GO) have much higher surface area and good 
wettability, they still suffer from low electrical conductivity 
and the number of active sites need to be improved as well. 
Recently, numerous studies have shown that N-doping of gra-
phene can not only improve the wettability and the accessibility 
of the active surface area to the electrolyte solution as well as the 
binding with ions, but also improve the electrical conductivity 
by enriching the free charge-carrier density. As a result, SCs 
with N-doped graphene show comparable capacitances to those 
of pseudocapacitors (e.g., polymers, metal oxides) but keep the 
excellent cycling lifetime.[21,27–30] However, N-doping of GF is 
very difficult because GF has perfect crystal lattice but N-doping 
mainly occurs at the vacancies of graphene sheets.[31] Moreover, 
the doping level is usually very low (less than 10 at%) even for 
the GO or reduced GO (rGO) with many defects and vacan-
cies.[27,32,33] Fortunately, we have shown that rGO can be super-
doped with N via fluorination by ammonia, and the N-doping 
level of N-superdoped rGO (NG) can reach high up to 30 at%.[34] 
In addition, this superdoping method was predicted to be very 
useful for graphene materials in energy storage applications.[35]

Here, we report an N-superdoped 3D graphene network 
structure (3D GF-NG) with an N-doping level up to 15.8 at% 

An N-superdoped 3D graphene network structure with an N-doping level up to 
15.8 at% for high-performance supercapacitor is designed and synthesized, in 
which the graphene foam with high conductivity acts as skeleton and nested 
with N-superdoped reduced graphene oxide arogels. This material shows a 
highly conductive interconnected 3D porous structure (3.33 S cm−1), large 
surface area (583 m2 g−1), low internal resistance (0.4 Ω), good wettability, and 
a great number of active sites. Because of the multiple synergistic effects of 
these features, the supercapacitors based on this material show a remarkably 
excellent electrochemical behavior with a high specific capacitance (of up to 
380, 332, and 245 F g−1 in alkaline, acidic, and neutral electrolytes measured 
in three-electrode configuration, respectively, 297 F g−1 in alkaline electro-
lytes measured in two-electrode configuration), good rate capability, excellent 
cycling stability (93.5% retention after 4600 cycles), and low internal resistance 
(0.4 Ω), resulting in high power density with proper high energy density.

Supercapacitors

Supercapacitors (SCs) are an important class of electrochem-
ical energy storage devices with many advantages such as fast 
charging–discharging rates, high power density, and long cycle 
lifetime, because they store and release electrical energy based 
on the electrostatic interactions between ions in the electro-
lyte and electrodes.[1–3] In general, an ideal electrode material 
for SCs should have good electrical conductivity, high surface 
area, and well wettability. Owing to the superior electrical con-
ductivity and large specific surface area, graphene has attracted 
an extensive attention for SC applications.[4–6] However, the 2D 
structure makes graphene sheets tend to aggregate during the 
fabrication process, which greatly decreases the specific surface 
area, causes inferior ions transport capabilities, and renders a 
substantial number of active sites inaccessible to reactants.[7–10] 
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for high-performance SCs, in which the GF with high conduc-
tivity acts as skeleton and nested with N-superdoped rGO aro-
gels (NG). This material combines the advantages of GF, rGO 
hydrogels, and high-level N-doping for SC applications, which 
has a highly conductive interconnected 3D porous structure, 
large surface area, low internal resistance, good wettability, 
and a great number of active sites. As a result, the supercapaci-
tors based on this material show a remarkably excellent elec-
trochemical behavior with a high specific capacitance (of up to 
380, 332, and 245 F g−1 in alkaline, acidic, and neutral electro-
lytes measured in three-electrode configuration, respectively, 
297 F g−1 in alkaline electrolytes measured in two-electrode 

configuration), good rate capability, excellent cycling stability 
(93.5% retention after 4600 cycles), and low internal resist-
ance (0.4 Ω), resulting in high power density with proper high 
energy density.

Figure 1a illustrates the fabrication of N-superdoped 3D 
graphene network structure. We first synthesized GF-rGO 
aerogel hybrid networks by immersing highly conductive GF 
with a 3D interconnected network structure and pore size of 
hundreds micrometers (Figure 1b) into aqueous solution 
of GO sheets (Figure 1c) followed by thermal annealing in 
Ar.[36] This hybrid material not only remains the porous and 
interconnected network structure, but also enables N-doping 
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Figure 1.  a) Schematic of the procedure for fabricating 3D GF-NG network macrostructure and the corresponding materials obtained at each step 
shown below. b) Field emission scanning electron microscope (FESEM) images of GF framework. Inset: high-magnification FESEM image. c) Transmis-
sion electron microscope (TEM) image of GO. d) Low-magnification and e) high-magnification cross-sectional FESEM images of GF-NG. The sections 
marked by dots circles are the skeletons of GF.
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because of the presence of defects and functional groups in 
GO sheets. Then, the GF-rGO aerogel hybrid networks were 
subjected to fluorination by annealing in Xenon difluoride 
(XeF2). As reported previously, the fluorination followed by 
thermal defluorination can generate a high concentration 
of defects in GO, which stimulate N-doping of GO. After 
that, the obtained fluorinated GF-rGO (GF-FG) aerogel net-
work was subjected to thermal annealing in ammonia for 
N-doping.[34] The mass loading of NG in the GF-NG network 
was measured to be ≈1.0 mg cm−2. As shown in Figure 1d,e 

and Figures S1 and S2 (Supporting Information), the N-doped 
GO aerogels closely connected with the GF skeleton, forming 
an interconnected GF-NG network structure with a pore size 
ranging from several to dozens of micrometers. N2 adsorption– 
desorption measurements show that GF-NG has a large spe-
cific surface area of 583 m2 g−1 (Figure 2a), which is much 
higher than those of the ice-templated N-rGO (190 m2 g−1),  
graphene aerogel deposited on nickel foam (463 m2 g−1), and 
3D N-doped graphene foam (346 m2 g−1).[37–39] Moreover, it is 
clear that GF-NG possesses a large number of mesopores, most 
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Figure 2.  a) N2 adsorption–desorption isotherms of GF-NG. b) Pore size distributions of GF-NG. c) XPS spectra over a wide range of binding energies 
of GF-rGO, GF-FG, and GF-NG. d) The fine-scanned N 1s spectrum of GF-NG. The dots are the measured data and the solid lines are the fitted curves. 
e) Schematic representation of NG. f) Raman spectra of GF, GF-rGO, and GF-NG.
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of which are ranging from 2 to 10 nm (Figure 2b). It is known 
that rich mesopores can favor the infiltration of the electrode 
material and improve the surface usage. Therefore, the porous 
structure of GF-NG network ensures the large surface area and 
is favorable for rapid diffusion of electrolyte.[40]

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the chemical composition of the GF-rGO, GF-FG, and 
GF-NG networks. Based on the XPS results, the oxygen con-
tent (defined as O/C × 100 at%), fluorination degree (defined as 
F/C × 100 at%), and N-doping level (defined as N/C × 100 at%) 
can be calculated. As shown in Figure 2c and Figure S4 (Sup-
porting Information), GF-rGO has a low oxygen content of 
6.93 at%; after fluorination, a prominent F 1s peak appears, 
and the fluorination degree is 102.5 at%; after N-doping, the 
F 1s peak disappears almost completely and an extra N 1s peak 
appears, indicating complete defluorination and N-doping. It is 
worth noting that the N-doping level in GF-NG aerogel hybrid 
network is as high as ≈15.8 at%, which is much higher than 
those of reported N-doped rGO (typically less than 10 at%) fab-
ricated by simple annealing without prefluorination.[27,32,33] We 
also recorded the elemental mappings by using energy-disper-
sive spectrometer (EDS). It is important to note that nitrogen 
atoms are uniformly distributed in the GF-NG network 
(Figure S7, Supporting Information). To identify the N-doping 
structure, we performed fine scan of the N 1s XPS spectrum 
of GF-NG. As shown in Figure 2d, it can be deconvoluted into 
three subpeaks located at ≈398.5, 400, and 401.6 eV, which are, 
respectively, attributed to pyridinic N (N-6), pyrrolic N (N-5), 
and graphitic-like N (N-Q) (Figure 2e).[34,41] Obviously, N-6 and 
N-5 dominate the N-doping in our hybrid networks.

It should be noted that the GF in the hybrid network is 
only weakly fluorinated and consequently doped with a low 
N-doping level of 1.05 at% because of its perfect crystal lat-
tice (Figure S6, Supporting Information). Therefore, it retains 
its original high electrical conductivity as the skeletons of the 
3D GF-NG networks. In contrast, the nested rGO aerogels are 
deeply fluorinated because of the presence of many defects 
and residual oxygen-containing functional groups, leading to 
a high N-doping level. They can be further confirmed by the 
Raman spectrum (Figure 2f). For GF, the intensity ratio of  
G band at 1590 cm−1 and 2D band at 2722 cm−1 reveal a few-
layered structure of the GF, which benefits a good mechanical 
strength and highly conductive network.[42,43] Moreover, com-
pared to GF-rGO, GF-NG has a higher intensity ratio of D to 
G band, suggesting that more defects were introduced after 
N-superdoping. In addition, we found that the dispersibility 
of NG powder is much worse than that of GO (Figure S3a, 
Supporting Information), and the filling effect ratio of GF-NG 
by directly filling GF with NG via immersing the GF in NG 
solution (Figure S3b, Supporting Information) is much lower 
than that of GF-NG via immersing GF in GO solution, con-
firming that the immersion first and the N-doping next is 
more effective for fabricating N-superdoped 3D graphene 
networks.

It is well known that N-6 and N-Q bond with two and three 
sp2 C atoms, respectively, and can contribute one pair of elec-
trons to the conductive π-system (Figure 2e). As a consequence, 
both of them introduce one more electron to the system and, 
thus can be expected to greatly enhance the conductivity of 

rGO sheets.[27,34,44–46] Therefore, the GF-NG aerogel hybrid 
network constructs a highly conductive pathway for electron 
transport, which can enhance the rate performance of super-
capacitors with high power density.[18,24] The electrical con-
ductivity of GF-NG network measured by four-point probe 
method is 3.33 S cm−1, which is higher than that of GF-rGO 
(2.86 S cm−1),[36] indicative of the improved conductivity of 
GF-NG network. More importantly, the high-level and uni-
formly distributed N atoms provide GF-NG with both high-
concentration active sites and good wettability. Besides, the 
N-Q groups can promote its interaction with the anions in 
the electrolyte and the formation of the electrical double layer, 
contributing to the high capacitance.[27,47] Importantly, the GF 
can directly serve as the current collector, enabling the fabrica-
tion of binder-free supercapacitor. Therefore, together with the 
highly porous, conductive, and N-enriched structure mentioned 
above, this GF-NG aerogel hybrid network material is expected 
to be a good candidate for high-performance SCs.

The performances of the GF-NG as an electrode mate-
rial for SCs were first investigated using cycle voltammetry 
(CV) and galvanostatic charge–discharge (GCD) with three-
electrode configuration in 6.0 m KOH electrolyte. Figure 3a and 
Figure S9a (Supporting Information) display the CV curves for 
the potential from 0 to −0.8 V versus Ag/AgCl at scan rates 
ranging from 5 to 800 mV s−1. It is found that all curves exhibit 
quasi-rectangular shapes, showing the behavior of an elec-
trical double-layer capacitor. At a scan rate of 5 mV s−1, a high 
capacitance of 312 F g−1 is achieved (Figure S9b, Supporting 
Information). Even at a high scan rate of 800 mV s−1, the CV 
curve is still close to rectangular with a capacitance of 160 F g−1 
(Figure S9b, Supporting Information), indicating a high rate 
capability and a low internal resistance. The GCD curves meas-
ured at different current densities from 0.6 to 80 A g−1 show 
good symmetry and nearly linear discharge slopes (Figure 3b 
and Figure S10a, Supporting Information), implying the fea-
ture of electrical double-layer capacitor as well. Moreover, no 
obvious voltage drop appears, illustrating the low internal 
resistance of the electrode.

It should be noted that the capacitance of GF-rGO is only 
75 F g−1 under the scan rate of 5 mV s−1 (Figure 3c, Figures S8 
and S10b, Supporting Information). Surprisingly, after N-super-
doping, the capacitance significantly increases to 312 F g−1 
under the same scan rate. For comparison, we also synthesized 
two other GF-NG samples with low N-doping levels (GF-NG-
5.46 and GF-NG-8.94, the numbers denote the N-doping levels) 
by decreasing the fluorination degree of GF-FG (Figures S5 
and S11 and Table S1, Supporting Information). The perfor-
mances of GF-NGs with different N-doping levels clearly show 
that the higher the N-doping level, the better the performance 
(Figure 3c,d and Figure S10b, Supporting Information). All these 
results suggest that the N-superdoping significantly improves 
the capacitance of GF-NG. In addition, it is worth noting that 
the capacitance of GF-NG at 5 mV s−1 (312 F g−1) is much 
higher than that of NG powder (218 F g−1) without GF with 
the same N-doping level at the same scan rate,[34] indicating the 
important role of the porous and conductive network structure 
in the enhancement of specific capacitance. More importantly, 
the capacitance of GF-NG (312 F g−1) is also much higher than 
the sum of those of GF (10 F g−1) and NG (218 F g−1) under the 

Adv. Mater. 2017, 29, 1701677
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same scan rate (Figure 3c). This further shows that constructing 
3D GF-N-superdoped graphene networks provides us a rational 
design for the realization of SCs with excellent performance.

Figure 3d shows the capacitances for different current den-
sities based on the slopes of the discharge curves. It can be 
found that the specific capacitance of GF-NG electrode reaches 
≈380 F g−1 at a current density of 0.6 A g−1. Even at a high current 
density of 80 A g−1, the value remains 240 F g−1, which main-
tains 63.2% retention of the specific capacitance measured at 
0.6 A g−1. Furthermore, with the increase of the current density, 
the specific capacitance slowly decreases, demonstrative of high 
rate capability of GF-NG electrode. By fitting and calculating 
the capacitance and scan rate/discharge time from both the CV 
and GCD curves,[37,48] it is found that at least about 80% of the 
capacitance comes from the electrical double-layer capacitance. 
For comparison, two other GF-NG samples with lower mass 
loading of NG (0.8 and 0.6 mg cm−2) were also synthesized. They 
show capacitances of 330 and 319 F g−1, respectively (Figure S12, 
Supporting Information), which are clearly lower than that 
(380 F g−1) of the GF-NG sample with a high mass loading of 
1.0 mg cm−2 (Figure S13, Supporting Information). Moreover, 
when GF-NG was tested in 1.0 m H2SO4 and 1.0 m KCl electro-
lyte, the capacitance values of GF-NG are up to 332 (0.25 A g−1) 
and 245 F g−1 (1 A g−1) (Figure 3d and Figure S14, Supporting 

Information). As listed in Table S2 (Supporting Information), it 
is clear that these performances tested in different electrolytes 
are better than those of other N-based materials, especially the 
performance tested in the KOH electrolyte.

To better illustrate the practical performance of GF-NG, we 
constructed a symmetrical supercapacitor by using two pieces 
of GF-NG with the same size and weight (insets of Figure 4f 
and Figure S15b, Supporting Information), tested in 6.0 m KOH 
electrolyte. As shown in Figure 4a and Figure S15a (Supporting 
Information), the CV curves show quasi-rectangular shapes, 
and no redox peak appears even at a high scan rate. Such typ-
ical behavior of electrical double-layer capacitor indicates the 
high rate capability and low internal resistance. With the scan 
rate increasing from 5 to 800 mV s−1, the capacitance is still 
as high as 170 F g−1 (Figure S15b, Supporting Information). 
The low internal resistance is essentially important for energy 
storage devices, because it means that less energy is wasted on 
producing undesirable heat during charging/discharging pro-
cesses.[49] We also measured the GCD at different current den-
sities in the range of 0.3–80 A g−1. As shown in Figure 4b, the 
GCD curves show symmetrical triangle with very small IR drop 
(Figure S16, Supporting Information) for each current density, 
indicating the reversible behavior of an ideal supercapacitor. At 
a current density of 0.3 A g−1, the specific capacitance keeps at  
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Figure 3.  Electrochemical performances of GF-NG measured in three-electrode configuration. a) CV curves at scan rates from 5 to 100 mV s−1 meas-
ured in 6.0 m KOH for GF-NG. b) GCD curves under different constant currents in 6.0 m KOH for GF-NG. c) The specific capacitance of GF, GF-rGO, 
GF-NGs, and NG powder calculated by the CV curves at 5 mV s−1. d) The specific capacitance of GF-rGO and GF-NGs calculated at various current 
densities in 6.0 m KOH, 1.0 m KCl, and 1.0 m H2SO4.
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297 F g−1 (Figure 4c), which is much higher than those of 
the NG deposited on nickel foam (223 F g−1),[3] ice-templated 
NG (217 F g−1),[37] and NG aerogel (223 F g−1).[50] Even at a 
high current density of 80 A g−1, the specific capacitance still 
maintains at 171 F g−1, showing the good stability of the elec-
trode. More detailed comparisons are summarized in Table S2  
(Supporting Information), which further confirm the advan-
tages of our GF-NG over the reported porous materials for SCs.

A long cycle life is also a key factor for practical application 
of SCs. It was measured for 4600 times of charge/discharge 
at 5 A g−1. After cycling, the capacitance (215 F g−1) retains 
93.5% of the initial value (230 F g−1, Figure 4d). As mentioned 
above, the nitrogen atoms are uniformly distributed on the 
basal plane of graphene sheet, which are highly reversible and 
considerably stable during the cycling process, thus favoring 
the long-term electrochemical stability and excellent cycling 
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Figure 4.  Electrochemical performances of GF-NG measured in two-electrode configuration in 6.0 m KOH. a) CV curves for scan rates from 5 to 
100 mV s−1 for GF-NG. b) GCD curves under different constant currents. c) The specific capacitance calculated at various current densities of GF-NG 
(every current density is measured for nine segments). d) Cycling stability tests at a current density of 5 A g−1. e) Nyquist plots of GF-NG and inset: 
the high-frequency region of the plot. f) Ragone plot of GF-NG and inset: schematic of symmetric two-electrode configuration.
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performance.[29] It is known that both N-5 and N-6 can enhance 
the pseudocapacitance by involving into the redox process, and 
N-Q can promote the conductivity of graphene. Moreover, it 
was reported that during electrochemical test, (i) N-Q can be 
formed by the protonated N-6, which is feasible and irrevers-
ible, and (ii) the redox between N-5 and N-6 is reversible.[48,51] 
Thus, we examined the nitrogen distribution after cycling tests 
by XPS (Figure S17, Supporting Information). It was found that 
(i) the nitrogen content shows a slight decrease (from 15.8 to 
14.5 at%), and (ii) the N-5 content decreased, but the contents 
of both N-6 and N-Q increased. Moreover, the sum of the con-
tents of N-5 and N-6 decrease from 88.7 to 82.3 at%, which is 
consistent with the attenuation of capacitance (6.5%). There-
fore, we suggest that the drop of the capacitance may result 
from the two types of redox reactions (between N-5 and N-6, 
and N-6 to N-Q) during cycling.

Electrochemical impedance spectroscopy (EIS) is a key tech-
nique to be used to study the internal resistance of the electrode, 
as well as the resistance between the electrode and electrolyte. 
Figure 4e shows the Nyquist plots obtained from EIS in the 
frequency range of 0.01–100 kHz, and the inset is a magnified 
view of the curve in the high-frequency region. The appearance 
of the semicircle in the high-frequency region indicates that the 
GF-NG electrode has a very low charge transfer resistance and 
ion diffusion resistance. The equivalent series resistance (ESR) 
obtained from the first intersection with the real axis is only 
0.4 Ω, further confirming a high charge transfer rate between 
the electrolyte and active materials with excellent conductive 
GF and NG. In the low-frequency region, the straight line rep-
resents the good capacitive behavior of the electrode and the 
more parallel to the virtual axis, the closer to the double-layer 
capacitance and the better the ion diffusion. It can be seen that 
the straight line is much closer to the virtual axis after cycles, 
revealing the improved ions diffusion behavior in the electrode. 
In general, the energy densities of PC-based SC devices based 
on an aqueous electrolyte are 3–5 Wh kg−1 and the power den-
sities are less than 10 kW kg−1 (Table S2, Supporting Informa-
tion).[27,52] As reported,[48] N-doping of graphene can contribute 
to both the high power and high energy density. As depicted in 
the Ragone plot (Figure 4f), the symmetric device based on our 
GF-NG aerogel hybrid networks delivers a maximum power 
density of 35.1 kW kg−1 at an energy density of 15.2 Wh kg−1. 
Additionally, the electrochemical performances of GF-NG in 
both acidic and neutral electrolyte were tested. The specific 
capacitance, respectively, are 200 F g−1 in acidic electrolyte 
(Figure S18, Supporting Information) and 170 F g−1 in neutral 
electrolyte (Figure S19, Supporting Information), both of which 
are lower than the value of 297 F g−1 in alkaline electrolyte. We 
suggest that the low internal resistance and improved ion dif-
fusion ability, together with the porous structure, large surface 
area, good wettability, and rich active sites by N-doping shown 
above, are responsible for the excellent performance of GF-NG 
for SCs.

In summary, the designed 3D GF-N-superdoped graphene 
hybrid networks exhibit significantly improved performance in 
SCs, which combine the high conductivity of GF skeletons, the 
enhanced wettability, and high N concentration of NG aerogels, 
and the large surface areas of both GF network and porous NG 
aerogels. The excellent capacitances can be up to 380, 332, and 

245 F g−1, respectively, in alkaline, acidic, and neutral electro-
lyte electrolytes measured in three-electrode configuration. In 
practical devices, the material can achieve remarkably high 
capacitance of 297 F g−1, good cycling stability with 93.5% of 
the capacitance retention after 4600 cycles, and low internal 
resistance up to 0.4 Ω. We believe that the 3D GF-N-super-
doped graphene network may be a promising material for the 
applications in catalysis, adsorption, energy storage, etc.

Experimental Section
Preparation of 3D GF-NG Networks: Graphene foam on nickel 

foam (NF/GF) was grown on NF (Changsha Liyuan New Material Co. 
Ltd., ≈350 g m−2 in area density and ≈1.4 mm in thickness) by CVD 
method.[15] GO was prepared by modified Hummer’s method.[34] Then 
the GO solution was diluted to 6 mg mL−1 and ultrasonic treated for 
30 min. After that, the NF/GF was immersed in GO aqueous dispersion 
treated for another 10 min ultrasonic treatment and kept at 60 °C for 
24 h. The obtained NF/GF full of wet GO gels was suddenly frozen with 
liquid nitrogen, and freeze-dried for 24 h to obtain GO aerogels in the 
pores of NF/GF. After that, the sample was annealed in Ar atmosphere 
at 600 °C for 1 h to reduce the GO aerogels into rGO aerogels. Next, the 
sample was immersed in 1.0 m FCl3 and 1.0 m HCl solution for 24 h for 
etching the NF framework and repeatedly washed with purified water for 
several times. Subsequently, the wet GF-rGO material was subjected to 
another freeze-drying for 24 h to obtain 3D GF-rGO networks.[36] GF-FG 
was obtained by annealing the mixture of GF-rGO and XeF2 with the 
mass ratio of 1:20 in a sealed Teflon container at 200 °C for 20 h.[53] 
After annealing GF-FG in ammonia at 500 °C for 1 h under ambient 
pressure, GF-NG network was obtained. When the mass ratio of GF-rGO 
to XeF2 was changed to 1:10 and 1:5, the GF-NG-8.94 and GF-NG-5.46 
with lower N-doping level were obtained. The GF-NG samples with 
lower mass loading of NG were synthesized by immersing NF into lower 
concentration of GO solutions.

Preparation of the Control Experiment of 3D GF Filled with NG Sheets: 
NG powder was diluted into the concentration (6 mg mL−1) with 
deionized water and then ultrasonic treated for 30 min. After that, the 
GF was put into the NG solution and ultrasonic treated for 10 min. Then 
GF filled with NG sheets was obtained by immersing the GF into the 
NG solution at 60 °C for 24 h. Then it was suddenly frozen with liquid 
nitrogen, and freeze-dried for 24 h to obtain GF filled with NG sheets.

Preparation of 3D F-GF and N-GF Networks: F-GF was obtained by 
annealing the mixture of GF and XeF2 with the mass ratio of 1:20 in 
a sealed Teflon container at 200 °C for 20 h. After annealing F-GF in 
ammonia at 500 °C for 1 h under ambient pressure, N-GF network was 
obtained.

Materials Characterization: FESEM and EDS measurements were 
performed using Oxford X-MAX 50, UK (15 kV). TEM measurement 
was examined using Model JEOL-2010, Japan. XPS measurements were 
performed on a PHI5000 VersaProbe (ULVAC-PHI, Japan) using 200 W 
monochromated Al Kα radiation. A 500 µm X-ray spot was used for 
XPS analysis. The XPS peak fitting programme XPSPEAK 4.1 was used 
for the spectra processing. Raman spectra were obtained by a Raman 
system (Renishaw, England) using a 532 nm laser as the light source. 
Specific surface area was obtained by the Brunauer–Emmett–Teller 
(BET) calculation method, and pore size distributions were determined 
by the Barret–Joyner–Halenda (BJH) from N2 adsorption–desorption 
isotherms measured by an accelerated surface area and porosimetry 
system (Micromeritics ASAP 2460, USA).

Electrochemical Performance Measurements: Two-electrode 
configurations tested in 6.0 m KOH aqueous solutions were used 
to evaluate the electrochemical performance. Two identical GF-NG 
sheets without binder or conductive additive (1.0 cm × 1.0 cm each) 
were separated by a thick separator (NKK TF45, 40 lm) (Figure 4f 
and Figure S15b, Supporting Information). GF serves as the current 
collector and no binder existed. As for three-electrode configuration, 
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platinum foil and Ag/AgCl were used as the counter and reference 
electrodes, respectively. The electrolytes were 6.0 m KOH, 1.0 m H2SO4, 
and 1.0 m KCL aqueous solutions in three-electrode configuration. 
The performances of GF-NG were characterized by CV, GCD, and EIS 
on an electrochemical workstation (CHI 660D, Chenhua Instruments, 
China) for three-electrode configurations and blue electric system 
(battery testing system (LAND CT2001A)) for two-electrode tests. 
The calculations of the capacitances were followed by the equations 
displayed in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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