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ABSTRACT: Metal−organic framework (MOF)-derived nitro-
gen-doped porous carbon as electrode material for supercapacitors
has recently drawn much attention. However, the development of
flexible electrodes composed of MOF-derived carbon is still a great
challenge. Herein, nitrogen-doped porous carbon polyhedra (NC)
derived from zeolitic imidazolate framework-8 (ZIF8) are
assembled into flexible nanopapers assisted with reduced graphene
oxide (rGO). The resultant NC/rGO nanopaper shows a
hierarchical structure of NC nanoparticle-imbedded rGO framework. A uniform dispersion of NC nanoparticles is achieved
due to the rGO framework, and meanwhile, the uniform decoration of NC nanoparticles on rGO nanosheets prevents easy
restacking of rGO. A conductive rGO framework further accelerates the electron/ion transportation inside the NC/rGO
nanopaper. Furthermore, excellent mechanical performance of rGO framework endows high flexibility to the NC/rGO
nanopaper. As a result, the NC/rGO nanopaper as a binder-free electrode delivers high specific capacitance of 280 F g−1 at 1 A
g−1, high capacitance retention after 5000 cycles, and high energy density of 19.45 W h kg−1.
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■ INTRODUCTION

Metal−organic framework (MOF) is a new type of crystalline
porous solids consisting of metal centers with organic linkers
via coordination bonds. Recently, MOF-derived materials are
regarded as an ideal electrode material for energy storage and
conversion applications due to their high surface areas,
functional compositions, controllable pore structures, and
easy converting features.1−5 Compared with porous carbon
obtained from other organic precursors, MOF-derived carbon
usually has tunable porosity and uniformly dispersed nitrogen-
doped (N-doped) sites.6−8 Among various MOFs, zeolitic
imidazolate framework-8 (ZIF8), composed of zinc ions and 2-
methylimidazole, has been extensively used as the precursor for
the synthesis of N-doped porous carbon because of its large
pore volume, high nitrogen content, good thermal stability, low
cost, etc.9 Because of their unique structural features, the
products of directly pyrolyzed ZIF8 are widely used as
electrode materials for supercapacitors.10

The typical morphology of ZIF8-derived carbon is
polyhedron, which suffers from poor conductivity between
individual carbon polyhedra. Besides, the intrinsic aggregation
of carbon polyhedra hinders fast mass transport inside the
electrode matrix, thereby resulting in poor electrochemical
performance. Large efforts are devoted to overcome these
drawbacks of ZIF8-derived carbon polyhedra as electrode
materials for supercapacitors. Bridging carbon polyhedra by 1D

conductive linkers is an effective way to enhance their
conductivity.11−13 For instance, Wan et al. prepared ZIF8-
derived carbon/carbon nanotube (CNT) composite electrodes
by heterogeneous nucleation and growth of ZIF8 on CNT
backbones with subsequent carbonization.14 The CNT back-
bones serve as conductive linkers, reducing the resistances
between individual carbon polyhedra. In addition to low
conductivity between individual carbon polyhedra, the
powdery status of ZIF8-derived carbon polyhedra also causes
another problem as an electrode, which is inevitably to be
mixed with binders, conductive agents, and other additives
before being coated on current collectors for the fabrication of
electrodes.15,16 This process is complicated, and the addition of
insulating binders will reduce electrical conductivity of
electrodes, undoubtedly affecting the electrochemical energy
storage performance of the device.17−20 The development of
free-standing electrode greatly simplifies the utilization process
of electrode materials.15,21−24 For example, Lou and co-
workers have developed 3D graphene foam (GF)/carbon
nanotube (CNT) hybrid films for supporting electroactive
materials to construct lightweight and flexible electrodes for
high-performance asymmetric supercapacitors.25 Recently, the
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decoration of ZIF8-derived carbon polyhedra on self-standing
nanofiber membranes was successfully synthesized and used as
electrodes for supercapacitors.12,17,26,27 However, the prepara-
tion processes of these materials are complicated, and the
loadings of carbon polyhedra within composite structures are
relatively low. Therefore, the development of carbon polyhedra
toward flexible electrodes for supercapacitors is highly
desirable; however, it still represents a great challenge.
Herein, a nanopaper electrode consisting of N-doped carbon

polyhedra (NC) and reduced graphene oxide (rGO) has been
fabricated. The preparation of the NC/rGO nanopaper is
pretty simple, and the as-obtained NC/rGO nanopaper can be
directly used as a binder-free electrode for supercapacitors. In
the NC/rGO nanopaper, the NC nanoparticles are uniformly

decorated on rGO nanosheets, thus realizing complete
exposures of active sites of the NC. Simultaneously, the
presence of NC nanoparticles on the rGO surface effectively
prevents the restacking of rGO, thus resulting in a unique
interlayered framework. The hierarchical structure of NC/rGO
nanopaper is beneficial for infiltration of electrolytic ions by
shortening ion-diffusion distances. The rGO nanosheets not
only bridge each individual NC nanoparticle by providing 3D
electron-transfer pathway but also impart mechanical flexibility
to the nanopaper. As a result, the resultant NC/rGO
nanopaper performs with outstanding electrochemical per-
formance of high specific capacitance, good rate performance,
long cycling stability, and high energy density.

Figure 1. Schematic of the preparation of the NC/rGO nanopaper with efficient electron and ion transports.

Figure 2. Cross section SEM images of (a, b) NC/rGO-1, (c, d) NC/rGO-2, and (e, f) NC/rGO-3 nanopapers. Insert of (d) shows high flexibility
of NC/rGO-2 nanopaper.
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■ RESULTS AND DISCUSSION
The as-prepared ZIF8 shows a well-defined polyhedron
structure with particles sizes of ∼200 nm (Figure S1). The
ZIF8 was converted into the NC with a carbonization yield
above 30 wt % by simple calcination under an inert
atmosphere followed by acid leaching. The acid treatment
removed residual Zn species within NC and simultaneously
introduced oxygen-containing groups (hydroxyl, carboxyl,
etc.), thus enhancing interfacial interactions between resultant
NC and hydrophobic GO nanosheets. Figure S2 shows the
morphology of NC nanoparticles with well-retained polyhedral
shapes of slightly smaller size compared with the ZIF8.
Transmission electron microscopy (TEM) images of NC

(Figure S2c and d) indicate that the NC nanoparticles have a
solid inside structure with numerous micro-/mesopores within
the whole framework. Scanning transmission electron micros-
copy (STEM) image and corresponding elemental distribution
mappings of NC (Figure S3) reveal that Zn metal centers in
the ZIF8 have been successfully removed during pyrolysis,
which is beneficial for improving ion adsorption/desorption
performance by introducing additional porosities. Homoge-
neously dispersed C, N, and O elements within NC indicate a
uniform doping of N atoms into NC, which dramatically
improves the specific capacitances as well as the wettability of
electrodes with ionic electrolytes.28,29

Figure 3. TEM images of (a, b) NC/rGO-1, (c, d) NC/rGO-2, and (e, f) NC/rGO-3 nanopapers.
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Figure 1 demonstrates the preparation process of NC/
reduced GO (rGO) nanopaper. Scanning electron microscopy
(SEM) and TEM images of as-prepared GO by modified
Hummers’ method are shown in Figure S4. The GO
nanosheets with large lateral sizes (>30 μm) are selected for
composition with NC, because large-size GO nanosheets are
beneficial for achieving macroscopic assembly with high
mechanical strengths.30 The NC nanoparticles were mixed
with GO in the N,N-dimethylformamide (DMF), and then the
dispersion was vacuum-filtrated to form a nanopaper. After
being peeled off from the filter, the NC/GO nanopaper was
thermally reduced into NC/rGO nanopaper at 500 °C under
an Ar atmosphere. The DMF was chosen as an optimized
solvent because of its strong polarity beneficial for good
dispersion of NC nanoparticles. For comparison, when
deionized water was used as the solvent, the NC agglomerates
formed even after sonication, and thus, a fragmentized
nanopaper was obtained upon filtration. These results indicate
that the dispersion solvent for the NC/GO hybrid has crucial
effects on the formation of the NC/GO hybrid nanopaper.
The distribution of NC nanoparticles within the NC/GO

nanopaper was monitored to further study the formation
process of the hybrid nanopaper. Figures 2 and S5 are cross
section and surface SEM images of the hybrid nanopapers with
different loadings of NC. All the samples show a distinct
interlayer structure with an oriented rGO framework. The NC
nanoparticles are uniformly dispersed among rGO nanosheets
in all samples. These results indicate that NC nanoparticles
achieve an efficient contact with GO nanosheets under
sonication. During filtration, the GO nanosheets stabilize the

NC nanoparticles and suppress their intrinsic aggregations.
Meanwhile, the NC nanoparticles between GO framework
could prevent the restacking of GO nanosheets, thus forming a
sandwiched structure. Upon themal reduction, the rGO
framework endows the hybrid nanopaper with high mechanical
flexibility (Figures 2d and S6), simplifying the utilization of
carbon nanopaper as a flexible electrode. Besides, the NC/rGO
nanopaper also shows relatively good mechanical stability,
which remains stable after being bent for 100 cycles. When the
content of NC within the nanopaper increases, the number of
NC nanoparticles between rGO interlayers significantly
increases, and the thickness of the nanopaper increases
accordingly. The thicknesses of the NC/rGO-1, NC/rGO-2,
and NC/rGO-3 nanopapers are estimated at about 10, 15, and
20 μm, respectively. When the nanopaper has a relatively large
thickness, the infiltration of electrolytic ions inside the
electrode matrix becomes difficult. In addition, some NC
agglomerates are observed in the hybrid nanopaper when there
is a high content of NC for the NC/rGO-3 sample (Figure 2e).
Both factors have negative impacts on the resultant electro-
chemical performance of nanopaper samples as a self-standing
electrode.
TEM characterizations were conducted to observe the

formation of the NC/GO hybrid. For Figure 3, the NC
nanoparticles are evenly anchored on the surface of GO in the
whole view. No NC nanoparticles are observed independently
located without the contact of GO nanosheets, indicating a
strong interaction between NC and GO. The intimate contacts
between NC and GO as well as rGO facilitate rapid electron
transfer between individual NC nanoparticles, greatly improv-

Figure 4. (a) XRD patterns of ZIF8, GO, NC, and NC/rGO. (b) XPS survey spectrum of NC/rGO. (c) C 1s and (d) N 1s XPS spectra of NC/
rGO-2.
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ing the electrical conductivity of the nanopaper electrode. No
curling or severe restacking of GO are observed, meaning that
the NC components play a key role in suppressing the
restacking of GO and rGO. When the content of NC within
the NC/rGO hybrid nanopaper increases, the density of the
NC nanoparticles on the surface of rGO increases accordingly.
Even if the content of NC within the hybrid nanopaper
increases to 50 wt %, NC nanoparticles maintain a uniform
distribution within the rGO framework.
Figure 4a shows XRD patterns of GO, ZIF8, NC, and NC/

rGO. The diffraction pattern at 2θ = 9.3° of GO is ascribed to
the (002) plane. The characteristic diffraction patterns of ZIF8
disappear upon pyrolysis, and only two broad patterns at 2θ =
25° and 45° exist, revealing the successful conversion from
ZIF8 to graphitic carbon materials. The NC/rGO shows
similar patterns to NC, indicating the existence of NC
components within the nanopaper. Compared with NC/GO,
the ID/IG ratio (Raman spectra) of NC/rGO indicates that GO
is successfully reduced after thermal reduction (Figure S7).
XPS survey spectra (Figure 4b) further confirm the existence
of N elements and the removal of Zn elements within the NC/
rGO nanopaper, consistent with STEM-EDX (EDX = energy-
dispersive X-ray spectroscopy) results. The contents of C, N,
and O elements within the NC/rGO-2 nanopaper are 82.92,
2.35, and 14.73 at%, respectively. High-resolution C 1s XPS
spectra of NC/rGO-2 (Figure 4c) reveal the presence of CN
and C−N bonds, indicating the N atoms are successfully
doped into graphitic carbon lattices. The specific N
configrations in NC/rGO are revealed by high-resolution N
1s XPS spectra (Figure 4d), namely, pyridinic N (398.7 eV),
pyrrolic N (400.0 eV), and graphitic N (401.3 eV),
respectively. XPS spectra of control samples are shown in
Figure S8. The pore structures of as-prepared NC/rGO and

NC were further studied by nitrogen adsorption/desorption
measurements (Figure S9). The isotherms of NC/rGO-2
exhibit a combination of type I and IV isotherms, indicating
the coexistence of micropores and mesopores.31,32 The
Brunauer−Emmett−Teller (BET) surface areas, total pore
volumes, and half pore widths of related samples were tested
and are summarized in Table S1. The pore size distributions of
NC/rGO calculated by Barrett−Joyner−Halenda (BJH)
method (Figure S9b) reveal that the NC/rGO nanopapers
possess broad pore distributions, thus achieving efficient ion
infiltrations.
The electrochemical performances of NC, NC/rGO-1, NC/

rGO-2, NC/rGO-3, and rGO were evaluated by assembly of
two nanopaper samples sandwiched with filter paper separator
via two-electrode configuration in 6 M KOH electrolyte. Cyclic
voltammogram (CV) curves of the NC, NC/rGO, and rGO
nanopaper electrodes were collected in the potential range of
0−1 V at a scan rate of 10 mV s−1. Figure 5a exhibits that all
CV curves display nearly rectangular shapes, indicating ideal
electric double layer capacitance behaviors. The weak peaks in
the CV curves of NC and NC/rGO samples correspond to
pseudocapacitive behaviors due to N-doping. CV curve of the
NC/rGO-2 electrode exhibits a much larger area than that of
neat NC and rGO electrodes, indicating that the NC/rGO-2
electrode stores the highest capacitances among these samples.
This is because, in neat NC electrode, the NC nanoparticles
are easily agglomerated, making electrolytic ions difficult to
diffuse into the interior parts of the electrode matrix, thus
greatly reducing the amounts of electrochemically active sites
of NC. In addition, the lack of efficient conductive pathways
between individual NC nanoparticles makes the electron
transfers inside the electrode matrix not that efficient. In neat
rGO nanopaper, rGO nanosheets stack into a compact

Figure 5. (a) CV curves of NC, NC/rGO-2, and rGO nanopaper electrodes at 10 mV s−1. (b) CV curves of NC/rGO-1, NC/rGO-2, and NC/
rGO-3 nanopaper electrodes at 10 mV s−1. (c) CV curves of NC/rGO-2 nanopaper electrode at different scan rates. (d) Galvanostatic charge/
discharge curves of NC/rGO-2 nanopaper electrode at different current densities.
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assembled structure under vacuum filtration. The compact
structure hinders infiltrations of electrolytic ions, leading to an
insufficient utilization of the intrinsic high surface area of
rGO.33,34 In the NC/rGO hybrid nanopaper, well-distributed
NC nanoparticles fully expose active sites, and the rGO
framework bridges each NC nanoparticle into an intercon-
nected conductive pathway, ensuring fast electron transfer
inside the electrode matrix, thus obtaining high specific
capacitances and excellent rate performance.35

Figure 5b shows CV curves of NC/rGO electrodes at the
scan rate of 10 mV s−1, indicating the NC/rGO-2 electrode has
the highest specific capacitance. This is because the ion
absorption/desorption on the surface of electrode materials
provides efficient capacitances, and obviously porous structures
of electrodes would have great influences on their final
capacitive performance. The NC content within the NC/rGO-
1 is relatively low, and therefore there exist some densely
packed rGO nanosheets (highlighted by red lines in Figure
2a), resulting in relatively low porosity and small specific
capacitance. The NC content within NC/rGO-3 is too high,
and rGO nanosheets could not afford enough surfaces for
anchoring NC nanoparticles. Hence, excessive NC nano-
particles form severe aggregations (highlighted by red lines in
Figure 2e) and cause the decrease of capacitances. CV curves
of the NC/rGO-2 electrode under different scan rates are
shown in Figure 5c. The areas of the CV curves increase with
the increase of scan rates, and the CV curves remain nearly
rectangular shapes with slight distortions even at a high scan
rate up to 200 mV s−1, indicating an outstanding rate
performance.27 The superior capacitive performance of the
NC/rGO-2 electrode was further measured by galvanostatic
charge/discharge tests under different current densities (Figure

5d). All the curves display symmetric linear shapes, revealing
good capacitive performance. The NC/rGO-2 electrode
exhibits a very low iR drop during the discharge processes,
implying low internal resistance and high columbic efficiency.
For comparison, detailed CV and galvanostatic charge/
discharge curves of NC/rGO-1 and NC/rGO-3 can be
found in Figure S10.
Comparisons of specific capacitances of different samples

under different current densities that are calculated from the
discharge profiles are shown in Figure 6a. All the NC/rGO
electrodes have much larger specific capacitances than that of
neat NC and rGO electrodes under the measured current
densities, consistent with previous CV results. Specifically, the
NC/rGO-2 electrode delivers high specific capacitance of 280
F g−1 at the current density of 1 A g−1, which is much higher
than those of NC/rGO-1 (188 F g−1), NC/rGO-3 (184 F
g−1), NC (104 F g−1), and rGO (88 F g−1). Meanwhile, the
NC/rGO-2 electrode retains a high specific capacitance of 188
F g−1 when the current density increases to 20 A g−1,
corresponding to the high capacitance retention of 67% with
excellent rate performance. Meanwhile, the NC and rGO
electrodes only have a specific capacitance of 60 and 36 F g−1,
respectively, at the current density of 20 A g−1. The
outstanding rate performance of NC/rGO-2 is derived from
its integrated conductive pathways and rational pore structures.
The abundant micro-/mesopores and sandwiched structures
together enhance the electrolyte infiltration and greatly shorten
ion-diffusion distances, thus realizing rapid charge accumu-
lations of the whole electrode.
Electrochemical impedance spectroscopy (EIS) measure-

ments were carried out under an open-circuit potential to
investigate internal resistances and charge-transfer kinetics of

Figure 6. (a) Rate performance and (b) Nyquist plots of NC, NC/rGO-1, NC/rGO-2, NC/rGO-3, and rGO nanopaper electrodes. (c) Long-term
stability of NC/rGO-2 nanopaper electrode at 5 A g−1. (d) Ragone plots of supercapacitors using the NC/rGO nanopaper electrodes.
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electrodes. The sloping lines at low-frequency regions in Figure
6b reflect the mass-transfer processes of electrodes. A larger
slope indicates a faster ion-diffusion rate inside the electrode.36

Among the samples, the NC electrode shows the slowest ion-
diffusion rate due to aggregations of NC nanoparticles. The
introduction of rGO nanosheets into the NC matrix increases
the ion-diffusion rate because rGO nanosheets help to expose
more NC nanoparticles with shortened ion-diffusion distances.
From the inset of Figure 6b, the rGO and NC electrodes have
the lowest and highest charge-transfer resistances (Rct),
respectively. As the rGO contents increase in the NC/rGO
samples, the Rct of NC/rGO gradually decreases, implying
rGO nanosheets as efficient conductive pathways inside the
electrode.
Long-term cycling stability is a vital evaluation criterion for

supercapacitors in practical applications. The NC/rGO-2
electrode remains stable after >10 000 cycles (Figure 6c),
exhibiting excellent long-term stability. Figure 6d shows
Ragone plots by giving a comparison of the energy density
and power density of supercapacitors with our NC/rGO
nanopaper electrodes and other ZIF8-derived carbon materials.
The energy density of the as-assemblied supercapacitor device
is 19.45 W h kg−1 at a power density of 500 W kg−1. When the
power density increases to 5 000 W kg−1, the supercapacitor
device still delivers a high energy density of 16.1 W h kg−1,
surpassing most of the supercapacitor devices using other
ZIF8-derived carbon materials in the literature.13,37−42

Comparisons of the electrochemical performance and other
parameters between this study and other ZIF8-related
electrodes in the literature are summarized in Table 1.
Considering the convenient device assembly of nanopaper
electrodes and easy preparation for NC/rGO nanopaper, this
study therefore provides a simple and convenient way for
development of promising electrode materials for super-
capacitors.
On the basis of the earlier discussions, the possible

mechanism of excellent performance of NC/rGO nanopaper
electrodes for supercapacitors is proposed. First, uniformly
dispersed NC nanoparticles have numerous micropores and
mesopores, which provide abundant active sites for charge
accumulations. Second, highly conductive rGO nanosheets
bridge individual NC nanoparticles, ensuring fast electron

transfers inside the whole electrode and simultaneously
endowing the nanopaper with excellent mechanical flexibility.
Third, hierarchical porous structures of the NC/rGO shorten
the diffusion distance and thus allow fast ion transports during
rapid charge/discharge processes. All these advantages
contribute to improving the electrochemical performance and
thus helping to obtain excellent electrochemical energy storage
performance of the NC/rGO nanopaper electrodes.

■ CONCLUSION
In summary, a flexible nanopaper electrode consisting of ZIF8-
derived N-doped porous carbon polyhedra (NC) and reduced
graphene oxide (rGO) has been prepared. The as-obtained
NC/rGO nanopaper shows good mechanical flexibility, which
is directly used as a binder-free electrode for symmetric
supercapacitors. Benefiting from hierarchical structure, high
conductivity, and good chemical stability, the NC/rGO
nanopaper electrode delivers high specific capacitance of 280
F g−1 at 1 A g−1, good rate capacitance, high energy density,
and high capacitance retention over 10 000 cycles. This work
therefore provides new insights for rational design and
construction of flexible MOF-derived carbon electrodes for
high-performance supercapacitors.
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electrode material specific capacitance [F g−1] device configuration status of electrode materials energy density [W h kg−1] ref

C-GZ 238 at 1 A g−1 two-electrode aerogel 40
MWCNT/NPC-L 112.4 at 0.5 A g−1 two-electrode powder 12.65 37
3D hybrid-porous carbon 332 at 0.5 A g−1 three-electrode powder 41
CNT@CZIF 324 at 0.5 A g−1 three-electrode powder 42
S-900 56.6 at 0.1 A g−1 two-electrode powder 6.44 mWh cm−3 43
PC1000@C 225 at 0.5 A g−1 three-electrode powder 44
NHCFs 302 at 0.5 A g−1 three-electrode nanopaper 26
nanoporous carbon 20 at 1 A g−1 two-electrode powder 7.1 45
NPCF 332 at 1 A g−1 three-electrode nanopaper 17
HPCNFs-N 307.2 at 1.0 A g−1 two-electrode nanopaper 10.96 46
NC 239 at 2 A g−1 three-electrode powder 47
AS-ZC-800 211 at 10 mV s−1 two-electrode powder 48
NPC 251 at 5 mV s−1 two-electrode powder 10.86 39
NC800-PEDOT 217.7 at 5 mV s−1 three-electrode powder 49
NCGs 225 at 0.5 A g−1 two-electrode powder 12.7 50
NC/rGO 280 at 1 A g−1 two-electrode nanopaper 19.45 this work
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