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ABSTRACT: Porous carbons generated from the direct pyrolysis of metal organic
frameworks (MOFs) have shown great potential as a kind of promising electrode material
for lithium-ion batteries (LIBs). However, several common drawbacks, such as the inevitable
structural damage during carbonization process and intrinsic micropore-dominated feature
of MOFs-derived products, largely impede the exposure of active sites and mass transfer,
thus usually resulting in inferior electrochemical performances. In this work, an effective and
controllable approach was reported to construct nitrogen-doped hierarchical porous carbon
nanoframes (N-HPCFs) through in situ pyrolysis transformation of small-sized zeolitic
imidazolate frameworks (ZIFs) that are in advance combined with a two-dimensional
substrate templated from g-C3N4. Using this strategy, numerous ZIFs derived carbon
nanoparticles appear to be well arranged on surfaces of a hollow carbon nanoplatelet
produced by the adopted substrate after calcination, and the corresponding final product
shows great improvements on both structural stability and pore distribution compared with
that from direct pyrolysis of monodispersed ZIFs without the substrate. As expected, when
used as the anode material for LIBs, the N-HPCFs electrode exhibits a high lithium storage capacity with good cycle stability
(651 mAh g−1 after 400 cycles at the current density of 1 A g−1) and outstanding rate capability. Such enhanced electrochemical
performances can be well ascribed to the stable frame structure as well as highly developed transport pathways for ions and
electrons. So the synthetic strategy presented in this paper may pave a new way for the further application of ZIFs-based
materials.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) as one kind of the most advanced
renewable power sources have been widely investigated due to
their many unique merits, such as high power and energy
densities, light weight, long lifespan, and environmental
benignity.1−3 However, the currently commercial graphite
anode can no longer meet the ever-increasing energy storage
demand in view of its relatively low theoretical capacity (372
mAh g−1).4 Therefore, considerable attempts have been made
to prepare novel anode materials which can exhibit better
electrochemical performances, such as silicon, transition metal
oxides, and carbon-based materials.5−8 Among these promising
materials, porous carbons have attracted plentiful attention
owing to their favorable electrical conductivity, outstanding
chemical stability, controllable surface areas, and low cost.9

Furthermore, heteroatom doping on the skeleton of carbon
matrixes has been proved as an effective way to tune electronic
properties and conductivity, further facilitating their applica-
tions especially in field of electrode materials.10,11 For this
reason, metal organic frameworks (MOFs) which consist of
various metal ions and organic ligands are presently thought to
be desired precursors for porous carbons.12,13 As their inherent

frameworks can be directly translated into heteroatom-doped
carbons with good morphologies, and the high porosity of
MOFs would be partially preserved in the resultant product
offering a high surface area through a facile pyrolysis.
Recently, zeolitic imidazolate frameworks (ZIFs),14 as a class

of MOFs, have been increasingly investigated to be suitable
precursors for carbon-based materials, because various ZIFs
crystals with different sizes and morphologies can be readily
prepared at low cost and they are all abundant in carbon,
nitrogen and other transition metal components.15,16 In view of
these unique characteristics, numerous composites based on the
calcination of ZIFs in air or inert gas have been prepared,
including porous carbon polyhedra/carbon nanotubes hy-
brids,17 Sn−Co nanoalloys/N-doped carbon microboxes,18

porous CoP/graphitic carbon composites, and ZIF-derived
Co, N-co-doped carbon nanoframes.19,20 All these materials
show outstanding performances as electrocatalysts or electrode
materials which profit from the favorable N-doped carbon
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structure and the synergetic effect between active metal and
carbon components. However, most reported carbon-based
materials from ZIFs are applied in catalysis fields and their sizes
are usually large (above 500 nm). The application of porous
carbons derived from small-sized ZIFs for electrode materials
has been seriously hampered by the following reasons: (1) Due
to the relatively small size, ZIFs crystals are more prone to
aggregate into a bulk phase with the absence of porous
structure when heated, which largely hinders the exposure of
active sites so that results in inferior electrochemical perform-
ances.21 (2) During the carbonization process, the break down
inside the ZIFs crystals could not be avoided. Compared with
the big ones, the nanostructures of small-sized ZIFs are harder
to maintain through high-temperature calcination and the
direct carbonization of dissociative ZIFs crystals fail to achieve
the consecutive electrical conductivity, which is vital for
electrode materials.22 (3) Most ZIFs-derived carbon materials
via direct carbonization usually have a micropore-dominant
structure that will significantly weaken the reaction kinetics by
limiting the mass transport and electrolyte infiltration when
lack of mesopores or macropores.23 Therefore, it is still a great
challenge that constructs an advanced carbon material derived
from small-sized ZIFs for LIBs anodes.
Concerning these above-mentioned problems, if an appro-

priate substrate could be employed to both load ZIFs particles
and serve as the extra carbon precursor to provide abundant
meso/macropores, then the subsequent pyrolysis process
would possibly generate carbon materials with an ordered
stacking as well as hierarchical porous nanostructure.24,25 So
this enlightens us to introduce a two-dimensional (2D)
substrate templated from g-C3N4 to combine with small-sized
ZIFs particles. As we know, g-C3N4 is a conjugated organic
semiconductor consisting of sp2 hybridized nitrogen and carbon
atoms.26 And more importantly, its inherent properties of 2D
structure and complete decomposition at temperature above
700 °C make it possible to be an ideal template. After coated
with glucose on its surfaces, the desired 2D substrate (g-C3N4@
Glu) is successfully constructed and it will spontaneously turn
into a hollow carbon nanoplatelet that can effectively maintain
the structural stability during carbonization. Herein, we report
the successful fabrication of nitrogen-doped hierarchical porous
carbon nanoframes (N-HPCFs) through in situ pyrolysis
transformation of small-sized ZIFs that are fully combined

with a 2D substrate in advance. Profiting from the substrate-
assisted strategy, the obtained product possess a great deal of
desirable features, including good structural stability, suitable
surface area, high nitrogen content and hierarchical micro/
mesoporous structure, showing a significantly enhanced
electrochemical performance when evaluated as the anode
material for LIBs. More details about the structural character-
istics and reaction mechanisms are fully discussed in this paper.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. 2.1.1. Preparation of Small-Sized ZIFs.

The small-sized ZIFs crystals were prepared according to a reported
method with slight modifications.27 In a typical synthesis, 1.602 g of
Zn(NO3)2·6H2O and 0.078 g of Co(NO3)2·6H2O (the molar ratio of
Zn2+/Co2+ was 20) were dissolved in 20 mL methanol to form a
solution. Four grams of 2-methylimidazole were dissolved in 60 mL
methanol to form another solution. Then, both of them were mixed
together and vigorously stirred for 1 h, followed by aging at room
temperature for 24 h. After that, the light purple product denoted as
BMZIF-20 was collected by centrifugation, washed with methanol
three times, and finally dried at 60 °C under vacuum overnight.

2.1.2. Preparation of g-C3N4. Melamine was put into a porcelain
crucible with a lid followed by heating at 550 °C for 4 h at a ramp rate
of 5 °C min−1 in the muffle furnace. After cooling to room
temperature, the product was washed with hot water to remove
impurities and dried at 60 °C overnight.

2.1.3. Preparation of the g-C3N4@Glucose Substrate. 0.5 g of g-
C3N4 and 2 g of glucose were added into 40 mL deionized water. After
fully ultrasonic dispersion and vigorous agitation, the resulting
suspension was transferred into a 50 mL Teflon autoclave and
maintained at 180 °C for 10 h. Then the derived product (g-C3N4@
Glu) was harvested by centrifugation, washed with deionized water
and ethanol three times, and finally dried at 60 °C overnight.

2.1.4. Preparation of the Nitrogen-Doped Hierarchical Porous
Carbon Nanoframes. The presynthesized BMZIF-20 (0.04 g) and g-
C3N4@Glu (0.6 g) were fully mixed in ethanol and followed by
vigorous agitation at 60 °C to evaporate the solvent. Then the
resulting mixture was used as the ideal carbon precursor and directly
heated at 800 °C for 2 h with a heating rate of 5 °C min−1 under N2
atmosphere. Finally, the well-designed carbon product (denoted as N-
HPCFs) was obtained after fully washing with concentrated
hydrochloric acid (HCl) solution to remove the residual metal
component. The other referred samples in this work were prepared
through the same procedures.

2.2. Material Characterizations. The prepared samples were
characterized by X-ray diffraction (X’Pert PRO MPD, Holland, Cu Kα

Figure 1. (a) Schematic illustration for the synthesis of N-HPCFs. (b) XRD patterns of the synthesized g-C3N4, g-C3N4@Glu, and g-C3N4@Glu@
ZIFs. TEM images of (c) g-C3N4 and (d) g-C3N4@Glu (inset: high-magnification TEM image).
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λ = 1.518 Å), Raman spectrometer (Jobin-Yvon Labram-010), X-ray
photoelectron spectroscopy (XPS) (PHI 5000 VersaProbe, ULVAC-
PHI, Japan), thermogravimetric analysis (TGA) (STA 409 PC Luxx,
Germany), N2 adsorption−desorption analysis (Micromeritics
ASAP2020), field emission scanning electron microscopy (FE-SEM)
(Hitachi S-4800, Japan), and transmission electron microscopy (TEM)
(JEM- 2100UHR, Japan).
2.3. Electrochemical Measurements. The working electrode

was prepared by mixing 80 wt % active materials, 10 wt % carbon black
and 10 wt % polyvinilidene difluoride (PVDF) in N-methyl-2-
pyrrolidinone to form a homogeneous slurry. Then the slurry was
uniformly coated on a piece of copper foil and dried at 80 °C in a
vacuum oven overnight. The mass loading of each electrode was
around 0.8−1.1 mg cm−2. CR2032 coin-type half cells were finally
assembled in an Ar-filled glovebox by using the prepared material as
the working electrode, lithium foil as the counter and reference
electrode, polypropylene Celgard 2400 film as the separator, and 1 M
LiPF6 dissolved in a 1:1 (v/v) ethylene carbonate and dimethyl
carbonate (EC/DMC) as the electrolyte. The assembled cells were
galvanostatically discharge−charged between 0.01 and 3 V vs Li/Li+

on a Land CT2001A battery test system. Cyclic voltammetry (CV)
curves were performed on Ametek PARSTAT4000 electrochemistry
workstation at a scan rate of 0.1 mV s−1 in range of 0.01−3 V.
Electrochemical impedance spectroscopy (EIS) measurements were
also recorded on Ametek PARSTAT4000 electrochemistry work-
station with 0.01 V AC voltage amplitude in the frequency range of
100 kHz to 10 mHz.

3. RESULTS AND DISCUSSION

The synthesis process is schematically illustrated in Figure 1a.
First, g-C3N4 was prepared by direct thermal decomposition-
polymerization of melamine to serve as the template with a 2D
structure.28 After being coated with a layer of glucose on its
surfaces through a hydrothermal treatment, the substrate (g-
C3N4@Glu) was then obtained. Subsequently, the presynthe-
sized ZIFs were mixed with the g-C3N4@Glu substrate under
an appropriate proportion in ethanol and followed by the
evaporation of solvent, these two materials were fully assembled
together as the carbon precursor (g-C3N4@Glu@ZIFs).

Notably, compared with the complex in situ growth of
ZIFs,29,30 the solvent-evaporation method is more facile and
controllable. Finally, the porous carbon product with a well-
defined architecture was obtained after pyrolysis and acid
washing treatments. Figure 1b shows the X-ray diffraction
(XRD) patterns of g-C3N4, g-C3N4@Glu, and g-C3N4@Glu@
ZIFs, which show obvious differences among these three
samples. The pure g-C3N4 displays two characteristic diffraction
peaks at 13.0° and 27.4°, ascribed to the (100) and (002)
crystal planes,31 respectively. Furthermore, it exhibits a porous
plank-like structure with a large lateral size (Figure 1c), helping
to provide sufficient areas to load ZIFs particles as much as
possible. After hydrothermal treatment, the intensity of (002)
peak is reduced resulting from the outer glucose coating and
the derived substrate (g-C3N4@Glu) still remains the 2D
structure (Figure 1d), but compared with the pure g-C3N4, the
surface of the g-C3N4@Glu substrate seems a bit dense due to
the introduction of glucose. Meanwhile, benefiting from the
existence of g-C3N4, glucose can be well coated on the surface
of g-C3N4 instead of self-forming spherical colloids.32 The edge
of the coated glucose layer could be clearly observed from the
high-magnification TEM image inset in Figure 1d. For the
choice of small-sized ZIFs, a kind of small-sized bimetallic ZIFs
with the molar ratio of Zn/Co for 20 (BMZIF-20) is
synthesized as the research object based on previously reported
researches about various ZIFs crystals (ZIF-8, ZIF-67 and
bimetallic ZIFs) and their corresponding pyrolytic prod-
ucts.15,33 The XRD pattern and TEM image shown in Figure
S1a−c of the Supporting Information (SI) confirm the
successful preparation of small-sized ZIFs. The synthesized
BMZIF-20 polyhedrons possess an average size of 160 nm and
already show a clear tendency of agglomeration aggravated by
the relatively small-sized morphology. However, when the big-
sized 2D substrate is introduced, as shown in Figure S1d, all
ZIFs particles are totally confined on the surface of the g-
C3N4@Glu substrate with no isolated ones, serving as the final

Figure 2. (a) XRD pattern, (b) SEM (inset: high-magnification SEM image), and (c, d) TEM images (inset in (d): high-magnification TEM image)
of N-HCP derived from the g-C3N4@Glu substrate.
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carbon precursor (g-C3N4@Glu@ZIFs). The corresponding
XRD pattern shows the peaks of both g-C3N4 and BMZIF-20
(Figure 1b), also confirming the combination between the
substrate and ZIFs particles.
During the pyrolysis process, the calcination temperature is a

key factor. As shown in Figure S2, there is a huge mass loss of
g-C3N4 starting from 600 °C, and it decomposes completely at
temperatures above 740 °C. Similarly, both the substrate and
carbon precursor show obvious mass loss before 800 °C.
Therefore, the final carbonization temperature was set as 800
°C based on the TGA results aiming to avoid some drawbacks
caused by overly high temperatures, like excessive destruction
of structure and undesired loss of porosity.34,35 More
importantly, when heated at 800 °C, the substrate will
spontaneously turn into a hollow carbon nanoplatelet with a
2D porous structure, which can both effectively load ZIFs-
derived carbon nanoparticles and provide extra abundant
mesopores. Figure 2a shows the XRD pattern of the
corresponding carbon material (N-HCP) from the direct
pyrolysis of the g-C3N4@Glu substrate. It shows only two
broad diffraction peaks at 24° and 44°, which are assigned to
(002) and (100) planes of the graphitic carbon,36 respectively.
Besides, the morphology and structure of N-HCP were further
characterized by SEM and TEM images. The SEM image in
Figure 2b shows a typical 2D plank-like structure with big
lateral size inheriting from the substrate, and the surface is
relatively smooth with a thickness around 30 nm displayed in
the high-magnification SEM image (inset in Figure 2b). From

TEM images in Figure 2c,d, the structure composed of a large
inner hollow cavity and a glucose-derived carbon layer coated
on surfaces is clearly exhibited, and plenty of cross-linked dark
and bright stripes shown in the high-magnification TEM image
(inset in Figure 2d) also confirm the hollow structure. Such a
unique hollow carbon nanoplatelet derived from the substrate
could play an important role in boosting the electrochemical
performances as one part of the final product. Figure S3 shows
the XRD pattern and TEM image of the carbon materials (NC)
derived from the monodispersed BMZIF-20. As previously
reported,12,37 the obtained product consists of numerous
disorder-aggregated carbon nanoparticles generated from
corresponding ZIFs crystals (Figure S3b), and their morphol-
ogies are greatly destroyed through the high-temperature
pyrolysis, which are disadvantageous for electrode materials.
Therefore, a substrate-assisted strategy is urgently needed to
tackle these issues.
In comparison, after pyrolysis and acid washing treatments of

g-C3N4@Glu@ZIFs, Figure 3a shows the XRD pattern of the
final obtained nitrogen-doped hierarchical porous carbon
nanoframes (N-HPCFs). Only two broad diffraction peaks at
24° and 44° are observed in N-HPCFs, belonging to (002) and
(100) planes of graphitic carbon, respectively. This result
demonstrates the complete removal of metal components (Zn,
Co) through acid washing. The Raman spectrum of N-HPCFs
shows two peaks at 1356 and 1593 cm−1 (Figure 3b), assigned
to disordered sp3 carbon (D band) and graphitic sp2 carbon (G
band), respectively. The ID/IG intensity ratio is 0.93, confirming

Figure 3. (a) XRD pattern, (b) Raman spectrum, (c−e) TEM and HRTEM images (inset in (c): high-magnification TEM image corresponding to
the marked area) of N-HPCFs. (f) TEM image of N-HPCFs and the corresponding elemental mapping of C, N, and O, respectively.
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its graphitic structure again. Compared with the other two
samples of N-HCP (1.01) and NC (0.90) (Figure S4), the
obtained N-HPCFs have an appropriate degree of graphitiza-
tion along with enough defect sites, which are equally
important for carbon-based electrode materials. The morphol-
ogy and microstructure of N-HPCFs were further characterized
by SEM and TEM techniques. The N-HPCFs sample exhibits
obvious nanoparticle-covered plank-like structure, and the g-
C3N4@Glu substrate generated carbon nanoplatelet can still be
observed in the marked area (Figure S5a). Although the
structural degradation of ZIFs crystals is inevitable and the size
of the generated carbon nanoparticle is obviously decreased
possibly due to the inevitable structural shrinkage during high
temperature pyrolysis, all these carbon nanoparticles are also
well anchored on both surfaces of the nanoplatelet (Figure
S5b), indicating the good structural stability of N-HPCFs.
Meanwhile, due to the existence of numerous nanoparticles on
each surface, the surface of N-HPCFs looks denser and rougher
compared with that of N-HCP. Seen from the TEM image in
Figure 3c, N-HPCFs still remain the original 2D structure with
a large lateral size inherited from the substrate. And the high-
magnification TEM image corresponding to the marked area
(inset in Figure 3c) clearly shows the porous and amorphous
features of N-HPCFs with many disordered dark grains, which
are mainly left by the pyrolytic carbon nanoparticles derived
from ZIFs. In the edge of N-HPCFs, Figure 3d displays a
remarkable frame of the carbon nanoparticle inherited from
ZIFs, and it is well wrapped by the substrate derived carbon
nanoplatelet. The marked boundaries between these two
carbon compositions generated from different precursors are
easily observed, indicating no individual nanoparticles are
divorced from the whole structure which is consistent with the

SEM results. Notably, because of the relatively high calcination
temperature and the catalytic graphitization behavior of Co
nanoparticles from the BMZIF-20 during carbonization
process, some local areas of N-HPCFs show abundant graphitic
carbon domains with obvious lattice fringes seen from the
HRTEM image in Figure 3e, which is consistent with the
Raman result. The element mapping images in Figure 3f reveal
that the obtained nitrogen-doped hierarchical porous carbon
nanoframes (N-HPCFs) are mainly composed of C, N, and O,
among which heteroatoms of both N and O are homoge-
neously distributed in the carbon matrix. Such structure and
composition properties of N-HPCFs are very advantageous for
application as electrode materials.38 Moreover, when the dosage
of the substrate is fixed, in order to further investigate the
influence brought by the increased loading amount of ZIFs, two
samples containing different amounts of BMZIF-20 (80 and
160 mg) were prepared and their derived hierarchical porous
carbons are denoted as HPCs-80 and HPCs-160, respectively.
In the XRD results (Figure S6a), the carbon peaks of these two
carbon materials are obviously observed, but HPCs-160 still
shows a small peak at 44° compared with HPCs-80, which is
assigned to the (111) plane of fcc-structured metallic Co.39

This demonstrates that if excessive BMZIF-20 crystals are
added, then the obtained by-product of Co nanoparticles after
pyrolysis become hard to completely removed through HCl
washing as they are well wrapped by the thick carbon shell.15

For HPCs-80, there are also numerous ZIFs-derived small
carbon nanoparticles covering both surfaces of the large carbon
nanoplatelet (Figure S6b,c), and TEM images exhibit many
hollow cavities derived from the decomposition of the g-C3N4

template and obvious frame structure of carbon nanoparticles
left by ZIFs (Figure S6d,e), showing a similar morphology with

Figure 4. (a) XPS survey scan spectrum and (b) high-resolution N 1s spectrum of N-HPCFs. (c) Schematic structure of binding conditions of
nitrogen and the mechanism of lithium storage in N-HPCFs. (d) Nitrogen adsorption−desorption isotherms and (e) pore-size distribution curves of
NC, N-HCP, and N-HPCFs, respectively.
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N-HPCFs. However, with the increased loading amount of
ZIFs, the g-C3N4@Glu substrate cannot uniformly stabilize all
the ZIFs particles so that some carbon nanoparticles are apart
from the hollow carbon nanoplatelet as shown in Figure S6b, f.
More seriously, if far too many ZIFs are added, the g-C3N4@
Glu substrate can no longer hold its original structure and play
a key role. As an example, HPCs-160 shows a disordered and
fractured structure due to the huge stress caused by overly
agglomerated carbon nanoparticles on surfaces (Figure S6g,h).
So these results indicate that it is significant to choose an
appropriate weight ratio between ZIFs and the substrate for
obtaining the best product.
The X-ray photoelectron spectroscopic (XPS) measurements

were performed to further demonstrate the surface character-
istics of the obtained N-HPCFs, and the full scan spectrum is

exhibited in Figure 4a. Strong peaks corresponding to C 1s, N
1s, and O 1s are clearly observed, suggesting that there are C
(84.77%), N (9.91%), and O (5.06%) elements on the surface
of N-HPCFs. However, the peak corresponding to Co 2p is
barely visible, and the content is just about 0.26% (atomic
ratio) based on the XPS experiment. This indicates that all
metal components are almost removed by acid washing, which
is consistent with the XRD result. Remarkably, the N-HPCFs
sample has a relatively high nitrogen content which comes from
the decomposition of both the g-C3N4 template and the 2-
methylimidazole ligands in ZIFs during the pyrolysis process as
confirmed in Figure S7.26,40 The deconvolutions of the high
resolution N 1s spectrum are displayed in Figure 4b, and it can
be fitted by four different component peaks: pyridinic (N-6) at
398.3 eV, pyrrolic/pyridine (N-5) at 399.5 eV, quaternary (N-

Figure 5. Electrochemical performances of N-HPCFs as the anode material for LIBs: (a) the first five consecutive CVs between 0.01 and 3.0 V
versus Li/Li+ at a scan rate of 0.1 mV s−1, (b) charge−discharge curves at a current density of 0.1 A g−1, (c) cycle performances at low current
densities of 0.1 and 0.2 A g−1, respectively, (d) rate capability at different current densities from 0.1 to 2 A g−1, and (e) long-term cycling
performance and the corresponding Coulombic efficiency (CE) at a current density of 1 A g−1.
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Q) at 400.7 eV, and pyridine-N-oxide (N-x) at 403.3 eV.
Among these N functionalities, the amounts of pyridinic and
quaternary nitrogen are in the majority as the pyrrolic nitrogen
inclines to convert into pyridinic and quaternary ones with the
increase of temperature (above 700 °C).41 According to the
previous researches,42−44 the presence of quaternary nitrogen
(also called as graphitic nitrogen) will effectively improve the
electric conductivity since it can bring extra free electrons.
While other N atoms including the pyrrolic, pyridinic, and
oxidized N which are located at the edge of graphene layer can
contribute to adsorbing the exotic atoms and significantly
enhance the insertion capacity by providing more active sites,45

which is illustrated in Figure 4c. Thus, the high nitrogen
content of N-HPCFs, especially pyridinic and quaternary
nitrogen, is expected to improve the electrochemical perform-
ance. The surface area and pore-size distribution which are key
factors for the electrode materials were further investigated by
N2-adsorption/desorption measurements. Figure 4d exhibits
distinct N2 adsorption−desorption isotherms of NC, N-HCP,
and N-HPCFs, indicating obviously different pore structures.
The NC sample shows a prominent micropore-dominated
structure inherited from ZIFs. On the contrary, the substrate
derived carbon material (N-HCP) exhibits a type IV pattern
with apparent hysteresis loops, indicating the existence of
abundant mesopores which are generated from the carbon-
ization of the outer coated glucose along with the
decomposition of the porous g-C3N4 template. Therefore,
when ZIFs and the substrate are assembled together, as
expected, the derived pyrolytic product (N-HPCFs) possesses
both micropores and mesopores with a relatively high BET
surface area up to 308.89 m2 g−1. The other pore structure
parameters are summarized in the inset in Figure 4d. In
addition, from the pore-size distribution curves shown in Figure
4e, it also confirms that there are two type pores existing in N-
HPCFs, one type is mesopores with a concentrated distribution
ranging from 2 to 5 nm and another is micropores centered on
0.63 nm. Compared with the single pore structures of NC and
N-HCF, the hierarchical porous structure of N-HPCFs is quite
beneficial to simultaneously achieve a high exposure degree of
active sites and fast mass transport through micropores and
mesopores,46 respectively.
On the basis of the above-mentioned attractive character-

istics, the N-HPCFs sample was applied as the anode material
for LIBs. The electrochemical performance was investigated in
a half-cell configuration countered with metallic lithium. Figure
5a shows the first five consecutive CV curves of the N-HPCFs
electrode at a scan rate of 0.1 mV s−1 between 0.01 and 3.0 V.
Notably, the first cycle exhibits a distinctly different CV curve
compared with subsequent cycles, especially for the discharge
band. In the first cathodic scan, two reduction peaks at ∼0.6 V
and ∼0.9 V correspond to the irreversible consumption of Li+

via forming an SEI film and irreversible insertion into superfine
pores or the occurrence of side reactions on the electrode
surface, respectively.47 For this reason, carbonaceous anode
materials usually have a high discharge capacity but relatively
low Coulombic efficiency (CE) in the first cycle.48,49 Besides,
the reduction peak near 0 V is usually ascribed to the reversible
insertion of Li+ into graphite layers or nanocavities while one
broad oxidation peak around 0.2 V represents the correspond-
ing deintercalation process of Li+.49 Another broad peak at 1.2
V in the anodic scan is attributed to the delithiation from the
defective sites of the mesoporous structure in the carbon
matrix.50 The remaining four cycles nearly overlap, which

implies a stable and reversible electrochemical process of the N-
HPCFs electrode. Figure 5b shows the representative
discharge−charge voltage profiles at 0.1 A g−1. The initial
discharge and charge capacities are 1767 mAh g−1 and 1076
mAh g−1, respectively. The low Coulombic efficiency (CE) of
61% is ascribed to the inevitable formation of the SEI film and
decomposition of the electrolyte. Remarkably, the long plateaus
in the first discharge at about 0.85 V vanishes in the following
cycles, manifesting that the reductive decomposition of the
electrolyte is effectively retrained after the formation of the SEI
film in the first discharge, which can significantly reduce the
capacity loss during the follow-up cycles.39 As a result, the CE
increases to 91% rapidly in the second cycle with corresponding
discharge and charge capacities of 1127 and 1024 mAh g−1,
respectively. Even after the 100th cycle, the discharge capacity
can still reach 1099 mAh g−1 with a high CE of 98%. These
results indicate stable electrochemical kinetics of the N-HPCFs
electrode, which are well consistent with CV curves.
Figure 5c exhibits galvanostatic cycling behaviors of the N-

HPCFs anode at low current densities of 0.1 and 0.2 A g−1,
respectively. Although both initial CEs are relatively low,
around 60%, the value increases rapidly and remains stable
above 97% after ten cycles. The rapid stabilization performance
indicates a fast and consecutive lithium ion insertion and
extraction process with low interface resistance, which is mainly
attributed to the highly developed porous structure shortening
the diffusion length of Li+. Meanwhile, the rate capability of N-
HPCFs was tested at different current densities with a range
from 0.1 to 2 A g−1 (Figure 5d). It is found that the N-HPCFs
anode exhibits a very robust and stable rate performance with a
reversible capacity of 986, 831, 720, 612, and 526 mAh g−1 at
0.1, 0.2, 0.5, 1, and 2 A g−1, respectively. Even at a high current
density up to 2 A g−1, the capacity can still remain stable and
largely exceed the theoretical capacity of graphite. When the
current density is back to 0.1 A g−1 after 50 cycles, the discharge
capacity can still recover to 948 mAh g−1 and continue to
increase due to the effect of electrode activation. Furthermore,
HPCs-80 can also exhibit a stable rate performance as it
possesses a similar structure to N-HPCFs (Figure S8a).
However, without the help of the g-C3N4@Glu substrate, the
NC electrode possesses an inferior rate capability as shown in
Figure S8b. All these results indicate that the hollow carbon
nanoplatelet derived from the g-C3N4@Glu substrate can make
great contributions to the improved rate performance and the
N-HPCFs sample has great potential as a high-rate anode
material for LIBs.
Moreover, in order to evaluate the cycling performance of

the N-HPCFs electrode, glacanostatic discharge−charge test
was performed at a high current density of 1 A g−1 between
0.01 and 3.0 V versus Li/Li+. As shown in Figure 5e, there is
certain irreversible capacity loss in the first cycle, thus usually
resulting in a relatively low initial Coulombic efficiency, which
is a common phenomenon for carbon-based electrodes caused
by the formation of SEI film,51 largely impeding their industrial
application as anode materials for LIBs. Besides, the irreversible
Li-insertion into the superfine pores and the occurrence of side
reactions on the electrode surface also result in the slow
capacity decays in the first few cycles.52,53 However, after the
initial activation of the porous anode, the specific capacity
begins to increase from the 10th cycle and subsequently remains
stable in the following long cycles with a capacity above 600
mAh g−1. Remarkably, the discharge capacity can still reach 651
mAh g−1 with a high CE of 99% even after 400 cycles, revealing
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a superior cycling performance of the N-HPCFs anode. Figure
S8c exhibits the cycling performances of other samples,
including N-HCP, NC, HPCs-80, and HPCs-160. Although
the capacity of N-HCP is lower than N-HPCFs, it still exhibits
an outstanding cycle stability, implying the crucial role played
by the hollow carbon nanoplatelet derived from the g-C3N4@
Glu substrate. On the basis of this reason, the HPCs-80 anode
also possesses a stable discharge capacity up to 530 mAh g−1

even after 350 cycles as its integral structure is well maintained.
In contrast, for the carbon material derived from mono-
dispersed BMZIF-20 without the substrate, the NC electrode
shows an obvious tendency of capacity decay due to the
unstable aggregated structure and lack of enough mesopores for
ion transport. Likewise, although the HPCs-160 anode shows a
relatively high discharge capacity, it decreases gradually during
the following cycle process as the structure is severely destroyed
by overloaded ZIFs, thus showing a similar cycling performance
to the NC anode. In conclusion, all of these electrochemical
performances of different samples are well related to their own
structural characteristics.
To further understand the lithium-storage properties,

electrochemical impedance spectroscopy (EIS) measurements
were employed. Figure 6a shows three different Nyquist plots
of N-HPCFs, N-HCP, and NC electrodes before cycling and
the corresponding equivalent circuit model is shown in Figure

6b. The ohmic resistance (Re) corresponding to the intercept
with the X-axis occurring in high frequency is on behalf of the
total resistance mainly caused by electrolyte, separator, and
electrical contacts. The semicircle in the middle frequency
range represents the reactions occurring on the interface of the
electrode and electrolyte, which is linked to the charge transfer
resistance (Rct) as well as the Li

+ migration resistance caused by
the SEI film (Rsf). And the large semicircle diameter means the
large related resistance.54 In addition, the Warburg impedance
(Zw) which reflects the Li+ diffusion in the electrode is
represented by the sloping line, and the CPEsf+ct represents the
constant phase element for the SEI and charge transfer.46

Comparing Nyquist plots of the three samples, it is found that
N-HPCFs exhibit the lowest Re and a much lower Rsf+ct value
(ca. 67.45 Ω) than both N-HCP (95.34 Ω) and NC (164.7 Ω).
Besides, both N-HPCFs and N-HCP show shorter and steeper
sloping linear range than the NC sample, implying lower
diffusion resistance in the electrode. According to the EIS
results, the unique design of stabilizing small-sized ZIFs by a
large substrate templated from g-C3N4 makes great contribu-
tions to the enhanced rate capability and cycle stability of N-
HPCFs. Moreover, to demonstrate the structural stability of N-
HPCFs during battery cycling, the electrode after 400 charge
and discharge cycles was carefully recovered and re-examined
by TEM images. As shown in Figure 6c, although the surface

Figure 6. (a) Electrochemical impedance spectra (EIS) of NC, N-HCP, and N-HPCFs before cycling. (b) The corresponding equivalent circuit
model. (c, d) TEM images of the N-HPCFs electrode after 400 cycles at a current density of 1 A g−1.

Figure 7. Schematic illustration of the lithium-ion storage process of N-HPCFs.
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looks mussier and rougher compared with that before cycling,
which is mainly caused by the continuous insertion and
extraction of lithium ions, the whole structure of N-HPCFs still
remains intact with a large lateral size instead of breaking into
small pieces, indicating an excellent stability of N-HPCFs. The
high-magnification TEM image in Figure 6d also shows the
porous feature of the material after cycles.
Apparently, the remarkable electrochemical performance of

N-HPCFs, including the relatively high capacity, good cycling
stability, and superior rate capability, is related to many key
factors, involving the hierarchical porous feature, N-doping,
suitable surface area, and novel structural design. As shown in
Figure 7, on the one hand, the large-sized carbon nanoplatelet
generated from the g-C3N4@Glu substrate can not only confine
numerous ZIFs derived small nanoparticles on its surfaces to
keep the integral structure remain stable, but also facilitate the
diffusion of Li+ from different directions and provide sufficient
contact with the electrolyte due to its own unique hollow
porous structure, which are good for absorbing more Li+ as well
as promoting the rapid charge-transfer reaction.55 On the other
hand, the hierarchical micro-mesoporous structure and
relatively high surface area of N-HPCFs can effectively reduce
the diffusion distance of ions and allow Li+ to diffuse from
outside carbon into inner carbon, thus succeeding in activating
all parts of the product. These features are all beneficial to
achieve an excellent rate capability with the improved fast
kinetics of lithium reversible storage.56,57 In addition, it needs
to be mentioned that the high N-doping level in N-HPCFs can
significantly enhance the insertion capacity of Li+ and electrical
conductivity by providing more exposed defects and accelerat-
ing the transfer of electrons,58,59 respectively. Profiting from the
synergetic effect of these favorable advantages, the resulting N-
HPCFs could be recognized as a kind of promising carbon
materials applied in LIBs.

4. CONCLUSIONS

In summary, we have reported a facile way to prepare a kind of
high-performance porous carbon via in situ confinement
pyrolysis transformation of small-sized ZIFs particles which
are combined with a two-dimensional substrate templated from
g-C3N4 in advance. Due to the decomposition property of g-
C3N4 at relatively high temperature, the adopted substrate will
spontaneously turn into a hollow carbon nanoplatelet with a
large lateral size, which can both effectively confine numerous
ZIFs derived carbon nanoparticles on its surfaces, keeping the
integral structure remaining stable, and also provide extra
abundant mesopores for ions transfer. So benefiting from the
existence of the g-C3N4@Glu substrate, the final product (N-
HPCFs) exhibits obvious carbon nanoparticle-covered plank-
like structure and possesses many desirable features, including
good structural stability, high nitrogen content, and hierarchical
micro/mesoporous structure. As expected, when used as the
anode material for LIBs, although the initial Coulombic
efficiency is still lower than commercial graphite anodes, the
N-HPCFs electrode still exhibits greatly improved electro-
chemical performances, especially in aspects of good rate
capability, high reversible capacity, and superior cycle stability.
Thereby, the substrate-assisted strategy presented in this paper
paves a new way for the application of ZIFs-based materials and
is expected to underpin future researches to develop advanced
carbon-based materials toward energy storage and other areas.
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