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The low energy densities of supercapacitors are generally limited by the used anodes. To develop supercapacitors
with high energy densities, metal–organic framework (TRD-ZIF-8) derived honeycomb-like porous zinc carbo
diimide (ZnNCN) based nanocomposites (HPZC) surface loaded with graphitized carbon nitride (g-C3N4) are
synthesized. After their detailed characterization by means of electron microscopy, spectroscopy and electro
chemical techniques, the materials are used to prepare asymmetric supercapacitor cells (HPZC-4//AC ASCs) with
HPZC-4 and active carbon as electrodes, which demonstrate power and energy densities as high as 7839 W Kg− 1
and 213 Wh Kg− 1, respectively. The unique honeycomb-like porous structure of HPZC loaded with a 2D material
(g-C3N4) improves charge/mass transport efficiency and reduces ion diffusion resistance, contributing to a
specific capacitance of 779 F g− 1 at a current density of 3 A g− 1. The study thus presents a new way to design
transition metal carbodiimide materials and assesses their potential application as electrodes in asymmetric
supercapacitors.

1. Introduction
Supercapacitors are a new generation of energy storage equipment
with advantages such as high power density (>10,000 W kg− 1), long
cycle life (>105 cycles), low maintenance costs, and environmental
benignity [1,2]. Among supercapacitor types, pseudocapacitances show
great potential due to their high energy density and fast reversible sur
face redox reactions [3,4]. Currently, transition metal oxides (TMOs) of
Fe, Ni, Co, Cu, Zn, etc, are most widely used electrode materials in
pseudocapacitors due their low cost and high availability [5]. However,
TMO based materials generally have poor electrical conductivity, rapid
capacity decay and poor cycle stability, which severely restrict their
electrochemical applicability [6–8]. At present, those drawbacks are
mainly solved by using TMOs in the form of small particles or core–shell
and hollow nanostructures [9,10], however, their expensive and lowyield complex synthesis methods offset inherent advantages of these

materials, such as their low cost.
Pseudocapacitor electrode cost reduction can be achieved by the use
of transition metal carbodiimides (TMNCNs), which possess structures
similar to corresponding TMOs [11]. Among these materials, zinc car
bodiimide (ZnNCN) demonstrated higher theoretical capacity, better
cycling life and rate capability than those of the corresponding oxide
(ZnO), and does not require complicated processing such as nano-scale
tailoring or application of coatings [12–14]. Unfortunately, ZnNCN
generally requires unconventional synthetic routes that lead to larger
crystal sizes and lower surface areas. Considering the dependence of
nanomaterial properties on physical dimensions of their structural units,
nanoscale ZnNCN with a high surface area can be expected to demon
strate improved electrochemical performance in energy storage appli
cations, possibly in combination with stable carbon materials for cost
reduction.
Generally, high surface area porous carbon materials are considered

* Corresponding authors at: College of Biological, Chemical Science and Chemical Engineering, Jiaxing University, Jiaxing, 314001 China (P. Wang).
E-mail addresses: pengwang@zjxu.edu.cn (P. Wang), zhoufeng20031341@suda.edu.cn (F. Zhou), jishan@zjxu.edu.cn (S. Ji).
1
These authors contributed equally to this work.
https://doi.org/10.1016/j.apsusc.2020.148355
Received 25 May 2020; Received in revised form 27 October 2020; Accepted 30 October 2020
Available online 4 November 2020
0169-4332/© 2020 Elsevier B.V. All rights reserved.

J. Shen et al.

Applied Surface Science 541 (2021) 148355

the ideal choice [15]. However, due to their poor conductivity and un
even pore size distribution, numerous reported porous carbon-based
electrodes show insufficient specific capacitance or poor rate capa
bility, leading to the unsatisfactory long cycle performance [16,17]. To
address these problems, some porous carbon materials with special
nanostructures (i.e., core–shell structure and hierarchically structure,
etc.) have been designed [18,19]. For example, Lei et al. designed a selfsupporting carbon-coated TiN nanotube array, which can improve du
rable ability remarkably [20]. Deng et al. obtained hierarchically
interconnected porous N-doped carbon through urea activation of cane
sugar, which showed excellent specific capacitance (350.8 F g− 1 at 1 A
g− 1) [21]. Although these materials show enhanced specific capacitance
and cycle performance, their synthesis methods are usually complicated
and expensive, making large-scale commercialization difficult. This
necessitates selection of carbon material candidates to be combined with
ZnNCN, which can be prepared using simple, quick and low-cost
methods. Graphitized carbon nitride (g-C3N4), a typical twodimensional carbon material, has been widely used in electrochemical
process, due to its fast charge separation and relatively slow charge
recombination characteristics during electrochemical process [22]. As
compared to other N-containing carbon materials, g-C3N4 has higher
nitrogen content, which can provide more active reaction sites, increase
electron donor/acceptor characteristics, improve mass transfer effi
ciency, and provide a large number of pseudocapacitance [23,24].
Notably, g-C3N4 can be synthesized on a large scale from melamine or
urea using fast and simple methods [25–27]. A low cost and custom
izable structure of g-C3N4 [28] make it ideal candidate for combining
with ZnNCN to prepare a hybrid material with 2D morphology and high
electron conductivity as a new generation supercapacitor electrode.
Herein, a metal–organic framework (MOF)-derived ZnNCN/g-C3N4
composite synthesis, starting from truncated rhombic dodecahedral
zeolitic imidazolate framework-8 (TRD-ZIF-8) precursor, is reported for
the first time. Honeycomb-like porous ZnNCN/g-C3N4 nanocomposites
(HPZC) with high electrochemical activity were successfully prepared
using a low-cost and easily upscalable synthesis method [29,30]. In
order to alleviate previously reported collapsing of conventional zeolitic
imidazolate framework during the carbonization process, resulting in a
decrease in electrical conductivity and electrochemical performance
[31,32], a unique 3D-array stacked TRD-ZIF-8 material was synthesized
in this study from zinc acetate and 2-methylimidazole, followed by the
formation of a regular honeycomb-like porous structure of HPZC via
addition of melamine and annealing at a high temperature under ni
trogen atmosphere. The honeycomb-like porous structure prevents the
degradation of electrochemical performance caused by the internal
breakdown of the nanostructure, which is mainly attributed to direc
tional etching of {1 1 0} planes of TRD-ZIF-8 by melamine. During this
process, zinc ions were converted to ZnNCN nanoparticles with g-C3N4
evenly distributed on their surfaces. HPZC electrodes demonstrated
excellent specific capacitance (5975 F g− 1 at 1 A g− 1) and a high
capacitance retention rate of 87.9% after 3000 deep charge–discharge
cycles at 7 A g− 1 with a decay rate of only 0.004%. An asymmetric
supercapacitor device (HPZC-4//AC ASC) was fabricated using this
novel material, and demonstrated maximum power density and energy
density of 7839 W Kg− 1 and 213 Wh Kg− 1, respectively. Excellent
electrochemical performance and long cycle life of HPZC can be
attributed to g-C3N4 loaded on the surface of HPZC and unique
honeycomb-like porous structure can efficiency improving ion diffusion
efficiency and electrochemical charge storage kinetics. The study con
tributes to the development of low-cost preparation methods for TMNCN
composites, possessing promising electrochemical properties, suitable
for supercapacitor applications.

2. Experimental section
2.1. Materials
Analytical grade chemicals were used in this study without any
further purification. Zn(CH3COO)2⋅2H2O (98%), 2-methylimidazole
(97%), cetyltrimethylammonium bromide (CTAB) (≥98%), zinc chlo
ride (ZnCl2, 98%), cyanamide (H2NCN, 95%), aqueous ammonia
(NH4OH, 25 wt%), melamine (99%), and ethanol (≥99.7%) were pur
chased from Alfa Aesar.
2.2. Synthesis of truncated rhombic dodecahedral zeolitic imidazolate
framework-8 (TRD-ZIF-8) nanoparticles
According to a typical synthesis procedure [33], 2-methylimidazole
(0.54 mM) and CTAB (2.58 mM) were dissolved in 10 mL secondary
distilled water to obtained solution A. Zn(CH3COO)2⋅2H2O (600 mg)
was dissolved in 10 mL of water as solution B. Subsequently, solution A
and B were mixed well and gentle stirring for ca. 5–10 s to obtain white
mixture. After standing for 3 h at room temperature, the white solid was
concentrated from the mixture at 9,000 rpm in 50 mL Falcon tubes and
then washed three-four times with deionized water. Collected wet pel
lets were dried in a vacuum drying box overnight at 60 ℃ to obtain TRDZIF-8 nanoparticles in the form of white powder.
2.3. Synthesis of honeycomb-like porous ZnNCN/g-C3N4 (HPZC)
nanocomposites
The obtained TRD-ZIF-8 nanoparticles (2 g) and melamine (2 g) were
mixed during 5–10 min using a vortex oscillator and transferred into a
100 mL alumina crucible equipped with a lid. The crucible was put into a
muffle furnace filled with nitrogen which was heated to 550 ℃ at a rate
of 3 ℃ min− 1 and kept at this temperature for 3 h. After the furnace
naturally cooled down to a room temperature, HPZC was collected in the
form of black powder. For comparison, TRD-ZIF-8/melamine combina
tions with mass ratios 5:1, 1:1, 1:5, 1:8 and 1:10 were mixed to produce
HPZC-1, HPZC-2, HPZC-3, HPZC-4 and HPZC-5 reference materials,
respectively.
2.4. Synthesis of ZnNCN/C (ZC) nanocomposites
ZnNCN/C (ZC) material not containing g-C3N4 phase was synthe
sized for comparison, using the same preparation method as for HPZC,
except for the addition of melamine before the calcination process.
2.5. Synthesis of ZnNCN powder
ZnNCN reference material was synthesized according to previously
reported procedure [12]. Zinc chloride (3.9 g), cyanamide (2.05 g), 25
wt% aqueous ammonia (12 mL) and distilled water (50 mL) were mixed
and stirred for 3 h. The obtained white precipitate was filtered and
washed with distilled water several times. Finally, the white powder was
obtained after drying in a vacuum at 80 ℃ overnight.
2.6. Physical characterization and electrochemical measurements
The measurements of field-emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), fourier-transform
infrared spectroscopy (FT-IR), X-ray Photoelectron Spectroscopy
(XPS), Brunauer-Emmett-Teller (BET), Raman spectra (Thermo Nicolet
Almega XR) and powder X-ray diffraction (PXRD) have been used in this
paper. Details are shown in supporting information.
CHI 660E electrochemical workstation and LAND CT2001A battery
measurement system have been used for electrochemical measurements.
Briefly, a three-electrodes system has been used with HPZC as a working
electrode (WE), active carbon (AC) as a counter electrode (CE) and Hg/
2
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Scheme 1. Schematic diagram of formation of honeycomb-like porous ZnNCN/g-C3N4 (HPZC) nanocomposites.

Low cost precursors and simple synthetic processes were used in this
study in order to allow for future scaling up of the material.
The X-ray diffraction pattern of ZnNCN, g-C3N4 and HPZC are pre
sented in Fig. 1. Two diffraction peaks at ca. 27.4◦ and 13.1◦ are char
acteristic of g-C3N4 where the peak at ca. 27.4◦ corresponds to {0 0 2}
crystal plane, which is related to the interlayer stacking structure of
aromatic systems [34], and the peak at ca. 13.1◦ represents interplanar
repeating units of g-C3N4 [35]. Diffraction peaks at ca. 19.2◦ , 27.9◦ ,
28.6◦ , 36.0◦ , 38.9◦ , 40.5◦ , 45.6◦ and 54.7◦ correspond to {1 0 1}, {2 1 1},
{2 2 0}, {1 1 2}, {2 0 2}, {1 1 2}, {2 0 2}, {3 2 1}, {4 1 1} and {4 3 1} planes
of ZnNCN, respectively, with lattice parameters a = b = 8.8047 Å and c
= 5.4329 Å (JCPDS No. 01–070-4898) [12]. A wide peak between ca.
15◦ and 25◦ is attributable to amorphous carbon, which significant
presence weakens the signals in g-C3N4 and ZnNCN, and is additionally
confirmed by black color of HPZC as shown in Fig. S1.
Fig. 2a shows the FT-IR spectra of pure g-C3N4, and various HPZC
nanocomposites with different g-C3N4 loading. For g-C3N4, the peak at
ca. 1651 cm− 1 can be ascribed to the C = N stretching and the peaks at
ca. 1396, 1558 and 1651 cm− 1 can be assigned to the heptazine-derived
repeating units [36]. Moreover, the peaks at ca. 1241 cm− 1 and ca. 807
cm− 1 may be assigned to the C-N stretching mode and the out of plane
breathing vibration characteristic of s-triazine ring system of g-C3N4,
respectively [37]. For HPZC, the newly emerged IR peak at 2050 cm− 1
are attributed to asymmetrical stretching vibration of characteristic -N
= C = N- bonding in ZnNCN, and the peak at ca. 567 cm− 1 can be
assigned to its doubly degenerated deformation mode [38]. Moreover,
all the HPZC samples have presented the main characteristic peaks of gC3N4 and these peaks (ca. 1645 cm− 1 and 1238 cm− 1) show slight red
shift compared with pure g-C3N4, indicating the existence of intense
interaction between g-C3N4 and ZnNCN rather than a simply physical
adsorption [39], and this chemical bond also suggests that of great
significance for the charge transfer and stability of this specific structure.
Raman spectrum has been used to further study the internal chemical
environment of HPZN. The peak at ca. 1371 cm− 1 can be related to the
asymmetric -N = C = N- stretching mode (Fig. 2b) [40]. The peaks at ca.
758 cm− 1 and 1265 cm− 1 may be assigned to the bending mode of -N =
C = N- group. The signal of the -N = C = N- bending (δRaman = 758 cm− 1)
occurs at higher wavenumbers compared to FT-IR (δIR = 567 cm− 1),
which may due to the mixing of vibrational states (Fermi resonance)

Fig. 1. The XRD patterns of simulated ZnNCN powder, pure g-C3N4 powder
and HPZC nanocomposites.

HgO as a reference electrode (RE), respectively. Detailed electrode
manufacturing and testing and calculation methods also seen in sup
porting information.
3. Results and discussion
Honeycomb-like porous nanocomposites ZnNCN/g-C3N4 (HPZC)
were prepared using a two-step process. Firstly, a previously reported
method [33] involving the use of dual capping ligands of 2-methylimi
dazole and CTAB, was followed to synthesize monodisperse TRDshaped ZIF-8 parent colloids. As shown in Scheme 1, the TRD-ZIF-8
parent colloids contain 6 square {1 0 0} planes and 12 hexagonal
{1 1 0} planes, making it a rhombic dodecahedron with six truncated
corners. Second, melamine was added as both a sacrificial template and
a catalyst to yield array-shaped honeycomb porous nanocomposite
(HPZC), with g-C3N4 nanosheets and ZnNCN nanoparticles formed on its
surface, using high temperature annealing under nitrogen atmosphere.
3
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Fig. 2. (a) FT-TR spectrum of pure g-C3N4 and HPZC with different g-C3N4 loading. Weight ratios of starting materials (m(TRD-ZIF-8)/m(melamine) 1:0.5, 1:0.8, 1:1
and 1:1.2, respectively, from red to pink line); (b) Raman spectrum of HPZC. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

[41]. Moreover, the characteristic peaks of the ZnNCN are located below
500 cm− 1, which can be attributed to the lattice vibration. Besides, two
broad graphitic peaks at ca. 1354 cm− 1 and 1589 cm− 1 have been
observed, which are attributed to the D-band and G-band of g-C3N4,
respectively. Specifically, D-band can be assigned to the disordered
structure on graphite plane, and G-band can be assigned to the E2g vi
bration mode in sp2 graphitic carbon [42]. These results further illus
trate the presence of g-C3N4 and ZnNCN in HPZC nanocomposites.
The morphology and microstructure structure of TRD-ZIF-8 and
HPZC were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 3a and b, the
as-prepared TRD-ZIF-8 nanoparticles show truncated rhombic dodeca
hedral (TRD) nanostructures, and the average particle size is around
210 ± 20 nm. Due to TRD-ZIF-8 colloidal precursor, the resulting TRDZIF-8 particles revealed the self-assembled superstructures along the
three directions of space [29]. After adding melamine and calcining at a
high temperature under nitrogen atmosphere, the original solid arraylike nanostructure is destroyed and changes to a honeycomb-like
porous structure with the rough wall surface (Fig. 3c and d). The gray
scale contrast in TEM images (Fig. 3e and f) indicates that the obtained
HPZC nanocomposites are composed of carbon, ZnNCN and g-C3N4. The
lattice fringe with spacing of 1.95 nm, corresponding to {2 1 1} crystal
plane of ZnNCN, is recorded in the HRTEM images by snapshot mode,
which consistent with the XRD results. Moreover, g-C3N4 layer is uni
forms distributed on the surface of HPZC, which may be contribute to
the thermal decomposition of melamine (Fig. 3f). Besides, it is clearly
that the interfaces between ZnNCN/carbon and g-C3N4 is seamlessly
contacted, which may due to the in-situ forming process of g-C3N4 [43].
Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping
were performed in Fig. 2h-l. The uniform distribution of C, N and Zn
further suggests the homogenous distribution of ZnNCN and g-C3N4 in
HPZC.
In order to study the formation mechanism of this honeycomb-like
porous structure, the ZC samples without adding melamine were syn
thesized for comparison. As shown in Fig. S2, the TRD structure is
roughly kept in the obtained ZC, and the smooth surface becomes rough.
Moreover, massive nanoparticles appeared on the surface, which may be
contributed to small organic molecular in TRD-ZIF-8 changed into car
bon particles and zinc ion changed into ZnNCN nanoparticles after
calcining process [44]. Compared the morphology of HPZC with that of
ZC, in our opinion, melamine may play the key role in the formation of
honeycomb-like porous structure, which may due to that melamine set

as a self-sacrifice agent apart from as the etchant [45,46]. Specifically, as
shown in Scheme S1, TRD-ZIF-8 particles show regular {1 1 0} and
{1 0 0} planes. However, due to the action of surfactant (CTAB), TRDZIF-8 nanoparticles can self-assembly into the array structure, result
ing in {1 0 0} planes on adjacent TRD-ZIF-8 nanoparticles overlap with
each other. Thus, the added melamine only covers on non-overlapping
{1 0 0} planes instead of that of overlapped ones. During the calcined
process, melamine, as the etchant, corrodes these non-overlapping
{1 0 0} planes, resulting in the formation of honeycomb-like porous
backbones [47]. Moreover, the g-C3N4 is produced at the same time and
adhered to the porous wall and formed the final structure. This unique
formation mechanism may provide new ideas for the preparation of
large-scale porous structures.
The N2 sorption analysis is carried out to investigate the porous
nature of HPZC. As shown in Fig. S3, the N2 sorption isotherm corre
sponding to HPZC is typically of type IV (BDDT classification), showing
its mesoporous characteristic. Moreover, the H3 type shape at higher
relative pressure of hysteresis loop suggests the existence of similar slitlike pores, which may be originated from g-C3N4 layers stacking [48].
Barrett-Joyner-Halenda (BJH) pore-size distribution analyses confirms
that diameters of mesopores cover the wide range from 2 to 30 nm. As
shown in Table S1, BET surface area of HPZC (80.8 m2 g− 1) much higher
than that of bulk g-C3N4 (9 m2 g− 1) [49] and many related g-C3N4 based
materials [50,51], which can contribute to the specific honeycomb-like
porous structure in HPZC.
According to the results of the thermogravimetric analysis (TGA)
under nitrogen atmosphere (Fig. S4), it is obviously that there is a slow
weight decline at low temperature (less than 600 ℃), which may be
contribute to the existence of g-C3N4 steam in the mesopores of HPZC.
Moreover, a rapid decline appeared between 600 ℃ and 800 ℃, which
may due to the rapid loss of g-C3N4 at high temperature [52]. All these
results are consistent with above XRD and BET analysis.
The X-ray photoelectron spectroscopy (XPS) is used to further
analyze the chemical composition and the surface chemical states of
HPZC. The XPS survey spectra are shown in Fig. 4a and the main peaks
can be assigned to Zn, C and N, respectively. As shown in Fig. 4b, C1s
spectra can be fitted into two peaks at ca. 284.7 eV and 286.5 eV, which
can be ascribed to the C-C bond of adventitious carbon and C-N bonding
in the tri-s-triazing ring or the -N-C-N- carbodiimides, respectively [53].
Moreover, no peak appeared at ca. 282 eV, indicating that there is no
direct bond between C and Zn (C–Zn) in the nanocomposites [54], all
zinc atoms should be in ZnNCN nanoparticles. For N1s spectra, the
4
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Fig. 3. SEM and HRSEM images of (a) (b)
array-like TRD-ZIF-8 particles and (c) (d)
HPZC nanocomposites at different scale bars;
(e) TEM image of HPZC and (f) correspond
ing HRTEM image in yellow box area, insert
showing the crystal diffraction for ZnNCN;
(g) SEM image of HPZC and (h) the corre
sponding EDAX pattern in red cycle area; (i)
the enlarged SEM image of Fig. (g) in yellow
box region, corresponding elemental map
ping images of (j) Zn, (k) C and (l) N,
respectively. (For interpretation of the ref
erences to color in this figure legend, the
reader is referred to the web version of this
article.)

region can be divided into two energies, which can be ascribed to N-(C)3
(ca. 398.4 eV) and C-N-(H)2 groups (ca. 400.4 eV), respectively [55]. For
Zn2p spectra for HPZC, two characteristic peaks can be assigned to
Zn2p3/2 (ca. 1022.0 eV) and Zn2p1/2 (ca. 1045.1 eV), respectively
[38]. However, the binding energy of Zn2p of HPZC are slightly lower

than that of TRD-ZIF-8 (Fig. S5) , which may due to the unique Z-scheme
heterostructure formed at the g-C3N4/ZnNCN interface[13], indicating
the enhanced interfacial charge transfer and redistribution abilities.
The electrochemical performance of commercial ZnNCN, ZC and
HPZC nanocomposites as working electrodes of supercapacitors was
5
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Fig. 4. (a) XPS survey spectrum of HPZC and corresponding high-resolution (b) C1s, (c) N1s and (d) Zn2p XPS spectra.

tested in a three-electrode system with 3 M KOH as the electrolyte. Since
all samples in this paper are attached and measured on nickel foam
substrates, the effects of nickel foam should be firstly considered.
Noticeably, many literatures [56,57] report that the slight current was
recorded on the bare nickel foam electrode, thus it would be reasonable
to ignore the capacitance contribution of nickel foam. The cyclic vol
tammetry (CV) curves of commercial ZnNCN and HPZC are shown in
Fig. 5a. The redox peaks in ZnNCN and HPZC suggest the nature of
typical pseudocapacitive behavior. Moreover, the redox peak positions
of ZnNCN at ca. 0.3 V and 0.45 V, respectively, are approximately
consistent with that of HPZC. However, the cathode potential (ca. 0.35
V) of ZnNCN is slightly slower than that of HPZC (ca. 0.36 V), which may
be attributed to the energy levels of ZnNCN/g-C3N4 heterojunction in
HPZC different with that of ZnNCN [58].
HPZC electrodes show the same symmetrical redox peaks at different
scan rates (range from 1 mV s− 1 to 30 mV s− 1), indicating that the HPZC
have excellent rate capability and relatively low resistance (Fig. 5b). It is
well known that both a surface and a bulk play important role in redox
activity under a low discharge current density, while under a high
discharge current density it is surface activity that becomes dominant.
Thus, a linear relationship between square root of a scan rate and peak
current density further proves the occurrence of a Faradaic redox reac
tion on the electrode surface (Fig. S6). Moreover, CVs can also provide
greater insight into the charge storage kinetics of HPZC electrode.
Generally, the following equation proposed by Lindström et al can be
used to depicted the relationship between the san rates (v) and peak
current (i):[59,60]

i(V) = avb

(1)

where i(V) is the current at a specific potential, a and b are adjustable
parameters. Specifically, kinetic limitations can be estimated from the
limiting cases of the b-value; b = 0.5, which suggests a diffusioncontrolled (or battery-like) behavior, caused by slowly semi-infinite
linear ion diffusion; b = 1.0, which indicates a capacitive behavior
related to a fast faradaic redox reaction on the surface. [59,60] Ac
cording to the calculation of CVs curves with the scan rate ranges from 1
to 30 mV s− 1 (Fig. 5b), the b-values for anodic and cathodic peaks of
HPZC electrode are 0.72 and 0.70, respectively (Fig. S7). These b-values
are between 0.5 and 1, which suggests that this electrochemical reaction
is both surface-controlled and diffusion-controlled. However, till now,
no research on the electron transport mechanism of ZnNCN system was
reported, thus, the internal electrochemical mechanism still needs
follow-up research.
Electrochemical performance of HPZC materials was further studied
utilizing a series of HPZC-n electrodes where n signifies the ratio of TRDZIF-8 to melamine used in the synthesis as described in the Experimental
section. Fig. 5c presents the galvanostatic charge–discharge (GCD)
curves of HPZC-n series electrodes at 1 A g− 1. These non-linear charge
curves and their corresponding discharge curves are nearly symmetrical,
which combined the CV results to prove the pseudocapacitive behavior
of HPZC electrodes during these electrochemical processes [3]. Among
these materials, HPZC-4 has the longest discharge time. After calculation
based on the peak areas and IR-drop correction, the discharge specific
capacitance of HPZC-4 is ca. 5975 F g− 1 at 1 A g− 1, which is distinctly
superior than other HPZC samples (i.e., HPZC-1 (ca. 2405 F g− 1), HPZC6
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Fig. 5. (a) CV curves of pure ZnNCN powder
and HPZC with the scan rate at 5 mV s− 1; (b)
CV curves of HPZC at various scan rates,; (c)
GCD curves of HPZC-n with various mass
ratios of starting materials (m(TRD-ZIF-8)/m
(melamine)) at 1 A g− 1, and insert figure
shows the specific capacitance of HPZC series
electrodes at 1 A g− 1; (d) GCD curves of
ZnNCN, ZC and HPZC-4 at 1 A g− 1; (e) GCD
curves of HPZC-4 scanned at various current
densities, (f) corresponding specific capaci
tance of HPZC-4 after IR- drop correction and
Coulombic efficiency of HPZC-4; (g) Nyquist
plots (dot) and corresponding fitting line of
ZnNCN, ZC and HPZC-4, (i) equivalent cir
cuit used to fit impedance spectra; (h)
cycling stability of ZnNCN, ZC and HPZC-4 at
the current density of 7 A g− 1.

2 (ca. 3240 F g− 1), HPZC-3 (ca. 5460 F g− 1) and HPZC-5 (ca. 4152 F
g− 1)) and many reported Zn-based and g-C3N4-based materials
(Table S2).
In order to evaluate the influence of different compositions (i.e.,

carbon materials and g-C3N4) on capacitor performance of HPZC, a ZC
sample was prepared without melamine addition in an otherwise iden
tical synthesis process. The GCD curves of ZnNCN, ZC and HPZC-4 are
shown in Fig. 5d. The discharge time of ZC shows nearly 2 times than
7
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Fig. 6. (a) CV curves of HPZC-4//AC ASC at various scan rates range 1 mV s− 1 to 30 mV s− 1; (b) GCD curves of HPZC-4//AC ASC at various current densities range 3
A g− 1 to 10 A g− 1, (d) corresponding specific capacitance after IR drop correction; (c) cycling performance of HPZC-4//AC ASC at 7 A g− 1;

that of ZnNCN at 1 A g− 1, which can be attributed to the high conduc
tivity of carbon materials in ZC [2]. Moreover, the discharge time of
HPZC-4 shows 3 time than that of ZC, respectively, indicating that the
existence of g-C3N4 on the surface of HPZC would be contribute to the
improvement of capacitance [28].
High rate capability is another important parameter for super
capacitors. HPZC-4 electrodes are measured with the current density
range from 1 A g− 1 to 10 A g− 1 as shown in Fig. 5e. The results show that
charge and discharge curves are nearly similar at various current den
sities, suggesting the highly reversible redox reaction occurs on the
electrode surface with high Coulombic efficiency (≥95%), which
consistent with the results shown in Fig. 5f. Moreover, the specific
capacitance of HPZC-4 decreases nearly linearly with current density
increasing, which may be ascribed to electrode polarization (Fig. 5f).
When the current density is increased to 10 A g− 1, the specific capaci
tance of HPZC-4 is 3171 F g− 1 with the capacitance retention rate of
53.1% compared with at 1 A g− 1, indicating the advanced rate capability
of HPZC.
The origin of capacitance in the hybrid materials was clarified by EIS
Nyquist plots shown in Fig. 5g. Due to the existence of honeycomb-like
pore in HPZC, constant phase elements (CPE) were used in the equiva
lent circuit model instead of ideal capacitors (Fig. 5i) [61]. During the
electrochemical process, ions diffuse from the electrolyte to the surface
of g-C3N4 (CPE1) and ZnNCN/C composites (CPE2). Thus, the Warburg
impedance (W0, which represents the ion diffusion resistance) and the
equivalent series resistance (Rs, which represents the combination of the
electrolyte resistance, the internal electrode resistance and the interface
resistance) are in series with CPE1 and CPE2 [62]. Due to the

independent charge storage processes nature of pseudocapacitance,
CPE1 and CPE2 are connected in parallel. Moreover, since the redox
electrochemical reaction is controlled by the kinetics of charge transfer
at the electrode–electrolyte interface, CPE2 is connected in series with
the charge transfer resistor (Rct). As shown in Fig. 5i, the equivalent
circuit can properly describe the resistance and capacitance character
istics of ZnNCN based electrodes. According to the fitting results, HPZC4 has the lowest Rs (1.234 Ω), which is lower that of ZC (1.449 Ω) and
ZnNCN (1.514 Ω) (Fig. 5g). This may be attributed to the well-developed
honeycomb-like pore structure of HPZC with significant quantity of
heteroatoms on its surface resulting from g-C3N4 coating, which effec
tively decreases the interface resistance [63,64]. In the low frequency
region, HPZC-4 shows the largest slope, corresponding to the lowest
total impedance, indicating that HPZC-4 has best penetrability of the
electrolyte ions compared to those in ZC and ZnNCN, which can be
ascribed to the unique honeycomb-like porous structure and dense 2D
material g-C3N4 surface loading effectively reducing ion diffusion
resistance, thereby improving ion diffusion efficiency [23,65]. More
over, the fast ion diffusion is an important prerequisite for high specific
capacitance and excellent rate performance, indicating the potential
excellent electrochemical performance of HPZC electrodes.
The durable ability of the ZnNCN, ZC and HPZC-4 electrode mate
rials was evaluated under 3,000 continuous deep charge–discharge cy
cles at 7 A g− 1. As shown in Fig. 5h, the specific capacitance of ZNCN and
ZC remains 67.1% and 81.3% respectively compared with the original
capacitance. Moreover, HPZC-4 exhibits the highest initial capacitance
(3315 F g− 1) and show capacitance retention of 87.9% after 3,000 cycles
with a decay rate of only 0.004% per cycle. These above results show
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ASC) was assembled with HPZC-4 as the anode, activated carbon (AC) as
the cathode, and KOH aqueous solution as the electrode solution.
Moreover, the electrodes weight ratio was estimated to be 0.34 (m
(HPZC-4) / m (AC)).
Fig. 6a shows typical CV curves for HPZC-4//AC ASC at various scan
rates in the range of 0–1.6 V. Obviously, the scan rate does not signifi
cantly affect the shape of CV curves, suggesting that HPZC-4//AC ASC
can be used in related devices that require high operating rates and good
reversibility. It is worth noting that an increase in a voltage setting
higher than 1 V resulted in an unsatisfactory coulombic efficiency of
HPZC-4//AC ASC of less than 90%, thus a 0–1 V voltage range was
chosen for further testing. As shown in Fig. S9, HPZC-4//AC ASC has an
excellent coulombic efficiency (≥95%) under various current densities
(range from 3 A g− 1 to 10 A g− 1). Fig. 6b shows the relevant GCD curves
under the 3–10 A g− 1 and 0–1 V potential windows. According to the
formula calculation, the specific capacitance of HPZC-4//AC ASC is 779
F g− 1 at 3 A g− 1, 765 F g− 1 at 5 A g− 1 and 720 F g− 1 at 10 A g− 1,
respectively (Fig. 5d). Beides, when increasing the current density from
3 A g− 1 to 10 A g− 1, HPZC-4//AC ASC still shows 92.4% specific
capacitance retention, indicating superior rate capability.
The cycle stability of the asymmetric supercapacitor HPZC-4//AC
ASC is measured at 7 A g− 1 for 2,000 deep charge–discharge cycles.
As shown in Fig. 6c, after 2,000 cycles, HPZC-4//AC ASC can retain
87.6% specific capacitance compared with the initial capacitance value,
corresponding to the average decay rate of 0.006% per cycle, and
simultaneously provides high coulombic efficiency during these pro
cesses, which indicates the high cycle stability of HPZC-4//AC ASC.
Furthermore, the power density and energy density of the HPZC and
other related electrode materials are shown in Fig. 7. HPZC-4//AC ASC
can provide maximum power density and energy density of 7839 W
Kg− 1 and 213 Wh Kg− 1, respectively, which is obviously superior than
many related reported literatures [68–73]. Moreover, connecting two
HPZC-4//AC ASC cells in series can power the red-light emitting diode
for at least 3 min (Fig. 8), which further shows that the HPZC based
supercapacitor has high potential in practical applications.

Fig. 7. Ragone plot of as-assembled HPZC-4//AC ASC and a comparison with
the fields of EDLC, Li-ion batteries, and references.

that HPZC based supercapacitor has a solid structure and can work
stably for a long time at high current density. In order to verify this
hypothesis, we performed SEM analysis on the used HPZC-4 electrode
after 3000 charge–discharge cycles. As shown in Fig. S8, it is clearly that
the morphology of the HPZC-4 electrode after a long-term cycle test at
high current density was nearly the same as that of the initial state.
Although HPZC electrodes have made gratifying progress in cycle per
formance, however, the durable ability of HPZC-4 electrode still lower
than some heteroatoms doped carbon materials[66], which may due to
the Faraday-based oxidation–reduction reaction and poor conductivity
of transition metal-based materials, resulting in the relatively poor cycle
stability of pseudocapacitors composed of transition metal-based ma
terials[67].
In order to measure the performance of HPZC electrode materials
under real environment, an asymmetric supercapacitor (HPZC-4//AC

Fig. 8. (a) Red LED light powered by two HPZC-4//AC ASCs connected in series, and (b-d) corresponding the images of lighting time from 0 to 2 min. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Honeycomb-like porous ZnNCN/g-C3N4 nanocomposites (HPZC)
prepared using TRD-ZIF-8 as a precursor via a simple heat treatment
method and suitable for the application as supercapacitor electrode
materials were reported for the first time in this study. Optimized HPZC4 electrode demonstrated a specific capacitance of 5975 F g− 1 at 1 A g− 1
in a three-electrode testing system, significantly higher than those of
reference materials ZnNCN and ZC. HPZC-4//AC ASC supercapacitor
testing cell was assembled and displayed maximum power and energy
densities of 7839 W Kg− 1 and 213 Wh Kg− 1, respectively. The promising
electrochemical performance of HPZC materials resulted from their
well-developed honeycomb-like porous structure with g-C3N4 surface
loading responsible for the enhancement of surface area and conduc
tivity and the reduction of ion diffusion resistance. This study provides a
facile method to manufacture inexpensive transition metal carbodiimide
materials as promising electrodes for asymmetric electrochemical
capacitors.
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