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A B S T R A C T

Carbonaceous materials are practical anodes for lithium-ion batteries. Commercial graphite anode has a lim-
ited theoretical capacity of 372 mAh g−1. Amorphous carbon anode could break the capacity limitation of the
graphite anode, while nitrogen doping plays a critical role in effectively enhancing the reversible capacities and
rate capability of carbonaceous anodes. Herein, we propose a new strategy for synthesizing nitrogen-doped car-
bon materials from graphitic carbon nitride. Zinc-assisted thermal treatment of graphitic carbon nitride enables
the carbonization of graphitic carbon nitride and successful preparation of highly nitrogen-doped carbon. The
obtained nitrogen-doped carbon material is doped with a high-level nitrogen of 21.6 at. % which enables high
reversible capacity and rate capability. This work puts forward a new synthesis protocol of nitrogen-doped car-
bon materials for promising anodes of lithium-ion batteries.

© 2021

1. Introduction

Carbon anodes are practical anodes since the invention of
lithium-ion battery (LIB) in 1992 by SONY (Winter et al., 2018; Xie
and Lu, 2020). Graphite is now the commercialized carbon anodes
for LIBs for its stable performances and low (de)lithiation potentials.
Although graphite now occupies the largest market share of LIB an-
odes, graphite anode exhibits a limited theoretical capacity of 372 mAh
g−1 and low rate capability (Asenbauer et al., 2020; Billaud et al.,
2016), which limits its application in future high energy and high power
LIBs (Y. Liu et al., 2019). Low-temperature annealed amorphous car-
bons (Mori et al., 1995; Sato et al., 1994), hard carbons (Yu et
al., 2017, 2020), and heteroatom-doped defect-rich carbon anodes
(Yang et al., 2020) could exhibit high capacities due to the existence
of defects as active sites for the storage of lithium ions (Zhang et al.,
2021). What is more, compared with graphite, amorphous carbons pos-
sess larger interlayer spacing which could enable the fast diffusion of
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lithium ions and high (de)lithiation rates (Yang et al., 2020). Nitro-
gen-doping of amorphous carbon anodes is the most widely investigated
method for achieving high-capacity carbonaceous anodes (Guo et al.,
2016). Many well-tailored strategies have been developed to synthe-
size nitrogen-doped carbon anodes (Huang et al., 2020; Liang et al.,
2019; Zheng et al., 2019; Zhong et al., 2020).

In recent years, g-C3N4 has attracted attention as a nitrogen source
for the preparation of nitrogen-doped carbons (Li et al., 2020; Yu et
al., 2016). g-C3N4 is usually prepared by heat treatment of melamine,
urea, and dicyandiamide (Ong et al., 2016). g-C3N4 should be an
ideal source for nitrogen-doped carbons due to its high nitrogen con-
tent (57% atomic content). However, g-C3N4 faces total decomposition
at high temperatures above 650 °C (Yan et al., 2009; Zhang et al.,
2020b), which makes it hard to be used as a carbon source for ni-
trogen-doped carbon. So it is of great significance to develop novel
methods that utilize g-C3N4 as a carbon source to prepare highly ni-
trogen-doped carbons. Graphitic carbon with a low nitrogen doping
level of 0.7 at% could be prepared from g-C3N4 as a carbon precursor
through a magnesium-assisted mechanochemical method (Yuan et al.,
2020). Qiao et al. synthesized N-rich few-layered graphene by anneal-
ing graphitic carbon nitride with zinc for the anodes of sodium-ion bat-
teries (J. Liu et al., 2019). Nevertheless, the underlying mechanism is
not elucidated. Mullins et al. synthesized nitrogen-rich carbon via a cal

https://doi.org/10.1016/j.ces.2021.116709
0009-2509/© 2021.
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cium chloride-mediated thermal activation strategy (Burrow et al.,
2020), in which Ca2+ effectively stabilizes pyridinic N species and re-
sults in the formation nitrogen-rich carbon.

In this work, we utilized g-C3N4 as a single carbon source for the
preparation of highly nitrogen-doped (21.6 at%) carbon nanosheets.
g-C3N4 faces a catalysis decomposition, in which zinc metal was used to
retard the complete decomposition and enable the successful carboniza-
tion of g-C3N4. In the pyrolysis process, zinc metal converts into zinc
cyanamide, facilitating the formation of nitrogen-rich carbonaceous ma-
terials. CNNC displayed high capacity when used as an anode of LIB.
CNNC also showed high cycling stability and high rate capability.

2. Experimental

2.1. Preparation of CNNC

g-C3N4 was prepared by direct pyrolysis of melamine in the air at-
mosphere at 550 °C for two hours with a heat ramping rate of 10 °C
min−1. g-C3N4 derived nitrogen-doped carbon (CNNC) is prepared by
carbonizing a mixture of g-C3N4 and zinc metal powder with a mass ra-
tio of 1 to 4 at 700 °C for two hours under a heat ramping rate of 10 °C
min−1. The carbonized product was washed with excess 10% HCl solu-
tion for 24 h and then washed with adequate deionized water to neu-
tral pH. CNNC was obtained by drying the obtained product in a 80 °C
air-flow electric oven overnight.

2.2. Physicochemical characterization

Scanning electron microscopy (SEM) images were taken on a scan-
ning electron microscope (Merlin, ZEISS, Germany). Transmission elec-
tron microscope (TEM) images were taken on a Titan 80–300 CT trans-
mission electron microscope (TEM) (FEI, Thermo Fisher Scientific, USA).
X-ray diffraction (XRD) patterns were collected on a D8 Advance X-ray
diffractometer (Bruker, Germany) with a Cu Kα radiation
(λ = 1.5406 Å). Raman spectra were collected on a Witec Apyron confo-
cal micro-Raman spectrometer (WITEC, Germany) using a 532 nm laser
with a relatively low power of 1 mW. Fourier-transform infrared spec-
tra (FTIR) was collected on a Nicolet iS10 FTIR spectrometer (Thermo
Fisher Scientific, USA). X-ray photoelectron spectroscopy (XPS) analy-
sis was conducted on a Kratos Axis Supra photoelectron spectrometer
(Shimadzu, Japan). Thermal gravimetric analysis (TGA) coupled with
Fourier-transform infrared spectra (TGA-FTIR) was collected on a TG
209 F1 thermal analyzer (NETZSCH, Germany) coupled with a Tensor
27 FTIR analyzer (Bruker, Germany) using an argon protective atmos-
phere (20 sccm) under a heating ramping rate of 10 °C min−1. Thermal
gravimetric analysis coupled with mass spectroscopy (TGA-MS) mea-
surement was carried out on an STA449 F3 thermal gravimetric analyzer
(NETZSCH, Germany) coupled with an OMNISTAR mass spectroscopy
analyzer (Pfeiffer, Germany) using argon protective atmosphere (20
sccm) under a heating ramping rate of 10 °C min−1.

2.3. Electrodes preparation

The g-C3N4 electrode was prepared by mixing 70% g-C3N4, 20%
carbon black, and 10% CMC. The g-C3N4 electrode was cast on to a
copper foil and dried at 70 °C in a vacuum oven overnight. The mass
loading of g-C3N4 was around 1.5 mg, thus the mass loading of pure
C3N4 is about 1.1 mg. Carbon black (CB) electrode was prepared by
mixing 90% Super P Li carbon black with 10% CMC homogeneously
and cast on copper foil. The mass loading of CB electrode is around
1 mg. The obtained electrode was dried at 70 °C in a vacuum oven
overnight. CNNC electrode was prepared by mixing 80% CNNC, 10% su-
per P Li carbon black, and 10% CMC and cast on copper foil. The ob

tained electrode was dried at 70 °C in a vacuum oven overnight. The
mass loading of CNNC is around 1 mg.

2.4. Electrochemical measurements

The electrochemical performances of CNNC electrodes were evalu-
ated in CNNC//Li half cells assembled in 2032 coin cells. CNNC was
used as the working electrode, and lithium foil was used as the counter
and quasi-reference electrode. 1.0 mol L−1 LiPF6 in ethylene carbonate:
ethyl methyl carbonate (EC:EMC = 1:1) was used as the electrolyte for
half cells. One piece of glass fiber mat (Cat. No. 1823–090, Whatman)
was used as the separator. Electrochemical tests (cyclic voltammetry,
EIS) was conducted on a VMP3 electrochemical workstation (Bio-Logic,
France). EIS was collected from 1000 kHz to 10 mHz with a voltage am-
plitude of 10 mV. The EIS at different cycles are tested at fully charged
states. Galvanostatic charge–discharge (GCD) tests were conducted on a
CT-4008 T-5V10mA-164 battery tester (Neware, Shenzhen, China). The
CNNC//Li half-cells were tested within the potential range from 2.5 to
0.01 V.

3. Results and discussion

CNNC was prepared from a zinc-assisted thermal treatment of g-C3N4
powders. Fig. 1a shows the preparation schematic of CNNC. The me-
chanically mixed g-C3N4 and zinc metal powders were heat-treated un-
der an argon atmosphere in a quartz tube at 700 °C for one hour.
The obtained product contains CNNC, zinc cyanamide, and un-reacted
zinc metal. After hydrochloric acid etching, un-reacted zinc and zinc
cyanamide were etched off, through which we obtained the CNNC sam-
ple. To understand the preparation process, we tracked the pyrolysis
gas of the thermal treatment of the mixture of g-C3N4 and zinc. We
conducted thermogravimetric analysis (TGA) coupled with mass spec-
troscopy (TGA-MS) (Fig. 1b) and TGA coupled with Fourier Transform
infrared spectroscopy (TGA-FTIR) (Fig. 1c) to study the zinc-assisted
thermal carbonization process. The decomposition of g-C3N4 mainly oc-
curs at a temperature above 550 °C, which is demonstrated by the sig-
nal of CNH with an atomic mass unit (a.m.u.) of 27 (Fig. 1b). Due to
the easy polymerization characteristic of cyanamide acid (NCNH2), its
signal is not really obvious in Fig. 1b. However, the signal of CNH re-
flects the formation of a large amount of NCNH2 which could further
react with zinc forming zinc cyanamide (ZnNCN). Carbon dioxide was
released in the thermal treatment process (Fig. 1c) due to the existence
of adsorbed oxygen molecules in g-C3N4. A sharp peak appearing in Fig.
1c is ascribed to the N H bond from 600 to 700 °C (Figs. S1 and
S2), which is due to the decomposition of g-C3N4. As demonstrated in
the TGA-MS measurement, N H bond may originate from the nitro-
gen-containing species, such as NH2, CNH, or NCNH2 (cyanamide acid).
NCNH2 could react with zinc to form zinc cyanamide (ZnNCN). The for-
mation of zinc cyanamide could take extra nitrogen atoms from g-C3N4,
resulting in the formation of carbonaceous materials with a high ni-
trogen doping ratio. Due to the high thermal stability of ZnNCN up to
1000 °C, it does not decompose at 700 °C (Lin et al., 2018; Morita et
al., 2013). The snatch of extra nitrogen from g-C3N4 by ZnNCN could
enable the carbonization of g-C3N4, which is similar to the carboniza-
tion of g-C3N4 from a mechanochemical reaction between g-C3N4 and
Mg (Yuan et al., 2020). Based on this principle, we could design more
chemical approaches that take extra nitrogen from g-C3N4 for the syn-
thesis of g-C3N4-derived nitrogen-doped carbons. After thermal treat-
ment at 700 °C, the lamellar morphology of C3N4 (Fig. S3) was changed
to large block shapes (Fig. S4), which is due to the reaction between
zinc and NCNH2 resulting in the formation of zinc cyanamide.

XRD demonstrates that the final product contains zinc cyanamide
(ZnNCN, JCPDS No. 70-4898, tetragonal structure) (Lin et al., 2018)
with unreacted zinc metal (Fig. 2a). The intensity of CNNC is too weak
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Fig. 1. Reaction mechanism of g-C3N4 with zinc. (a) Schematic illustrating the reaction between g-C3N4 and zinc metal during pyrolysis. (b) Temperature-dependent TGA-MS spectrum.
(c) 3D temperature-dependent FTIR spectrum.

Fig. 2. (a) XRD pattern and (b) FTIR spectrum, (c) HAADF STEM image and the EDS elemental mapping of (d) C, (e) N, (f) Zn for the pyrolysis product of g-C3N4 and zinc metal.

to be detected. The FTIR spectra of the pyrolysis product also con-
firmed the formation of zinc cyanamide. The FTIR spectra of the pyrol-
ysis product (Fig. 2b) showed a peak centering at 2017 cm−1 that is as-
cribed to the asymmetric stretching mode of [N C N]2− ions and a
peak centering at 672 cm−1 that is ascribed to the deformation vibra-
tion mode of the [N C N]2− ions (Lin et al., 2018; Sougrati et
al., 2016) (Fig. 2b). The existence of the zinc cyanamide phase in the
pyrolysis product is verified by transmission electron microscopy (TEM)
image (Fig. S5). High angle annular dark-field (HAADF) TEM image
(Fig. 2c) coupled with energy-dispersive spectroscopy (EDS) mapping

demonstrates the homogeneous distribution of Zn, C, and N elements in
the final pyrolysis product (Fig. 2d–f).

The g-C3N4 exhibited a porous structure (Fig. S6), while CNNC
displayed a non-porous structure (Fig. S7). The CNNC displayed a
nanosheet morphology (Fig. 3a), and the thickness of CNNC was around
tens of nanometers (Fig. 3b). The g-C3N4 showed an amorphous struc-
ture observed by TEM (Fig. S8), while CNNC is of layered structure
(Fig. 3c and Fig. S9), which reveals the carbonization of g-C3N4. The
CNNC was mainly composed of carbon and nitrogen elements with mi-
nor oxygen, which is confirmed by the EDS mapping result (Fig. 3d–h).
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Fig. 3. (a, b) SEM images of CNNC nano-sheets. (c) HRTEM image of CNNC. (d) HADDF STEM images and elemental mapping of (e) C, (f) N, (g) O, and (h) mixing C, N, O elements.

Spectroscopy characterizations demonstrate the formation of car-
bonaceous materials, which is revealed by the shift of (0 0 2) peak from
the 27.87° for C3N4 (Fig. S10) to the carbon peak (002) of 26.8° for
CNNC (Fig. 4a). In the Raman spectra, G corresponds to the sp2 hy-
bridized C C bonds, while the D band corresponds to the sp3 hy-
bridized C C bond (Zhang et al., 2020a). The appearance of the G
band at 1572 cm−1 and the D band at 1357 cm−1 with a high ID/IG ratio
of 1.22 (Fig. 4b) reveals the well-formed carbonaceous material with
abundant defects which are induced by nitrogen doping and the exis-
tence of sp3 C C and C N bonds inside the carbon skeleton of CNNC.

The g-C3N4 exhibited typical FTIR spectra for carbon nitrides (Fig.
S11), which is in accordance with the previous studies (Kumar et al.,
2017). Several peaks were found between 1200 and 1750 cm−1 (Zhu
et al., 2017). These peaks are ascribed to the stretching mode of CN
connected triazine structure (Yan et al., 2009). Specifically, the peak
centered at 1230 cm−1 is ascribed to the C N bonds, while the peak
centered at 1540 cm−1 is ascribed to the C N bonds in N-doped car-
bonaceous materials. A broad peak located from 2700 to 3500 cm−1 is

attributed to the N H dangling bonds (Wen et al., 2017). The mul-
tiple peaks located between the C N and C N peaks reveal the
triazine structure of g-C3N4. On the contrary, the FTIR spectrum of
CNNC demonstrates the formation of C N (1576 cm−1) and C N
(1257 cm−1) bonds in the carbon skeleton of CNNC (Fig. 4c), which re-
veals that the nitrogen dopants in CNNC are sp2 or sp3 hybridized. The
appearance of N H bond is from the dangling bonds on the nitrogen
terminated carbon surface. X-ray photo spectroscopy (XPS) revealed a
high nitrogen content of 21.6 at.% in CNNC (Fig. S12). C 1s high-reso-
lution XPS spectra (Fig. 4d) showed the existence of C C (284.4 eV),
C N (285.6 eV), and C N (286.7 eV) bonds, and minor C O bonds
(Fig. 4d), which indicates the nitrogen heteroatoms are incorporated
into the graphene nanodomain of CNNC. The C N bonds are typical
active sites for the adsorption of Li+ ions (Zhang et al., 2021). N 1s
high-resolution XPS spectra (Fig. 4e) indicates the N doping configura-
tions are mainly pyrrolic nitrogen (N-5) (399.5 eV) (52.05%), and pyri-
dinic nitrogen (N-6) (398.0 eV) (43.35%) with only a small portion of
graphitic nitrogen (N Q) (4.6%) (Fig. 4f). N-5 and N-6 are edge ni-
trogen dopants located on the graphene nanodomains which are active

Fig. 4. (a) XRD pattern, (b) Raman spectra, (c) FTIR spectra, and (d) C 1s, (e) N 1s high-resolution XPS spectra of CNNC sample. (f) Schematic illustration showing the edge-nitrogen-dom-
inated nitrogen doping configurations in the carbon skeleton of CNNC.
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sites for the adsorption of Li+ ions. The above results demonstrate that
g-C3N4 was transformed into a highly nitrogen-doped carbonaceous ma-
terial. The carbonaceous nature of CNNC could also be revealed by its
high thermal stability (Fig. S13) compared with that of g-C3N4 (Fig.
S14). Nitrogen-doped carbons are prone to provide higher adsorption
energy than pristine non-doped carbons (Zhong et al., 2020). Signifi-
cantly, edge-nitrogen doping could effectively enhance the reversible ca-
pacity for the adsorption of alkali metal ions (Zhang et al., 2020b).
Besides, the edge-nitrogen dopants could create abundant defects sites
that are beneficial for the Li+ ion diffusion.

Due to the high content of nitrogen dopants in CNNC, CNNC is prone
to be a high-performance LIB anode material. Hence, we investigated
the lithium-ion storage performance of CNNC. As a LIB anode, CCNC
showed reversible lithium-ion storage behaviors (Fig. S15), CNNC ex-
hibited three anodic peaks between 0.2 and 0.7 V in the cyclic voltam-
metry (CV) curves (Fig. 5a), which is ascribed to the dealloying re-
actions of trace residue zinc species inside CNNC (Kim et al., 2016;
Tan et al., 2019; Wang et al., 2018). CVs curves recorded at dif-
ferent scan rates demonstrate the superior rate capability of CNNC an-
ode. The CNNC anode was tested by a galvanostatic charge–discharge
(GCD) method at a current density of 50 mA g−1 (Fig. S16). The CNNC
electrode was further tested at stepwise current densities (Fig. 5b). The
CNNC anode showed capacities of 686, 528, 456, 388, 326, 278, 198
mAh g−1 at GCD current densities of 50, 100, 200, 500, 1000, 2000,
and 5000 mAh g−1 respectively (Fig. 5c). When the current density was
switched back to 50 mA g−1, the capacity of CNNC was recovered to
430 mAh g−1. The reversible capacity is much higher than the graphite
anode. It need to be noted here that graphite anode only exhibits a
capacity of 73.2 mAh g−1 at 1.11 A g−1 (3C rate test) (Liu et al.,
2020) and a capacity of ca. 100 mAh g−1 at 0.744 A g−1 (Billaud et
al., 2016). Therefore, it can be seen that the CNNC electrode exhib-
ited high rate capability which is due to its highly defective structure
and high nitrogen doping. It needs to be noted here that the Super P
carbon black has a reversible capacity of 220 mAh g−1 at a current of
50 mA g−1 (Fig. S17). We also tested the electrochemical performances
of C3N4 electrode, and we deduced the capacity contribution of Super
P carbon black. C3N4 only exhibited a reversible capacity of 76.3 mAh
g−1 (Fig. S18). The above results demonstrate that g-C3N4 could be
transformed into a high-capacity carbonaceous anode by zinc-assisted
thermal carbonization. CNNC could be served as an anode of LIB with
high rate capability and high capacity. We further tested the long-term
cycling performances of CNNC under a current density of 1 A g−1.

Even though CNNC experienced a decreased capacity in the initial sev-
eral cycles, CNNC displayed a really stable cycling performance dur-
ing the following 2500 cycles with a stable capacity of 323 mAh g−1

(Fig. 5d). The long-term cycling stability also showed a high Coulombic
efficiency above 98.6%. Electrochemical impedance spectroscopy (EIS)
(Fig. 5e and f) was applied to track the evolution of the interfacial char-
acteristics of CNNC electrode. After cycling, the imaginary impedance
decreased, which reveals the increase of interfacial capacitance (Zhang
et al., 2021). The interfacial capacitance were calculated to be 1.48,
2.85, and 5.39 F g−1 before cycling, after 100 cycles, and after 1000
cycles. What is more, the enlarged Nyquist plot at the high-frequency
range showed a decreased charge transfer resistance upon cycling (Fig.
5f). We simulated the charge transfer resistance by a modified Randles
circuit (Zhang, 2020). The charge transfer resistance is simulated to be
200, 160, and 126 Ω before cycling, after 100 cycles, and after 1000 cy-
cles. The enlarged interfacial capacitance and decreased charge transfer
resistance indicate the increase of enlarged electrochemical active sur-
face area, which originates from the repeated (de)intercalation processes
in the lattice of CNNC.

4. Conclusion

In this work, we demonstrate here a general protocol that g-C3N4 can
be zinc-thermally transformed into high nitrogen-doped carbonaceous
materials. In this process, zinc metal forms zinc cyanamide, which as-
sists the carbonization of g-C3N4. This is a general approach that utilizes
g-C3N4 or its precursors as carbon sources for the preparation of high-ni-
trogen doped carbon nanosheets for the anodes of lithium-ion batteries.
Through this approach, various nitrogen-doped carbons anodes could be
developed for alkali metal ion batteries.
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Fig. 5. Electrochemical performance characterizations of CNNC. (a) CV curves at different scan rates. (b) GCD curves at different current densities. (c) Rate capabilities at different current
densities. (d) Long-term cycling stability of CNNC at a current density of 1 A g−1. (e, f) Nyquist plots after different GCD cycles.



UN
CO

RR
EC

TE
D

PR
OO

F

6 W. Zhang et al. / Chemical Engineering Science xxx (xxxx) 116709

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support from the National
Key Research and Development Plan (Grant NO. 2018YFB1501503), the
National Natural Science Foundation of China (Grant NO. 22038004),
the Research and Development Program in Key Fields of Guangdong
Province (2020B1111380002). Wenli Zhang acknowledges the start-up
funding of Guangdong University of Technology (GDUT).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ces.2021.116709.

References

Asenbauer, J., Eisenmann, T., Kuenzel, M., Kazzazi, A., Chen, Z., Bresser, D., 2020. The
success story of graphite as a lithium-ion anode material – fundamentals, remaining
challenges, and recent developments including silicon (oxide) composites. Sustain.
Energy Fuels.. doi:10.1039/d0se00175a.

Billaud, J., Bouville, F., Magrini, T., Villevieille, C., Studart, A.R., 2016. Magnetically
aligned graphite electrodes for high-rate performance Li-ion batteries. Nat. Energy 1,
16097. doi:10.1038/nenergy.2016.97.

Burrow, J.N., Pender, J.P., Guerrera, J.V., Wygant, B.R., Eichler, J.E., Calabro, D.C.,
Mullins, C.B., 2020. CaCl2 -Activated Carbon Nitride: Hierarchically Nanoporous
Carbons with Ultrahigh Nitrogen Content for Selective CO2 Adsorption. ACS Appl.
Nano Mater.. doi:10.1021/acsanm.0c01112.

Guo, W., Li, X., Xu, J., Liu, H.K., Ma, J., Dou, S.X., 2016. Growth of Highly Nitrogen-Doped
Amorphous Carbon for Lithium-ion Battery Anode. Electrochim. Acta 188, 414–420.
doi:10.1016/j.electacta.2015.12.045.

Huang, J., Lin, Y., Ji, M., Cong, G., Liu, H., Yu, J., Yang, B., Li, C., Zhu, C., Xu, J.,
2020. Nitrogen-doped porous carbon derived from foam polystyrene as an anode
material for lithium-ion batteries. Appl. Surf. Sci. 504, 144398. doi:10.1016/
j.apsusc.2019.144398.

Kim, C., Kim, J.W., Kim, H., Kim, D.H., Choi, C., Jung, Y.S., Park, J., 2016. Graphene Oxide
Assisted Synthesis of Self-assembled Zinc Oxide for Lithium-Ion Battery Anode. Chem.
Mater. 28, 8498–8503. doi:10.1021/acs.chemmater.5b03587.

Kumar, A., Kumar, P., Borkar, R., Bansiwal, A., Labhsetwar, N., Jain, S.L., 2017.
Metal-organic hybrid: Photoreduction of CO2 using graphitic carbon nitride supported
heteroleptic iridium complex under visible light irradiation. Carbon N. Y. 123,
371–379. doi:10.1016/j.carbon.2017.07.080.

Li, L., Tang, C., Zheng, Y., Xia, B., Zhou, X., Xu, H., Qiao, S.Z., 2020. Tailoring Selectivity
of Electrochemical Hydrogen Peroxide Generation by Tunable
Pyrrolic-Nitrogen-Carbon. Adv. Energy Mater. 10, 2000789. doi:10.1002/
aenm.202000789.

Liang, T., Wang, H., Fei, R., Wang, R., He, B., Gong, Y., Yan, C., 2019. A high-power
lithium-ion hybrid capacitor based on a hollow N-doped carbon nanobox anode and
its porous analogue cathode. Nanoscale 11, 20715–20724. doi:10.1039/c9nr07091e.

Lin, J., Zhao, W., Qian, M., Liu, K., Xu, J., Huang, F., 2018. Self-templated synthesis
of heavily nitrogen-doped hollow carbon spheres. Chem. Commun. 54, 4565–4568.
doi:10.1039/c8cc00415c.

Liu, J., Zhang, Y., Zhang, L., Xie, F., Vasileff, A., Qiao, S., 2019a. Graphitic Carbon
Nitride (g-C3N4)-Derived N-Rich Graphene with Tuneable Interlayer Distance as a
High-Rate Anode for Sodium-Ion Batteries. Adv. Mater. 31, 1901261. doi:10.1002/
adma.201901261.

Liu, K., Yang, S., Luo, L., Pan, Q., Zhang, P., Huang, Y., Zheng, F., Wang, H., Li, Q.,
2020. From spent graphite to recycle graphite anode for high-performance lithium
ion batteries and sodium ion batteries. Electrochim. Acta 356, 136856. doi:10.1016/
j.electacta.2020.136856.

Liu, Y., Zhu, Y., Cui, Y., 2019b. Challenges and opportunities towards fast-charging battery
materials. Nat. Energy 4, 540–550. doi:10.1038/s41560-019-0405-3.

Mori, Y., Iriyama, T., Hashimoto, T., Yamazaki, S., Kawakami, F., Shiroki, H., Yamabe,
T., 1995. Lithium doping/undoping in disordered coke carbons. J. Power Sources 56,
205–208. doi:10.1016/0378-7753(95)80036-G.

Morita, K., Mera, G., Yoshida, K., Ikuhara, Y., Klein, A., Kleebe, H.J., Riedel, R., 2013.
Thermal stability, morphology and electronic band gap of Zn(NCN). Solid State Sci.
23, 50–57. doi:10.1016/j.solidstatesciences.2013.06.008.

Ong, W.J., Tan, L.L., Ng, Y.H., Yong, S.T., Chai, S.P., 2016. Graphitic Carbon Nitride
(g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and Environmental
Remediation: Are We a Step Closer to Achieving Sustainability? Chem. Rev. 116,
7159–7329. doi:10.1021/acs.chemrev.6b00075.

Sato, K., Noguchi, M., Demachi, A., Oki, N., Endo, M., 1994. A mechanism of lithium
storage in disordered carbons. Science (80-. ). 264, 556–558. doi:10.1126/
science.264.5158.556.

Sougrati, M.T., Darwiche, A., Liu, X., Mahmoud, A., Hermann, R.P., Jouen, S.,
Monconduit, L., Dronskowski, R., Stievano, L., 2016. Transition-Metal Carbodiimides
as Molecular Negative Electrode Materials for Lithium- and Sodium-Ion Batteries with
Excellent Cycling Properties. Angew. Chemie - Int. Ed. 55, 5090–5095. doi:10.1002/
anie.201600098.

Tan, Q., Kong, X., Guan, X., Wang, C., Xu, B., 2019. Crystallization of zinc oxide quantum
dots on graphene sheets as an anode material for lithium ion batteries. CrystEngComm
22, 320–329. doi:10.1039/c9ce01285k.

Wang, L., Zhang, G., Liu, Q., Duan, H., 2018. Recent progress in Zn-based anodes for
advanced lithium ion batteries. Mater. Chem. Front. 2, 1414–1435. doi:10.1039/
c8qm00125a.

Wen, J., Xie, J., Chen, X., Li, X., 2017. A review on g-C3N4-based photocatalysts. Appl.
Surf. Sci. 391, 72–123. doi:10.1016/j.apsusc.2016.07.030.

Winter, M., Barnett, B., Xu, K., 2018. Before Li Ion Batteries. Chem. Rev. 118,
11433–11456. doi:10.1021/acs.chemrev.8b00422.

Xie, J., Lu, Y.C., 2020. A retrospective on lithium-ion batteries. Nat. Commun..
doi:10.1038/s41467-020-16259-9.

Yan, S.C., Li, Z.S., Zou, Z.G., 2009. Photodegradation performance of g-C3N4 fabricated
by directly heating melamine. Langmuir 25, 10397–10401. doi:10.1021/la900923z.

Yang, Z., Gao, Y., Zhao, Z., Wang, Y., Wu, Y., Wang, X., 2020. Phytic acid assisted
formation of P-doped hard carbon anode with enhanced capacity and rate capability
for lithium ion capacitors. J. Power Sources 474, 228500. doi:10.1016/
j.jpowsour.2020.228500.

Yu, H., Dong, X., Pang, Y., Wang, Y., Xia, Y., 2017. High Power Lithium-ion Battery
based on Spinel Cathode and Hard Carbon Anode. Electrochim. Acta 228, 251–258.
doi:10.1016/j.electacta.2017.01.096.

Yu, H., Shang, L., Bian, T., Shi, R., Waterhouse, G.I.N., Zhao, Y., Zhou, C., Wu, L.Z., Tung,
C.H., Zhang, T., 2016. Nitrogen-Doped Porous Carbon Nanosheets Templated from
g-C3N4 as Metal-Free Electrocatalysts for Efficient Oxygen Reduction Reaction. Adv.
Mater. 28, 5080–5086. doi:10.1002/adma.201600398.

Yu, H.Y., Liang, H.J., Gu, Z.Y., Meng, Y.F., Yang, M., Yu, M.X., Zhao, C.D., Wu, X.L., 2020.
Waste-to-wealth: low-cost hard carbon anode derived from unburned charcoal with
high capacity and long cycle life for sodium-ion/lithium-ion batteries. Electrochim.
Acta 361, 137041. doi:10.1016/j.electacta.2020.137041.

Yuan, Y., Wang, T., Chen, H., Mahurin, S.M., Luo, H., Veith, G.M., Yang, Z., Dai, S., 2020.
Ambient Temperature Graphitization Based on Mechanochemical Synthesis. Angew.
Chemie - Int. Ed. 59, 21935–21939. doi:10.1002/anie.202009180.

Zhang, S.S., 2020. Is Li/Graphite Half-Cell Suitable for Evaluating Lithiation Rate
Capability of Graphite Electrode? J. Electrochem. Soc. 167, 100510. doi:10.1149/
1945-7111/ab945e.

Zhang, W., Cao, Z., Wang, W., Alhajji, E., Emwas, A.H., Costa, P.M.F.J., Cavallo, L.,
Alshareef, H.N., 2020a. A Site-Selective Doping Strategy of Carbon Anodes with
Remarkable K-Ion Storage Capacity. Angew. Chemie - Int. Ed. 59, 4448–4455.
doi:10.1002/anie.201913368.

Zhang, W., Sun, M., Yin, J., Abou-Hamad, E., Schwingenschlögl, U., Costa, P.M.F.J.,
Alshareef, H.N., 2021. A Cyclized Polyacrylonitrile Anode for Alkali Metal Ion
Batteries. Angew. Chemie - Int. Ed. 60, 1355–1363. doi:10.1002/anie.202011484.

Zhang, W., Yin, J., Sun, M., Wang, W., Chen, C., Altunkaya, M., Emwas, A.H., Han, Y.,
Schwingenschlögl, U., Alshareef, H.N., 2020b. Direct Pyrolysis of Supermolecules:
An Ultrahigh Edge-Nitrogen Doping Strategy of Carbon Anodes for Potassium-Ion
Batteries. Adv. Mater. 32, 2000732. doi:10.1002/adma.202000732.

Zheng, C., Hu, X., Sun, X., Yoo, S.J., Li, X., 2019. Large-scale synthesis of nitrogen-rich
hierarchically porous carbon as anode for lithium-ion batteries with high capacity
and rate capability. Electrochim. Acta 306, 339–349. doi:10.1016/
j.electacta.2019.03.137.

Zhong, S., Liu, H., Wei, D., Hu, J., Zhang, H., Hou, H., Peng, M., Zhang, G., Duan, H., 2020.
Long-aspect-ratio N-rich carbon nanotubes as anode material for sodium and lithium
ion batteries. Chem. Eng. J. 395, 125054. doi:10.1016/j.cej.2020.125054.

Zhu, B., Xia, P., Li, Y., Ho, W., Yu, J., 2017. Fabrication and photocatalytic activity
enhanced mechanism of direct Z-scheme g-C3N4/Ag2WO4 photocatalyst. Appl. Surf.
Sci. 391, 175–183. doi:10.1016/j.apsusc.2016.07.104.

https://doi.org/10.1016/j.ces.2021.116709
https://doi.org/10.1016/j.ces.2021.116709

	Carbon nitride derived nitrogen-doped carbon nanosheets for high-rate lithium-ion storage
	Keywords
	Abstract
	Introduction
	Experimental
	Preparation of CNNC
	Physicochemical characterization
	Electrodes preparation
	Electrochemical measurements

	Results and discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary material
	References


