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Abstract: Lithium-ion batteries (LIBs) have already gained significant attention because they have
satisfactory energy density and no memory effect, making them one of the most widely used energy
storage systems. In commercial LIBs, graphite is widely used as an anode material due to its
excellent electrical conductivity and structural stability; however, as they are limited by their restricted
theoretical capacity, there is an urgent need for the development of novel anode materials for LIBs. For
this purpose, we designed a nitrogen-doped two-dimensional layered porous carbon material (2D-
PNC) based on a covalent organic framework (COF) generated by a Schiff base reaction as a precursor.
The characterization analysis results show that 2D-PNC is made of stacked two-dimensional ultra-thin
carbon sheets with a porous structure. This unique structure is beneficial for electrolyte impregnation
and lithium-ion storage, resulting in excellent electrochemical performance of 2D-PNC, which shows
a high specific capacity of 573 mAh g−1 after 380 cycles at 0.5 A g−1. The results show that 2D-PNC
provides the possibility of a practical application of high-performance lithium-ion batteries.

Keywords: Schiff base reaction; layered porous structure; covalent organic frameworks; lithium-ion
batteries

1. Introduction

The growing demand for portable electronic equipment and electric automobiles in
human society, coupled with the energy crisis and the growing interest in the renewable
energy industry, has sparked extensive research into batteries by researchers. [1]. LIBs
are attracting a lot of attention because of their satisfactory energy density, small self-
discharge, and almost no memory effect [2–4]. The electrode material is one of the keys
to lithium-ion battery performance [5]. Graphite is extensively used in commercial LIBs
due to its structural stability and remarkable electrical conductivity [6]. However, because
of its limited theoretical capacity (372 mAh g−1), it cannot meet the growing demand for
batteries [7].

Meanwhile, porous carbon materials are also among the ideal anode materials for
lithium-ion batteries because of their porous structure and high specific surface area. These
properties lead to better contact with the electrolytes to shorten the transport distance of Li+.
In addition, porous carbon materials can obtain higher capacity and better rate performance
than graphite, dueto the expansion of the interlayer distance and the shortening of the ion
transport pathways [8,9].

Moreover, heteroatoms (N, S, B, etc.) doping in the anode of carbon-based materials
for lithium-ion batteries can also effectively enhance the electrochemical performance of
lithium-ion batteries [10–13]. For example, the existence of nitrogen atoms improves the
distance between carbon layers and generates huge amounts of defects, which then provides
more active sites for the insertion of lithium ion [14]. Recently, significant developments
have been achieved in the doping of initial carbon nanostructures with heteroatoms as
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high-performance anode materials for LIBs [11,15], producing, for example, N-doped
carbon nanoparticles [16], N-doped carbon nanofibers [12], and N, S-codoped porous
graphene [10,17]. Although the combination of carbon materials and heteroatoms has
excellent effects, developing novel hierarchical porous N-doped carbon materials with
suitable morphology and appropriate levels of N-doping is still challenging.

Covalent organic frameworks (COFs) are a new category of organic porous carbon
materials with excellent divinable two- or three-dimensional pore structures [18–20]. Their
structures consist of covalent bonds formed between light elements (C, N, O, H, and B), and
have the merits of uniform nanopore distribution and large specific surface area, which have
shown promising applications in energy storage [21–23]. In this work, p-phenylenediamine
and p-phthalaldehyde are used as raw materials to produce -C=N- linked COF as precursors
through dehydration condensation through a Schiff base reaction. After that, the COF,
melamine with and without zinc nitrate were carbonized to produce N-doped carbon
(NC) or porous N-doped carbon (2D-PNC) for LIBs, wherein zinc nitrate was used as a
pore-generating agent and melamine was used to further increase the nitrogen content of
the material. 2D-PNC not only provides better electrolyte impregnation but also offers
adequate sites for lithium-ion storage. With the merits of porous N-doped 2D nanostructure,
2D-PNC delivers a much more improved rate and cycling performance than NC. At the
current density of 0.5 A g−1, the discharge specific capacity reached 573 mAh g−1 after
380 cycles. The discharge specific capacity still reached 302 and 242 mAh g−1 at current
densities of 3 A g−1 and 5 A g−1.

2. Experiment
2.1. Preparation of COF, 2D-PNC, and NC

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), P-phenylenediamine (Pa), p-phthalaldehyde
(Ppd), and melamine (MA) were purchased from Aladdin. Ethanol was purchased from
Sinopharm. Acetate and acetonitrile were bought from Macklin. No further purification was
performed on any of the reagents.

744 mg p-phthalaldehyde was mixed with 600 mg p-phenylenediamine in 100 mL
ethanol and stirred for 15 min, then 5 mL acetate was added and stirred vigorously for 8 h.
After the Schiff base reaction, the suspension was centrifuged with alcohol at 13,000 rpm
for 8 min, washed three times, and dried overnight at 60 ◦C to finally acquire Pa-Ppd COF.

The as-prepared COF (0.6 g) was dissolved in acetonitrile (50 mL), and the MA
(0.3 g) and Zn(NO3)2·6H2O (1.2 g) were dissolved in 10 mL of deionized water (DIW).
Subsequently, the solution containing MA and Zn(NO3)2 was poured into the acetonitrile
solution containing COF. After stirring for 8 h, the above suspension was dried in an oven
at 100 ◦C for 12 h. Following drying, the resulting solid was pyrolyzed in a tube furnace at
900 ◦C for 3 h under a floating inert gas atmosphere to finally obtain 2D-PNC. The synthesis
method of NC was the same but without Zn(NO3)2.

2.2. Electrochemical Measurements

Electrochemical measurements of 2D-PNC and NC electrodes were conducted in a half-
cell (coin cells, CR2025) test and assembled in an Ar-filled glovebox. The counter electrode
was made of Li foil, the separator was Celgard 2400, and the nonaqueous electrolyte was
1 M LiPF6 dissolved in a solution of ethylene carbonate and diethyl carbonate (1:1, v/v). To
prepare the 2D-PNC working electrode, 80% of 2D-PNC active material, 10% of conductive
carbon black (super P), and 10% of polyvinylidene fluoride (PVDF) were mixed with N-
methyl-2-pyrrolidone (NMP). The obtained slurry was then homogeneously pasted onto
the copper foil and dried under vacuum at 50 ◦C for 12 h. The loading of active mass on the
electrode was about 1.2 mg cm−2. The preparation method of the NC working electrode
was the same as that of 2D-PNC except that the active material was replaced by NC. The
LANHECT2001A battery test equipment was used to measure the LIBs’ performance
over the voltage range of 0.01–3.0 V. The cyclic voltammograms (CV, scan rates from 0.1
to 3.0 mV s−1) curves were conducted with the CHI-760E electrochemical workstation
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(Chenhua Instrument, Shanghai). A sine wave with an amplitude of 5.0 mV and a frequency
range of 100 kHz to 0.01 Hz was used to acquire the EIS. The glovebox filled with Ar and
H2O with less than 0.1 ppm of oxygen and hydrogen was used to assemble all batteries.

2.3. Material Characterizations

Fourier transform infrared spectroscopy (FTIR) measurements were acquired from
Thermo Scientific Nicolet iN10. SEM images were captured using a HITACHI SU8010
field emission scanning electron microscope. The XRD pattern was recorded on an X-ray
diffractometer (Rigku MiniFlex) with a scan range (2θ) of 3–90◦, and the scanning rate
was 3◦ per minute. Transmission electron microscopy (TEM) images and selected area
electron diffraction (SAED) images were acquired on an FEI Talos 200S. X-ray photoelectron
spectroscopy (XPS) spectra were used for Thermo Kalpha. BET analysis was obtained from
Micromeritics ASAP2460. At room temperature, Raman spectroscopy was performed using
a Renishaw InVia and an excitation wavelength of 532 nm. The BSD instrument system
was used to evaluate Nitrogen (N2) adsorption and desorption isotherms. A Brunauer-
Emmett-Teller (BET) model was used for determining the surface area specific to each type
of material.

3. Result and Discussion

The synthesis routes of Pa-Ppd COF and 2D-PNC are illustrated in Figure 1. Firstly, Pa
and Ppd were dehydrated and condensed via a Schiff base reaction at room temperature,
using the solution stirring method to form -C=N- linked COF. Subsequently, the as-prepared
COF was mixed homogeneously with MA and Zn(NO3)2 in the solvent. Next, the above
mixed suspension was dried and then the resulting solid was pyrolyzed to finally obtain 2D-
PNC. The synthesis details are described in the experimental section. Zn(NO3)2 is gradually
decomposed and volatilized during the pyrolysis process, resulting in the exfoliation of the
carbon layer and porosity, which is also the key to the constitution of the two-dimensional
porous layered structure of 2D-PNC. MA is introduced to enhance the N-doping level of
2D-PNC. In order to study the influence of the unique two-dimensional porous layered
structure on the performance of LIBs, NC was also prepared. NC was prepared in the same
way as 2D-PNC, except that Zn(NO3)2 was not added.
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Figure 1. Schematic illustration of the synthesis of 2D-PNC.

In the Fourier transform infrared spectrum (FTIR), the disappearance of the peak at
1695 cm−1 corresponds to the stretching vibration of the carbonyl groups, the disappearance
of the peaks at 3303 and 3192 cm−1 is ascribed to the -NH2 stretching bands and the
appearance of the peak at 1615 cm−1 is ascribed to the stretching bands of C=N. The peak
at 1220 cm−1 can be ascribed to the C-N stretching bands (Figure 2a). This indicates that
the COF is formed by dehydration condensation of Ppd with Pa by a Schiff base reaction
under nonaqueous solvent. Subsequently, the synthesis of NC and 2D-PNC is carried
out by the above synthesis method (Figure 1). Due to the loss of nitrogen-containing and
carbon-containing groups in the pyrolysis process of COF, the chemical environment of
2D-PNC and NC is changed, resulting in a chemical shift of 30 cm−1 at the characteristic
peak of C=N. In addition, there is a peak at 1560 cm−1 associated with the stretching
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vibration of the C-N (Figure S1). Figure 2b shows the XRD pattern of NC and 2D-PNC. It
can be seen that two distinct diffraction peaks appear at 23.5◦ and 42.8◦ for both materials,
which correspond to graphite’s (002) and (100) crystal planes [24]. No other impurity peaks
are present that can explain the high purity of the NC and 2D-PNC. Meanwhile, the two
diffraction peaks of 2D-PNC in the XRD pattern are weaker and broader compared to the
NC, indicating a lower degree of graphitization of 2D-PNC [25]. A Raman spectroscopy
test was performed to investigate the information of NC and 2D-PNC composition in
depth, and Figure 2c shows the results. Both NC and 2D-PNC have two significant peaks
around 1360 and 1590 cm−1, which are two feature bands of the carbonaceous materials
that correspond to the D-band (disorder carbon band) and the G-band (graphite carbon
band), respectively [26]. The intensity ratios (ID/IG) of NC and 2D-PNC are 1.01 and 1.22,
respectively, indicating a lower level of graphitization, a higher degree of disorder, and
more defects in 2D-PNC, which agrees with the results in the XRD pattern. This results from
the doping of N atoms in the 2D-PNC and the exposure of edges in the porous structure,
which creates more defect sites [27]. These defect sites can offer more active sites in the
following charging and discharging process, improving the lithium storage capacity of
2D-PNC [8].
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The XPS element survey of NC and 2D-PNC is presented in Figure 2d. NC is composed
of C (1s, ~285 eV), O (1s, ~532 eV), and N (1s, ~401 eV). Additionally, 2D-PNC is mainly
composed of C (1s, ~285 eV), O (1s, ~532 eV), and N (1s, ~401 eV), with a very low
content (0.5 at.%) of Zn (2p3/2, ~1022 eV). This is due to the low content of Zn remaining
after the pyrolysis of Zn(NO3)2·6H2O during the synthesis of 2D-PNC. Zn(NO3)2·6H2O
generates NOX and H2O gases during the pyrolysis process and forms ZnO nanoparticles.
Then, ZnO is reduced by carbon to produce metallic Zn nanoparticles embedded in the
carbon sheets, which evaporate at high temperatures. Porous structures and ultrathin
carbon nanosheets are also believed to be formed by Zn(NO3)2 decomposition at high
temperatures in 2D-PNC. The high-resolution XPS spectrum of Zn 2p from 2D-PNC is
illustrated in Figure S2, which shows two peaks corresponding to the electronic states
of 2p3/2 (1022 eV) and 2p1/2 (1045 eV) of Zn0, respectively. The 2p3/2 binding energy of
Zn2+ (1021 eV) is lower than the standard of 1022 eV for Zn0, indicating that the remaining
component in 2D-PNC should be Zn0 rather than Zn2+ [28]. This is due to the vaporization
residue of the Zn nanoparticles generated in the last step of the Zn(NO3)2 decomposition.
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Due to its extremely low content, this also shows that the decomposition of Zn(NO3)2 is
complete and thorough. The remaining Zn atoms can also improve the electrochemical
performance of LIBs [29,30]. The high-resolution XPS spectrum of N 1s from 2D-PNC and
NC (Figure 2e) can be classified into three types, including pyridinic N, pyrrolic N, and
graphitic N. Compared with NC, the feature peak of pyrrolic N in 2D-PNC has a chemical
shift of 0.2 eV, while the feature peaks of other N dopants are not changed in 2D-PNC. It
appears that pyrrolic N was exposed to a different chemical environment in 2D-PNC than
in NC, possibly due to the change in the chemical environment of pyrrole-type N caused
by the Zn atoms remaining in 2D-PNC [28,31]. The high-resolution C 1s spectra of NC and
2D-PNC (Figure 2f) can be classified into four chemical components at 284.6, 285.3, 286.7,
and 289.2 eV, corresponding to the C-C/C=C, C=N, C-N, and C=O bonds, respectively [32].

Figure 3a,b display the scanning electron microscopy (SEM) images of 2D-PNC, which
reveal a distinct layered two-dimensional porous structure. In contrast, a dense structure
was observed for NC. (Figure S3a,b). It can be inferred that this unique layered two-
dimensional porous carbon structure is due to the decomposition of Zn(NO3)2 at high
temperatures. The nitrogen (N2) adsorption and desorption curves and pore size distribu-
tion of 2D-PNC and NC are illustrated in Figure 3c. It can be observed that the isotherm of
2D-PNC shows a clear type-IV hysteresis loop, which is in good agreement with the porous
structure shown in SEM (Figure 3a,b). Meanwhile, the unique layered porous structure
of 2D-PNC has a higher specific surface area (534 m2/g), which is more conducive to
electrolyte impregnation. The TEM images of 2D-PNC (Figure 3d,e) also clearly show the
two-dimensional layered porous structure. Figure 3f and its inset show indistinct lattice
fringes and blurry diffraction rings of 2D-PNC, showing typical amorphous carbon features,
indicating the low degree of graphitization, in good agreement with the results of XRD
patterns. Figure 3g illustrates energy-dispersive X-ray spectroscopy (EDS) mapping images
demonstrating the uniform distribution of C, N, O, and Zn in two-dimensional layered
porous carbon.

To investigate the lithium-ion storage properties of NC and 2D-PNC, we evaluated the
electrochemical performances of NC and 2D-PNC as the anode materials of LIBs in a half-
cell structure, respectively. Figures 4a and S4 illustrate the cyclic voltammetry (CV) curves
in the 0.01–3.0 V voltage range, with a scan rate of 0.1 mV s−1 for the first four cycles. In
comparison to the initial cycle, the following cycles show significant differences. This result
indicates that the CV curves of 2D-PNC and NC electrodes show clear reduction peaks
at 0.55 V and 0.70 V in the first cycle, respectively, and these reduction peaks disappear
in the subsequent cycles, which may be due to the solid electrolyte interface (SEI) layer
formed on the surface of 2D-PNC and NC by electrolyte decomposition [33]. In subsequent
cycles, the broad redox peaks at ~0.01/0.3 V for 2D-PNC and NC may be related to the
insertion and desertion of lithium-ion into interlayers and without phase transition. In
following cycles, the CV curves overlap well, showing that the stable SEI layer was formed
in the initial cycle. The charge and discharge profiles of 2D-PNC and NC for the first four
cycles with a current density of 0.2 A g−1 and a cutoff potential window of 0.01–3.0 V
(Figures 4b and S5), respectively, in which the voltage plateau is well in accordance with
the above CV peaks analysis. In the first cycle of the 2D-PNC and NC electrodes, a distinct
voltage plateau appears at 0.55 V and 0.70 V, respectively, corresponding to the formation
of the SEI layer. There are barely any other obvious voltage plateaus during the following
charge and discharge process due to the pseudocapacitive identity of lithium-ion storage
in the 2D-PNC and NC electrodes. Meanwhile, from the second cycle the charge and
discharge curves start to overlap significantly, showing significant reversibility of lithiation
and delithiation in the 2D-PNC and NC electrodes.
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The electrochemical reaction kinetics and associated mechanisms of 2D-PNC in LIBs
by CV measurements at different scan rates have been investigated (Figures 4c and S6).
With increasing scan rates, peak currents of redox reactions increase gradually, while the
shape of the CV curves is well maintained. In addition, the potential differences between
the reduction (peak 1) and oxidation (peak 2) peaks are enlarged, indicating enhanced
polarization. In general, Equations (1) and (2) can be used to describe the connection
between peak current (ip) and scan rate (v).

iP = avb (1)

logiP = loga + blogv (2)

where a and b are constants. The slope of the fitted straight line (the value of b) can
be used to determine diffusion-controlled and/or pseudocapacitive processes in lithia-
tion/delithiation. b = 0.5 or 1.0 suggests an absolutely diffusion-controlled behavior or
capacitive behavior, respectively. According to Table S1, peak currents and scan rates were
listed, the calculated b values are 0.88 and 0.78 at peak 1 and peak 2, respectively. According
to these results, both pseudocapacitance and ionic diffusion control lithium storage reac-
tions in 2D-PNC, and the process of pseudocapacitance plays a primary role in lithium-ion
storage, which could also be the reason for their excellent electrochemical performance.
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Figure 4. (a) CV profiles of the first four cycles at 0.1 mV s−1 of 2D-PNC. (b) Charge and discharge
voltage profiles for the first four cycles at 0.2 A g−1 of 2D-PNC. (c) CV profiles at various scan rates
of 2D-PNC, and (d) the corresponding linear fits of 2D-PNC. (e,f) Nyquist plots and the linear fitting
plots of Z′ vs. W−0.5 of 2D-PNC.

Subsequently, the electrochemical reaction kinetics were further investigated by elec-
trochemical impedance spectroscopy (EIS). The Nyquist plots of the 2D-PNC and NC
electrodes at open circuit potential are illustrated in Figure 4e. It can be observed that
both 2D-PNC and NC show a typical semicircle, which correlates with the charge-transfer
resistance (Rct) and subsequently corresponds to a straight line of Valborg impedance (W)
at low frequency. The Rct of the 2D-PNC electrode (310 Ω) is smaller than those of NC
(478 Ω). 2D-PNC electrodes have a higher charge-transfer efficiency than NC electrodes, as
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shown by this comparison. Furthermore, the inclined line of the low-frequency region is
relevant to the Li+ diffusion within the electrode. Figure 4f shows linear fitting plots of Z’
versus W−0.5 for the 2D-PNC and NC. It can be observed that the 2D-PNC has a smaller σ,
that is, a higher lithium-ion diffusion coefficient (DLi+), and these results can be ascribed
to the unique two-dimensional porous structure of 2D-PNC which enhances the contact
area between the electrode and electrolyte, hence ensuring the rapid penetration of the
electrolyte, shortening the diffusion path of lithium-ion and accelerating the transfer of
lithium-ion.

The rate performances of 2D-PNC and NC in lithium-ion batteries were measured at
various current rates ranging from 0.1 to 5.0 A g−1 (Figures 5a,b and S7). At the current
density of 0.1 A g−1, the reversible capacity of 2D-PNC is 816 mAh g−1. When the current
rates are increased to 0.3, 0.5, 1.0, 3.0, and 5.0 A g−1, the specific capacities are 643, 490, 409,
302, and 242 mAh g−1, respectively. The reversible capacity increases to 609 mAh g−1 once
the current rate goes back to 0.3 A g−1, which is slightly greater than the initial value. This
can be explained by the electrode being activated. At current rates of 0.1, 0.3, 0.5, 1.0, 3.0,
and 5.0 A g−1, the reversible capacities of NC are 294, 204, 177, 157, 122, and 110 mAh g−1,
respectively, which are all inferior to the 2D-PNC exhibited. This is related to the unique
2D porous structure shown by 2D-PNC, which can accelerate the transport of lithium ions
and electrons.
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The cycling performance and Coulomb efficiency (CE) of the prepared electrodes were
measured at 0.2 A g−1 and 0.5 A g−1. As shown in Figure 5c, after 130 consecutive cycles,
the reversible specific capacity of 2D-PNC still reaches 600 mAh g−1 at a current rate of
0.2 A g−1, which is greater than the 273 mAh g−1 of NC. At 0.5 A g−1, the specific capacities
of 2D-PNC and NC reach 573 mAh g−1 and 274 mAh g−1 after 380 cycles, respectively. This
can be attributed to the unique two-dimensional layered porous structure of 2D-PNC, which
provides more active sites for lithium storage and facilitates the insertion and desertion of
lithium ion. The CE of the 2D-PNC electrode reaches almost 100% after several cycles, both
at 0.2 A g−1 and 0.5 A g−1, which means that it has remarkable structural reversibility.

4. Conclusions

In summary, we used a simple solution stirring strategy to generate COF by a Schiff
base reaction in a nonaqueous solvent, and used as-prepared COF as the precursor to
produce two-dimensional layered porous carbon materials for LIBs. This carbon material
consists of stacked ultrathin carbon nanosheets and has a rich pore structure, high specific
surface area, and enriched N atom doping. These features provide better contact between
the electrode material and the electrolyte, which shortens the lithium-ion transport distance
and can offer more active sites for lithium-ion insertion. The anode of LIBs based on this
unique two-dimensional layered porous carbon material can provide not only high cycle
reversible capacities (600 mAh g−1 after 130 cycles at 0.2 A g−1 and 573 mAh g−1 after
380 cycles at 0.5 A g−1) but also remarkable rate performance (242 mAh g−1 at 5.0 A g−1).
This work demonstrates a simple synthesis method for making two-dimensional layered
porous carbon materials for LIBs with COF generated by the Schiff base reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16041733/s1, Figure S1: FTIR of COF, NC, and 2D-PNC.
Figure S2: Zn 2P XPS spectra of the 2D-PNC; Figure S3: (a,b) SEM images of NC; Figure S4: CV
curves for the first four cycles at 0.1mV s−1 of NC; Figure S5: Charge and discharge voltage curves
for the first four cycles at 0.2 A g−1 of NC. Figure S6: The zoomed-in figures of CV curves of 2D-PNC
at different scan rates. Figure S7: The corresponding voltage profiles at various current densities from
0.1 to 5 A g−1 of NC. Table S1. The values of different scan rates (mV s−1) and the corresponding
current peaks (mA·mg−1).
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