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Abstract: Heteroatom doping, especially nitrogen doping, has been regarded as an efficient strategy
to break through the capacity limitation of carbonaceous anode materials in potassium-ion batteries
(PIBs). Constructing edge-nitrogen-rich carbon skeleton with highly exposed active sites and efficient
charge transfer is critical for the high performance of nitrogen-doped carbonaceous anode materials.
Herein, a kind of ultrahigh edge-nitrogen (up to 16.2 at%) doped carbon nanosheets (ENCNS) has
been developed by an efficient assembly of high-nitrogen-ratio melamine (MA) with polyacrylic
acid grafted graphene oxide (GO-g-PAA) molecular brushes. The assembled PAA/MA structure
facilitates the formation of an edge-nitrogen-rich carbon skeleton during heat treatment, while the
highly conductive graphene backbone with a 2D nanomorphology enables shortened ion diffusion
pathways and numerous exposed active surfaces. As a result, the ENCNS demonstrate excellent rate
performance (up to 144 mAh g−1 at 10 A g−1) and good cycle stability (136 and 100 mAh g−1 after
400 cycles at 5 and 10 A g−1, respectively).

Keywords: molecular brushes; carbon nanosheets; edge-nitrogen doping; potassium-ion batteries

1. Introduction

Lithium-ion batteries (LIBs) have dominated the rechargeable battery market because
of the merits of high energy density, long cycle life, and environmental friendliness. How-
ever, the scarcity and the increasing cost of lithium sources have greatly limited their further
application in the ever-increasing large-scale energy storage industry. In this context, vari-
ous post-lithium systems have been developed [1–3]. Among them, potassium-ion batteries
(PIBs) have been recently regarded as one of the promising alternatives of LIBs due to
the abundant potassium resources in the Earth’s crust (17,000 ppm), relatively low redox
potential (−2.93 V vs. standard hydrogen electrode (SHE)), and similar attributes with
LIBs [4–6]. Unfortunately, the much larger radius of K-ion (1.38 Å) than that of Li-ion
(0.76 Å) inevitably brings sluggish K-ion insertion/extraction kinetics and large volume
expansion for most anode materials used in LIBs, thereby leading to unsatisfied perfor-
mances [7,8]. Therefore, developing high-performance anode materials for PIBs to solve
the above problems is the key to realizing the commercial application of PIBs.

Up to date, various alloying and intercalating anodes, such as metals [9–11], transition-
metal selenides/sulfides [12–15], and carbonaceous materials [16–20], have been developed
for PIBs. Carbonaceous materials are particularly considered one of the most promis-
ing candidates owing to their low cost, high electric conductivity, and stable physical
and chemical properties. Commercial graphite, although electrochemically active to K-
ion insertion, suffers from a limited capacity (278 mAh g−1), poor cycling stability, and
inferior rate performance [21,22]. Heteroatom doping, especially nitrogen doping, has
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been demonstrated to be an efficient strategy to break through the capacity limitation of
carbonaceous materials [23–25]. The introduction of heteroatoms in the carbon skeleton
can not only enlarge the graphitic interlayer spacing for kinetically favorable K-ion inser-
tion/extraction but also enable abundant electronegative defect sites for surface-induced
K-ion adsorption/desorption [5,26–28]. Generally speaking, nitrogen dopants in the carbon
skeleton can be divided into pyridinic nitrogen (N6), pyrrolic nitrogen (N5), and qua-
ternary nitrogen (NQ). It has been reported that edge-nitrogen dopants (pyridinic and
pyrrolic configurations) possess higher adsorption energy for K-ion than graphitic nitrogen
dopants [29–31]. Thus, guaranteeing sufficient exposure of edge-nitrogen dopants and
efficient charge transfer for K-ion storage are critical to achieving high electrochemical per-
formances. Unfortunately, most of the reported nitrogen-doped carbonaceous materials are
limited by low nitrogen doping contents and low edge-nitrogen ratios [8,24]. Meanwhile,
these materials are often in the form of inhomogeneously large-sized nanostructures, which
can result in sluggish charge/mass diffusion and limit the utility of the active sites [32–35].
More importantly, the state-of-art pyrolysis strategies for preparing edge-nitrogen-rich
carbons are often carried out at relatively low temperatures, leading to poor electrical con-
ductivity [36,37]. Therefore, it remains a major challenge to construct edge-nitrogen-rich
carbonaceous materials with highly accessible active sites and fast charge transfer kinetics
to achieve high K-ion storage performance.

Herein, we report a facile approach for the efficient synthesis of ultrahigh edge-nitrogen
doped carbon nanosheets (ENCNS) by the assembly of high-nitrogen-ratio melamine (MA) with
polyacrylic acid grafted graphene oxide (GO-g-PAA) molecular brushes. The as-constructed
ENCNS possess a high nitrogen doping level (20.6 at%) and a high edge-nitrogen ratio (78.8% of
total nitrogen), thereby enabling kinetically favorable Faradaic reaction with K-ions. Moreover,
the two-dimensional (2D) nanostructures ensure high exposure of the edge-nitrogen active
species to the bulk electrolyte. Additionally, the underlying graphene acts as a nanoscale current
collector to facilitate charge transfer kinetics and boost the electrode conductivity. Benefiting
from these integrated advantages, the ENCNS demonstrate excellent properties for K-ion
storage, as characterized by excellent rate performance (144 mAh g−1 at 10 A g−1) and good
cycle stability at high current densities.

2. Materials and Methods
2.1. Synthesis of ENCNS, ENCNP, and CNS

A total of 80 mL of GO dispersion (1.25 mg mL−1, Hangzhou Gaoxi Technology Co.,
Ltd., Hangzhou, China), 0.1 mol of acrylic acid monomer (AA, Macklin, ≥99.0%), and
0.5 mmol of 2,2′-azobis [2-(2-imidazolin-2-yl)propane] dihydrochloride (AIBI, Macklin,
98%) were well mixed in a 100 mL Schlenk tube under N2 protection and vigorous stirring.
The Schlenk tube was then heated in an oil bath at 56 ◦C for 48 h, giving rise to GO-g-PAA
molecular brushes [38]. To prepare GO-g-PAA/MA nanosheets, 60 mL of the as-obtained
GO-g-PAA dispersion (6–7 mg mL−1) and melamine (MA, Macklin, 99.0%) were mixed
under stirring for 14 h at 25 ◦C, followed by hydrothermal treatment at 110 ◦C for 24 h [24].
The molar ratio of -NH2 groups in MA and -COOH groups in GO-g-PAA was controlled to
be 5:1. Afterwards, the GO-g-PAA/MA nanosheets were heat treated in a tube furnace at
600 ◦C for 2 h with a heating rate of 5 ◦C min−1 in flowing N2, leading to the target product
of ENCNS. Different samples of ENCNS-x-y could be obtained by varying the molar ratio
of -NH2/-COOH and the heat treatment temperature, where x represents the molar ratio
of -NH2/-COOH and y represents the heat treatment temperature. The typical sample of
ENCNS-5-600 in this work was simplified as ENCNS.

The high edge-nitrogen doped carbon nanoparticles (ENCNP) were prepared by as-
sembly of free PAA chains with MA under identical conditions, followed by heat treatment
at 600 ◦C for 2 h. Without the addition of MA, carbon nanosheets (CNS) were obtained
under identical conditions.
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2.2. Material Characterization

The nanomorphologies were visualized with field-emission scanning electron mi-
croscopy (FESEM, S-4800, Hitachi, Tokyo, Japan) and transmission electron microscopy
(TEM, Tecnai G2 F20 S-Twin, FEI, Hillsboro, OR, USA). Powder X-ray diffraction (XRD)
was performed on a D-MAX 2200 VPC diffractometer (Rigaku, Tokyo, Japan) with Cu-
Kα radiation. Raman spectrum was measured and collected using a Laser Micro-Raman
Spectrometer (inVia Qontor, Renishaw, London, UK) with 532 nm laser excitation under
ambient conditions. The pore structures of the samples were measured by AUTOSORB IQ3
Automated Gas Adsorption Analyzer (Quantachrome, FL, USA) at 77 K. The BET surface
area (SBET) was analyzed by Brunauer–Emmett–Teller theory. The surface characteristics of
the samples were investigated using an X-ray photoelectron spectroscopy (XPS, ESCALAB
250, Thermo Fisher Scientific, Waltham, MA, USA). Thermogravimetric analysis (TGA,
TG 209F1 Libraz, NETZSCH, Selb, Germany) was carried out from room temperature to
700 ◦C with a ramp rate of 10 ◦C min−1 under N2 flow. The Fourier transform infrared
spectra (FT-IR) at room temperature were recorded on an FT-IR spectrometer (NICOLET
6700, Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Electrochemical Measurements

The electrochemical measurements of K-ion storage were conducted using CR2032
coin cells with pure K foil as the counter- and reference electrodes at room temperature.
The cells were assembled in a glovebox filled with argon atmosphere (O2 ≤ 0.5 ppm,
H2O ≤ 0.5 ppm). The working electrodes were prepared by mixing the samples with
carbon black (Super P) and polyvinylidene difluoride (PVDF) binder with a weight ratio of
7:2:1. The mass loading of active materials was about 0.3–0.5 mg cm−2. The electrolyte was
0.8 M KPF6 in (1:1, v/v) ethylene carbonate (EC) and diethyl carbonate (DEC), which was
purchased from Suzhou Duoduo Chemical Technology Co., Ltd., Suzhou, China. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed on a
CHI660E electrochemical workstation. The galvanostatic charge/discharge tests and the
galvanostatic intermittent titration technique (GITT) were performed by using a LAND
CT2001A battery tester within a cut-off voltage window of 0.01–3.0 V. Before the long-term
cycling measurements, all cells were activated at 0.1 A g−1 for three cycles.

2.4. Calculation of K-Ion Diffusion Coefficient (DK)

The diffusion coefficients of K ions (DK) in ENCNS, ENCNP, and CNS electrodes
were measured by the galvanostatic intermittent titration technique (GITT) with a periodic
repetition of a current pulse of 0.05 A g−1 for 30 min, followed by relaxation for 3 h. The
dependence of diffusion coefficient on the depth of discharge/charge was calculated with
the following equation [6]:

DK =
4

πτ

(
mB

Vm

MbS

)2

(∆Es/∆Eτ)
2 (1)

where τ represents the duration of the current impulse, mB is the mass loading of the
electrode material, S is the geometric area of the electrode, ∆Es is the quasi-thermodynamic
equilibrium potential difference between before and after the current pulse, ∆Eτ represents
the potential difference during the current pulse, Vm is the molar volume of the material,
and Mb is the molar mass of carbon. The relative value of Mb/Vm can be calculated from
the density of materials using the following equation [6]:

ρ =
1

Vtotal + 1/ρcarbon
(2)

where ρ (g cm−3) is the density of materials , Vtotal (cm3 g−1) is the total pore volume
analyzed from the N2 adsorption/desorption test, and ρcarbon is the true density of carbon
(2 g cm−3).
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3. Results and Discussion

The synthesis strategy of ENCNS is schematically illustrated in Figure 1. First, GO-g-
PAA molecular brushes are prepared by directly grafting hair PAA chains on the surfaces
of graphene oxide via free radical polymerization. In this process, PAA chains can be
homogeneously grafted on GO surfaces by macromolecular radical addition to the re-
active carbon-carbon double bonds [38]. According to the Fourier transform infrared
(FT-IR) spectra, the presence of two new characteristic peaks of -CH2- groups at 2929 and
794 cm−1, along with the increased peak intensity of -C=O in carboxyl groups at 1695 cm−1,
demonstrate the successful grafting of PAA chains on the surfaces of GO (Figure S1) [39].
Thermogravimetric analysis (TGA) shows that the weight percentage of grafted PAA chains
is 56.0 wt% in GO-g-PAA (Figure S2). Benefiting from the strong interaction of acidic PAA
with basic MA, high-nitrogen-ratio MA precursors can effectively react with the PAA chains
of GO-g-PAA via the hydrothermal treatment at 110 ◦C, leading to the formation of 2D
GO-g-PAA/MA nanosheets [24]. The peaks at 1651 and 1545 cm−1 that correspond to the
stretching vibration of -C=O and bending vibration of -C-N-H in -CONH-, respectively,
reveal the formation of amide structures in GO-g-PAA/MA nanosheets (Figure S1) [40].
The hydrothermal procedure can greatly enhance the thermostability of GO-g-PAA/MA
nanosheets, and thus enable the successful formation of ENCNS after heat treatment under
the N2 atmosphere at 600 ◦C [24].

Batteries 2023, 9, x FOR PEER REVIEW 4 of 11 
 

where 𝜌 (g cm−3) is the density of materials, 𝑉  (cm3 g−1) is the total pore volume ana-
lyzed from the N2 adsorption/desorption test, and 𝜌  is the true density of carbon (2 
g cm−3). 

3. Results and Discussion 
The synthesis strategy of ENCNS is schematically illustrated in Figure 1. First, GO-g-

PAA molecular brushes are prepared by directly grafting hair PAA chains on the surfaces 
of graphene oxide via free radical polymerization. In this process, PAA chains can be ho-
mogeneously grafted on GO surfaces by macromolecular radical addition to the reactive 
carbon-carbon double bonds [38]. According to the Fourier transform infrared (FT-IR) 
spectra, the presence of two new characteristic peaks of -CH2- groups at 2929 and 794 cm−1, 
along with the increased peak intensity of -C=O in carboxyl groups at 1695 cm−1, demon-
strate the successful grafting of PAA chains on the surfaces of GO (Figure S1) [39]. Ther-
mogravimetric analysis (TGA) shows that the weight percentage of grafted PAA chains is 
56.0 wt% in GO-g-PAA (Figure S2). Benefiting from the strong interaction of acidic PAA 
with basic MA, high-nitrogen-ratio MA precursors can effectively react with the PAA 
chains of GO-g-PAA via the hydrothermal treatment at 110 °C, leading to the formation 
of 2D GO-g-PAA/MA nanosheets [24]. The peaks at 1651 and 1545 cm−1 that correspond 
to the stretching vibration of -C=O and bending vibration of -C-N-H in -CONH-, respec-
tively, reveal the formation of amide structures in GO-g-PAA/MA nanosheets (Figure S1) 
[40]. The hydrothermal procedure can greatly enhance the thermostability of GO-g-
PAA/MA nanosheets, and thus enable the successful formation of ENCNS after heat treat-
ment under the N2 atmosphere at 600 °C [24]. 

 
Figure 1. Schematic illustration of the synthetic process of ENCNS. 

Scanning electron microscopy (SEM) reveals that the GO-g-PAA molecular brushes 
and GO-g-PAA/MA nanosheets inherit the typical 2D morphology of GO nanosheets with 
smooth surfaces, suggestive of homogeneous deposition (Figure 2a,b). After heat treat-
ment at 600 °C, the resulting ENCNS maintain the 2D sheet-like structure well with a de-
creased thickness (Figure 2c). Transmission electron microscopy (TEM) characterization 
further demonstrates the uniform deposition of a nitrogen-rich carbonaceous layer on gra-
phene (Figure 2d). Such a 2D sheet-like structure provides an abundance of exposed active 
surfaces and extremely shortened charge transfer pathways. It should be noted that the 
hydrothermal reaction process can result in the formation of aggregated PAA/MA prod-
ucts without the addition of GO, giving rise to large-sized high-edge-nitrogen-doped car-
bon nanoparticles (ENCNP) after heat treatment (Figure S3). High-resolution TEM 
(HRTEM) image indicates that the ENCNP presents a turbostratically amorphous struc-
ture, while disorderly packed carbon nanodomains can be observed for ENCNS and car-
bon nanosheets (CNS) obtained by direct heat treatment of GO-g-PAA molecular brushes 
(Figures 2e and S3). Elemental mapping images demonstrate the presence and homoge-
neous distribution of carbon and nitrogen elements in ENCNS, confirming the successful 
preparation of 2D nitrogen-rich carbon nanosheets (Figure 2f–h). 

Figure 1. Schematic illustration of the synthetic process of ENCNS.

Scanning electron microscopy (SEM) reveals that the GO-g-PAA molecular brushes
and GO-g-PAA/MA nanosheets inherit the typical 2D morphology of GO nanosheets
with smooth surfaces, suggestive of homogeneous deposition (Figure 2a,b). After heat
treatment at 600 ◦C, the resulting ENCNS maintain the 2D sheet-like structure well with a
decreased thickness (Figure 2c). Transmission electron microscopy (TEM) characterization
further demonstrates the uniform deposition of a nitrogen-rich carbonaceous layer on
graphene (Figure 2d). Such a 2D sheet-like structure provides an abundance of exposed
active surfaces and extremely shortened charge transfer pathways. It should be noted that
the hydrothermal reaction process can result in the formation of aggregated PAA/MA
products without the addition of GO, giving rise to large-sized high-edge-nitrogen-doped
carbon nanoparticles (ENCNP) after heat treatment (Figure S3). High-resolution TEM
(HRTEM) image indicates that the ENCNP presents a turbostratically amorphous structure,
while disorderly packed carbon nanodomains can be observed for ENCNS and carbon
nanosheets (CNS) obtained by direct heat treatment of GO-g-PAA molecular brushes
(Figures 2e and S3). Elemental mapping images demonstrate the presence and homoge-
neous distribution of carbon and nitrogen elements in ENCNS, confirming the successful
preparation of 2D nitrogen-rich carbon nanosheets (Figure 2f–h).
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The X-ray diffraction (XRD) patterns in Figure 3a reveal that ENCNS, ENCNP, and
CNS exhibit broad peaks in the range of 14–36◦, suggestive of amorphous structures [32]. It
should be noted that ENCNS and CNS demonstrate broader half-peak widths than ENCNP,
which may be ascribed to the graphene backbone. The results agree well with the HRTEM
characterization. Raman spectrum of ENCNS shows two characteristic peaks of carbon
skeleton around 1350 and 1580 cm−1, which can be ascribed to disorder-induced D band
and in-plane vibrational G band, respectively (Figure 3b) [41]. The much higher intensity
ratios (ID/IG) of ENCNS (2.51) and ENCNP (2.63) than that of CNS suggest a disordered
structure with many defects in the nitrogen-rich carbon skeletons. The N2 adsorption-
desorption isotherm reveals that ENCNS exhibit a hierarchical porous structure, whereas
the micropores can be ascribed to the amorphous carbon derived from the PAA/MA
structure on the GO and meso-/macropores result from the interspaces of aggregated
carbon nanosheets (Figure 3c). The ENCNS present a high specific surface area (SBET) of
345 m2 g−1, much higher than that of ENCNP (17 m2 g−1) and CNS (95 m2 g−1) (Figure S4).
The large surface area is beneficial for improving the accessibility of nitrogen-induced
active sites, while the hierarchical porous structure can improve mass transfer.

The chemical composition of ENCNS is further investigated by X-ray photoelectron
spectroscopy (XPS), demonstrating the presence of C, N, and O elements in ENCNS
(Figure S5). As expected, the ENCNS display an unexpected ultrahigh nitrogen content of
20.6 at%, similar to that of ENCNP (22.4 at%) (Table S1). The high-resolution C 1s spectrum
of ENCNS demonstrates the existence of C-N bonds at 286.0 eV (Figure 3d) [23]. The
high-resolution N 1s spectrum visualizes that the nitrogen species in ENCNS include
pyridinic N (N6, 398.4 eV), pyrrolic N (N5, 399.8 eV), quaternary N (NQ, 401.1 eV), and
oxidized N (NO, 403.2 eV), respectively (Figure 3e) [8,30,42]. According to the peak fitting
results, the relative ratios of N6, N5, NQ, and NO for ENCNS are 41.1%, 37.7%, 13.4%,
and 7.8%, respectively, indicating a high edge-nitrogen doping (N6 and N5) ratio of up
to 78.8%. Benefiting from the high nitrogen content and the high edge-nitrogen ratio, the
ENCNS demonstrate an ultrahigh edge-nitrogen content of 16.2 at%, comparable with
the ENCNP (19.6 at%) and superior to most of the previously reported N-doped carbons
(Figures 3f and S6, Table S1) [27,29,43–50]. The ultra-high edge-nitrogen doping in ENCNS
could provide abundant active sites and contribute to high K-ion storage capacity.
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The proof-of-concept investigation into the K-ion storage properties of the ENCNS as
anode materials is conducted with 0.8 M KPF6 in (1:1, v/v) ethylene carbonate (EC) and
diethyl carbonate (DEC) as the electrolytes. Figure 4a shows the cyclic voltammogram (CV)
curves of the ENCNS anode between 0.01 and 3.0 V at a scan rate of 0.2 mV s−1 for the first
three cycles. The initial cathodic scanning displays a pronounced reduction peak at around
0.49 V that disappears in subsequent cycles, which is owing to the formation of the solid
electrolyte interface (SEI) layer and decomposition of the electrolyte [33]. Another small
peak near the cutoff voltage is associated with the potassiation process. The broad anodic
peak at 0.20–1.0 V corresponds to the depotassiation process. The CV curves overlap well
in the following cycles, indicating good reversibility of the potassiation/depotassiation
process. Similar results can also be observed for ENCNP and CNS anodes (Figure S7).
The galvanostatic discharge/charge curves show that the initial discharge and charge
capacities of ENCNS at 0.05 A g−1 are 1353 and 417 mAh g−1, respectively, with an initial
Coulombic efficiency (ICE) of 31% (Figure 4b). Similar curves and ICE can also be observed
for ENCNP (32%) and CNS (15%) anodes (Figure S8). The irreversible capacity loss is
frequently observed in carbonaceous materials, which can be mainly ascribed to the initial
irreversible reactions such as electrolyte decomposition and formation of SEI films on the
electrode surface [19,44,46,51].

Benefiting from the highly conductive 2D graphene backbone with a shortened ion
diffusion length [52], the ENCNS demonstrate an excellent cycling response to a continuous
variation of current densities between 0.05 and 10 A g−1. As shown in Figure 4c, the
ENCNS anode demonstrates reversible capacities of 363, 319, 295, 256, 228, 201, and
186 mAh g−1 when cycled at 0.05, 0.1, 0.2, 0.5, 1, 2, and 3 A g−1, respectively. Even at
much higher current densities of 5 and 10 A g−1, the reversible capacity of the ENCNS
anode can still maintain 168 and 144 mAh g−1, respectively, suggestive of a kinetically
efficient reaction process. After switching back to 0.1 A g−1, a capacity of 307 mAh g−1

can be recovered for repeated cycles, indicating the excellent robustness and stability of
the ENCNS anode. To the best of our knowledge, such an impressive rate capability for
ENCNS is superior to most of the existing KIB carbonaceous materials reported to date
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(Figure 4d and Table S2) [25,43,47,50,53,54]. It should be noted that there is still a certain
gap in energy density and power density between current anode materials for PIBs and
mainstream anode materials for LIBs, and thus further research is needed [55]. Notably, the
graphene backbone and edge-nitrogen-rich carbon layers play an important role in the high
performance of the ENCNS anode. As shown in Figure 4c,d, both the nitrogen-free CNS
anode and the ENCNP anode without graphene deliver much lower specific capacities
under the same test conditions.

1 
 

 
Figure 4. (a) CV curves of ENCNS anode at a scan rate of 0.2 mV s−1. (b) Discharge/charge
curves of ENCNS anode at a current density of 0.05 A g−1. (c) Rate capability of ENCNS, ENCNP,
and CNS anodes at various current densities between 0.05 and 10.0 A g−1. (d) Rate capability of
ENCNS, ENCNP, CNS and other reported anode materials [25,43,47,50,53,54]. (e) Long-term cycling
performances of ENCNS, ENC, and CNS anodes at 1 A g−1. (f) Long-term cycling performances of
ENCNS anodes at 5 and 10 A g−1.

Long-term cycling tests demonstrate that ENCNS anodes also have good stability
under various current densities. As shown in Figure 4e, the ENCNS anode exhibits
a capacity retention of 82% with a preserved reversible capacity of 211 mAh g−1 after
400 cycles at 1 A g−1, along with an average Coulombic efficiency of 99.5%. In contrast, the
CNS and ENCNP anodes deliver much lower reversible capacities of 171 and 47 mAh g−1,
respectively, after 400 cycles at 1 A g−1. Even cycling at ultrahigh current densities of
5 and 10 A g−1, reversible capacities of up to 136 and 100 mAh g−1 can still be achieved
for the ENCNS anodes after 400 cycles, respectively, remarkably higher than those of CNS
and ENCNP (Figures 4e and S9). It should be noted that the heat treatment temperature
and mass ratio between melamine and GO-g-PAA are critical for the high performance of
ENCNS anodes. A higher temperature or lower dosage of melamine can lead to decreased
levels of edge-nitrogen doping, thereby resulting in inferior K-ion storage performances
(Figures S10 and S11 and Table S1).

To further investigate the K-ion storage kinetics of ENCNS, CV curves at various
scan rates of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s−1 between 0.01 and 3.0 V are obtained
(Figure S12). The relationship between peak current (i) and scan rate (v) can be described as
i = avb. A b value of 0.5 suggests a diffusion-controlled electrochemical reaction, and
a b value of 1.0 means a surface-dominated Faradaic process [54]. As shown in Figure 5a,b,
the ENCNS anode exhibits higher b values than CNS and ENCNP for the anodic and
cathodic peaks, suggestive of promoted capacitive K-ion storage behavior in the ENCNS
anode. The capacitive contribution of the ENCNS anode can be further determined by the
equation of i = k1v + k2v1/2, in which k1v and k2v1/2 represent capacitive contribution and
diffusion contribution, respectively [6,54]. As expected, the ENCNS anode demonstrates a
predominately capacitive contribution of 70.7% at the scan rate of 1.0 mV s−1, much higher
than that of CNS (66.7%) and ENCNP (51.6%) (Figures 5c and S13). The higher capacitive
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contribution of the ENCNS anode can be ascribed to the highly exposed edge-rich nitrogen
sites with facilitated charge transfer. Furthermore, the galvanostatic intermittent titration
technique (GITT) is performed to evaluate the K-ion diffusion behavior during the dynamic
potassiation/depotassiation process (Figure S14). As shown in Figure 5d, the correspond-
ing K-ion diffusion coefficient (DK) of the ENCNS anode during the whole potassiation
and depotassiation process is apparently larger than that of the ENCNP anode, demonstrat-
ing enhanced K-ion diffusion kinetics in the ENCNS anode. Electrochemical impedance
spectroscopy (EIS) plots further reveal that the ENCNS anode manifests a smaller charge
transfer resistance (467 Ω) than CNS (788 Ω) and ENCNP (616 Ω) anodes (Figure 5e) [16,56].
The EIS analysis can be further generalized to estimate the DK by using the low-frequency
region of the Nyquist plots with the relationship of DK = 0.5R2T2/A2n4F2C2σ2, where R
is the general gas constant, T is the absolute temperature, A is the surface area of electrode,
n is the number of electron transferred, F is the Faraday’s constant, C is the bulk concen-
tration, and σ is the Warburg factor determined from the slope of Z′ versus ω−1/2 [18,29].
As shown in Figure 5f, the ENCNS anode has the smallest σ among the three samples,
indicating the fastest diffusion of K-ion in the ENCNS anode.
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in the low-frequency region in EIS plots.

4. Conclusions

In summary, we have demonstrated a simple yet efficient approach to prepare a
class of ultrahigh edge-nitrogen-doped carbon nanosheets as the anode materials of PIBs.
The novel carbonaceous anode materials exhibit an excellent high-rate capability (up to
144 mAh g−1 at 10 A g−1) and long cycling times of 400 with high capacities at large current
densities of 5 and 10 A g−1. The superior electrochemical properties can be ascribed to the
synergistic contribution of graphene-backboned 2D nanostructures and edge-nitrogen-rich
carbon layers. Namely, the edge-nitrogen-rich carbon layers provide abundant active sites
for surface-induced K-ion adsorption/desorption. The 2D nanostructures can facilitate
the ion diffusion kinetics by shortening the pathways and increasing the accessibility of
edge-nitrogen active species; meanwhile, graphene can further promote charge transfer and
electrode conductivity. We hope that our present work may open up a door for the efficient
preparation of edge-heteroatom-rich carbonaceous materials and offer an opportunity to
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enhance their performance in various areas, such as I3
− reduction, oxygen reduction, and

hydrogen evolution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9070363/s1. Figure S1: FT-IR spectra of GO, GO-g-PAA
and GO-g-PAA/MA; Figure S2: TGA curves of GO, PAA and GO-g-PAA; Figure S3: SEM, TEM and
HRTEM images of (a–c) ENCNP and (d–f) CNS; Figure S4: N2 adsorption-desorption isotherms of
(a) ENCNP and (b) CNS; Figure S5: XPS full scans of ENCNS, ENCNP and CNS, revealing the presence
of C, N and O elements; Figure S6: high-resolution N 1s XPS spectrum of ENCNP; Figure S7: CV
curves of (a) ENCNP and (b) CNS anodes at a scan rate of 0.2 mV s−1; Figure S8: discharge/charge
curves of (a) ENCNP and (b) CNS anodes at a current density of 0.05 A g−1; Figure S9: long-term
cycling performances of (a) ENCNP and (b) CNS at 5 and 10 A g−1; Figure S10: rate capability
of (a) ENCNS-1-600 and ENCNS-10-600 as well as (b) ENCNS-5-550 and ENCNS-5-650 at various
current densities between 0.05 and 10.0 A g−1; Figure S11: high-resolution N 1s XPS spectra of
(a) ENCNS-1-600, (b) ENCNS-10-600, (c) ENCNS-5-550, and (d) ENCNS-5-650; Figure S12: CV curves of
(a) ENCNS, (b) ENCNP, and (c) CNS at scan rates of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s−1; Figure S13: capaci-
tive contributions of (a) ENCNS, (b) ENCNP, and (c) CNS at a scan rate of 1.0 mV s−1; Figure S14: GITT
potential profiles of ENCNS, ENCNP, and CNS; Table S1: total nitrogen and edge-nitrogen contents of
various samples obtained with different molar ratios of -NH2/-COOH and heat treatment temperatures;
Table S2: total nitrogen content, edge-nitrogen content, and reversible capacity at 5 A g−1 of ENCNS
and other reported nitrogen-doped carbonaceous anode materials in PIBs [25,27,29,43–50,53,54].
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