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a b s t r a c t

The sluggish kinetics in anode materials severely prevents the practical use of lithium/sodium-ion
batteries in many current and emerging applications. To overcome this bottleneck, we report a facile
and scalable strategy to construct nitrogen and phosphorus co-doped carbon nanosheets with abundant
electron-rich regions rendering a strong cation attraction and expanded interlayer spacing for fast
lithium/sodium diffusion, which allows excellent rate capable anodes for lithium/sodium-ion batteries.
Specifically, the as-prepared nanosheets afford outstanding pseudocapacitive behavior with superior rate
capacities of 379 and 140mA h g�1 at a high current density of 5.0 A g�1 for lithium and sodium storage,
respectively, while the calendar life can be as long as thousands of cycles. The extraordinary rate
capability is further demonstrated through combined use of quantitative kinetics analysis, galvanostatic
intermittent titration technique measurements and theoretical simulation. Considering the extraordi-
nary electrochemical performance and comprehensive analysis of pseudocapacitive lithium/sodium
storage mechanism, this work holds great potential to serve as a fundamental reference for exploring
robust pseudocapacitive electrode materials.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With the imminent shortage of fossil fuel and increasing
concern on environment pollution, the innovation of electrical
energy storage systems is becoming crucial and urgent [1e5]. In
this regard, focused attention has been paid to lithium-ion batteries
(LIBs) and/or sodium-ion batteries (SIBs) because of their appealing
features and great promise for many sustainable applications
[6e13]. Despite the feasibility of delivering high energy density by
these devices, their low power density largely restricts their pos-
sibility to satisfy more and more applications with high power
demand [14]. Thus, tremendous research efforts have been devoted
to simultaneously rendering these devices with high energy den-
sity and power capability [15,16]. One critical limitation comes from
the anode materials generally operated using diffusion-controlled
mechanism, which always delivers sluggish reaction dynamics.
More specifically, the insertion of lithium and sodium ions into
@upc.edu.cn (M. Wu).
bulk-phase graphite and hard carbon anodes, respectively, essen-
tially slows down at high rates [17]. As such, it is imperative to
accelerate the solid-state diffusion of lithium/sodium in the elec-
trode materials.

The employment of pseudocapacitive charge storage has been
considered as one of the most viable and promising technologies to
surmount the sluggish ion diffusion in electrode materials and
accomplish high-rate capability for these devices [18e21]. Nor-
mally, the pseudocapacitive charge storage is a surface-driven
capacitive process, different from the diffusion-controlled interca-
lation process for traditional battery electrodes [22e26]. Therefore,
one key rationale is to manipulate the bulk-size anode materials
into low-dimensional nanostructured materials [27e31]. In this
spirit, Zhao and his colleagues reported the controllable synthesis
of two-dimensional carbon nanosheets for efficient lithium storage,
especially at high rates [32]. In addition, expanding interlayer
spacing has also been demonstrated as a promising strategy to
enhance the rate capability of nanostructured electrode for lithium/
sodium storage. For example, Wang et al. expanded the interlayer
spacing of graphite from 0.34 to 0.43 nm and realized robust
reversible sodium storage where the discharge/charge curves are
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almost plateau-free [33]. Very recently, another appealing method
based on construction of electron-rich regions on electrode sur-
faces has also offered promising potential as these regions can
contribute to a strong attraction to cations, thus boosting the rate
performance [22,34,35]. Based on the aforementioned design ra-
tionales, two-dimensional carbon nanosheets with electron-rich
surface and expanded interlayer spacing are expected to deliver
outstanding pseudocapacitive lithium/sodium storage because of
the synergistic effects arising from these rationally combined
structural merits. However, the designed construction of such a
nanostructured anode material, especially in a simple and cost-
effective manner, remains a great challenge.

In the present work, we report the incorporation of abundant
electron-rich regions into the carbon nanosheets and expansion of
their interlayer spacing through high content of nitrogen and
phosphorus co-doping. These nitrogen and phosphorus co-doped
carbon nanosheets (NP-CNSs) are facilely synthesized by carbon-
izing petroleum asphalt in the presence of melamine and super-
molecular polymer made of phytic acid and melamine, where the
nitrogen and phosphorus content is as high as 11.2 and 5.8 at. %,
respectively. The NP-CNSs thus afford a large specific capacity, su-
perior cyclability, especially excellent rate performance for lithium/
sodium storage. Intrigued by the extraordinary rate capability,
quantitative kinetics analysis has been applied to explore the
detailed surface-driven contribution, which is as high as 65.5% and
76.1% for lithium and sodium storage, respectively, at a scan rate of
1.2mV s�1. Then, this enhancement has been explicitly explained
using galvanostatic intermittent titration technique (GITT). More-
over, the electron-rich regions have been confirmed through the
theoretical calculation.

2. Experimental

2.1. Synthesis of the NP-CNSs

Petroleum asphalt was provided by Sinopec Group. At room
temperature, 5mL of phytic acid (70%, Aladdin) and 1.2 g of mel-
amine (99%, Aladdin) were assembled into a supermolecular
polymer in water. The supermolecular polymer was collected by
centrifugation and freeze-drying overnight. Then, 1.5 g of petro-
leum asphalt, 0.8 g of melamine and 0.7 g of the supermolecular
polymer were thoroughly mixed in a mortar. The obtained power
was calcined at 800 �C for 2 h with the heating rate of 5 �C/min
under a continuous nitrogen flow. The N, P co-doped carbon
nanosheets (NP-CNSs) were collected without further washing and
cleaning after the furnace cooling down to room temperature.

2.2. Synthesis of the N-CNSs

The synthesis of the N-doped carbon nanosheets (N-CNSs) is
similar to the synthesis of NP-CNSs expect the absence of super-
molecular polymer.

2.3. Synthesis of the NP-PAC

The synthesis of the N, P co-doped petroleum asphalt carbon
(NP-PAC) is similar to the synthesis of NP-CNSs expect the absence
of melamine.

2.4. Synthesis of the PAC

Bare petroleum asphalt was calcined at 800 �C for 2 h with a
heating rate of 5 �C/min in N2 to obtain petroleum asphalt carbon
(PAC).
2.5. Materials characterization

Scanning electron microscopy (SEM) observation was per-
formed on Hitachi S-4800 and transmission electron microscopy
(TEM) imageswere obtained on JEM-2010 system at an accelerating
voltage of 200 kV. Energy dispersive spectroscopy (EDS) was
collected on an EDAX system attached on the TEM system. X-ray
diffraction (XRD) with Cu Ka radiation (l¼ 1.5406 Å) was carried
out on an X'Pert PRO MPD diffractometer. Raman spectra were
detected on Renishaw RM2000 (512 nm laser). The Brun-
nereEmmeteTeller (BET) specific surface area was measured by a
Micromeritics ASAP 2020 analyzer. The surface elemental compo-
sitions were detected using an X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Escalab 250XI) with Al Ka radiation.The
zeta potential was tested by Nano ZS Zeta Light Scattering Instru-
ment, Malvern Instruments Co., Ltd.

2.6. Electrochemical measurements

The homogeneous slurry was prepared by mixing the active
material, carbon black, and polyvinylidene difluoride with a weight
ratio of 8:1:1, then coated on a copper current collector, and
transferred to a vacuum oven at 80 �C for 12 h. The loading mass of
active species was 0.7e0.9mg cm�2. CR2032 coin-type half cells
were assembled with Li/Na metals as the counter electrode and
reference electrode and employed the 1M LiPF6 and 1M NaClO4 in
dimethyl carbonate and ethylene carbonate (1:1 vol%) as the elec-
trolyte. The charge-discharge curves, cyclic voltammetry (CV)
curves, and electrochemical impedance spectroscopy (EIS) were
obtained on the Land Battery Measurement System at a potential
window of 0.01e3 V, CHI760D electrochemical workstation, Auto-
lab PGSTAT204, respectively. The Liþ/Naþ diffusivity of the NP-CNSs
electrode was measured by the galvanostatic intermittent titration
technique (GITT) via which the cell was evaluated at a pulse current
of 50mA g�1 for 40min at 2 h rest intervals.

2.7. DFT calculations

Density functional theory (DFT) calculations were implemented
by Vienna Ab Initio Simulation Package (VASP). We built 10� 10
supercell of graphene with nitrogen, oxide and phosphorus func-
tional groups to mimic the observed graphene at nanoscale as
shown in Fig. 3e, Fig. 3f and Fig. S7. Ion-electron interactions were
described by projected augmented wave (PAW)-pseudopotential.
Exchange and correlation interactions were calculated with
generalized gradient approximation (GGA) of Per-
dew�Burke�Ernzerhof (PBE) form. The geometry optimizations
and electronic calculations were performed with the cutoff energy
of 500 eV and the convergence threshold for residual force of
0.01 eV Å�1. Brillouin zone integration was carried out at 2� 2� 1
Monkhorst-Pack mesh of k points. The vacuum spacing is at least
15 Å to avoid the interaction between the two slabs of graphene.
The analysis of charge distributions was used by the Bader's
scheme.

3. Results and discussion

The synthesis procedure of NP-CNSs is illustrated in Fig. 1. For
the purpose of cost-effective synthesis, cheap rawmaterials such as
petroleum asphalt, melamine, and phytic acid were employed in
our research. The melamine and phytic acid constructed super-
molecular polymer [36], melamine, and petroleum asphalt were
firstly mixed and then annealed in nitrogen atmosphere at 800 �C
for 2 h, via which the NP-CNSs were efficiently produced. The
melamine would first be condensed into graphitic carbon with



Fig. 1. Schematic illustration of synthesizing NP-CNSs. (A colour version of this figure can be viewed online.)
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two-dimensional nanosheets at elevated temperatures and then
decompose, which holds great potential to serve as sacrificed
templates [37]. The petroleum asphalt, melted at elevated tem-
peratures [38,39], would be guided to carbonize into two-
dimensional carbon nanosheets. Meanwhile, melamine can also
serve as the nitrogen source while the supermolecular polymer
contributes to phosphorus doping and additional nitrogen doping.

To highlight the melamine-derived template direct-synthesis,
bare petroleum asphalt, the mixture of petroleum asphalt and
melamine as well as the mixture of petroleum asphalt and super-
molecular polymer were also annealed under the same condition.
Without melamine, petroleum asphalt-derived carbon (PAC) and N,
P co-doped petroleum asphalt-derived carbon (NP-PAC) exist as
irregular bulk particles, as shown in Fig. S1 and Fig. S2. The sole
introduction of melamine could contribute to a nitrogen-doped
carbon with two-dimensional morphology (denoted as N-CNSs)
as revealed in Fig. S3. The nanosheet morphology of the NP-CNSs
has been confirmed by scanning electron microscopy (SEM)
observation in Fig. 2a and b. The formation of the nanosheet
morphology in the presence of melamine demonstrates its
Fig. 2. (a) and (b) SEM images, (c) TEM im
essential role as in this morphology controlled synthesis.
Then, the microscopic details were further revealed using

transmission electronmicroscopy (TEM). The N-CNSs (Fig. S3b) and
NP-CNSs (Fig. 2c) are almost transparent to the electron beam,
indicative of their thin thickness. Moreover, the interlayer spacing
for PAC, NP-PAC, N-CNSs, and NP-CNSs, observed under high-
resolution TEM (HRTEM), is 0.34 nm (Fig. S1c), 0.41 nm (Fig. S2c),
0.37 nm (Fig. S3c), and 0.41 nm (Fig. 2d), respectively. The
enlargement of spacing is mainly due to the larger covalent radius
of N and P atoms [40], which holds great possibility to reduce the
diffusion barrier of lithium/sodium ions. The specific surface area
and pore size distribution of these three samples were analyzed
using nitrogen sorption method. As shown in Fig. S4, NP-CNSs
(111.82m2 g�1) are obviously superior to N-CNSs (34.21m2 g�1),
NP-PAC(10.65m2 g�1) and PAC (3.25m2 g�1) in term of specific
surface area and porosity, which will provide higher contact area
and facilitated diffusion path for electrolyte [18].

The structure, composition and chemical states of these carbon
materials were thoroughly analyzed by X-ray diffraction (XRD),
Raman, X-ray photoelectron spectroscopy (XPS). The XRD patterns
age and (d) HRTEM image of NP-CNSs.



Fig. 3. (a) XPS spectra of the NP-CNSs. XPS high-resolution spectra of (b) C 1s and (c) N 1s, and (d) P 2p for the NP-CNSs. (e and f) The charge distributions of functional groups
containing N and P by DFT calculations. (Grey ball: carbon atom; white ball: hydrogen atom; yellow ball: nitrogen atom; red ball: phosphorus atom; pink ball: oxygen atom.). (A
colour version of this figure can be viewed online.)
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in Fig. S5a reveal the typical feature of amorphous structure and the
detailed structural parameters based on these profiles are listed in
Table S1. The gradually increased interlayer spacing from PAC to N-
CNSs and NP-PAC and NP-CNSs is reflected from the low angle shift
of (002) diffraction peak, which is in good agreement with HRTEM
observation. The domain thickness and width, as reflected from
Table S1, show very limited variation. Fig. S5b shows the Raman
spectra of PAC, NP-PAC, N-CNSs, and NP-CNSs. All of them exhibit
two remarkable peaks around 1355 and 1586 cm�1, related to the
D-band and G-band of carbon. Besides, NP-CNSs and NP-PAC
showcase the highest ID/IG ratio because of heavier structural
distortion caused by dual doping [41]. The XPS surveys show that N
content in N-CNSs is around 8.9 at. % (Fig. S6) while the N content is
as high as 11.2 at. % for NP-CNSs (Fig. 3a), revealing the additional
doped N provided by the supermolecular polymer. The N and P
content in NP-PAC are around 10.1 at. % and 5.43 at. % (Fig. S6d).
Meanwhile, the P content in NP-CNSs is also quite high, reaching to
5.8 at. % (Fig. 3a). The high-resolution C 1s spectrum (Fig. 3b) can be
deconvoluted into three peaks, namely, the main peak at 284.2 eV
associated with sp2 C, the peak at 285.2 eV related to CeN and a
minor peak at 288.1 eV describing OeC¼O bond. The N 1s spectrum
(Fig. 3c) can also be disassembled into three peaks, which express
the existence of pyridinic-N (397.8 eV), pyrrolic-N (399.7 eV) and
graphitic-N (400.8 eV). Fig. 3d shows the P 2p spectrum and two
peaks fitted to PeC (132.3 eV) and PeO bond (133.4 eV) are
observed. Recent investigations revealed that the heteroatoms in
carbon frameworks can contribute to electron-rich regions for
enhanced cation attraction, which is favorable for pseudocapacitive
energy storage [22,34]. Thus, the influence of the related surface
groups on charge distribution was analyzed through density func-
tional theory (DFT) calculations. Herein, the charge redistribution
induced by different functional groups of NP-CNSs was mainly
studied. In Fig. 3eef and Fig. S7, the charge changes of carbon atoms
around a specific group such as pyridinic-N (N-6) and phosphate
group (~C2PO3) are significant (e.g., from�0.011 to�0.773), but the
influences of the graphite-N (N-Q) is relatively small (e.g.,
from �0.002 to �0.097). In Table S2, all the related samples offer a
negative zeta potential where the value of NP-CNSs is obviously the
smallest among all these samples, demonstrating the strongest
potential for cation attraction [42]. Considering the high content of
doped N and P, abundant electron-rich regions can thus be effective
incorporated. Undoubtedly, these electron donors would afford a
strong attraction to the electron acceptors, namely, lithium or so-
dium ions, which essentially leads to high rate capability [34].

To assess the lithium storage behavior, the NP-CNSs electrode
was first tested by cyclic voltammetry (CV) in the voltage range of
0.01 and 3 V (vs. Liþ/Li). As shown in Fig. 4a, the CV curves of NP-
CNSs exhibit typical feature of carbonaceous materials [43]. The



Fig. 4. (a) Cyclic voltammetry of the NP-CNSs at a rate of 0.2mV s�1. (b) Galvanostatic charge/discharge profiles of the NP-CNSs at various current densities. (c) The capacitive
contributions of NP-CNSs at different scan rates. (d) Contribution of the capacitive current to the overall cyclic voltammetry response at 1.2mV s�1 in LIBs. (e) Cycle performance of
NP-CNSs at 1 A g�1. (A colour version of this figure can be viewed online.)
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broad peak between 1.5 and 0.25 V only appears in the first
discharge cycle, which could be related to the formation of solid
electrolyte interface (SEI) films [44]. The cathodic peak at 0.01 V
and the anodic peak at 1.2 V are assigned to the reversible insertion/
extraction of Liþ in carbon nanosheets [45]. Besides, the subsequent
CV curves are overlapped, revealing a high reversibility. Figs. S8a
and b present the cyclic performance of NP-CNSs at a current
density of 200mA g�1. The initial lithiation and delithiation ca-
pacities are 1532 mAh g�1 and 908.2 mAh g�1, respectively, with an
initial coulombic efficiency of 59.3%. After 100 discharge/charge
cycles, a high reversible capacity of 760 mAh g�1 is afforded. The
rate capability of the NP-CNSs at different current densities from 0.1
to 5 A g�1 is shown in Fig. S8c. An average capacity of 857, 762, 647,
560, 481, and 379 mAh g�1 is delivered at a current density of 100,
200, 500, 1000, 2000, and 5000mA g�1, respectively. Then, the
capacity can be restored to 850 mAh g�1 when the current density
was set to 100mA g�1 again. Obviously, the rate performance of the
NP-CNSs is far superior to that of N-CNSs, NP-PAC and PAC. All
discharge/charge curves of NP-CNSs at different current densities
(Fig. 4b) are almost plateau-free, revealing a high possibility of
pseudocapacitive energy storage [46]. As a result, quantitative ki-
netics analysis of the lithium storage processes was conducted. The
CV curves of the NP-CNSs at scan rates ranging from 0.2 to
2.0mV s�1 were carried out, where the results are exhibited in
Fig. S8d. Generally, the current contribution at a particular potential
consists of capacitive portion and diffusion-controlled portion,
which are expressed as k1n and k2n

1/2, respectively. Their relation-
ship can be described as follow:

i¼ avb ¼ k1vþ k2v
1=2 (1)

In this relationship, a, k1 and k2 are constants, while n is the scan
rate. The b value, which can be determined by calculating the slope
of the log(v)-log(i) plots, ranges from 0.5 (diffusion-controlled
contribution) to 1 (capacitive contribution) [47e49]. The detailed
results were exhibited in Fig. S8e. As shown, a b value larger than
0.8 is observed at a wide range of potential, which reveals a
dominated capacitive contribution for the NP-CNSs electrodes.
Then, the k1 and k2 values were calculated for quantitatively
determining the contribution of capacitive energy storage at
different scan rates. As clearly revealed in Fig. 4c, the capacitive
contribution increases with the increasing of the scan rates, which
can be as high as 73.1% at a scan rate of 2mV s�1. Even at amoderate
scan rate of 1.2mV s�1, the contribution from capacitance can be as
high as 65.5% as shown in Fig. 4d, indicative of a robust pseudo-
capacitive lithium storage. Fig. 4e describes the long-term stability,
which was determined through repeatedly discharging and
charging for 1000 cycles at a current density of 1 A g�1. After a mild
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increase in capacity for the first few cycles, a high specific capacity
of 706 mAh g�1 is delivered and remains almost unchanged in the
following cycles. This capacity increase in LIBs may be due to the
reversible formation of polymeric gel-like film by electrolyte
degradation, which provides extra Liþ storage capacity [50,51]. On
the other hand, the reversible capacity of 453, 398 and 221mAh g�1

is afforded by N-CNSs, NP-PAC and PAC electrodes (Fig. S8f),
respectively, which is inferior to the NP-CNSs electrode. A com-
parison between the storage capability of NP-CNSs and carbon
materials previously reported is shown for both LIBs (Table S3),
indicating the excellent electrochemical performance of NP-CNSs.

Then sodium storage capacity of the NP-CNSs electrode was also
evaluated through the similar procedure. As revealed from the CV
curves in Fig. 5a, the first discharge gives two irreversible cathode
peaks at 0.85 and 0.35 V corresponding to the inevitable formation
of the SEI film [52]. Then, the high reversibility is reflected from the
almost fully overlapped CV curves in the subsequent cycles. Fig. S9a
shows the cyclic stability of NP-CNSs electrode at a current density
of 200mA g�1. The charge capacity of 285 mAh g�1 is produced for
the first cycles with an initial coulombic efficiency of 42.1%, and the
capacity retention is as high as 82% after 100 cycles. Then the rate
capacity was evaluated at various current densities ranging from
Fig. 5. (a) Cyclic voltammetry of the NP-CNSs at a rate of 0.2mV s�1. (b) Galvanostatic ch
contributions of NP-CNSs at different scan rates. (d) Contribution of the capacitive current to
NP-CNSs at 1 A g�1. (A colour version of this figure can be viewed online.)
100 to 5000mA g�1. As shown in Fig. S9b, the reversible capacity of
268, 241, 214, 192, 171, and 140 mAh g�1 is afforded at a current
density of 100, 200, 500,1000, 2000, and 5000mA g�1, respectively,
which is substantially superior to N-CNSs, NP-PAC and PAC under
the same evaluated condition. The restoration of the current den-
sity back to 100mA g�1 can lead to the increase of specific capacity
from 140 to around 230 mAh g�1, indicative of the excellent
reversible sodium storage. The sloping discharge-charge curves
exhibited in Fig. 5b afford the typical feature of capacitive energy
storage [46]. Thus, the quantitative kinetics analysis was conducted
to reveal the exact capacitive contribution. Similar to that of lithium
storage measurements, the peak current of the CV curves increases
together with the increasing scan rates as shown in Fig. S9c. The
careful calculation reveals that a series of b values larger than 0.8
are observed at all the tested potentials in Fig. S9d, which dem-
onstrates the dominated pseudocapacitive sodium storage pro-
cesses throughout the entire potential range. Then, the capacitive
contributions at different scan rates were revealed in Fig. 5c. As
shown, the increase of scan rates from 0.2 to 2.0mV s�1 can lead to
the augment of capacitive portion from 59.2% to 83.5%. Fig. 5d gives
an intact description of the capacitive contribution at a scan rate of
1.2mV s�1 for sodium storage, which is as high as 76.1%. The
arge/discharge profiles of the NP-CNSs at various current densities. (c) The capacitive
the overall cyclic voltammetry response at 1.2mV s�1 in SIBs. (e) Cycle performance of
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cyclability of the NP-CNS is also appealing. As shown in Fig. 5e, a
high specific capacity of 187 mAh g�1 is afforded after 4000 cycles
at 1000mA g�1, which accounts for a capacity retention of 94%. This
excellent cyclability is superior to many previous results of carbo-
naceous anodes (Table S4).

To shed light on the extraordinary lithium/sodium capability,
especially the rate performance, electrochemical impedance spec-
troscopy (EIS) and galvanostatic intermittent titration technique
(GITT) measurement were conducted. In the high frequency ranges,
the Nyquist plots of NP-CNSs in Fig. S10 give depressed semicircles
for both lithium and sodium storage, suggesting the lower charge
transfer resistance. In addition, the equivalent circuit has been
fitted according to the spectra (Fig. S10). The similar circuits for
lithium and sodium storage indicate the almost identical mecha-
nism for these two cations [53]. To get an insightful understanding
of Liþ/Naþ diffusion dynamics, GITTwas applied for the 2nd and 3rd
cycles of lithium and sodium storage. In this technology, the
diffusion coefficient (D) of Liþ/Naþ can be expressed using the
following equation [54]:

D ¼ 4
pt

�
mBVM

MBS

�2�DES
DEt

�2

(2)

where t is the duration of current pulse, mB the active mass of the
electrode, MB the molar mass, VM the molar volume of the elec-
trode, S the surface area of the NP-CNSs electrodes, and DES and DEt
Fig. 6. The discharge/charge curves in GITT measurement and the corresponding diffusivit
cycles in (a) LIBs and (b) SIBs. (A colour version of this figure can be viewed online.)
are the voltage change due to the current pulse and the voltage
change during the current pulse, respectively. Fig. 6a and b shows
the discharge/charge curves and corresponding diffusion coeffi-
cient of Liþ/Naþ in GITT measurement for NP-CNSs electrode in the
2nd and 3rd cycles. During the whole cycles, the D value of Liþ/Naþ

varies in a small range and remains quite high, suggesting a very
fast diffusion rate of Liþ/Naþ in the framework of NP-CNSs. These
results are in very good agreement with the aforementioned
measurements. It suggests that the high content of nitrogen and
phosphorous doping induced abundant electrode-rich region and
expansion of interlayer spacing are responsible for the excellent
performance.
4. Conclusion

In summary, a facile strategy employing lost-cost precursors
such as petroleum asphalt, melamine, and phytic acid has been
proposed to produce carbon nanosheets with high nitrogen and
phosphorus doping. The incorporated nitrogen and phosphorus
induce charge redistribution and distortion of the graphene layer,
thus contributing to abundant electron-rich regions and expanded
interlayer spacing, respectively. These structural merits not only
generate a strong attraction to cations but also reduce the diffusion
barrier for lithium/sodium in the carbon frameworks. The as-
prepared nitrogen and phosphorous co-doped carbon nanosheets
(NP-CNSs) thus deliver outstanding lithium and sodium storage
y coefficient (D) in the discharge and charge processes of NP-CNSs in the 2nd and 3rd
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capabilities with large specific capacity, high rate capability, and
outstanding cyclic performance. An insightful understanding of the
outstanding performance was put forward through comprehensive
analysis using quantitative kinetics analysis, galvanostatic inter-
mittent titration technique measurements and theoretical simula-
tion. This work may inspire new possibility of constructing high-
performance electrode materials through cost-effective strategies
but also serve as a fundamental reference for promoting pseudo-
capacitive energy storage.
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