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ABSTRACT: Few-layered graphene networks composed of
phosphorus and nitrogen dual-doped porous graphene (PNG)
are synthesized via a MgO-templated chemical vapor
deposition (CVD) using (NH4)3PO4 as N and P source. P
and N atoms have been substitutionally doped in graphene
networks since the doping takes place at the same time with
the graphene growth in the CVD process. Raman spectra show
that the amount of defects or disorders increases after P and N
atoms are incorporated into graphene frameworks. The doping levels of P and N measured by X-ray photoelectron spectroscopy
are 0.6 and 2.6 at %, respectively. As anodes for Li ion batteries (LIBs), the PNG electrode exhibits high reversible capacity (2250
mA h g−1 at the current density of 50 mA g−1), excellent rate capability (750 mA h g−1 at 1000 mA g−1), and satisfactory cycling
stability (no capacity decay after 1500 cycles), showing much enhanced electrode performance as compared to the undoped few-
layered porous graphene. Our results show that the PNG is a promising candidate for anode materials in high-rate LIBs.
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1. INTRODUCTION

High energy density, long cycle life, as well as high rate
performance of lithium-ion batteries (LIBs) are essential for
portable electronic devices and powering electric vehicles in the
modern society. Graphite, which is widely used as the
commercial anode material in LIBs, has excellent cycling
stability but low theoretical specific capacity (372 mA h g−1)
and poor rate performance.1 To meet the increasing require-
ments for LIBs with high capacity and high power density,
carbon nanomaterials with high electrical conductivity and well-
developed porous structure have been developed to obtain
large Li storage capacity and fast Li+ diffusion.2−8 On the other
hand, heteroatom doping of graphene crystal lattices can tailor
both the chemical reactivity and the electronic and physical
properties,9−16 which has been applied to enhance the
electrode performance in LIBs.8,17 For instance, N-doped
graphene presents better electrochemical performance as anode
in LIBs than the pristine graphene because of the incorporation
of N to graphene framework offering more active sites and
altering the electronic performance, which is beneficial to Li+

storage and diffusion during cycling.18,19 P and N are in the
same family, whereas the former has higher electron-donating
ability and exhibits stronger n-type behavior.20 Previous studies
have demonstrated that P-doped carbon materials with a small
amount of P concentration exhibit excellent electrocatalytic
activity, long durability, and high selectivity when they are
employed as metal-free catalysts for oxygen reduction reaction
(ORR) in fuel cells.20−22 Choi et al. further confirmed that P, N
dual-doped carbon exhibited much higher catalytic activity than

the sole N-doped carbon in ORR, indicating that the additional
P doping could significantly promote the catalytic activity.23,24

Similar contribution to the improvement of specific capacitance
by P, N codopings or sole P doping for carbon materials is also
observed in supercapacitors.25−27 Futhermore, P, N codoped
multiwalled carbon nanotubes (CNTs) have been used as the
chemical sensor, exhibiting a higher chemical reactivity as
compared to the N-doped CNTs produced under the same
experimental conditions.28 Although the excellent performance
of P- and N-doped carbon materials for the applications in fuel
cells and supercapacitors have been widely investigated, to our
knowledge, the application of P-doped carbon materials in the
field of LIBs has not been reported.
The defective graphene contains more defects and exhibits a

higher Li storage capacity as compared to the commercial
graphite due to the fact that the former can significantly reduce
the diffusion resistance and distance between graphene and Li,
as well as provides more edges on sheet for the enhancement of
Li storage.5,6 The greatly enhanced capacity in disordered
graphene nanosheets was confirmed to be mainly ascribed to
additional reversible storage sites such as edges and other
defects.7 Theoretical study also demonstrated that Li+ could
diffuse fast toward the edges due to the lower energy barrier
and diffusion length. The presence of these edges affected not
only the reactivity of the carbon material toward the adsorption
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of Li but also their diffusion properties.29 In addition, doping of
graphene with heteroatoms such as N, S, and B is able to
introduce defects/disorders into graphene nanosheets and creat
a great number of active sites through modulation of the band
structure of graphene, which effectively contributes to providing
more storage regions, enhancing the electronic conductivity as
well as the lithium electroactivity.8,19,30

Currently, most N- or P-doped graphenes were synthesized
by the thermal reaction of graphene with NH3, N2, and N- or P-
containing organic compounds at high temperature.8,19,20,24,31

The distribution of the heteroatoms is not considerable, and
additionally, the irreversible stacking of graphene always
occurred by the direct thermal annealing process because of
the strong π-interactions. Fortunately, the chemical vapor
deposition (CVD) process is capable of producing high-quality
graphene with few-layered graphene and reducing the stacking
degree of graphene.32,33 Here, a facile one-step CVD approach
is developed to synthesize the P and N dual-doped nanomesh
graphene (PNG) through an in situ doping process, which is
able to guarantee the uniform distribution of heteroatoms. The
three-dimensional (3D) PNG network composing of 1−4
graphene layers has P and N concentrations of ∼0.6 and 2.6 at
%. Combining the excellent structural design and the uniform
heteroatom doping, the PNG exhibits an extraordinary
electrochemical performance as anodes in LIBs. The reversible
capacity of the PNG is up to 2250 mA h g−1 at the current
density of 50 mA g−1, about twice the value for the undoped
porous graphene. It is concluded that the contribution of P
doping to the electrochemical performance of graphene is
superior to N doping. Our results indicate that P doping can
efficiently promote the Li storage capacity, and that the as-
synthesized PNG is a reliable anode material with high energy
and power density.

2. EXPERIMENTAL SECTION
First, purchased MgO powder (Sinopharm Chemical Reagent Co.
Ltd.) was mixed with deionized water accompanied by ultrasonic
agitation. The mixture was boiled for 24 h in a reflux apparatus. After
filtration and drying, the material obtained was ground into a fine
powder. Porous MgO layers were obtained after calcined at 500 °C for
30 min to remove water. Then, the porous MgO layers were
ultrasonically dispersed in (NH4)3PO4 solution for 1 h. The as-
obtained suspension was dried in a vacuum oven at 80 °C for 24 h to
get a white solid mixture. Then the mixture was fed into a vertical
quartz reactor from the top hopper after the reaction temperature
reaches 900 °C in an argon flow, and CH4 was introduced into the
reactor and maintained for 10 min. After cooling to room temperature,
the as-obtained black powder was taken out and purified by excessive
amount of hydrochloric acid to obtain the final product. For
comparison, using pure MgO layers as templates, undoped porous
graphene (labeled as G) was synthesized by CH4 cracking, and a N-
doped graphene-CNT composite (labeled as NG) was obtained by
introducing NH3 into the reactant gas. P-doped graphene (labeled as
PG) was synthesized using Mg3(PO4)2 as templates and CH4 as
carbon source.
The as-prepared carbon materials were characterized by scanning

electron microscope (SEM, Quanta 200F), transmission electron
microscope (TEM, F20), X-ray diffraction (XRD, Bruker D8
Advance), Brunauer−Emmett−Teller surface area measurements
(BET, Micromeritics ASAP 2020), Raman spectrometer (Renishaw
RM2000) with the 633 nm wavelength and X-ray photoelectron
spectroscopy (XPS, PHI700). (NH4)3PO4·3H2O was characterized by
Thermogravimetric analysis (TGA, NETZSCH STA409PC).
Typically, 70 wt % graphene material, 10 wt % acetylene black and

20 wt % polyvinylidene fluoride were mixed in N-methyl-2-
pyrrolidinone to obtain a slurry. The slurry was spread onto a copper

foil and then dried in a vacuum oven at 105 °C for 24 h to remove
solvent. After pressed at 2 MPa, the foil was cut into disks (13 mm in
diameter) and dried at 110 °C for 12 h in vacuum. The loading of
graphene materials is ∼1 mg for each electrode. Coin-type cells of
2025 were assembled in an Ar-filled glovebox. The electrolyte was
synthesized by 1 M LiPF6 dissolved in a mixed solvent of ethylene and
dimethyl carbonate with a volume ratio of 1:1, and lithium metal foil
was used as the counter/reference electrode. The charge and discharge
were conducted on a battery test system at 25 °C at the current
densities from 50 to 1000 mA g−1 between 0.01 and 3 V vs Li+/Li at
room temperature. Cyclic voltammetry (CV) measurements were
carried out on an electrochemical workstation (CHI660D) at a scan
rate of 0.1 mV s−1. Electrochemical impedance spectrum measure-
ments were carried out on CHI660D with frequency range of 0.1 Hz
to 100 kHz. The current−voltage (I−V) curves were obtained on
CHI660D using the compressed pellets (100 mg) of 13 mm in
diameter, which are pressed in a stainless steel mold by using 10 MPa
pressure.

3. RESULTS AND DISCUSSION
The synthetic strategy for PNG is illustrated in Figure 1.
(NH4)3PO4/MgO composite layers prepared by an impregna-

tion method are used as both the templates and the P and N
source in the CVD process. CH4 cracking in the presence of
NH3 and PO4

3− leads to the growth of PNG on the surface of
porous MgO layers. 3D networks of PNG with a pillar-
supported porous structure are finally obtained after removal of
the porous MgO templates. The mass ratios between
(NH4)3PO4 and MgO are 2:1 and 1:1, corresponding to the
products labeled as PNG2 and PNG1. G was synthesized by
CH4 cracking, using pure MgO layers as templates.32 The SEM
images of G, PNG1, and PNG2 are shown in Figure 2,
revealing a similar porous morphology. In Figure 3a-c, a highly
porous structure with nanopores of 2−10 nm is clearly
observed in PNG2. High resolution TEM observation (Figure
3b) shows that PNG2 composes of 1−4 layered graphene. The
few-layer structure of PNG2 is further confirmed by the AFM
observation. As shown in Figure 4, the thickness of the
graphene sheets measured by AFM is about 0.8 nm, indicating
that it contains no more than two graphene layers. The
existence of nanopores in the graphene sheet can be clearly
observed in the height profiles, as indicated by the arrows.
Further TEM observation (see Figure S1 in the Supporting
Information) shows that the morphology of G is similar to
PNG2. Agglomeration of the graphene sheets is avoided due to
the obvious surface corrugations and the 3D pillar-supported
structure, as previously reported.32 Therefore, a specific surface
area (SSA) as high as 1840 m2 g−1 is obtained for PNG2.
Energy-dispersive spectrometer (EDS) elemental mapping of
PNG2 indicates that C, P, and N are uniformly distributed
throughout the whole area (Figure 3d).
In our lab, both few-layered and multilayered porous

graphene have been prepared by using CH4 and C2H4 as
carbon source, respectively. The few-layered graphene derived

Figure 1. Schematic Illustration of the Fabrication of PNG.
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by CH4 cracking is more flexible as compared to the
multilayered graphene derived by C2H4 cracking. It is difficult
to clearly observe a single graphene sheet for the few-layered
graphene because of deformation and tangling of the flexible
sheets. Fortunately, the pillar-supported porous structure can
be easily observed in the multilayered graphene sheets, as
shown in Figure S2 in the Supporting Information. Rigid flakes
can be observed in SEM observation (see Figure S2a in the
Supporting Information), quite different with the appearance of
the few-layered graphene sheets (Figure 2). The pillar-
supported 3D networks illustrated in Figure 1 can be clearly
observed in the electron microscope observations of the
multilayered graphene (see Figure S2 in the Supporting
Information). Because of the similar formation mechanism, it
is reasonable to consider that the few-layered graphene sheet
also have such a pillar-supported 3D network structure.34

XPS analysis was carried out to determine the doping levels
and bonding configurations of N and P in PNG nanosheets. As
shown in Figure 5a, peaks at ∼133 and 400 eV, corresponding
to P 2p and N 1s peaks, respectively, are observed for
PNG2.13,22 The existence of O atoms in all porous graphene
materials is ascribed to the adsorption of water and oxygen on
the surface.35 The fine split peaks in the high-resolution P 2p
spectra (Figure 5b) reveal that P is covalently bonded with C,
and exists as tetrahedral forms such as C3−PO, C2−PO2, and
C−PO3 (131.8 and 133.2 eV) that commonly occur in
phosphoric acid activated carbons.26,36 The presence of both
P−O bonding (134.2 eV) and P−C bonding (130.6 and 135.0
eV) are also observed in P 2p spectra.20,22,23,37,38 N 1s XPS
spectra (Figure 5c) can be deconvoluted into three different
peaks at 398.4, 400.1, and 401.7 eV, corresponding to pyridinic-
N, pyrrolic-N and graphitic-N based on references related to N-
doped carbon materials.8,18,39,40 The doping levels of P and N
in PNG2 measured by XPS are 0.6 and 2.6 at %, respectively.
Smaller P and N concentrations are found in PNG1 and no
peaks corresponding to P and N are observed for G, indicating
that introduction of (NH4)3PO4 has contributed to the P and N
doping. Raman spectra of G, PNG1 and PNG2 are shown in
Figure 5d. The G band corresponds to the zone center E2g
symmetry related to phonon vibrations in sp2 carbon materials,
whereas the high intensity of the D band with A1g symmetry is
ascribed to disordered carbon, edge defects, and other
defects.41−44 The intensity ratio of D band to G band (ID/
IG) represents the disorder degree of graphene. PNG2 occupies
the highest value of ID/IG (1.83) among them, indicating that
more defects or disorders introduced by P and N exist in the
edges of PNG2. Compared to the undoped graphene G, the
strengthened D bands of PNG1 and PNG2 are ascribed to the
doping itself. Because the Raman analysis is not fully
elucidating for estimating the graphitization degree of a
doped carbon material, XRD analysis was conducted. As

Figure 2. SEM images of (a) G, (b) PNG1, and (c) PNG2.

Figure 3. (a, b) Transmission electron microscope (TEM), (c)
scanning transmission electron microscope (STEM) images, and (d)
EDS elemental mapping of PNG2.

Figure 4. AFM image and height profiles of PNG2. The arrows in the
height profiles indicate the existence of pores in the graphene sheet.
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shown in Figure 5e, the 002 peaks for the porous graphene G,
PNG1 and PNG2 are centered at 22.9−23.6°, showing an
obvious downshift as compared to graphite (26.1°). It means
that the interlayer spacing in the few-layered graphene is larger
than that in graphite. In the magnified XRD patterns (Figure
5f), a slight downshif of the 002 peak is observed for PNG1 and
PNG2 as compared to the undoped graphene (G), implying
that the interlayer spacing has been further increased by the P
and N dual doping. Compared to graphite, the intensities of the
002 peaks for the porous graphene samples are much lower,

indicating that the porous graphene samples have low
graphitization degrees. The intensity of the 002 peaks for
PNG1 and PNG2 is higher than that for G, showing that PNG1
and PNG2 have higher graphitization degrees as compared to
G.
TGA (see Figure S3 in the Supporting Information) shows

that (NH4)3PO4 will release NH3 at a temperature higher than
700 °C due to the decomposition of (NH4)3PO4. Mg3(PO4)2 is
first formed due to the reaction between MgO and H3PO4

(detected by XRD, see Figure S4 in the Supporting
Information). In this reaction system, the C atoms derived by
CH4 cracking recombine with the N atoms from NH3 and the P
atoms from phosphate anion via covalent bonds, thus leading to
an in situ P and N dual dopings. When a CH4 and NH3 mixture
is used as reactant gas and MgO porous layers are used as
templates, a N-doped graphene-CNT composite (labeled as
NG) is obtained (see Figure S5 in the Supporting
Information),45 forming a sharp contrast to the as-synthesized
few-layer graphene layers in PNG2, indicating that the
functional group of phosphate can suppress the CNTs growth.
The N concentration in NG measured by XPS is 3.9 at %, and
the N 1s spectra of NG is similar to that of PNG2 (see Figure
S6 ub tge Supporting Information). The amount of NH3

increases while the amount of (NH4)3PO4 increases, thus
resulting in a higher N concentration in PNG2 as compared to
PNG1. Because only the Mg3(PO4)2 exposed on the outside
surface could serve as the P source, P concentration does not
significantly increase as the amount of (NH4)3PO4 increases.
Sole P-doped graphene (labeled as PG) was synthesized using
Mg3(PO4)2 as a template, and its P concentration (0.3 at %) is
comparable to that of PNG1 (see Figure S7 in the Supporting
Information). PG has a wrinkled morphology (see Figure S8 in
the Supporting Information) and few-layered structure similar
to PNG2, with an even distribution of P element (see Figure S9
in the Supporting Information). N2 adsorption−desorption
isotherms of type IV with H2-type distinct hysteresis loops and
similar pore size distributions centralizing at 2−10 nm are
observed for all the as-prepared graphene samples (Figure 6),
indicating the graphene samples prepared by the CVD
processes have similar porous morphologies. The SSAs of G,
PG and PNG1 are 1743, 1748, and1752 m2 g−1, comparable to
that of PNG2 (1840 m2 g−1). The SSA of NG (1596 m2 g−1) is

Figure 5. (a) XPS survey spectra of G, PNG1 and PNG2. (b) P 2p
and (c) N 1s spectra of PNG2. (d) Raman spectra of G, PNG1, and
PNG2. (e) XRD patterns of G, PNG1, and PNG2 in comparison with
graphite. (f) Magnified XRD patterns of G, PNG1, and PNG2.

Figure 6. (a) N2 adsorption/desorption isotherms and (b) pore size distributions of the as-prepared materials. The pore size distribution patterns are
calculated from the absorption curves.
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slightly lower than the others because of containing some
CNTs.
Figure 7a shows the I−V curves of the tablets containing the

as-prepared graphene materials. PNG2 affords the highest
charge conductivity among all the samples, follwed by PNG1,
and the conductivity of G is the lowest. It indicates that P and
N dual doping can significantly promote the electronic
conductivity of graphene. PG (with a P concentration of only
0.3 at %) delivers higher conductivity than NG (with a N
concentration of 3.6 at %), indicating that the contribution of P
to the enhancement of electronic conductivity is higher than
that of N. Previously theoretical calculations have demonstrated
that P doping is able to improve the electron-donor properties
of a carbon material,46−48 conclusively accompanied by an
increased conductivity, which is consistent with our results.
Coin cells were assembled using the as-prepared porous

graphene as anode materials. As shown in Figure 7b, PNG2
delivers a lithiation capacity of 7507 mA h g−1 and a delithiation
capacity of 2185 mA h g−1 at the current density of 50 mA g−1

in the first cycle, corresponding to a couloumbic efficiency of
30%. In contrast, the initial lithiation capacity and delithiation
capacity for the undoped graphene (G) are 3695 and 1197 mA
h g−1, respectively, much lower than those for PNG2. A voltage
plateau at around 1.0 V is observed in the initial lithiation
process for PNG2 and G electrodes, which can be assigned to
the decomposition of electrolyte and the formation of the solid

electrolyte interphase (SEI) film.49 Then the large irreversible
capacity can be attributed to the formation of SEI films on the
highly defective porous graphene with a high SSA.6,50,51 The
initial large irreversible capacity could be decreased efficiently
after the electrode material was prelithiated, enhancing the
initial couloumbic efficiency (seeFigure S10 in the Supporting
Information).52 It is noticeable that the capacity at 0−0.5 V for
PNG2 is 2044 mA h g−1 in the second cycle, corresponding to
80% of the total lithiation capacity (2569 mA h g−1). The first
cathodic peaks at about 0.4 V were observed for G, PG and
PNG2 in the first cycle (see Figure S11 in the Supporting
Information), corresponding to the irreversible Li consumption
due to formation of SEI films.53 However, the peak of PNG2 is
much weaker than that of G, reflecting that a thinner SEI film
can be afforded by it.
The rate capabilities of G, NG, PG, PNG1, and PNG2 at

various lithiation/delithiation rates are presented in Figure 7c.
The reversible capacity for PG is 1360 mA h g−1 at the current
density of 150 mA g−1 and 580 mA h g−1 at 1000 mA g−1,
which is 1.9 and 1.8 times that for G, respectively. Because PG
and G have similar morphology and structure, the promotion in
the reversible capacity for PG should be attributed to the P
doping. PNG2 affords the highest capacity among all samples
under different current densities, embodying its excellent rate
capability. The reversible capacity for PNG2 at the current
density of 50 mA g−1 is up to 2250 mA h g−1. At the current

Figure 7. (a) I−V curves of the as-prepared porous graphene samples. (b) Galvanostatic lithiation/delithiation curves of G and PNG2 electrodes for
the 1st and 2nd cycles at the current density of 50 mA g−1. (c) Rate capabilities of G, NG, PG, PNG1, and PNG2 electrodes at different current
densities. (d) Typical galvanostatic lithiation/delithiation curves of PNG2 electrode at different current densities. Cycling stability of PNG2 electrode
at the current density of (e) 150 mA g−1 and (f) 5 A g−1.
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density of 1000 mA g−1, the PNG2 electrode delivers a
reversible capacity of 750 mA h g−1, which is much higher than
the value for the undoped porous graphene G (300 mA h g−1).
PNG2 has a N doping level comparable to the sole N doped
sample (NG), but exhibits much better rate capability,
indicating that the enhanced capacity is mainly contributed
by P doping. Although N doping has been reported as an
efficient approach to promoting the Li storage capability,19,54

our results indicate that P doping is more efficient than N
doping for this purpose. PG has a rate capability comparable to
PNG1, probably because of the same doping level of P. The
rate capability for PNG2 is also much better as compared to
other graphene or heteroatom-doped graphene materials (e.g.,
445 mA h g−1 at 1000 mA g−1 for graphene sheets,55 718 mA h
g−1 at 500 mA g−1 for N-doped graphene17). Figure 7d presents
the lithiation/delithiation curves of PNG2 without obvious
plateaus at different current densities. Previous study has
demonstrated that the absence of a potential plateau suggests a
disordered stacking of the graphene nanosheet structures,
resulting in electrochemically and geometrically nonequivalent
lithium ion sites.5 The contribution of lithium intercalation into
the graphene layers to the capacity (below 0.5 V) is 80, 77, 67,
and 63% for 50, 150, 500, and 1000 mA g−1, and the rest of
capacity is contributed by Faradaic capacitance on the surface
or on the edge sites of sheets.5,6,56 This indicates that the
lithiation processes are carried out mainly at the voltage range
of 0−0.5 V, which is in favor of obtaining a higher working
voltage in a full battery.
The cycling performance of PNG2 at a low current density

(150 mA g−1) is shown in Figure 7e. The reversible capacity
increases gradually during cycling, which can be acsribed to the
gradual activation of porous graphene during the cycling
process.57 An increase of 36% in the reversible capacity (from
1705 to 2313 mA h g−1) is observed for PNG2 after 50 cycles at
150 mA g−1. Similar gradual increase in Li storage capacity is
also observed in G, NG, PG, and PNG1 (see Figure S12 in the
Supporting Information). Moreover, PNG2 delivers a reversible
capacity of 450 mA h g−1 with a stable Coulombic efficiency
∼100% at the current density of 5 A g−1, and almost no
capacity decay is observed after 1500 cycles (Figure 7f

andFigure S13 in the Supporting Information), showing an
excellent cycling stability.
The reasons of the superior rate capability and cycling

stability of PNG2 are proposed. First, the hierarchical 3D
porous structure of PNG2 is conducive to absorbing Li+ and
also serves as a reservoir for Li storage. Second, P and N dual
doping has induced a large amount of defects on the graphene
layer to enhance the interaction property of Li+, thus enhancing
its electrochemical performance.39 Previous study suggested
that substitutional P was incorporated into the structure at the
edge-plane sites of the carbonaceous materials due to the larger
atomic size (0.106 nm vs 0.077 nm).58 Therefore, it is
conceivable that the substitutional P atoms at the edge-plane
sites serve to expand the layer planes, resulting in storing more
Li+,59 which contributes to the enhancement of the Li+ uptake.
Third, the electrical conductivity is improved significantly after
the P and N dual doping. AC impedance analysis (Figure 8 and
Table S1 in the Supporting Information) shows that the charge-
transfer resistance and SEI resistance of PNG2 (12.9 and 6.9
Ω) are much smaller than those of G (38.7 and 20.5 Ω) after
cycling, which are beneficial to fast Li+ diffusion and quick
charge transfer at the interface between the electrolyte and the
electrode.
Fluctuation of capacity is observed in Figure 7c, e, and f.

During the cycling at 150 mA/g (Figure 7e and Figure S12 in
the Supporting Information), the Li storage capacity is
gradually increased with fluctuations, which corresponds to
the increase and fluctuations in Li storage rooms. Similar
fluctuation of capacity is also observed in other porous carbon
materials.6,60 We consider that the capacity fluctuation is related
to the pore-confined insertion and extraction of Li ions.
Because of the good flexibility of the few-layered porous
graphene, the pore structure might gradually change with the
cycling, thus leading to changes in pore volume. Further work
on this point is still under the way.

4. CONCLUSION

In summary, few-layered graphene networks composing of
PNG were synthesized via a MgO-templated chemical vapor
deposition using (NH4)3PO4 as N and P source. XPS analysis
shows that P and N atoms have been substitutionally doped in

Figure 8. Nyquist plots of (a) G and (b) PNG2. The scatters show the raw data, and the lines show the fitting curves. (c) Equivalent circuit used to
fit the experimental data. In the equivalent circuit, Re represents the total resistance of electrolyte, electrode, and separator. Rf and CPE1 are the
resistance and capacitance (expressed by a constant phase element), respectively, of the SEI formed on the electrode. Rct and CPE2 represent the
charge-transfer resistance and the double layer capacitance, respectively, and Zw is the Warburg impedance related to the diffusion of lithium ions
into the bulk electrode.
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graphene networks via covalent bonds. Raman analysis
indicates that the amount of defects or disorders increases
after the P and N doping. The doping levels of P and N
measured by XPS are 0.6 and 2.6 at %, respectively. As anodes
in LIBs, the PNG exhibits high reversible capacity (2250 mA h
g−1 at the current density of 50 mA g−1), excellent rate
capability (750 mA h g−1 at 1000 mA g−1) and satisfactory
cycling stability (no capacity decay after 1500 cycles), showing
a significant promotion as compared to the undoped few-
layered porous graphene. Compared to N doping, P doping is
more efficient to promote the Li storage capacity for graphene
materials. Our work reveals that P doping can efficiently
enhance the Li storage capacity, and provides a useful strategy
to synthesize high-performance anode materials by combining
elaborate structure control and the heteroatom doping
technique together.
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