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Abstract
A hierarchical structure of nitrogen-doped porous carbon coated on graphene sheets (GNC) has been successfully synthesized via
a facile method. Notably, nitrogen-doped porous carbon (NC) was prepared by direct calcinations of sodium citrate and urea
without aid of any additional carbon source and template. The porous structure arises from the decomposition of sodium citrate
and the formative Na2CO3 is the hard template during the annealing process. To our pleasure, the 3D architecture is derived from
the graphene sheets as skeleton to support porous carbon, which avoids the agglomeration of graphene and enlarges the specific
surface area of porous carbon. Besides, using urea as resource of N element promotes a high N-doping level (3.33 atom %) and
improves electrical conductivity and lithium storage sites. Thus, the obtained GNC-700 °C as an anode material delivers a high-
reversible capacity of 842.7 mAh g−1 at 0.1 A g−1 and good cycling performances (431.4 mAh g−1 at 0.5 A g−1 after 200 cycles).
The distinguished carbon anode material demonstrates an appealing development for Li-ion batteries.
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Introduction

With the crisis of fossil energy resources and serious environ-
mental problems, developing green and sustainable energy
storage systemwith high energy and power densities becomes
more and more urgent for modern world [1–7]. Lithium-ion
batteries (LIBs), as one of the representative energy storage
devices, have been widely devoted to portable electronics ow-
ing to their high energy density and long cycling life [8, 9]. As
we all know, graphite is the most common but not the most
appropriate candidate for anode materials owing to its low
theoretical capacity (372 mAh g−1) and poor rate capability

[10–12]. Thus, exploring novel carbon materials with high-
specific capacity, high-rate capability, and environmental
friendliness is an urgent problem to be solved. Up to now,
various carbon-based electrode materials were prepared by
typical template method, such as silica template [13, 14],
MgO template [15], and NaCl template [16]. However, all of
them need additional templates to form specific morphology,
which makes process complex. In a word, as an excellent
anode material to support outstanding lithium storage perfor-
mance, it should be not only a large surface area with abun-
dant active sites but also source widely, cost lowly, and prep-
aration simply.

The doping of heteroatoms into carbon, such as nitrogen
(N) [17], phosphorus (P) [18], sulfur (S) [19], and boron (B)
[20] introduces abundant active sites for lithium storage.
Especially, the incorporation of the N element improves the
electronic conductivity of the electrode material owing to its
five valence electrons for bonding with carbon atoms [21].
More importantly, the doping of the N element promotes elec-
trochemical performance on account of more active sites and
increased interaction between carbon and adsorbents [22]. It
thus appears that N-rich carbon is an appropriate choice for
LIBs anode materials. However, the conductivity and specific
surface area of pure porous carbon are difficult to meet the
excellent electrochemical energy storage. Graphene, a popular
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two-dimensional carbon material, has caused great concern
for energy conversion and storage because of its well conduc-
tivity, large surface area, and mechanical stability [23–25].
Unfortunately, the graphene nanosheets with the p-p stacking
interactions tend to aggregate together restricting the migra-
tion and storage of Li-ions [26, 27]. Based on the above view,
recently, some works are devoted to the combination of
graphene and porous carbon to act as an anode material for
LIBs. For example, Xie et al. have prepared hierarchical
sandwich-like graphene-based N-doped porous carbon
through pyrolysis of metal organic frameworks grown on
graphene oxide, which shows excellent lithium storage per-
formance [28].

Herein, we construct N-doped porous carbon coated on
graphene sheets as anode materials for LIBs. It is noteworthy
that NC is prepared via a direct calcination of sodium citrate
and urea without of any additional carbon source and tem-
plate. During the pyrolysis process with the protection of N2,
sodium citrate will be in situ generate hexagonal Na2CO3

crystals. And the Na2CO3 is the hard template for the forma-
tion of porous carbon. Urea, as an ideal resource of N element,
promotes a high N-doping level (3.33 atom %). Besides,
graphene oxide (GO) is mixed directly to the raw material to
form graphene-based N-doped porous carbon during the car-
bonization process. The 3D architecture is derived from
graphene sheets as skeleton to support porous carbon, which
avoids the agglomeration of graphene and enlarges the specif-
ic surface area of porous carbon. Thus, the sample obtained
GNC-700 °C as an anode material delivers a high reversible
capacity of 842.7 mAh g−1 at 0.1 A g−1 and good cycling
performances (431.4 mAh g−1 at 0.5 A g−1 after 200 cycles).
The distinguished electrochemical results demonstrate that the
graphene-based N-doped porous carbon is an appealing de-
velopment as anode material for LIBs.

Experimental section

Synthesis of graphene oxide

Graphene oxide (GO) was prepared from graphite powder by
a modified Hummers’ method [29, 30]. All the other
chemicals are used without further purification.

Synthesis of GNC

Firstly, 0.2 g GO was dissolved into 50 mL deionized water,
and then under ultrasonic to form a homogeneous solution.
After that, 3.0 g sodium citrate and 0.6 g urea were prepared
carefully and added into the above solution, followed by mag-
netic stirring for 10 min. Finally, put the above solution in an
oven at 80 °C for 24 h until dried out. The obtained product
was annealed under N2 atmosphere at temperature (600, 700,

and 800 °C) with a heating rate of 5 °C min−1 for 1 h. The
obtained black powder was washed with 1 M HCl to remove
impurities and then deionized water to be neutral. The obtain-
ed sample was marked GNC-600 °C, GNC-700 °C, GNC-
800 °C, respectively. For comparison, pure NC was also pre-
pared by the same method mentioned above except for adding
GO, which was marked as NC-700 °C.

Materials characterization

X-ray powder diffraction (XRD, RigakuSmart Lab, X-ray
Diffractometer, Japan) was performed to characterize the crys-
talline structure of the as-prepared products, and XRD data
were collected in the range of 5° ≤ 2θ ≤ 60° at a scan rate of
5°/min−1. The Raman spectra was recorded on a Horiva
(LabRam HR-800) spectrometer (532 nm, 50 mW excitation
laser), and the sample was tested under the Raman laser power
of 0.1 mW. The chemical-binding energy of samples was an-
alyzed by X-ray photoelectron spectra (XPS, Thermal
ESCALAB 250). In addition, nitrogen adsorption-desorption
isotherms tested on a VSorb 2800P analyzer was used to eval-
uate the surface area and pore structure of the materials using
Brunauer-Emmett-Teller (BET) method. Besides, the mor-
phology of the materials was characterized by a field
emission-scanning electron microscopy (FE-SEM, Carl
Zeiss Super55 operated at 5 kV) and field emission-
transmission electron microscope (TEM, Hitachi HT7700 op-
erated at 120 kV), respectively.

Electrochemical measurements

To evaluate the electrochemical performance of the graphene-
based N-doped porous carbon material, 2032 coin-type cells
were fabricated in a glove box filled with argon, and both
water and oxygen levels were below 0.1 PPM. Firstly, the
working electrode was prepared by mixing a slurry of active
material, polyvinylidene fluoride (PVDF) binder and acety-
lene black with a weight ratio of 7:2:1 in the N-methyl-2-
pyrrolidone (NMP) solvent, and then uniformly deposited on-
to a smooth copper foil followed by drying in a vacuum oven
at 110 °C for 12 h to remove the NMP solvent away. Finally,
the dried material was cut into electrodes with a diameter of
1 cm. The mass loading of the electrode was approximately
1.6 mg cm−2 and the loading weight of the active material was
1.0 ~ 1.2 mg cm−2. Besides, lithium foil was used as the coun-
ter and reference electrode. 1 M LiPF6 dissolved in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC) with
a volume rate of 1:1 was as electrolyte. The galvanostatic
charge−discharge testing was performed at a LAND-
CT2001A battery testing system (Wuhan, China). The cyclic
voltammetry (CV) was tested by CHI 660E (Shanghai, China)
electrochemical workstation, which performed at a scan rate
of 0.1 mV S−1 within the voltage of 0.01–3.0 V (vs. Li+/Li).
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Results and discussions

To investigate the morphology of the obtained samples, SEM
and TEM studies are employed. Firstly, the TEM image of
pure GO is presented in Fig. S1, which suggests that the GO
has been separated into two-dimensional layered structure
with wrinkles. The SEM images of precursors are shown in
Fig. S2. As seen in Fig. S2a, the material obtained by just
mixing sodium citrate and urea presents thick and independent
bulks. However, with the addition of GO, the precursor turns
to be laminar and coherent (Fig. S2b). Owing to the oxidation
stripping of GO, there are many functional groups (–COOH, –
OH, etc.) on its surface, then basing on the electrostatic force
between each other, sodium citrate and urea can be a good
combination on the surface of graphene, and graphene as a
skeleton to show the lamellar structure. Figure 1 shows SEM
images of NC-700 °C. It can be seen that NC-700 °C is made
up of many nanoscale carbon plates connected together to
form a porous 3D structure. Besides, there are many mesopo-
rous on the surface, which contributes to the electrolyte wet-
ting and accommodates the structure change during charge-
discharge process. The 3D porous carbon structure is caused
by forming the Na2CO3@C during high-temperature heat
treatment of sodium citrate. Here, these Na2CO3 crystals act
as hard template for the growth of network-like product during
subsequent carbonization process. After washing by HCl so-
lution and deionized water, Na2CO3 was removed and 3D

porous carbon network structure was obtained. Moreover,
Fig. 2a–f shows SEM and TEMof GNC under different carbon-
ization temperatures (GNC-600 °C, GNC-700 °C, and GNC-
800 °C). Satisfactorily, the morphologies of all GNC products
display thin and loose layers with wrinkles as shown in Fig. 2a–
c, and we can also see that graphene is well combined with
porous carbon. The design of a smart 3D architecture will avoid
the agglomeration of graphene and enlarges the specific surface
area of porous carbon. However, there are slight changes on the
three products with the rise of carbonization temperature. When
the temperature is 800 °C, the structure turns to be loose and the
laminar structure is not obvious because of the damage of high
temperature. In this way, 700 °C is the most appropriate temper-
ature for remaining the most integrated and cross-linked porous
structure. As displayed in Fig. 2d–f, there are obvious porous
heterostructures and these properties conduct to the wetting of
electrolyte and shorten the diffusion pathway of Li-ions, which
can be beneficial to the storage of Li-ions.

XRD patterns of the obtained samples are presented in
Fig. 3a. Firstly, we can see that the XRD of NC-700 °C shows
two broad peaks located at 23.6° and 43.6°, which can be
assigned to the (002) and (100) reflections of carbon, respec-
tively. It reveals the characteristic of amorphous carbon obvi-
ously. Besides, we can see that all of the three GNC samples
also display two obvious characteristic peaks. However, the
peaks of GNC samples are obviously sharper than those of
NC-700 °C, which attributes to the addition of GO and makes

Fig. 2 SEM images of GNC-
600 °C (a), GNC-700 °C (b),
GNC-800 °C (c), and TEM
images of GNC-600 °C (d),
GNC-700 °C (e), and GNC-
800 °C (f)

Fig. 1 SEM images of NC-
700 °C
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the increase of graphitization. Furthermore, the electric con-
ductivity measured under 7 MPa of NC-700 °C and GNC-
700 °C is 0.66 and 2.74 S cm−1, respectively, indicating that
the addition of graphene could improve the electrochemical
conductivity of the composite. Moreover, in comparison to
GNC-600 °C, the (002) peaks of GNC-700 °C and GNC-
800 °C obviously shift to the higher angle, which specifies
an enlarger degree of order with the carbonization temperature
increasing. Raman spectroscopy is also a powerful evidence
for analyzing the structure changes of carbon materials. The
Raman spectrum of three samples reveals two typical peaks at

1590 cm−1 and 1350 cm−1 (Fig. 3b), corresponding to G band
and D band, respectively. Generally speaking, G band reflects
the degree of graphitization and D band represents the defect
of carbon materials. The intensity ratios of ID/IG of three sam-
ples are 1.14, 1.27, and 1.17, respectively, which indicates
relative high defects and disorders for GNC-700 °C. That
may result from the porous structure and structural distortion
induced by nitrogen doping. For N-doped carbon as anode
materials, the lithium storage properties largely rely on the
doped nitrogen type and amount. Thus, XPS was performed
on the GNC-700 °C to analyze the elemental composition and

Fig. 4 XPS survey spectrum of
GNC-700 °C (a), C 1 s XPS
spectra of GNC-700 °C (b), N 1 s
XPS spectra of GNC-700 °C (c),
and O 1 s XPS spectra of GNC-
700 °C (d)

Fig. 3 XRD patterns of NC-700 °C, GNC-600 °C, GNC-700 °C, and GNC-800 °C (a), and Raman spectra of GNC-600 °C, GNC-700 °C, and GNC-
800 °C (b)
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amount. The XPS survey spectrum of GNC-700 °C (Fig. 4a)
possesses three peaks located at 285 eV, 400 eV, and 532 eV,
corresponding to C 1 s, N 1 s, and O 1 s, respectively. Besides,
the contents of the three elements are 87.58 atom%, 3.33 at-
om%, and 9.09 atom%, respectively. The XPS spectrum of C

1 s (Fig. 4b) can be divided into three peaks. The main peaks
at 284.7 eV, 285.2 eV, and 287.1 eV correspond to C–C, C–N,
and O=C–O groups, respectively [31, 32]. Figure 4c shows
the N 1 s spectrum, it can be divided into three main peaks
located at 398.5 eV, 399.6 eV, and 400.8 eV. As most reports
demonstrate, it indicates the existence of pyridinic, pyrrolic,
and graphitic nitrogen, respectively, which corresponds to
common combining ways in N-doping porous carbon [17,
33, 34]. On the one hand, the doping of nitrogen atom mod-
ifies the surface properties of carbon materials, which is ben-
eficial to the wetting of electrolyte [35]. On the other hand, it
increases the conductivity of carbon materials and the active
sites of Li-ion storage. Meanwhile, XPS spectrum of O 1 s is
shown in Fig. 4d. Three peaks located at 531.2 eV, 532.3 eV,
and 533.5 eV indicates C=O, O–C–O, and O=C–O, respec-
tively. The oxygen mainly comes from the thermostable
oxygen-containing components of the carbon materials, as
well as a little water and oxygen from the surface of the ma-
terials. To analyze the specific surface area and pore size dis-
tribution of the carbon materials, Fig. 5 supplies nitrogen
adsorption-desorption isotherm and pore size distribution of
GNC-600 °C, GNC-700 °C, and GNC-800 °C. Obviously,
three samples present a similar typical type-IV curve suggesting
that there are a large number of mesopores. The inset of Fig. 5 is
corresponding to pore size distribution, and the BET surface
area and porosity parameters of the synthesized materials are
presented in Table 1.With the rise of carbonization temperature,
the gradually increased BET surface areas of GNC are 293.6,
743.5, and 873.1m2 g−1, respectively. The larger surface area of
GNC-700 °C and GNC-800 °C is conductive to expand the
contact area between electrolyte and electrode and active sites
for Li-ion storage, which improves high-specific capacity and
good rate capability. The total pore volume increases from 0.38
to 0.68 cm3 g−1 with the increase of carbonization temperature.
That may attribute to a more efficient activation process during
high-temperature carbonization, which forms more pores in the
carbon materials. Besides, the average pore diameter of the
three samples is 6.30, 3.85, and 4.22 nm, respectively, which
shows mesopore concentrated at approximately 3–7 nm.

To evaluate lithium storage properties of the as-prepared
bare NC and GNC samples, various electrochemical measure-
ments are performed. Figure 6a presents cyclic voltammetry
curves of GNC-700 °C at a scan rate of 0.1 mV s−1 between
0.01 and 3.0 V vs Li/Li+. Obviously, it is a kind of typical
curve of N-doped porous carbon anode materials [36, 37].
During the first cycle, a sharp reduction peak appears around
0.6 V, which dues to the formation of the solid electrolyte
interphase (SEI) and some secondary reactions. In the subse-
quent cycles, the sharp peak disappears and all CV curves are
almost overlapped, which implies the formation of a stable
SEI layer after the first cycle and the good reversibility of
electrode material. During the anodic scanning process, the
oxidation peak around 0 V is attributed to the removal of Li-

Fig. 5 Nitrogen adsorption-desorption isotherm and pore size distribution
of GNC-600 °C (a), GNC-700 °C (b), and GNC-800 °C (c)
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ions from the graphite layer and the oxidation peak around
1.2 V exists because Li-ion takes off from the defect of elec-
trode materials, which are consistent with the anode reaction
mechanism: LixC6 6 C + x Li+ + x e− [38]. Figure 6b show
charge−discharge profiles of GNC-700 °C at the current den-
sity of 0.1 A g−1. The first discharge capacity of GNC-700 °C
is 1639.1 mAh g−1 and the reversible charge capacity is
803.6 mAh g−1. It can thus be concluded that the initial cou-
lombic efficiency is 49.0%. The large irreversible capacity
loss attributes to the formation of a solid-electrolyte interphase
(SEI) film that matches well with the CV results [39]. Due to
the carbonmaterial that features large specific surface area, the
poor initial coulombic essiciency commonly occurs in carbon-
based anodes. Rate-capability behaviors of GNC-600 °C,
GNC-700 °C, and GNC-800 °C at various specific currents

are shown in Fig. 6c. The GNC-700 °C electrode shows a
reversible capacity of 842.7 mAh g−1, 731.6 mAh g−1,
579.2 mAh g−1, 455.3 mAh g−1, 375.4 mAh g−1, and
258.5 mAh g−1 at the current density of 0.1, 0.2, 0.5, 1, 2,
and 5 A g−1, respectively. When the rate is reduced back to
0.1 A g−1 after cycling at above current density, the capacity
can still be recovered to 836.8 mAh g−1 implying a good
reversibility for the material. However, the GNC-600 °C and
GNC-800 °C anodes show much lower reversible capacities
of 601.2 and 542 mAh g−1, 523.9 and 440.4 mAh g−1, 432.8
and 327.2 mAh g−1, 355.1 and 239.4 mAh g−1, 318.2 and
200 mAh g−1, and 230.5 and 133.4 mAh g−1 when performed
at 0.1, 0.2, 0.5, 1, 2, and 5 A g−1, respectively. The good rate
capability of GNC-700 °C electrode is ascribed to its smart
design in which graphene sheets act as a skeleton to support

Table 1 BET surface area and
porosity parameters of GNC-
600 °C, GNC-700 °C, and GNC-
800 °C

Sample BET surface area

[m2 g−1]

Total pore volume

[cm3 g−1]

Average pore diameter

[nm]

GNC-600 °C 293.6 0.38 6.30

GNC-700 °C 743.5 0.48 3.85

GNC-800 °C 873.1 0.68 4.22

Fig. 6 Cyclic voltammetry curves of GNC-700 °C at a scan rate of 0.1 mV s−1 (a), charge−discharge profiles of GNC-700 °C at 0.1 A g−1 (b), rate
capability of GNC-600 °C, GNC-700 °C, and GNC-800 °C at various specific currents (c), and rate capability and cycling test of GNC-700 °C (d)

1546 Ionics (2019) 25:1541–1549



porous carbon, which avoids the agglomeration of graphene
and enlarges the specific surface area of porous carbon.
Meanwhile, sufficient defects are obtained for GNC-700 °C
by high N doping, which is beneficial to increase the active
sites of the lithium storage. It is worth mentioning that al-
though GNC-800 °C is with a large specific surface area it is
likely to lower N content of the material when the temperature
is relatively high, which reduces the defects of materials and
causes low-lithium storage capacity. As shown in Fig. 6d, after
rate capability tests for 60 cycles, GNC-700 °C electrode was
performed at the current density of 0.1 A g−1 for 100 times and
specific capacity can remain 816.5 mAh g−1 indicating the
good cycle performance of GNC-700 °C electrode material.
In addition, in order to evaluate the effect of graphene, cycling
test at 0.5 A g−1 and 1 A g−1 for NC-700 °C, and GNC-700 °C
is shown in Fig. S3. It can be seen that a significant improve-
ment of reversible capacity and outstanding stability for GNC-
700 °C. Besides, long cycle tests at 0.5 A g−1 for GNC sam-
ples with different temperatures are also displayed in Fig. 7a.
We can see that three samples show similar but slightly dif-
ferent curves after 200 cycles. Obviously, the specific capac-
ities of all GNC samples increase in the first few dozen cycles,
which attributes to the delayed wetting of the electrolyte into
electrode along with the gradual activation process. After full

wetting, we realize that the discharge capacity of the GNC
electrode declines gradually in the following cycles, which
may be because Li atoms irreversibly bind in the vicinity of
H atoms in these hydrogen-containing carbons [40]. To see the
contrast more clearly, the cycling test of each material at both
0.5 A g−1 and 1 A g−1 is also present in Fig. 7b–d.
Undoubtedly, GNC-700 °C owns better capacity perfor-
mance, which contributes to its high-N content and large spe-
cific surface area. It is noted that the electrochemical perfor-
mance of GNC-700 °C exceeds most carbon-based works
reported in recent years, and corresponding comparison table
is shown in Table S1.

Electrochemical impedance spectroscopy (EIS) is an effec-
tive approach to evaluate the performance for LIBs. As shown
in Fig. 8, the Nyquist plots of the three electrodes consist of a
semicircle at a high-frequency region and an oblique Warburg
line in the low-frequency range. As we all know, the semicir-
cle in the high-frequency region represents the charge transfer
impedance (Rct), whereas the sloped line in the low-frequency
region stands for the Warburg impedance. It can be seen that
the charge transfer resistances of GNC-700 °C are smaller
than that of the GNC-600 °C and GNC-800 °C, which means
better electrochemical kinetics. Meanwhile, the GNC-700 °C
shows a more vertical line than GNC-600 °C and GNC-

Fig. 7 Cycling test of GNC-600 °C, GNC-700 °C, and GNC-800 °C at 0.5 A g−1 (a), GNC-600 °C at 0.5 A g−1 and 1 A g−1 (b), GNC-700 °C at 0.5 A
g−1 and 1 A g−1 (c), and GNC-800 °C at 0.5 A g−1 and 1 A g−1 (d)
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800 °C implying the lower diffusion resistance. Besides, we
calculate corresponding kinetic parameters of GNC-600 °C,
GNC-700 °C, and GNC-800 °C. As shown in Table 2, the
values of Rs and Rct for the GNC-700 °C electrode are 2.09
and 92.4Ω, respectively, which are lower than those of GNC-
600 °C electrode (22.3 and 234.8 Ω) and the GNC-800 °C
electrode (2.49 and 121.2 Ω). Meanwhile, exchange current
density (I0) is an effective criterion for evaluating electro-
chemical properties of electrode materials according to the
equation I0 = RT/nFRct [41]. The value of the exchange-
current density I0 for GNC-700 °C is the highest
(1.67 mA cm−2) of the three electrodes, indicating well elec-
trochemical activity of GNC-700 °C with respect to lithium
storage. According to the above EIS results, it is reasonable to
believe that the unique 3D hierarchical nanostructure of N-
doped porous carbon coated on graphene sheets is responsible
for the excellent electrochemical performance for LIBs.

Conclusions

In summary, a hierarchical structure of N-doped porous car-
bon coated on graphene sheets has been successfully synthe-
sized via a facile method with direct calcination of sodium
citrate and GO without aid of any additional template. The
outstanding electrochemical properties as carbon-based

anodes for LIBs were demonstrated, and the superior
energy-storage performance of GNC anodes may benefit from
the following: (i) The 3D architecture is derived from
graphene sheets as a skeleton to support porous carbon, which
avoids the agglomeration of graphene and enlarges the specif-
ic surface area of porous carbon. (ii) The successful realization
of porous structure mainly arises from the decomposition of
sodium citrate, which releases a large amount of CO2 gases
during the annealing process. (iii) Urea acts as N resource to
promote a high N-doping level (3.33 atom %) for improving
electrical conductivity and active sites for lithium storage. As
a consequence, GNC with rational porous structure and
N-doping level demonstrates to be a significant alternative to
commercial graphite anode in high-performance LIBs.
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Fig. 8 Nyquist plots of GNC-600 °C, GNC-700 °C, and GNC-800 °C
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