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Abstract
Nitrogen-doped carbon (HNC) derived from cirsium setosum are prepared by hydrothermal carbonization with subsequant heat
treatment. The obtained carbon structure was carefully characterized by X-ray diffraction, Scanning electron microscopy,
Transmission electron microscopy, raman spectrum and X-ray photoelectron spectrum. The results present a rough lamellar
morphology with high lattice spacing of the (002) plane in graphite structure. It is also found nitrogen was successfully doped
into the disordered carbon. When employed as anodes for sodium ion batteries (SIBs), electrochemical results show that the
HNC treated at 700°C exhibit a high maximum charge capacity of 296.3 mA h g-1 at a current density of 50 mA g-1. Even at a high
current density of 500 m A g-1, a capacity of 204.7 mA h g-1 is maintained after 200 cycles without obvious decay. This
performance is much higher than the carbon material obtain without nitrogen doping. Further research reveal the HNC sample
could maintain high charge conductivity with low electron transfer resistance even after many cycles of the battery. Therefore, it
is believed the doped nitrogen in our disordered carbon could not only provide many extra sodium storage sites, but also
enhanced electrochemical kinetic for the charge/discharge process of Na+. Finally, the high capacity, excellent rate performance,
long life cycling and ultrafast rechargeable ability enable the NC to be a promising candidate for practical SIBs.
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1. Introduction
Increasing demands for energy have become a growing
global concern and stimulated extensive interests in more
efficient energy storage systems in the form of batteries [1, 3].
In the last decades, lithium ion batteries (LIBs) have been
developed successfully as a power source for portable
electronics owing to their outstanding energy and power
density since their first commercialization in 1991 [4, 8].
However, concerns of large scale deployment of LIBs arise
due to the limitation of terrestrial lithium reserves, which
triggers increasing attentions to develop new rechargeable
battery systems [9, 13]. Sodium is the second alkali metal next

to lithium and they have similar chemical properties. Because
sodium is distributed in the ocean at almost unlimited levels,
sodium ion batteries (SIBs) have recently attracted many
attentions as a low cost alternative to LIBs for large-scale
energy storage applications [14, 15]. However, the radius of
sodium ions (1.02 Å) is much larger than that of lithium ions
(0.76 Å), which means that it is difficult to find suitable host
materials with sufficiently large interstitial spaces for sodium
ion insertion [16, 18]. As a result, exploring suitable electrode
materials is crucial for the development of SIBs.
For anode materials, graphite, the most practical choice for
LIBs, exhibits an extremely low capacity for SIBs, due to the
mismatch between the interlayer distance inside graphite and
the size of sodium ions [19, 25]. Disordered carbon appears to
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be more suitable anode material for SIBs, due to its large
interlayer distance and disordered structure [26]. Previous
pioneering works have demonstrated reversible sodium ion
intercalation in a variety of carbonaceous materials, such as
petroleum cokes, carbon black, intercalation was carried out at
extremely low current density within a limited number of
cycles in most of those works, the feasibility of using
disordered carbon for SIBs was proved. Recently, remarkable
progress has been made, revealing that further-developed
disordered carbon with improved capacity and cycle stability
is promising for practical SIBs. It is reported that carbon
microspheres prepared from resorcinol formaldehyde
achieved an initial reversible capacity of 285 mAh g-1 at a
current density of 40 mA cm-2 [27]. Komaba et al. discovered
a hard carbon material that could deliver a reversible capacity
of 240 mA h g-1 at a current density of 25 mA g-1 and maintain
200 mAh g-1 over 100 cycles [28]. Cao's group found that
hollow carbon nanowires, prepared from a pyrolyzed hollow
polyaniline nanowire precursor, displayed a high reversible
capacity of 251 mAh g-1 at 50 mA g-1 and good cycling
stability after 400 cycles [29]. Despite these progresses to date,
good cycling stability during long-term cycling, in particular
at high current density, which is critical for practical SIBs [30,
31].
Currently an effective strategy to enhance the performance
of carbon electrodes for SIBs is nitrogen (N) doping [32-35].
Different kinds of N-doped carbon materials, such as N-doped
carbon nanofibers [32, 33], nanosheets [34] and nanofoams
[35] have shown much improved electrochemical
performance as compared with their un-doped counterparts
for SIBs. A green route to synthesize low-cost and
high-performance cirsium setosum, of the most abundant
biomass resources on earth, which composes of simple
reducing sugars, cellulose, hemi-celluloses, lignin and
associated phenolic acids. In this work, N-doped carbon (HNC)
derived from cirsium setosum was prepared through
hydrothermal pretreatment and thermal treatment and they
exhibit high capacity, excellent rate capability, especially
superior long life cycling stability and ultrafast rechargeable
ability.

2. Experimental
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were thoroughly ground in an agate mortar, and then the
mixture was heated at 700°C with a heating rate of 5°C min-1
for 2 h under vacuum condition in a tubular furnace. After that,
the activated samples were thoroughly washed with 2 M HCl
and distilled water, and dried. The obtained carbons were
denoted as HC and HNC.
2.2. Characterization
The obtained of carbons were characterized by X-ray
diffraction (XRD, D/max2200PC, Rigaku, Japan) and Raman
spectroscopy (RAMAN, Renishaw-invia, Britain). The
morphology of carbons were observed by scanning electron
microscope (SEM, S-4800, Hitachi, Japan) and X-ray
photo-electron spectroscopy (XPS) measurements were
performed on an Imaging Photoelectron Spectrometer (Axis
Ultra, Kratos Analytical Ltd) with a mono-chromatic Al K a
X-ray source. The specific surface area, pore volume and
mean pore diameter were evaluated with an ASAP 2020
Accelerated Surface Area and Porosimetry System (Norcross,
GA) based on the Brunauer-Emmett-Teller multipoint (BET)
method.
2.3. Electrochemical Measurement
Electrochemical measurements were performed using
CR2032 coin- type cells. The working electrodes were
fabricated by spreading the mixed slurry of the active
materials, acetylene black and polyvinylidene fluoride binder
in a solvent of N-methyl-2-pyrrolidone with a weight ratio of
80:10:10 onto copper foil, and then drying at 80°C in a
vacuum for 12 h. The typical loading amount of active
material was 2 - 2.5 mg cm-2. Sodium pellet was used as a
counter electrode. The electrolyte was a solution of 1 M
NaClO4 in a mixture of ethylene carbonate and diethyl
carbonate (EC:DEC=1:1). The cells were charged and
discharged using a Neware battery tester (Neware, Shenzhen)
with a potential range of 0.01–3.00 V. Cyclic voltammetry
(CV) measurements spectroscopy was performed by a
CHI660E electrochemical station (Shanghai Chenhua, China).
Electrochemical impedance spectroscopy (EIS) measurement
was carried out on the same electrochemical workstation in a
frequency range of 0.01 Hz to 100 kHz. All tests were
performed at 20°C.

2.1. Synthesis
The precursor of cirsium setosum grown in the campus of
Shaanxi University of Science and Technology (Shaanxi,
China). Before carbonizations, the precursor leaves were
thoroughly cleaned using deionized water and EtOH, dried by
freeze and cut into small piece. For carbonizing the precursor
through hydrothermal process followed high temperature
pyrolysis, typically, 3 g precursor and 50 mL of diluted
sulfuric acid were placed in a 100 mL stainless steel autoclave
and heated at 180°C for 24 h firstly. After being cooled to
room temperature naturally, the solid product was collected by
filtration, washed with distilled water, and dried. The
melamine and the solid product, in a mass ratio of 0:1 or 2:1,

3. Results and Discussion
The as-prepared HNC and HC were firstly examined by
XRD. The patterns are shown in the Figure 1a. Both HNC and
HC show only one broad peak around 24° corresponded to the
(002) diffraction modes of the graphitic structure. The
graphitic interlayer distance of HNC and HC calculated from
Bragg’s law for d (002) were about 0.386 and 0.382 nm, which
are larger than that of graphite at 0.34 nm. In addition, the low
intensity of these peaks suggested that the low degree of
crystallinity and the existence of disorder structure [36, 41].
The disorder structure of HNC and HC could be further
confirmed by Raman spectroscopy. The Raman spectra of
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HNC and HC shown in Figure 1b, there are two broad peaks at
1321 and 1582 cm-1 corresponding to the disordered (D) band
and graphite (G) band. Generally, the intensity ratio of D band
to G band (ID /IG) is used to estimate the disorder degree of
carbon material. As show in Figure 1b, the ID /IG of HNC and

HC are 1.12 and 1.04, respectively, which are higher than that
of graphene (0.86). This result indicates high disorder
structure of HNC and HC [42]. For the storage of sodium ion,
the disorder structure usually shows more active sites and
higher capacity than that of graphite.

Figure 1. (a) XRD patterns and (b) Raman spectra of HNC and HC.

Figure 2. (a) SEM and (c) HRTEM images of HNC; and (b) SEM and (d) HRTEM images of HC.

Figure 3. XPS spectra of the hard carbon (a) survey and (b) N1s.
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The morphologies of the HNC and HC were characterized
by scanning electron microscopy (SEM). All the hard carbon
materials display similar morphology of lamellar structure
with rough structure, which may be due to the hydrolyze and
condensation of polysaccharides (Figure 2a and b). The
detailed structure of samples was further investigated by high
resolution transmission electron microscopy (HPTEM). The
lattice spacing of the (002) crystal planes ware estimated to be
0.387 nm from the HRTEM of HNC (Figure 2c), which bigger
than HC of 0.381 nm (Figure 2d), indicating N-doped can
enhance the disorder of hard carbon.
The existence of nitrogen in the HNC was demonstrated by
XPS. Figure 3a shows the HNC survey spectrum with three
main peaks 284.6, 399.6 and 532.6 eV corresponded to the
C1s, N1s and O1s, respectively [43, 45]. The relative mass
percentage of C, N, and O is 77.18%, 8.68%, and 14.14%,
respectively, calculated using the corresponding peak areas.
The HC survey spectrum has only two main peaks of C1s and
O1s. It is obvious that the nitrogen comes from the melamine
with the nitrogen content as high as 66.7%. The melamine is a
kind of ideal raw material for the produce of nitrogen doped
caron and has been widely used. Figure 3b gives the N1s
spectrum, which can be divided into three peaks centering at
398.7, 399.5 and 401.2 eV. More specific, the binding energy
at 398.7 eV represents the existence of pyridinic nitrogen
(N-6), 399.5 eV corresponding to pyrrolic nitrogen (N-5),
while 401.2 eV assignable to graphitic nitrogen (N-Q). It can
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be seen that the pyridinic and graphitic N is the most nitrogen
type in the HNC. The high content of pyridinic and graphitic
N could facilitate the transfer of sodium ion and electrons [41,
45], which is beneficial to improve the rate capability of the
anode materials.
The electrochemical performance of the HNC and HC were
evaluated by galvanostatic discharge–charge test and cyclic
voltammetry (CV) in the voltage range of 0.01–3.0 V versus
Na/Na+. Figure 4a and b show the initial three charge–
discharge cycles curves of HNC and HC at the current density
of 50 mAh g-1, respectively. In the first cycle process, the
discharge capacity of HNC and HC are as high as 589.8 and
603.2 mAh g-1, respectively, while the charge capacity of
HNC and HC are only 307.2 and 306.2 mAh g-1. The large
irreversible loss in the first discharge/charge process is a
common phenomenon for the amorous carbon using as the
anode materials for SIB and LIB [42, 46, 50], which reflected
in discharge cures is the board plateau around 1 V. It is
accepted that the irreversible loss is due to the formation of a
solid electrolyte interface (SEI) layer and other side reactions
on the surface of electrode materials [27, 39]. Notable, the
discharge/charge curves of HNC are steeper than that of HC
by contrast with the Figure 4a and b. In other words, more
sodium ions are stored at high potential in HNC, indicating the
presence of more extensive active sodium storage sites of
HNC. The increased mesopores and micro pores of HNC
should be the reason for the phenomenon [45, 46, 50].

Figure 4. Cyclic voltammetry (CV) curves of the HNC (a) and HC (b) at a scan rate of 0.1 mV s-1; first three discharge/charge profiles of HNC (c) and HC (d) at
a current density of 50 mA g-1.
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Figure 5. Electrochemical performance of samples: (a) capacity over cycling at different rates; (b) cyclability at 50 mA g-1.

Figure 6. Cycling property of HNC at 500 and 1000 mA g-1.

The CV date agrees well with the galvanostatic results.
Figure 4c demonstrates the first three CV cycle curves of HNC.
It is clear that there is a board peak started from 1.5 to 0 V in
the first cathodic scan, which can be attributed to the
combined effectiveness of the reaction between the sodium
ion and the surface functional group, the formation of SEI film,
and the insertion of sodium ion into the carbon [41, 45]. In the
following cathodic scans, the board peak is divided into two
obvious peaks, one at 0.75 V which is due to the reaction
between the sodium ion and the surface functional group is
partially reversible [45], and another at 0 V corresponding to
insertion of sodium ion into the carbon. In the all anodic
processes, one board peak between 0 and 1.75 V is recorded,
which could be attributed to the sodium ion extraction from
carbonaceous materials. Similar results of HC have been
obtained shown in the Figure 4d
Figure 5a provides rate capability of HNC and HC at different
current densities from 50 to 5000 mA g-1. Obviously, the HNC
obviously exhibits more excellent rate capacity than the HC. It
exhibits the clear specific capacity gap between the HNC and HC
with a continuously varying rate. The HNC shows a high

reversible capacity of 296.3, 261.7 239.6 and 208.4 mAh g-1 at
continuous change of current densities of 50, 100, 200 and 500
mA g-1 respectively. When the current rate increases to 1000,
2000 and 5000 mA g-1, the HNC displays a higher capacity of
168.3, 121.9 and 92.7 mAh g-1, and it can return back to a
discharge capacity of 254.7 mAh g-1 at 50 mA g-1.
Besides outstanding rate capacity, the cycle stability of the
electrode material is an important issue for industrial
applications. The cycling performance of HNC and HC were
investigated at 50 mA g-1 for 50 cycles (Figure 5b). It can be
seen that the HNC shows excellent cycle performance
compared to the HC. The capacity of HNC has a slight
decrease from the first cycle to the third cycle, while the
capacity almost no change after three cycles. After 50 cycles,
the capacity of HNC is still as high as 276 mAh g-1.
Aiming at the potential applications in some special
equipment, such as medical devices and lighting equipment,
which require long cycle life and high power density in
charge/discharge process, we also investigate the HNC at
higher rate while charging/discharging as presented in Figure
6. As observed, the HNC exhibits a reversible capacity of
204.7 mAh g-1 (the tenth) at 500 mA g-1 and 190.6 mAh g-1 is
still maintained after 200 cycles, corresponding to a capacity
loss of 0.04% per cycle. Even at 1000 mA g-1, a high reversible
capacity of 171.6 mAh g-1 (the tenth) is almost the same with
the capacity of HNC. After 200 cycles, the capacity decreases
to 147.3 mAh g-1 with a capacity fading of only 0.07% per
cycle. At the same time, the average coulombic efficiency of
all close to 99.5%, indicating its good reversibility in the
overall battery test. The outstanding performance of HNC is
related to the synergetic effect of lamellar structure and high
content of nitrogen. The large amount of pores is in favor of
improving the area of electrode/electrolyte interface and
shorting the transport length of the sodium ions. The high
content of nitrogen could improve the electronic conductivity
of carbon material which could facilitate the diffusion of
electron. In addition, the N-doped could create a lot of defect
sites, which makes for the diffusion of sodium ion in the solid
phase of carbon material [33, 35]. All of them are beneficial to
enhance performance of hard carbon.
To better understand the outstanding electrochemical
performance of the HNC, the electrochemical impedance
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spectroscopy (EIS) were measured for the charged cells of
HNC and HC after 200 cycles as shown in Figure 7. It is
obvious that there are two distinct parts in the Nyquist plots,
depressed semicircles in the high frequency region and
inclined line in the low frequency region. The semicircles at
high can be assigned to the charge transfer resistance [48, 49].
The Nyquist plots show that the diameter of the semicircle of
the HC is larger than that of HNC which indicates that the
charge transfer resistance of the HC is higher than that of the
HNC. The large charge transfer resistance of the HC may be
due to the destruction of electrode structure during the charge
and discharge. Moreover, the inclined line usually related with
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the Na-ion diffusion or so-called Warburg diffusion in the
carbon electrode [48]. The sodium ion diffusion coefficient
could be calculated from the low frequency plots according to
the following equation [51]:

D = R 2T 2 / 2 A 2 N 4 F 4 C 2σ 2

(1)

where R is the gas constant, T is the absolute temperature, A is
the surface area of the anode, n is the number of electrons, F is
the Faraday constant, C is the concentration of sodium ion. All
the above parameter is the same for HNC and HC. σ is the
Warburg impedance coefficient which is relative with Zre.

Figure 7. (a) Nyquist plots and (b) graph of Zre plotted againstσ-1/2 at low frequency region of the HNC and HC after 200 cycles.

Z re = R + σω −1/ 2

(2)

Figure 7b shows the relationship between Z re and square
root of frequency (σ-1/2) in the low frequency region. It is
observed that the r is 92 Ω cm2 s-1/2 for the HNC, which is
lower than that off the HC (480 Ω cm2 s-1/2). We can further
compare the sodium ion diffusion coefficient of both samples
using the Eq.(1). The sodium ion diffusion coefficient of HNC
is 28 times faster than that of HC. The faster sodium ion
diffusion kinetic of the HNC than that of the HC can be
attributed to the larger contact area of electrode/electrolyte
interface and shorter transport length of the sodium ions in
solid phase. It is apparent that the low charge transfer
resistance and faster sodium ion diffusion kinetic would lead
to the super electrochemical performance.

4. Conclusion
In this study, HNC were successfully synthesized by a
simple hydrothermal reaction of cirsium setosum and
subsequent thermal treatment with melamine, and used as
anode materials for SIBs. The results show that HNC exhibit
high capacity, excellent rate performance, long term cycling
stability and ultra-fast charging/discharging ability than HC,
mainly due to their stable spherical structure, large interface
spacing and N-doped. A maximum capacity of 296.3 mA h g-1
at a current density of 50 mA g-1. Even at a high current
density of 500 m A g-1, a capacity of 204.7 mA h g-1 is

maintained after 200 cycles without obvious decay. The
results suggest that HNC should be an attractive candidate for
anodes of SIBs. nitrogen doped carbon has been successfully
prepared via template-assisted method.
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