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Nitrogen-doped (N-doped) graphene has been prepared by a simple one-step hydrothermal approach
using hexamethylenetetramine (HMTA) as single carbon and nitrogen source. In this hydrothermal

. process, HMTA pyrolyzes at high temperature and the N-doped graphene subsequently self-assembles

. onthe surface of MgO particles (formed by the Mg powder reacting with H,0) during which graphene

. synthesis and nitrogen doping are simultaneously achieved. The as-synthesized graphene with

© incorporation of nitrogen groups possesses unique structure including thin layer thickness, high surface

. area, mesopores and vacancies. These structural features and their synergistic effects could not only

. improve ions and electrons transportation with nanometer-scale diffusion distances but also promote

. the penetration of electrolyte. The N-doped graphene exhibits high reversible capacity, superior

. rate capability as well as long-term cycling stability, which demonstrate that the N-doped graphene

: with great potential to be an efficient electrode material. The experimental results provide a new

. hydrothermal route to synthesize N-doped graphene with potential application for advanced energy

. storage, as well as useful information to design new graphene materials.

. In the past decade, graphene has attracted wide attentions due to its fascinating characters and broad applica-
. tions"? such as in catalysis, water splitting, energy storage and solar cells. These applications of graphene are
© closely associated with their intrinsic two-dimensional (2-D) crystal structure formed by sp2 hybridized carbon'.
. In the past few years, many researchers have demonstrated that the physical and chemical properties of graphene
. could be tailored and improved by heteroatom doping on graphene sheets at edges, vacancies, pores and strained
. regions®*. The doping of heteroatoms into the pristine graphene sheets would lead to structural and electronic
. disorders, which could further result in changes of graphene properties, including Fermi level, bandgap, localized
- electronic state, thermal stability, electrical conductivity, and magnetic property®. New or improved properties
. could be obtained by altering the type and content of various dopant atoms®’.

Nitrogen (1s?2s?2p®)? is the next element to carbon (1s?2s?2p?) in the periodic table with only one less valence
. electron, which possesses higher electronegativity of N (x = 3.04) than that of C (x =2.55). The doping of N
. would create polarization in the sp2 carbon network, thereby further influence the chemical and physical prop-
. erties of graphene. Previous reports demonstrated that N doping is efficient in tuning the characters of graphene
: materials: the bandgap opening and charge-carrier concentration could be induced by only 0.4 at% doping of
: graphitic N¥; pyrrolic N-doping at the edge sites of graphene nanoribbons (GNR) would create strong magnetic
. moments’; the work function of graphene could be reduced by graphitic and pyridinic N-doping'®!!. In this case,
© nitrogen doping is a useful route for decorating graphene because N-doping easily manipulates local electronic
: for the potential application including electronic devices®, biosensors'? and catalysts'>. Moreover, the nitrogen
. doped local electronic structures allow for enhanced binding with ions in the solution which is beneficial for
- lithium ion batteries'. Nitrogen-doping would improve the pore affinity to aqueous electrolyte and reduce the
© electric resistance which would further promote the electrochemical performance of graphene electrode!*'¢. For
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Figure 1. Scheme of a proposed mechanism for the hydrothermal synthesis process from the HMTA
molecules to N-doped graphene layer.

example, nitrogen-doped graphene nanosheets prepared by heat treatment of graphite oxide under an ammonia
atmosphere at 800 °C exhibited a high reversible capacity 900 mAh/g at current of 42 mA/g'’; nitrogen-doped
holey graphene hollow microspheres synthesized by a template sacrificing method also exhibited high reversible
capacities and rate performances'®.

To date, N-doped graphene materials can be obtained by various methods including plasma method!,
arc-discharge approach’®, chemical vapor deposition (CVD)? and thermal anealing method*"?2. Among these
methods, nitrogen-containing functional groups could be doped by reacting with nitrogen-containing reagents
(urea, NH; and nitric acid)**?* or through carbonizing/activating of nitrogen-rich carbon precursors, such as
pentachloropyridine®, polypyrrole* and pyrimidine®’. These methods either require high quality equipment or
involve several steps during synthesis process, which are obstacles for large scale fabrication. One step hydrother-
mal carbonization is a traditional method which is an important technique for the preperation of various carbo-
naceous materials and hybrids. Recent studies have shown that hydrothermal method is an efficient method for
large-scale preparation of graphene: graphene oxide(GO) prepared by oxidation of graphite powder according to
the modified Hummers’ method was further reduced by a nitrogen containing reductant and finally transferred
into N-doped graphene??.

In this paper, we developed a novel one-step hydrothermal method using HMTA as single carbon and nitro-
gen source. Briefly, HMTA pyrolyzes in high temperature and the N-doped graphene subsequently self-assembles
on the surface of MgO particles (formed by the Mg powder reacting with H,0). During this in-situ approach,
graphene synthesis and nitrogen doping are simultaneously achieved. The as-synthesized graphene with
nitrogen-containing functional groups possesses an average thickness of 4-10 nm with interconnected meso-
porous system. The high surface area, mesopores and vacancies of the N-doped graphene are particularly benefi-
cial for the reversibly storage of lithium ions. These structural features and their synergistic effects would promote
ions and electrons transportation with nanometer-scale diffusion distances as well as be favorable to the penetra-
tion of electrolyte. Extensive research carried out on lithium ion batteries demonstrate that the N-doped graphene
electrode exhibits high reversible capacity, superior rate capability as well as long-term cycling stability (above
600 mAh/g after 50 cycles at current of 100 mA/g, above 500 mAh/g after 150 cycles at current of 200 mA/g),
which suggest its great potential to be an efficient electrode material candidate.

Results

Figure 1 illustrates a proposed conversion process from HMTA precursor into N-doped graphene via a hydro-
thermal synthetic route during which the HMTA is involved in the hydrothermal degradation and recombination
and the N-doped graphene is obtained. To give a clear picture, the schematic only focused on the possible changes
of the HMTA with H,O. Nitrogen atoms appearing at four corners of the cage-like structure are covalently linked
with carbon atoms with sp3 hybridization state in the HMTA molecule precursor which would provide high value
nitrogen content. When the hydrothermal treatment is proceeded, the HMTA molecule starts to decompose and
hydrolyze into the formation of NH(CH,OH), and release small molecules (CH,O, NH;)**. When the tempera-
ture further elevated up, the high temperature induce the structure rearrangement such as of the carbon atoms>'.
The cyclization and conjugation® of the carbon atom lead to the generation and development of two-dimension
hexagonal sp2 carbon clusters®, then the freshly formed free sp2 clusters may assemble into polyaromatic systems
and finally into graphene. A variety of nitrogen atoms would residue from the precursors after the whole hydro-
lyzation and graphitization process; the attachment of the sp2 carbons to the remaining nitrogen atoms preserves
the sp2 hybridization state in HMTA. Figure 1 illustrates several possible configurations of the nitrogen atoms in
graphene: a. pyrrolic N, b. pyridinic N, c. direct substitution (graphitic N) and d. pyridine-N-oxide. Each of these
configurations affects the electronic and transport properties of the functionalized material rather differently.
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Figure 2. (a) XRD patterns of the sample before and after 10h HCI treatment for graphene; (b) SEM images of
the raw sample before HCI treatment; (c) SEM image of the raw sample after 3h HCI treatment; (d) SEM image
of the sample after 10 h HCIl treatment; (e) Illustration of the formation of graphene nanosheet architectures.

Structural characterization of the as-prepared sample was carried out by the powder X-ray diffraction (XRD).
Figure 2a shows the XRD patterns of the product before and after HCI treatment. The XRD pattern of the sample
before HCl treatment displays two groups of peaks: the sharp peaks near 20 =26° and 43° could be assigned to
the (002) and (100) reflections of the 2H phase of graphite (JCPDS No. 41-1487, indicating of graphene layer with
d-spacing of 0.34 nm); the peaks around 43° and 62° could be indexed as (111) and (200) crystal face of cubic
MgO (JCPDS No. 45-0946). So, the graphene layer and MgO were coexistent in the raw sample before HCl treat-
ment. The XRD of the sample after 10h HCI treatment exhibits two detectable broad diffraction peaks around
26° and 43°, indicating that the carbonaceous structure retains after the removal of MgO by HCI; a small peak
around 62° should be assigned to small amount of cubic MgO residue which is wrapped in the graphene sheets
and difficult to be washed by hydrochloric acid. According to this pattern, the broader (002) peak may be due to
the corrugation and defects structure of the graphene sheets after HCI treatment. The interlayer spacing (dy,) of
the sample are about 0.34 nm, which is slightly larger than the d, spacing of graphite (d,, =0.335nm)**.

The morphology and microstructure of as-prepared samples were imaged by SEM tests. Figure 2b shows the
typical SEM image of the raw sample washed by distilled water and absolute ethanol and without acid treatment;
it could be clearly observed that the structure is constructed by the core of MgO particles with diameters of
300~ 500 nm and interconnected ultrathin graphene sheets wrapped outside. Figure 2c shows the SEM image of
the raw sample with 3h HCl treatment, the MgO particles were partially removed by HCl and the graphene sheets
were preserved. Figure 2d displays the sample after 10h HCI treatment: the MgO template® were totally removed
and free-standing nanosheets exhibit a typical wrinkled structure with corrugation and scrolling, which results
from thermodynamically stable bending.

The formation process of the graphene nanosheets based on a solution-growth pathway could be deduced
from the SEM images (Fig. 2e). Firstly, Mg powder is reacted with H,0O and HMTA to obtain MgO and the MgO
would agglomerate into clusters. Then, the MgO clusters would act as structural constructor, and the curled and
overlapped nanosheets are synthesized on the surface of the MgO clusters. When the samples are washed by HCI,

SCIENTIFIC REPORTS | 6:26146 | DOI: 10.1038/srep26146 3



www.nature.com/scientificreports/

Figure 3. (a) TEM images reveal the thin crumpled paper-like structure; (b) high-resolution TEM image of a
typical graphene sheet.
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Figure 4. (a) Raman spectra of N-doped graphene nanosheets; (b) Nitrogen-adsorption isotherms of the
N-doped graphene, the inset is BJH desorption pore-size distribution.

the two-dimensional structure of graphene is well maintained and the nanosheets reveal a curled morphology
consisting of a thin crumpled paper-like structure.

Figure 3a shows the low magnification TEM images of transparent nanosheets with size of about 100nm. A
typical crumpled surface indicates the features of the high specific surface area and the two-dimensional struc-
ture of graphene are well maintained after HCI treatment. The transparency reveals that the sheets consist of
graphene with only a few layers. Further high resolution TEM (HRTEM) observation in Fig. 3b reveals that the
nanosheet is about 4 nm in thickness which corresponds to approximately 10 stacked monatomic graphene layers.
The layer-to-layer distance (dg, spacing) is measured to be about 0.34 nm, which is larger than that of graphite
(0.335nm) and agreed with the interlayer spacing calculated by XRD pattern. It is worth noting that the basal
planes are discontinuous and distorted, and some parts are wavy and turbostratic, indicating that the layer stack-
ing is disordered®, which possibly caused by the uncontrolled hydrothermal reassembling process. The defects in
the basal plane could facilitate lithium ion diffusion and storage. Defects on graphene basal plane seem to play an
important role in lithium diffusion.

Raman spectra have sensitive response to the crystallinity, defects and disorder of microstructure of car-
bon materials®”%; so it is carried out as an effective tool to detect the microstructure of the as-prepared sam-
ple. As shown in Fig. 4a, the Raman spectrum obtained from N-doped graphene sample shows two first-order
Raman peaks centered at 1320 cm ™! and 1586 cm ™!, which could be ascribed to the well-documented D and G
band®, respectively. The G band originated from the doubly degenerate zone center phonon E,, mode corre-
sponds to ordered sp2 bonded carbon and provides the formation of graphitic carbon. The D band arises from
the breathing modes of six-atom rings of k-point phonons of A, symmetry with defects for activation*’; so the
high intensity of the D-band indicates the presence of structural defects in the graphene layer; the defects include
boundaries, bonding disorders, vacancies and heteroatoms in graphene lattice generated by nitrogen doping. The
second-order 2D band (the broad and weak peak around 2650 cm™!) is the D-band overtone*’ and is a character-
istic feature of few-layered graphene*#2,
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Figure 5. (a) XPS survey spectra of the N-doped graphene; (b) High resolution C1s XPS spectra; (c) High
resolution O1s XPS spectra; (d) High resolution N1s XPS spectra.

The D, G and 2D bands of graphene*® provide valuable information of the structural defects; the large D/G
ratio and the broadened G and 2D band indicate various bonding structures and defects with small sp2 domains.
The ratio of D to G band integrated intensities (Ip/I) is usually used to estimate the average crystallite size along
the a-axis (L,) of sp2 regions in the graphene layer. The L, could be calculated by the empirical Tuinstra-Koenig
equation: L, = (2.4 x 1071%) X\*(Ip/Ig) ! (\=514.5nm,)*”*. The /] is 1.13, so the crystallite size of ordered
sp2 regions surrounded by areas of nitrogened carbon atoms or defects is about 14.9nm. As a consequence, the
Raman spectrum reveals that the N-doped graphene are composed of few-layered structure with sufficient defects
which is crucial to improve its lithium diffusion and storage properties.

To further investigate the structure and characterize the porosity of the N-doped graphene, nitrogen adsorp-
tion—desorption isotherms were carried out (Fig. 4b). Brunauer-Emmett-Teller (BET) analysis showed that
the specific surface area of the N-doped graphene is up to 466 m?g~1, as well as the high volume of mesopores
(0.150 cm*/g calculated by the Barrett-Joyner-Halenda (BJH) method). The N-doped graphene exhibits a char-
acteristic type IV isotherm with a pronounced hysteresis at P/P°= 0.4-0.8 between the adsorption and desorp-
tion branches, suggesting the existence of a large number of mesopores with uniform pore size distribution®. In
addition, this type IV isotherm with type H2 hysteresis loop associates with capillary condensation taking place
in connecting cage-like mesopores®. The hysteresis loop is mainly caused by different mechanisms between cap-
illary condensation and evaporation processes occurring in pores with narrow entrances and large pore interiors
with porous network. The capillary evaporation (at P/P°=0.45) is significantly delayed comparing with the capil-
lary condensation. This delay process* arises from the lack of direct access of the N, condensed in the pore inte-
riors to the exterior when the N, is condensed in the narrower connecting pores*’. So the volume of the pores*
are large enough to show capillary condensation at pressure significantly higher than P/P°=0.4. In this case, the
ink bottle-like pore networks account for the occurrence of broad hysteresis loops. Moreover, the adsorption and
desorption branches do not close below P/P°=0.3, which indicates that chemical adsorption might occur in the
mesopores; this chemical adsorption is irreversible so the adsorpted N, could not be desorpted at lower pressure.
The pore size distribution (shown in Fig. 4b inset) calculated by BJH method based on the desorption branch
displays a unimodal peak centered at 3.8 nm; those pores might be mainly caused by the removal of the template.
The existence of the mesopores and interconnections are important for the fast transport of lithium ions and fast
access of the electrolyte* because they could provide a more favorable path for penetration and transportation of
ions and electrolyte into graphene structure.

The chemical states of the elements are evaluated by X-ray photoemission spectroscopy (XPS) (Fig. 5). As
shown in Fig. 5a, the survey scan shows the existence of graphitic C 1s peak at 284.6eV, a weak O 1s peak at
530eV, and a pronounced N 1s peak at 400 eV. XPS of C 1 s ranging from 280-290eV (Fig. 5b) exhibits six peaks
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by curve fitting of the C 1's spectrum. The main peak at 284.5eV could be assigned to the sp2 carbon atoms (C1)
constituted graphitic regions, which demonstrates that most of the C atoms are arranged in a honeycomb lattice.
The other five weak peaks centered at 285.6, 285.7, 286.7, 287.9 and 290.3 eV correspond to the sp3 C, C-N, C-O,
C=0, and O=C-O groups, respectively>’, which originate from the groups in the intermediate small molecules
which are retained at the edges and defects of the graphene sheets®! as showed in the schematic mechanism in
Fig. 1. The O 1s spectrum could be deconvoluted into three subpeaks at 531.2, 532.3 and 533.5eV (Fig. 5¢), which
could be attributed to the presence of different oxygen functionalities such as C=0, C-O, and O=C-O, respec-
tively®2. The N 1's peak can be split into five individual peaks (as shown in Fig. 5d) located at 399.2 eV, 400.1 eV,
401.4eV, 402.9eV and 405.6 eV associated to pyridinic, pyrrolic, graphitic, oxidized and chemisorbed nitrogen,
respectively (as showed in the schematic structure of the N-doped graphene in Fig. 1). The amount of nitrogen
doped into the graphene is 1.68 at% calculated by XPS elemental analysis. The low doping level could be ascribed
to the high reaction temperature, which could break most of the C-N bonds. As shown in Fig. 1, pyridinic and
graphitic N present a marginal influence on the graphene structure because the bond lengths of C-N (1.41 A) and
C-C (1.42 A) are similar?; while the pyrrolic N with sp3 bond disrupts the six-atom rings structure of graphene®.
Moreover, pyridinic N bonding configuration is the most stable structure in the presence of monovacancy, as
well as pyridinic and graphitic N show in the presence of divacancy defects®. So the occurrence of nitrogen
atoms into the honeycomb-like lattice are accompanied with the structure defects such as vacancies, bonding
disorders and noncyclized structures, which creates high disorder of the structures. Moreover, due to the higher
electronegativity® and smaller covalent radius of nitrogen, the doping would significantly influence the structure
and electronic properties of the graphene; and lithium might be favorable for around the defects and sites in the
vicinity of residual N atoms.

Figure 6 shows the electrochemical properties of the N-doped graphene electrode. Cyclic voltammetry (CV)
of the first 5 cycles was processed to survey the electrochemical cycling behaviors of the N-doped graphene.
The electrode presents two cathodic peaks R, (0.7 V) and R, (below 0.2 V) and two anodic peaks O, (1.2V) and
0, (0.2V) during the first cycle. The R, peak in the 1st cycle and disappeared in the following cycles could be
assigned to the decomposition of the electrolyte and formation of solid electrolyte interphase (SEI) film on the
surfaces of graphene in the first cycle®. The R, peak and the counterpart anodic O, peak could be attributed to
Li ions insertion into the graphene layers®. The O, peak indicated that the breaking of the bonds of the Li atom
with the defects or other active sites during the charge processes takes place at high voltage®’. This may be caused
by the relatively strong bonds of lithium interactions with the residual nitrogen-containing functional groups
within graphene nanosheets. Moreover, the intensity and position of the peaks after the first cycle steadily main-
tains which indicates that the discharge/charge process is stable. After the second cycle, the current peaks became
stable, which indicates that the insertion/extraction of Li* produces good reversibility.

Galvanostatic charge/discharge of the sample was measured at a current rate of 100 mA/g in the potential
range from 0.01 V to 3V with Li foil as a counter electrode at room temperature (25 °C). Figure 6b shows the
typical charge/discharge profile for selected cycles. The intercalation of Li* of the first cycle begins at around 2.0 V
vs. Li/Li*; the curve exhibits a slope plateau at 0.8 V which arises from the combination of Li ions adsorption
on the structural defects in basal planes of the graphene layers and the formation of solid electrolyte interphase
(SEI) film**° by the electrolyte decomposition reactions on the surfaces of graphene. No distinct plateau below
0.3 V (the feature of lithium staging®®® in carbon layers) could be observed, suggesting the disordered struc-
ture providing electronically and geometrically nonequivalent sites for lithium storage. The initial discharge and
charge specific capacities are up to about 1420 mAh/g (equivalent to ~0.63 mol Li per mol C) and 950 mAh/g
(~0.42 mol Li per mol C), respectively. The extra capacity over the theoretical specific capacity originates from
the large amount of surface defects and high surface area for lithium storage. After the first cycle, the discharge
curve changes into a steep slope during the discharge/charge process, suggesting that the formation of the SEI film
only occurs in the first cycle. The discharge capacity of the second cycle decreases to 960 mAh/g. The irreversible
capacity loss of 460 mAh/g could be caused by both electrolyte decomposition on graphene surface and strong Li
ions adsorption®' on the special positions like vacancies or vicinity of residual N groups.

Figure 6¢ presents the discharge/charge cycling performance of the N-doped graphene electrode at 100mA/g.
After the fifth cycle, the specific capacity is stable and maintains at above 600 mAh/g (0.27 mol Li per mol C) after
50 cycles, indicating high capacity retention of the electrode. When the current density raised up to 200mA/g,
the stationary capacity still keeps above 500 mAh/g which is significantly higher than the theoretical capacity of
graphite after 150 cycles. The columbic efficiency of the first cycle is about 67% corresponding to the large irre-
versible capacity in the initial discharge/charge process. Then the columbic efficiency increased up to above 98%
in the following cycles. Besides the excellent cyclability, the rate capacity of N-doped graphene is also measured at
different current densities (Fig. 6d). The current intensity increases stepwise from 100 to 200, 500, 1000, 2000 and
5000 mA/g, and the corresponding stable discharge capacities are 655, 453, 306, 259, 201 and 150 mAh/g, respec-
tively. When the current goes back to 100 mA/g, the capacity could return to ~650 mAh/g, which almost recovers
the initial capacity, indicating that the special structure of the graphene keeps stable at the high current density.

The above analysis well demonstrated that N-doped graphene is an excellent electrode material of Li-ion bat-
tery. To get further insight into the electrochemical process, electrochemical impedance spectroscopy (EIS) were
carried out by three electrode system and the obtained Nyquist plots are presented in Fig. 6e. The impedance data
could be simulated by the appropriate electric equivalent circuit in the inset of Fig. 6e. The circuit includes ohmic
resistance (Ry), resistance (R,) of the surface film formed on the electrodes and the contact problems®?, double
layer capacitance (Qg), charge-transfer resistance (R.)*, and the Warburg impedance (Rp) related to the diffu-
sion capacitance of lithium ions into the graphene electrodes®. It could be calculated that the electrode possesses
low charge transfer resistances (Rs=19.64Q, R, =Q and R ;= 2.738 Q). In this case, the electrical conductive
capability are improved, resulting in the high capacity and stable cycling performance.
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Figure 6. Electrochemical performance of the N-doped graphene electrode: (a) Cyclic voltammograms (CV);
(b) Galvanostatic charge/discharge profile for selected cycles; (c) Discharge/charge capacity and coulombic
efficiency; (d) Rate performance; (e) Nyquist plots and equivalent circuit of the first cycle at 0.8 V; (f) Proposed

scheme describing the Li diffusion mechanism through N-doped graphene, broad down arrows designate Li ion
diffusion through defect sites of graphene plane.

According to the above results, the significantly improved electrochemical performance of N-doped graphene
get benefit from the unique structure by nitrogen doping®, because it introduces a large number of topological
defects on the graphene layers, which leads to the formation of disordered carbon structure that further improves
the lithium storage capacities. As shown in Fig. 6f, the existence of multiple lithium storage positions such as
N-groups, grain boundaries, vacancies and mesopores increase the reversible capacity of the N-doped graphene.
First, doping plays an important role in promoting the electrochemical performance, because N-doping effect
may offer favorable active sites®%* around the vicinity of residual N-groups for lithium storage even though such a
process may occur at high equilibrium voltages and high overvoltages. Second, the numerous mesopores (3.8 nm)
produced during the fabrication process offers optimized conditions for electrolyte penetration and facile trans-
port channels for lithium ions migration especially at high rate®. In addition, the open pores and vancancies
could serve as active intercalation sites for lithium ions contributing to the high capacity, though a large irre-
versible capacity loss is concomitant as well. Moreover, the conductive nanosheets with large surface area greatly
reduce the solid-state transport lengths for lithium ion diffusion and guarantee a continuous electronic pathway.
The high specific surface area also provides a high electrode/electrolyte contact interface to facilitate fast charge

SCIENTIFIC REPORTS | 6:26146 | DOI: 10.1038/srep26146 7



www.nature.com/scientificreports/

transfer reaction and minimize polarization effects which is benefit to the stability of the electrode. The above
features and their multiple synergistic effects make N-doped graphene a favorable candidate electrode material
with superior rate capability, high capacity and cycle performance.

Discussion

In summary, we have successfully prepared a new kind of N-doped graphene through a facile one-step hydro-
thermal approach. The as-synthesized graphene with incorporation of nitrogen groups possesses unique structure
including high surface area, mesopores and vacancies, which is particularly important for the reversibly storage of
lithium ions. The structural features and their synergistic effects could not only promote ions and electrons trans-
portation with nanometer-scale diffusion distances but also benefit to the penetration of electrolyte. The N-doped
graphene exhibits outstanding electrochemical properties such as high reversible capacity, superior rate capability
as well as long-term cycling stability, which endow it great potential to be an efficient electrode material candi-
date, and the EIS test further indicates that the N-doped graphene is a good lithium ion battery. The experimental
results provide a novel hydrothermal route to fabricate N-doped graphene material with potential application for
advanced energy storage, as well as useful information to design new graphene materials for future applications.

Methods
Synthesis of Nitrogen-doped Multilayer Graphene.  All reagents (purchased from Shanghai Chemical
Reagents Company) were analytical purity and used without further purification.

Details of a typical synthesis process are as follows: Hexamethylenetetramine (HMTA, 3.0 g), magnesium
powder (200 mesh, 4.0 g) and ultrapure water (3 mL) were added into a 20 ml stainless steel autoclave. The auto-
clave was sealed, put in an electric furnace, warmed up at a rate of 10 °C/min and maintained at 500 °C for 20h,
and was then cooled to room temperature naturally. The precipitate was filtered off, washed with distilled water,
absolute ethanol, and hydrochloric acid solution (5 mol/L) for several times, and then dried in vacuum at 50 °C
for 3h.

Sample Characterization. The X-ray powder diffraction (XRD) measurements were carried out on a
Bruker AXS D8 Advance X-ray diffractometer equipped with Cu Ka radiation (\=1.54182 A) at a scanning rate
of 10°min ™. The morphology of the graphene were observed using a JEOL JSM-6700F field emission scanning
electron microscope (SEM) operated at 15kV and Hitachi H7650 transmission electron microscope (TEM) oper-
ated at 100 kv. The high resolution images were recorded using a high resolution transmission electron micro-
scope (HRTEM, JEOL-2010) operated at 200kV. The surface areas of the sample were measured by TriStar II
3020 (Micromeritics Instrument Corporation, U.S.A.) and calculated by N, adsorption-desorption isotherms.
The XPS tests were performed on a Thermo Scientific ESCALAB 250 X-ray photoelectronic spectrometer with a
non-monochromated Mg Ko X-ray radiation as the excitation source. The Raman spectroscopy data were taken
on a LABRAM-HR laser MicroRaman spectrometer with excitation wavelength of 514.5nm (2.41eV).

Electrochemical Measurements. The electrochemical performances were measured with CR2032
coin-type cells. The N-doped graphene acted as an anode electrode, and Li foil was used as a counter electrode.
To prepare the working electrodes, the active materials (70 wt %) were mixed with Super P carbon black (20 wt %)
and polyvinylidene fluoride (PVDF) (10wt %). These materials were dissolved in N-methyl pyrrolidone (NMP)
and ball milled for 5hours at speed of 400 rpm to obtain uniform slurry. Then the slurry was coated on a Cu
foil current collector and subsequently dried under vacuum at 80 °C for 12 h. The Celgard 2300 microporous
membrane was used as polypropylene separator, and the electrolyte was a 1 mol/L solution of LiPF in ethyl-
ene carbonate/dimethyl carbonate (EC/DMC) with a volume ratio of 1:1. The galvanostatic charge/discharge
tests were tested in the voltage range of 0.01-3.0 V using a computer-controlled multichannel battery test unit
(LAND-CT2001A battery cycler) at room temperature. The typical cyclic voltammetry (CV) measurements were
performed in the potential window of 0.01-3.0 V at a scanning rate of 0.1 mV/s on LK-2005A electrochemical
workstation.

References
1. Xu, C. et al. Graphene-based electrodes for electrochemical energy storage. Energy Environ. Sci. 6, 1388-1414 (2013).
2. Bong, J. et al. Dynamic graphene filters for selective gas-water-oil separation. Sci. Rep. 5, 14321 (2015).
3. Wang, X. et al. Heteroatom-doped graphene materials: syntheses, properties and applications. Chem. Soc. Rev. 43, 7067-7098
(2014).
4. Wang, T., Wang, L.-X., Wu, D.-L., Xia, W. & Jia, D.-Z. Interaction between Nitrogen and Sulfur in Co-Doped Graphene and
Synergetic Effect in Supercapacitor. Sci. Rep. 5, 9591 (2015).
. Wang, D.-W. & Su, D. Heterogeneous nanocarbon materials for oxygen reduction reaction. Energy Environ. Sci. 7, 576-591 (2014).
. Kong, X.-K., Chen, C.-L. & Chen, Q.-W. Doped graphene for metal-free catalysis. Chem. Soc. Rev. 43, 2841-2857 (2014).
7. Dai, B., Chen, K., Wang, Y., Kang, L. & Zhu, M. Boron and Nitrogen Doping in Graphene for the Catalysis of Acetylene
Hydrochlorination. ACS Catal. 5, 2541-2547 (2015).
8. Usachov, D. et al. Nitrogen-Doped Graphene: Efficient Growth, Structure, and Electronic Properties. Nano Lett. 11, 5401-5407
(2011).
9. Li, Y., Zhou, Z., Shen, P. & Chen, Z. Spin Gapless Semiconductor—Metal—Half-Metal Properties in Nitrogen-Doped Zigzag
Graphene Nanoribbons. ACS Nano 3, 1952-1958 (2009).
10. Hwang, J. O. et al. Workfunction-Tunable, N-Doped Reduced Graphene Transparent Electrodes for High-Performance Polymer
Light-Emitting Diodes. ACS Nano 6, 159-167 (2012).
11. Luo, Z. et al. Pyridinic N doped graphene: synthesis, electronic structure, and electrocatalytic property. J. Mater. Chem. 21,
8038-8044 (2011).
12. Wang, Y., Shao, Y., Matson, D. W, Li, J. & Lin, Y. Nitrogen-Doped Graphene and Its Application in Electrochemical Biosensing. ACS
Nano 4, 1790-1798 (2010).
13. Liang, J., Du, X., Gibson, C., Du, X. W. & Qiao, S. Z. N-Doped Graphene Natively Grown on Hierarchical Ordered Porous Carbon
for Enhanced Oxygen Reduction. Adv. Mater. 25, 6226-6231 (2013).

(<%

SCIENTIFICREPORTS | 6:26146 | DOI: 10.1038/srep26146 8



www.nature.com/scientificreports/

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31

33.

34,

35.

36.

37.

38.

39.

40.

41

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

Jeong, H. M. et al. Nitrogen-Doped Graphene for High-Performance Ultracapacitors and the Importance of Nitrogen-Doped Sites
at Basal Planes. Nano Lett. 11, 2472-2477 (2011).

Wang, D.-W. et al. Nitrogen-Doped Carbon Monolith for Alkaline Supercapacitors and Understanding Nitrogen-Induced Redox
Transitions. Chem. Eur. ]. 18, 5345-5351 (2012).

Ren, L. et al. 3D hierarchical porous graphene aerogel with tunable meso-pores on graphene nanosheets for high-performance
energy storage. Sci. Rep. 5, 14229 (2015).

Wang, H. et al. Nitrogen-doped graphene nanosheets with excellent lithium storage properties. J. Mater. Chem. 21, 5430-5434
(2011).

Jiang, Z.-]. & Jiang, Z. Fabrication of Nitrogen-Doped Holey Graphene Hollow Microspheres and Their Use as an Active Electrode
Material for Lithium Ion Batteries. ACS Appl. Mater. Inter. 6, 19082-19091 (2014).

Li, N. et al. Large scale synthesis of N-doped multi-layered graphene sheets by simple arc-discharge method. Carbon 48, 255-259
(2010).

Wei, D. et al. Synthesis of N-Doped Graphene by Chemical Vapor Deposition and Its Electrical Properties. Nano Lett. 9, 1752-1758
(2009).

Jun, G. H. et al. Enhanced conduction and charge-selectivity by N-doped graphene flakes in the active layer of bulk-heterojunction
organic solar cells. Energy Environ. Sci. 6, 3000-3006 (2013).

Tian, L.-L. et al. Bottom-up synthesis of nitrogen-doped graphene sheets for ultrafast lithium storage. Nanoscale 6, 6075-6083
(2014).

Shen, W. & Fan, W. Nitrogen-containing porous carbons: synthesis and application. J. Mater. Chem. A 1,999-1013 (2013).

Sun, L. et al. Nitrogen-doped graphene with high nitrogen level via a one-step hydrothermal reaction of graphene oxide with urea
for superior capacitive energy storage. RSC Adv. 2, 4498-4506 (2012).

Geng, D., Hu, Y., Li, Y., Li, R. & Sun, X. One-pot solvothermal synthesis of doped graphene with the designed nitrogen type used as
a Pt support for fuel cells. Electrochem. Commun. 22, 65-68 (2012).

Lai, L. et al. Exploration of the active center structure of nitrogen-doped graphene-based catalysts for oxygen reduction reaction.
Energy. Environ. Sci. 5,7936-7942 (2012).

Xu, J., Dong, G., Jin, C., Huang, M. & Guan, L. Sulfur and Nitrogen Co-Doped, Few-Layered Graphene Oxide as a Highly Efficient
Electrocatalyst for the Oxygen-Reduction Reaction. ChemSusChem 6, 493-499 (2013).

Wu, P, Cai, Z., Gao, Y., Zhang, H. & Cai, C. Enhancing the electrochemical reduction of hydrogen peroxide based on nitrogen-
doped graphene for measurement of its releasing process from living cells. Chem. Commun. 47, 11327-11329 (2011).

Ma, C,, Shao, X. & Cao, D. Nitrogen-doped graphene nanosheets as anode materials for lithium ion batteries: a first-principles study.
J. Mater. Chem. 22, 8911-8915 (2012).

Gao, X., Li, X. & Yu, W. Flowerlike ZnO Nanostructures via Hexamethylenetetramine-Assisted Thermolysis of Zinc—
Ethylenediamine Complex. J. Phys. Chem. B 109, 1155-1161 (2005).

. Kuang, Q. et al. Low temperature solvothermal synthesis of crumpled carbon nanosheets. Carbon 42, 1737-1741 (2004).
32.

Zaini, M. A. A., Amano, Y. & Machida, M. Adsorption of heavy metals onto activated carbons derived from polyacrylonitrile fiber.
J. Hazard. Mater. 180, 552-560 (2010).

Gherghel, L., Kiibel, C,, Lieser, G., Rader, H.-J. & Miillen, K. Pyrolysis in the Mesophase: A Chemist’s Approach toward Preparing
Carbon Nano- and Microparticles. . Am. Chem. Soc. 124, 13130-13138 (2002).

Giraudet, J., Dubois, M., Inacio, J]. & Hamwi, A. Electrochemical insertion of lithium ions into disordered carbons derived from
reduced graphite fluoride. Carbon 41, 453-463 (2003).

Fan, Z. et al. Template-Directed Synthesis of Pillared-Porous Carbon Nanosheet Architectures: High-Performance Electrode
Materials for Supercapacitors. Adv. Energy Mater. 2, 419-424 (2012).

Yoo, E. et al. Large Reversible Li Storage of Graphene Nanosheet Families for Use in Rechargeable Lithium Ion Batteries. Nano Lett.
8,2277-2282 (2008).

Kim, J.-Y. et al. Chlorination of Reduced Graphene Oxide Enhances the Dielectric Constant of Reduced Graphene Oxide/Polymer
Composites. Adv. Mater. 25,2308-2313 (2013).

Wu, Z.-S., Ren, W, Xu, L., Li, E. & Cheng, H.-M. Doped Graphene Sheets As Anode Materials with Superhigh Rate and Large
Capacity for Lithium Ion Batteries. ACS Nano 5, 5463-5471 (2011).

Zhang, C., Mahmood, N., Yin, H., Liu, F. & Hou, Y. Synthesis of Phosphorus-Doped Graphene and its Multifunctional Applications
for Oxygen Reduction Reaction and Lithium Ion Batteries. Adv. Mater. 25, 4932-4937 (2013).

Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotech. 8,
235-246 (2013).

. Graf, D. et al. Spatially Resolved Raman Spectroscopy of Single- and Few-Layer Graphene. Nano Lett. 7, 238-242 (2007).
. Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 97, 187401 (2006).
43.

Ferrari, A. C. & Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B 61, 14095-14107
(2000).

Zhang, C. et al. Synthesis of Nitrogen-Doped Graphene Using Embedded Carbon and Nitrogen Sources. Adv. Mater. 23, 1020-1024
(2011).

Matsuoka, K. et al. Extremely high microporosity and sharp pore size distribution of a large surface area carbon prepared in the
nanochannels of zeolite Y. Carbon 43, 876-879 (2005).

Matos, J. R. et al. Ordered Mesoporous Silica with Large Cage-Like Pores: Structural Identification and Pore Connectivity Design by
Controlling the Synthesis Temperature and Time. J. Am. Chem. Soc. 125, 821-829 (2003).

Ravikovitch, P. I. & Neimark, A. V. Experimental Confirmation of Different Mechanisms of Evaporation from Ink-Bottle Type Pores:
Equilibrium, Pore Blocking, and Cavitation. Langmuir 18, 9830-9837 (2002).

Kruk, M. & Jaroniec, M. Gas Adsorption Characterization of Ordered Organic—Inorganic Nanocomposite Materials. Chem. Mater.
13, 3169-3183 (2001).

Yao, F. et al. Diffusion Mechanism of Lithium Ion through Basal Plane of Layered Graphene. J. Am. Chem. Soc. 134, 8646-8654
(2012).

Yan, J. et al. Template-Assisted Low Temperature Synthesis of Functionalized Graphene for Ultrahigh Volumetric Performance
Supercapacitors. ACS Nano 8, 4720-4729 (2014).

Ma, G., Huang, K., Zhuang, Q. & Ju, Z. Superior cycle stability of nitrogen-doped graphene nanosheets for Na-ion batteries. Mater.
Lett. 174, 221-225 (2016).

Ou, J. et al. Nitrogen-rich porous carbon derived from biomass as a high performance anode material for lithium ion batteries. J.
Mater. Chem. A 3, 6534-6541 (2015).

Yang, M., Zhou, L., Wang, J., Liu, Z. & Liu, Z. Evolutionary Chlorination of Graphene: From Charge-Transfer Complex to Covalent
Bonding and Nonbonding. J. Phys. Chem. C 116, 844-850 (2012).

Hou, Z. et al. Electronic structure of N-doped graphene with native point defects. Phys. Rev. B 87, 165401 (2013).

Li, Z. et al. Mesoporous nitrogen-rich carbons derived from protein for ultra-high capacity battery anodes and supercapacitors.
Energy Environ. Sci. 6, 871-878 (2013).

Wang, C., Li, D., Too, C. O. & Wallace, G. G. Electrochemical Properties of Graphene Paper Electrodes Used in Lithium Batteries.
Chem. Mater. 21, 2604-2606 (2009).

SCIENTIFIC REPORTS | 6:26146 | DOI: 10.1038/srep26146 9



www.nature.com/scientificreports/

57. Tian, L. et al. Mechanism of intercalation and deintercalation of lithium ions in graphene nanosheets. Chin. Sci. Bull. 56, 3204-3212
(2011).

58. Hirasawa, K. A, Sato, T., Asahina, H., Yamaguchi, S. & Mori, S. In Situ Electrochemical Atomic Force Microscope Study on Graphite
Electrodes. J. Electrochem. Soc. 144, 1L.81-184 (1997).

59. Jeon, L.-Y. et al. Edge-Fluorinated Graphene Nanoplatelets as High Performance Electrodes for Dye-Sensitized Solar Cells and
Lithium Ion Batteries. Adv. Funct. Mater. 25, 1170-1179 (2015).

60. Hu, Y. S. et al. Synthesis of Hierarchically Porous Carbon Monoliths with Highly Ordered Microstructure and Their Application in
Rechargeable Lithium Batteries with High-Rate Capability. Adv. Funct. Mater. 17, 1873-1878 (2007).

61. Kaskhedikar, N. A. & Maier, J. Lithium Storage in Carbon Nanostructures. Adv. Mater. 21, 2664-2680 (2009).

62. Chang, Y. C. & Sohn, H. J. Electrochemical Impedance Analysis for Lithium Ion Intercalation into Graphitized Carbons. J.
Electrochem. Soc. 147, 50-58 (2000).

63. Yang, S., Huo, J., Song, H. & Chen, X. A comparative study of electrochemical properties of two kinds of carbon nanotubes as anode
materials for lithium ion batteries. Electrochim. Acta 53, 2238-2244 (2008).

64. Hou, J., Cao, C., Idrees, F. & Ma, X. Hierarchical Porous Nitrogen-Doped Carbon Nanosheets Derived from Silk for Ultrahigh-
Capacity Battery Anodes and Supercapacitors. ACS Nano 9, 2556-2564 (2015).

Acknowledgements
Financial supports of this work by the Fundamental Research Funds for the Central University 2014QNA15.

Author Contributions

Z.X.and Z.C.J. conceived and designed the experiments. Z.X. and J.L.W. carried out the experimental work. Z.X.
and Y.H.Q. drawing Figures 1,2e and 6f. Y.L.Z., Y.B.Z., YH.Q. and Y.T.Q. discussed the results and revised the
manuscript. All authors discussed the results and contributed to the final manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xing, Z. et al. One-pot hydrothermal synthesis of Nitrogen-doped graphene as high-
performance anode materials for lithium ion batteries. Sci. Rep. 6, 26146; doi: 10.1038/srep26146 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26146 | DOI: 10.1038/srep26146 10


http://creativecommons.org/licenses/by/4.0/

	One-pot hydrothermal synthesis of Nitrogen-doped graphene as high-performance anode materials for lithium ion batteries

	Results

	Discussion

	Methods

	Synthesis of Nitrogen-doped Multilayer Graphene. 
	Sample Characterization. 
	Electrochemical Measurements. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Scheme of a proposed mechanism for the hydrothermal synthesis process from the HMTA molecules to N-doped graphene layer.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) XRD patterns of the sample before and after 10 h HCl treatment for graphene (b) SEM images of the raw sample before HCl treatment (c) SEM image of the raw sample after 3 h HCl treatment (d) SEM image of the sample after 10 h HCl treat
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) TEM images reveal the thin crumpled paper-like structure (b) high-resolution TEM image of a typical graphene sheet.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Raman spectra of N-doped graphene nanosheets (b) Nitrogen-adsorption isotherms of the N-doped graphene, the inset is BJH desorption pore-size distribution.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) XPS survey spectra of the N-doped graphene (b) High resolution C1s XPS spectra (c) High resolution O1s XPS spectra (d) High resolution N1s XPS spectra.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Electrochemical performance of the N-doped graphene electrode: (a) Cyclic voltammograms (CV) (b) Galvanostatic charge/discharge profile for selected cycles (c) Discharge/charge capacity and coulombic efficiency (d) Rate performance (e) Ny


