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Abstract: A facile bottom-up strategy was developed to fabricate nitrogen-doped
graphene sheets (NGS) from glucose using a sacrificial template synthesis method.
Three main types of nitrogen dopants (pyridinic, pyrrolic and graphitic nitrogens)
were introduced into the graphene lattice, and inimitable microporous structure of
NGS with a high specific surface area of 504 m* g was obtained. Particularly, with
a hybrid feature of lithium ion batteries and faradic capacitor at a low rate and a
faradic capacitor feature at a high rate, the NGS presents a superior lithium storage
performance. During electrochemical cycling, the NGS electrode afforded enhanced
reversible capacity of 832.4 mAh g at 100 mA g and excellent cycling stability of

750.7 mAh g after 108 discharge/charge cycles. Furthermore, astonishing rate
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capability of 333 mAh g at 10000 mA g and high rate cycle performance of 280.6
mAh g'1 even after 1200 cycles were also achieved, highlighting the significance of
nitrogen doping on the maximum utilization of graphene-based materials for
advanced lithium storage.

Keywords: graphene, nitrogen doping, template synthesis, rate performance,

lithium ion batteries
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1 Introduction

To design advanced energy storage devices, electrode materials with both high
energy and high power density are urgently and essentially needed. Hence it is
required to incorporate the features of supercapacitors with high rate performance
and rechargeable batteries with high energy densities into a single unit." Graphene,
defined as a monolayer of sp>-hybridized carbon atoms arranged in a honeycomb
lattice, has become one of the most exciting materials in recent years.z’3 By virtue of
its extraordinary physicochemical properties, including large surface area, high
conductivity, structural flexibility and chemical stability, graphene has been
intensively explored as electrode materials and/or substrate of hybrid materials for
high performance lithium ion batteries (LIBs).*'* It is commonly estimated that
graphene might be more suitable for reversible lithium storage than commercial bulk
graphite, because the graphene sheets could double the sorption capacity by
bounding lithium ion on both sides of the graphene plane and by shortening the
lithium diffusion distance.*>'>*' However, it is recently concluded that the lithium
coverage on the surface of single layer graphene is actually smaller, because of the
lower binding energies of lithium to carbon and the strong Coulombic repulsion of
the lithium atoms on the opposite sides of the graphene as well as the small charge
transfer between lithium and graphene.'”**** Moreover, the Li" diffusion parallel to
the graphene planes is seriously hindered by the higher diffusion barrier resulting
from the accumulated Li" in large area multilayer graphenes (MLG).24

Fortunately, heteroatomic dopants could substantially increase the lithium storage
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performances of the carbon materials.”> Nitrogen is one of the most attractive
modification dopants because its electronegativity is higher than that of carbon and
its atomic diameter is close to that of carbon.”** The enhanced binding interactions
between the nitrogen dopants and lithium might sharply increase the lithium
coverage of graphene layer.*~> In addition, appropriate incorporation of nitrogen in
graphitic networks could boost the electronic conductivity and reversibly cycle
lithium ions.*>*” Furthermore, alongside of the nitrogen dopants, considerable
defects were also introduced, which could lower the diffusion barriers and thus
facilitate the Li" diffusion through/cross the graphene layers.** Nitrogen-doped
graphene has been heretheto fabricated through two main routes®™: one is direct

28-30

synthesis, including chemical vapor deposition (CVD) and solvothermal®® etc.,

the other is post-treatment doping, such as fumigation in NH;, 2133 plasma

40,41

42,43
treatment ’

and hydrazine hydrate etc. However, most of these methods are
complicated and cannot achieve homogeneous nitrogen doping with high nitrogen
content.

Herein, we report a facile bottom-up strategy to fabricate nitrogen-doped graphene
sheets (NGS) as an ultrafast lithium storage material for advanced LIBs. During the
sacrificial template synthesis process, the mixture of glucose and dicyandiamide was
first thermally polymerized to create layered stacks of graphic carbon nitride (GCN,
g-C3Ny) template, and aromatic carbon intermediates were enclosed within the

interlayer gaps of GCN simultaneously. NGS with microporous nanoarchitecture

was finally achieved when the GCN template undergoes thermolysis. The unique
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microporous nanoarchitecture could efficiently increase the interfacial interaction
and improve the Li" diffusion. During the electrochemical cycles, the NGS could
store lithium with hybrid features of LIBs and faradic capacitor at low rate and a
feature of faradic capacitor at high rate, and thus afforded enhanced reversible
capacity and excellent cycling stability as well as a superior rate capability.
2 Experimental section
2.1 Synthesis of NGS

Dicyandiamide (DCDA, 99.5%), monohydrate glucose (MHG) and anhydrous
ethanol (AHE) were used without further purification. In a typical synthesis,
appropriate amounts of DCDA, MHG and AHE were poured into a milling pot, in
which the mass ratio of DCDA to MHG was fixed to 10. The mixture was mixed for
4 h using a planet type ball mill, and then dried. Subsequently, the obtained powder
of precursor was heated in two steps under a nitrogen atmosphere. In the low-
temperature state, the precursor was heated to 580 °C by 2.2 °C min™ and kept at this
temperature for 4 h.** DCDA was pyrolyzed during this step to create layered
stacks of GCN template, and the aromatic carbon intermediates resulted from MHG
were enclosed within the interlayer gaps of GCN (denoted as GCN enclosed
graphene, GEG). NGS was finally obtained after removing the GCN template from
GEG by thermolysis at 800 °C for 2 h, MLG was contrastively prepared by heating
the GEG at 1000 °C for 2 h. As a reference, graphene nanosheets (GNS) were also
synthesized using the typical method of reducing exfoliated graphite oxides.*°

2.2 Material characterization
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Scanning electron microscopy (SEM) characterization was performed on a field
emission JSM-6700F instrument, and transmission electron microscopy (TEM)
image was captured on a JEOL-2010 instrument at an acceleration voltage of 200
KV. Elemental mapping images of NGS were scanned using energy filtered TEM
(EFTEM, JEM-ARM200F). In order to reveal the changes that occurred during heat
treatment at the high-temperature state, TG analysis for GEG, NGS and MLG were
carried out with a Q5000 IR Thermogravimetric Analyzer (TGA, TA Instruments), in
which the dried material was heated in nitrogen atmosphere by 10 °C min~' from
room temperature to 1000 °C. To evaluate the structural changes of GEG to NGS and
MLG, X-ray diffraction (XRD) measurements were analyzed with Cu Ko radiation
at A = 1.054 A on a Bruker AXS D8 X-ray diffractometer. The surface area and
porosity were measured by the standard nitrogen adsorption isotherms at 77 K using
an automated Micropore gas analyzer Autosorb-1 MP (Quantachrome Instruments)
and data analysis was performed with Quantachrome software. Further, the
crystallographic structure of the materials was determined using a Bruker AXS D8
X-ray diffractometer with Cu Ka radiation. X-ray photoelectron spectroscopy (XPS)
(ESCALAB 250 Xi; Al anode X-ray source) was used to investigate the surface
chemistries of the obtained material, and the Raman spectra was obtained with a
high-resolution, dispersive Raman spectrometer system (Horiba-Jobin Yvon LabRam
HR) equipped with a visible laser excitation of 514 nm.

2.3 Electrochemical test
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The working electrodes were prepared by spreading a mixture of active mass (80
wt% for NGS, MLG and GNS electrodes, respectively and 60 wt% for GEG
electrode), acetylene black (only added for GEG electrode, 20 wt%) and
polyvinylidene fluoride (Kynar FLEX 910, EIf Atochem) binder dissolved in
N-methylpyrrolidone (Fluka Inc., St. Louis, MO, USA) onto Cu foil (thickness 20
um) current collector. The electrolyte consists of 1 M LiPF¢ in a mixture of isometric
ethylene carbonate, dimethyl carbonate, and diethyl carbonate (Guotai-Huarong Co.,
Zhangjiagang, China). The electrochemical characterisations were conducted in
2025-type coin cells using Li foil (99.9%, China Energy Lithium Co., Ltd., Tianjin)
as a counter electrode. Galvanostatically charge-discharge (GCD) experiments were
conducted on a battery testing system (CT2001A, Land) over a range of 0.01~3 V
vs. Li/Li". Cyclic voltammetry (CV) measurements were performed on an
electrochemical workstation (Ivium Stat) within the range of 0~3 V. The reported
specific capacities (SCs) are all normalized to the weight of active materials.

3 Results and discussion

To investigate the morphology and microstructure of the products, optical
photographs, SEM and TEM images were taken from the as-prepared materials. As
Figure 1 presents, different from the conventional brilliant yellow® of GCN (Figure
1a), GEG appeared as grayish-black bulk. The representative SEM image shows that
the GEG consists of dense agglomerates with a size of several micrometers.After
heating the GEG at 800 °C, “silk like” NGS was obtained without the presence of

any residual GCN. According to the SEM and TEM images, the freestanding
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graphene sheets display a layered morphology, intrinsic microscopic roughening and
out-of-plane deformations for both NGS and MLG. Compare with the rich thick
nanosheet of MLG, the NGS display a vague and very flexible appearance with a
typical waving, indicating the sparing restacking of graphene layers in NGS. The
microstructures of individual NGS were further examined by EFTEM and
high-resolution TEM (HRTEM). As shown in Figure 2a-d, there is a uniform
distribution of C, N and O elements throughout the graphene sheet. From these
qualitative observations, the dense agglomerated GCN were significantly detracted,
and thus the nitrogen dopant has evenly inserted into the graphene basal plane. The
HRTEM image (Figure 2e) inspects the honeycomb-like molecular structure of the
single nitrogen-doped graphene sheet, the more irregular domains verify the defects
and/or functional groups in NGS basal plane.

The TG curve of GEG (Figure 3a) shows two weight loss (WL) steps. The first
one is prior to 200 °C with a WL of 4.56% and could be attributed to the evaporation
of the absorbed moisture.”’ The major part of the WL seems to occur at ca. 689 °C
and the rapid WL of 90.53% was mainly caused by the pyrolysis of GCN
1:emplate,44’48 whereas the TG curves of both NGS and MLG (Figure 3b-c) show
three WL steps. Prior to 100 °C, the rapid WL came from the desorption of free
water in the graphene layers. The WL in the temperature range of 230~450 °C was
predominantly caused by the elimination of organic residues in the samples. The
major part of the WL occured above 600 °C, corresponding to the pyrolysis of

functional groups and/or residual GCN. While the WL of 2.1% for MLG, the WL for
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NGS is 22.1%, revealing that the nitrogen dopants decomposed almost completely at
1000 °C. According to the TG results, the mass ratios of the nitrogen components in
NGS and MLG are ca. 23.6% and 2.1%, respectively. In addition, WL of absorbed
free water below 100 °C for NGS (ca. 6.4%) is more obvious than that for MLG (ca.
1.3%), indicating the developed absorptive abilities as well as the enlarged surface
area of the NGS.

The structure of the GCN can be considered as graphite-like single layers aligning
each other along the hexagonal c-axis. As shown in Figure 4a, GEG has two
diffraction peaks in consistence with the GCN.*>! The low-angle peak at 13.1° can
be attributed to an in-plane structural packing motif, for example, the hole-to-hole
distance of the nitride pores.”® The strong and sharp peak at 27.4° can be indexed as
(002) plane of the GCN, corresponding to the interlayer d-spacing of 0.325
nm.**! Nevertheless, the peak around 27.4° in the XRD pattern of NGS was
largely weakened and broadened, which can be attributed to the presence of
intercalated “N defects” in the low-crystallized graphene plane.48’52 Because the
graphic structure of GCN was thoroughly wrecked after the pyrolysis at 800 °C, the
much amplified peak around 13.1° should be attributed to the layered structure of
NGS, corresponding to the interlamellar distance of 0.62 nm. It suggested that there
could be some nitrogen groups propping out of the graphene plane besides the
in-plane nitrogen dopants. These nitrogen groups could practically prevented the
restacking of graphene layers and maintained the large interlayer distance, and thus

increased the interfacial interaction of NGS and improved the diffusion of lithium
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ion between graphene layers. The enhanced (002) peak of MLG, as well as (100)
peak (around 42.5°), verified a certain restacking of the un-propped graphene sheets
after oversintering. In accordance with the above analyses, Raman analysis could
also provide convincing evidences of the NGS and the restacked MLG. As shown in
Figure 4b, the Raman spectra of the NGS and MLG exhibit two high intensity peaks
around 1360 cm™ (D band) and 1580 cm™ (G band). The G band characteristic of the
in-plane vibration from a layer of spz-hybridized carbon atoms provides the
formation of graphitic carbon in both NGS and MLG, while the D band could be
attributed to the defects or imperfections, reflecting the presence of disorder and the
edges and boundaries of the graphene domains.***® Crucially, however, the D/G
intensity ratio (Ip/Ic=1.06) in NGS is slightly larger than that (/p/Ig=1) in MLG,
suggesting a relatively larger number of defects and disordered edge sites in NGS.*
Furthermore, the enhanced 2D band around 2800 cm™ in the Raman spectra of the
NGS manifests less layers of graphene nanosheet in NGS.>

The specific surface area (SSA) and porous structure characteristics of NGS,
MLG and GNS were investigated by nitrogen isothermal adsorption, as shown in
Figure 5a. Compare with the type H2 IUPAC (International Union of Pure and
Applied Chemistry) loop of the GNS, hysteresis loops of both NGS and MLG
resemble type H3 classification, corresponding to the sheet particles or slit-shaped
pores between parallel graphene sheets in NGS and MLG.” Somewhat differently,
the hysteresis loop of NGS appeared at a lower relative pressure (RP) far from 0.4

(near 0.05), which is much lower than that of MLG (appeared at ca. 0.45 of RP),
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indicating the presence of considerable amount of longer slit-shaped microporosity
in NGS. The SSA and total pore volume (TPV) of NGS are 504 m’ g'1 and 0.96 cm®
g, respectively, being significantly higher than those of the GNS (483 m? g and
0.70 cm® g') (Table 2). In contrast, the SSA and TPV of MLG are only 241 m” g’
and 0.55 cm® g”', respectively, revealed a very low micropore content, which can be
attributed to the restacking of graphene layers after the elimination of nitrogen
dopants when overcalcined at higher temperature. The corresponding porosity
distribution in Figure 5b shows the dominant presence of microporosities and a few
mesoporosities in both NGS and MLG. Prevailing porosities with a radius of ca. 0.36
nm might conform to the slit-shaped microporosities enclosed by in-plane
monovacancies (and/or divacancies) and graphene layers®, the mesoporosities with
radius of ca. 1.7 nm could be analogous to the intergranular caves in graphene
plane.44 It is evident that the differential pore area [dS(7)] peak at radius of 0.36 nm
in MLG largely decreased, showing the decline of in-plane monovacancies with the
elimination of the nitrogen dopants.

As presented in Figure 6, signals of elements C, N, O are displayed in the wide
XPS spectrum survey and the sharp C 1s peak manifestes the graphene lattices. As
Table 1 shows, nitrogen atomic percentage in NGS is 19.46%, which is much higher
than that in MLG and GNS, revealing the nitrogen dopants in NGS. The
high-resolution spectra were taken on the Cls and Nls regions and could be
deconvoluted into various components. Different from the sharp Cls peak (Figure 6d)

of GNS, the broad NGS Cls spectra in Figure 6b can be resolved into four peaks
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with binding energies of 284.9, 285.7, 286.2 and 288 eV, respectively. The primary
peak at 284.9 eV is typically assigned to graphitic carbon in the literature,*® but can
also be attributed to sp2 C—N.>® The peak at 288 eV is identified as sp>-hybridized
carbon in the aromatic ring attached to the nitrogen groups, the peaks at 285.7 and
286.2 eV corresponding to C—N and C—O/C=N, respectively.’****7 However, the
peak at 286.2 eV disappeared in MLG Cls spectra (Figure 6¢), and a new peak at
290.3 eV emerged, indicating the transformation of hydroxyls to carboxylate carbon
(O-C=0).”® The N1s spectra of NGS (Figure 6¢) reveales three major components
corresponding to pyridinic nitrogen (398.46 eV), pyrrolic nitrogen (400.17 eV) and
graphitic nitrogen (N-(C)3, 401.2 eV), respectively.>*"%>! According to the

report by Thomas A et al,*’

GCN could transform into cyano fragments and nitrogen
when was heated to 700 °C. It is speculated that nitrogen might be introduced into
the graphene lattice by the electrophilic substitution reaction between cyano
fragments and actived carbon atoms in graphene. Signals of pyrrolic nitrogen in the
N1s spectra of MLG could not be detected, and the peaks of pyridinic nitrogen and
graphitic nitrogen were significantly weakened, displaying the elimination of
nitrogen dopants in MLG after postannealing.

The electrochemical performances of the as-prepared materials were firstly evaluated
by using galvanostatic charge/discharge measurements at a current density of 100
mA g ' over the voltage range 0.05~3.0 V vs. Li/Li". Figure 7(a-d) shows the 1%, 2",

50™ and 100™ charge/discharge curves and cyclic performances of the NGS, MLG,

GEG and GNS electrodes. The first cycle discharge/charge SCs of the NGS, MLG,

12
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GEG and GNS electrodes are 1859.6/832.4, 840.5/269.1, 621.5/128.5, and
1260.1/571.4 mAh g_l, respectively. The first coulombic efficiency (CE) of the NGS
electrode is 44.8%, which is roughly equal to GNS (45.3%), and much higher than
MLG (32.0%) and GEG (20.7%). Nevertheless, the first CE of NGS is lower than
the commercial graphite, it could be attributed mainly to the formation of solid
electrolyte interphase (SEI) film on graphene sheets*® and the irreversible reactions
of lithium ion with the in-plane graphitic nitrogen sites or other undesirable

dopants,*® and some strategies could be taken to boost the first efficiency.’®>"¢%%

L . . . 1. 5,166
Similar to the typical nanosized carbonaceous materials,™

the slopes of the first
discharge curves started from 3.0 V, without distinct potential plateaus. During the
charge process, for MLG and GNS, the slopes started approximately 1.2 V (vs.
Li/Li") and have large SCs below 1.0 V with a distinguishable plateau,
corresponding to the Li" deintercalation from graphene layers.”**®> Whereas, the
charge profiles of NGS displayed appreciable voltage hysteresis, indicating the
extraction of Li" from the slit-shaped microporosity has to go through the “way” of
graphene crystallites, in which the inserted lithium ions were removed from entire
voltage range, and without distinct potential plateaus in charge curves. Details of the
first charge/discharge processes for NGS and MLG electrodes could be reflected as
peaks in the differential capacity versus voltage plots, several reduction and
oxidation peaks are clearly observed for NGS and MLG (Figure 7¢), respectively.

According to the reaction mechanism proposed in the earlier studies,**° the peaks at

0.5~1.0 V in discharge process are mainly caused by the SEI formation, i.e., the

13
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reaction of lithium ions with the active sites and decomposition of electrolytes on the
surface of graphene electrodes, which are the main reasons of the initial irreversible
capacity. These peaks can be typically enhanced by increasing the SSA and

structural disorder of the electrode materials, and thus, enhanced peak of NGS can be

attributed to the larger surface-to-volume ratio and surface electrochemical reactivity.

In addition, comparing with that of the MLG, an extra discharge peak appeared
around 1.56 V for NGS electrode, which practically disappeared after the first cycle,
might probably associate with the consumption of lithium ions in the irreversible
reaction with the graphitic nitrogen and/or other impurities.?*>°

For the subsequent cycles, it is generally believed that the discharge capacity
below 0.5 V (vs. Li/Li") assigns to lithium insertion into the graphene layers (lithium
insertion capacity, LIC), yet the capacity above 0.5 V (vs. Li/Li") could be associated
with the faradic capacitance resulting from the adsorption of Li" on pyridinic or
pyrrolic defect structures.”'>*%%% As shown in Table 3, the LIC of NGS (377.7
mAh g ') were marginally higher than that of the GNS electrode (359.8 mAh g ).
Despite the close SSA, however, comparing with that of the GNS electrode, the NGS
electrode delivered a much higher faradic capacity (FC) of 349.4 mAh g_l, about 3
times that of the GNS electrode (118 mAh gfl), and it is also the main contribution
to the high total capacity (TC) of NGS, manifesting the outstanding interfacial
properties of the NGS. Figure 7f shows the cycling performance of the NGS, MLG,

GEG and GNS electrode at a current density of 100 mA g for 108 cycles. It is

worth noting that the NGS electrode presented a much improved discharge capacity,

14
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which was gradually increased after 30 cycles, and 770.8 mAh g™' was achieved
after 108 cycles, nearly two times than that of the MLG (441 mAh g_l) or GNS
(460.5 mAh g ), suggesting excellent cycling performance of NGS electrode.®’ Tt is
speculated that the curious phenomenon of gradually increased capacity might owe
to the conversion of graphitic nitrogen into pyridinic structure and/or the
proliferation of in-plane defects during the electrochemical cycling.

To further investigate the electrochemical performance of the NGS, rate
capabilities and high rate cycling performances of the NGS electrode were examined
(Figure 8). An excellent high rate capability was determined for NGS, charge
capacity of 666 mAh g was obtained after the first 80 cycles at a low current
density of 100 mA g, and then it slowly reduced to 441.2, 380.5, and 275.2 mAh g
at current density of 500, 1000, and 2500 mA g'l, respectively. Superior capacity of
771.3 mAh g could be resumed in 121st cycle when the current density reduced
back to 100 mA g”. And, as note while the electrode was cycled at 2500 mA g
again, the reversible capacity could recover to 339.2 mAh g™, afterwards, increase to
486.3 mAh g after 344 cycles. Moreover, the ability of the NGS electrode retained
the storage capacity at very high rates, as well as a fascinating high rate cyclic
performance, what should be noted. Over 43% of the storage capacity was retained
for a 100-fold increase in rate, i.e., it was achieved a reversible capacity of 333 mAh
g (595™ cycle) at a current density as high as 10000 mA g (corresponding to a
discharge or charge time of ca. 120 s), significantly higher than those of the

graphene-based electrodes reported previously. Furthermore, this capacity is retained
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at 280.6 mAh g even after 1200 cycles, attaining capacity retention of 84.3% at the
current density of 10000 mA g'1 from 595" to 1200" cycle. To the best of our
knowledge, such an excellent high-rate performance is superior to all existing
graphene-based materials reported for LIBs 02203134394265.6770 The discharge FC,
LIC and TC of the NGS at various current densities are shown in Table 4. When
cycled at low rate, the LIC and TC are roughly equivalent. With increasing current
density, the LIC decreased significantly as it was prevised, yet the FC tardily
decreased, and FC/TC increased gradually, when cycled at the high current density
of 10000 mA g, FC contributed most of TC (70.28%), corresponding to the rapid
lithium adsorption in NGS.

CV profiles (Figure 9) at different scan rates were processed to survey the
electrochemical cycling behaviors of the NGS and MLG electrodes. CV curves of
MLG electrode exhibit a pair of peaks locating below 0.5 V, corresponding to the
intercalation and deintercalation process of lithium ions deservedly. Nevertheless,
distinct from that of the MLG, sweeping at 1 mV s, the CV curve of NGS electrode
appeared a typical capacitive behavior among the potential range of 0.5~3 V,
corresponding to the Li" adsorption in trimerized pyridine-type nitrogen sites, and a
higher cathodic current peak at near 0 V which is related to Li" intercalation in
graphitic structure.*******7"! When the scan rate was increased, it is intriguing to see
that the shape of the CV curve, over the entire potential range, was transformed into
a quasi-rectangular gradually, and correspondingly, the lithium intercalation peak

was substantially decreased, indicating that the reactions of Li" with pyridinic

16
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structure were the predominant process for the high-capacity of NGS at high rate
cycling, and the lithium storage behavior in NGS were more like an ideal
supercapacitor.

To understand the excellent electrochemical performance, a schematic illustration
(Figure 10) for lithium-storage mechanism of NGS was proposed. NGS was finally
obtained after removing the GCN template from GEG, and it is considered that
nitrogen atoms were doped into the graphene lattice dominantly in the form of
pyridinic structure. The pyridinic dopant could enlarge the binding energies of the
lithium atom with graphene planes and simultaneously lower the energy barrier of
Li" diffusion. Thus more Li" could be embedded on the NGS plane and consequently
exhibited an increased storage celpelci‘cy.26’35’37 Furthermore, defects including the
intergranular caves and the in-plane vacancies offer the large electrolyte contact area
and also empower the lithium penetrating cross the gaphene layers,** which enable a
significant reduction of the Li" diffusion path and thus can expedite the ion transport,
exhibiting a superior rate capabilities and high rate cycling performances.

4 Conclusions

A facile bottom-up strategy was developed to fabricate NGS from glucose by
using a sacrificial template synthesis method. It was found that three main types of
nitrogen dopants (pyridinic nitrogen, pyrrolic nitrogen and graphitic nitrogen) were
introduced into the graphene lattice, and inimitable microporous structure of NGS
with a high SSA of 504 m” g was obtained. Particularly, with a hybrid feature of

lithium ion batteries and faradic capacitor at a low rate and a faradic capacitor
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feature at a high rate, the NGS presented a superior lithium storage performance.
During electrochemical cycling, the NGS electrode afforded enhanced reversible
capacity of 832.4 mAh g’ at 100 mA g’ and excellent cycling stability of 750.7
mAh g after 108 cycles. Furthermore, astonishing rate capability of 333 mAh g™ at
10000 mA g'1 and high rate cycle performance of 280.6 mAh g'1 even after 1200
cycles were also achieved, highlighting the significance of nitrogen doping on the
maximum utilization of graphene-based materials for advanced lithium storage.
More importantly, the developed bottom-up synthetic strategy and the obtained
unique nanoarchitectures are envisaged to pave the way toward a design and
fabrication of novel graphene-based composites with enhanced properties for high
energy and high power lithium storage and/or other applications.
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Tables

Table 1. Surface atomic percentages of C, N and O in NGS, MLG and GNS
determined by XPS.

Table 2. BET surface areas and cumulative pore volume of NGS, MLG and GNS

Nanoscale

obtained from nitrogen adsorption isotherms at 77 K.

Table 3. FC, LIC and TC of the 100th cycle discharge process for NGS, MLG, GEG

and GNS electrodes at 100 mA g .

Table 4. FC, LIC and TC of the NGS electrode at different current densities.

Table 1
Sample Cls Nls Ols
NGS 74.74 19.46 5.80
MLG 90.05 6.20 3.75
GNS 93.52 2.04 4.44
Table 2
Sample SSA (m2 g'l) TPV (cm3 g'l)
NGS 504 0.96
MLG 241 0.55
GNS 483 0.70
Table 3
Capacity (mAh g ")
Sample FC/TC (%)
FC LIC TC
NGS 349.4 377.7 727.1 48.05
MLG 182.8 252.2 435 42.02
GEG 45 52.6 97.6 46.11
GNS 118 359.8 477.8 24.70
Table 4
Current density Capacity (mAh g
5 FC/TC (%) Cycle number
(mAg ) FC LIC
100 330.6 348.6 679.2 48.67 80
500 233.9 201.9 435.8 53.67 92
1000 211.1 170.5 381.6 55.32 102
2500 276.5 212.4 488.9 56.56 344
5000 247.2 162.5 409.7 60.34 594
10000 197.2 83.4 280.6 70.28 1200
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Figure captions

Figure 1. (a) Optical image of GCN, (b) SEM image of GEG (the insert is the optical
image), Representative SEM and TEM images of (c and ¢) NGS and (d and f) MLG.
Figure 2. EFTEM elemental mapping and HRTEM images of a single NGS. (a)
Zero-loss image, (b) C-K mapping, (¢c) N-K mapping, (d) O-K mapping, (¢) HRTEM,
(g) Schematic representation of nitrogen-doped graphene.

Figure 3. TG results of (a) GEG, (b) MLG and (c) NGS. DW denotes differential
weight.

Figure 4. (a) XRD patterns of GEG, MLG and NGS, and (b) Raman spectra of NGS
and MLG.

Figure 5. (a) Nitrogen adsorption-desorption isotherms and (b) the corresponding
porosity distribution of NGS, MLG and GNS. VA and HPW denote volume adsorbed
and half pore width, respectively.

Figure 6. XPS survey spectra of graphenes synthesized by sacrificial template strategy
and reducing exfoliated graphite oxides method. (a) Wide XPS spectra of NGS, MLG,
and GNS, (b) high-resolution XPS Cls spectra and their fitting results of NGS, (c)
MLG and (d) GNS; (e) high-resolution XPS Nls spectra and their fitting results of
NGS and (f) MLG. BE denotes binding energy.

Figure 7. Electrochemical characterizations of a half-cell composed of graphene
electrode and Li over the voltage range 0.05~3.0 V vs. Li/Li" at a current density of
100 mA g '. Charge—discharge profiles for 1st, 2nd, 50th, and 100th cycle for (a) NGS,

(b) MLG, (c) GEG and (d) GNS; (e) Initial 2 cycles charge-discharge differential

Page 26 of 35



Page 27 of 35

Nanoscale

capacity versus voltage plots (dQ/dV) of NGS and MLG and (f) Cyclic performances
and CE.

Figure 8. Rate capabilities and high rate cycling performances of NGS electrode at
various current densities over the voltage range 0.05~3.0 V vs. Li/Li". (A)
Charge-discharge profiles, (B) High rate cycling performances. (a) 100 mA g_l, (b)
500 mA g ', (¢) 1000 mA g ', (d) 2500 mA g ', (¢) 5000 mA g ', (f) 10000 mA g .
Figure 9. CV curves of the (a) MLG and (b) NGS electrodes in the voltage range of
0~3Vatl,5and 10mVs ' vs. Li/Li".

Figure 10. Schematic illustration for the lithium-storage mechanism of NGS.
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Figure 1
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Figure 2
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Figure 3

Figure 4
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Figure 5
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Figure 6
(a) Cils 301 (b) 284.9 NGS C1s
S
o 24 .
= N1s
2 O1s
5 AJH“ 16+
c .
[}]
= NGS - 8
R [T R U V.
GNSY T T T T 0 T,' T T T
100 200 300 400 500 600 700 280 284 288 292 296
120
404 (c) 284.8 MLG Ci1s (d) 284.3 GNS Ci1s
S 90
“; 30A
x
%‘ 204 60
S 288.0 285.0
0 ' 0 et
280 284 288 292 296 280 284 288 202 296
20
(e) 398.46  NGS N1s gl 401.17 MLG N1s
S
g 151 400.17
>
s
£ 10
=
5 — T T T T 4 T T T T
392 396 400 404 408 392 396 400 404 408
BE (eV) BE (eV)

Page 32 of 35



Page 33 of 35

Voltage (V vs. Li/Li%)
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Figure 8
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Figure 10




