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A porous three-dimensional nitrogen-doped graphene (3D-NG) was introduced as an interconnected
framework for sulfur in lithium-sulfur battery. The 3D-NG-sulfur composite (3D-NGS) with a high sulfur
content of 87.6 wt% was synthesized via a facile one-pot solution method while sulfur was well dispersed

within it. The as-designed 3D-NGS composite exhibits excellent rate capability and cyclability. The

discharge specific capacity is 792 mAh g ' after 145 cycles at a current density of 600 mA g ' and the

capacity fading rate is 0.05% per cycle. Even at a high rate of 1500 mA g~'

, the composite still shows a

good cycle performance with a capacity of 671 mAh g' after 200 cycles. The outstanding

electrochemical performance can be attributed to the flexible porous 3D structure and N-doping in

graphene. The flexible 3D-NG can provide a conductive framework for electron transport and alleviate

the volume effect during cycling; N-doping can facilitate the penetration of Li ions across the graphene

and restrain sulfur due to the strong chemical bonding between S and nearby N atoms.

Introduction

Lithium-sulfur battery is an attractive and promising
electrochemical device for future energy conversion
and storage due to its abundant resource of sulfur,
environment friendliness and superhigh theoretical
capacity (1675 mAh g")." Generally, the Li-S battery
uses Li metal as anode. Considering the safety issue
of Li anode, some researchers tried to use Li,S to
substitute Li metal as the anode, but the capacity of
Li,S is much lower.” Recently, many hopeful
progresses have been achieved in Li-S batteries.”
However, the rapid capacity decay is still the main
limitation for application due to the low electr1cal
conductivity of elemental sulfur (~5x107" S cm™" at
room temperature), large volume change’ and high
solub1l1ty of the intermediates (Li,S,, x > 2) in the
organic electrolyte of the charge and discharge
processes.'’ The solubility not only leads to the loss
of active materials from the cathode, but also causes
serious “redox shuttle” reactions between polysulfide
(PS) anions in the electrolyte and Li metal anode,
which resulting in  poor electrochemical
performance.'" Conductive incorporation with carbon
nanotubes, graphene or conductive polymers has been
extensively introduced to suppress the solubility
problem and hence to improve the electrochemical
performance.® For example, graphene or
graphene oxide (GO) can be used as conductive
framework to fabricate sulfur composites w1th
designed structure for superior performance.*

50

Many reports used to focus on the cells with Yery
high specific capacity but low sulfur content.”’ In
general, the lower the sulfur content the higher the
sulfur-based specific capacity is. %17 Moreover, if a
proper supporter is used for sulfur loading, the
cyclability will be improved. Recent study showed
that using hydroxylated graphene as supporter for
sulfur with a content of 50 Wt% gave a capacity
retention of 84% after 100 cycles." However, low
sulfur content greatly reduces the overall Volumetric
capa01ty and energy density of the cathode.'® " A
superior Li-S battery should requests a high sulfur
loading and at the same time show excellent
electrochemical performance."

Graphene, one-atom-thick layers of sp —hybridized
carbon atoms packed in a honeycomb lattice, is
renowned for its fascinating electronic properties and
potential applications in energy conversmn and
storage in lithium-ion batteries (LIBs).”* So far, both
theoretical and  experimental studies have
demonstrated that the intentional incorporation of
heteroatoms into graphene structure can effectivel
modify its electronic and chemical properties.”
Continuous efforts have been done to fabricate doped
graphene. The nitrogen-doped, boron-doped and
sulfur-doped graphene are commonly used in fuel
cells and LIBs which exhibit good electrochemical
performance.”” The reason for the performance
improvement lies in that the doped atoms with
different  electronegativity = can  break  the
electroneutrality of graphene to create the charged
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sites and increased conductivity which can enhance
the discharge and charge capacity of graphene in
LIBs. It is also recognized that integration of 2D
graphene sheet into 3D macroscopic structure may
pave a way towards high performance for practical
application. Usually hydrothermal and solvothermal
treatglent of GO is an efficient method to form 3D-
GO.

In this work, we introduced a 3D-NG framework
as the supporter of sulfur to form the 3D-NG sulfur
(3D-NGS) composite. The scheme of fabrication is
illustrated in Fig. 1. The graphene oxide was
assembled into a porous 3D structure during the
solvothermal process. The N-doped graphene serves
as a good

(a) GO suspension (b) 3D: (c) 3D-NGS

Fig. 1 Schematic illustration for synthesis process of the 3D-NGS
composite: (a) GO suspension, (b) 3D-NG obtained from GO through a
solvothermal process, and (c) the final 3D-NGS composite.

electron conductive framework and sulfur stabilizer.
The foam-like NG can load a high content of sulfur
(87.6 wt%); the sulfur particles are well distributed
into the 3D framework. Such 3D structure is a very
good conductive network to envelope sulfur and to
improve the insulation nature of sulfur, while the NG
provides highly reactive functional groups at its
surface to hold sulfur and trap polysulfides during
discharge-charge process. The electrochemical
performance of the N-doped and undoped sulphur-
based composites were investigated.  Our
investigation shows that the uniform loading of S in
the 3D-NG is an efficient route to attain superior
performance.

Experiment section
Materials synthesis
Synthesis of GO

GO was prepared from expanded 2%raphite powder by
a modified Hummers method.”” Typically, 2 g
graphite, 1 g NaNO; and 50 ml concentrated sulfuric
acid were mixed together and stirred at room
temperature for 24 h. The mixture solution was put
into ice bath under vigorous stirring, followed by
drop addition of 6 g KMnO,. Subsequently, the
solution was transferred to a water bath at 35-40 °C
and kept for 30 min. After that, 90 ml distilled water
was gradually added for three times; each time the
solution was stirred for 15 min. The obtained solution
was diluted with 280 ml water and treated with 20 ml
H,0, (30%). The color turned from dark brown to

a
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washed successively with 5% HCI solution and
water. A resultant GO gel was attained by
centrifugation at 20,000 rpm.

Synthesis of 3D-NG

3D-NG was synthesized through a one-pot
solvothermal process. In a typical procedure, 2 g GO
gel with a concentration of 20 mg ml™' was added
into 10 ml water and sonicated for 0.5 h. Then, 30 ml
ammonia solution (25 wt% in water) was added. The
mixture was transferred into a 50 ml Teflon-lined
autoclave and maintained at 200 °C for 12 h. The 3D-
NG hydrogel was formed, and washed with water and
ethanol repeatedly. The final product was collected
by frozen drying.

Synthesis of 3D-NGS and GO-S

The 3D-NGS composite was synthesized via a facile
one-pot solution route by just using sodium
thiosulfate and hydrochloric acid. In a typical
procedure, 0.1 g NG was dispersed into the solution,
and sonicated for 10 min. Thereafter, 6.9 g Na,S,0;
was added and stirred for 10 min. After that, 2.7 g
concentrated HCI that was diluted into 0.05 mol 17
aqueous solution was added dropwise at a rate of 10
ml min~' to the above solution and stirred for 10 min.
The composite was collected by vacuum filtration.
The precipitated 3D-NGS material was washed by
water repeatedly. The final composite product was
obtained by drying at 60 °C overnight. For
comparison, a reference GO-S composite was
synthesized via the same precipitation route.

Materials characterization

The phase of the 3D-NGS composite was checked by
X-ray diffraction (XRD) on a Rigaku D/MAX-2000
diffractometer (Japan) using Cu Ka radiation (4 =
0.15406 nm) from 28 = 10° to 70°. The morphology
and microstructure were observed by field-emission
scanning electron microscope (SEM, S4800, Hitachi).
The elemental mapping was conducted via local
chemical analysis performed by energy dispersive X-
ray spectroscopy (Team EDS). The component ratio
of the composite was  determined by
thermogravimetric analysis (Mettler Toledo) in the
temperature range of 25—400 °C at a heating rate of 5
°C min ' under N, atmosphere. The chemical
transformation of the composite during the
preparation process was investigated by Fourier
transform infrared spectroscopy (FTIR, Bruker
VECTOR22) with KBr pellets. The N content in the
composite was determined by chemical elemental
analysis (CHNS, Vario EL, Elementar). X-ray
photoelectron spectroscopy (XPS) measurements
were carried out on an Axis Ultra (Kratos Analytical
Ltd.) imaging photoelectron spectrometer using a
monochromatized Al Ka anode. Brunauer—Emmett—
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s bright yellow. The warm solution was filtered, and through N, adsorption/desorption isotherms by a
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Micromeritics ASAP 2010 analyzer.
Electrochemical measurements

The electrochemical properties of the composites
were evaluated by using coin cells with lithium metal
as anode and Celgard 2400 film as separator. The
cathode was prepared by mixing the active material,
acetylene black and polyvinylidene fluoride (PVDF)
binder in a weight ratio of 70:20:10 in N-
methylpyrrolidone to form homogeneous slurry. The
slurry was uniformly spread onto pure aluminium foil
with a doctor blade cast, and dried at 60 °C for 12 h
in a vacuum. The electrode was punched into circular
disks with diameter of 12 mm with active-material
loading of about 1 mg cm>. CR2032 coin cells were
assembled in an argon-filled glove box (Master 100
Lab, Braun, Germany). 0.6 mol 1" LiTFSI/DOL +
DME (1 : 1 by volume) was used as electrolyte and
04 mol 1" LiINO; as additive. Cells were
galvanostatically charged and discharged between 1.7
and 2.8 V versus Li/Li on a Land CT2001A battery
tester. The specific capacities and current rates were
calculated based on the mass of S in the cathode.
Electrochemical impedance spectroscopy (EIS) was
performed on the coin cell by electrochemical
workstation (Autolab PG302N, Netherlands) with an
applied sinusoidal excitation voltage of 5 mV in the
frequency range from 100 kHz to 0.01 Hz. Electronic
conductivity was tested by linear sweep method
through Autolab PG302N.

Results and discussion

The self-assembled 3D-NG was synthesized through
a facile solvothermal process of GO by only using
ammonia solution. Compared with some common
reductants like hydrazine and sodium borohydride,
the ammonia solution serves as both reducing agent
and nitrogen source rather than a regulator to adjust
the pH value of the solution. Therefore, the method
we developed here is more convenient, safe and
economical.

The self-assembled 3D-NG was solvothermally
formed from 2 mg ml™' GO suspension at 200 °C in a
Teflon-lined autoclave. Photograph of the as-
synthesised 3D-NG is shown in Fig. 2a, and its
corresponding SEM image is shown in Fig. 2b. It can
be seen that the graphene was incorporated in an
interconnected, porous 3D framework with
continuous micron macropores. Measured by a
Micromeritics ASAP 2010 analyzer, the specific BET
surface area of the 3D-NG sample was 398 m* g . It
is observed from Fig. S1 that the pore size was
mainly distributed at around 4 nm. The large BET
surface area and the 3D structure can provide enough
space for loading and volume expansion of sulfur.

55
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Fig. 2 (a) Photograph of the 3D-NG hydrogen soaked in water and
ethanol mix liquid after hydrothermal process at 200 °C for 12 h. (b) SEM
images of 3D-NG framework. (c) The N 1s XPS spectrum of 3D-NG. (d)
XRD patterns of GO (red) and 3D-NG (blue).

Several reports have demonstrated that NG has a
better electron transfer efficiency than pristine GO.**
%6 Our results also confirm this conclusion. The 3D-
NG in our case showed an electronic conductivity of
102 S cm ', indicating that it is a promising
conductive supporter for the sulfur electrode.

XRD analysis was employed to check the
structures of GO and 3D-NG. As shown in Fig. 2d, a
peak centred at 20 = 10.6° of GO corresponds to a
layer distance of 0.83 nm, which is related with the
introduction of various oxygen-containing groups.
After solvothermal treatment, the peak shifted to 26 =
26.6° that can be assigned to the (002) plane of
graphite, further proving the reduction of GO.

FTIR was wused to analyse the chemical
compositions of GO and NG (Fig. S2). GO showed a
typical spectrum, as described in detail in ESIT. After
solvothermal treatment, the content of the oxygen-
containing groups in GO significantly decreased,
while two new N-related peaks appeared at 1458 and
1543 cm™' of NG, which can be preliminarily
assigned to C—N stretching and N-H bending bonds
of amide, respectively.”” To future investigate the N-
doping effect in graphene, XPS measurement was
carried out. The N 1s XPS spectrum of NG is
displayed in Fig. 1c. Generally, the peaks located at
398.6, 400.0, 401.5 eV are assigned to pyridinic-,
pyrrolic-, and graphitic-type of N atoms doped in the
graphene structure.” It can be seen that the pristine
GO was adequately reduced and efficiently doped by
N atoms. N content in the 3D-NG was determined to
be 10.1 at.% (33.9% pyridinic, 37.9% pyrrolic, and
28.2% graphitic N). As we know, the performance of
N-graphene can be influenced by many factors, such
as types of the introducd N atoms, defects, disordered
surface morphology induced by doping, and
electrode/electrolyte  wettability, etc.” Notably, it
revealed that both the pyridinic and graphitic N play
important roles in lithium-ion intercalation and
extraction. Graphitic N-doping shows a lower
diffusion barrier for the diffusion of Li atoms in
graphene.”’

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) XRD patterns of S, GO-S and 3D-NGS; (b) TG curves for 3D-
NG, 3D-NGS, GO, and GO-S from room temperature to 400 °C at a

heating rate of 5 °C min~' under N, atmosphere.

The GO-S and 3D-NGS composites were both
synthesized by a facile one-pot solution route just
using sodium thiosulfate and hydrochloric acid. The
normalized XRD patterns of the 3D-NGS and GO-S
shown in Fig. 3a agree well with the patterns of
standard sulfur (JCPSD No. 08-0247). It is
noteworthy that no graphite or graphene oxide peaks
appeared in the patterns, which demonstrates that the
graphene sheets are in a substantially exfoliated state
and do not re-stack upon in the synthesis process.

The sulfur contents in 3D-NGS and GO-S were
determined TG measurement and chemical elemental
analysis. It can be seen in Fig. 3b that the weight
losses of 3D-NGS, GO-S at 400 °C were 88.4 wt%
and 82.4 wt%. NG and GO show a weight loss of 9
wt% and 40 wt% during the process, indicating that
the content of oxhydryl and carboxyl in GO was
much larger than 3D-NG. According to the weight
loss and N content in 3D-NGS (1.05 wt%), we
calculated that the S content of 3D-NGS was 86.7
wt%. The sulfur content in our case is almost the
highest as compared with many other reports.”® Low
sulfur content in cathode material is the main
problem to restrain the development of Li-S battery.
High S loading is a promising way to improve the
performance of sulfur cathode materials.”” *° Based
on the weight loss of GO, we also obtained that the
sulfur content in GO-S was 75 wt%. The very high S
content in 3D-NGS can be contributed not only to the
good loading effect of the porous 3D structure, but
also to the additional active sites to hold the sulfur
from the doped N atoms, which was confirmed by
theoretical calculation.”’ It should be mentioned that
synthesis conditions of the composites are also
important to the sulfur holding, which need
optimization in the experiment.

The morphologies of the GO-S and 3D-GNS
composites were investigated by SEM. Figs. 4a, b
show the SEM images of GO-S composite. We can
see that some sulfur particles were enveloped by
graphene sheet but most of the sulfur particles were
uncovered. The size of sulfur particles was about 2
pum. The morphology of the 3D-GNS composite is
shown in Fig. 4c, d. Almost no exposed sulfur was
observed and the original graphene sheet was curled
to wrap sulfur inside and the size of sulfur particle

so was similar to the GO-S composite’s, i.e., about 2 pm.
More images of 3D-NGS can be seen in Fig. S4. We
wonder why the N-doped graphene has a much better
coating effect than graphene oxide.

(3t

Fig. 4 SEM image of the microstructure of GO-S composite (a), (b) and
3D-NGS composite (c), (d). Corresponding elemental mapping of 3D-
NGS (c) for the distribution of C (e) and S ().

Surface modification can improve the binding
energy of sulfur and the carbon substrate.” From
FTIR and TG results, we can conclude that the -OH
and —COOH contents of GO are much larger than NG.
Since sulfur and graphene both are nonpolar
s molecules, the existence of —-OH and —COOH at the

graphene surface can reduce the molecular interaction
between sulfur and graphene, hence prevent the
contact between sulfur and graphene during the
synthesis process. If nitrogen is doped during the
» hydrothermal process, the amount of —OH and —
COOH groups may decrease greatly while the
nitrogen is incorporated. The scheme of the N-doped
graphene is shown in Fig. S3. The decrease of —OH
and —COOH leads to the enhanced intermolecular
7 force of sulfur and graphene, since they are nonpolar
molecules according to the similarity principle.
Moreover, the intermolecular force between sulfur
and graphene is dispersion force. When nitrogen is
doped, each N atom provides two electrons in
s graphene conjugated system, so the dispersion force
is larger than the undoped one. Therefore, the
interaction between sulfur and NG is much stronger
than that between sulfur and GO. Wang et al. used
the first principle to study the N-doped effect,
ss showing that a strong binding can be formed between
the sulfur atoms and the nearby N atoms in the N-
doped system.”’

60
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XPS analysis of 3D-NGS is shown in Fig. S5. The
peaks centered at 163.9 and 164.9 eV are the
evidences of C-S and S-O bonding which may cause
the 1ntend1ng deposition of sulfur on the graphene
surface.”” With growth of sulfur particles, NG was
curled and covered on the surface of sulfur. The
strong binding between sulfur and carbon facilitates
the enfolding of graphene sheet on sulfur.
Meanwhile, the presence of such chemical bonding
can immobilize sulfur and prevent the diffusion of
polysulfides during discharge charge and charge
processes.”” ** The corresponding elemental analysis
for C and S in the 3D-NGS composite (Fig. 4c) is
shown in Fig. 2e, f. Clearly, the C and S species are
homogeneously distributed in the composite.

The electrochemical properties of 3D-NGS and
GO-S composites were examined by a 2032 coin cell
All the cells ran at a current density of 100 mA g ' for
the first two cycles. Fig. S6 shows the cycling
performance and coulombic efﬁcrency of 3D-GNS at
a current density of 250 mA g . After 80 cycles, the
capacity still maintained at 936 mAh g '. However,
the cycling performance of GO-S compos1te was
much worse as compared with 3D-NGS under the
same condition. After 200 cycles, the capac1ty
decreased from 859 mAh g' to 370 mAh g ' (Fig.
S7).

(b)

ID-NGS

Z joinmi
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2 & . ehame 3
sheema H
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30 Fig. 5 Electrochemical performance of 3D-NGS composite. Cycling
stability and corresponding coulombic efficiency of 3D-NGS at a current
density of 100 mA g at the first two cycles and 600 mA g (a) and
1500 mA g ' (d) at the following cycles. (b) EIS of the GO-S and 3D-
NGS composites with an applied sinusoidal excitation voltage of 5 mV in
the frequency range from 100 kHz to 0.1 Hz. (c) Rate capability of 3D-
NGS with a current density ranging from 100 mA g ' to 1500 mA g and

the first discharge-charge profile at different current densities.

We further examined the cycling performance of
3D-GNS at 600 mA g ' (see Fig. 5a). After 145
cycles it showed a reversible capacity of 792 mAh
g , indicating a capacity fading rate of 0.05% per
cycle, much lower than many reports for the sulfur
cathode at high rate.”*® The corresponding charge
and discharge profiles at 5th, 50th, and 100th cycles
are shown in Fig. S8. It is typical for the Li-S cells to
show two discharge and one charge voltage plateaus.

so during discharge process
b

o
b
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=3

S

S
3

The two discharge voltage plateaus observed at ~2.35
and ~2.1 V are assigned to the two-step reaction
corresponding to the
reduction from Sg to long chain lithium polysulfides
(LisS,, 4 < x < 8) and further from polysulfides to
Li,S; or Li,S. With the proceed of cycling at the first
few cycles, the charge plateau decreased, and the
discharge plateaus increased, indicated that the
polarization between the charge and discharge
plateaus diminished, and the plateaus keep the same
even after 100 cycles exhibiting good stability.

The high capacity retention of the 3D-NGS
composite can be ascribed to the good reversibility of
the 3D framework. The flexible framework can
provide enough space for the volume change during
charge and discharge processes.”” The electrode
exhibited a coulombic efficiency near 100% during
cycling, demonstrating that the sulfur shuttle
phenomenon was controlled effectively to a quite low
level. It is believed that the 3D-NG acts as a sulfur
immobilizer and the function groups on the graphene
surface can restrain polysulfides.” Combined with
the use of LiNO;, the cell shows a very high
coulombic efficiency.

We examined the conductivity of the sulfur
composites using electrochemical impedance
spectroscopy (EIS) (Fig. 3b). The diameter of the
semicircular portion of the curve represents the
charge transfer resistance R.. The R, values of the
NG and GO composites were 88 and 352 Q cm *
respectively (electrode area was normalized). It 1s
obvious that the NG composite electrode exhibited a
much lower charge transfer resistance than that of the
GO composite, which could be attributed to the
enhanced conductivity of the NG composite.

To further investigate the electrochemical
performance we tested the rate capability of 3D-NGS
at various current densities from 100 to 1500 mA g
(Fig. 5¢). The composite exhibited excellent rate
performance with reversible specific capacities of
1483, 1134, 990, 931, 875, 828, 785 and 743 mAh g
at 100 200, 400, 600 800 1000 1200, and 1500mA
g respectlvely The charge and drscharge capacities
were almost the same indicating good coulombic
efficiency. Moreover, the superior performance of
3D-NGS can also be evidenced by the easy recovery
of the capacity after cychng The capacity was
recovered up to 1227 mAh g and stabilized at 1120
mAh g~ when the current density was tuned back to
100 mA g ' after cycling at various currents. For
comparison, the rate performance of GO-S is given in
Fig. S9. It can be seen that, the specific capacity
keeps at 700 mAh 1g " when the current densities were
below 400 mA g ', but it faded to 270 mAh g’ as
soon as the current den51ty increased to 800 mA g,
indicative of a much worse rate performance as
compared with 3D-NGS. The capacity retention at

s Various current densities was not as high as the N-

This journal is © The Royal Society of Chemistry [year]
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doped sample. The inserted graph in Fig. Sc¢ shows
the charge and discharge voltage profiles at
corresponding current density. We can see that the
change of charge and discharge plateaus were very
small even at high current rates. 3D-NGS shows
really good electrochemical performance. This may
be due to the decrease of energy barrier for Li ions to
penetrate the N-doped graphene as compared with the
undoped one. Therefore, the N-doping in graphene is
favourable for the penetration of Li ions.

The cycle performance was also examined at a high
current density of 1500 mA g?r . After being charged
and discharged at 100 mA g at the first two cycles,
the cell showed a very good capacity retention
(85.6%) Wthh maintained a reversible capa01ty of
672 mAh g after 200 cycles at 1500 mA g '. The
coin cells were disassembled to check the change of
separators. The cells of GO-S were operated under
the same condition. From Fig. S10, we can see that
the color of separator was changed especially for the
GO-S one. Color change is mainly due to the
dissolution of polysufides into the electrolyte. The
high the solubility, the deeper the color is. The
separator of 3D-NGS was slightly yellow and small
black spots were observed, whereas for the GO-S one
the color was much darker and many black spots
appeared on the separator. Such difference is
consistent with the report that S atoms can be
encapsulated inside the N-doped graphene because of
the strong chemical bonding between S and N atoms.’
This further improves the efficiency of polysulfides
trap in the porous 3D N-doped structure of graphene.
After the cells were disassembled, we observed some
cracks on the surface of the GO-S electrode, but no
crack appeared on the surface of the 3D-NGS. The
cracks were mainly caused by the volume change
during cycling. The phenomenon demonstrates that
the 3D framework can alleviate the volume change of
the composite during cycling.

The excellent electrochemical performance in the
3D-NGS can be explained by the good conductivity
of the 3D framework and the high chemical
interaction between S and 3D-NG containing
functional groups. These characteristics allow fast
transport for lithium ions and electrons through the
network. Moreover, the porous 3D structure can
effectively entrap polysulfides during cycling.
Therefore, the 3D-NGS composite shows excellent
rate capability and long cyclic performance at various
currents.

Conclusions

A novel sulfur cathode composite of 3D-GNS with
sulfur loading as high as 87.6 wt% was synthesized
through a facile solution route. Even with this very
high sulfur content, the composite still showed
outstanding  electrochemical performance A
reversible discharge capacity of 792 mAh g' was
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retained and capacity retention of 92.5% was
obtalned after 145 cycles at a current density of 600
mA g'. Moreover, the 3D-GNS exhibited excellent
rate capablhty and high coulombic efficiency. The
superior electrochemical performance can be
attributed to the flexible porous 3D structure and N-
doping. The porous 3D structure can not only provide
enough space for volume change of sulfur to diminish
the volume expansion effect, but also trap
polysulfides effectively; N-doping in graphene can
facilitate fast transport for both electrons and Li ions.
We believe that such 3D-NG composite is also
applicable for the electrode materials in lithium-ion
batteries or other energy storage devices.
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