
Effective Suppression of Dendritic Lithium Growth Using an Ultrathin
Coating of Nitrogen and Sulfur Codoped Graphene Nanosheets on
Polymer Separator for Lithium Metal Batteries
Won-Kyung Shin, Aravindaraj G. Kannan, and Dong-Won Kim*

Department of Chemical Engineering, Hanyang University, Seoul 133-791, Korea

*S Supporting Information

ABSTRACT: The enhanced stability of lithium metal is vital to the development of
high energy density lithium batteries due to its higher specific capacity and low redox
potential. Herein, we demonstrate that nitrogen and sulfur codoped graphene (NSG)
nanosheets coated on a polyethylene separator stabilized the lithium electrode in
lithium metal batteries by effectively suppressing dendrite growth and maintaining a
uniform ionic flux on the metal surface. The ultrathin layer of NSG nanosheets also
improved the dimensional stability of the polymer separator at elevated temperatures.
In addition, the enhanced interfacial interaction between the NSG-coated separator and
lithium metal via electrostatic attraction released the surface tension of lithium metal
and suppressed the initiation of dendrite growth on lithium metal. As a result, the
electrochemical performance of a lithium metal cell composed of a LiNi0.8Co0.15Al0.05O2
positive electrode with an NSG-coated separator was remarkably improved as
compared to the cell with an uncoated polyethylene separator.
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■ INTRODUCTION

The advent of electric vehicles and other high energy density
applications has intensified the research efforts on lithium
metal-based batteries, as metallic lithium can provide a high
specific capacity (∼3862 mAh g−1), enabling it as a promising
negative electrode for next-generation battery systems including
lithium−sulfur and lithium−air batteries.1−8 These batteries
offer 3−5 times higher theoretical energy density than the
currently available battery chemistries. However, the instability
of lithium electrodes is one of the greatest challenges hindering
the successful development of lithium metal batteries. Lithium
metal is unstable against nearly all chemical species and reacts
with organic solvents and salts in liquid electrolytes. Moreover,
continuous deposition and stripping of lithium may induce
uncontrollable dendritic Li growth, which, in turn, leads to
internal short circuits, failure, and eventually explosions.9−11

Recently, Yang et al. reported that a 3D current collector with a
submicron skeleton and high active surface area could
significantly improve the electrochemical deposition behavior
of lithium.12 When using a planar current collector, spatial
confinement of Li metal plating/striping is absent, resulting in
the formation of various morphologies (e.g., mossy and
dendritic structures) on the lithium electrode. Numerous
strategies have been adopted to overcome these problems, such
as the utilization of stable solid electrolyte interphase (SEI)
forming additives,13−15 protective coating layers on the lithium
metal,16−18 and use of polymer electrolytes.19−21 Composite
polymer separators with inert ceramic particles have also been
explored to mechanically inhibit dendritic growth.22−24 Ryou et

al. reported that mussel-inspired polydopamine-coated separa-
tors effectively suppressed lithium dendrite growth by
facilitating both a homogeneous ionic flux distribution on the
lithium metal surface and strong catecholic adhesion of the
separator on the lithium electrode.25,26 More recently, Yan et al.
demonstrated that ultrathin 2-D hexagonal boron nitride and
graphene prepared via chemical vapor deposition could
effectively act as stable interfacial layers due to their remarkable
stability, mechanical strength, and flexibility.27 In our work, we
demonstrate that an ultrathin nitrogen and sulfur codoped
graphene (NSG) layer deposited on a polyethylene (PE)
separator by a simple vacuum infiltration method effectively
suppressed the dendritic growth of lithium metal, as illustrated
in Figure 1. The NSG coating layer is very thin as compared to
other ceramic coatings in micrometer scales, which can provide
higher energy density of the cell with the NSG separator. The
incorporation of heteroatom dopants could induce structural
deformations due to local strains induced in the carbon
framework,28,29 thereby allowing for easy ionic migration while
maintaining a uniform ionic flux on the Li metal surface. This is
in contrast to the characteristics of a PE separator, where a
microporous morphology leads to dendritic growth in close
proximity to porous structures.30 Moreover, the lone pair
electrons in the heteroatom dopants (N and S) led to the
generation of negative charge, resulting in enhanced interfacial
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interactions between the NSG-coated separator and the lithium
electrode. The NSG coating also imparted thermal stability to
the PE separator, thus preventing thermal shrinkage of the
separator at elevated temperature and enhancing battery safety.
The cycling performance of the lithium metal cell employing an
NSG-coated separator was remarkably improved as compared
to the cell with a pristine PE separator.

■ EXPERIMENTAL SECTION
Synthesis of N,S-Codoped Graphene and Surface Modifica-

tion of the PE Separator. The N,S-codoped graphene (NSG) was
synthesized as described in our earlier work.31,32 In a typical synthesis
procedure, 900 mg of thiourea was added to 70 mL of DI water
containing 300 mg of graphene oxide (GO), and the solution was
subsequently stirred for 4 h. The reaction mixture was then transferred
to a Teflon-lined stainless steel autoclave and heated at 180 °C for 12
h, at which point the autoclave was allowed to cool down naturally.
The resulting product was alternatively washed with ethanol and DI
water, and then vacuum-dried at room temperature. To prepare the
NSG-coated separator, NSG (0.005 wt %) was first dispersed in
ethanol by sonication for 4 h. The solution was then applied on a PE
separator (ND 420, Asahi) by a simple vacuum infiltration method.
Finally, the NSG separator was dried in a vacuum oven at 80 °C for 24
h and subsequently used for characterization and performance
evaluation. A GO-coated separator was also prepared as a control
sample according to the same procedure, with NSG being replaced by
GO.

Electrode Preparation and Cell Assembly. The positive
electrode was prepared by coating an N-methyl-2-pyrrolidone
(NMP)-based slurry containing 85.0 wt % LiNi0.8Co0.15Al0.05O2
(Ecopro Co. Ltd.), 7.5 wt % poly(vinylidene fluoride) (PVdF), and
7.5 wt % super-P carbon (MMM Co.) onto an aluminum foil. The
active mass loading in the positive electrode corresponded to a
capacity of approximately 2.0 mAh cm−2. The negative electrode
consisted of a 100 μm thick lithium foil (Honjo Metal Co. Ltd.)
pressed onto a copper current collector. The mass loading in the
negative electrode was about 4.48 mg cm−2, corresponding to 17.3
mAh cm−2. A CR2032-type coin cell was assembled by sandwiching
the separator between the lithium negative electrode and the
LiNi0.8Co0.15Al0.05O2 positive electrode. The cell was then injected
with an electrolyte solution consisting of 1.15 M LiPF6 in ethylene

Figure 1. Schematic illustration of dendrite growth on the lithium
metal electrode with the PE separator (left) and NSG-coated PE
separator (right).

Figure 2. (a) XPS survey. (b) C 1s, (c) N 1s, and (d) S 2p spectra of the NSG separator.
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carbonate/diethyl carbonate (3/7 by volume, battery grade, PANAX
ETEC Co. Ltd.). All cells were assembled in a drybox filled with argon
gas.
Measurements. The amount of doping and the nature of chemical

changes caused by N,S-codoping were analyzed using X-ray photo-
electron spectroscopy (XPS, VG multilab ESCA system, 220i). The
NSG-coated separator was further characterized using Raman
spectroscopy (Dongwoo Optron, MonoRa 780i) to investigate its
structure and graphene quality. The morphologies of the PE, GO-
coated, and NSG-coated separators were examined via field emission
scanning electron microscopy (FE-SEM, JEOL JSM-6330F). The
separator wettability was investigated by contact angle measurements
with a water droplet, using a contact angle analyzer (Surfacetech Co.,
Ltd., GS). The thermal shrinkage of the separators was measured in
terms of their dimensional changes after being held at 130 °C for 1 h.
The separator soaked in a liquid electrolyte was sandwiched between
two stainless steel electrodes for conductivity measurements. AC
impedance measurements were performed to measure ionic
conductivity and interfacial resistances using a Zahner Electrik IM6
impedance analyzer over a frequency range of 1 mHz to 100 kHz with
an amplitude of 10 mV. Charge and discharge cycling tests of the Li/
LiNi0.8Co0.15Al0.05O2 cells were performed at a current density of 1.0
mA cm−2 (0.5C rate) over a voltage range of 2.6−4.3 V using battery
test equipment (WBCS 3000, WonA Tech Co., Ltd.). Surface
morphologies of the lithium electrodes in the cells were analyzed by
FE-SEM after repeated cycling. The lithium electrode was washed
several times in anhydrous dimethyl carbonate to remove residual
electrolyte, followed by vacuum drying overnight at room temperature.
In order to investigate the interfacial interaction between the lithium
electrode and the separator, shear strength was evaluated using a
universal testing machine (Instron 5966). Stress−strain measurements
were carried out with a load cell of 10 N mm min−1 using the sample
dimensions of 20 mm × 100 mm (width and length).

■ RESULTS AND DISCUSSION

NSG was prepared from graphene oxide and thiourea by a
simple hydrothermal method. Successful doping with nitrogen
and sulfur heteroatoms as well as a simultaneous reduction of

oxygen functional groups were confirmed by XPS spectra, as
depicted in Figure 2. The survey spectrum in Figure 2a shows
the presence of carbon, oxygen, nitrogen, and sulfur elements.
The amount of nitrogen and sulfur doping in the NSG was
calculated to be 1.9 and 2.5 at %, respectively. The C/O ratio
was calculated to be 1.91 and 9.75 for GO and NSG,
respectively. Such a high C/O ratio for the NSG sample
demonstrates that the oxygen functional groups in GO have
been highly reduced during the hydrothermal process. The C
1s peak could be resolved into three peaks at 284.5, 285.4, and
288.2 eV, indicating the presence of carbon with different
bonding configurations.33 The peak at 284.5 eV is attributed to
graphitic carbon, whereas the peak at 285.4 eV corresponds to
C-O, C-N, and C-S groups. The third peak at a higher binding
energy indicates the presence of residual carbonyl and carboxyl
groups in the NSG nanosheets. The N 1s peak could also be
resolved into three peaks at 397.7, 399.5, and 401.3 eV, which
correspond to pyridinic, pyrrolic, and graphitic N, respec-
tively.34 Such results confirm that nitrogen was successfully
incorporated into the carbon framework with different
configurations. The S 2p peak could also be deconvoluted
into three peaks; the peaks at lower binding energies (163.6
and 164.8 eV) correspond to sulfur atoms bound in aromatic
carbon structures, while the third broad peak at a higher
binding energy is associated with sulfur in C-SOx states.

35 On
the basis of these findings, the structure of NSG nanosheets was
derived as shown in Figure S1. The NSG separator was further
characterized by Raman spectroscopy (Figure S2). GO shows
the presence of D- and G-bands around 1355 and 1600 cm−1,
respectively.36 In contrast, the G-bands arising from graphitic
carbon in NSG and the NSG separator are red-shifted to 1587
cm−1, indicating n-type substitutional doping of the graphene.37

The D-band observed at 1355 cm−1 in NSG was red-shifted to
1347 cm−1 in the NSG separator. In addition, the intensity of
the D-band in the NSG separator is much higher than that of

Figure 3. SEM images of the surface of the (a) PE separator, (b) NSG separator, and (c) GO separator. (d) Photographs of the PE, NSG, and GO
separators after storage at 130 °C for 1 h.
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the other samples. The higher intensity and red shift are
attributed to the presence of an additional peak from the CH2

twist in the PE separator, which is more dominant than the D-
band intensity.38 An additional minor peak at 1133 cm−1 in the
spectrum of the NSG separator is attributed to C−C stretching
arising from the PE separator. Moreover, the appearance of a
broad 2D band at 2700 cm−1 in the NSG and NSG separator
spectra indicates the presence of both single- and few-layer
graphene nanosheets.39 Finally, an additional broad peak in the
range of 2850−2950 cm−1 is attributed to the presence of
aliphatic chains in the PE separator. These results confirm that
NSG was successfully deposited onto the PE separator.
The morphologies of the PE separator, NSG-coated PE

separator (NSG separator), and GO-coated PE separator (GO
separator) were compared by SEM analyses. The surface of a
pristine PE separator (Figure 3a) exhibited a uniformly
interconnected submicron porous structure. On the other
hand, the surface of the NSG separator showed a homogeneous
morphology with uniform surface coverage by NSG nanosheets
(Figure 3b). Furthermore, the NSG nanosheets were strongly
adhered to the surface of the PE separator without any
agglomeration. The two-dimensional structure of NSG allowed
it to be deposited only on the surface without permeating into
the separator. In this work, NSG was coated on only one side of
the separator to prevent short circuits that may arise due to the
conductive nature of the NSG nanosheets. The thickness of the
NSG coating layer was measured to be 60 nm, as shown in the
cross-sectional SEM image (Figure S3). The random arrange-
ment of 2-D graphene nanosheets is known to increase the
tortuosity of ionic movement. However, the NSG separator
showed only a slight reduction in ionic conductivity (3.6 × 10−4

S cm−1) when compared to that of a pristine PE separator (4.2
× 10−4 S cm−1). GO, which was employed as a control sample,
forms a dense and stiff film on the PE separator (Figure 3c),
leading to an ionic conductivity (2.0 × 10−4 S cm−1) that is
roughly half the value obtained with the pristine PE separator.
These results indicate that the formation of a mesoporous NSG
morphology (as demonstrated in our previous report31), along
with line and point defects present in the carbon framework,
facilitates ionic movement.40 In addition, the structural
deformations induced by heteroatom doping could enhance
lithium ion transport. As evident in Figure S4, surface
modification of the PE separator with NSG does not
significantly affect the wettability of the structure. The high
contact angle for the NSG separator arises from the significant
reduction of GO, as evident from the high C/O ratio of 9.75 for
the NSG sample, as previously explained. Such a significant
reduction is attributed to the use of thiourea as a source of
nitrogen and sulfur dopants to prepare NSG in the hydro-
thermal process, which simultaneously acts as a reducing agent
as well. On the other hand, the contact angle on the GO
separator was relatively low (50.8°), which can be ascribed to
the presence of oxygen functional groups in the GO coating
layer. In order to investigate the effect of NSG or GO coatings
on the thermal stability of a PE separator, thermal shrinkage
was measured after storing the separator at 130 °C for 1 h, as
shown in Figure 3d. The pristine PE separator tended to shrink
when exposed to high temperatures. In contrast, the utilization
of a thermally stable NSG or GO coating on the PE separator
prevented dimensional changes at elevated temperatures.
Consequently, NSG and GO provided mechanical reinforce-
ment so as to preserve the mechanical integrity of the separator

Figure 4. (a) Charge and discharge curves of the Li/LiNi0.8Co0.15Al0.05O2 cell prepared with the NSG separator at 0.5C rate. (b) Discharge capacities
and (c) Coulombic efficiencies of the Li/LiNi0.8Co0.15Al0.05O2 cells assembled with different separators as a function of the cycle number. (d) Rate
capability of the Li/LiNi0.8Co0.15Al0.05O2 cells assembled with different separators.
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at high temperatures. The tensile measurements of different
separators were also carried out, and the results are given in
Figure S5. Clearly, the NSG separator exhibited superior
mechanical strength than the pristine PE separator.
The effectiveness of the NSG-coated separator in suppressing

dendritic lithium growth was investigated by cycling Li/
LiNi0.8Co0.15Al0.05O2 cells with different separators in the
same liquid electrolyte (1.15 M LiPF6 in ethylene carbonate/
diethyl carbonate, 3/7 by volume) at 0.5C rate. The charge and
discharge curves of the cell with the NSG separator are
presented in Figure 4a. The specific capacity was calculated
based on the weight of the active LiNi0.8Co0.15Al0.05O2 material
in the positive electrode. The cell assembled with the NSG
separator delivered a high initial discharge capacity of 200.0
mAh g−1. The capacity recovered during constant voltage
charging is small, which indicates that the cell has a low internal
cell resistance and is thus capable of delivering high capacity.
The cell exhibited stable cycling characteristics; that is, it
delivered 85.0% of the initial discharge capacity after 240 cycles.
Figure 4b shows the discharge capacities of Li/Li-
Ni0.8Co0.15Al0.05O2 cells with different separators. The cell
with the PE separator showed an increase in overpotential and
a reduction in the reversible capacity with repeated cycling
(Figure S6), leading to significant capacity fading after 130
cycles. The capacity decline observed for rechargeable lithium
metal batteries is mainly associated with dendrite formation and
exhaustion of the liquid electrolyte.9 The formation of lithium
dendrites exposes fresh Li metal surfaces to the electrolyte, and
thus, additional SEI layers are continuously generated with
gradual consumption of the electrolyte solution. Moreover,
lithium dendrites can become isolated from the lithium
electrode during repeated cycling. The isolated lithium can
then react with the organic electrolyte due to its highly reactive
nature, severely degrading the cycling performance. To further
substantiate the presumption that the lithium electrode was
primarily responsible for cell failure, the cell with pristine PE
was disassembled carefully after 200 cycles, reassembled with
fresh lithium metal, and replenished with the liquid electrolyte
solution. As shown in Figure 4b, the discharge capacity of the
reassembled cell fully recovered to its initial value, confirming
that the cycling performance of the PE separator cell was
significantly affected by the state of the lithium electrode. The
rapid capacity decline of the PE cell upon further cycling can be
attributed to degradation of the positive electrode. On the other
hand, the cell assembled with the NSG separator exhibited a
stable cycling performance with no significant capacity fading

up to the 240th cycle. Such superior capacity retention can be
ascribed to the enhanced stability of the lithium electrode by
modification with an NSG layer. Figure 4c shows the
Coulombic efficiencies of the Li/LiNi0.8Co0.15Al0.05O2 cells
assembled with different separators. The Coulombic efficiencies
of the cells at the first cycle are 91.6, 93.4, and 92.1 for PE,
NSG, and GO separators, respectively. The irreversible capacity
at the first cycle is associated with irreversible reactions of
organic solvents at the electrode surface.41 Thus, the higher
Coulombic efficiency in the cell with NSG and GO separators
suggests that the coating layer can reduce the reductive
decomposition of the organic electrolyte at the lithium
electrode. The Coulombic efficiencies steadily increased with
cycling and were measured to be 99.6, 99.8 and 99.7% at the
100th cycle for the cells with PE, NSG, and GO separators,
respectively. It should be noted that the Coulombic efficiency
was decreased after the 120th cycle in the cell with the PE
separator. As mentioned earlier, the formation and growth of
lithium dendrites exposes fresh Li metal to the electrolyte
solution and the additional SEI layers are continuously
generated with irreversible reactions of organic solvents at the
electrode surface, which leads to a decrease of Coulombic
efficiency. The rate performance of the Li/LiNi0.8Co0.15Al0.05O2
cells assembled with different separators is compared in Figure
4d. The discharge capacities of the cell with the NSG separator
were higher than those of the PE separator cell. However, the
cell assembled with the GO separator delivered low discharge
capacities at high current rates, which can be ascribed to high
ionic resistance due to the presence of a dense and stiff GO
coating layer on the separator.
SEM analysis of the lithium electrodes was performed after

200 cycles. The lithium electrode cycled with the PE separator
showed extensive rodlike dendrite formation (Figure 5a). The
interfacial overpotential was enhanced at the tip of the
dendrites due to its coupling to the local electric field. As a
result of the inhomogeneous electric field, the dendrite tips
experienced increased deposition rates, which, in turn,
promoted rapid dendrite growth. In contrast, the lithium
electrode with the NSG separator exhibited rather smooth
morphologies without any visible dendrite growth, as shown in
Figure 5b. Although the lithium electrode with the GO
separator showed less dendritic morphology (Figure S7), the
deposition of lithium was not so even as compared to lithium
with the NSG separator. These results suggest that the thin
NSG layer could effectively suppress dendrite growth by
facilitating the formation of a uniform distribution of Li+ ions

Figure 5. SEM images of lithium electrodes cycled with (a) PE and (b) NSG separators; the images were obtained after 200 cycles at 25 °C.
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over the entire Li surface. In addition, the NSG nanosheets act
as physical barriers that inhibit dendrite growth due to their
superior mechanical properties.
We postulate that enhanced interfacial interactions between

NSG nanosheets and the lithium electrode play a vital role in
stabilizing the lithium metal. Unlike the PE separator, NSG
nanosheets exhibit a negative charge throughout their surfaces
due to lone pair electrons in the heteroatom dopants.
Electrostatic attraction between the induced negative charge
on the NSG separator and the positively charged lithium metal
surface enhances interfacial interactions, as demonstrated in
Figure 6a. To validate this postulation, a strip of lithium foil was
physically attached to the separator and the force required to
slide the separator was measured (Figure 6b). As the PE
separator exhibits no interactions with the Li metal electrode,
its sliding force is hardly detected. In contrast, the NSG
separator with lithium metal required an initial force of 7.6 mN
due to electrostatic charge interactions between the Li metal
and the NSG coating layer. The force then dropped to 2.0 mN
when the separator started sliding. This result confirms that the
NSG separator displays strong interfacial interactions with the
lithium metal electrode. The enhanced adhesion could release
surface tension in the Li metal, thereby suppressing the
initiation of dendrite growth on the Li metal surface.26

In order to further understand the improvement in the
electrochemical performance of the NSG separator-based cell,

the AC impedance of the cell was measured. The resulting AC
impedance spectra before and after 200 cycles are shown in
Figure 7a,b, respectively. Both spectra are composed of two
overlapping semicircles in the high and low frequency regions.
The semicircle in the high frequency range can be attributed to
the resistance of the SEI layer on the electrode (RSEI), while the
semicircle in the medium-to-low frequency range is associated
with the charge transfer resistance (RCT) between the
electrodes and the electrolyte. These spectra could be analyzed
using the equivalent circuit given in the inset of Figure 7a. In
this circuit, RE is the electrolyte resistance including electrode
contact resistance. RSEI and RCT are the resistance of the SEI
film and the charge transfer resistance, respectively. CPEi
(constant phase element) denotes the capacitance of each
component to reflect the depressed semicircular shape, and Zw
is Warburg impedance. The values of RE, RSEI, and RCT deduced
from the impedance spectra are summarized in Table 1.
In the cell with the PE separator, the values of RE, RSEI, and

RCT remarkably increased after 200 cycles. The large increase of
RE can be mainly ascribed to exhaustion of the liquid electrolyte
due to the deleterious reaction between the electrolyte solution
and lithium dendrites isolated from the lithium electrode during
repeated cycling, because the isolated lithium can then react
with the organic electrolyte due to its highly reactive nature. An
increase in interfacial resistances (RSEI and RCT) is related to
both growth of the resistive surface layer on the electrodes and

Figure 6. (a) Schematic illustration of shear tests conducted to examine the interfacial interaction between the lithium electrode and separator. (b)
Shear force measured between the lithium electrode and the separator.

Figure 7. AC impedance spectra of the Li/LiNi0.8Co0.15Al0.05O2 cells assembled with different separators (a) before 200 cycles and (b) after 200
cycles. The equivalent circuit used to fit these spectra is given in the inset in (a), and the inset shown in (b) presents a close-up view in the high
frequency range.
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deterioration of the interfacial contacts at electrodes. In the
cells with NSG and GO separators, the increase in RE was not
so large as compared to the cell with the PE separator,
indicating that the electrolyte loss due to the irreversible
reaction was not so significant. Among the cells, the NSG
separator cell showed the lowest interfacial resistances after
cycling, implying that the cell had a more stable SEI layer that
facilitated more efficient lithium ion transfer at the interfaces
during cycling. Consequently, an increase in cell impedance was
remarkably suppressed in the NSG separator cell, leading to
good capacity retention during cycling.

■ CONCLUSIONS
We demonstrated that a thin NSG layer deposited on a PE
separator could effectively stabilize the lithium electrode
surface, suppress dendrite formation, and improve the cycling
stability of lithium metal batteries. The enhanced performance
of the cell with an NSG separator can be attributed to (a) the
presence of defects in the NSG layer, which provides a uniform
ionic flux on the Li metal surface, (b) the superior mechanical
strength of NSG, which acts as a barrier for dendritic growth,
and (c) enhanced interfacial interactions between the NSG
layer and lithium metal brought about by electrostatic
attraction. Finally, the thermally stable NSG layer increased
the thermal stability of the PE separator, thereby addressing a
critical safety issue associated with lithium metal batteries.
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