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a b s t r a c t

Lithium-Sulfur (Li-S) batteries are known for their high energy density and cost-effectiveness. However,
the Li-S chemistry is a challenging topic due to the shuttle effect and the use of highly reactive lithium
metal anode. To solve these issues, ultra-lightweight multilayered graphene coated paper separator is
proposed as an interlayer. The interlayer is firstly coated on nickel foil by Chemical Vapor Deposition
(CVD) method followed by transferring to the paper by fishing process. By employing this unique
technique, a very light (~8 mg/cm2) graphene coating layer is obtained which does not further imply
lowering the entire energy density of the cell. As a whole, the cell with graphene coated paper exhibits
610mAh/g discharge capacity at C/5 after 100 cycles, while the cell without interlayer exhibits much
poorer performance. The improved performance is mostly associated with the interaction between
graphene and polysulfide species which is proven by X-Ray Photoelectron Spectroscopy measurement as
well as the excellent electronic conductivity of graphene layer which behaves as a secondary current
collector resulting the cell resistance decrease.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries (Li-ion) have invaded the marketplace of
mobile applications for approximately 30 years which is not only
because of the advances in technology, but also relatively high ca-
pacity and stability. Yet, the capacity obtained from conventional Li-
ion batteries nearly reached their upmost energy density which
offer limited capacities for some specific applications such as
electric vehicles. Thus, alternative battery technologies indeed
should be investigated, one of which is lithium-sulfur (Li-S) bat-
teries offering high energy density and high theoretical capacity at
low cost [1,2].
y, Gebze Technical University,

-Cakan).
Since Li-S batteries have several issues that need to be solved,
they have not been commercialized until now. These issues can be
linked with (i) low electronic conductivity of sulfur, (ii) dissolution
of polysulfide species in organic electrolytes, (iii) shuttle effect of
dissolved polysulfides and (iv) safety issues due to the use of
lithium metal. The conductivity problem can be simply solved by
the use of carbon or conductive polymer composites. However,
migration of dissolved polysulfide species from cathode to anode
side by the effect of electric field or concentration gradient between
anode and cathode causes fast capacity fading. In order to over-
come Li anode poisoning from polysulfide species, the use of
microporous carbon paper between cathode and separator was
proposed [3]. Since then significant progress has been made in the
field of interlayers used in Li-S batteries [4,5]. Nafion based [6e9],
carbon based [10e13] and polymer based [14e17] interlayers
located between anode and cathode electrodes have been
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suggested in the field of Li-S batteries.
Graphene is a very prevalent material with its excellent me-

chanical and electronic properties which is used in many applica-
tions including energy, electronics and biotechnology [18e21]. It
offers very high specific surface area and excellent electrical con-
ductivity. In the field of batteries, graphene is used as electrode
material [22,23], support material [18,24] or interlayer [25e27]. Up
to now, bare graphene [28e32], hybrid graphene composite
[33e39] or functionalized graphene [26,40e42] based interlayers
have been applied in Li-S batteries. By the help of inserting gra-
phene interlayer, polysulfides can be caught due to the adsorption
ability of graphene. The functional groups on the structure also
increase the polysulfide adsorption ability. Likewise, the cell
resistance can also be reduced with the intimate contact between
cathode and graphene interlayer which behave like a secondary
current collector.

In literature, various types of graphene based-interlayers were
tried in Li-S batteries, as mentioned above. Many of these studies
contain blend of graphene/graphene oxide powders and binders to
coat on the separator. This perspective unfortunately results in an
increase of the weight of the interlayer which causes lowering of
the energy density. Within this context, Chemical Vapor Deposition
(CVD) enables conformal and thin coating of graphene without
binder. Hitherto, CVD grown graphene interlayers in Li-S batteries
were subjected in two different studies. Du et al. used commercial
CVD grown graphene coating as interlayer [32]. On the other hand,
Ou et al. synthesized poly(methyl methacrylate) coated CVD grown
graphene on Polypropylene separator [36]. In our work, multilayer
graphene was synthesized on nickel foil by CVD and as-prepared
graphene was simply transferred to paper separator in pure water
that is called fishing technique which enables conformal and facile
transfer of coating at a short time.

Herein, the ultra-lightweight multilayer graphene coated paper
separator used as an interlayer in Li-S batteries. This coating has
resulted almost no additional weight on the paper, thus it does not
lower the entire energy density of the cell. In the field of Li-S
Fig. 1. a) Schematic of the transfer of graphene coating to paper in water (fishing technique)
paper, d) X-Ray Diffraction pattern of graphene coating, e) Raman spectrum of graphene co
batteries, the weight of the suggested interlayers is a very critical
point and it should not be underestimated, since it imposes a
pronounced drawback in terms of energy density to the Li-S system
which cannot compete with Li-ion batteries readily available in the
marketplace. Indeed, with regards to the other graphene based
interlayers studies suggested in the literature (which were sum-
marized in Table S2, Supporting Information), the proposed inter-
layer has one of the lowest reported weight per selected area due to
the unique synthesis and transfer printed technique. As a whole, in
comparison to the cell without graphene coating, high electronic
conductivity and good polysulfide adsorption ability of the gra-
phene layer indeed resulted in improved electrochemical
performance.
2. Experimental

2.1. Preparation of multilayer graphene coatings

Multilayer graphene samples were synthesized on a 50 mm thick
nickel foil (Alfa Aesar item # 12722) by Chemical Vapor Deposition
(CVD). To remove the oxide layer on nickel, the foils were annealed
at 1000 �C under 100 sccmH2 and 100 sccm Ar gases. The growth of
graphene was carried out at 1000 �C at the ambient pressure under
flow of H2, Ar and CH4 gases with flow rates of 30 sccm, 100 sccm
and 100 sccm, respectively. After 5 minutes growth time, the
samples were exposed to room temperature under argon gas flow
for the fast cooling.

Multilayer graphene was transfer printed on glass fiber sepa-
rator (Whatman GF/C) by the “fishing technique”. In this technique,
the graphene coated nickel foil was immersed into dense iron tri-
chloride solution (1 molar), and then it was placed on a surface of
the DI water. After that, a piece of paper was submerged into the
same container and then pulled out slowly by allowing a conformal
coating of multilayer graphene on the surface of the separator
(Fig. 1a). Finally, graphene coated papers were dried at 70 �C for 4
hours under ambient conditions.
, b) photograph of graphene coated paper, c) schematic of the cell with graphene coated
ated paper.
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2.2. Synthesis of Li2S5 powder

Stoichiometric amounts of lithium metal and sulfur was added
to ethylene glycol diethyl ether and the as-prepared solution was
stirred at 150 �C for 2 days to obtain Li2S5 composition. After drying,
0.1M Li2S5 in 1,3-Dioxolane (DOL) solution was prepared for X-Ray
Photoelectron Spectroscopy measurements.

2.3. Material characterizations

The X-Ray Diffraction of materials were performed by using
Rigaku D-MAX 2200 diffractometry (40 kV, 40mA), with a Cu Ka

radiation over a 2q range from 5� to 60� with the scanning rate of
0.5�/min.

The microstructural-morphology examination and the chemical
composition determination of graphene coatings were conducted
by SEM FEI/Philips XL30 FEG ESEM equipped with Energy Disper-
sive X-Ray Spectroscopy (EDS).

Bruker Vertex 70V FTIR spectrometer was used in order to
perform the optical transmittance measurements. For this purpose,
the multilayer graphene was transfer printed on PVC substrate by
using the lamination technique at 120 �C [43].

To investigate the chemical composition of graphene coating
and support the idea of the adsorption of polysulfides by graphene,
the X-Ray Photoelectron Spectroscopy (XPS) measurements were
conducted using a Phoibos 150 Specs charged particle analyzer. To
do so, 0.1M Li2S5 containing 1,3-Dioxolane (DOL) was prepared,
then poured over the graphene coated paper and analyzed by XPS.
Graphene coated paper without polysulfide treatment was also
investigated. A conventional Al Ka radiation (hy¼ 1486.61 eV) at
300W (15 kV and 20mA) was used. For fitting process of the XPS
results, the own adapted macro in Igor 4.0 version was used. The
Shirley's function was used to provide the background-subtracted
photoemission spectra in order to eliminate the effect of inelastic
background noise. Gaussian type functions were used for fitting.

2.4. Cell assembly and electrochemical measurements

The cathode electrode was prepared by mixing Sulfur powder
and Carbon Ketjen Black. After that, themixturewas heat-treated at
155 �C for 6 hours in oven (melt diffusion method). The resulting
composite contains 63wt % sulfur. Thermogravimetric Analysis
(TGA) result of the prepared cathode can be seen from Fig. S1. Total
sulfur content in the prepared cells was ~3mg/cm2.

Two electrode Swagelok™ cells were assembled in a high purity
argon containing glove box (Innovative Technology, USA). Lithium
metal foil was used as both counter and reference electrode. 1 M
LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide, from Sigma-
Aldrich) with 0.5M LiNO3 (Lithium nitrate, from Acros) contain-
ing 1,3-Dioxolane: 1,2-Dimethoxyethane (DOL:DME) solvent was
used as electrolyte. Electrolyte/sulfur ratio was kept at 30 mL/mg.
Graphene coated separator was placed between anode and cathode
electrode. The bare paper separator weighed as 4.7mg/cm2 and the
thickness and the weight of the synthesized graphene were esti-
mated as 100 layers [43] and ~8 mg/cm2, respectively, meaning that
additional weight from graphene coating is negligible for the
calculation of energy density. Even though the areal weightiness of
the Li-ion commercial separator (1.4mg/cm2) is much lower than
that of paper separator from Whatmann (4.7mg/cm2), we have
concluded in our former study that better cycling capabilities could
be achieved with paper separators in Li-S cells [2]. The schematic of
the cell can be seen from Fig.1c inwhich graphene coated separator
was placed between anode and cathode electrodes.

The discharge/charge tests were performed at C/5 (1C corre-
sponds to a current density to reach the theoretical capacity in 1
hour) between 1.9V e 3V (vs Liþ/Li) by using VMP3-Biologic gal-
vanostat/potentiostat at room temperature.

Cycling voltammetry (CV) was conducted with a scan rate of
0.1mV/s between 1.7V - 3V by using VMP3-Biologic galvanostat/
potentiostat.

Electrochemical Impedance Spectra (EIS) of lithium electrode
was carried out using a three electrode cell in which lithium was
used as a reference electrode placed on a 316L grade stainless steel
wire. Both working and reference electrodes were lithium. The
measurement was performed within the range of 200 kHz to
2mHz, with a voltage amplitude of 5mV around 0 V (Liþ/Li) in
VMP3. The spectra of the lithium electrode was collected at the
open circuit voltage (OCV) for every 2 hours of interval time. In
order to monitor and compare the change of resistance over time,
two different cell combinations were prepared; the one without
interlayer and the other one is the cell with graphene coated paper.

3. Results and Discussion

The schematic procedure of the conformal coating of graphene
on the surface of the paper separator and the photograph of the
prepared interlayer can be seen at Fig.1a and b, respectively. During
the electrochemical characterizations, graphene coated separator
was placed between anode and cathode electrodes as illustrated in
Fig. 1c. Fig. 1d shows the X-Ray Diffraction pattern of the separator
after graphene coating. The sharp peak located at 2Ɵ¼ 26� corre-
sponds to the diffraction of (002) plane with a d-spacing of 3.34Å
and the peak at 2Ɵ¼ 44� can be attributed to the (100) plane of
graphene. These peaks show characteristic highly ordered structure
of graphene layers. Raman spectrum of the multilayer graphene
(Fig. 1e) shows typical spectra (the intensity ratio of 2D/G is 3.3 and
the intensity of the defect mode (D) is negligible.) which ensures
that the quality of the graphene is very high.

Scanning Electron Microscopy was conducted to characterize
the morphology of graphene coated paper separator. Fig. 2a shows
the bare paper separator before graphene coating. After graphene
coating, the fibrous structure is totally disappeared and the smooth
graphene layer can be observed (Fig. 2b). The cross-sectional SEM
has also been tempted to be contacted which can be seen at the
inset of Fig. 2b. Though a smooth continuous coating layer can be
observed at the top of the paper separator, the layer thickness
cannot be detected due to the low resolution of the SEM image.
Carbon signals which were obtained by Energy Dispersive X-Ray
Spectroscopy (EDS) from graphene coating are shown in Fig. 2c.

In order to know the thickness of the coating layer, the optical
transmittance measurements were performed (Fig. 2d). To do so,
the multilayer graphene was transfer printed on PVC substrate by
using the lamination technique at 120 �C [43]. The optical trans-
mission spectra of the multilayer graphene (Fig. 2d inset) was
calculated according to the formula T ¼ (1-a)N, where T is the
transmission, N is number of graphene layer and a is the absorption
of single layer graphene which is around 2.3%. Optical measure-
ments showed that the multilayer graphene has 12% transmittance.
Therefore (by using Fig. 2d inset), one can find that the number of
graphene is around 100 layers. Single layer graphene is 0.34 nm.
The thickness of 100 layers of graphene is a little bit more than
34 nm, because the growth and transfer procedures result in some
residues on the graphene samples. Since the mass density of gra-
phene is theoretically calculated to be ~76 ng/cm2, theweight of the
100 layers would be around ~8 mg/cm2. Moreover, the sheet resis-
tance of the 100 layers graphene was found to be around 240U/sq
[19].

To understand the chemical structure of graphene coating and
to support the idea of polysulfide adsorption effect of graphene, X-
Ray Photoelectron Spectroscopy (XPS) analysis was applied. To



Fig. 3. X-Ray Photoelectron Spectroscopy results, high resolution scan of C 1s. a)
Graphene coated paper, b) polysulfide dropped graphene coated paper.

Fig. 2. SEM photographs of a) bare paper before graphene coating, b) graphene coated paper, inset: cross-sectional image of graphene coated paper, c) EDX mapping result of
graphene coating, d) Optical transmission spectra of the multi-layer graphene sheet. Inset shows the calculated optical transmission of multilayer graphene versus the number of
layers. T ¼ (1-a)N, where T is the transmission, N is number of graphene layers and a is the absorption of the single layer graphene which is around 2.3%.
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underline the adsorption phenomena, 0.1M Li2S5 containing DOL
solution was prepared and dropped on a graphene coated paper.
After drying procedure, this sample was investigated by XPS. Un-
treated graphene coated paper has also been examined for com-
parison and for understanding the chemical structure. Fig. 3a
shows the C1s spectrum of the graphene coated paper. C1s spec-
trum deconvoluted into four peaks at around 284.85 eV, 286 eV,
287.1 eV and 289.8 eV which resemble C-C in sp2-hybridized do-
mains, hydroxyl groups (C-OH), carbonyl (C]O) and carboxyl
groups (O]C-O). These functional groups are known for their
ability to capture polysulfides and help them to stay at the cathode
side by forming Li-O bonds throughout their oxygenated groups
and lithium in polysulfides. Indeed, when Li2S5-containing DOLwas
poured on graphene coating, it can be clearly seen that there is a
huge shift in binding energy which is an indicator of adsorption.
XPS result of Li2S5-containing DOL solution poured graphene
coated paper can be seen from Fig. 3b. C1s spectrum of polysulfide
treated graphene coating also deconvoluted into four peaks like
bare graphene coated paper. Binding energy of C-C shifted from
284.85 eV to 286.25 eV, C-OH groups shifted from 286 eV to
287.1 eV, C]O groups shifted from 287.1 eV to 289.15 eV and O]C-
O groups shifted from 289.8 eV to 292.3 eV. These huge shifts show
the strong adsorption ability of graphene coating by its functional
groups.

Fig. 4 compares the cycling voltammetry (CV) results of the Li-S
cells with only bare paper separator and graphene coated paper,
cycled between 1.7 V and 3.0 V at a scan rate of 0.1mV/s. Fig. 4a
represents the cell without interlayer and Fig. 4b shows the cell
with graphene coated paper. Both of the cells show two reduction
peaks in the cathodic scans at approximately 2.25 V and 1.95 V
which represent the typical conversion from elemental sulfur to
long-chain polysulfides and long chain polysulfides to low-chain



Fig. 4. Cycling Voltammetry (CV) results of a) without interlayer and b) with graphene coated paper at a scan rate of 0.1mV/s.

Fig. 5. a) First charge-discharge profile of cells without interlayer and with graphene coated paper at C/5 rate, b) discharge capacities as a function of cycle number for the cells
without and with graphene coated paper at C/5 rate. c) First charge-discharge profile of cell with graphene coated paper at C/2 rate, d) discharge capacities as a function of cycle
number for the cell with graphene coated paper at C/2 rate. e) Rate capability of the cell with graphene coated paper.
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Fig. 6. EIS spectra of the cells without interlayer and with graphene coated paper. a) the fitting equivalent circuit, b) at the beginning, c) after 60 hours.

E.C. Cengiz et al. / Journal of Alloys and Compounds 777 (2019) 1017e10241022
polysulfides, respectively. The intensity of the peaks without
interlayer decreased as the cycle number increased. On the other
hand, after insertion of the graphene coated paper, a sustained
cycling is observed which may be associated with the increased ion
and electron transport enabled by graphene coating [27]. In addi-
tion to this, the cell with graphene coating has higher current peaks
with respect to the cell without interlayer which is a sign of high
electrochemical kinetics and better utilization of the active mate-
rials [35]. These results show the effectivity of inserting graphene
coating resulting of high electrochemical stability and reversibility.

To further show the effectivity of addition of graphene coated
paper, electrochemical cycling tests were conducted. To do so, the
cell with and without graphene coated paper were prepared and
tested simultaneously at a current rate of C/5 (1C corresponds to a
current density to reach the theoretical capacity in 1 hour) between
1.9 V and 3.0 V. The reason for working in narrow cut-off voltage is
to avoid decomposition of LiNO3 under 1.9 V [44]. The results are
shown in Fig. 5a and Fig. 5b which represent charge-discharge
profile of the cells and discharge capacity as a function of cycle
number, respectively. Both of the cells show typical two discharge
plateaus. The higher plateau located at 2.3 V indicates the transition
of sulfur to high-order polysulfides and the lower plateau located at
2.0 V indicates the transition of high-order polysulfides to low-
order polysulfides (Fig. 5a). The cell with graphene coating ex-
hibits 1039mAh/g discharge capacity at initial cycle and after 50
cycles 703mAh/g discharge capacity is obtained. On the other
hand, the cell without interlayer has 854mAh/g discharge capacity
at first cycle and 396mAh/g discharge capacity was obtained after
50 cycles which was terminated after 76 cycles due to the shuttle
effect. Additionally, fluctuation of the coulombic efficiency in
Fig. 5b is slightly lessen in the presence of graphene interlayer. The
long term cycling stability of the cell with graphene coated paper at
higher current rate is shown in Fig. 5c and d. The cell cycled at C/2
exhibited 817mAh/g initial discharge capacity and 450mAh/g
discharge capacity was obtained after 200 cycles which show that
the cell preserved 55% of its capacity.

The rate capability test of the cell with graphene coated paper is
presented in Fig. 5e. The cell was started to cycle at low rates which
then was increased up to 1C. The cell exhibited 1303mAh/g
discharge capacity at the first cycle, then it decreased to 1115mAh/g
at C/10. The discharge capacity decreased to 960mAh/g, 760mAh/g
and 524mAh/g as the current rate was increased to C/5, C/2 and 1C,
respectively. When the current rate was returned back to C/5, the
cell recovered its capacity and exhibited ~950mAh/g discharge
capacity. When all the abovementioned electrochemical results are
taken into account, indeed it demonstrates that graphene coating
enables better cycling stability and electrochemical performance.
These improved results can be associated with the excellent elec-
tronic conductivity of graphene coated paper and its good
adsorption ability to catch polysulfides.

Graphene is known to have excellent electronic conductivity
which is expected to end with lowering the cell resistance. Elec-
trochemical impedance spectroscopy (EIS) was performed to
monitor the solid electrolyte interface (SEI) growth on the Li elec-
trode surface. The cell without interlayer was also investigated for
the sake of comparison. To do so, three electrode cells were used
and impedance spectra was recorded for every two hours of in-
terval at open-circuit conditions without applying voltage. Fig. 6
shows the Nyquist plots of the cells at the beginning with the
fresh samples (Fig. 6b) and after 60 hours aging (Fig. 6c). The fitting
equivalent circuit is shown in Fig. 6a. Both of the cells show two
semicircles at high to medium frequency showing charge transfer
resistance (Rct) andmedium to low frequency presenting resistance
from passivating film (Rt). Rohm presents the ohmic losses. The re-
sults obtained from fitted Electrochemical Impedance Spectra can
be seen from Table S2. In both cases, the resistance of the surface
layer increased upon resting time due to the interaction between
highly reactive Li metal and the electrolyte solvent, salts and in-situ
formed polysulfides. However, the resistance difference of the cell
with graphene coating is much lower upon 60 hours of rest time
than that of the cell without interlayer. These results meet the
expectations and it can be attributed to the improved electrode/
electrolyte interface and increased charge transfer due to the
addition of highly conductive graphene coated paper.
4. Conclusions

Even though the use of interlayer concept is well recognized by
the Li-S battery system, lowering the entire energy density due to
the thick and heavy-weight coating layer is one of the
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shortcomings. Herein, ultra-lightweight (~8 mg/cm2) CVD grown
multilayered graphene coated paper was used both for the
adsorbing of polysulfides and for improving the electrochemical
performance. Graphene was firstly coated on nickel foil and
thereafter it was transfer printed to the paper separator by fishing
technique. The interlayer was placed between anode and cathode
electrodes and better performance was obtained with respect to
the cell without interlayer. The good performance is associated
with the better electronic wiring and polysulfide adsorption ability
of graphene. Electrochemical Impedance Spectroscopy (EIS) results
demonstrates reduced cell resistance by the use of graphene coated
paper due to its excellent electronic conductivity. The adsorption
ability of graphene layer was supported by X-Ray Photoelectron
Spectroscopy (XPS) measurement which shows an obvious shift in
binding energies in the presence of polysulfides. The functional
groups in graphene structure may also help in increasing electro-
chemical performance as supported by XPS analysis. As a whole,
610mAh/g discharge capacity was obtained after 100 cycles at C/5
rate which is much better than the cell without interlayer.
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