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Lithium–sulfur batteries hold great promise for serving as next generation high energy density batteries.

However, the shuttle of polysulfide induces rapid poor cycling stability of lithium–sulfur cells. Using an

interlayer inserted between the sulfur cathode and the separator to capture these soluble intermediates

can diminish this effect effectively. Herein, a ultrathin TiO2 nanotubes/graphene oxide (TiO2 NTs/GO)

hybrid membrane (the thickness is less than 10 mm) used as an interlayer in lithium sulfur battery can

effectively improve the cycle performance by trapping the soluble polysulfides. As a result, the sulfur

cathode with TiO2 NTs/GO hybrid membrane as interlayer exhibits an initial discharge capacity of

1431.5 mA h g�1 and maintains the reversible capacity of 845.8 mA h g�1 at 0.1C after 100 cycles.
1. Introduction

Li–S batteries have been considered as one of the most prom-
ising candidates for next generation energy storage systems for
their high theoretical capacity (1675 mA h g�1) and high theo-
retical specic energy (2600 W h kg�1), which is about 10 times
that of commercial lithium-ion batteries. Besides, sulfur is
naturally abundant, low cost and environmentally friendly,
which potentially makes Li–S batteries more suitable for
commercialization.1,2 However, the practical applications of
Li–S batteries are signicantly hampered by the low electronic/
ionic conductivity of sulfur and the discharge products, large
volume charge of sulfur during the lithiation/delithiation
process, and the shuttling of dissolved lithium polysuldes
(Li2Sx, 4 # x # 8) in organic liquid electrolytes. These problems
eventually lead to high polarization, serious capacity fading and
poor rate stability.3–5

Many approaches have been explored to solve these issues
and improve the electrochemical performance of Li–S batteries.
And most studies are focusing on embedding sulfur in/on
different conductive porous frameworks such as carbon
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materials,6–8 conducting polymers9–12 and metal oxides.13–25 For
example, Wang reported a mesoporous nitrogen-doped carbon
(MPNC)–sulfur nanocomposite as a novel cathode for advanced
Li–S batteries. The MPNC–sulfur cathodes show excellent
cycling stability (95% retention within 100 cycles).26,27 On the
one hand, the introduction of conductive porous frameworks
improves the electronic conductivity of sulfur cathode and
provides enough space for volume expansion; on the other
hand, it also suppresses the diffusion of polysulde. Neverthe-
less, the fabrication procedures are always complicated and the
active materials loading in the cathode gets decreased. There-
fore, more effective approaches are necessary to be set up for the
commercialization of Li–S battery.

Besides all of the efforts mentioned above, it has been found
that using a functional membrane as an interlayer inserted
between the sulfur cathode and the separator would be
a crucial factor in improving the cyclic stability of Li–S
batteries.28–35 During the cell discharge, the dissolved poly-
sulde will move towards the anode, driven by the chemical
potential and the concentration differences. The interlayer
with many functional groups could localize the polysulde
species at the cathode side and is considered to be a polysulde
trap. Manthiram research group rstly proposed this impor-
tant concept of “interlayer” in 2012. Peng et al.36 adopted
electrospinning technology to directly coat the interlayer on the
sulfur cathode. And an initial discharge capacity of
1279 mA h g�1 was achieved. But the thickness of the PAN
(polyacrylonitrile)–NC (nitrogen-doped carbon black) layer is
about 50 mm. Usually, the thickness of standalone interlayer is
about tens to hundreds of micron to support its construction
and cell assembly.37–43 But the increased thickness would have
adverse effect on Li+ transport and decrease the total energy
density.
RSC Adv., 2018, 8, 429–434 | 429
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Here, we designed a thin TiO2 NTs/GO hybrid membrane
used as an interlayer in Li–S batteries between the sulfur
cathode and the separator. The TiO2 NTs/GO hybrid membrane
was fabricated by a simple ltration method. Coupling TiO2

additives to C–S composite is able to improve the cycle life and
the capacity retention, which was contributed to an electrostatic
attraction (S–Ti–O) that improved the surface adsorption of
polysuldes on the TiO2.44–46 Besides, the graphene with its
unique 3D interconnected network structure was able to store
the shuttling polysulde intermediates during cycling.47,48

What's more, the thickness of the TiO2 NTs/GO hybrid
membrane is less than 10 mm, which is far thinner than any
other reported membranes used as interlayer in lithium–sulfur
batteries. As a result, it showed that the discharge capacity and
the cycling stability of Li–S batteries were signicantly improved
when using a TiO2 NTs/GO hybrid membrane as interlayer.

2. Experimental
2.1 Preparation of TiO2 nanotubes

TiO2 NTs were synthesized by a typical method.49 Anatase tita-
nium dioxide nanopowders (Aldrich, 99.7%, <25 nm) were
dispersed in sodium hydroxide solution (15 mL, 10 M). The
mixed solution was stirred to a uniform dispersion by magnetic
stirring and transferred to a Teon stainless steel autoclave,
under magnetic stirring, 130 �C of hydrothermal reaction for
24 hours. When cooled at room temperature, the precipitate
was washed to pH approximately equal to 9 and washed with
nitric acid (0.1 M) 3 times (hydrogen ion exchange process).
Finally, the product was rinsed with deionized water until pH
was neutral. The product was centrifuged at 4000 rpm for
5 minutes. Aer drying, the product was heated in a tube
furnace at 5 �Cmin�1. The temperature was raised to 400 �C and
kept for 6 hours. The nal product was TiO2 NTs.

2.2 Preparation of TiO2 NTs/GO hybrid membranes

To obtain the TiO2 NTs/GO hybrid membrane, TiO2 NTs were
dispersed in the dispersions of graphene oxide (XFNANO, INC,
2 mg mL�1 <500 nm) by high-power ultra-sonication for several
hours. Aer adding hydriodic acid and reacting for several
hours, the mixture was vacuum ltered through a nylon
membrane. The hybrid membrane could be easily peeled from
the lter surface aer washing with de-ionized water and dried
at 60 �C. The lms of different thicknesses were prepared by
modulating the volume of GO dispersions. The GO membrane
was prepared exactly the same as the TiO2 NTs/GO hybrid
membranes except for the addition of TiO2 NTs.

2.3 Preparation of the CMK-3/S composite

The CMK-3/S composite (70% S content, Fig. S1†) was obtained
by a melt-infusion method of heating the mixture of CMK-3 and
S at 155 �C for 12 h.

2.4 Preparation of the L2S7 solution

Sulfur and Li2S were added to the appropriate amount of DOL/
DME (1 : 1, v/v) solvent at a molar ratio of 6 : 1.50 The mixed
430 | RSC Adv., 2018, 8, 429–434
solution was placed under magnetic stirring at 60 �C for over 24
hours until the sulfur was completely dissolved in the glove box
lled with argon gas.

2.5 Material characterization

Field emission scanning electron microscopy (SEM, Nova Nano
SEM 230) and transmission electron microscopy (TEM, Tecnai
G2 20ST) were employed to characterize the morphology. The
elements on the surface of sample were identied by energy
dispersive X-ray spectroscopy (EDS). X-ray diffraction patterns
(XRD) were obtained with a D/MAX-2400 diffractometer using
Cu Ka radiation (40 kV, 100 mA, l ¼ 1.54056 Å).

2.6 Electrochemical measurements

The working electrode material consists of 80 wt% sulfur–
carbon, 10 wt% super P and 10 wt% poly(vinylidene-uoride)
(PVDF), which was coated on aluminium foil. The mass
loading of the active material sulfur was about 0.6mg cm�2. The
specic capacity of the cell was based on the mass of sulfur in
this paper. All the cells with different membranes in this work
were fabricated with this kind of cathode.

The positive electrode was used as the research electrode,
and the lithium wafer was the opposite electrode. The poly-
propylene porous lm (Celgard 2400) was used as the dia-
phragm. 1.0 M lithium bis(triuoromethanesulfonyl)imide
(LiTFSI)/DOL (1,3 dioxolane) + DME (dimethoxyethane)
[1% wt% LiNO3] as electrolyte in the glove box lled with argon
in the assembled CR2032 button battery. And the TiO2 NTs/GO
hybrid membrane and the GO membrane were inserted
between the sulfur cathode and the separator when assembled
into the cell.

Galvanostatic charge–discharge tests were performed in the
potential range of 1.5–3.0 V at 256C by using a LAND CT2001A
battery-testing instrument. EIS measurements were conducted
by using a PARSTAT 2273 electrochemical measurement
system. EIS measurements were carried out at the open-circuit
potential in the frequency range between 100 kHz and 100
mHz with perturbation amplitude of 5 mV.

3. Results and discussion
3.1 Material characterization

TiO2 NTs/GO hybrid membrane was prepared by a simple
vacuum ltration method with the mixture of TiO2 NTs and GO,
as showed in Fig. 1. The hybrid membrane could be easily
peeled from the lter surface and used as a freestanding
interlayer. When assembled into the cell, the TiO2 NTs/GO
hybrid membrane was sandwiched between the sulfur
cathode and the separator. It should be emphasized that exi-
bility is critical for membranes as interlayers. And the as-
obtained hybrid membrane shows excellent exibility, as illus-
trated in the inset of Fig. 1. Usually, the exibility of the
membrane will facilitate the cell assembling and particularly
prevent the interlayer pulverization during cycling. So it indi-
cates the potential applications of TiO2 NTs/GO hybrid
membrane as electrodes for exible energy storage devices.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Preparation process of the TiO2 NTs/GO hybrid membrane and battery assembly.
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The SEM image of the surface of GO membrane is displayed
in Fig. 2a. It can be seen that the graphene oxide lm exhibits
a rough surface composed of graphene oxide layers. Fig. 2b
shows the transmission electron microscope (TEM) image of
TiO2 NTs that are intertwined with each other, forming a 3D
network structures. TiO2 NTs can support the surface area of GO
and increase the barrier free absorption of lithium polysulde.

Fig. 2c shows typical front-view SEM images of the TiO2 NTs/
GO hybrid membrane, which exhibit the homogeneous distri-
bution of TiO2 NTs on the interconnected and overlapped gra-
phene sheets. The cross-view SEM image of the hybrid
membrane is shown in Fig. 2d. It shows the thickness of the
membrane is less than 10 mm. The graphene oxide layers
stacked together with TiO2 NTs encapsulated in it. In order to
conrm that TiO2 NTs were composed with the graphene oxide,
element mapping by energy dispersive X-ray spectroscopy (EDS)
was conducted (Fig. S2†). It can be seen that TiO2 NTs were
homogeneously distributed in the layered structure that was
constructed by graphene oxide.

In order to nd the most suitable thickness of hybrid
membrane, here we prepared a series of membrane with
different thickness and the electrochemical performance of
cells with these membranes as interlayers were compared in
Fig. 2 (a) SEM image of the surface of GO membrane, (b) TEM image
of TiO2 NTs, (c) SEM image of the surface of TiO2 NTs/GO hybrid
membrane, (d) cross section SEM image of TiO2 NTs/GO hybrid
membrane.

This journal is © The Royal Society of Chemistry 2018
Fig. S3.† Once the hybrid membrane is too thin, it is hard to be
peeled from the lter surface and is too brittle to be assembled
into the cell. So as shown in Fig. 3a, the least thickness is about
8 mm to form an integrated hybrid membrane. And it can be
seen from the Fig. S3,† all of the cells with different membrane
almost exhibit preferable cycling performance. As mentioned
above, the thickness of the hybrid membrane used as interlayer
can affect the performance of the cell. Once the lm is too thick,
the increased thickness would have adverse effect on Li+

transport and decrease the total volumetric energy density.
Considering the total mass of the cell and the Li+ transport
ability, the most suitable thickness of the hybrid membrane is
about 8 mm, which is still able to maintain great cycle stability.
And it is far thinner than any other reported membranes used
as interlayer in lithium–sulfur batteries.

Fig. 4 shows the X-ray diffraction (XRD) spectra of GO
membrane, TiO2 NTs and TiO2 NTs/GO hybrid membrane. The
sharp peaks present at 10.8 degrees are characteristic peaks of
GO. All the peaks of TiO2 nanotubes have been identied and
can be assigned to the anatase phase (JCPDS Card no. 21-1272).
Compared with the GO lm, a characteristic peak of TiO2 NTs/
GO hybrid membrane disappeared at about 23 degrees, because
the graphene oxide was partially reduced by ultrasonic HI acid.
The characteristic diffraction peaks of TiO2 NTs/GO hybrid
membrane and TiO2 NTs coincide basically. These results
Fig. 3 SEM images of membranes with different thickness ((a) �8 mm
(b) �15 mm (c) �20 mm).

RSC Adv., 2018, 8, 429–434 | 431
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Fig. 4 XRD patterns of GO membrane, TiO2 NTs and TiO2 NTs/GO
hybrid membrane.
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indicate that TiO2 NTs are loaded into the composite lms, in
which TiO2 NTs are in the form of crystalline structure.
3.2 Electrochemical properties

The charge–discharge proles of TiO2 NTs/GO hybrid
membrane and GO membrane electrode at 0.1C in the 1st cycle
are shown in Fig. 5a. Both of the two electrodes exhibit a typical
two-plateau discharge curve, indicating that the two cathodes
exhibit the same electrochemical behavior as conventional Li–S
batteries. The two discharge plateaus at 2.3 V and 2.0 V are
corresponding to the generation of long-chain polysuldes
(Li2Sx, 4 # x # 8) and Li2S2/Li2S respectively.

Fig. 5b shows the cyclic voltammetry (CV) curve of a cell
assembled by a titanium dioxide lm at the scan rate of
0.1 mV s�1, with a scanning range of 1.5 to 3 V. As can be seen
from the diagram, the reaction of sulfur and lithium in the
active material is a multi-step reaction process. The negative
scan showed two reduction peaks at 2.3 V and 1.9 V,
Fig. 5 (a) First charge–discharge profiles of the TiO2 NTs/GO hybrid
membrane and GO membrane interlayer with sulfur cathode at 0.1C,
(b) CV profiles of the TiO2 NTs/GO hybrid membrane and GO
membrane interlayer with sulfur cathode in the 1st cycle at a scan rate
of 0.1 mV s�1, (c) cycle stability and coulombic efficiency at 0.1C of 100
cycles, (d) rate performance of TiO2 NTs/GO hybrid membrane at
different current densities.

432 | RSC Adv., 2018, 8, 429–434
respectively. The reduction peak at 2.3 V corresponds to the
process of conversion of sulfur to long chain lithium polysulde
(Li2Sx, x ¼ 4–8). The reduction peak at 1.9 V corresponds to the
process of further conversion of long chain lithium sulde to
short chain lithium polysulde (Li2Sx, x ¼ 2–4) and lithium
sulde (Li2S). The sharp oxidation peaks in the forward scan of
2.45 V correspond to the process of oxidation of lithium poly-
sulde and Li2S to sulfur. The two step reduction peaks in the
cathode scan and the two overlapping oxidation peaks in the
anode scan are consistent with the current peaks in charge/
discharge curves. The CV curve keeps good coincidence, indi-
cating that the battery with the TiO2 NTs/GO hybrid membrane
has good reversible capacity and cycle stability.

Cycling tests were performed at 0.1C to investigate the
cycling stability of the electrodes with different membranes. As
shown in Fig. 5c, the electrode with TiO2 NTs/GO hybrid
membrane exhibited the best cycling performance. Aer 100
cycles, a discharge capacity of 850.7 mA h g�1 still remained,
which corresponds to capacity decay retention of only 0.409%
per cycle. This excellent cycling stability may be attributed to the
synergistic effects of both the interconnected graphene
conductive network and the excellent adsorption capacity of
TiO2 nanotubes to polysuldes.

The rate capabilities of TiO2 NTs/GO hybrid membrane and
GO membrane were compared in Fig. 5d. As seen in Fig. 5d, the
TiO2 NTs/GO hybrid membrane delivers much higher specic
capacity than GO membrane at all rate conditions. The battery
capacity decrease with the increase of current rate is due to the
internal resistance induced polarization. The higher specic
capacity and better rate capability of TiO2 NTs/GO hybrid
membrane should be associated with its unique structure that
TiO2 nanotubes encapsulated in the 3D graphene network
enables a faster ion transport in the compact graphene and
amore efficient utilization of sulfur of sulfur compared with GO
membrane.

The role of different interlayers in Li–S batteries was further
probed by electrochemical impedance spectroscopy (EIS).
Nyquist plots of the cell impedance are shown in Fig. S4.† Both
cells exhibit typical semicircles at medium-frequency region
and inclined lines in the low-frequency region. The cells with
TiO2 NTs/GO hybrid membrane show smaller semicircle
diameter at medium frequency, and higher slope at low
frequency than cells with GO membrane, which means a faster
charge transfer.32 The additional electron pathways to active
material can improve the redox chemistry of S and enhancing
the active material utilization. Simultaneously, the interlayer
could effectively reuse the dissolved active materials and miti-
gate surface aggregation, thus providing better performance.33

The optical images of electrodes, separators and Li anodes
are also described. As shown in Fig. 6, the morphology of the
removed cells aer cycling is compared. The electrode still
maintained the original shape without interlayer, but the
separator was covered with yellow soluble sulfur and lithium
anode become black gray, participating in the destruction of the
surface aer 100 cycles from Fig. 6a. It is worth noting that
when the interlayer is added, the surface corrosion of the
lithium anode is to a certain extent as shown in Fig. 6b. Based
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Disassembled Li–S cells after 100 cycles at 0.1C rate in the
discharged state: (a) without any other membrane in the cell, both the
separator and lithium anode exhibit a yellow appearance due to the
presence of polysulfides; (b) with the TiO2 NTs/GO hybrid membrane
in the cell, both the separator and lithium anode exhibit no signs of
discoloration due to the retention of the polysulfides by the hybrid
membrane.
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on these facts, we can conclude that the lithium sulfur battery
can effectively inhibit the “spindle effect” or polysulde disso-
lution aer adding interlayer.

The polysulde permeability of different membrane samples
was tested as showed in Fig. 7. Type H glass is used to hold DOL/
DME solvents and, in contrast, 0.5 M Li2S7 solution in the le
ventricle, where the two chamber is separated by conventional
membranes or hybrid membranes. Under the pressure/
concentration gradient, the polysulde all diffused gradually
through the membrane. As showed in Fig. 7c, the color changed
Fig. 7 Optical images of the diffusion of high-order polysulfides: (a)
H-type cell with a TiO2 NTs/GO hybrid membrane, (b) H-type cell with
a GO membrane, (c) H-type cell only with the Celgard separator.

This journal is © The Royal Society of Chemistry 2018
fast in the right vial and turned to dark brown aer 12 h,
indicating a fast polysulde diffusion of Celgard 2400 separator.
The GO membrane shows a good polysulde separating ability
as the polysulde permeation rate was much slower. Interest-
ingly, the TiO2 NTs/GO composite membrane exhibited a better
performance. Aer 12 h, the color only changed a little. This
phenomenon indicates that the TiO2 NTs/GO hybrid membrane
can help immobilize the polysulde.

4. Conclusions

In summary, a functional membrane composed of TiO2 nano-
tubes and graphene oxide is simply fabricated and applied as
interlayer in the lithium–sulfur batteries, which substantially
improve the electrochemical performance of Li–S battery. The
unique structure of TiO2 NTs/GO hybrid membrane suppresses
the shuttle effect owing to the adsorption effect of TiO2 nano-
tubes to polysuldes and facilitates electron transport for high
active-material utilization. Besides, the thickness of the TiO2

NTs/GO hybrid membrane is less than 10 mm, which is far
thinner than any other reported membranes used as interlayer
in lithium–sulfur batteries. The strategy proposed in this study
indicates the possibility of even higher total energy density
compared with cells using other different interlayers.
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