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ne oxide/TiO2(B) nanocomposite-
modified separator as an efficient inhibitor of
polysulfide shuttling in Li–S batteries†

Peng Chen, abc Zexi Wang,a Bingyu Zhang,a Heng Liu,a Wanqiang Liu, *abc

Jianxun Zhao,*ab Zhihua Ma, abc Wenyue Dong abc and Zhongmin Suac

The shutting effect in lithium–sulfur (Li–S) batteries hinders their widespread application, which can be

restrained effectively by a modified separator. In this work, a composite of reduced graphene oxide and

beta-phase TiO2 nanoparticles (RGO/TiO2(B)) is designed as a separator modification material for

improving the electrochemical behavior of Li–S batteries. The TiO2(B) nanoparticles are in situ prepared

and tightly adhere to the RGO layer. A series of examinations demonstrated that the RGO/TiO2(B)-

coated separator efficiently inhibits the polysulfide shuttling phenomenon by the cooperative effect of

physical adsorption and chemical binding. Specifically, as modified separators, a comparison between

TiO2(B) and anatase TiO2(A) each composited with RGO has been conducted. The TiO2(B) sample not

only exhibits a superior blocking character of migrating polysulfides, but also enhances battery

electrochemical kinetics by fast Li ion diffusion.
1. Introduction

To meet the continuously growing demand for energy storage
systems, the lithium–sulfur (Li–S) battery as a promising
candidate receives signicant attention because of its high
theoretical capacity (1675 mA h g�1) and excellent theoretical
energy density (2600 W h kg�1).1–4 The advantages of low cost,
readily available material and environmental friendliness
provide the foundation for Li–S batteries' more widespread
application.5–10 But, there are some issues with Li–S batteries
that badly hamper the development of commercial utilization,
such as the volumetric expansion of cathode (80%), the poor
sulfur conductivity and polysulde shuttling.10–14 These burning
issues consequently lead to low sulfur utilization, negative
coulombic efficiency and inferior cycling stability.15,16 In order
to solve the above problems, a series of strategies have been
carried out by researchers including using designed sulfur
scaffolds,17,18 anode protections,19,20 and electrolyte addi-
tives,21–23 inserting interlayers24–26 and the modication of
separators.27–30
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Among these strategies, a modied separator limits poly-
sulde shuttling and enhances sulfur utilization, which is
a positive and economical method to enhance Li–S batteries'
electrochemical performance.31,32 To date, many materials
including carbon, polymers, metal oxides and metal suldes
have been used to modify the separators.33–35 The modifying
materials form an adsorption functional layer to efficiently
entrap polysuldes. Ti-based materials are considered as
promising modifying materials due to their polarized surface,
good chemical properties and thermal stability. For example,
Shao et al. reported that the “shuttle effect” in Li–S batteries was
suppressed efficiently by a nano-TiO2/carbon-modied sepa-
rator, in which the nano-TiO2 trapped polysuldes by a chem-
ical and physical synergetic effect.36 Li et al. designed an
interlayer using mesoporous TiO2-carbon nanotubes materials
in Li–S batteries to suppress the shuttling of polysulde.37 Xu
et al. reported multifunctional TiN/C65 coating separators used
in Li–S batteries, which deliver an initial specic capacity of
935 mA h g�1 at 0.5C.38 However, in contrast to anatase and
rutile TiO2, few studies about beta-phase TiO2 (TiO2(B)) as
a modifying material for separators in Li–S batteries have been
reported. As previously reported, Chen et al. demonstrated that
sulfur hosts were fabricated using TiO2(B) nanotubes com-
pounded with carbon nanotubes to improve the capacity
retention of Li–S batteries successfully.39 The results indicate
that TiO2(B) enables polysuldes to be immobilized owing to
the occurrence of chemical bonding. Inspired by these results,
we presented a multi-functional separator with reduced gra-
phene oxide/TiO2(B) (RGO/TiO2(B)) nanoarchitectures coating
a PP separator for the suppression of polysulde shuttling. In
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagrams of the polysulfide shuttle effect in Li–S
batteries using (a) a PP separator and (b) a RGO/TiO2(B)-modified
separator. (c) Preparation of the RGO/TiO2(B) nanoarchitectures.
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addition, RGO has many oxygen-containing functional groups,
which also can bind polysuldes and inhibit the “shuttle effect”
in Li–S batteries.40,41

In this work, RGO/TiO2(B) nanoarchitectures were success-
fully prepared using a facile approach, and exhibited excellent
physical and chemical properties when used to modify the
separators of Li–S batteries. The TiO2(B) nanoparticles were
uniformly distributed on the RGO surface. The polarity of
TiO2(B) can help to trap polysuldes, and the interaction
between TiO2(B) and polysuldes was characterized by X-ray
photoelectron spectroscopy (XPS). Compared to batteries with
RGO and anatase TiO2 nanoparticles (RGO/TiO2(A))-modied
separators, the diffusion of Li ions in RGO/TiO2(B) batteries
was signicantly improved. The Li–S battery with RGO/TiO2(B)-
modied separator exhibited a superior initial discharge
capacity of 1097.5 mA h g�1 at a current density of 0.2C, which
was obviously higher than that of 873.6 mA h g�1,
765.2 mA h g�1 and 525.3 mA h g�1 in these batteries with RGO/
TiO2(A)-modied separator, RGO-modied separator and pris-
tine separator, respectively.

2. Experimental
2.1 Material preparation

The RGO/TiO2(B) nanoarchitectures were synthesized via
a hydrothermal route.42,43Graphene oxide (GO) nanosheets were
prepared by using a modied Hummers' method.44 20 mg GO
nanosheets was dispersed into 40 mL deionized ice water.
0.8 mL TiCl4 was added dropwise slowly. 5 mL ammonium
hydroxide was added to the solution to form a white oc. Aer
adding 60 mL deionized water, vigorous stirring was continued
for 5 min. And then, 10 mL hydrogen peroxide (H2O2; concen-
tration: 60%) was added and stirred for 10 min. The colour of
the solution turned yellow. Then was added 0.5 g glycolic acid
(C2H4O3) with stirring for 5 min. The autoclave was kept at 80 �C
for 390 min, and cooled to room temperature naturally. Drop-
lets of H2SO4 were added to adjust the pH value to 1 with stir-
ring for 5 min. The solution was put into a 50 mL reaction still
and kept at 160 �C for 50 min. The solution was cooled to 25 �C
naturally. The product was puried using a washing process
with deionized water and alcohol. RGO/TiO2(B) was successfully
synthesized.

2.2 The preparation of functional separators

RGO/TiO2(B) was used to modify a 2400 Cegard lm using the
vacuum ltration method. Solutions with RGO/TiO2(B) were
shaken by ultrasound for 2 h to obtain homogeneous suspen-
sions. Then the above mixed solutions were poured into
a vacuum lter to remove alcohol for modied separator
fabrication. The modied separators were dried in a vacuum
drying oven at 60 �C for 12 h.

2.3 Preparation of the pure sulfur cathode

The cathode was fabricated by grinding sulfur powder, acety-
lene black and polyvinylidene uoride (7 : 3 : 1 wt%) in N-
methyl-2-pyrrolidone solution. The amount of sulfur in the
This journal is © The Royal Society of Chemistry 2020
composite was 63%. Aer that, the homogeneous slurry was
coated on aluminum foil with carbon coating, and was dried in
a vacuum oven at 60 �C for 12 h. The cathodes were cut into
disks, with a pure sulfur loading of about 3 mg cm�2.
2.4 Cell assembly

In an argon-lled glove box, CR2025-type devices were fabri-
cated with RGO/TiO2(B)-modied separator, the cathode as
described above and pure lithium anode. The electrode to sulfur
ratio (E/S) was kept at 30 mL mg�1. Lithium bistri-
uoromethanesulfonylimide (LiTFSI) (1.0 M) and lithium
nitrate (0.4 M) were dissolved in 1,3-dioxolane and 1,2-dime-
thoxyethane (1 : 1 v/v) and used as the electrolyte.
3. Results and discussion
3.1 Structures and morphologies

Fig. 1 illustrates a comparison of Li–S batteries with a pristine
separator and the RGO/TiO2(B)-modied separator as well as
the preparation process of the RGO/TiO2(B) nanoarchitectures.
There is an obvious “shuttle effect” of polysuldes in the battery
with the pristine separator in Fig. 1a. In contrast, the RGO/
TiO2(B)-coated separator blocks the “shuttle effect” by
anchoring the polysuldes efficiently, as shown in Fig. 1b. In
this work, TiO2(B) provides strong chemical adsorption of pol-
ysuldes and channels for the diffusion of Li ions. On the other
hand, the RGO layers trap the polysuldes not only by physical
adsorption owing to the two-dimensional network structure,
but also by chemical binding owing to the oxygen-containing
functional groups.45,46 As shown in Fig. 1c, the RGO/TiO2(B)
nanoarchitectures are fabricated by an in situ hydrothermal
route. TiO2(B) disperses on the RGO layers uniformly and
exhibits a stable interaction with RGO layers.43 The modied
separators are prepared by deposition of RGO/TiO2(B) on pris-
tine lm with vacuum ltration.

The morphologies of the pristine separator and RGO- and
RGO/TiO2(B)-modied separators were investigated by SEM as
shown in Fig. 2a–c. As shown in the SEM images, the modied
RSC Adv., 2020, 10, 4538–4544 | 4539
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Fig. 2 SEM images of the surface of (a) the PP separator, (b) the RGO-
modified separator, and (c) the RGO/TiO2(B)-coated separator. (d)
Cross-sectional SEM image of the RGO/TiO2(B)-modified separator.
Photographs of (e) folded and (f) recovered RGO/TiO2(B)-modified
separator.

Fig. 3 (a) XRD pattern of TiO2(B). (b) Raman spectra of GO, RGO and
RGO/TiO2(B).

Fig. 4 (a) The initial charge–discharge curves of PP, RGO, RGO/
TiO2(A) and RGO/TiO2(B). (b) Voltage profiles of cycles at growing
charge rates. (c) Cyclic performance at 0.2C and the coulombic effi-
ciency for batteries with PP and RGO-, RGO/TiO2(A)- and RGO/
TiO2(B)-coated separators. (d) The rate capability of the different
batteries.

Fig. 5 (a) CV profiles of RGO/TiO2(B). (b) CV profiles of PP, RGO and
RGO/TiO2(B) for the first cycle. (c) EIS plots of PP, RGO and RGO/
TiO2(B) for before and after cycling. (d and e) Equivalent circuits before
and after cycling used to simulate EIS curves.

Fig. 6 (a) XPS spectra of surface of RGO/TiO2(B) separator before and
after 100 cycles. (b–d) High-resolution XPS survey scans of C 1s, Ti 2p,
and S 2p.
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material completely covers the pristine lm and blocks the
pores on the lm, which can directly inhibit polysulde diffu-
sion. The TiO2(B) nanoparticles are dispersed on the RGO layer
4540 | RSC Adv., 2020, 10, 4538–4544
uniformly, which means that the TiO2(B) nanoparticles and the
RGO layers are well combined. The EDAX results also prove that
TiO2(B) adheres on the surface of RGO (Fig. S1†). The SEM
image of a cross-section (Fig. 2d) of the RGO/TiO2(B)-modied
separator indicates that the modied layer combines well with
the pristine lm, and the optimized thickness is about 5 mm.
For comparison, a photograph of a RGO/TiO2(B)-modied
separator with thicker coating is shown in Fig. S2.† The thick
coating layer leads to cracking and peeling off from the PP
separator and further inuences the separator quality. In Fig. 2e
and f, the folded and covered RGO/TiO2(B)-modied separators
suggest that the modied separator exhibits excellent exibility
and mechanical strength.47
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 SEM images of the cathode-facing surface for (a) RGO/TiO2(B)-
coated separator and (b) RGO/TiO2(A)-coated separator after cycling.
The SEM and EDX mapping (carbon and sulfur) images of the reverse
side anode-facing surface of (c) RGO/TiO2(B)-coated separator and (d)
RGO/TiO2(A)-coated separator.

Fig. 8 CV profiles of (a) RGO/TiO2(B) and (b) RGO/TiO2(A) at different
scan rates. (c) The corresponding linear fits. (d) The lithium ion diffu-
sion coefficient with the RGO/TiO2(B)- and RGO/TiO2(A)-coated
separators.
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In order to investigate the structural characteristics of
TiO2(B) and RGO/TiO2(B), the products were examined by XRD
and Raman spectroscopy. The XRD pattern (Fig. 3a) shows
diffraction peaks with weak intensities and broad half-peak
width, illustrating that the particle size of TiO2(B) phase is
small owing to the disorder eliciting lattice strains.48 The
Raman spectra of GO, RGO and RGO/TiO2(B) are shown in
Fig. 3b, in which there are two prominent peaks corresponding
D band and G band, respectively. The D band is related to the
Table 1 The comparison of the DLi+ values calculated for the cells with

DLi+ (A1) DLi+ (A2) DLi+ (B

DLi+ (cm
2 s�1) 5.10 � 10�9 3.29 � 10�9 2.33 �

This journal is © The Royal Society of Chemistry 2020
disorder in the graphitic lattice, and the G band is assigned to
the ordered graphitic regions with the stretching motion of
carbon atoms in the plane. The intensity ratio of ID/IG is usually
used to deduce the degree of disorder of the sp2 domains. By
calculation, the ID/IG values of RGO and RGO/TiO2(B) are 1.38
and 1.56. This result suggests that the TiO2(B) nanoparticles
anchor on the RGO sheet and reduce the oxidized carbon atoms
or point defects.49 Moreover, the content of TiO2(B) nano-
particles is 48.5 wt% in the RGO/TiO2(B) compound (Fig. S3†).
3.2 Electrochemical performance

The initial discharge–charge proles of all batteries at 0.2C are
shown in Fig. 4a and the cycling of 1st, 10th, 20th and 100th
cycle for all batteries are shown in Fig. S4.† All the batteries
exhibit the typical two-plateau discharge curve and one charge
plateau corresponding to the redox reaction, and the charge and
discharge plateau voltage difference is the polarization poten-
tial (DE). The polarization potentials of the batteries with the
pristine and RGO-coated separators are higher than that with
RGO/TiO2(B) (DEpp > DERGO > DERGO/TiO2(A) > DERGO/TiO2(B)), and
the phenomenon is consistent with that of the CV curves. The
discharge–charge performances at different rates from 0.2C to
2C for RGO/TiO2(B) separator batteries (Fig. 4b), RGO separator
batteries and RGO/TiO2(A) separator batteries (Fig. S5†) are
illustrated. The battery with the RGO/TiO2(B)-coated separator
has the smallest polarization potential and the best discharge–
charge plateau superposition, indicating a smaller electro-
chemical kinetic barrier and better stability than the other
samples.50 The galvanostatic cycle ability measurement shows
that the battery with RGO/TiO2(B) has better cycling ability than
the others (Fig. 4c), revealing the effectiveness of RGO/TiO2(B)
for polysulde suppression in long-term cycling.51 The RGO/
TiO2(B) separator battery delivers a high capacity of
1097.5 mA h g�1 for the initial specic discharge capacity,
which remains at 454.0 mA h g�1 aer 100 cycles at a rate of
0.2C. The coulombic efficiencies of the batteries with different
separators are all higher than 95%. Comparing with battery
performance reported in some recent literature, the battery
performance in our work achieves a mean level.51–54 The rate
capabilities of the RGO/TiO2(B) separator battery are examined
at 0.2C, 0.5C, 1C and 2C (Fig. 4d), which are 997.8, 689.1, 565.6
and 518.0 mA h g�1, respectively. It is worth mentioning that
when the current density returned to 0.2C, a capacity of
707.6 mA h g�1 is reached. Compared with other samples, the
capacity values at various rates and capacity reversibility of the
RGO/TiO2(B) sample are all superior, proving that the RGO/
TiO2(B) coating still effectively suppresses the shuttle effect of
polysuldes even at the condition of high density of ions. All the
results above collectively demonstrate that the RGO/TiO2(B)-
RGO/TiO2(B) and RGO/TiO2(A) coating separator

1) DLi+ (B2) DLi+ (C1) DLi+ (C2)

10�9 1.81 � 10�9 1.34 � 10�9 1.15 � 10�9

RSC Adv., 2020, 10, 4538–4544 | 4541
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modied separator effectively enhances the capacity and cycling
ability, owing to the adsorption of polysuldes and promotion
of the electrochemical reaction.

3.3 Electrochemical process analysis

The cyclic voltammetry (CV) plots for batteries with the PP and
RGO- and RGO/TiO2(B)-modied separators were measured.
There are two reduction peaks for the cathode corresponding to
the reduction process of pure sulfur to the intermediate poly-
suldes and then to Li2S2/Li2S. The oxidation peak for the anode
is related to the conversion of Li2S/Li2S2 to polysuldes and
sulfur. The initial three CV curves of RGO/TiO2(B) in Fig. 5a
present no obvious shi or current change, which suggests high
reversibility in the battery using the RGO/TiO2(B) modication.
In order to compare the effects of the different modication
coatings on the electrochemical reaction, the CV plots of the
batteries with PP, RGO and RGO/TiO2(B) separators for the rst
cycle are collected in Fig. 5b. It is obvious that the reduction
peaks for RGO/TiO2(B) are the most sharpened, suggesting that
the sulde distributes on RGO/TiO2(B) more homogeneously
than in other samples. Furthermore, the battery with the RGO/
TiO2(B) separator shows a lower DE than the RGO and PP
samples, indicating that the RGO/TiO2(B) modication layer
facilitates electrochemical reactions and reduces charge trans-
fer resistance.55 The effect of modication on the electro-
chemical kinetics in the batteries was explored in detail by EIS
measurements, as shown in Fig. 5c. The EIS spectra for the
batteries before and aer cycling are modeled using the
equivalent circuits (Fig. 5d and e, respectively), where Rs is the
contact resistance for the whole battery, Zw is the Warburg
impedance corresponding to Li ion diffusion in solid state,
while CPE represents double layer capacitance. Aer cycling,
the EIS plots present two semicircles, in which the low-
frequency one is associated with the charge transfer resis-
tance (Rct) between the cathode and the electrolyte, and the
high-frequency one is the interface contact resistance (Rf) for
the lithium sulde insulating layer in the surface of sulfur
cathode. Before cycling, the semicircle at high frequency is also
assigned to Rct, while the low-frequency one is related to Zw.56,57

It is clearly seen that Rct values of RGO and RGO/TiO2(B) both
before and aer cycling are smaller than those of the PP sample,
because RGO and RGO/TiO2(B) provide additional pathways
and continuous electrolyte channels for Li ion diffusion, owing
to the superior conductive property and the wrinkled and folded
construction. Aer cycling, the Rct value in the TiO2(B) battery is
lowest, which is attributed to the strong binding ability of pol-
ysuldes beneting Li ion migration. Moreover, the Rf values in
the samples are similar, because of the solid Li2S2/Li2S forma-
tion. Thus, we can conclude that the RGO/TiO2(B)-coated
separator enhanced the reaction kinetics for the Li–S batteries
effectively.

3.4 Mechanism of TiO2(B) chemisorption of polysuldes

In order to illustrate the chemical reaction, the surface prop-
erties of the modied separators in the Li–S batteries were
examined using XPS. The binding energy peaks corresponding
4542 | RSC Adv., 2020, 10, 4538–4544
Ti 2s, Ti 2p, Ti 3s, Ti 3p, O 1s, C 1s, S 2s and S 2p are shown in
Fig. 6a. The binding energy peaks of Ti 2p before and aer
cycling are contrasted in Fig. 6b. Both spectra show two
predominant binding energy peaks at 459.6 and 469.6 eV indi-
cating Ti 2p3/2 and Ti 2p1/2. A new peak at 461.6 eV appears aer
cycling, possibly suggesting the interaction between Ti and
polysuldes. As shown in Fig. 6c, the spectrum of C 1s aer
cycling presents ve peaks at 284.7, 285.2, 287.0, 288.8 and
289.9 eV corresponding to C–C/C]C, C–S, C]O, O–C]O and
C–CO3, respectively.58,59 Fig. 6d shows a strong pair of peaks at
binding energies of 168.4 and 169.5 eV assigned to S 2p1/2 and S
2p3/2 of O]S]O, respectively.60 Another very weak couple of
peaks at 163.0 and 161.5 eV can be assigned to the signals of
a bridge sulfur of polysulde species. Base on the results of the
XPS analysis, we can conclude that polysuldes are well
immobilized in the RGO/TiO2(B) composite via Ti–S and C–S
bonds, resulting in the “shuttle effect” being well restrained.61

3.5 Comparison of TiO2(B)- and TiO2(A)-coated separators

To further explore the ability to suppress the “shuttle effect”, we
compared batteries with RGO/TiO2(B)-coated separator and
RGO/TiO2(A)-coated separator. We analyzed the surface
morphology using SEM and EDX mapping. SEM images of both
sides of the separators and EDX mappings of the anode-facing
surface aer 200 cycles at 0.2C are all illustrated in Fig. 7a–d.
Both the front-surface SEM images reveal polysulde agglom-
erations (Fig. 7a and b). As shown in the reverse side SEM
images and EDX mappings in Fig. 7c and d, the sulfur content
in the RGO/TiO2(A)-coated separator is much higher than in the
RGO/TiO2(B)-coated separator. The results prove directly that
RGO/TiO2(B) can inhibit polysulde shuttling more efficiently
than RGO/TiO2(A).

Fast Li ion diffusion facilitates the electrochemical reaction
kinetics. We also investigated the Li ion diffusion in RGO/
TiO2(B) and RGO/TiO2(A) separators for the Li–S batteries. The
diffusion coefficients of Li ions were measured by CV and were
calculated by the Randles–Sevcik equation:62,63

Ip ¼ 2.69 � 105n1.5ADLi+
0.5v0.5CLi+ ¼ B � v0.5 (1)

where B ¼ 2.69 � 105n1.5ADLi+
0.5CLi+, Ip represents the peak

current (A), n value is 2 in Li–S batteries for the reaction elec-
trons number, electrode area is A (cm�2), scanning rate is v (V
s�1), CLi+ represents the Li ion concentration in the electrolyte
(mol mL�1), and DLi+ is the Li ion diffusion coefficient (cm2 s�1).

In the CV curves, the oxidation peak was denoted as peak A,
and the two reduction peaks were assigned as B and C,
respectively. We obtained the CV curves at different scan rates
as shown in Fig. 8a and b, and tted the relationship between Ip
and v0.5 in Fig. 8c. From the good linear t, the corresponding
DLi+ values can be calculated as shown in Fig. 8d and Table 1.
The DLi+ values of all three peaks for the RGO/TiO2(B) sample are
higher than those for the RGO/TiO2(A) sample, clearly demon-
strating that the Li ion diffusion in the RGO/TiO2(B) battery was
increased obviously. We speculate that the smaller nanoscale
size of TiO2(B) with a short b-axis provides a more open channel
along the [010] direction for improving the Li ionic conductivity.
This journal is © The Royal Society of Chemistry 2020
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Thus, there is a faster electrochemical reaction dynamic in the
batteries due to the presence of the polar TiO2(B), which also
explains the results of the higher rate capability for the RGO/
TiO2(B) sample.64
4. Conclusions

In this study, RGO/TiO2(B) composites were in situ synthesized
as a modifying material on a PP separator for Li–S batteries
using a hydrothermal method. The TiO2(B) nanoparticles
disperse uniformly on the RGO layer and anchor on the RGO
sheet tightly. The two-dimensional network structure and the
oxygen-containing functional groups of RGO facilitate the
physical adsorption and the chemical binding of polysuldes.
Moreover, the polarity of TiO2(B) helps to enhance polysulde
anchoring via chemical interaction. Thus, with the use of the
RGO/TiO2(B)-coated separator, the electrochemical perfor-
mances of Li–S batteries, such as the specic capacity, cycling
stability and rate discharge, are signicantly improved. In
addition, the RGO/TiO2(B) coating shows a higher Li ion diffu-
sion coefficient and a better blocking effect of polysulde
migration than the RGO/TiO2(A) coating, which are consistent
with the comparison of results of the battery performance. This
study indicates that TiO2(B) is a promising material for modi-
fying separators, which not only restrains the “shuttle effect”
but also enhances the electrochemical kinetics for Li–S
batteries.
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