Journal of Solid State Electrochemistry (2019) 23:565-572
https://doi.org/10.1007/510008-018-4163-0

ORIGINAL PAPER

@ CrossMark

TiO, nanoparticles anchored on three-dimensionally ordered
macro/mesoporous carbon matrix as polysulfides’ immobilizers for high
performance lithium/sulfur batteries

Chunyong Liang' « Xiaomin Zhang’ - Yan Zhao' - Taizhe Tan? - Yongguang Zhang'

Received: 28 July 2018 /Revised: 20 November 2018 / Accepted: 22 November 2018 /Published online: 4 December 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

A three-dimensionally (3D) ordered macro/mesoporous carbon (3DOMC) is synthesized by one-step template method as a TiO,
supporter, and this TiO,/3DOMC hybrid plays the role of immobilizers and can limit any polysulfides from escaping the cathode.
The TiO,/3DOMC exhibits high pore volume and specific surface area, accommodating up to 73.2 wt% in sulfur content. As a
sulfur host, S/TiO,/3DOMC composite was able to delivered 1105 mAh g~' on first discharge and 695 mAh g " after 150 cycles
at a current rate of 0.5 C. Even though at 2 C this material was able to keep a capacity of 551 mAh g~'. We attribute the superior
performance to the good conductivity and structural restriction of carbon and the intense electrostatic attraction between metal-
oxygen bond and polysulfides to encapsulate sulfur of the TiO,/3DOMC.

Keywords Lithiumionbattery - Three-dimensionally (3D) ordered macroporous carbon (3DOMC) - TiO,/3DOMC hybrid - Good
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Introduction

Lithium/sulfur (Li/S) batteries have attracted great research
interest in these years because of its high theoretical capacity
of 1672 mAh g ! and corresponding, energy density of
2600 Wh kg™' [1-5]. Moreover, the natural abundancy and
low toxicity of sulfur makes it a prospective cathode for re-
chargeable lithium batteries [6—8].

Unfortunately, Li/S batteries suffer from severe perfor-
mance drawbacks that limits any potential applications. This
is due to many problems, such as low electronic conductivity
of sulfur, dissolution of high-order polysulfides, and volume
expansion of sulfur to lithium sulfide [9].
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Numerous attempts have been made to overcome such dis-
advantages mentioned above, including the compositing sul-
fur with carbon or conductive polymer matrix, reformulation
of electrolyte and porous oxide additives [10—14]. The first-
row transition metal sulfides are selected as the model system
to obtain a general principle for the rational design of sulfur
cathode and the strong adsorption that is induced by charge
transfer between transition metal atoms and S atoms in Li,S is
confirmed to be of great significance in the composite cath-
odes [15]. Such as CoS, [16], TiO, [17] as well as Ti 05,1
[18] have attracted great attention. TiO, with its polysulfide
adsorbing ability and its low cost is considered as a particu-
larly promising candidate. Li et al. prepared mesoporous TiO,
spheres with large pore volume, serving as a stable reservoir to
act as a mass sink for polysulfide species, and the S/TiO,
composites exhibit good electrochemical properties, realizing
an initial discharge capacity of 909 mAh g~' with
705 mAh g ! after 100 cycles [19]. In Tao et al.’s study, the
superior properties of Ti4O;— S are attributed to the strong
adsorption of sulfur species on the low-coordinated Ti sites
of Ti4O5 as revealed by density functional theory calculations
and confirmed through experimental characterizations [18].
However, the conductivity of TiO, is generally low, which
severely limited the sulfur utilization and rate capability.
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In the previous study, it has been well proven that the carbon
with ordered interconnected macro/mesoporous network struc-
ture possesses excellent electrical conductivity and mechanical
stability. Many inorganic-/nanocarbon-based sulfur host mate-
rials have been applied to lithium-sulfur batteries by researchers
and have achieved good results. Chen’s group did a lot of
research on cobalt and cobalt sulfide embedded in carbon ma-
terial, including “sea urchin”-like cobalt nanoparticle embed-
ded and nitrogen-doped carbon nanotube/nanopolyhedra (Co-
NCNT/NP) superstructures [20], metallic and polar CogSg
nanocrystals inlaid carbon (CogSg/C) hollow nanopolyhedra
[21], interconnected carbon nanotubes inserted/wired hollow
Co03S, nanoboxes (CNTs/Co3S4-NBs) [22], carbon nanotubes
reinforced CoS nanostraws (CNTs/CoS-NSs) [23], and cerium
oxide (CeO,) nanocrystals homogeneously into well-designed
bimodal micromesoporous nitrogen-rich carbon (CeO,/
MMNC) [24]. Herein, we first demonstrate the synthesis of
3D ordered macroporous carbon (3DOMC) by one-step tem-
plate method as a TiO, supporter for application in lithium
sulfur battery. This TiO,/3DOMC hybrid plays the role of poly-
sulfide immobilizers that can effectively limit the diffusion of
polysulfides away from the cathode. Meanwhile, 3DOMC
could offer a continuous electron/Li* pathway to guarantee
electrical contact, and allow for efficiency electrolyte uptake
into the composite.

Experimental section

Preparation of 3DOMC

Monodisperse silica spheres were synthesized by hydrolysis
of TEOS an ammonia solution, which was then centrifuged
and dispersed in ethanol. When the ethanol solution evaporat-
ed completely, the silica opal was formed and would be used
as a template. The 3DOMC was prepared by using resol as a

Fig. 1 Schematic of the
preparation of the S/TiO,/
3DOMC
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carbon source via carbonization of the precursor and the silica
opal template was removed with HF solution.

Deposition of TiO, on 3DOMC

The TiO, presoma solution was prepared by sol-gel, in a typ-
ical preparation of TiO, presoma solution was first sealing
agitated the hydrochloric acid, tetraisopropyl titanate (TTIP)
and ethyl alcohol were added, then the mixture was magnetic
stirred for 1.5 h to form clear gel. Immersed the 3DOMC
template in the TiO, presoma solution for a day, get out of
the template and there will be TiO, presoma solution on top of
it, 3DOMC with TiO, deposited was collected by stewing for
3 days and heated at 450 °C for 1 h at nitrogen atmosphere for
further use.

Preparation of S/Ti0,/3DOMC composite

Nano sulfur and the as-prepared TiO,/3DOMC with a weight
ratio of 3:1 were mixed heated to 155 °C for 10 h in an
enclosed container under a nitrogen atmosphere with the
heating rate of 5 °C min"'. The S/Ti0,/3DOMC composite
is a composite cathode material of S and TiO,/3DOMC pre-
pared by sol-gel method loading titanium dioxide on a
3DOMC substrate and then hydrothermally reacting with sul-
fur (Fig. 1).

Characterization

The physiochemical properties of TiO,/3DOMC and S/TiO,/
3DOMC composite were examined by various techniques. The
surface morphology and elemental composition of the mate-
rials were obtained from a scanning electron microscopy
(SEM, S-4800, Hitachi Limited), which equipped with EDX
elemental analysis, and the TEM studies were obtained from a
transmission electron microscopy (TEM, Jeol-JEM-2100F).
The crystal structure and phase of the samples were studied
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Fig.2 SEM images of a the TiO,/
3DOMC composite; b, ¢ the
S/TiO,/3DOMC composite; d the
EDS analysis for the S/TiO,/
3DOMC composite; e, f TEM
images of the S/TiO,/3DOMC
composite; inset: HRTEM image
of the S/Ti0,/3ADOMC composite

by X-ray diffraction (XRD, Rigaku-TTRIII, Tokyo, Japan)
with Cu K, radiation. The XPS spectrum was measured with
an X-ray photoelectron spectroscopy (XPS, VG ESCALAB
MK 11, VG Scientific, Princeton, NJ, USA). The sulfur loading
content was estimated by thermo gravimetric analysis (TGA,
SDTQ600) under argon. The nitrogen adsorption-desorption
isotherms were detected by Brunauer-Emmett-Teller (BET,
ASAP 2020, Micromeritics, Norcross, GA, USA).

Electrode preparation and electrochemical
measurements

The working electrode was prepared by grinding the mixture
of S/Ti0,/3DOMC composite, Super P and poly-(vinyl

Element Wt% Atom?%)
22.70 41.17
13.41 18.26
51.22 34.80
12.67 5.76

difluoride) (PVDF) at a weight ratio of 8:1:1 dissolved in 1-
methyl-2-pyrrolidinone (NMP) and the slurry was evenly
coated on a carbon-containing aluminum foil, then the elec-
trode was cut into pellets with a diameter of 1.5 cm after
drying at 60 °C for 12 h. 2025-type stainless steel coin cells
were assembled for testing the electrochemical performance,
the assembly process was in an Ar-filled glove box. The pre-
pared S/TiO,/3DOMC composite work electrode was used as
a positive electrode and the negative electrode material was a
lithium metal sheet with a same diameter. The electrolyte was
1.0 M lithium bis (trifluoromethanesulfonyl) imide (LiTFSI)
in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
(1:1 by volume) with 1.0 wt% LiNOj; additive.
Galvanostatic charge/discharge measurements were carried
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Fig. 3 a SEM image of the
S/TiO,/3DOMC composite; the
elemental mapping images of b C,
c¢Ti,andd S

out on a multichannel battery tester (BTS-5 V 5 mA, Neware),
the applied currents and specific capacities were calculated on
the basis of the weight of sulfur in the cathode. The cyclic
voltammogram (CV) measurements was conducted by a
PARSTAT 4000 electrochemical workstation, and the CV
curves were measured from 1.5 to 3.0 V at a scanning rate of
0.1 mV S™'. All of the electrochemical measurements were
measured at room temperature. The mass loading of sulfur
was around 0.4 mg cm 2. In the process of preparing the
battery, about 30 puL of electrolyte were added to each battery.

Results and discussion

As shown in Fig. 2a, there are obvious three-dimensionally
ordered macro/mesoporous structure in the TiO,/3DOMC
composite, and the carbon porous network was coated with
TiO, nanoparticles. This network structure of the porous car-
bon coated with TiO, nanoparticles lead to a high specific
surface area (SSA). As revealed in Fig. 2b, the SEM image
clearly show that the S/TiO,/3DOMC composite still preserve
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Fig. 4 XRD patterns of the sulfur, TiO,/3DOMC matrix, and S/TiO,/
3DOMC composite materials
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a porous network structure. Figure 2c shows SEM image of
S/TiO,/3DOMC composite of different magnification.
Furthermore, the corresponding EDS analysis was shown in
Fig. 2d, the energy spectrum of the elements C, Ti, O, and S in
the sample displayed that a good combination of sulfur and the
matrix, and the elemental mapping images and the graphs
(Fig. 3) provides a further evidence for this statement, which
intuitively shows the uniform distribution of C, Ti, and S
elements in the composite. High-resolution TEM (HRTEM)
(Fig. 2e) shows the S/TiO,/3DOMC composite have pores
with a diameter of 150 nm. This porous network structure
supply high SSA to ensure high contact area with electrolyte
for efficient polysulfide adsorption. The lattice fringes of
TiO,, S, and C can be clearly noticed in Fig. 2f, suggesting a
well-defined crystal structure.

The XRD pattern (Fig. 4) of TiO,/3DOMC reveals a broad
peak at about 20 =26° which is also found in the S/TiO,/
3DOMC composite sample. This peak corresponding to a
certain degree of graphitized carbon, demonstrating that the
TiO, and sulfur both have achieved a good combination with
the three-dimensionally ordered macro/mesoporous carbon
framework. Furthermore, the intensity of sulfur in the
S/TiO,/3DOMC composite is significantly weaker than that
of its own diffraction peak, indicating that sulfur was well-
dispersed in the pores of TiO,/3DOMC matrix.

The chemical states of the S/TiO,/3DOMC nanohybrid are
determined by X-ray photoelectron spectroscopy (XPS,
Fig. 5). Figure 5a presents the survey spectrum of S/TiO,/
3DOMC composite, which contains O, Ti, C, and S elements.
As shown in Fig. 5b, the S 2p 3/2 peak at 164.1 eVand S 2p 1/
2 peak at 163.7 eV 1:2 ratio which is typical of sulfur in
composite. The S-O peak was at 164.4 eV. And the broad peak
between 168 and 171 eV can be considered as sulfate species.
The high-resolution spectrum of Ti 2p exhibits two main
peaks at 459.9 eV and 465.5 eV can be attributed to the core
levels of Ti 2p 3/2 and Ti 2p 1/2 in Fig. 5c. The Cls (Fig. 5d)
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spectra exhibits characteristic binding energies at about 284.8,
285.4,286.1,287.1, and 288.9 eV, which corresponding to C—
C, C-S, C-0, and O—C=0, respectively. The existence of
these chemical bonds further proves the good combination
of the elements in the S/TiO,/3DOMC composite and pro-
vides support for its good electrochemical properties.

From the N, sorption isotherms of TiO,/3DOMC, a type IV
(mesoporous nature) sorption behavior in the N, adsorption-
desorption isotherms. Theoretically, the N, adsorption-
desorption isotherm is more accurate for measuring the poros-
ity characteristics less than 100 nm. In our work, the pore size
of the 3DMOC matrix is about 150 nm. These pores are actu-
ally interconnected with each other in 3DMOC. We found that
the resulting material is also rich in mesopores, which is

459
Binding Energy (eV)

282 284 286 288 290 292 294 296
Binding Energy (ev)

462 465 468

confirmed by the type IV curve in the adsorption-desorption
analysis. As we have seen, the pore-size-distribution of TiO,/
3DOMC host reveals pores of 1020 nm in diameter, it was
confirmed that the mesoporous structure exists in the sample
(the pore volume represents the result of dV/dlogD). According
to inference, the porous structure of this diameter is formed by
stacking a large number of pores. In alignment with the previ-
ous HRTEM and SEM results, there also are a certain number
of macropores with the diameter of about 150 nm. The sorption
hysteresis of TiO,/3DOMC is larger than that of S/TiO,/
3DOMC composite, suggesting that a larger portion of volume
is represent by mesopores in TiO,/3DOMC. The mesoporous
structure allowed for a relatively high SSA of 188.94 m*> g
and a pore volume of 21.05 cm® g . After being combined and
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Fig. 7 TGA curves of S/TiO,/3DOMC composites in N,

heated with sulfur, the S/TiO,/3DOMC composite exhibits the
smallest SSA (28.60 m> gfl) and pore volume (1.04 cm® gfl),
suggesting a successful infiltration of sulfur into pores of the
TiO,/3DOMC composite (Fig. 6).

As shown in the thermogravimetric analysis data (Fig. 7),
the sulfur contents of S/Ti0,/3DOMC composite was around
73.2%. The minor weight loss in TGA curves of the S/TiO,/
3DOMC composite at a temperature from 180 to 350 °C,
which could owing to the residual adsorbed water molecules
and the evaporation of sulfur. This sulfur content is not much
different from the mass ratio of sulfur mixed into the experi-
mental operation, reflecting the strong current carrying capac-
ity of the TiO,/3DOMC matrix structure. The high sulfur con-
tent in our composites will offer a more practically viable
absolute energy density.

To analyze the electrochemical behavior of the S/TiO,/
3DOMC electrodes, cyclic voltammetry (CV) at 0.1 mV s~ of
the first three cycles were collected with the voltage from 1.5 to
3.0 V, as shown in Fig. 8a. It can be seen that there are two
pronounced peaks appearing at near 2.25 V and 2.0 V during
the reduction process. The peak at 2.25 V can be related to the
reduction of elemental S to soluble lithium polysulfide whereas
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the 2.0 V peak is due to the reduction of polysulfide to insoluble
Li,S, and eventually to Li,S [25-28]. On the anodic scan, a peak
at about 2.5 Vis observed, which is associated with the oxidation
of Li,S,/Li,S to Li,S,, and from Li,S,, to elemental S [29].

The discharging-charging curves of the S/TiO,/3DOMC
and S/3DOMC cathodes at a rate of 0.5 C (1 C=
1675 mA g ") are displayed in Fig. 8b and c, respectively. In
Fig. 8b, the discharge capacities of S/TiO,/3DOMC in the first
three cycles were found to be 1105, 1002, and 897 mAh gfl,
respectively, and the discharging-charging platform corre-
sponding to Fig. 8a could also be found. The discharge capac-
ities of S/3DOMC cathode in the first three cycles were 902,
796, and 753 mAh gfl, respectively, which is much lower than
that of S/TiO,/3DOMC. Figure 8d shows that both of the
S/TiO,/3DOMC and S/3DOMC cathodes exhibit good cy-
cling stability over 150 cycles. However, as compared with
that of S/3ADOMC cathode, the S/TiO,/3DOMC material
shows obvious advantages in electrochemical capacity: it
has a capacity of 1105 mAh g ' in the initial cycle and a
capacity of 695 mAh g~' was maintained after 150 cycles,
which equivalent to the discharge capacity decay of 0.24%
per cycle. An overall coulombic efficiency of 98.6% was ob-
tained after150 cycles, which demonstrates the excellent poly-
sulfide retention capabilities of S/TiO,/3ADOMC material. It
could be seen that, due to the strong adsorption between tita-
nium dioxide and polysulfide, the addition of TiO, has signif-
icantly improved the performance of the batteries, both in
terms of electrochemical capacity and cycle stability.

The S/TiO,/3DOMC and S/3DOMC cathodes were further
tested under different current densities (Fig. 8e). It can be seen
that the S/TiO,/3DOMC material has a distinct advantage over
S/3DOMC in electrochemical performance. For the S/TiO,/
3DOMC cell, an initial discharge of 1074 mAh g ' at 0.5 C
was obtained, followed by relatively stable cycling at
857 mAh g '. As the current rate gradually rises to 1, 1.5,
and 2 C, the reversible capacities of the S/TiO,/3DOMC bat-
tery were also reduced to 782, 673, and 551 mAh gfl, respec-
tively. When the current rate came to 0.5 C again, the reversible
specific capacity restored to about 792 mAh g ', which is very
close to the original capacity. This observation is indicative for
the cathode material’s robustness and stability. Because of its
three-dimensionally ordered macro/mesoporous structure, S/
3DOMC cathode also has good sulfur loading ability with a
good rate performance. However, the lack of strong adsorption
of polysulfide by TiO, made it insufficient in terms of
capacitance.

Conclusions

TiO,/3DOMC composite was synthesized by a simple
solvothermal synthesis and deposition process. The combina-
tion of several advantages of TiO,/3DOMC including three-

dimensionally ordered macro/mesoporous structure with a
highly porous structure leads to a strong sulfur loading capac-
ity and which could effectively inhibit polysulfides.
Moreover, there is not only a good conductivity and structural
restriction of carbon but an intense electrostatic attraction be-
tween metal-oxygen bond and polysulfides significantly of
this material, which could improve the cycle performance of
lithium/sulfur batteries. At 0.5 C, the initial discharge capacity
reached 1105 mAh g ! and the remaining capacity after 150
cycles was 695 mAh g '. Given the few jobs associated with
carbon/TiO, applied to lithium-sulfur batteries, in this study,
the nanostructural properties of the S/TiO,/3DOMC compos-
ite and its electrochemical performance as a cathode for a
lithium/sulfur battery were detected. Compared with some
similar studies that have been done, for example, the novel
CC/TiO,/S composite prepared by Lei’s group [17] and the
Ti4O7-S cathodes made by Tao’s team [18], having initial
capacities of 1120 mAh g ' and 1144 mAh g ' in 0.2 C,
respectively. Our research has found more possibilities for
the application of carbon materials and titanium dioxide com-
posites in cathode materials for lithium-sulfur batteries.
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