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ABSTRACT Sulfur is a cathode material for lithium-ion batteries with a high specific capacity

of 1675 mAh/g. The rapid capacity fading, however, presents a significant challenge for the TIOZ-x ( \{)

practical application of sulfur cathodes. Two major approaches that have been developed to ?\ z

improve the sulfur cathode performance include (a) fabricating nanostructured conductive matrix -

to physically encapsulate sulfur and (b) engineering chemical modification to enhance binding

with polysulfides and, thus, to reduce their dissolution. Here, we report a three-dimensional (3D)

electrode structure to achieve both sulfur physical encapsulation and polysulfides binding Sulfu r(v)

simultaneously. The electrode is based on hydrogen reduced Ti0, with an inverse opal structure ’V\OZ
v e

that is highly conductive and robust toward electrochemical cycling. The relatively enclosed 3D

structure provides an ideal architecture for sulfur and polysulfides confinement. The openings at
the top surface allow sulfur infusion into the inverse opal structure. In addition, chemical tuning
of the Ti0, composition through hydrogen reduction was shown to enhance the specific capacity and cydability of the cathode. With such Ti0, encapsulated
sulfur structure, the sulfur cathode could deliver a high specific capacity of ~1100 mAh/g in the beginning, with a reversible capacity of ~890 mAh/g after 200
cycles of charge/discharge at a (/5 rate. The Coulombic efficiency was also maintained at around 99.5% during cycling. The results showed that inverse opal
structure of hydrogen reduced Ti0, represents an effective strategy in improving lithium sulfur batteries performance.
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ecause of the environmental issue
B caused by fossil fuel and recent emerg-

ing consumer desire for portable
electronic devices, there is a strong demand
for high performance energy storage tech-
nologies." Secondary lithium-ion batteries
(LIB) have successfully drawn great atten-
tion due to their high energy density, high
power density, as well as their long cycle
life.? Research into anode materials in sec-
ondary LIB has seen tremendous pro-
gress with the successful demonstration of
high specific capacity in silicon nanostruc-
tures.>”” Whereas the specific capacity of
silicon can reach around 3000 mAh/g (with
theoretical value of 4200 mAh/g), the prac-
tical specific capacity for most commercial
transition metal oxide cathodes is limited
to 200 mAh/g.2° The mismatch in the cath-
ode/anode pairs and the relatively slow

LIANG ET AL.

research progress on cathodes become a
big hurdle in fully exploiting the potential of
lithium-ion batteries.

Sulfur has been widely studied as a high-
energy-density cathode material to replace
the traditional metal oxides.'® When pairing
with Li metal anodes, sulfur system can de-
liver a specific capacity as high as 1675 mAh/g
and an energy density of 2500 Wh/kg or
2800 Wh/L. Moreover, the natural abun-
dance and low cost of sulfur further make
this material attractive as advanced cathode
materials.""'? Despite the various advan-
tages, sulfur cathodes suffer from several
inherent challenges. Sulfur itself and the
discharge product lithium sulfide are both
insulating (conductivity of elemental sulfur
can be as low as 5 x 1073° S/cm at room
temperature),’® which leads to the limited
utilization of active material and low rate
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capability along with a poor electrochemical reversi-
bility. Sulfur cathodes face a significant volume change
(up to 80%) during discharge.'*'> Moreover, the
lithium polysulfides (Li,S,, 4 < n < 8) formed as inter-
mediate products during the charge/discharge pro-
cess are highly soluble in the organic electro-
lyte."""®~"® Dissolved lithium polysulfides diffuse to
the lithium anode and then get reduced into lower
order polysulfides. These lower order polysulfides can
diffuse back to the cathode during cycling to cause the
“shuttle effect”,'® which gives rise to the fast capacity
decay, low Coulombic efficiency and limited cycle
performance."®

Various strategies have been explored to address
the aforementioned issues. An ideal sulfur immobilizer
should be a conductive (ionically and electrically)
framework with the ability to effectively trap polysul-
fides. Carbon-based hosts, such as carbon nano-
tubes,®® mesoporous carbon,” carbon fiber,?' and
graphene,? have been extensively studied for sulfur
cathodes. These sulfur/carbon composites have been
shown to have good physical confinement of sulfur as
well as polysulfides. Another rational design consists of
hindering polysulfides dissolution by chemical adsorp-
tion through the employment of conductive poly-
mer®~2> or metal oxide additives including TiO,,?®
Al,05,% La,05,% MggsCuo 50,2 and Mgq gNig.40.3°

However, complexity involved in design and manu-
facturing process reduces the feasibility. To develop a
solution that solves the sulfur cathode issues simulta-
neously, one potential approach is to integrate all
these designs.

Herein, we combine all the design criteria into a
simple integrated electrode structure, to minimize the
complexity in the synthesis of several key attributes
into one system. We report the application of hydrogen
reduced TiO,; inverse opal as a favorable candidate for
sulfur cathodes with the following attributes: (1) Hy-
drogen treated TiO, gains a dramatic increase in con-
ductivity making this large bandgap semiconductor a
promising current collector. (2) Rapid electron and
lithium-ion transport is facilitated by the 3D framework
and thin TiO, shell (~25 nm). (3) The oxygen vacancies
generated during reduction process may promote the
interaction between TiO, and sulfur (S—Ti—0), which
can improve the TiO, surface adsorption of poly-
sulfides®' (4) Our design has successfully achieved
the integration of physical confinement and chemical
adsorption of polysulfides.

RESULTS AND DISCUSSION

As schematically summarized in Figure 1, the inverse
opal structure was prepared using a polystyrene opal
template method. Polystyrene colloidal spheres are
versatile materials for fabricating nanomaterials and
3D frameworks in energy applications,*>** owing to its
low cost and self-assembly nature.>**> The polystyrene
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Figure 1. Schematics of the fabrication processes of hydro-
gen reduced TiO, inverse opal: (a) polystyrene spheres
(yellow) dispersed in aqueous suspension; (b) polystyrene
spheres self-assembly into hexagonally close-packed struc-
ture in the drying process; (c) amorphous TiO, deposited
through low temperature ALD; (d) polystyrene template
removed in hydrogen annealing.

nanoparticles aqueous suspension was drop-casted
onto an aluminum substrate (Figure 1a). In the drying
process, the polystyrene spheres self-assemble to form
a close-packed layer-by-layer network (Figure 1b). The
3D ordered structure served as a template for TiO,
growth. Amorphous TiO, was formed on the polysty-
rene spheres through a low temperature atomic layer
deposition (ALD) with oxygen plasma pretreatment to
ensure conformal coating (Figure 1c). The polystyrene
template was removed after annealing in hydrogen
atmosphere (Figure 1d).

Figure 2 demonstrated the morphology of the as-
prepared inverse opal. It reveals a 3D hierarchically
porous framework consisting of highly ordered nano-
pores (780 nm in diameter) interconnected with each
other by channels (Figure 2a). These open channels
were formed due to the contact area between neigh-
boring polystyrene colloidal spheres. The thickness of
the layer is uniform at around 15 um depending on the
amount of the latex suspension added (Figure ST,
Supporting Information). Figure 2b,c shows the digital
camera images of the sample before (b)and after (c)
polystyrene template removal. Titania after hydrogen
reduction treatment presents a darker color, suggest-
ing the presence of metallic Ti** ions.>**” The nano-
scale hollow structure offers enough space for dis-
charge products deposition and sulfur volume expan-
sion during cycling. Moreover, the 3D interconnected
network along with open channels allows facile elec-
trolyte permeation and fast ionic transport. In addition,
the complex architecture and TiO, itself effectively
retain polysulfides both by physical trapping and
chemical interaction. These attributes of this structure
enable high specific capacity and remarkable cycle
stability in the Li—S system. The typical transmission
electron microscopy (TEM) images of this struc-
ture are shown in Figure 2d,e indicating the planar
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Figure 2. Morphology of the reduced TiO; inverse opal: (a)
cross-sectional SEM image of the 3D ordered reduced TiO,
structure; (b and c) digital camera images of the as-prepared
TiO, inverse opal before (b) and after (c) hydrogen anneal-
ing; (d and e) TEM images (d) of the reduced hollow TiO,
nanosphere structure and (e) zoom-in of the reduced TiO,
nanosphere. The thickness of the nanosphere wall is around
25 nm. Scale bars in (a), (d), and (e) are 2, 1 and 0.5 um,
respectively.

hexagonal arrangement. The shell thickness is about
25 nm.

It has been reported that electrical conductivity of
TiO; can be substantially enhanced with the presence
of oxygen vacancies and Ti*" species.3® Therefore,
annealing TiO; in a reducing gas atmosphere effec-
tively increases the oxygen vacancy density and there-
by modifies the electronic properties.3**°

After annealed in hydrogen, the oxygen deficient
titania (TiO,_,) was characterized by XRD (Figure 3c).
The diffraction pattern reveals multiple phases existing
in the product. The identified peaks are indexed as
anatase TiO, (JCPDS card No. 89-4203), rutile TiO,
(JCPDS card No. 79-5860) and brookite TiO, (JCPDS
card No. 76-1937), although the latter two exist in
relatively smaller portions. Hydrogen annealing would
facilitate the phase transformation from anatase to
rutile at a lower temperature.*' Brookite in the mixture
was the intermediate product.

To further probe the electronic and chemical envi-
ronment, X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed. The binding energies were
calibrated with respect to the C 1s peak at 284.5 eV.
Figure 3a illustrates the Ti 2p core level spectra for
control TiO, (unreduced) and hydrogen reduced TiO,
Both spectra were normalized to the same intensity for
clear comparison. The control TiO, sample shows two
predominant peaks at 464.6 and 458.7 eV, which are
attributed to the characteristic Ti 2p;,, and Ti 2ps/»
peaks of Ti*" 3942 For reduced TiO,, it clearly exhibits
a red shift in binding energy, indicating the different
chemical environment for titanium cations in the
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Figure 3. XPS and XRD characterizations. (a) Top part is the
normalized Ti 2p XPS spectra of reduced TiO, (red solid
curve) and control TiO, (black solid curve); bottom part is
their subtraction spectrum. (b) Normalized Ti 2p XPS spec-
tra of polysulfides treated TiO,. Red solid curve is reduced
TiO, after polysulfides treatment; black solid curve is con-
trol TiO, after polysulfides treatment. (c) XRD pattern
collected from the reduced TiO, (A, anatase; R, rutile; B,
brookite; Al, aluminum substrate).

hydrogenated phase. Two extra peaks exist at 463.2
and 4579 eV by subtracting the Ti 2p spectra of
reduced TiO, with control TiO,. These two peaks are
within the range of published Ti** 2p binding
energies.>***** |t further confirms the presence of
Ti*" cations created in the hydrogenation process.
The less positively charged Ti*™ nuclei leads to an
increment in electron density and therefore a weaker
binding effect.>
Interaction between reduced TiO, and polysulfides
was also examined by mixing them together under
vigorous stirring for 5 days. The polysulfides treated
TiO, was then dried in argon atmosphere before XPS
characterization. Compared to the control TiO, sample,
the Ti 2ps,, XPS peak of polysulfides treated TiO,_, was
found to be broader, as shown in Figure 3b top. An
additional shoulder appeared around 456.5 eV for the
treated hydrogen reduced TiO,, which lies in the range
of published Ti—S binding energies (~456.4 eV).*>~*" It
thus suggests the presence of Ti—S interaction. One of
the possible mechanisms of Ti—S interaction in bulk
TiO, is the chemical adsorption of sulfur in intrinsic
oxygen vacancies.** Hydrogen annealing substantially
promotes the formation of oxygen vacancies and
therefore facilitates the interaction between TiO, and
polysulfides when applied to sulfur cathodes.
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The TiO,_,/sulfur composite material was fabricated
by a simple melt-diffusion process. The mixture was
held for 12 h at elevated temperate to allow sulfur infiltra-
tion from free openings at the top surface (Figure S2,
Supporting Information) into the porous structure
under capillary forces. Subsequently, as-prepared
sulfur impregnated sample was treated with methanol
to remove excessive sulfur. Figure S3 (Supporting
Information) is the top view of the TiO,_, morphology
after sulfur impregnation and methanol treatment.
Little sulfur is deposited on the top surface. On the
basis of the evidence together with the cross section
view (Figure 4a) and energy-dispersive X-ray spectros-
copy (EDS) mappings (Figure 4b to 4d), we conclude
that sulfur is mainly homogeneously coated onto the
inner surface instead of the exterior surface. Intensive
research has been conducted on porous texture car-
bon based matrix sulfur composites. However, there
are still large amounts of sulfur residue outside the
matrix. As a result, sulfur was directly in contact with
electrolyte without any trapping.’®*® So the polysul-
fides dissolution issue remains unsolved. In the present
study, we attempt to tackle this issue to achieve
excellent cycle stability.

To test the electrochemical performance of the inte-
grated TiO,_,/sulfur nanocomposite, coin cells were
assembled with lithium foil as counter/reference elec-
trode along with TiO,_,/sulfur nanocomposite as the
working electrode without any binder or conductive
additives. The typical S mass loading was 0.8 mg/cm?
and the battery capacities were all calculated based on

Figure 4. SEM and EDS characterization of the reduced
TiO, inverse opal structure after sulfur infusion; (a) cross-
sectional SEM image of the composite structure showing
sulfur particles well encapsulated by the reduced TiO,
nanospheres; (b—d) SEM image of the electrode cross
section (b) and the corresponding elemental mapping for
sulfur (c) and titanium (d). Scale bars are 2 um in (a), and
5 um in (b—d).
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sulfur mass, which was determined by measuring the
mass difference of the electrode before and after sulfur
infusion. The cells were cycled from 1.8 to 2.6 V versus
Li*/Li.

Figure 5a depicts the typical cyclic voltammetry (CV)
curves at a constant scan rate of 0.2 mV/s in the voltage
range of 1.0—3.0 V. Two pronounced cathodic peaks
at approximately 2.26 and 1.92 V are observed. The
peak at 2.26 V corresponds to the transition from
elemental sulfur to long chain lithium polysulfides
(LiS,, 4 < n < 8). The peak at 1.92 V is related to the
further reduction of low order lithium polysulfides to
Li»S, and Li,S. A broader anodic peak is observed in the
potential around 2.75 V with a shoulder at 2.8 V,
which is attributed to the reverse reactions in the
charging stage. The subsequent peaks located at 1.7 V
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Figure 5. Electrochemical testing and battery performance
of the reduced TiO, inverse opal-encapsulated sulfur cath-
odes: (a) cyclic voltammetry of the TiO,_,/sulfur cathode
obtained at 0.2 mV/s; (b) typical charge/discharge profiles at
different current rates (1C = 1675 mAh/g); (c) cycling
performance (black curve) and Coulombic efficiency (blue
curve) of TiO,_,/sulfur composite cathode at a current rate
of C/5; (d) rate performance of the composite cathode at
different C rates ranging from 0.05C to 1C.
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(shoulder peak) and 2.15 V reveal the lithiation and
delithiation of anatase TiO, which is generally in agree-
ment with previous research results**>° Although
there is concern that lithium may intercalate into
rutile/brookite TiO, which would affect the electrical
conductivity, based on the CV curve, lithiation of rutile/
brookite TiO, was not observed within the voltage
range that have been specified by literatures.>*? To
conclude, the CV results indicate that reduced titania
functions as a decent electrical conductor in good
contact with sulfur encapsulated inside.

For further study of the electrochemical proper-
ties, charge/discharge voltage profiles are shown in
Figure 5b as a function of specific capacity at different
current rates (C/20, C/2, C/5, where 1C = 1675 mA/g).
Consistent with CV curves, these discharge voltage
profiles display the typical two-plateau behavior of
Li—S system, corresponding to the formation of high
order polysulfides (Li,S,, 4 < n < 8) at 2.3 V and Li,S,
and Li,S at 2.1 V. Moreover, the flat second discharge
plateau indicates a small kinetic barrier. The discharge
voltage cutoff is set at 1.8 V to eliminate capacity
contributed from TiO, lithiation. At a low current rate
of C/20, a high specific capacity of 1250 mAh/g is ob-
tained without any noticeable overpotential. As cur-
rent rate increases, the specific capacity is reduced
slightly to 1050 mAh/g at /5 and 990 mAh/g at (/2.
The limited capacity drop at various rates associates
with the good kinetics of the structure. In addition, no
plateau from reaction of lithium with TiO, was ob-
served by setting the discharge voltage cutoff at 1.8 V.

The long-term cycling stability is a critical issue for
practical application. Here, the TiO,_,/sulfur electrode
was cycled at the C/5 rate (Figure 5c). The discharge
capacity starts at 1100 mAh/g and displays a gradual
increase for first eight cycles. It suggests an activation
step during the first several cycles, mainly due to
electrolyte diffusion through the complex structure.
The TiO,_,/sulfur electrode exhibits a reversible capac-
ity of 890 mAh/g after 200 cycles, corresponding to
capacity retention of 81% over 200 cycles. The average
Coulombic efficiency is around 99.5%. These results
show improved performance compared to previous
studies in our group on carbon nanofiber encapsu-
lated sulfur cathodes?' graphene-wrapped sulfur
structures,”? and biotemplate assisted nanostructured
sulfur batteries.>® In addition, Figure S4 shows the
comparison of cycling performances of our sample
and the control sample without hydrogen reduction.
The hydrogen reduced TiO, encapsulated sulfur cath-
ode demonstrates enhanced discharge capacity and
cycling stability compared to the unreduced sample.
The good capacity retention for the reduced TiO,
sample is due to the significant role of reduced TiO,
that combines the physical entrapment from hierarch-
ical porous structure along with chemical bonding
between TiO, and polysulfides. Current—voltage
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measurement was also performed on the reduced
TiO, as well as control TiO, to confirm the electrical
conductivity improvement (Figure S5). Rate perfor-
mances from C/20 to 1C are presented in Figure 5d.
The battery delivers a reversible discharge capacity of
1400, 1150, 900, and 780 mAh/g at C/20, C/5, C/2 and
1C, respectively. The good rate capability is related to
good electrical conductivity of reduced TiO, and 3D
access of liquid electrolyte. The capacity almost returns
to the original capacity at C/5 when the rate is read-
justed to C/5. The steadily change of the discharge
capacities over different current rates indicates robust-
ness and stability of the cathode structure. Moreover,
the good rate capability reveals facile ion/electron
transport as well as electrolyte accessibility.

The stability of Ti*" species toward electrochemical
cycling is also crucial. The TiO,_, conductive matrix
would lose its electrical conductivity resulting in the
deterioration of the electrochemical performance if
Ti** is reoxidized to Ti** during the charging process.
The standard reduction potential of Ti*™/Ti** is 2.5 V
versus Lit/Li which is close to our charge voltage
cutoff.>* Taking the overpotential during our battery
operation into consideration, the reoxidation of Ti*" is
beyond the scope. Moreover, no anodic peaks asso-
ciated with Ti*™/Ti*" transition were observed accord-
ing to CV curve.

Little change in morphology was observed before
and after lithiation. SEM image of the TiO,_,/sulfur
nanocomposite electrode after 100th cycle shows a
structurally intact TiO, coating (Figure 6), confirming
the structure is able to tolerate sulfur volume expan-
sion during the lithiation process. The preservation of
the 3D inverse opal network during battery operations
indicates the robustness of the electrode. We under-
stand the structure stability of TiO,_, framework ac-
cording to the following three reasons: (1) the empty
space designed inside the TiO,_, inverse opal can

Figure 6. Structural characterization of TiO,_,/sulfur com-
posite cathode after the 100th discharge. (a) Edge-view SEM
image of the composite cathode. (b—d) SEM images of the
composite cathode under different magnifications. Precipi-
tation of Li,S is visible within the hollow TiO,_, nano-
spheres. Scale bars are 2 um.
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tolerate the volume change of sulfur during cycles; (2)
the TiO,_, is electrochemical stable during the charge/
discharge cycles; (3) the crystalline TiO,_, is mechani-
cally strong due to its ceramic nature. Moreover, the
decrease in pore size suggests uniform deposition of
insoluble Li,S, and Li,S on the inner shell of the
structure (Figure 6d), which is due to the effective
blocking of polysulfides from random diffusion into
the electrolyte.

CONCLUSION

In summary, we have successfully fabricated the
hydrogen reduced TiO, inverse opal and demon-
strated its dual functionality in applications as Li—S

EXPERIMENTAL METHODS

Synthesis of Hydrogen Reduced Titania and Control Titania. A total of
60 uL of the PS colloidal sphere aqueous suspension (Ther-
moscientific, 4 w/w %, 780 nm in diameter) was deposited onto
an aluminum foil disc (0.025 mm thick, 7/16 in. diameter) by a
pipet. The solvent was allowed to evaporate in a fume hood
under the air flow rate of 90 sccm for 3 h. The conformal TiO,
layer was formed at 70 °C using the Cambridge Nanotech
Savannah with DI water and titanium tetrachloride (TiCl,) as
precursors. The pulse times were 15 and 65 ms, respectively. A
total of 600 cycles were performed to create a 30 nm thick TiO,
thin film. Hydrogen treatment of TiO, was performed by a
thermal annealing process. The as-prepared TiO, coated PS (on
Al substrate) was placed into a ceramic combustion boat and
heated up to 500 °C in a tube furnace. The ultrapure hydrogen
was introduced to the tube under a flow rate of 100 sccm
continuously, and the inner pressure was kept at 80 Torr. The
temperature was increased from 25 °C at an increasing rate of
5 °C/min and held at 500 °C for 2 h. Afterward, the sample was
cooled down to room temperature naturally. The control titania
was prepared by heating the TiO, coated PS in the box furnace
(Thermo Electron Corporation, Lindberg/Blue M) from 25 to
500 °Cin air. The heating rate was 5 °C/min, and the sample was
held at 500 °C for 2 h.

Synthesis of Ti0, ,/Sulfur Composite. Typically, 1 mg of the
reduced titania (on an aluminum foil disc with 7/16 in. diameter)
was loaded inside a small quartz tube, together with 100 uL
of 1% sulfur solution in toluene. The mixture was then dried
on a hot plate for 20 min before it was sealed using Teflon
tape and baked in a box furnace under argon atmosphere.
The baking procedure requires 155 °C with a heating rate of
4.5 °C/min at which sulfur exhibits lowest viscosity. The sample
was kept for 12 h at 155 °C before it was washed with methanol
for 30 s.

Electrochemical Measurement. The TiO,_,/sulfur composite
casted on aluminum foil disc (7/16 in. diameter) was directly
utilized as working electrode. The 2032-type coin cells (MTI)
were constructed in argon-filled glovebox (MB-200B, Mbraun)
with lithium foil as counter/reference electrode. No binder
or extra conductive additives were employed. Lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI, 1 M) in cosolvent of
1,3-dioxolane and 1,2-dimethoxyethane (volume ratio 1:1) with
lithium nitrite (1 wt %) was used as electrolyte. The weight
percentage of sulfur in electrode materials is ~45%. Cyclic
voltammetry was performed on an electrochemical station
(VMP3, Bio-logic). Galvanostatic cycling was conducted using
a 96-channel battery tester (Arbin Instruments). To conduct
the Current—voltage measurement, TiO, inverse opal thin film
(7/16 in. diameter, 15 um thick) was sandwiched between two
aluminum foils connecting to the electrochemical station
(VMP3, Bio-logic). The scan rate was 100 mV/s, and the voltage
range was from —2 to 2 V.

battery to achieve long cycle life and high capacity. In
this rational design, polysulfides are effectively con-
tained in a closed 3D matrix of reduced TiO, due to
both physical trapping and surface chemical adsorp-
tion. The reduced TiO, has high electrical conductivity.
The small dimension of the nanopores leads to a high
specific surface area and thus a high utilization of
active material. The hollow structure offers enough
space to accommodate the volume change and relax
strain during cycling. Therefore, hydrogen reduced
TiO, inverse opal would have the potential use as a
novel electrode structure for Li—S system. And this
concept opens up a new avenue for constructing sulfur
cathodes with metal oxides.

Characterization. SEM characterization was carried out by
using an FEI XL30 Sirion scanning electron microscope with a
field emission gun (FEG) source. TEM characterization was
carried out by using an FEI Tecnai G2 F20 X-TWIN transmission
electron microscope (TEM). The composition and phase of
samples was probed via X-ray diffraction (XRD, X'Pert Pro,
PANalaytcal) with Cu Ko radiation. The electronic environment
of samples was investigated through X-ray photoelectron spec-
troscopy (XPS, Phi5000 VersaProbe, Ulvac-Phi) with Al Ka
radiation. Lithiated electrodes after cycling were taken out of
the coin cell inside an argon-filled glovebox and washed with
acetonitrile (ACN) to extract residual electrolyte and salts. After
a drying period of 3 h, the sample was ready for further
examination.
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