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In Situ Formation of Conductive Metal Sulfide Domain
in Metal Oxide Matrix: An Efficient Way to Improve the
Electrochemical Activity of Semiconducting Metal Oxide

In Young Kim, Jiyoon Seo, Seung Mi Oh, Sharad B. Patil, and Seong-Ju Hwang*

A new effective way to improve the electrochemical activity of semicon-
ducting metal oxide is developed by the in situ formation of conductive

metal sulfide domain in the metal oxide matrix. The Lig o¢Tiq 03S,—LisTisO1
nanocomposites with tunable compositions and electrical properties are
synthesized by the reaction of Li,TisO;, with CS, at elevated temperature. The
resulting incorporation of conductive Lig g6Ti 0sS, domain in the Li TisO5,
matrix is effective in enhancing the electrical conductivity and electrode

reliability of the lithium titanate render
this material one of the most suitable
anode materials for the EV application.
However, the rate performance of lithium
titanate is seriously limited by its low elec-
tronic and ionic conductivities. Such poor
charge transport characteristic of Li,TisOy,
basically results from its wide bandgap
energy related to the empty 3d states of

activity of semiconducting lithium titanate. As anode materials for lithium Ti** ions.BM Various attempts such as cat-

ion batteries, the obtained Lij o¢Tiy 3S;—LisTisO1, nanocomposites show
much greater discharge capacity and better rate characteristics than does the
pristine LisTisO,,. The usefulness of the present method is further evidenced
from the improvement of the electrochemical activity of semiconducting
CsTi,NbOy after the reaction with CS,. The present study clearly demon-
strates the in situ formation of conductive metal sulfide domain using CS,
liquid can provide an efficient and universal way to improve the electrode

functionality of semiconducting metal oxide.

1. Introduction

Lithium ion batteries (LIBs) receive prime attention as one
of the most promising power sources for electric vehicle (EV)
because of their long cycle life, high energy density, high work
potential, and good rate capability.!! Even though carbon-based
anode materials used in commercialized LIBs boast many
advantages such as low price, rich abundance, and low toxicity,
their low working potential approaching to 0 V at the end of
lithiation process causes serious safety problems originating
from the decomposition of electrolyte and the dendritic growth
of Li metal on the surface of anode material.'Zl As an alterna-
tive anode material, spinel-structured Li,TisO, attracts a great
deal of research activity because of its highly stable operation
potential of 1.55 V versus Li/Li* and its excellent cyclability
originating from negligible volume change during repeated
Li* insertion—extraction process.®! The remarkable safety and
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ionic and anionic doping, and the hybridi-
zation and surface coating with conductive
carbon are made to circumvent this draw-
back of lithium titanate.®l Although these
strategies are somewhat successful in
improving the electrode activity of metal
oxide, they might cause other several side
effects such as the lowering of thermal
stability. In general, the metal sulfide pos-
sesses smaller bandgap energy and higher
electrical conductivity than does the cor-
responding metal oxide, since (metal—
sulfur) bond is more covalent than (metal-oxygen) bond.l The
composite formation with conductive metal sulfide can provide
new efficient way to improve the electrode performance of sem-
iconducting metal oxide through the increase of electrical con-
ductivity. However, the formation of metal sulfide domain in
the pristine metal oxide domain cannot be achieved by the use
of conventional sulfurization agent such as thiourea, ammo-
nium sulfide, sodium sulfide, and elemental sulfur due to their
limited diffusivity into the solid lattice. Instead of the forma-
tion of metal sulfide domain, this process leads to the forma-
tion of sulfate (SO,%") species on the surface of metal oxide."!
The effective formation of metal sulfide grains in the solid lat-
tice might be achieved by the use of gaseous agents such as
H,S. However, the high toxicity of hydrogen sulfide might
cause serious safety problems.! Instead, less toxic CS, liquid
with Ar carrier gas can be used as a sulfurization agent to pro-
vide a safe and scalable synthetic method for metal oxide—metal
sulfide nanocomposites. To the best of our knowledge, there is
no report about the in situ incorporation of conductive metal
sulfide domain to improve the electrochemical activity of semi-
conducting metal oxides.

In the present study, a novel effective way to improve the elec-
trode activity of semiconducting metal oxide is developed on the
basis of the in situ formation of conductive metal sulfide (Li,.
Ti,S,) domain in the metal oxide (Li;TisO;,) matrix using the CS,
liquid. The experimental setup for this experiment is illustrated
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Figure 1. A) Schematic diagram of experimental setup for the in situ formation of metal sulfide domains in semiconducting metal oxide matrix.
B) Powder XRD patterns and their expanded view for low region (26 = 5°-35°), C) photoimages, and D) diffuse reflectance UV-vis spectra of a) the
pristine LisTisO, the Lig g6Ti1.08S2~LisTisOr2 composites of b) SLTO1, c) SLTO2, and d) SLTO3, and e) the reference Li,Ti,S,.

in Figure 1A. The crystal structures, composite structures, and
chemical bonding natures of the obtained Li,Ti,S,~Li,TisO1,
nanocomposites are systematically investigated to understand
the effect of composite formation with metal sulfide on the phys-
icochemical properties of lithium titanate. The Li, Ti,S,~Li,TisO,
nanocomposites are tested as anode materials for LIBs to probe
the usefulness of the present method as a tool to enhance the
electrode performance of metal oxide-based materials. To study
the effect of metal sulfide content on the physicochemical prop-
erties and electrode activities of the Li,Ti,S,~Li TisO;, nano-
composite, several volumes of liquid CS, (0.2, 0.4, and 0.6 mL)
are applied for 1 g of the pristine Li,TisO;, material. Hereafter
the resulting Li,Ti,S,~Li,TisO;, nanocomposites are denoted as
SLTO1, SLTO2, and SLTO3, respectively. As a reference, conduc-
tive Li, Ti S, material is also prepared by the chemical Li interca-
lation of TiS,. Additionally the present sulfurization method is
applied for the other semiconducting metal oxide of CsTi,NbO,
to verify the universal applicability of this method.

2. Results and Discussion

2.1. Powder X-Ray Diffraction (XRD) and Elemental Analyses

The crystal structures of the Li,Ti,S,~Li,Ti;O;, nanocomposites
are examined with powder XRD analysis. As shown in Figure 1B,
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the pristine Li,TisO;, shows well-developed XRD pattern of
cubic spinel structure with the lattice parameter of a = 8.36 A.
The reference Li,Ti,S, displays Bragg reflections of two kinds of
intercalated phases of Lij33TiS; and LigosTi; ¢3S, with different
lithium contents (PDF#37-0939 and PDF#40-1093, respectively),
which is ascribable to the nonuniform distribution of interca-
lated Li* ions in the interlayer of TiS,.”) The Li,Ti,S,~Li,TisOs,
nanocomposites exhibit the XRD peaks corresponding to cubic
spinel Li TisO;, and Lijo6Ti; ¢S, phases, indicating the forma-
tion of mixed metal oxide—metal sulfide nanocomposite. The
Lij 96Ti; 0gS,-related XRD peaks become stronger with increasing
the amount of CS, liquid used. According to the least squares-
fitting analysis, the lattice parameter of the Li Ti;O;, component
in the present nanocomposites is determined to be a = 8.36,
=8.35, and =8.35 A for SITO1, SLTO2, and SITO3, respectively,
indicating the negligible variation of lattice parameter upon
the reaction with CS,. Taking into account much larger size of
sulfur than oxygen,® the observed little change of lattice volume
strongly suggests no replacement of oxygen with sulfur in the
cubic spinel Li,TisO,, lattice. The present XRD results clearly
demonstrate that the calcination in CS, flow is quite effective
in forming mixed metal sulfide-metal oxide nanocomposites
rather than sulfur-substituted metal oxide.

The chemical compositions of the present nanocomposite
materials are determined with the elemental (CHNS) analysis.
The sulfur contents of the Lij ¢ Ti; ¢gS,—Li;TisO;, hanocomposites
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are estimated to be 0.40, 0.67, and 1.76 wt% for SLTO1, SLTO2,
and SLTO3, respectively. On the basis of this result, the compo-
sitions of the LijgsTi;03S,~LisTisO1, nanocomposites are deter-
mined as 0.03LiOAg(,Tillogsz—]_i‘;Tisolz, 0-05LiO.96TilAOSSZ_Li4Ti50127
and 0.13LigoeTi; 85,-LisTisO;, for SLTO1, SITO2, and SLTO3,
respectively, confirming the gradual increase of the LiggsTi; 0gS,
content, as plotted in the Figure S1 (Supporting Information).

2.2. Photoimage and Diffuse Reflectance UV-Vis Spectroscopy

As illustrated in Figure 1C, the reaction of the pristine LijTisO;,
with CS; leads to a distinct color change from white to dark grey,
strongly suggesting the enhanced absorption of visible light and
the increase of electrical conductivity. As the amount of CS, used
increases, the color of the resulting nanocomposites becomes
darker, indicating the effective control of the optical property and
composition of the LiggTi1 03S,—LisTisO1, nanocomposite via the
change of the amount of CS, reactant. The evolutions of the optical
properties and electronic structures of the LiggsTi; 0gS,—LisTisO1,
nanocomposites are examined with diffuse reflectance UV-vis
spectroscopy. As presented in Figure 1D, the pristine Li,TisOy,
material displays a distinct absorption edge at around 355 nm,
indicating its semiconducting nature with the bandgap energy of
3.5 eV. Conversely, no absorption edge is discernible for the refer-
ence LiTiS,, clearly demonstrating the metallic nature of this
metal sulfide. A close inspection reveals that the composite forma-
tion does not induce a notable change in the position of absorp-
tion edge, indicating the negligible change of the bandgap energy
of lithium titanate upon the reaction with CS,. This is in good
agreement with no significant variation of the lattice parameter of
Li,TisO;, component upon the composite formation with Li,Ti,S,.
As the amount of CS, reactant increases, the visible light absorption
of the Liyg¢Ti108S,~LisTisO;; nanocomposites becomes stronger,
confirming the increase of the content of metallic metal sulfide
phase. This observation is in good agreement with the color change
of the present materials depending on the Li 94T S, content.

2.3. Field Emission-Scanning Electron Microscopy (FE-SEM) and
N, Adsorption—Desorption Isotherm Analyses

The crystal morphologies of the present nanocomposites are
probed with FE-SEM, see Figure S2 (Supporting Information). The
pristine Li, TisO;, material shows irregular polyhedral crystal shape
with the average size of =1 pm. All of the present nanocomposites
of the SLTO1, SLTO2, and SLTO3 retain the original crystal
morphology of the pristine Li,TisO;, without the formation of any
secondary structure, indicating no significant change of crystal
shape upon the reaction with CS,. This observation highlights the
effective composite formation between Lij o4 Ti 03S, and LiTisOy;
domains upon the reaction with CS, instead of surface coating.
The surface areas and porosities of the pristine Li,TisO;, and
the LigogTi;08S,-LisTisO1, nanocomposites are investigated
with N, adsorption—desorption isotherm measurements,
see Figure S3 (Supporting Information). Regardless of the
LigosTi108S, content, all the present LigggTiy08S;—LisTisOq,
nanocomposites possess the same surface area of =2-3 m? g7},
which is almost identical to the surface area of the pristine

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makee
VierS
www.MaterialsViews.com

Li,TisO1; (=3 m? g7!). This clearly demonstrates negligible
influence of the composite formation on the surface area and
surface structure of the pristine lithium titanate.

2.4. Micro-Raman Spectroscopic and Transmission Electron
Microscopy (TEM) Analyses

The chemical bonding natures of the LijgsTi; 08S,—LisTi501;
nanocomposites are studied with micro-Raman spectroscopy.
As plotted in Figure 2A, the pristine Li,TisO;, material exhibits
typical Raman signals of cubic spinel lithium titanate at 99,
235, 430, and 675 cm™! whereas two intense Raman features
appear at 225 and 335 cm™' for the Li,Ti,S, reference.’! The
low content of Lijo¢Ti; 0sS, phase in the SLTO1 and SLTO2
nanocomposites prevents from clearly observing the Raman
signals of this minor phase. However, the SLTO3 material with
higher Lij¢Ti1 0gS; content exhibits a distinct Raman feature
at 335 cm™! corresponding to Ay mode of the Ligo6Tiy g5,
phase, underscoring the successful incorporation of metal
sulfide domain into the lithium titanate matrix. The spatial
distribution of Lijg¢Ti; 03S; domain in the matrix of SITO3
nanocomposite is investigated by illustrating the spatial varia-
tion of the relative ratio of two main peaks of both Lij osTi; 035,
and Li,TisO;, phases at 335 and 235 cm™, i.e., I335/I535. As can
be seen clearly from Figure 2B, the Lijg4Ti;3S;, domains are
embedded in the host Li,TisO;, matrix. This can be regarded
as strong evidence for the successful in situ formation of
Ligo6Ti1 0gS; domains in the Li, TisO;, matrix by the reaction
with CS,. It is noteworthy that all the LijosTi; 05S,~LisTisO1,
nanocomposites do not display any carbon-related Raman fea-
tures at 12001600 cm™!, indicating the absence of carbon spe-
cies in these materials. This finding confirms that the color
change and enhanced electrical conductivity of Li,TisO, after
the reaction with CS, are attributable to the formation of con-
ductive Lij ¢6Ti; ¢3S, not to the incorporation of carbon species.

The formation of Lij g¢Ti; ¢3S, domains in the Li, TisO;, matrix
is further evidenced by TEM analysis for the SLITO3 material
having the highest sulfide content. As illustrated in Figure 2C,
the present SLTO3 material shows typical hexagonal selected area
electron diffraction (SAED) pattern corresponding to the {044}
planes of cubic spinel Li TisO;, structure. The incorporation of
Lig o Ti1 0gS, domain is obviously confirmed by the observation
of the lattice fringe of (001) plane from the high resolution-trans-
mission electron microscopy (HR-TEM) image in Figure 2D.
Also the elemental maps from the scanning transmission elec-
tron microscopy-high angle annular dark field (STEM-HAADF)
image clearly illustrate the uniform distribution of sulfur,
titanium, and oxygen for the present SLTO3 nanocomposite,
strongly demonstrating the embedding of Lij ¢sTi; 0gS, domains
in the Li,TisO,, matrix, as illustrated in Figure 2E,F.

2.5. Ti K-Edge X-Ray Near Edge Structure (XANES)/Extended
X-Ray Absorption Fine Structure (EXAFS) Analysis
The oxidation states and local symmetries of the LijggTi;08S,—

Li;TisO,, nanocomposites are examined with Ti K-edge XANES
analysis, see Figure S4 (Supporting Information). All the present
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Figure 2. A) Micro-Raman spectra of (a) the pristine LisTisO1,, the Ligg6Tiy 0gS,—LisTisOq, nanocomposites of b) SLTO1,
B) Spatial distribution of the Lig ¢ Tiy.03S; and LisTisO4, phases in the SLTO3 nanocomposite from the relative Raman intensity

e) the reference Li,Ti,S,.

Li Ti50,,
domain

Li,Ti,S,
domain

) SLTO2, and d) SLTO3, and

of I335/1235. C) TEM image and SAED pattern, D) HR-TEM image, E) STEM-HAADF image and elemental maps of titanium, sulfur, and oxygen, and

F) schematic model for the SLTO3 nanocomposite.

nanocomposites as well as pristine Li,TisO;, show nearly iden-
tical edge energy to the tetravalent references of anatase- and
rutile-type TiO,, confirming the tetravalent Ti*' oxidation state
in these materials. In the pre-edge region, all the materials
under investigation exhibit weak pre-edge peaks Py, P,, and P,
which are assigned as the 1s — 3d transitions.?* 1% The spec-
tral features of these peaks provide sensitive measure for the
local atomic arrangement around titanium ions.'% There is no
marked difference in the shape and position of these pre-edge
peaks for the pristine Li,;TisO;, and the SITO1, SLTO2, and
SLTO3 nanocomposites, confirming the maintenance of the
crystal structure of cubic spinel phase after the reaction with
CS,;. In the main-edge region, several distinct peaks A, B, and
C corresponding to the dipole-allowed 1s — 4p transitions are
observed for all the present materials.?>*1% Like the pre-edge
features, these peaks in main-edge region show similar spec-
tral features for all the nanocomposites of SLTO1, SLTO2, and
SLTO3 and the pristine Li,TisO,,, which are clearly distinguish-
able from the other titanium oxides. This observation provides
clear evidence for the maintenance of the cubic spinel structure
upon the reaction with CS,. The Li,Ti,S, component in the pre-
sent Lij g6Ti; 08S,—LisTi50;, nanocomposites is almost indiscern-
ible with Ti K-edge XANES analysis because of its small content.

The local structural variation of titanium ion upon the reaction
with CS, is further probed with Ti K-edge EXAFS analysis, since

Adv. Funct. Mater. 2015, 25, 4948-4955
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the EXAFS technique is more sensitive to the subtle alteration of
chemical bonding nature compared with the XANES technique.'!
Figure 3A,B represents the experimental k>-weighted Ti K-edge
EXAFS oscillations and their Fourier transformed (FT) data of the
SLTO3 nanocomposite with the highest Lij ¢4Ti; ¢S, content, the
pristine Li,TisOy,, and reference Li,Ti,S,. Although the overall k-
weighted EXAFS oscillation of SITO3 nanocomposite is similar to
that of the pristine Li,TiOy,, its EXAFS signal in high k region is
closer to that of the reference i, Ti,S, rather than that of Li,TisO;5,
reflecting the in situ formation of 1i,Ti,S; domain in the present
SLTO3 nanocomposite. Commonly for the pristine Li,TisO;, and
SLTO3 nanocomposite, two distinct FT peaks appear at =1.5 and
=2.6 A, which are assigned as the (Ti~0) and (Ti~Ti) coordination
shells. In the case of the SLTO3 nanocomposite, additional feature
is discernible at =2.0 A (i.e. no phase-shift corrected distance),
whose position is in good agreement with that of the (Ti—S) coor-
dination shell of reference Ti,Ti,S,. This EXAFS result provides
strong evidence for the incorporation of metal sulfide domain in
the Li TisO;, matrix after the reaction with CS,.

2.6. X-Ray Photoelectron Spectroscopy (XPS) and Fourier
Transform-Infrared (FT-IR) Analyses

The chemical bonding natures of the LijgsTi0gS,—LisTi501;
nanocomposites are also examined with XPS, since this
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The bonding state of sulfur species in the
present nanocomposites is also investigated
with FT-IR spectroscopy that sensitively
reflects the presence of sulfur-containing spe-
cies. As presented in Figure 3D, strong IR
bands appear at 1300-1375 cm™! in the FT-IR
spectrum of the sulfur-doped Li,TisO;, mate-
rial prepared with thiourea. These spectral
features correspond to asymmetric stretching
vibrations of S=O, demonstrating the forma-
tion of sulfate species in the Li TisO;, mate-
rial via the reaction with thiourea, as reported
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nanocomposites, indicating the negligible
concentration of the sulfate species in these
materials. On the basis of the present FT-IR
results, the observation of sulfate-related
peak in the XPS spectra (Figure 3C) can be
ascribed to the extremely high sensitivity of
XPS technique to surface species. That is, the
sulfate species observed from the XPS anal-
ysis exists on the surface of the nanocompos-
ites at very low concentration.

170 165 160
Binding energy / eV

Figure 3. A) The experimental k3-weighted EXAFS oscillations and B) FT data of Ti K-edge The
EXAFS spectra for a) the pristine LisTisO4,, b) the SLTO3 nanocomposite, and c) the reference
Li,Ti,S,. C) S 2p XPS and D) FT-IR spectra of the Lig o6Tiy 0sS,~LisTisO;, nanocomposites of
a) SLTOT1, b) SLTO2, and c) SLTO3, d) the reference Li,Ti,S,, €) the Li,TisO;, prepared with

thiourea, and f) the pristine LisTisOq,.

technique is quite powerful in characterizing sulfur-containing
species especially formed on the surface of material. As can be
seen from Figure 3C, the reference material of Li,TisOy, pre-
pared with thiourea displays the XPS peak centering at =169 eV,
which corresponds to the hexavalent sulfate ion. This result
is in good agreement with the previously reported S 2p XPS
spectra of sulfur-doped metal oxide prepared with sulfuriza-
tion agents of thiourea, ammonium sulfide, sodium sulfide,
and elemental sulfur.’! Conversely, all the present nanocom-
posites of SLTO1, SLTO2, and SLTO3 demonstrate an intense
but broad peak centering at =162.5 eV, which can be assigned
as sulfide ions.®%¢12 Tn comparison with the reference
Li,Ti,S, phase showing the peak centering at =161 eV, the
binding energy of this peak is somewhat higher for the present
nanocomposites. This is attributed to the interaction of S?~ ions
with neighboring Li,TisO,, domains. That is, the chemical
interaction between sulfide and tetravalent Ti** in Li,TisO4,
leads to the partial electron transfer from sulfur to titanium,
resulting in the blue shift of the corresponding XPS feature.
In addition, all the present nanocomposites as well as the ref-
erence Li,TiS, display additional weak XPS peak centering at
=169 eV, which is assigned as hexavalent sulfate ion.’! This sul-
fate-related peak might originate from the minor surface spe-
cies of the present materials.
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2.7. Electrochemical Measurement

Lipo6Ti1 08S,—LisTisO, nanocompos-
ites of SLTO1, SLTO2, and SLTO3 as well as
the references of Li,TisO;, and Li,Ti,S, are
tested as anode materials for LIBs to probe
the influence of the introduction of conduc-
tive Lij oTi;03S, domain on the electrochem-
ical property of lithium titanate. As plotted in Figure 4A, like
the pristine Li,TisOq,, all the present LigoeTi 0gS,—LisTisO1,
nanocomposites demonstrate a flat plateau of 1.55 V, strongly
suggesting that the electrochemical activity of the present
nanocomposites originates mainly from the Li,TisO;, com-
ponent. The reference Li,Ti,S, is also electrochemically active
with the higher working potential of 2.15 V compared with
that of Li,Ti;Oy,. But the discharge capacity of this phase is
smaller than those of the other Li,TisO;,-containing materials,
clearly showing its lower electrochemical activity. A high Cou-
lombic efficiency (=99.99%) of the pristine Li TisO;, material
remains intact after the formation of LiysTi; ¢3S, domains,
indicating the high electrochemical stability of the present
nanocomposites. All the present Lig 96111 ¢gS,—LisTi5O1, nano-
composites delivery large discharge capacities of =143-160
mAh g! at 1 C rate, which are much greater than those of
the pristine Li,TisOq, (=134 mAh g!) and the reference Li,.
Ti,S, (=115 mAh g7!), see Figure 4B. For comparison, we also
measured the electrode performance of the physical mixture
of 1i,Ti,S, and Li,TisO,, in the molar ratio of 0.13:1, showing
smaller electrode discharge capacity (=132 mAh g!) at 1 C
rate, see Figure S5 (Supporting Information). This capacity
of physical mixture is notably smaller than that of SLTO3
nanocomposite (=160 mAh g!), underscoring the usefulness

Adv. Funct. Mater. 2015, 25, 4948-4955



el
Mt oS
www.MaterialsViews.com

3.0

www.afm-journal.de

w
N
N
S

(e)
180 F
160

N
&)
—T —TTT

250

o

01cC

vVvvy
1C éoanp

N
o
o

o boa

(a)l(b)(c)(d) 140 E

vvvyy o000

120

-

()

o
T

(a 68688

g
o
T

100 £
80 £
60 E
40
20 £

Potential / V vs. LilLi* J>
o

5

Discharge capacity / mAh.

Ll b b b

00000

5C

0 - g“””“vvvvv

8686

(e

-
o

(43
o
T

Discharge capacity / mAh-g‘1

1.0 -l....l...‘l....l....l....1....1.. I 0 Bovtiniiiiinn

0 20 40 60 80 100120140160180200 0

1.0

10 20 30 40 50 60 70 80 90 100 0 -] 10 15 20 25 30
Cycle numbers

Capacity / mAh.g™'
of E
i ? 08

0.6

Z,, ! kohm

LGS B S e e e B e B

PRI BRI W

PRI B

0.0 S
0.2

Z | kohm

0.6 0.8 1.0

Z_ | kohm

Figure 4. A) Potential profiles of the 3rd discharge—charge cycles, B) plots of discharge capacity on cycle numbers, C) C rate-dependent plots of the
discharge capacity, D) Nyquist plots for the electrode/electrolyte interface, E) expanded view of Nyquist plots in the high-medium frequency region,
and F) Voigt-type equivalent circuit for a) the pristine Li,TisO1, (circles, black), the Lig g¢Ti1.08S,—LisTisOq, nanocomposites of b) SLTO1 (triangles, red),
c) SLTO2 (squares, orange), and d) SLTO3 (inverse triangles, green), and e) the reference Li,Ti,S, (diamonds, blue).

of the embedding of Li,Ti,S, domain in enhancing the elec-
trochemical activity of the Li TisO;, material. In contrast to
the LigogTi 0gS,—LisTisO1, nanocomposites, the sulfur-doped
Li,TisO;, prepared with thiourea delivers smaller discharge
capacities (=105 mAh g™!) than those of the pristine Li TisO;,,
indicating the detrimental influence of the formation of the
insulating sulfate species on the electrochemical performance
of Li,TisO,,, see Figure S6 (Supporting Information). This
observation underscores the usefulness of the composite for-
mation with conductive metal sulfide in improving the elec-
trode performance of lithium titanate. Among the present
nanocomposites, the SLTO3 material deliveries the largest dis-
charge capacity of =160 mAh g at 1 C rate, which is compa-
rable to the best electrode performance of graphene—Li TisO,
nanocomposite.?>14 The present electrochemical measure-
ment provides strong evidence for the usefulness of metal
sulfide as a conductive additive in increasing the discharge
capacity of electrode material. Although a further increase of
the volume of CS, reactant beyond 0.6 mL induces the addi-
tional formation of the LijosTi; 0gS, phase, it has detrimental
influence on the electrode performance of nanocomposite.
This result is interpreted as a result of the decreased concen-
tration of highly electrochemically active Li TisO;, compo-
nent, see Figure S7 (Supporting Information). The beneficial
effect of the composite formation with Lij¢sTi; 08S, is more

Adv. Funct. Mater. 2015, 25, 4948—4955

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

distinct for higher current density condition, see Figure 4C.
The present experimental findings clearly demonstrate that, in
terms of large discharge capacity and the flatness of operating
potential, the present Lijo¢Ti; 0gS,—LisTisO1, nanocomposites
are very promising as anode material for EV application.

2.8. Electrochemical Impedance Spectroscopy (EIS) Analysis

The evolution of charge-transfer behavior upon the composite
formation with LigoeTi;0sS, is examined with EIS. Figure
4D illustrates the EIS spectra of the LijgsTi10gS,—LisTi501;
nanocomposites and the references of LiyTisO;, and Li,Ti,S,.
Among all the materials under investigation, the reference Li,.
Ti,S, displays the smallest diameter of the circles, confirming
much higher electrical conductivity of this metal sulfide phase
compared with the other metal oxide phases. In comparison
with the pristine Li,TisOq;, all of the present nanocomposites
demonstrate a significant reduction in the diameter of the
semicircle in the high-medium frequency region of the Nyquist
plots, as can be seen clearly from Figure 4E. As the content
of LigogTiyggS, increases, this circle becomes smaller. This
observation strongly suggests the improvement of the charge-
transfer kinetics of the Li,TisO,, electrode upon the composite
formation with highly conductive Lij g5Ti; 03S;-
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The modeling analysis based on the Voigt-type equiva-
lent circuit is carried out to further analyze the evolution of
charge-transfer kinetics upon the composite formation. As
illustrated in Figure 4F, the R||C circuit consisting of C; and
R; represents the migration of Li* ion through the surface film
of multilayer structure, and Cy, Ry, and Z, mean the double-
layer capacitance, charge-transfer resistance, and Waburg
impedance, respectively.’” The slope of Z,. versus w'/? plot
in the Warburg region provides the Warburg coefficient o,
see Figure S8 (Supporting Information).l'l The validity of the
present fitting analysis is evidenced by the small values of y?
function (x* = 0.0024-0.0085). The reference Li,Ti,S, shows
the lowest values of Ry (92.8 Q) and o, (35.7 Q s7'/?), con-
firming its excellent conductivity. The reaction of Li;TisOq,
with CS, leads to the depression of R, and o, indicating the
improvement of the charge-transfer behavior upon the com-
posite formation with metal conductive sulfide. Among the
present nanocomposites, the SLTO3 material with the highest
Liy 96 Ti108S, content displays small values of R (255.7 Q) and
O, (1404.3 Q s712), which are smaller than those of the other
materials (the pristine LiyTisOq;: Ry = 690.3 Q, o, = 3216.0 Q
s71/2; SITO1: R, = 655.3 Q, 0, = 2524.9 Q s7'/2; SITO2: R, =
4432 Q, 0,, = 2340.9 Q s71/?). This result clearly demonstrates
the enhancement of the charge-transfer kinetics via the incor-
poration of conductive LijgsTi; ¢3S, domains. The observed
improvement of charge-transfer kinetics is mainly responsible
for the observed increase of the charge and discharge capacity
upon the coupling with Lij ¢6Ti; 0sS, species.

2.9. Application of the Present Sulfurization Method
for Semiconducting Layered Titanoniobate

The universal applicability of the present method using CS,
as a sulfurization agent is tested for the other semiconducting
metal oxide of CsTi,NbO,. The detailed reaction condition
is the same as that for the SITO2 nanocomposite (0.4 mL of
liquid CS, for 1 g of CsTi,NbO,).l'”] While the reaction with CS,
does not cause any modification in the XRD pattern of layered
CsTi,NbO-, it makes the white color of the pristine material
darker, strongly suggesting the formation of conductive metal
sulfide domain, see Figure S9 (Supporting Information). The
preliminary cyclic voltammetry measurement demonstrates the
increase of the electrochemical activity of layered titanoniobate.
This result confirms the universal applicability of the present
sulfurization route to improve the electrode performance of
semiconducting metal oxides.

3. Conclusion

In present study, a novel synthetic strategy of the in situ for-
mation of conductive metal sulfide domain is developed for
the first time to improve the electrochemical activity of semi-
conducting metal oxide. The LiygsTi; 0sS,~LisTisO;, nano-
composites are synthesized by the reaction of Li,TisO;, with
CS, at elevated temperature. The Lij o611 0gS, domain can be
successfully embedded in the Li,TisO;,. The color change of
the materials and UV-vis spectra upon the reaction with CS,
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clearly demonstrate the metallization of the semiconducting
lithium titanate upon the composite formation with conductive
lithium titanium sulfide. The obtained LijoTi;03S,—LisTisO1;
nanocomposites show very promising electrode performance,
which is superior to the pristine Li,TisO;, phase. This result
underscores the advantage of the composite formation with
conducting metal sulfide in enhancing the electrochemical
activity of semiconducting metal oxide. The improvement of
electrical connection and lithium ion diffusion path between
the two components is obviously verified by the EIS measure-
ment. The resulting enhancement of electronic and lithium
ionic conductivities is mainly responsible for the excellent
electrode performance of the present LigogTi; 03S,—LisTisO1;
nanocomposites. The present experimental findings clearly
demonstrate that the in situ formation of metal sulfide using
CS, is very effective in synthesizing novel nanocomposites
consisting of intimately mixed metal sulfide and metal oxide
domains and also in exploring promising composite elec-
trode materials with good rate characteristics. The universal
applicability of the present method is confirmed from the
improvement of the electrochemical activity of semiconducting
CsTi,NbO; upon the reaction with CS,. The current pro-
ject of our group is the application of the present method for
semiconducting metal oxide-graphene nanocomposites and
nanostructured semiconducting metal oxides to develop high
performance electrode materials for LIBs, supercapacitors, and
other emerging electricity storage devices such as Na ion and
multivalent ion batteries.

4. Experimental Section

Synthesis: The pristine LisTisO;, was prepared by sintering the
stoichiometric mixture of Li,CO3; and TiO, at 850 °C under ambient
atmosphere for 36 h with intermittent grindings. The LigggTi1 0sS2—
LisTisOy, nanocomposites were in situ synthesized by the calcination
of the pristine LiTisO;, in CS, flow at 450 °C for 80 min. The CS,
flow was generated using a bubbler filled with liquid CS; and Ar as a
carrier gas with the flow rate of 6 mL min~'. To probe the effect of the
concentration of metal sulfide on the electrochemical performance
of LisTisO4,, several volumes (0.2, 0.4, 0.6, and 0.8 mL) of liquid CS,
were applied for the pristine LisTisO1, (1 g). The material was loaded in
the quartz tube (total volume of 458 mL) without any use of a crucible.
After the reaction of Li,TisO;, with CS,, the resulting powdery materials
were washed thoroughly with hexane and acetone and subsequently
dried in a convection oven at 50 °C for 12 h. As a reference, the
Li,Ti,S; material was synthesized by the soft-chemical lithiation of TiS,
(1 g) using 1.6 mn-butyl lithium (0.7 mL).’® Additionally the other
sulfur-doped Li,TisO;, was prepared by the calcination of the pristine
LisTisOq, (1 g) mixed with thiourea (2 g) at 400 °C for 2 h, as reported
previously.’3

Characterization: The crystal structures of the present materials
were examined with XRD. The chemical compositions of the present
materials were determined with CHNS elemental analysis. Diffuse
reflectance UV—-vis spectra of the pristine LisTisO1,, the LigggTiq 08S,—
Li,TisOy, nanocomposites, and the reference Li,Ti,S, were obtained
with Sinco S-4100 spectrometer using BaSO, as a reference. The crystal
morphologies of the present materials were examined with FE-SEM
analysis. To determine the surface area of the present materials, N,
adsorption—desorption isotherms were measured volumetrically at 77 K
after degassing of the samples at 150 °C for 3 h under vacuum. Micro-
Raman spectra were recorded with a Horiba Jobin-Yvon Rabram Aramis
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spectrometer. The 514.5 nm line of an Ar ion laser was used as the
excitation source. The crystal shapes and local atomic arrangements
of the present materials were examined with TEM/HR-TEM analysis,
respectively. The elemental distributions of the present nanocomposites
were examined by elemental mapping/STEM-HAADF and energy
dispersive spectroscopy (EDS) analyses. Ti K-edge XANES/EXAFS
analyses were carried out with the EXAFS facility installed at the
beam line 10C at the Pohang Accelerator Laboratory (PAL) in Korea.
XANES experiments were done at room temperature in a transmission
mode using gas-ionization detectors. The energies of the Ti K-edge
spectra were referenced by measuring the spectrum of Ti metal foil
simultaneously. The data analysis for the experimental spectra was
performed by the standard procedure reported previously.'®!l XPS
data were recorded with a PHI 5100 Perkin-EImer spectrometer. The
chemical bonding natures of the present materials were determined with
FT-IR spectroscopy.

Electrochemical Measurement: The electrode functionalities of the
pristine LiyTisO1,, the LigogTiy 0gSo—LisTisOq, nanocomposites, and
the reference Li,Ti,S, were investigated by measuring galvanostatic
charge—discharge cycles. The composite electrode was prepared by
mixing thoroughly the active material (80 wt%) with Super P (10 wt%)
and polyvinylidene fluoride (PVDF) (10 wt%) in N-methyl-2-pyrrolidene
and then by depositing the obtained slurry on copper foil. The active
material deposited on copper foil was dried in vacuum oven at 120
°C for 12 h. The electrochemical cycling tests were carried out with
the cell of Li/1 m LiPFg in ethylene carbonate (EC): diethyl carbonate
(50:50 in vol%) (97 vol%) and fluoroethylene carbonate (FEC) (3 vol%)/
active material, which was assembled in a dry box. All the experiments
were carried out in a galvanostatic mode with Maccor multichannel
galvanostat/potentiostat in the voltage range of 1.0-3.0 V with several
current densities. EIS data were measured using IVIUM impedance
analyzer with the frequency range of 100 kHz to 10 mHz. Sine wave with
amplitude of 10 mV at open circuit potential was applied.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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