
Journal of The Electrochemical
Society

     

High Power Nanocomposite TiS2 Cathodes for All-
Solid-State Lithium Batteries
To cite this article: James E. Trevey et al 2011 J. Electrochem. Soc. 158 A1282

 

View the article online for updates and enhancements.

You may also like
A stable solid-state lithium–oxygen battery
enabled by heterogeneous silicon-based
interface
Zhiqian Yu, Sheng Wang, Ting Zhu et al.

-

Li3InCl6-Coated High-Voltage Cathodes
for Thiophosphate-Based Solid-State Li
Batteries
Feng Jin, Laras Fadillah, Mir Mehraj Ud
Din et al.

-

High-Temperature Performance of All-
Solid-State Lithium-Metal Batteries Having
Li/Li3PS4 Interfaces Modified with Au Thin
Films
Atsutaka Kato, Motoshi Suyama, Chie
Hotehama et al.

-

This content was downloaded from IP address 18.220.1.239 on 01/05/2024 at 09:02

https://doi.org/10.1149/2.017112jes
https://iopscience.iop.org/article/10.1088/1361-6528/acb3cd
https://iopscience.iop.org/article/10.1088/1361-6528/acb3cd
https://iopscience.iop.org/article/10.1088/1361-6528/acb3cd
https://iopscience.iop.org/article/10.1149/MA2023-022286mtgabs
https://iopscience.iop.org/article/10.1149/MA2023-022286mtgabs
https://iopscience.iop.org/article/10.1149/MA2023-022286mtgabs
https://iopscience.iop.org/article/10.1149/MA2023-022286mtgabs
https://iopscience.iop.org/article/10.1149/MA2023-022286mtgabs
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://iopscience.iop.org/article/10.1149/2.1451809jes
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstesj9AylJRb0e69nuEONj6WFPHFL_DKzeViLV8V9beFrx73G6IcqD-0cDHHH2J5iwWRgt9FsNfgOIC5ACvMnN8K3OrhjPlg1R7OZswjaJjX9IaJL4o_n7F0LtLsE1iNgXcMYDA7Vc5Epa-Oi1r2BG89ySGVtT2uw1K29dRtSC6_R9B8DqprAmKo6GUazzPS91GxkuXERfu8TxF80ARZNcvrpNxuc1yHF7nXxwHL9w8QrWCwXCQ3Rq6bdtoLNHlpuBiNeqlMQibaFg0VXdEY7afw88npDXhyU8lAmZ6_YOad3W4I2fyYvbXtq0eeDlC-FtOr35kYX31Nolx_4OdfXC6rw50Gg&sig=Cg0ArKJSzOrkFdmI1ais&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.el-cell.com/products/pat-battery-tester/pat-tester-i-16/%3Fmtm_campaign%3Diop%2520pdf%2520advert%26mtm_kwd%3Dpat-tester-i-16%26mtm_source%3Dpdf%26mtm_cid%3D2024


A1282 Journal of The Electrochemical Society, 158 (12) A1282-A1289 (2011)
0013-4651/2011/158(12)/A1282/8/$28.00 © The Electrochemical Society

High Power Nanocomposite TiS2 Cathodes for All-Solid-State
Lithium Batteries
James E. Trevey, Conrad R. Stoldt,∗ and Se-Hee Lee∗,z

Department of Mechanical Engineering, University of Colorado-Boulder, Boulder, Colorado 80309, USA

To deploy solid-state Li batteries in next-generation vehicles, it is essential to develop electrodes with durability, high energy and high
power. Here we report on nanostructured composite cathode materials that enable solid-state Li batteries to cycle with durable high
energy and high rate performance. Particle size of TiS2 is reduced by planetary ball-milling to enhance performance of nanocomposite
cathodes in solid-state Li batteries. The better utilization of active material and fast kinetics resulting from the size reduction of
TiS2 allow for highly reversible capacity in both room temperature and elevated temperature batteries. High power all-solid-state
batteries have been constructed with nano-sized TiS2 and demonstrated high power density over 1000 W kg−1 for over 50 cycles,
with a maximum power density of ∼ 1400 W kg−1. Galvanostatic intermittent titration technique and electrochemical impedance
spectroscopy are employed in order to explain the extremely high rate capability of nanostructured TiS2 nanocomposite.
© 2011 The Electrochemical Society. [DOI: 10.1149/2.017112jes] All rights reserved.
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Lithium-ion batteries have the highest energy density of all
commercialized rechargeable batteries.1–3 In order to employ
Li-ion batteries (LIBs) in next generation electric vehicles (HEVs and
PHEVs), LIBs must satisfy many requirements: electrodes with long
lifetimes, stability over a wide temperature range, high energy density,
and high rate capability.4–8 However, large scale utilization of lithium-
ion battery technology has been limited due to safety issues associated
with liquid electrolytes and the low specific capacity of typical positive
electrode materials such as LiCoO2 (∼140 mAh g−1).3,9, 10

Liquid-containing rechargeable lithium-ion batteries have exhib-
ited major safety issues in the past owing to the hazardous and
flammable nature of commercialized liquid electrolytes.11–13 Further-
more, liquid electrolyte decomposition with the electrode material has
been shown to significantly decrease battery performance.14,15 Use of
a nonflammable solid electrolyte in lithium-ion batteries offers the
possibility of avoiding the safety issues associated with conventional
lithium-ion batteries containing combustible liquid electrolytes.16–18

Simply, construction of an all-solid-state rechargeable lithium bat-
tery using solid electrolyte inherently resolves a large majority of the
safety issues associated with lithium battery technology.19 Unfortu-
nately, all-solid-state lithium batteries typically exhibit lower power
density, which is attributed to the solid electrolyte, in regard to the
low ionic conductivity, and the positive electrode, in regard to large
interfacial resistances, poor kinetics, and undesired reactions with the
solid electrolyte.18,20–23

Despite its high cost and limited capacity, lithium cobalt oxide
(LiCoO2) is widely accepted as a positive electrode material for
rechargeable lithium-ion batteries due to its high energy/power den-
sity capabilities.24 Its capacity for highly reversible intercalation of
lithium as well as long cycle life have proven LiCoO2 highly suited for
use in liquid-based rechargeable lithium-ion batteries.25,26 However,
implementation of LiCoO2 into all-solid-state batteries has resulted in
high interfacial resistances between the electrode and electrolyte as a
result of incompatibility of LiCoO2 with solid electrolytes relating to
the high oxidation potential of the oxide-based electrode materials.20

This large interfacial resistance not only leads to poor reversibility
and cycle life, but prevents all-solid-state rechargeable lithium-ion
batteries from performing at high rates.27,28 Characteristically, a more
effective cathode material for solid state integration would have an
oxidation potential close to that of the electrolyte in order to prevent
the formation of a highly resistive interface. Other popular positive
electrode materials such as LiMn2O4 and LiNiCoO2 have been ex-
plored in solid state but typically lead to similar behavior to that of
LiCoO2 with low reversible capacity, low power, and rapid capacity
fade.11,29
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Titanium disulfide (TiS2) is a well-known electrode material that
exhibits high energy density and high power in lithium batteries.15,30

Since its inception as a prospective intercalation compound in the
1970’s, its physical and electrochemical properties have been studied
extensively.31 At the time, TiS2 was considered the most promising
electrode material because it possesses exceedingly high conductivity
and lithium diffusion rates, as well as being the lightest and cheapest
of all group IVB and VB layered dichalcogenides.32 Whittingham
et. al. performed considerable research onTiS2 as an electrodematerial
for lithium batteries and revealed it to be a very stable and high
capacity electrode material that exhibits long cycle life.33 However,
while TiS2 performed exceptionally well as a cathode material, it
required a lithiumbattery construction that was not viable due to safety
problems with Li dendrite formation in liquid electrolytes.9 TiS2 was
later shown to be compatible in a thin-film solid state construction but
was never fully explored in an all-solid-state bulk-type construction.
The introduction of layered oxides by Goodenough et al., lithium-ion
“rocking chair” batteries by Murphy et al. and Scrosati et al., and
development of the first lithium-ion batteries by Sony in the 1990’s
deterred further exploration of TiS2 lithium batteries.9

In this work we demonstrate TiS2 as a suitable cathode material for
construction of all-solid-state lithium batteries. The fast kinetic and
conductive properties, as well as moderate electrode potential, enable
its successful use in solid state batteries. As proposed byWhittingham
et al., we demonstrate that no conductive additive is required in con-
structing the composite cathode, as the electronic conductivity of TiS2
is sufficiently high for fast electron transport through the composite
electrode to the current collector.25,30 We reduce particle size of TiS2
as a way to effectively increase utilization of active materials and
improve the power density.8

Results and Discussion

Nanostructured Materials Characterization.— In recent years,
high energy ball milling has been has been shown to be a very ef-
fective means of particle size reduction.34 In addition, it is a room
temperature process that is relatively fast and low cost.35 The high en-
ergy attrition process involves grinding between two surfaces, the ball
and the inner surface of containing jar, that results in particle break-
age. It has been shown that smaller ball size will maintain a smaller
contact area for grinding and result in reduced particle size.34 In this
respect, we used different size balls during ball milling to achieve a
range of sizes for materials.
Field emission scanning electron microscope (FESEM) images of

the various sizes of TiS2 materials are shown in Figure 1. As-received
TiS2 with no ball-milling modification has been classified in this
work as non-ball-milled TiS2 (NBM) for simplicity. NBM exhibits
a very large particle size distribution and an average particle size of
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Figure 1. FESEMmicrographs of (a) NBM, (b) LBM, and (c) SBM particles, showing a reduction in particle size of two orders of magnitude from NBM to SBM.
(d) BET isotherms for NBM, LBM, and SBM showing significant increase in adsorption for size reduced materials.

approximately 10 μm. The layered structure of TiS2 is very obvious
among the NBM plate-like particles, of which layers we found to be
approximately 100 nm thick through further imaging. We fabricated
two sizes of ball-milled material using different size balls, large and
small. The material produced with the large balls is referred to as
large-ball-milled TiS2 (LBM) and the material produced with smaller
balls is referred to as small-ball-milled TiS2 (SBM). The FESEM
imaging reveals that LBM has an average particle size near 1 μm, and
the SBM to have a particle size of approximately 100 nm. However
agglomeration of the SBM is observed as a result of the high surface
energy of nanoparticles. We were able to successfully reduce the
particle size of TiS2 by two orders of magnitude to an average size of
100 nm by ball milling.
In order to confirm particle size and distribution of our materials

we measured the specific surface area using Brunauer-Emmett-Teller
(BET) adsorption. Figure 1d shows the isotherms collected for all
three sizes of materials. The BET method involves the determination
of the amount of the adsorbate or adsorptive gas required to cover
the external and the accessible internal pore surfaces of a solid with
a complete monolayer of adsorbate. This monolayer capacity can be
calculated from the adsorption isotherm. For NBM we obtain a spe-
cific surface area of 5.63 m2 g−1 and for the LBM and SBM, 36.44
and 107.12 m2 g−1 respectively. These values confirm that we are
effectively increasing the surface area of particles by reducing their
size. A non-linear trend of increasing specific surface area is observed
for particles due to the change in overall shape of particles with size
reduction, as shown in Figure 1. As we reduce the particle size to the
nanoscale, we see more cylinder-like than plate-like particles. Broad
size distribution, agglomeration, and changing particle geometry at-
tribute to inconsistencies between the FESEM estimated particle sizes

and corresponding BET specific surface area, however there is good
agreement in the overall trend between the two sets of data.
While ball milling is a proven technique for reducing particle size

of materials, the process is also capable of changing the structure of
materials.36 To verify we have not changed the local structure of TiS2
in reducing particle size, we show the Raman spectra for all three
materials in Figure 2a. We see no significant changes in structure as
the characteristic frequencies for all materials are consistent. Raman
spectra of our TiS2 show strong scattering at 334 cm−1 with a shoul-
der at 380 cm−1 and a very shallow scattering peak in the region
of 227 cm−1, which agrees well with previous literature.37–39 To fur-
ther verify the structure of our size reduced materials, we show x-ray
diffraction (XRD) patterns for all materials in Figure 2b. Collected
data is consistent with HCP 1T-TiS2 powder reported in the previous
literature.40–42 The NBM exhibits all of the signature peaks of TiS2
with good relative intensity while the LBM and SBM resulted in in-
tensity reduction and/or complete vanishing of the (00l) planes (basal
plane) peaks. This result is consistent with the FESEM micrographs
in Figure 1 through observation of the plate-like structure of NBM
and the more cylinder-like particles of LBM and SBM. Because we
have eliminated the very long range order of the micrometer-sized
layered particles we observe a marked decrease of intensity for re-
spective peaks. We also observe the overall reduction of peak inten-
sity as a result of reduced grain size and/or reduced crystallinity.43

Raman spectroscopy and XRD measurements confirm that TiS2 pow-
der maintains structural stability as particle size is reduced by high
energy ball-milling.

Electrochemical Measurements and Analyses.— In order to exam-
ine the capabilities of the composites when used as cathode materials
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Figure 2. (a) Raman spectra for NBM, LBM, and SBM show no significant
change in microstructure as particle size decreases. (b) X-ray diffraction pat-
terns for all three TiS2 materials revealing no significant structural changes
related to ball milling of TiS2 to reduce particle size. Basal plane indexes fade
as particle size is reduced and the structure of TiS2 is changed from plate-like
to cylinder-like.

for rechargeable batteries, composite/solid-electrolyte/lithium cells
were fabricated and characterized. Initial efforts focused on deter-
mination of an ideal cathode composite construction regarding the
ratio of active material to solid electrolyte. Based upon observation
of highest obtainable capacity, cycle life, and coulombic efficiency at
relatively low rates and at room temperature, we determined an ideal
ratio of 1:2 of active material and solid electrolyte respectively, for
constructing our composite cathodes. Incorporation of a conductive
additive (acetylene black) at the various tested composite composi-
tions showed insignificant changes regarding capacity, cycle life, and
efficiency and confirmed best results using a ratio of 1:2 for active
material and solid electrolyte respectively.
After determination of ideal composite construction, battery char-

acterization was focused on achieving high power density from our
cathode. Figure 3a shows the rate performance of NBM at room tem-
perature with and without a conductive additive. We see a comparison
of the typical discharge profiles for both samples showing little dif-
ference in performance at low rates. This result indicates that no
conductive additive is necessary for use with a TiS2 based electrode
due to its mixed conducting properties. In particular electronically
conducting properties are high enough to sustain fast electron trans-

port through the composite to the current collector.25,30 Furthermore,
we find that at high rate, incorporation of a conductive additive into
the composite cathode actually decreases performance significantly.
When cycled at a rate of 5 C, a 23% decrease in achievable capacity
has been observed for batteries with an addition of only ∼3% acety-
lene black. Further addition of acetylene black showed a continued
trend of decreasing cell performance. Testing with ball-milled materi-
als as well as testing at elevated temperatures yielded similar results,
with an overall observation of decreased performance with the addi-
tion of conductive additive to composite cathodes at high rates. This
drop in high rate performance is attributed to the conductive additive
blocking of ion conduction from the active material TiS2 particles.
As we depict in Figure 3b the acetylene black is essentially acting
as an ionically insulating layer around the active material particles,
effectively limiting the capacity at high rates. At low rates, this barrier
effect is not observed because the transport capabilities of TiS2 are
beyond what is required for the applied current. TiS2 maintains a high
electrical conductivity in solid state composite cathodes and is suf-
ficient enough for electron transport without the use of a conductive
additive.
In order to examine the practical power density capabilities of the

composites when used as cathode materials for rechargeable batter-
ies, the composite/solid-electrolyte/lithium cells were discharged at
various current rates ranging from .2 C up to 10 C with a charging
rate of 0.5 C. Figure 4a shows the voltage discharge profiles from
electrochemical testing of all three sizes of material at room tempera-
ture with increasing rates. We observe significantly better results from
ball-milled materials over the NBM material, with only slight vari-
ation in performance between the ball-milled samples. We attribute
the increased capacity of ball-milled materials at high rates to the
reduced particle size of TiS2. Smaller particles have shorter lithium
diffusion paths and better kinetic properties that allow for better uti-
lization of active materials.44,45 We observe only slight variation of
performance between the ball-milled samples which is attributed to
the limited ionic conductivity of the solid electrolyte at room temper-
ature. Due to a relatively low bulk conductivity of the solid electrolyte
at room temperature, observation of the kinetic benefit associated with
reduced particle size is difficult to recognize. As the conductivity of
the electrolyte is limiting at room temperature, we tested batteries at
60◦C under the same conditions as the room temperature cells, which
is reported in Figure 4b. At elevated temperature, the ionic conduc-
tivity of the solid electrolyte is no longer limiting and we can clearly
observe a difference in kinetic behavior with changing material size.
One obvious effect is the high rate capability at elevated temperature.
For room temperature samples we observe an appreciable capacity up
to only 6 C, whereas at elevated temperature we successfully cycle at
10 C. We observe a marked enhancement of high rate performance
from cells at elevated temperature, especially for the SBM material.
The SBM material exhibits a discharge capacity of 180 mAh g−1 at
10 C when cycling at elevated temperature. It shows no loss in ca-
pacity ranging from 0.2 C up to 2 C, maintaining almost theoretical
capacity for TiS2 at 239 mAh g−1. Increasing the applied current from
0.2 C up to 10 C for all materials at elevated temperature we see a 92%
decrease in capacity for NBM composites and 86% decrease for LBM
composites, but observe only a 25% decrease in achievable capacity
for SBM materials. We attribute this excellent capacity retention to
the reduced size of particles. The size reduced particles allow for im-
proved Li ion kinetics resulting in a more effective utilization of active
material.
A synopsis of the power capabilities of the different materials at

both room and elevated temperature is shown in Figure 5. The Ragone
plot shows the relationship between the energy density and the average
power density of cells cycled at various current densities. We see that
high temperature samples show an excellent improvement in power
over room temperature samples, with SBM material exhibiting over
1000 W kg−1 at 10 C. In comparison to current state-of-the-art (SOA)
power density of liquid cells, we see that the power density of our SBM
material at 60◦ C is beyond the current state-of-the-art capabilities.20

Typical commercial liquid batteries employing LiCoO2 are not safe
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Figure 3. (a) Effect of conducting additive (AB) on the electrochemical rate capability of TiS2 composite electrodes. The horizontal axis indicates the specific
capacity that was calculated on the basis of the weight of the active material. (b) Mechanistic diagram of slowed ion conduction as a result of conductive additive
blocking. Fast electron conduction is maintained through the AB but mass transfer is restricted as a result of poor ion conducting properties.

for operation at elevated temperature due to potential overcharge and
heightened probability of a thermal reaction.
We used the galvanostatic intermittent titration technique (GITT)

as a means of evaluating the increased effective surface area within
composite electrodes resulting from reduced particle size. This tech-
nique as described by Weppner and Huggins combines both transient
and steady-state measurements to obtain kinetic properties of solid
mixed-conducting electrodes.46 Generally, the physical quantities of a
material and electrochemical measurements can be used to calculate
the chemical diffusion coefficient of a material. However, calcula-
tion of the diffusion coefficient requires knowledge of the effective
surface area of your electrode material, which is a considerably diffi-
cult value to measure for a composite mixture. Assuming a constant
chemical diffusion coefficient in the range of x = 0.50 in LixTiS2 for
our structurally consistent materials we compute the effective surface
area of our electrodes to show increased surface area for size reduced
TiS2 electrodes, thereby confirming enhanced kinetic properties cor-
responding to smaller particles.47 The equation for the calculating the
surface area S (cm2) was derived by Weppner and Huggins:

DLi =
(

VM
/

SF

)2
×

[
I ◦

(
δE/

δx

/
δE/

δt
1/2

)]2
at t � τ [1]

where DLi is the chemical diffusion coefficient (1 × 10−9 cm2 s−1),31

VM is the molar volume (36.11 cm3 mol−1), S is the effective con-
tact area between electrolyte and active material, F is the Faraday
constant (96486 C mol−1), I◦ is the applied constant electric current
(4.0 × 10−4 A), δE/δx is the slope of the coulometric titration curve,

and δE/δt1/2 is the slope of the short time transient voltage change for
a material.
The coulometric titration (CT) curves for both room temperature

and elevated temperature samples can be seen in Figure 6a, which
represent the evolution of the equilibrium potential vs. x in LixTiS2.
Cells were discharged at a rate of C/2 and allowed to rest for 2 hours
before recording the open circuit potential. Assuming the complete
reaction:

x Li + T i S2 → Lix T i S2 [2]

we observe the slopes for all samples at Li0.5TiS2 are similar.33 The
point Li0.5TiS2 is used for calculation because the voltage is rela-
tively constant over a large concentration of x, whereas at Li1.0TiS2
the voltage changes dramatically and is therefore not a suitable point
for estimation. An increasing voltage for Li1.0TiS2 at elevated tem-
perature for the different materials indicates the better utilization of
active material. As the size of particles is reduced, the relaxation time
and potential difference between dynamic and equilibrium curves
decreases, which agrees with the reduced time constant of particles
exhibiting shorter diffusion paths. Figure 6b shows the transient volt-
age slopes for all samples collected from the galvanostatic pulse as a
function of the square root of the time for Li0.5TiS2. No difference is
observed for room temperature samples; however a large difference
in slope for the elevated temperature samples is apparent. As pre-
viously discussed, the effects of relatively low ionic conductivity of
solid electrolyte dominate kinetics at room temperature invalidating
the equation developed byWeppner andHuggins. At high temperature
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Figure 4. Electrochemical rate testing of all three materials at (a) room temperature and (b) elevated temperature showing superior rate performance of SBM. The
notation (-RT) indicates samples tested at approximately room temperature 25◦C, while the notation (-HT) denotes samples tested at high (elevated) temperature
tested at approximately 60◦C. Room temperature rate testing succeeded at current densities up to 6 C while the rate testing of elevated temperature samples
succeeded at current densities up to 10 C.

however, we observe a very significant change in slope, verifying a
trend of faster kinetics of the size reduced materials. Using the slope
of the transient-voltage GITT curves and the slope of the equilibrium-
voltage CT curves in Table I we calculate the active surface area of
the composite electrodes. The effective surface area of LBM is 152%

Table I. Electrode surface area for elevated temperatures.

NBM LBM SBM

CT Slope (−V δx−1) 7.71×10−1 7.65×10−1 7.47×10−1
GITT Slope (−V s−1/2) 2.66×10−1 1.70×10−1 1.07×10−1
Surface Area (cm2) 1.78 2.71 5.31

higher than the area of NBM while the increase in area from NBM to
SBM is an astonishing 298%.We have confirmed an increased contact
surface area up to 300% for the size reduced materials and shown that
relatively low bulk solid electrolyte conductivity at room temperature
prevents the accurate measurement of kinetic benefits resulting from
size reduction.
As stated, solid electrolyte effects dominate at room tempera-

ture which prevents measurement of kinetic properties, invalidating
the equation proposed by Weppner and Huggins for calculation of
the chemical diffusion coefficient. Using electrochemical impedance
spectroscopy (EIS) we show that only resistance for the bulk solid
electrolyte layer is obtainable at room temperature in Figure 7.
No appreciable difference for decreasing interfacial resistance with
smaller active material particles is observed as a result of the large
solid electrolyte resistance effects at room temperature. At elevated
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Figure 5. Ragone plot summarizing the power/energy density
of TiS2 materials vs. the state-of-the-art Li-ion technology. The
plots for the present battery are based on weight of cathode
composite only and derived from the discharge curves in Figure
4. The shaded area indicates the energy and power densities of
commercialized lithium-ion batteries reported in literature.14

Figure 6. (a) Quasi-equilibrium potential vs. Li in LixTiS2 as a function
of stoichiometry x for both room temperature (RT) and elevated tempera-
ture (HT) samples. While potentials vary for different materials and temper-
atures, very similar slopes are observed for all samples in the region of x
= 0.50. (b) Representation of the transient voltage of the GITT pulse as a
function of square root of time for Li0.5TiS2 for all room temperature and
elevated temperature samples. A significant change in slope is observed for el-
evated temperature sampleswhile no change is observed for room temperatures
samples.

temperature however, we see a clear distinction between the interfa-
cial resistances for the various sizes of materials with a 250% increase
in ionic conductivity from 1× 10−3 S cm−1 to 2.5× 10−3 S cm−1 for
room to elevated temperature respectively. While extrapolation of the
actual interfacial resistance cannot be made, it is clear from the mag-
nitude of resistance corresponding to the various sizes of materials in
Figure 7 that a significantly lower interfacial resistance exists.
In order to show the high rate cycle life of TiS2 in solid state

we cycled the composite/solid-electrolyte/lithium batteries with a dis-
charge rate of 2 C and a charge rate of 0.5 C. The first cycle of cells
was discharged and charged at a rate of 0.2 C. Figure 8a and 8b show
the room temperature and elevated temperature high rate cycle life
for all three sizes of materials respectively. We observe an average
reversible capacity over 90% of the initial capacity after 50 cycles
for all samples. There is an approximate 20% increase in capacity
for ball-milled materials at room temperature, with an additional 15%

Figure 7. Electrochemical impedance spectroscopy measurements for both
room temperature and high temperature batteries at Li0.50TiS2. Room temper-
ature testing exhibits no change in kinetics as a result of increased surface
area, whereas high temperature testing reveals the enhanced interfacial ki-
netics. The bulk conductivity for all samples is the same while we see a
marked difference in interfacial resistance between the NBM, LBM, and SBM
samples.



A1288 Journal of The Electrochemical Society, 158 (12) A1282-A1289 (2011)

Figure 8. Reversible capacity increases for reduced particle size for both (a)
room temperature and (b) elevated temperature cycling at 2 C-rate, and (c)
SBM at 10 C-rate showing that the size reduced TiS2 composite is capable of
maintaining a high power density over 1000 W kg−1 for over 50 cycles.

increase in reversible capacity for the relative elevated temperature
samples. The increase in capacity at room temperature is a result of
smaller size and better utilization of materials. The increase in capac-
ity for samples at high temperature is a result of increased surface area
and utilization, as well as improved kinetics that result in a higher re-
versible capacity. The SBMmaterial exhibits a theoretical capacity of
239 mAh g−1 assuming a complete reaction TiS2 + 1Li→ Li1TiS2. In
general, testing at elevated temperatures results in more pronounced
undesired side reactions between the electrode material and the solid
electrolyte. In the case of TiS2 however, we observe negligible degra-

dation for material tested at elevated temperature vs. testing at room
temperature. This speaks highly to the stability of TiS2 in a solid
state configuration with a sulfide electrolyte as this suggests no in-
creased reactions in the electrode as a result of an elevated temperature
environment.
With the intention of demonstrating TiS2 as a long lasting and high

power electrode material for solid state batteries that can outperform
current state-of-the-art batteries, we applied a rigorous testing proce-
dure with a discharge rate of 10 C to observe cycle life at extremely
high rate. Again, using a first cycle discharge/charge rate of 0.2 C
and a continued cycling charge rate of 0.5 C we observe the cycle
life of the best performing material, SBM TiS2. Figure 8c shows the
cycling behavior of the SBM cell cycled at elevated temperature. We
see an initial capacity of the 2nd cycle at 208 mAh g−1 and maintain a
capacity over 150 mAh g−1 for 50 cycles. This translates to an initial
power density of almost 1400 W kg−1 and a maintained power den-
sity over 1000 W kg−1 for 50 cycles. This high rate cycling result is
noteworthy because typically high rate cycling in solid-state results in
fast capacity fade and low overall capacity. We see a high first cycle
efficiency over 97% and continued cycling at almost unity. We do
observe some minor capacity losses as a result of extremely high rate
cycling.We achieved amaximum power density of the composite over
1400W kg−1 and maintained over 1000W kg−1 for 50 cycles at a rate
of 10 C.

Conclusions

Durable and extremely high power rechargeable all-solid-state Li
batteries are constructed using TiS2 nanocomposites. Particle size of
TiS2 is reduced by high energy ball-milling and enhanced performance
of nanocomposite cathodes in solid-state Li batteries is observed. The
better utilization of active material and fast kinetics resulting from the
size reduction of TiS2 allows for highly reversible capacity in both
room temperature and elevated temperature environments. Nanocom-
posite electrodes with better overall kinetics can be constructed with-
out a conductive additive as the use of acetylene black is shown to
degrade performance at high rate. Average capacity fade for all cells
is less than 10% over 50 cycles while excellent reversible capacity for
room temperature batteries and near theoretical capacity for elevated
temperature batteries was observed. High power all-solid-state bat-
teries were constructed with nano-sized TiS2 and demonstrated high
power density over 1000 W kg−1 for over 50 cycles, with a maximum
power density of almost 1400 W kg−1.
The drawback to using TiS2 as an electrode material is the rel-

atively low voltage compared to conventional lithium-ion batteries.
However, with further optimization of electrode composites and man-
ufacturingmethods, these batteries could find potential for automotive
applications in elevated temperature environments. Further develop-
ments with TiS2 electrodes should focus on increasing the energy
density.

Experimental

Preparation of the TiS2 active materials.— TiS2 (Sigma-Aldrich,
99.9%) was ball milled in a 100 mL agate vial (Across International)
at a net weight of 500 mg. Large-ball-milled (LBM) material was
prepared using 10 agate balls (10 mm diameter) and small-ball-milled
(SBM) material with 50 agate balls (6 mm diameter) for grinding.
Ball milling (Across International PQ-N4) took place for 2 continuous
hours for LBM material and 5 continuous hours for SBM material in
an Argon environment before the material was recovered and used
without further modification.

Preparation of the Solid-State Electrolyte TiS2 Composite Cell.—
77.5Li2S-22.5P2S5 (mol%) electrolyte prepared by planetary ball
milling in a ratio of was used as the solid-electrolyte (SE).35 Milling
resulted in amorphous electrolytes with room temperature and el-
evated temperature conductivity of 9.3 × 10−4 S cm−1 and 2.5
× 10−3 S cm−1 respectively. Composite electrodes were prepared
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by mixing our ball milled and non-ball-milled TiS2 powders with SE
in a mortar at a ratio of 1:2 respectively. For composites including
acetylene black (AB) (Alfa-Aesar, 50% compressed) as a conductive
additive, a ratio of 10:20:1 was used for the TiS2, solid electrolyte,
and acetylene black respectively. Battery pellets are formed by cold-
pressing (5 metric tons) 10 mg of the composite cathode material on
top of 200 mg of SE for 5 min. Li foil (Alfa-Aesar, 0.75 mm thick) is
then attached to the SE surface at 2 metric tons. All pressing and test-
ing operations are carried out in a polyaryletheretherketone (PEEK)
mold (φ = 1.3 cm) with Ti metal rods as current collectors for both
working and counter electrodes. All processes were carried out in an
Ar-filled glove box.

Cell Testing.— Galvanostatic constant-current-constant-voltage
(CCCV) charge-discharge cycling took place between 1.5 and
3.0 V at room temperature (25◦C) and high temperature (60◦C) using
an Arbin BT2000 with a one hour voltage hold at 3.0 V after constant
current charging. The Galvanostatic Intermittent Titration Technique
(GITT) used 0.5C discharging for both discharge of the cell, and pulse
measurement. Rest time for GITT testing was 2 hours, and the pulse
time was 30 seconds, with a 30 second rest after the pulse before
resuming discharge. Ball milled powder samples were characterized
by XRD Cu-Kα radiation (Scintag XGEN-4000) measurement and
Raman spectroscopy (Jasco NRS-3100).
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