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Abstract

Composites of rutile-type TiOand Si were synthesized by a facile sol-gel metfada
high-performance anode of Li-ion battery. We haweestigated anode performance of binder-free
thick-film electrodes prepared by a gas-depositimethod using the TigSi composites obtained.
The composite electrode exhibited a remarkably awpd cyclability and a good high-rate
performance: a discharge capacity at the 900theayels 710 mA h 4, and a specific capacity per
Si weight was as large as 1870 mA Bijgt even at a high current rate of @.8t is suggested that a

fast Li-ion diffusion in TiQ provides smooth insertion/extraction of Li-iondfitom the composite



electrodes. The results offer a utility of rutil@dF as a Li-ion conductor in Si-based electrodes for

the next-generation Li-ion battery.



1. Introduction

Li-ion battery has been utilized in various pbie electronic devices for many years. The battery
has a much higher energy density compared withrotbehargeable batteries so far, but its
performance still lies behind the demands in newlieations for electric vehicles and stationary
batteries. New electrode materials with high speci#pacities are necessary to meet these demands.
Silicon offers a huge theoretical capacity of 358@ h g* by the formation of LiSis phase [1-3],
which is ten times larger than that of graphiteéhie anode of practically used batteries. A prattica
application of Si has been, however, hindered byitecal hurdle based on its crucial disadvantages
as anode material. Silicon has a low diffusion ficeit of Li* in it (Dvi+, 102410712 cn? s [4-6)),
and a low electronic conductivity. In addition tese, Si undergoes a significant volume expansion
up to 280% (difference between original Si angs®ik) upon complete lithiation, which results in
generation of stresses as high as 1-2 GPa [7]larpe stresses lead to a severe mechanical damage
and a rapid capacity fading for Si electrodes. Veroome this problem, many researchers have
investigated various composite electrodes consisiedpure Si and other active materials
compensating for the silicon's disadvantages.

We have recently studied various anode mateahlstermetallic compounds [8,9], Si-based
composites [10-19], and pure Si [20-22]. As a rieslithese studies, we have revealed that the anode
performance is remarkably improved for Si-basedtadeles by certain properties of the materials
combined with Si. The properties required for thegemnials can be mainly classified into four factors
as follows:

1. Mechanical softness to relax the stress from S
2. High electronic conductivity
3. Moderate reactivity with Li

4. High thermodynamic stability



As for the third factor, a too high reactivity @de specific capacity) is unfavorable because the
large capacity often accompanies significant voluofenges of the active material during
Li*-insertion/extraction, which leads to a breakupaaof electrode and its poor cyclability. We
consider that further improvement in the perforneaneeds not only the moderate reactivity but also
fast Li*-diffusion in active material. In this study, weopose a new strategy to enhance the cycling
performance of Si-based electrodes by the fasbiiebonduction.

Rutile-type TiQ has a smaller volume expansion ratio of 16% anthoalerate theoretical
capacity of 336 mA hg. This capacity is a comparable to that of graphitesome polymorphs of
TiOz, rutile-type structure shows a very interesting diffusion: its diffusion coefficient along the
c-direction is approximately 10cn? s?, while it is only 16 cn? st in theab-plane [23,24]. The
diffusion coefficient is extremely higher than that graphite [25], Si [4-6], anatase-type %iO
[26,27], and LiTisO12 [28,29] as shown in Table 1. However, three-dimmra Li* diffusion is
kinetically restricted in micrometer-sized rutileOk because of its highly anisotropic diffusion.
Therefore, we expected that rutile Bi@anoparticles with an enough small size are ortemost
appropriate materials combined with Si. Some reseas have recently studied electrodes of2TiO
obtained by a polyol process [23] and sol-gel mashf80-33]. In this study, we chose a sol-gel
method because this method is very suitable fargetscale production and for a structure control
of products. To evaluate fundamental electrodeti@mas; we employed a gas-deposition method
[9-22] to prepare binder-free electrodes of F&) composites, and investigated anode performance

of the composite electrodes obtained.

2. Experimental
A commercial Si powder (Wako Pure Chemical Indes, 99.9%) was received, and was put in
a zirconia vessel together with 10-mm-diametersbdlhe weight ratio of the balls to the Si powder

was 15:1. The vessel used was sealed to keep as@ttere of dry argon gas. A mechanical milling



was performed using a high-energy planetary ball(f#6, Fritsch) for 10 min with a rotation speed
of 380 rpm at room temperature. The particle sizin® milled Si powder was measured by using a
laser diffraction particle size analyzer (SALD-23@himadzu Co. Ltd.), and was ranged from 0.4
pm to 3um. We confirmed that the most typical size wasL0rb

Active material powders of T#lBi composites were synthesized by the followind-gsd
process: 4 mL of hydrochloric acid (Wako Pure Cleaiindustries, 35—-37% assay) was diluted
with 56 mL of deionized water in a round-bottle ska and then 2 mL of titanium(lV)
tetraisopropoxide (TTIP; Ti(OCH(Chb)a, Wako Pure Chemical Industries, 95%) was dripped i
the solution. After a vigorous stirring for one h@i 55C under 1500 rpm, the mechanically-milled
Si powder was added to the suspension. The stiwasgcontinued for more three hours to promote a
hydrolysis reaction of TTIP on Si particle surfacBhe colloidal suspensions obtained were
centrifuged and washed with deionized water foesetimes. The washed precipitation was dried in
vacuum at 8% for 24 hours to form Tie)Si composite powder as a final product. For conspar a
powder of TiQ alone was also synthesized. The synthetic comditisere based on other reports
[34-36], and have been further optimized by ourlipieary experiments (see supporting
information, Fig.S1 and Fig.S2). All reagents waralytical grade and were used without further
purification in the experiment. The crystal struetwf the powders was confirmed by using X-ray
diffraction (XRD, Ultima IV, Rigaku) to be identdd as rutile-type Ti@structure (Inorganic Crystal
Structure Database, ICSD N0.00-021-1276) as showifig. S1. The morphology of the powders
was observed by a field emission scanning eleatrmmoscope (FE-SEM, JSM-6701F, JEOL Ltd.)
equipped with an energy dispersive X-ray spectqpscdEDS, INCAPentaFET-x3, Oxford
Instruments).

Thick-film electrodes of Ti&)Si composites were prepared by a gas-depositi@) (@thod [9].
We have demonstrated that thick films (a typicatkhess of 1-4um) consisting of various metal,

alloy, and oxide powders can be easily formed tsingle deposition without any binder in this



method [9-22]. In this study, we prepared thickafielectrodes consisting of only Ti@nd/or Si.
The GD was carried out by using a nozzle with OrB m diameter. A current collector of Cu foil
substrate with 2@um in thickness was set at a distance of 10 mm ftemozzle. A helium carrier
gas with a purity of 99.9999% was set under a wifféal pressure of 8.0x31@a. After the chamber
was evacuated to a base pressure of several teanReerosol consisting of the carrier gas and the
active material powder was generated in the guite,tand instantly gushed from the nozzle onto
the Cu substrate. Composite electrodes with twalkiaf weight ratios of Tie)Si (43/57, 66/34
wt.%) were prepared, which was analyzed by meananoénergy dispersive X-ray fluorescence
(XRF) spectrometer (EDX-720 Shimadzu Co. Ltd.). Bocontrol experiment, electrodes of %iO
alone and Si alone were also prepared by usingranescial rutile-type Ti@ powder (Wako Pure
Chemical Industries, 99%) and the milled Si powddre active material weights in the electrodes
were kept within the range of 30-3%y. The deposition areas of the active materialsewer
approximately 0.50 cfn

Electrode performance as Li-ion battery anods &xaluated in beaker-type there-electrode cells.
Working electrodes were the thick-film electrodé& used Li metal sheets (Rare Metallic, 99.90%)
as counter and reference electrodes, and LiCliGsolved in propylene carbonate (PGHEDs,
Kishida Chemical Co., Ltd.) at a concentration of M as the electrolyte. Galvanostatic
charge—discharge tests were carried out using ectrethemical measurement system (HJ-1001
SMB8A, Hokuto Denko Co., Ltd.) at 303 K with potaitranges of 0.005-3.000 V vs. LifL{for
TiO2/Si composite and Si alone) or 1.000-3.000 V vA.iLi(for TiO2 alone). The current densities
were set to be 3.5 A gfor the electrodes of Si and TiSi (43/57 wt.%) with current rates of CO
and 1.€&, respectively. For the composite electrode of A3D(66/34 wt.%), the current density was
set to be 2.7 A, corresponding to a current rate of@.%or the TiQ electrodes, 0.34 A74(1.0C)

was applied.



3. Results and discussion

Figure 1 shows FE-SEM images of active matepavders of TiQ alone. We observed
nanoparticles with 10-50 nm in size for Ri@owder synthesized by a sol-gel method in thidystu
The size is much smaller than that of commerci@kTiowder. Figure 2(a) shows charge—discharge
(Li* insertion—extraction) curves at the initial twockgs for the thick-film electrodes prepared by
using rutile-type TiQ synthesized and commercial one. In the chargeepsas at the first cycles,
the two TiQ electrodes exhibited small potential plateausratiad 2.2 V vs. Li/Li, indicating a
decomposition of the electrolyte. We can recognimee two potential plateaus at 1.4 and 1.2 V vs.
Li/Li *. These plateaus are attributed td-inisertion into rutile TiQ to form LiTiO2, and a partial
phase transformation from TiCGo hexagonal LiTi@ [23,32,33], respectively. In the discharge
processes, a potential shoulder appeared at apmately 1.8 V vs. Li/Li, meaning Li-extraction
from LixTiO2 [23,32,33]. In the charge process after the secyote, the plateau at 1.2 V was not
observed because of the irreversible phase tranatan to LiTi& [23]. The initial Coulombic
efficiencies for the synthesized and commercialzM@re 31% and 24%. It is suggested that the low
efficiencies are attributed to the irreversible gh&ransformation. Figure 2(b) represents depemdenc
of the discharge capacities on cycle number. Tipaaty of the synthesized Ti@lectrode quickly
reduced within the initial ten cycles, but the &lede exhibited a very stable cycling performance
and the discharge capacity of 80-100 mA-hig the subsequent cycles as shown in Fig.2 (¢ Th
capacity is nearly twice larger than that obtaibgdhe electrode of the commercial BiQhe larger
capacity is probably ascribed to a larger spesifidace area of the synthesized Ffgarticles than
the commercial ones. Although the capacity wassndarge, the stable performance for a long cycle
is very favorable as a material combined with Si.

Figure 3 displays an FE-SEM image and the cparding element mapping results of SiFK
and Ti-Ka for the TiQ/Si composite powder synthesized by the sol-gelhotet These results

revealed that the Si surface was uniformly covénediO: nanoparticles with 10-50 nm in diameter.



Because of the small particle sizes, it is expetitatithe fast Li-ion diffusion alongraxis of TiQ is
promoted in the all directions. This probably pd®s smooth Li insertion/extraction of the
composite electrodes.

Figures 4(a) and 4(b) show charge—dischargeesuiw the initial 100 cycles of the TiSi
composite electrodes with weight ratios of 43/57%wvend 66/34 wt.%. For every electrode, we
clearly observed potential plateaus in the chargkdischarge processes at 0.05 V and 0.45 V vs.
Li/Li * at the first cycles. These potential plateausastriouted to the alloying/dealloying reactions
of Li-Si [1-3,19,22]. After the second cycles, ttiearge plateaus inclined and rose to 0.1-0.2 V vs.
Li/Li *, which has been explained as resulting from ambpaplbn of Si at the first cycle and its
single-phase reaction with "Lin the subsequent cycles [3].The electrodes behaeey alike until
the 100th cycle.

Figure 5(a) presents long-term cycling perforosarof the TiQ/Si composite electrodes.
Although the Si electrode showed a very large dapat over 2000 mA h o at the first cycle, a
steep capacity decay was observed by the 100tk.clkE decay is attributed to pulverization and an
electrical isolation of the active materials inddid®y the drastic changes in silicon's volume during
Li*-insertion/extraction. On the other hand, the casitpoelectrodes of TigSi (43/57 wt.%)
exhibited an improved performance: a significafdige capacity of 710 mA hrjwas maintained
even at the 900th cycle. This performance has brerh improved in comparison with that of the Si
electrode showing only 40 mA Irlgat the 900th cycle. Furthermore, it is a notewpttat the
capacity is about two times larger than the thémaktapacity (372 mA h¢) of practical graphite
anode. We consider that the improved performanoebeaachieved by the fast Li-ion diffusion in
TiO2 in the composite electrode. The performance ia #tudy is much better than that of other
composite electrodes of T#Zi [37] and TiQ/SiO [38]. The composite electrodes of #i8i (66/34

wt.%) also provided a good cyclability. Howevere ®00th capacity of 300 mA higvas inferior to



the theoretical capacity because its initial cagacmained at 790 mA hjowing to the smaller
amount of Si contained in the composite.

To elucidate Li-insertion/extraction properti@sSi in the composites, the discharge capacities
were converted to capacities per mass of Si orassemption that Ti©in the composites shows a
constant capacity of 100 mA hTgQ2)~X. Figure 5(b) shows that the TiSi electrodes of 43/57
wt.% and 66/34 wt.% exhibited the initial dischaoggacities per Si of 2500 and 2100 mA &)t
The smaller capacity for the Ti@ich composite electrode indicates that an exeesEiO:; lowers
an electronic conductivity of composite electrodel ghus suppresses alloying/dealloying reactions
of Li—Si. On the other hand, at the 4-7th cyclbs,domposite electrode with 43 wt.% Ei€howed
a maximum capacity of 2770 mA hSiL. This value is as high as 77% of the silicon'sthtcal
capacity (3580 mA h ). The high utilization ratio of the electrode, ewaithout any binder or
electronic conductive additive, proves that the fas-diffusion by rutile TiQ is very important to
enhance a performance of Si-based anode.

Figure 6(a) compares changes in Coulombic efiicies of these electrodes. A significant
decrease in the efficiency was observed for thele®itrode during the initial 30 cycles. In geneaal,
decreased efficiency of Si-based anode is attribtttex cathodic decomposition of electrolyte and/or
pulverization of active material. In this study, wave never observed any obvious potential
shoulder of charge-discharge curves for the Sirlde (see Fig. S4). The decrease indicates that th
active material layer showed a breakup by the pidagon of Si and was electrically isolated. Aéth
first cycle, the composite electrodes with Ti@tios of 43 wt.% and 66 wt.%, respectively, exiith
lower efficiencies of 72% and 56% compared with 8ieslectrode (83%). The efficiencies of the
composite electrodes, however, monotonically rosh \wcreasing cycle number. In particular,
TiO2/Si (43/57 wt.%) electrode maintained improvedaiincy of over 98% from the 60th cycle. In
fact, FE-SEM observations of the electrodes revke#iat many cracks were observed for the Si

electrode surface after charge—discharge cyclesyeas the breakup of active material layer was



relatively suppressed in case of the F®) electrode (Fig. S3). We suggested that
alloying/dealloying reactions occur only near theface of Si electrode because of slow Li-ion

diffusion in Si, thereby causing a stress accuranahear the surface based on silicon's volume
changes. In contrast, fast Li-ion diffusion in Bigresumably enables efficient electrode reactions i

the whole active material layer.

A diffusion depth from the electrode surfacdése discussed by estimating a root-mean-square
displacement of Li diffusion. In case of one-dimensional diffusiohet root-mean-square
displacement can be estimated by the diffusion titrend an equation of

L = (2Dui+ t )2,
In the experiment for the Si electrode, the filsarge process time was 2520 s under the current
density of 3.5 A g (1.0C). By using theD.i+ of 102 cn? s7%, the equation givels = 0.7 um for Si.
If we assume that the Si thick-film has a fully derstructure and a typical thickness @2, Li ions
can diffuse by the depth of about half of the ftlmckness. This estimation suggests that only & par
of Si near the surface is lithiated owing to theeitic restriction of Li diffusion though there are
actually many interspaces in the electrode bectngs&D thick-films consist of cohesive aggregates
of the powder [9,22]. In contrast, when we assumag tandomly oriented rutile TeshowsDLi+ of
106 cn? s, L = 700um can be obtained. This value is three orders gfmitiade larger than that of
Si. We can consequently expect that Li ions cachreshole active material layer in the TSI
composite electrodes. The composite electrode,efibver, could relatively avoid the stress
accumulation near the surface. These results iteditat the existence of TiGs very effective to
exert the high theoretical capacity of Si.

Figure 6(b) represents an improved high-ratéopsiance of the Ti@ISi composite electrode. In
this figure, discharge capacities of the composkiee converted to capacities per mass of Si. The
composite electrode maintained a very large capaibver 1870 mA h ¢§)~! even at a high rate

of 4.8C. It is clearly demonstrated that the smooth Li-tcemsfer in the composite electrode can
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considerably enhance the discharge capacity at-raigh charge—discharge. Consequently, we
revealed that the composite of rutile-type Fi@d Si is a very promising anode material for the
next-generation Li-ion battery with a good highergerformance as well as with a high discharge
capacity. Note that even in the absence of anyebuffaterial or electronic conductive material, the
TiO2/Si composite electrodes perform the improved armmdeerties. It is well known that TiOs
very hard material: the Mohs hardness of 6.0-6.Euiite TiOz is as high as that of 7.0 in Si. In
addition, TiQ has a high electrical resistivity. Nevertheledg binder-free Ti@Si composite
electrode exhibited the improved performance, wiietkes us strongly expect that the performance

can be further improved by using suitable buffetemal and electronic conductive material.

4. Conclusions

We synthesized TifI5i composite powders for Li-ion battery anode Iy $ol-gel method, and
evaluated the electrochemical properties of thektfilm electrodes prepared by GD using the
composites. The Si surface of the composites wésramly covered by rutile Ti@ nanoparticles
with 10-50 nm in size. The remarkably improved perfance was obtained for the composite
electrodes of Ti@ISi (43/57 wt.%): the discharge capacity of 710 m4™* could be achieved even
at the 900th cycle. It is notable result that tiselgarge capacity after such long cycles is abeat t
times larger than the theoretical capacity of trepbite anode. In addition, the electrode showed th
remarkable high-rate performance: the large capa€ibver 1870 mA h ¢f)* was maintained even
at a high rate of 4@ We consider that the fast Li-ion diffusion inil@tTiO2 improves Li-ion

transfer in the composite electrode, resulting sigaificant enhancement of the anode performance.
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Table 1. Electrochemical properties of some candgifor the next-generation anode materials: their

theoretical capacity, volume expansion ratio tdiion, and diffusion coefficient of Li

Theoretical Volume Sy s . 5
. . . - . Diffusion coefficient of Li
Active material capacity expansion ratio Fem@st
/mAh g at lithiation
Graphite 372 10% 10-11 - 10-10 [25]
Si 3580 280% 10-14 - 102 [4-6]
o 10-8 (along c axis) [23,24]
Rutile TiO, 335 16% -
10715 (in a-b plane) [23,24]
Anatase TiO, 335 4% 10-13 - 10-"9 [26,27]
Li, Tis045 175 0.2% 10-15 - 10-11[28,29]
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(a) Synthesized TiO,

(b) Commercial TiO,

Figure 1. FE-SEM images of active material powd#rJi02 alone before GD: (a) Ti#Opowder

synthesized by sol-gel method, (b) commercialzlpGwder.
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(a) Charge—discharge curves
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Figure 2. Electrochemical properties for thick-fitectrodes prepared by using synthesized: TiO
and commercial Ti@as Li-ion battery anode. (a) Charge—dischargenpialeprofiles at initial two
cycles. (b) Charge capacities, discharge capactied Coulombic efficiencies in initial 30 cycles.
Charge capacity of synthesized Tiéx the first cycle was 570 mA hgwhich is not shown in this

figure. (c) Variation in discharge (-extraction) capacity vs. cycle number for 1000leyc
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TR )

(a,) TiO,/Si composite

Figure 3. (@ FE-SEM image of Ti@Si composite powder synthesized by sol-del method.
Elemental mapping results of the corresponding2ZBOcomposite for (@ Si-Ka and (a) Ti-Ka.

(b) Corresponding higher magnification image.
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(a) TiO,/Si (43/57 wt.%) (b) TiO,/Si (66/34 Wt.%)
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Figure 4. Charge—discharge curves of 8D composite electrodes in initial 100 cycles. Wi

ratios of TiQ/Si in electrodes are (a) 43/57 wt.% and (b) 66Y846.
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Figure 5. (a) Long-term cycling performance of 7® composite electrodes. For comparison,
cyclability of Si electrode was also shown in thgufe. (b) Variation in discharge capacities

converted to capacities per mass of Si in2f8Dcomposites.
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(a) Coulombic efficiencies (b) High-rate performance
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Figure 6. (a) Changes in Coulombic efficienciesTéD2/Si composite electrodes. (b) High-rate
charge—discharge performance of 7&) composite electrode and Si electrode at currate
between 1.6 and 4.&. Note that discharge capacities of composite eldet were converted to

capacities per mass of Si.
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Figure captions

Table 1. Electrochemical properties of some candgifor the next-generation anode materials: their

theoretical capacity, volume expansion ratio tdiion, and diffusion coefficient of Li

Figure 1. FE-SEM images of active material powd#rJi02 alone before GD: (a) Ti#Opowder

synthesized by sol-gel method, (b) commercialzlpGwder.

Figure 2. Electrochemical properties for thick-fierectrodes prepared by using synthesized: TiO
and commercial Ti@as Li-ion battery anode. (a) Charge—dischargenpialeprofiles at initial two
cycles. (b) Charge capacities, discharge capactiad Coulombic efficiencies in initial 30 cycles.
Charge capacity of synthesized Ti@X the first cycle was 570 mA hgwhich is not shown in this

figure. (c) Variation in discharge (-extraction) capacity vs. cycle number for 1000legc

Figure 3. (@ FE-SEM image of Ti@Si composite powder synthesized by sol-del method.
Elemental mapping results of the corresponding2ZBOcomposite for (@ Si-Ka and (a) Ti-Ka.

(b) Corresponding higher magnification image.

Figure 4. Charge—discharge curves of 8D composite electrodes in initial 100 cycles. gWei

ratios of TiQ/Si in electrodes are (a) 43/57 wt.% and (b) 66/8%6.
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Figure 5. (a) Long-term cycling performance of 7® composite electrodes. For comparison,
cyclability of Si electrode was also shown in thgufe. (b) Variation in discharge capacities

converted to capacities per mass of Si inzf8Dcomposites.

Figure 6. (a) Changes in Coulombic efficienciesTéD2/Si composite electrodes. (b) High-rate
charge—discharge performance of 7&) composite electrode and Si electrode at currate
between 1.6 and 4.&. Note that discharge capacities of composite kldet were converted to

capacities per mass of Si.
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