-

View metadata, citation and similar papers at core.ac.uk brought to you byj: CORE

provided by Tottori University Research Result Repository

Influence of mechanical grinding on lithium inserti
and extraction properties of iron silicide/silicon
composites

Hiroyuki Usutt?, Kazuma Noun@, Yuya Takemot@, Kengo Nakada Akira Ishif,
Hiroki SakagucHi?*

!Department of Chemistry and Biotechnology, Grad&atieool of Engineering, Tottori University,
4-101 Minami, Koyama-cho, Tottori 680-8552, Japan

2Center for Research on Green Sustainable Chemiitigri University, 4-101 Minami, Koyama-cho,
Tottori 680-8552, Japan

3Department of Applied Mathematics and Physics,drotiniversity, 4-101 Minami, Koyama-cho,
Tottori 680-8552, Japan

*Corresponding author. Tel./Fax: +81-857-31-526%al: sakaguch@chem.tottori-u.ac.jp

Keywords: FeSy/Si composite; Ferrosilicon; Li-ion battery anot#echanical grinding; Gas-deposition

Abstract

We prepared composite electrodes of iron siitSd by using mechanical grinding for mixtures of
ferrosilicon and Si followed by gas-deposition, aingestigated their electrochemical properties as
Li-ion battery anode. With increasing the mechadniganding time, the phase transformation from FeSi
to FeSt took place more significantly, and the composleeteode showed better cycle stabilities. There
was no remarkable difference in mechanical properéind electronic conductivity between FeSi and
FeSk. On the other hand, the Fe®ihibited about three times larger capacitiesoimgarison with the
FeSi electrode. In addition, a result of our fpahciple calculation indicates that Li ion canfdge more
easily in FeSi lattice than in FeSi lattice. It is suggested ttegt better cyclability of the composite

electrodes was attributed to the moderate reacwfiEeSi with Li and the smooth Li-ion diffusion in it.
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1. Introduction

Li-ion battery has been extensively studiedhiese days not only for portable electronic devings
also for electric vehicles. In particular, muchgiar energy density is required for the electriciclels.
Based on this requirement, Si has attracted muieimtain as a high-capacity anode material in the
next-generation Li-ion battery. It can accommodai#b Li ions per Si atom at room temperature [1-5].
This accommodation leads to a theoretical capatigbout 3580 mA h g, which is approximately ten
times higher than the theoretical capacity of @lgite anode in practical use. On the other hantaSi
critical disadvantages of a low electronic conduittj a slow kinetics of Li-ion diffusion, and sigicant
volume changes during Li-insertion and Li-extracti®he volume changes are a very serious problem as
anode material because those cause a huge medhetréss and a loss of electrical contact between
active material and current collector. The elearpdrformance, consequently, drastically degradés w
increasing charge-discharge cycles. Many reseacharve studied various composite electrodes
consisted of elemental Si and other active magedampensating for the silicon's disadvantages.

Since about 2003, the authors have intensivelgstigated various anode materials of intermetalli
compounds [6-9], Si-based composites [10-20], dechental Si [21-23]. As a part of these resultbas
been revealed that silicon's high capacity canffectevely exerted for a long term charge—discharge
cycle by a combination of elemental Si and suitaiileer active materials. We have reported that four
kinds of properties are mainly required for thevactaterials as follows [10-20]:

1. Mechanical properties suitable for relaxatbthe stress from Si

2. High electronic conductivity

3. Moderate reactivity with Li

4. High thermodynamic stability
As for the fourth factor, transition metal silicglare promising as the active materials becaugehinee
generally high thermodynamic stabilities. The awthwave succeeded in improving anode performances

of composite electrodes consisted of elementalnfli rare-earth metal silicides such as L&B{11],



mischmetal silicide (Mm$)/Si [15], and Gd-Si/Si [25]. On the other hand, we hawveestigated
Li-insertion/extraction properties for compositeatodes of Si and base metal silicide such as:#=Si
[15,24], NiSk/Si [24], and VSI/Si [15,24]. From the viewpoint of abundance andtcat is very
important to utilize iron silicides for an electechaterial of large size Li-ion battery for electvehicles
and stationary batteries.

Ferrosilicon Fe-Si) is one of several ferroalloys used for desulfaticn and deoxidation from
molten steel in a steel process. Hee-Siis less expensive than metal grade Si (4N pubggause it is
widely used in great quantities in steel industty. consists of mostly FeSiwhich shows
charge—discharge capacities of about several terhrg&. The capacities are considered an appropriate
reactivity with Li" as the third factor. Moreover, Fe$ias a more ductile property, a higher electrical
conductivity, and a higher thermodynamic stabittympared with elemental Si. As a preceding study,
Ai et al.reported that Feg5i/C nanocomposites were synthesized by a balingimethod, and that the
nanocomposite electrodes showed an excellent ¢ggpatention of 92% at the 200th charge—discharge
cycle in a conventional organic electrolyte [26]n @he other hand, Choi and Kiet al. prepared a
sputtered FeSr (FeS/Si composite) thin-film delivering a good retemtiof 92% at the 100th cycle
even in an ionic liquid electrolyte [27]. They hawerchased, however, commercial source materials of
Fe and Si for the FeSsynthesis though the composites of Ee®id Si were found to be excellent anode
active materials. Therefore, it is expected thatSi becomes a promising candidate to be combined
with Si as a low-cost anode material. In this sfudlg appliedFe—Sito Si-based composite electrodes

and investigated their electrochemical propertgekidon battery anode.

2. Experimental
As an active materiake—Si and Si powders (Silgrafne-Si, Elkem AS) were used. The average
particle sizes of thé-e—Si and Si powders were approximately gt and 10um, respectively. A

mechanical grinding (MG) was performed for a migtwf the Fe—Si and Si powders to obtain a



composite active material &e—-Siand Si Fe—SiSi). The mixture of th&e-Siand Si powders was put

in a zirconia vessel together with balls so thatwkeight ratios oFe-SiSi were 70:30, 50:50, and 30:70.
The weight ratio of the balls to the active matsriaas 15:1. The vessel used was sealed to keep an
atmosphere of dry argon gas. The MG was carriecbpuising a high-energy planetary ball mill (P-6,
Fritsch) for 10, 20, and 30 hours with a rotatigeed of 380 rpm at room temperature, resulting in a
formation of Fe—S¥Si composite powders. The particle sizes of themusite powders were measured
by a using a laser diffraction particle size anatySALD-2300, Shimadzu Co. Ltd.). The typical size
of primary particles were confirmed to be about Qrh. The crystal structure of the powders was
confirmed by using X-ray diffraction (XRD, Ultima/| Rigaku). A reference breaking strength of the
powders was measured by a uniaxial compressionut@syy a dynamic ultra-micro hardness tester
(DUH-211S, Shimadzu Co. Ltd.). In this study, tb&rence breaking strength was defined as an applie
pressure when a compressed patrticle of the povimbevesd 10% deformation compared with its original
size. The electrical resistivity was measured fa powders under a uniaxial press of 55 MPa using a
two probes method.

Thick-film electrodes oFe—SiSi composites were prepared by a gas-depositi@) (ethod [9,23].
This method is a unique process in which thick dilthicker than Jum consisting of various metal, alloy,
and oxide powders can be easily formed by a sidgigosition without any binder. Procedures and
conditions of thick-film electrode preparation haxeen described in our previous reports [9-23thla
study, we prepareBe—SiSi composite film electrodes by using a nozzléehwits mm in diameter, an Ar
carrier gas with a purity of 99.99% under a diffeéi@l pressure of 7.0x2@Pa, and a current collector of
Cu foil substrate with 2@um in thickness. The active material weights in ¢hectrodes were typically
kept within the range of 46—19.

Li-insertion/extraction properties of the compeselectrodes were evaluated in a beaker-type
there-electrode cell. We assembled the compos#etrebles as a working electrode, Li metal sheets

(Rare Metallic, 99.90%) as counter and referen@eteldes, and LiCl® dissolved in propylene



carbonate (PC; 41603, Kishida Chemical Co., Ltd.) at a concentration1oMM as the electrolyte.
Galvanostatic charge—discharge tests were carnig¢dusing an electrochemical measurement system
(HJ-1001 SM8A, Hokuto Denko Co., Ltd.) at 303 K hwjiotential ranges of 0.005—-2.000 V vs. Li/Li
The current densities were set to be 1.0’Agprresponding to current rates of 0.40-C.93
To investigate behavior of Li-ion migration mon silicides, we performed first principle caldidas

based on density functional theory (DFT) using ectgr augmented wave (PAW) method as
implemented in the Vienna Ab Initio Simulation Pagk (VASP) [28,29]. The local density
approximation (LDA) was also used as the term emghaorrelation with a cutoff energy of 350 eV and
all calculations performed nonmagnetically. ThelBuin zone sampling was done via a (6x6kgoint
mesh within Gamma point centered mesh scheme.t8talicelaxation was carried out to determine all
atomic positions after Li was inserted into crystdtices of FeSiand FeSi. We calculated a formation
energyE: for Li-inserted FeSiin a super cell consisted of six unit cells adgrdarstitial solid solution
(Lio.177eSk) from a total energota. TheEs of Lio.1F7eSk was defined by

Ef(LioaFeSk) = Ewota(Lio1FeSk) — 0.17Ewta(li) — Etwota(FESH).
As for Li-inserted FeSiEs of Lio.od=eSi in a super cell consisted of four unit cellssvwealculated by
equation of

Ef(Lio.odmeSi) = Etwta(Lio.odmeSi) — 0.0@wota(Li) — Etota(FESI).
To evaluate Li migration in crystal structure, waatilated the formation energies in migration pathw
between the most stable interstitial sites of Ls &n energy barrier for the migration, changes in

formation energies of Li-inserted FeSiere investigated when Li migrates between adjsstable sites.

3. Results and discussion
Figure 1 shows XRD patterns B&-Si powder as received. We can recognize diffractieakg of

not only FeSi (Inorganic Crystal Structure Database, ICSD Nd®@3-1843) but also FeSi (ICSD



No0.01-079-0619). It was confirmed thBe-Si powder consists of a mixture of Fe@ind FeSi. A
thick-film electrode usindg-e—Si alone, prepared for a preliminary experiment, stebyow discharge
capacities less than 20 mA h'gand a very stable cyclability as we expected. &lthh as-received
Fe-Si alone is not suitable for anode material, we etquedigh capacity and stable cyclability by
compoundingFe-Si with elemental Si using MG. Figure 1 compares XR&tterns ofFe-SiSi
composite powders prepared by MG for 10-30 hoursedch composite powder, Fe@nd Si peaks
were observed. On the other hand, the peak inyeokiFeSi was decreased with increasing MG time,
and the peak disappeared when MG time reached @&.hohis indicates that a phase transformation
from FeSi to FeSitook place by MG with the existence of excessIBese results suggest that the phase
transformation to Fesalmost completed in case of MG 30 hours (Fig.8ayl that FeSiand Si phases
uniformly intermixed inFe—S¥Si composites. The crystalline size of FeBas estimated to be about 14
nm by using Scherrer equation.

Figure 2 shows potential profiles at the firngtle for electrodes dfe—SiSi composites prepared by
MG for 30 hours. The weight ratios BE-SVSi were 30/70, 50/50, and 70/30 wt.%. In the E@t&odes,
we observed potential plateaus in the charge dlittm) reaction at 0.1-0.3 V vs. LifLiand in the
discharge (delithiation) reaction at 0.3—0.5 V lgLi *, indicating alloying and dealloying reactions of
Li-Si.

Figure 3 represents cycling performances ofReeSiSi composite electrodes as compared with
those of electrodes using Si alone &wed-Si alone. The discharge capacity of the Si electragédly
decreased with increasing the cycle number. This pyclability originates in properties of Si itEdbw
electronic conductivity, slow kinetics of Li-ion felision, and significant volume changes during
Li-insertion and Li-extraction. In particular, tirelume changes cause pulverization and loss ofrelac
contact for active material layer, resulting in thignificant capacity fading. On the other hand th
capacity fading was suppressed for Hee-SiSi composite electrodes. After 30-50 cycles, thgacity

of the composite electrodes exceeded that of tledeSirode. This result demonstrated that compamgndi



Fe-Siand Si is effective for improving performance ofb&@sed anode. It is easily suggested thatFeSi
phase in the composite can improve electrical cotidty and can relax the stress from Si. With
increasing the amount &fe—-Siin the composite, the cyclability was much imprdvibough the initial
capacity was reduced owing to lower amount of etgalesi in it.

To discuss the effect of MG treatment on thedgogclability, we focused on the time of MG
treatment. Figure 4 presents relationship betwgete mumber and retention of initial capacity foet
Fe—-SiSi electrodes with the ratio of 70/30 wt.%, an@el®ence of MG time on the retention. In case of
MG for 10 hours, the electrode showed a drastient&in decay by the 60th cycle and a very low
retention of 7% at the 100th cycle. In contrastewiMG time was 20 hours or more, the electrodes
exhibited good retentions higher than 60% for 1960les. We considered that this improved retention
should be correlated with the phase transformdtmmn FeSi to FeSiby MG.

As we mentioned in the introduction section,iv&ctmaterial combining with Si in composite
electrode is required to have four kinds of impotrtproperties: (i) mechanical properties suitalae f
relaxation of the stress from Si, (ii) high eleaimconductivity, (iii) moderate reactivity with Liand
(iv) high thermodynamic stability. To make cleaffelience in these properties between FeSi and:FeSi
we separately prepared single phase FeSi and: FEiders by a mechanical alloying method
[11,15,19].

By a uniaxial compression test using a dynarttr@umicro hardness tester, we evaluated a referenc
breaking strength (pressure required for 10% dedtion) [15] for FeSi and FeSipowders. The
breaking strengths of FeSi and Fe®Bere 229+21 and 213+44 MPa, which were much latvan the
value of 409+68 MPa obtained for Si. This reswie@ed that both silicides have a favorable medadni
property to relax the stress from Si. No remarkalitierence in the mechanical property was observed
between FeSi and FeSiAn electrical conductivity was studied under dawial pressure for active
material powder by using our measurement syster TI resistivity of both silicides was 2.6X1Q

cm, which was about 100 times lower than that 8k6C Q cm in case of Si. It was found that FeSi and



FeSk equally improve the electrical conductivity of themposite electrodes. As for thermodynamic
stability, Ackeret al. have reported that the standard enthalpies ofdtiom of FeSi and FeSwere —74
and -79 kJ mol [30]. Thus, FeSi has as good a thermodynamicligiabs FeSi does. There was no
significant difference in the three properties,réiy indicating that an electrochemical reactiwity
silicides with Li* should be different.

Figure 5 shows Li-insertion/extraction propestief thick-film electrodes using FeSi and FeSi
prepared by the mechanical alloying method. In edettrode, gentle potential shoulders were observe
in the initial charge—discharge curves (Fig.5(#)® consider that these silicides reversibly stdrehs
at interstitial sites in their crystal lattice agd®e does [31] though detailed reaction mechanisstills
unclear. Both electrodes showed very stable cyldhalior 300 cycles. The discharge capacities @& th
FeSk electrode were three times larger than those efRbdSi electrode. As for metal silicide-based
composite electrodes, it is suggested that a digehzapacity of about several ten mA fpr silicide
electrodes is favorable for improving cyclabilityammposite electrodes though it depends on the &in
active materials and conditions of charge-dischéegts. In a typical condition of our experimenthen
electrodes of metal silicide alone showed reveegsiialpacities of about several ten mA™h gilicide/Si
composite electrodes exhibited better cycling pemémces [11,15,25]. In contrast, a Ni®lectrode
showed higher initial capacity than 100 mA t,gand thus poor cycle stability was obtained for a
NiSi2/Si composite electrode because the higher repctfi NiSiz with Li leads to its large volume
change and disintegration of the composite eleetfad].

Figures 6(a) and 6(b) illustrate migration patlgvibetween the most stable interstitial sites fioinL
the structures of (a) tetragonal Fe&nd (b) cubic FeSi. The figures were created USEB§TA package
by K. Momma and F. Izumi [32]. The migrations inSkeand FeSi were calculated along [100] and
[110] directions in which Li has the longest interaic distances to nearest neighbor atoms of Sirend
In case of FeSi, we calculated the formation emsrgn curved pathway with consideration for

asymmetry of atomic configuration. As we expecteelSe exhibited less energy barrier for Li migration



in the pathway than FeSi (Fig.6(c)) though Li carication in the cell of ldi7FeSk is higher than that of
Lio.osFeSi. This calculation results indicate that Eéfais a more favorable structure for Li migratioarth
FeSi. Taking account of the larger reversible cajescof the FeSielectrode as shown in Fig.5(b), FeSi
phase has an advantage not only in smooth Li-ioffusibn but also in the quantity of
Li-insertion/extraction. Therefore, we considertttiee electrode oFe—SiSi composite, in which FeSi

transformed to Fesby MG, showed the good cyclability.

4. Conclusions

We prepared th&e-SiSi composite by using MG for elemental Si and dsiticon, which is
industrially available and less expensive mateaalkl investigated the influence of MG on the anode
performance of the composites. With increasing M@ time, the phase transformation from FeSi to
FeSk took place more significantly, and the composiezteodes exhibited higher capacity retention for
100 cycles. As a result of measurements for thehar@cal properties and the electronic conductivity,
there was no remarkable difference in these priggebetween FeSi and FeSDn the other hand, the
FeSk exhibited about three times larger capacitiesoimgarison with the FeSi electrode. In addition, a
result of our first principle calculation indicattsat Li ion can diffuse more easily in Fe&ittice than
FeSi lattice. We consider that the better cyclgbiiif the composite electrodes was attributed ® th

moderate reactivity of FeSwith Li and the smooth Li-ion diffusion in it.
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Figure 1. XRD patterns dfe—SiSi composite powders prepared by MG with differgmiding times.
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70/30 wt.%. In cases of MG times of 10, 20, and80rs, the electrodes showed initial capacitiessof,
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Figure 5. (a) Charge—discharge curves and (b) cstelility for electrode of FeSalone prepared by
mechanical alloying method. For comparison, anaopgrties of FeSi electrode were also shown in the

figure.
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Figure captions

Figure 1. XRD patterns dfe—SiSi composite powders prepared by MG with differgmiding times.

Figure 2. Initial charge—discharge curves of thiidik- electrodes usinge—SiVSi composites prepared by

MG for 30 hours. The weight ratios BE-SVSi were 30/70, 50/50, and 70/30 wt.%.

Figure 3. Charge—discharge cycling performancebeife—SVSi composite electrodes. For comparison,

this figure shows results for electrodes of Si alandFe-Sialone.

Figure 4. Effect of MG time on capacity retentidnF@—SiSi composite electrodes with weight ratio of
70/30 wt.%. In cases of MG times of 10, 20, and80rs, the electrodes showed initial capacitiesstf,

600, and 620 mA hg.

Figure 5. (a) Charge—discharge curves and (b) cstelility for electrode of FeSalone prepared by
mechanical alloying method. For comparison, anadegrties of FeSi electrode were also shown in the

figure.

Figure 6. Migration pathway between the most stattierstitial sites for Li in crystal structures (&)
FeSt and (b) FeSi. The figures were created using VE$B&kage [32]. (c) Change in formation
energies of LiFeSe when Li migrates between adjacent stable sites. fohmation energy at the most

stable site of Li was set to be 0.
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