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Abstract

Silicon thick-film electrodes for Li-ion batty anodes were prepared by a gas-deposition
method using carrier gases of Ar and He. We inga&td the effect of the carrier gases on film
morphology and anode performance. The root meaareqoughness of the films formed by He gas
was twice larger than that formed by Ar gas. Thel&ctrode obtained by He gas exhibited a larger
film thickness up to 4um, a higher initial capacity of 2280 mA h.gand larger capacities until 40th
cycle compared with other electrodes. The betteiopeance is probably attributed to a formation
of many interspaces within the thick film. It isggiested that these interspaces enhanced contact are
between active material and electrolyte, which &hlan efficient alloying/dealloying reaction of

Li—Si.



1. Introduction

Li-ion batteries are the most important energyagje devices developed in the past two decades,
and are applied not only to portable electronicicks but also to electric vehicles and stationary
battery systems. These next-generation batterigsreea higher energy density and a longer life for
charge—discharge cycle in comparison with thosepriactical use. The theoretical capacity is,
however, only 372 mA h7§ for a graphite anode which is most generally usethe battery at
present. In recent years, many researchers hasasiaely studied some elemental materials which
show alloying/dealloying reactions with Li at loveetrode potentials, resulting in reversible Li
insertion/extraction as anode materials.

Silicon can react with Li to form binary alloygth four kinds of Li/Si ratios such as kbiz
(Li1.71Si), LizSis (Li2.33Si), Li13Sisa (Liz.25Si), and Li2Sis (Li4.4Si) at high temperature of 445 [1,2].
On the other hand, it has been recently reportatttie crystal phase is changed from Si ta3iA
(Liz.7sSi) during an electrochemical lithiation at roonmpeerature [3-10]. The kiSis and LisSia
phases exhibit huge theoretical capacities of aqmately 4200 and 3580 mA hig which are
about ten times larger than that of graphite. lditawh, Si is abundant, less expensive, and noatoxi
element. Thus, Si has attracted much attentioreaisgeneration anode materials. A practical use of
Si for the anodes has been, however, disturbedine <ritical disadvantages of its low intrinsic
electrical conductivity, a low diffusion coefficiewf Li in Si (10102 cn? s? [11-13]), and a
drastic change of specific volume during the algydealloying reactions. The volumetric change
ratios per Si atom from Si to 425is and LisSia corresponds to be 410% [14-16] and 380% [10],
which causes an accumulation of stress and a pzdwien of the active materials, thereby inducing
losses of an electrical contact between the médeaiad the current collector. Therefore, Si anodes
show a rapid capacity fading by repeating chargehdirge cycles. Many attempts have been made
to improve electrode performance of Si anodes hyowa approaches, which can be basically

classified into five types [17], as follows:



1. Pure Si nano-scale powder.

2. Si dispersed in an inactive matrix.

3. Si dispersed in an active matrix.

4. Si anodes with a functional binder.

5. Pure Si thin films.
Among the five approaches, pure Si thin films agkatively suitable to study their fundamental
properties and mechanism of improved performancaulse we can eliminate the extrinsic influence
on anode properties originated from the conductnedrix, the binder, and the nanosize effect.
However, the thin film with a smaller thicknessrthiEO0 nm is inherently a favorable structure and
thus shows good cycling performance since the filolume can be easily change in the
perpendicular direction to the film surface duetsosmaller thickness. We, consequently, believe
that Si thick-film electrodes with a larger thiclesethan Jum should be evaluated to discuss the
cycling performance for a more practical study. fesdamental studies of Si film electrodes, many
researchers have investigated the properties &fn® prepared by vacuum evaporation [18,19],
pulsed laser deposition [20-22], radio frequencygnedron sputtering [23,24], and chemical vapor
deposition [25]. High quality films can be easilgtained by these methods, whereas it is diffiqult t
form thick film with more than Jum in thickness. Another method to prepare thiakdilis required
for practical researches of anodes in Li-ion badter

Advantages of a gas-deposition (GD) methodHaktfilm anodes of Li-ion batteries have been

intensively demonstrated in our previous studi€s38]. This is also called an aerosol deposition
method, which has been developed by Akedal. for ceramic thick films of piezoelectric devices
[37-40]. In this method, an aerosol consisting ak powder particles and a carrier gas is sprayed
from a nozzle onto a substrate to form thick filfike formation mechanism of thick films has been
suggested as follows: Particles of source mat@aaider are accelerated to high speed of about

150-500 m$ by carrier gases ejected from the nozzles [39@9the impact of collision between



the particles and substrates, the particles undeagture and plastic deformation. Fresh surface of
the patrticles is generated by the fracture, afacis the surface of other particles. An interdifbn

of atoms occurs on the interface because of theimgact energy, resulting in a strong adhesion of
the particles even at a room temperature. Durirgy gblidification, an interspace between the
particles is formed in the film. This unique phermn was named "room temperature impact
consolidation" [39,40], which has various advantageluding (i) the strong adhesion between the
active material particles as well as between thiggbes and the substrate, (ii) the nearly unchaagi
composition in the thick film formed without vappation process of the particles, and (iii) the
formation of interspaces between particles, whighaifavorable structure to release the stress
induced by the volumetric change of the active nitparticles.

Carrier gas is one of the most important prepareconditions of the GD method. It has been
reported that an aerosol velocity is increased wéhbreasing molar weight of carrier gas, and that
various physical properties of obtained thick fildepend on gas velocity [37-40]. In the GD method
for thick-film anodes, we can expect that the fimorphology can be controlled to improve the
anode performance by changing the carrier gasisrstudy, we prepared Si thick-film electrodes by
the GD method using different carrier gases of Heé Ar, and investigated the effect of the film

morphology on their anode performance.

2. Experimental details

Gas-deposition was performed in a vacuum chamviibra guide tube. Nozzles with 0.3 and 0.8
mm in diameters were connected at the end of tidedube. A current collector of Cu foil substrate
with 20 um in thickness was set at a distance of 10 mm ffteemozzle. Carrier gases used were Ar
or He (a purity of 99.9999%) with a differentialegsure of 7x10Pa. After the chamber was
evacuated to a base pressure of approximately 1@rPaerosol consisting of the carrier gas and Si

source powders (size distribution: 0.6—Am, mean diameter: 1j6m) was generated in the guide



tube, and instantly gushed from the nozzle ontoGhesubstrate. Si thick films with a deposition
weight of 6-17ug were formed on the substrates. The depositiom @iréhe films was measured to
be 8.0-22.1 mias summarized in Table 1. The surface morpholdgseprepared Si thick films
was observed by using a confocal scanning laserosdope (CSLM, VK-9700, Keyence) and a
field emission scanning electron microscope (FE-SESM-6701F, JEOL Ltd.). For cross-sectional
specimens for FE-SEM observation, Si thick filmsrevembedded into a thermoset epoxy resin.
After the thermoset, the Si films with the resinrevesliced and were mechanically polished. The
cross-sectional structure and its elemental digiob were evaluated by the FE-SEM and an energy
dispersive X-ray spectroscope (EDS, EDS-54033MCKOL] Ltd.) operating at an accelerating
voltage of 5 and 15 kV, respectively. The elementapping was carried out by characteristic X-ray
of Si Ka for the cross-section.

Electrochemical measurements were carried oth wibeaker-type three-electrode cell. The
working electrodes were the obtained thick-filmo#iedes. Both counter and reference electrodes
were 1-mm-thick Li metal sheets (Rare Metallic,9%96). We used LiCl@dissolved in propylene
carbonate (PC; £160s, Kishida Chemical Co., Ltd.) at concentration dd M as the electrolyte.
Constant current charge—discharge tests were pstbrusing an electrochemical measurement
system (HJ-1001 SM8A, Hokuto Denko Co., Ltd.) underonstant current density of 1.0 A (C
rate: 0.2%) at 303 K with the cutoff potentials set as 0.80%s. Li/Li* for charge (Li-insertion) and

2.000 V vs. Li/Li for discharge (Li-extraction).

3. Resultsand Discussion

Table 1 summarizes the deposition area and ¢ipesition weight of Si thick-film electrodes
prepared by the GD method under the different damdi, the nozzle diameters of 0.3 and 0.8 mm
and the carrier gases of Ar and He. The valuehénparentheses in the table indicate standard

deviation of each physical quantity. In each cargas, the deposition area was reduced by



decreasing the nozzle diameter. The depositionwaasaenlarged by changing carrier gas from Ar to
He. We consider that the He aerosol was ejected fhe nozzle with a broader angle because He
gas has a smaller coefficient of viscosity (1.96XP@ s) in comparison with Ar gas (2.22%1Ra s).

In proportional to the deposition area, the depmsitveight in case of Ar gas was obviously
decreased by narrowing the nozzle from 0.8 to M8 @n the other hand, the deposition weight of
the films obtained by He gas was not so changethbsowing the nozzle though the deposition area
of the film in case of 0.3 mm nozzle is three tiness than that in case of 0.8 mm. This indicates
that the former has much larger film thickness carag with the latter.

Figure 1 depicts surface morphologies obseryethe confocal scanning laser microscope for
the Si thick-film electrodes prepared by using tibzzle with 0.3 mm in diameter. The Si electrode
prepared by He gas has a more bumpy surface. Wiea¢ed a root mean square roughnésss) of
the films to quantitatively discuss the surface phatogy. TheRms has been listed in Table 1. In
both cases of the nozzle diamet&ss in case of He was almost two times larger thahithease of
Ar. This roughened surface appears to be causedtigher velocity of the aerosol containing He
gas. In this study, it is difficult to estimate therosol velocity because the internal structufebe
nozzle and the guide tube are complex. Howeveujtatde velocity to solidify a source powder has
been reported to be typically 150-500 rh [89,40]. Thus, the aerosol velocity in this study
expected to be a comparable value. An aerosol éas bonfirmed to accelerate with decreasing a
molar weight of carrier gas [39,40]. A gas veloatyisentropic flow through a nozzle generally
increases in inverse proportion to the gas defity; It is therefore considered that the veloafy
He aerosol is about ten times higher than thatrod&osol because the gas densities of He and Ar
are 0.179 and 1.784 kginrespectively. The higher impact energy of He serpossibly makes the

film surface more rough.



The Si electrodes prepared by Ar and He thrabhghnozzle of 0.8 mm showed similar surface
morphologies andRms values. Consequently, we will hereafter focus diféerence in the film
structure obtained by using the nozzle of 0.3 mm.

Figure 2 shows surface FE-SEM images of thdesitrmdes prepared by Ar and He through the
0.3 mm nozzle. We can recognize aggregated partigith an angular shape, which is originated
from the morphology of the Si source powder, fothb®i electrodes. For the electrode formed by He,
large particles with a size exceedingrh were also observed. The electrode prepared tshbws a
rougher surface morphology than that by Ar, whishsupported by th&ms values of the laser
microscopy measurements.

Figure 3 displays cross-sectional FE-SEM imaayes corresponding EDS mapping results of Si
Ka for the electrodes. Although the film thicknesssvmat uniform in the films, we can estimate the
thickness of Si thick films by a combination of timeages and the mapping results. The maximum
thicknesses were found to be 1 andm in case of Ar and He gas through the nozzle ®h@m. On
the other hand, no significant difference in theximaum thicknesses owing to the carrier gas was
found for the Si films formed by using the nozzZtd@ mm, and the thickness wagi irrespective
of carrier gas. These thicknesses are summariz8alie 1. Elemental Si is a very hard material
with Vickers hardness of about 1000, indicatingt ihas difficult to prepare a thick film from Si
powder with a thickness more thanuin without any binders. It is a noteworthy that weuld
increase twice the film thickness only by changthg carrier gas from Ar to He in this study,
whereas we have previously used Ar carrier gas3g]6in contrast, we obtained a smaller thickness
up to 1um by He gas and the wider nozzle diameter of 0.8 nrthis case, a deposition weight per
unit area was probably smaller because the He @en@s ejected from the nozzle with a broader
angle.

Figure 4(a) is potential profiles at the firbtacge—discharge cycle of the all thick-film eledie

prepared in this study. The four electrodes behassy alike. The potentials of the all electrodes



steeply dropped to 0.1 V vs. Lifl.iand then those follows plateaus in the chargeqs®
(Li-insertion). In the discharge (Li-extraction)geess, we can see two-stage plateaus at 0.25-0.5 V
vs. Li/Li*. These potential plateaus are attributed to theyiab/dealloying reactions of Li-Si. In
order to discuss the electrode reactiofyydyf was calculated from numerical data of the capexiti

Q and the electrode potentiadlan Fig. 4(a). In case of the electrode obtainedHbygas and 0.3 mm
nozzle, the @/dV vs. the potential plots is illustrated as a ddfdral capacity curve in Fig. 4(b). In
the cathodic profile, a large peak and a broad pggieared at 0.1 V and 0.2 V vs. LilLIn the
anodic profile, we confirmed a broad peak at ardu3dV and a sharp peak at 0.43 V vs. Li/lihe
other Si electrodes also exhibited similar profil€ekese peak positions basically correspond to the
values previously reported for Si film electrode®?][ It has been recently revealed that an
electrochemical solid-state amorphization and adtep phase transformation take place in the first
lithiation process [7-10]. Crystalline Si firstlyndergoes an amorphization process to form
amorphous lithium—silicon (k&i), which then crystallizes to 1s5is upon full lithiation [8]. In
delithiation process, the crystallineisS$is phase is delithiated to amorphous Si [8]. We atersihat

the cathodic and anodic peaks in Fig. 4(b) possblyinate from the phase transformation. We can
thus conclude that the obtained Si thick-film ealedes exhibited a reversible reaction of
Li-insertion/extraction without a side reaction Buas a successive decomposition of the electrolyte
in every case.

Figure 5 shows the discharge capacities of ih#i&k-film electrodes as a function of cycle
number. At the first cycle, comparable capacitie$4D0-1620 mA h ¢ were obtained for the three
Si electrodes except for the electrode prepareHdgas and 0.3 mm nozzle. The capacities of the
three electrodes were monotonically decreased imitheasing the cycle number, and reached
450-650 mA h g at 100th cycle. By contrast, the electrode forrogdHe gas and 0.3 mm nozzle

shows a much larger capacity of 2280 mA h aj the first cycle, and its capacity considerably



exceeded the other electrodes' capacities duritigl i#h0 cycles. It should be noted that the elmdér
has a rough surface and the largest film thickaessummarized in Table 1.

The origin of the considerably enhanced capexitintil 40th cycle can be explained by an
increasing of contact area between the Si activeeniah and the electrolyte. The Si electrodes
formed by He gas have higher surface roughnesghwhdicates a formation of many interspaces
within these thick films. This allows the contacta to increase so that the alloying/dealloying
reactions can effectively occur. A mechanical duitsibof thick-film electrodes is also important to
enhance their capacities. At the first charge idithn) process, pulverization and capacity decay
probably start to happen because of the significasitme expansion of Si active material.
Consequently, Si electrodes require a high mechhuigrability to show larger charge/discharge
capacities from the first cycle. A flux of He carigas from 0.3-mm nozzle can be concentrated into
smaller area on the substrate due to the narroeazzlen in comparison with 0.8-mm nozzle. The
concentrated aerosol gives high impact energy askkemthe Si particles stick to each other in the
film. The electrode prepared using He from 0.3-maorzte possibly has a higher mechanical
durability, and therefore exhibited larger chargbarge capacities than that from 0.8 mm-nozzle.
Unfortunately, we could not avoid the pulverizatemmd the capacity fading in any electrodes owing
to silicon's volumetric change during alloying/deging reactions of Li—Si. We believe that the
capacity fading can be drastically suppressed mposite thick-film electrodes consisting of Si and
other materials because we have demonstrated teatother materials compensate silicon's
disadvantages in the composite electrodes prepgréte GD using Ar carrier gas [27-34,36]. In the
near future, we will therefore apply the GD methusthg He carrier gas for the composite thick-film
anodes in order to prepare innovative electrodeh wkcellent performance and a large film

thickness.

4. Conclusion



In this paper, we have dealt Si thick-film etedes prepared the gas-deposition method using
carrier gasses of Ar and He through the nozzle®0 0.8 mm in diameters, and have investigated
the effect of the film morphology on their electnecnical performance as an anode of Li-ion
batteries. The root mean square roughness oflthe formed by He gas was twice larger than that
formed by Ar gas. Among them, the Si electrode areg by He gas and 0.3 mm nozzle exhibited
the largest film thickness of 4m, the highest initial discharge capacity of 2288 mg?!, and the
larger discharge capacities until 40th cycle. Thetds performance is probably attributed to a
formation of many interspaces within the thick #nThis allows the contact area between the Si
active material and the electrolyte to increaseii@antly, which leads that the alloying/deallogin

reactions can effectively occur.
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Table 1. Summary of film structure and anode pentorce for Si thick-film electrodes prepared by

gas-deposition method in different conditions, ieargas and nozzle diameter. Values in parentheses

indicate standard deviation of each physical qtanti

Discharge capac
Nozzle | Deposition | Deposition F{{;otugian Film ;mgA h g'? W
Gas | diameter area weight mu%hn s thickness Fren
{ mm / mm? f ug { pm .
{ pm 1st cycle cycle
221 17 017
g 05 (+0.1) (+37) | (+oo1) 2 MR | D
8.0 G 0.16
0 (+00) | (200 | (2001 2 1620 | 430
322 10 0.35
- 03 (+0.1) (+a41) | (+003) ! 408 | 69
1.9 11 0.34
03 (+0.1) (+4.5) (+0.04) = SN s
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Fig. 1. Surface morphology observed by confocalnsitey laser microscope for Si thick-film

electrodes formed by using (a) Ar and (b) He gésesigh nozzle with 0.3 mm in diameter.
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(a) Ar, 0.3 mm

(b) He, 0.3 mm &8

Fig. 2. Surface FE-SEM images of Si thick-film d¢tedes formed by using (a) Ar and (b) He gases

through nozzle with 0.3 mm in diameter.
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(a) Ar, 0.3 mm

Fig. 3. Cross-sectional FE-SEM images and correipgnEDS mapping results of SiKa for Si
thick-film electrodes formed by using (a) Ar and (He gases through nozzle with 0.3 mm in

diameter.
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Fig. 4. (a) Initial charge-discharge curves of ISck-film electrodes prepared by using different
carrier gases and nozzles. (b) Differential caganitve of Si thick-film electrode prepared by gsin

He and 0.3 mm nozzle.
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Fig. 5. Cycling performance of Si thick-film eleatles prepared by gas-deposition method using

different carrier gases and nozzles of 0.3 andrr8in diameters.
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Figure captions

Table 1. Summary of film structure and anode pentorce for Si thick-film electrodes prepared by
gas-deposition method in different conditions, ieargas and nozzle diameter. Values in parentheses

indicate standard deviation of each physical qtanti

Fig. 1. Surface morphology observed by confocalnsitey laser microscope for Si thick-film

electrodes formed by using (a) Ar and (b) He géaserigh nozzle with 0.3 mm in diameter.

Fig. 2. Surface FE-SEM images of Si thick-film e@tedes formed by using (a) Ar and (b) He gases

through nozzle with 0.3 mm in diameter.

Fig. 3. Cross-sectional FE-SEM images and correipgnEDS mapping results of SiKa for Si
thick-film electrodes formed by using (a) Ar and (He gases through nozzle with 0.3 mm in

diameter.

Fig. 4. (a) Initial charge-discharge curves of ISck-film electrodes prepared by using different
carrier gases and nozzles. (b) Differential caganitve of Si thick-film electrode prepared by gsin

He and 0.3 mm nozzle.

Fig. 5. Cycling performance of Si thick-film eleatles prepared by gas-deposition method using

different carrier gases and nozzles of 0.3 andr@r8in diameters.
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