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Laser generation of Si@C core-shell nanowires and its application to the
fabrication of next-generation Li-ion battery
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Graphene-coated silicon core-shell nanostructures have attracted attention
in the fields of energy storage such as lithium-ion batteries. In this study, multilayer
graphene-coated silicon and silicon carbide nanowires were obtained through the laser irradiation of

a mixture target of graphite powder and silicon grinding sludge discharged from wafer
manufacturing. The effect of laser irradiation conditions on the morphology of the generated
nanostructures was investigated. Results showed that nanowires were produced under specific
conditions, and the nanowires were covered by multiple graphene layers. The nanowire formation was
closely related to the propagation speed and shape variation of the plume. These nanowires are
useful for improving the performance of lithium-ion battery and solve the problems of conventional
silicon anodes. The production of core-shell nanowires from silicon waste opens up the possibility
of the sustainable development of nanomaterials for energy storage.



X C—19. F—19—1, Z2—19 (58)

1. WFFEBAA S D 5

WA, =R =a— F I ABRRMICER SN TEY, BRABHESCAY— TR ED
ERANED, VFUAA LT EBMOFBENETETEESTWVDE. (R T U LA A EMDOA
Midr ke U TR SN TV DR, BREINNSNWZ LR NMENZ ERBRETHD. <
DD RFEEHOND VI, @BBERILDORIAD DY 2 (Si) AWMOMFZE R T Tl 5
TW5. SIAITEARETH L —F, RERFITEREEE LT W, ElFEmaEy. Zib
OMBEZfRIT HFERLE LT, SizdT /A R T 50 ThbhTnag D X517, Si & h—
RO DRDEET /R THHNNIT ) 77 A NI X2 ABEERIFFI TS 2. %k
ITHFZEIN D, SiDF ) A bk Coa—TF 47 (Si@C 27 v = /Ud) <0, Si L0 LN
T BB R 2 FFD SIC ~D C O a—F 4 > 7 (SiIC@C 27 > = /Ui§iE) MNatskl s LTH
HTHDLZERHLIZENTND D, oL, #EROEET /R0 7 7 4 N—DAERKIT
ZEBET o A ENTEE L, ERICERMZET 5720, ERALLOBEL 7> Tn 5.

— 5, YERSEH TSI VEADAFEICBWTUA Y Y =2k DA Ty hOYIRe Y =%
WL THEOOHEIN TN TEY, TOBKRIEN um 4 —F%—0 Si BRBEI0 <L LTK
BICHEH SN, A YIRSOMEINRr R L7225, BUEOUIRENR L~ L Tixbilim AR 6 k%
50 % TH Y, HRAT RV —E2IHE L THEMmKE S SiA > Ty OEREOK 503K
Lo TLED. £, vNFELOTOOHHEITIE 9 FLLED Si FM 0TI < Fiz->TL
F9r5—2bHDH. L, ZOXHICHEELTWS Si Bk, ki SRz ate &
WA Ty MEE~EBFMHAEINDZ L1372, BEISHTWHIONRFRTHS.

2. WO EM

Fi2o0EENS, L—PREORZLS Si@C H D5\ SiC@C 0BEETF i+ 7
7 A NR—DOEEAEREMOBBICER L. ZHETTTICE Si HRZ—7 > ML —F %R
L, Yo7 ATS T/ EEREERT D EIZRIAIL TS+, Lo, Sik
COBEX—7 v FERAWDHZ LKLY SiF /R /) 77 A R—DEHIZT T T = a—
T4V T ERRESED ZENTRETHLEEZOND. TIT, AFERETIE, SidbdW0iT
Si X HENTZHITEELZFFS SIC OF 2R +HHWETF ) 77 A " —% L—FHEHZ L v E
REE, ELICENLOEE~Ca—T 4 7 E2FEHRL, Si@C HDHWILSIC@C varyv=b
HEE R SED L 2MERMNE T 5. ZICEY, Si BEMMA OB Y F U AL+ B
Mo E 2 AT 2 ERTTREL RV, I—Rr=ma— I ALEDOERICEKT D &
265,

HARMIZIE, BESi R & B RDIRG X —7 > T U/ LA L—F OB 2170,
Si@C H2 WL SIC@QC a7 v =)L JRiTFBLOF /) 77 A R_R—%F L LT 5 SiICHEAET/
HERDOE 7 0 A TOAEREZRAD. BEEOSiBIONC ZHEMEIE LTHALZL—)
BEHZ LD aT7 vz v 2R OEMICET A2MEIXINETITIFEAEITTORLTELT, £
DA =ALDFANLETH D, T 2T, SiICHEET /HBEROERA =X LADORFOT-0
(AR OHERETE L TERE, MR EZB LML, EBICHIGT DS E A A — R XA FIC &
DERET D Z TR EIT S . £z, BHAHERBRIC LY, Ak ST RO Al sk
ELCOMREER TR T 5.

3. WD 5k

FRRIHEA L7z Si R, vV ar vz 2L Y rRy REA YT Y RilA — /L THAFH,
ERY 774 RRY REAL YEY RiA — /L TR O 2 BERECTHIEI L THEZ80 <9 Th 5.
Z DBE S RO IR 3.9 um TH D, FE Si K LR 50 um ORI EE 12 (Wt%)
DEESGTIRAE L bOAEEMEE LTHWE., BEMEKEZRY hIALT 3 BRI ALSTA
RZITV, Si DR E Y7 I 7 v~ 1 um, C ORIZEZEK 20~50 pm (I S &7=. £ LT
FERI R IEAE 2 VT 40 kN OffEZ 1 /00T CTEAE Lem OMARRO SIICIRE X —7 > & 1E
#q 7.

BIHL—HE LT A v T/ E T A(Yb)Y v 7 VE— R L —+% (IPG Photonics # YLR-
500-AC ) ZHEH L. L=/ VAP 2R b —XEHNT 10 2 VPO VAR &2 RAS
w, YT Nv gy bE— RTREZIToZ. S VR OV REF B SVRA LY & 70— LK
RN R WD, 7 — AN TOFERISICEWRMEZ 525 2 LN T& 5. BB THWZEL
Lo RO SIERE £12 200 mm THY, =274 VT 0 MR21E1.05 Thsd. =2 A—rED
IEHIEMEDY 12.6 mm THoT-z. ARy MEAIZIE—AUTZ A MDD 2ETRDOONADTZD, HH
L7z b=V OHENRO ARy MEOHFEMEIZ 23 um THD. T/ 77 A NRN—%4kT 5720,
F 2R DAERGEHEL D TN — AN TOERISICE 2 DN AR Z RS THOLERH D.
F T, T— ARG A EL T A0, L—HFE—LADOF 7 4 5 A Lo THREEBEOAEL
IR ARy "MRE TN — AOTREEFIET 5 AIREMEIZ D W CEBRIIZHRE L 7.



(a) (b)
Target

Ar Focal lens On-focus %
"/ - 5mm
‘ -l Laser

] [ U beam Glass substrate

Vacuum
chamber

Target
holder

Defocus

Defocus ————

. High speed camera distance

K1 L— A E ORI

B 1 ICEBEEE OB 2R, 2—7 Y MIT AT (ADH A Tl ST ¥ o 3 —NIZK
EL. =7y b~ L —VFHRENZ X W ARSIz F b iE, b—FBRE SO Smm FIZE
BLI-H 7 AR CHE SN, EICHER L7207 AR OMEIL 26 mm TH 5. BE Si ByR
BIOEMHREZHEMEIE LCHERALEZL—VREICL a7 v it ) 774
WN—LERD LD IR AN = R LB THRDI20, EMRNOIER L= —7 > N EIREY—7
v h~DZENENA~O L —VRENZ LD, VL—VFR SN — LAOEMGRREZ A A — KH A
Z (Photron %, FASTCAM Mini AX50) ZHAWTY 7 /L4 A A THEELT-.

RSN T 2 RFBLIOT ) 7 7 A N—OHEFEEREBLEE O 72 DI E R A R & A E 751
W#E (FE-SEM) # MWz, F£7o, FE FBHMETEMZ AW T /R TB8 L 0T/ 774
N—DREEZBIZE L, S HIC TEM 42058 1 FIHT(SAED) /S & — o & 45 Tl b i 1o ft i 7 &
AL ZENTE D EEFIHL, MR 21T o7, BRI ORI E2AT O T2 T~ 5
WAL, MEIOTLESI 21T 5 72912 FE-SEM IZHY fHF ST b =g )L ¥ —545
B X B HrEEE (EDX) & TEM IZHRY {117 5T EDX & -,

4. WFIERLE

RAFFEDRER 22 R & LU IR T

(1) L—HF 73+ H AL DT EEROARIEREROZ

M 2WCERR BT T+ ABTOT ) HEEERD SEM AT, T 7+ A LOEA, &k
WX R DHRT, 7/ 77 A NR=NBRINR o720, T 74 W AEE 28mm £ CTRELT
BIZLTEZNST, T )7 7ANRN—DEREET ) 77 A NR—DESOWGTRM L. 1T,
L—HE—2DT 74 AL > THREFEOFN ARy MENRRKELRY, 7 V—L2FF
B b EL D710, T/ 77 A NRN—OREIC RN S bR THIL EEZD
na.

5 <" .

Nanowire ‘
& -
L

¥ 1
.‘"‘-i“ b - ‘;-' x

M2 HIpDHT 74 N AETOT /) HEERD SEM 14 : (a) 24 mm, (b) 28 mm.

(2) SiICT /77 A NN—DWiwitEE L Zig 7 7 7 = VRO RER

K3 IR D L=V T 74 W ABETHEKR LT ) 77 A4 —0OWiE TEM &% 7R, WIho
TabT /77 A NN—OREIZZES 1 nm Gifg OEWEDTERIINLTWND Z &35, EDX 47
WrofESR, 7/ 7 7 A N—DEWRD N SIC THY, a—T 4V ITREOLERMIRFZTHD Z N
s Sz, BT, SAED NZ —2 b T ) 7 7 A 73—73 3C/6H-SiC D TH Y, a2 —7 4
VIIEBNEIE ST T 2 ThDH I E B LT



K3 BeDT 74 WAETOST ) 77 ANR—KEDT F7 72 a—7 47O TEM # :
(a) 15, (b) 20, (c) 24, (d) 28 mm.

B) L—=FF I HRL DT N—LEDOELL

M 4 [ —FF T4 HAEEI LTI — DA A — R ASEGEE T, TT 40 A
DRWVIEE, T —ARERRRITHORTWDE., —FT, T 74+ 0 AH0DOEE, 7V —ANmE
XN LMONTND., 77, BENS T — AOWEREELHE LR, T 7+ D AFOEE
DTN —LERRENT 7 AR LDOBWED 1/10 LLFTH - 7=.

Plum e propagation direction

(b) Plume swirling

M4 TI4HHAFEZED T IN—LDNA A — RKH A THEEBEDIE : (a)0, (b) 28 mm.

4) V—YF T3 W AFEICL DT HEERAERA = X LD

PLEDRRING, T 7+ B ANRRNEES, T —A20EREENREL SICTH /) 77 A4 N—F T
RERET, TR ELTHRES D, —FH T, 7740 AH Y OEFE T N—LRNHEE NG
K THRD 72D, T —2NTOLERIGZES 2 bR E2EL, SiCH /) 774 3—=0E
EEni-EE2o6n5.



(5) £&0

BE Si MR & BEMROIRG X —7 v MZI VB LA L—F O BB 21TV, Si@C B X
OSiIC@C a7 v =T ki« F ) 77 A= =T a v ATERTLZ LTI L. &
R DHERERA & TERE, MRAZ SN L, EBICKISTOETFENA AL — KU A FICL ViR
W5 L THUbEIT 7o, ZORER, SICHEHE T / IEROAER A 1= XL EfEY L, 1Y)
RU—PTFT T NARERNND LI L-TEE I 772 a—T 4 75 G35 SiIC /7
TAN—ZERETHD Z EEFEFE LTz, &k, ER LT SIC@QC T/ 7 7 A /"—DE AR
MELE LTOYA I NEHER EZRETHTETHD.

<S>

1) Erk C, Brezesinski T, Sommer H, Schneider R, Janek J (2013) Toward silicon anodes for next-
generation lithium ion batteries: A comparative performance study of various polymer binders and
silicon nanopowders. ACS Appl Mater Interfaces 5:7299-7307.

2) Chan, C. K., Ruffo, R., Hong, S. S., Huggins, R. A., and Cui, Y. (2009) Structural and electrochemical
study of the reaction of lithium with silicon nanowires, J. Pow. Sour. 189: 34-39.

3)  Sri Devi Kumari T, Jeyakumar D, Prem Kumar T (2013) Nano silicon carbide: A new lithium-insertion
anode material on the horizon. RSC Adv 3:15028-15034.

4) Momoki K, Manabe T, Li L, Yan J (2020) Silicon nanoparticle generation and deposition on glass
from waste silicon powder by nanosecond pulsed laser irradiation. Mater Sci Semicond Process
111:104998.

5) Momoki K, Yan J (2020) Nanoparticle generation from various types of silicon materials by
nanosecond-pulsed laser irradiation. Appl Phys Express 13: 026505.

6) Momoki K, Takahashi K, Kobinata K, Kobayashi Y, Kawai A, Yan J (2020) Generating silicon
nanofiber clusters from grinding sludge by millisecond pulsed laser irradiation. Nanomaterials 10:7—
9.

5. F/pRFRUE

(MEssa ) GE 2 )
(1) Minami K, Kobinata K, Yan J (2022) Generation of Si@C/SiC@C core—shell nanoparticles by laser
irradiation of silicon grinding waste. Nano Select 3: 1192-1200. (F#Hi4)
(2) Minami K, Kobinata K, Yan J (2023) Multilayer graphene-coated silicon carbide nanowire formation
under defocused laser irradiation, Nanomanufacturing and Metrology, in press. (ZLHiH)

(FaR) GE 4 1)

(1) Minami K, Kobinata K, Yan J, Generation of Si@C Core-shell Nanoparticles by Laser Irradiation of
Grinding Wastes, International Symposium on Precision Engineering and Sustainable Manufacturing
(PRESM2021), Jeju, Korea, 2021. 7. 21-23.

(2) Minami K, Kobinata K, Yan J, Fabrication of SiC nanowires by laser irradiation of Si grinding waste,
International Conference on Advanced Nanomaterials (ANM2022), Aveiro, Portugal, 2022. 7. 27.

() F DA, /NI Frh, BORE, BELU a B ERA~O L—HFREIC X 5 SiIC AT
JRIFERL, 2022 FEFTREE LR RE il s, L, 202243 J 15 H.

4 ® oA, NEE ASHE, BORE, U a CFHIEI 0 <K T I VB L —FREHZ XL D
3C-SiIC 7/ UA YAoK, ARBWMTRE 13 B~ 270 ) LF3vrRyy L, i,
2022 £ 11 H 16 A.

6. AFFERHRE
(OWFZES3HE 7L

OV
WRMNDFRL B hOA
1 —~F K4 : Kanon Minami
e DB K4 - /NB A 546
1 —~<5 K4 : Kyosuke Kobinata



Kanon Minami,Kyosuke Kobinata,Jiwang Yan 1

Generation of Si@C/SiC@C core-shell nanoparticles by laser irradiation of silicon grinding 2022

waste

Nano Select 1-9
DOl

10.1002/nano.202200001

Kanon Minami,Kyosuke Kobinata,Jiwang Yan 6

Multilayer graphene-coated silicon carbide nanowire formation under defocused laser irradiation 2023

Nanomanufacturing and Metrology

DOl

4 0 2

Kanon Minami, Kyosuke Kobinata, Jiwang Yan

Generation of Si@C core-shell nanoparticles by laser irradiation of grinding wastes

International Conference on Precision Engineering and Sustainable Manufacturing (PRESM 2021)

2021

Jiwang Yan

Generation of nanomaterials from slicing/grinding chips of silicon crystals

Thel6th China- Japan International Conference on Ultra- Precision Machining Process 2021

2022




Si/C

2022

2022

3C-SiC

13

2022




