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研究成果の概要（和文）：本研究課題は，プラズマスプレー物理蒸着（PS-PVD）によるナノ粒子の特徴的な構造
を積極的に利用した独自の複合電極を開発し，リチウムイオン電池の高容量化と充放電サイクル安定性の向上両
立を目指した。主要な成果は，Sn担持Siナノ粒子を利用した活物質ネットワークを有する負極によって飛躍的な
サイクル特性の向上を見出すと共に，SiO負極の高効率還元によって高容量化と高サイクル性を実現し，ナノ粒
子化に伴う不均化反応の高速化を初めて明らかにした。また，Siナノ粒子の1kg/hrの高スループット製造を実証
し高速生成時の構造変調機構を明らかにして目的構造と高速製造の両立のための要件を明示した。

研究成果の概要（英文）：This project aims at the simultaneous attainment of increased capacity and 
enhanced cyclability of lithium-ion batteries by using the best of the characteristic composite 
nanoparticles designed by plasma spray PVD. As the major achievements, we have demonstrated 
significantly high capacity maintained after longer cycles with the active-material-network in the 
anode by using the best of the characteristic structure of Si:Sn nanoparticle produced by PS-PVD. 
The higher cycle capacities with SiO nanoparticles is also attained by the effective reduction 
during PS-PVD of SiO, along with the new finding that the disproportionation reaction can be 
accelerated in nanosized SiO. Furthermore, we have also achieved Si nanoparticle production as high 
as 1 kg/hr. The effect of throughput on the co-condensation process in PS-PVD is clarified and the 
optimal conditions to produce the optimal composite particles at greater throughputs are proposed. 

研究分野：プラズマ材料工学

キーワード： リチウムイオン電池　ナノ粒子　プラズマスプレー

  ２版
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ʉʈǯǻɭĮŗçtȜƗ�
� Ƹ¯¿ǷôÊtȪɷųȮpEQ Li os¦
ɷ˚(LiB)suƜUgĺɧĤñ=ƿbehQ
;fʆBtȳɅsľEQɷƲƥƎtƳɚõ=
ƠóUŲƻoTgBp<eȅïǩUǯǻ=
ɜbehQ8gNǚsɈƲƥƎsǅǪGhYʆ
Si ȆɈƲuMǞȭt C(ʃɪ)ȆɈƲsľEQ
10 ÒÀªtɷ˚ĺɧjƠGgBp<eʆƸ¯
¿ʂļŒɷ˚tƠïƥƎpǪChgNE<Eʆ
ÙƈɷtɷƽõĴÿţoTg Li-Si ćɨõɝ
Ǹs;8QʆćɨǬtȍƘƳɚtŊǦsɌĖ
EQ 400%ɔ8ÊǺȠŕ=ǠcʆJtȍƪʆ
ȲƋĕtÙƈɷo Si ȂƣȢÊ=şȂõEɷ
ƽÄŀ�~jī8ʆƞȊǩsƋzov¢o C
ɷƲjêǢEKģćtɷƽĺɧj«ĕgNSi
tʂ8ǟŪĺɧjǠ<GƠóUŲƻpEQʆ
ƥƎt��Ƴɚõ=ƠóoTgBp=¯Ǥ
ǩUǯǻtȍƪpEQèƓEʆǚs(1)��z
o�õʄ150nm À«ʅsdfțíhŖŒ=Ċ
ªʆ(2)�¨ ~ƳɚõsdgȠŕČĀʆƜs
(3)C UTǽ 2 Ǭty¨�/ŷźƳɚõsdg
ŀɷŧ¾­ʆǿ=³ȳUǪƵƳɚpEQŽA
ehgNÇEɦȳUǕuʆªɕtȲćõųȮ
=Éě CVDǿtĨƻɲÉə�¤�~oTfʆ
ŉĩU Li os¦ɷ˚ŋģdfƿbehgÉ
y~�§ʂ~¢¨���ųȮõGgsuƢi
ĩ>UųȮtĥ=TgpȹiagjŝU8
ǕoTgN��¤��§ȫȟõcɷ˚ǚŧȑ
źsóƪǩouTg=ʆƲŒtĨıÊƳɚõ
cċbʆȏľǩUɷ˚ĺɧĤñ=Ƥɋǩsė
ɶUm�¤¨�oTfʆĸǢsɳEQt Si
êǢt�¡��=ɼhU8NÀªdfʆ��
Ƴɚõpʂəȃİȱɚj°ǼEVg�¤�
~= LIB ŋģdfŖ?ȳɅChQ8gN 
�
ʊʈǯǻtǪǩ 
� ŮOuʆʂəŒ��ȃİȱɚsǳoK� 
��~�£¨PVD ǃtüƎȂƣtȩǨʆâ
Ȕ§âɴɝǸsdg��ȃİƳɚëŞsǭǪ
EQ>KNÚȭǯǻtŭƪpEQʆPʉ4Ƌ
10nm t nc-Si ȃİ<eƳŭChgʂƸȲćƳ
ɚjƠGg��ȃİjʆßɤs��ȉıjċ
ƠƳɚpUfªɕ(1)p(3)j°ǼGgƳɚp
Ufʆzov¢ǚŧjĩōsĊªEŝKNƜ
sʆPʊ4Ni ǌñ Si ǋćȂƣüƎjǢ8gB
poʆŀɷŧtǽʊǬ= 1 Ƹ Si ȃİªsǫƂ
r��u|�¢ƌćjƠEQǠŭEʆ��£
�¢oŀɷ�~=ȒȘChKȲć Si Ƴɚj
ɚfåGBpsŭðEKNJtɷ˚ǚŧuʆ
Ȃƣj�¨~pGgɈƲt²ocƲbQʂ
8zov¢ǚŧjĸǞEQ8gNǚǾGy>
uʆBheƳɚõjɍʂə®lĸʁĹȆoc
ʑ360g/min täǟəŒoĸǞEQ;fʆ½t
��ƳɚȃİȱɚǃsƼyƮɟ8oʂət
äǟəŒoTgBp<eʆ½suǖ8ƏKU
ųȮpEQǡƱǤdfǅǪjǈwQ8gNÀ
ªjɏ_:ʆƤǯǻouʆPS-PVD tÝâȔ
ɝǸoîȱChgǚŠǩUȲćƳɚ��ȃ
İtŘŭɝǸtǟȷjɜbʆJt��ȃİj
ȳȈsêǢEKƏKUȲćɈƲƳɚõjɘ

cQʆʂĺɧpʂzov¢ŧj°ǼGgƸ¯
¿ LiB tɈƲɭǨjǪŻEKN 
�
ʋʈǯǻtƐǃ 
� PS-PVD sdgȲćƳɚ Si ��ȃİǠŭs
uʆʂóǝüƎñǘsdgʂ~¢¨���o
t��ȃİȱɚjĸȿEQ>KǫǇpʂĎ
Ǆ� ��jɦǧGg�o�¡��� �
�|~��jêǢGgN��ȃİuʆÚȭǯ
ǻoȽȺEKƾàœȂƣſɴĔjêǢEQ
ĕĀGgNŝehK��ȃİuʆX ȓĕŶp
¡¨��¢�ȷƩsdgǬĈķʆȍƘİřʆ
ǬíćǿtŏĝǩȃİŧǛtķɧɀÏʆ±w
s£¨{¨Ɗ´p SEM ȵĽsdgâɴÊƳ
ɚȷƩʆXPS þw TEM-EELS jêǢEKȲć
ƳɚȃİtõĴǩȍćǛŬj³UæƩǃp
EQɜbgN_KʆŜƧɘftŲɺsŜ8Ɉ
ƲjŘŭEKªoʆǚķtĨØȆsľEQuʆ
ɈƲtȲćƳɚõjɜbg�~�äǟjƑ
GNBheɈƲjʆLi ȀjľŃpGg�¨�
�¢pEQȋ`ɓ`ÙƈɷɁʁjȭ8ʆçơ
ĺɧʆzov¢ȑźŧǿʆÙƈɷǚŧjɀÏ
GgNɷ˚ǚŧpƥƎǚŧptľƼdfʆǟ
ŪǩUɈƲɭǨtŻɩjŝgN_KʆPS-PVD
s;@gŦəÝâȔɝǸsľEQʆǘǇÊȺ
ȁpƬǠŭʆrm¤�¢ŭɬ��¢jɫŭE
QʆȲćƳɚtŘŭɝǸtǚŠȷƓjɜbg
pÝsʆæİôïĴjêǢEQǫƂŷźGg
ǽ¸ȃİtǚŠjüİǷôt~x¨¢oȷ
ƓEʆĨØȆǋćt~tÝâȔ§ŭɬʖâɴ
ƷƳtǟȷsġm8KȃİȲćƳɚõëŞ
tŻɩƄǱjǪŻGN 
�
ʌʈǯǻŭƪ�
4-1. Si:Ni Ȇ��ȃİ 
� űķtǓŒsǋćEK Si p Ni ȂƣüƎj
ÞĞǩU PS-PVD ƦÂt� ��sŵÛEK
ģćʆ30-40nm ǸŒt©Ƹȃİ=Ƌ 100nm Ǹ
ŒtâɴÊjƳŭGg��ȃİtŘŭ=ǰ
ɃChKNĘ 1 sǱGÞĞǩU Si:Ni ��ȃ
İtSTEM-HAADFÖ<ecNi=ǫƂŏǑU
Ǥɹj¼EQ Si ��ȃİsŷźGgƴİ=
ǰɃChʆǤɹɔÓotƭİÖ<e NiSi2 Ǭ
j¼EQȍćEQ8gBp=ǰɃChKN 

�
Ę ��7�-4� ��ȃİt 7803�2..�1 Ö�

�
Bt PS-PVD ƦÂ«ot Si tĝɋƬǠŭu
2200K ǸŒpăÞɆdfȁåChgBp<eʆ
ƾàœſɴĔßs;@g� ��}q��
tǎŒʖt~ȓəæŌtǘǇÊȺȁdfŝe
hgÞĞǩUt~ǇȓsŜkK��ȃİŭ
ɬjrm¤�¢��¢sdfȺȁEKNĘ 2
sǱGƬǠŭǎŒśtàúƛȓsŜkQ Si



ȃİu 30-40nmǸŒŭɬGgBp=¶ǏChʆ
ĸǏChg��ȃİcĩãſɴĔßtâȔ
àúɝǸoŘŭChKctpȹ:gN©Ɛʆ
Ni tĝɋƬǠŭǎŒu 1450K ǸŒoTg=ʆ
ŭɬɗ²sTg Si ��ȃİª[t¬ĝɋƬ
ǠŭjŪķGgpʆSi tƬǠŭś 10ms ǸŒ
ȌɝEKśt 15nm ǸŒt Si ȃİªs 1750K
o Ni =ĵķǩs¾ǭGgctpƃǏChgN
©ƐʆTEM Ö<eǰɃChg 10nm Ŗt Ni
ȃİtȬǕu Gibbs-Thomson óƪdfãJ
1300K pȴǺcehgNŜkQʆNi u Si ȃ
İªsãJ 40ms ǐȬǛŬjȑźGgBp<
eʆSi-Ni tŹƊÿţ=ɜȭGgBp=¶ŪC
hʆNiSi2ǿ|¡zo�ǬtǤɹ=ŘŭChK
ctpåƧgN 

�
Ę 2 Si ƬǠŭśtàúƛȓp Si ȃŭɬ¶Ǐ 
 
BtǚŠǩU Ni ŷź Si ȃİjɈƲpEQê
ǢEKģćtɷ˚zov¢ǚŧjĘ 3 sǱGN
Ni ǌñtǖ8 Si ȃİt`[N-0]sľEQʆNi
j 1at%i@ǌñEKi@ocʆʂ8ĺɧj
100 zov¢ȑźåƧgBp=ǰɃChgN
ĺɧtǍłÔĊu Ni ǌñƠǖsľEQĩã
ɾÆoTgBp<eʆçơƻɲotĺɧÉ«
tŴë=ʂĺɧȑźt©Ėpș:ehgNù
jʆȍƘŧ Si tĩ>UíhŴësŷź Ni =
Ļ­EQ8gctpťihgNĸɳʆȲƋz
ov¢ɗ²tɷ˚tĶÜƈɷǛŬoæȷE
KɈƲt XRD ȍƪdfʆ50 ĕjɍ:Qcȍ
Ƙŧ Si =Ȟ Li ÿţoǰɃChgBp<ecʆ
r��u|�¢ NiSi2ǬǤɹ=ȍƘŧ Si tƬ
Ǡŭzo�ů8uțíhŧjʂbgƴsƷ
ȝEQ8gctp¶ŪChgN 

�
Ę 	�ƈɷĺɧtzov¢ÎĲŧ�

�
Ę 4� MD sdg Si-Li ćɨõɝǸʐ(a)NiSi2
ǤɹǖEʆ(b)NiSi2ǤɹƠf 

Ę 4 s LAMMPS jêǢEKæİôïĴȺȁ
sdg Si:Li ćɨõÁķs;@gʆLi/Si=0.1
tɻĠot Si üİtô>jǱEQ8g=ʆ
Ni ǌñtǖ8ģćʆSi u Li ćɨõsÅ8 110
ƐĊsüİǷôGg=ʆɷ˚ÿţsuƺTĻ
­EU8 NiSi2 Ǭ=TgģćʆSi uĩ>?u
üİÈȗjĦ:Hs Li jāfɓaƴİ=ǰ
ɃChKNŜkQʆr��u|�¢ NiSi2 Ǭ
uƷƯǩscɷ˚ÿţsÅV Si tȠŕjŴ
ëCIgóƪcTfʆBhcʂĺɧȑźsɊ
ǜGgctpǱĒChKN 
 
4-2.Si:Sn ȆȲć��ȃİ 
� ǔhŧtŨ8 Si-Sn ȆÝâȔocʆ90HjɎ
:gƂȸȶouTgcttʆSn t Si ȃİ[
tǫƂŷźƳɚ=ƬǠŭ��¢dfŪķC
hgNŜkQʆÉȬǕ Sn j��zo�oĝ
ɋæƊEKɈƲìʀÊjʆ�o¦�¨ɱýt
ÉǎǗŭsQ Sn =ǐȬE¡t�¦�pEQ
Si ��ȃİɮjƂȐCIKǆǙɋt���
¥¨vƳɚõ=ơŚChgNCes Sn ±w
s SnOx cǆǙɋoTfŀɷŧjƠGgBp
<eĩƽƚɸśscȨE8ǚŧòõuǖ8
ctpŪķEKN 
� ĸɳʆŦàƦÂ«ot PS-PVD sdkQʆ
30nm ǸŒt Si ��ȃİsƋ nm ǸŒt Sn �
�ȃİ=ŷźEKƳɚʆ®lƋ nm ût SnOx 
= Si ȃİȯɹjy¨�n¦wEQ8gƴİ
c TEMsdfǰɃChKNBheȃİt XPS
Ǐķ<ecɨń Sn pÝs SnO2 tĲĜ=ȴĂ
@ehKNBheȃİjǆǙɋpEQɈƲj
ŘŭEKśsʆAr �¤¨²o 300,ǸŒoƋ
æm�¨¢jƑEKȍƪʆƼɒǩʂǎoǮƕ
ɮtm�¨¢jƑEKģćʆǚsɈƲȯɹo
SnO2=ĤñGgƴİ=ǰɃChKN 
� BhetɈƲjÌǢEK�¨��¢ot
zov¢ǚŧjĘ 5 sǱG=ʆǘäǟjƑC
U8ģćsuʆ50 zov¢o 1500mAh/g Ǹ
Œtĺɧ=ʆƼɒǩʂǎǮƕɮt�~�m�
¨¢jƑEKģćsu 3000mAh/g jȑźG
gƲbQȦĭUɷ˚ǚŧ=ǰɃChKNSn ǌ
ñɧʆm�¨¢ǎŒʖƕɮsdfĤñtōu
ĦõGgcttʆƓǰs Sn ǌñoǘäǟj
ƑGBpoǚŧ=ĊªEKN�¡o���o
¦�¨to��ÿţɧsuƠūUĦõuǰ
ɃChU<kKBp<ecʆSn =¡t�¦�
pEQʆ_KɈƲȯɹ SnO2=ʂ Li ǓŒɻĠ
oȦĭU²ɮŅpEQʆÙƈɷÿţsÅV¬
ĄɖĺɧŘŭjóƪǩsŴëGgÕ>=T
gBp=èƓEKN 

 
Ę 5 Si:Sn ȆɈƲɷ˚tzov¢ǚŧ 



4-3. SiO Ȇ��ȃǛɈƲ 
� Si ȆɈƲƥƎpEQ SiO jưȻGgģćʆ
Si øÊsľEQĺɧȑźŧtʂCs×hg
cttċƠɥȈsɌĖEK¬ĄǬtŘŭt
Kbsçơóǝ= 50%ǸŒpUfĺɧ=Ł
C8NJtKbɢØsdgċƠɥȈɧtÉǍ
=ơŚChg=ʆŜƧǃouęÊ SiO ȯɹt
ɢØ=ɜȭEʆĺɧȑźŧjòõCIgi@
pUgNBtǕʆPS-PVD ƕt CH4ǌñsd
gɢØǃouʆʂóǝɢØp²š_oċbK
ɢØ=ĄȝpUfʆĺɧĤñ=ĄȝpUgN
ñ:QʆâȔśt SiO ��ȃİ=� ���
£¨�tÉǎɻĠsƖChgBpoȢǨǩ
U¬ĝõÿţsÅVym|q¢Ƴɚõ=Ą
ȝpUfʆĺɧĤñpzov¢ȑźŧ=ơŚ
ChgNĸɳʆĘ 6 sǱGɘfʆǚķtƦÂ
ouĺɧĤñpv¨¤¦óǝtĤñ=Ąȝ
oTg·=ǰɃChKN_KȤďǉ8Ǖuʆ
ʂOƋ ms t��ȃİŭɬʆ10 æǸŒt�¤
�~ƕɮo¬ĝõÿţ=ɜȭʆĶµGgNJ
BoʆĸɳtȃİƳɚjɏ_:ʆSi ŹƊsġ
m?¬ĝõÿţ��¢pɛȐàúĦŬ�o
mw �(CCT)sdfƳɚõɝǸjȷƩEʆ
��ȃİs;@g¬ĝõÿţƕtŹƊÐƋ
jȁåEKȍƪʆ��ȃİõsdkQ 2 ƮǸ
ŒŹƊÐƋ=ĩ>?UgBpʆɢØ=ɜki
SiOx ]TƜsÑɜChgBp=Ɠe<pU
kKN_Kʆ�� SiO ȃİŭɬśtŦəàú
tȍƪʆm�¢�l~ Si jympGg¬ĝõ
ÿţcĄȝpUgƜUgȲćƳɚõ=Ąȝ
oTg·jƓe<pEKN 

 
Ę 6 PS-PVD SiOxɈƲt(a)ĺɧp(b)v¨¤¦
óǝtzov¢ÎĲŧ 

 
Ę 7� SiO ¬ĝõÿţƕt Si ŹƊÐƋt SiOx
zo�þwċƠɥȈɧÎĲŧ 
 
4-4.ʂ~¢¨���ȱɚ 
� PS-PVD sdg��ȃİŘŭųȮtǡƱǷ
ɑjưȻGgģćsuʆüƎȂƣtĩɧŵÛ
=ŪķChgNJtģćʆSi æětĤñsÅ
Vȃİzo�tĤñpÝsʆǚsĨØȈǋć
üƎjêǢEKÝâȔɝǸouʆȲćƳɚt
ŘŭɝǸcĦɄChgpș:ehgNJBoʆ
ĸɳsĸʁȆ� ��~�£¨ȰȗjêǢ

EQʆǡƱǷɑtŻƵpChg 1kg/hr Ǭŗt
~¢¨���ot��ȃİǠŭtĸȿpʆʂ
~¢¨���sɌĖGgƳɚõtǚŠjɄ
ƫEKNJtȍƪʆĘ 8 sǱG��ȃİzo
�t��¢Ⱥȁȍƪp]^ĈǸŒtȃİ=
ŘŭChQ;fʆrm¤�¢tȃŭɬ��¢
uʆ»ĕtäǟɧǸŒouJt__ɠǢEQ
¶ǏsêǢo>gBp=ǰɃChKN©Ɛʆ
ǽ 2 ØȈ Ni t¬ĝɋƬǠŭǎŒuʆæět
ĤñsÅ81831K<e2100K<e_oĤñG
gBp=¶ŪChKNBtƕt Si ��ȃİz
o�c 2.6nm <e 11.2nm ǸŒtĩ>U Si ȃ
İ[t¾ǭpUgBp=¶ŪChKNÜȃİ
=Ĉ©zo�oçơ 1%Ni oƬǠŭGgpÁ
ķGhYʆǦUgȃİřªot Ni ƬtŘǛ
<eʆĈ© Ni ǌñɧouTkQc Si/Ni Ǥɹ
Ǻ= 4.3 Òĩ>?UgpƃȁChKNBhe
tȍƪuʆǐȬǛŬo Si sŷźGg Ni p Si
ptćɨõÿţsɯEQʆdfʂǎŒɻĠsʆ
dfɬ8ÿţƕɮoʆdfő8ǤɹǺoɜȭ
GgʆBpjūďGgNùjʆĈ© PS-PVD
ƦÂouʆɷ˚ÿţsȴƁ@¬ǆŧU SiNi
ćɨjĨɧsŘŭE¬ĄɖĺɧjĤñGg
Bpsȕ=gNĸɳʆĈ©� ��ƦÂ«o
1kg/hoǠŭEK��ȃİsuĨɧt Si-Nić
ɨǬtǋĜ=ǰɃChKNBhsÅkQʆB
heȃİjɈƲǆǙɋpEKɷ˚tzov
¢ǚŧuʆĘ 10 sǱGɘfʆćɨǬtĨ8
ƦÂouĺɧ=ĩ>?É«EKNŜkQʆ4-1
oɼĜõEK Ni r��u|�¢ŷźtĺɧ
ĊªóƪjŔ>åGKbsuʆNi æějǍł
CIKǓŒoʆSi ��ȃİtȄĩõjŴëE
VgŦəàúƦÂjŀÛGgŢȳ=TgB
p=èƓEKN 
 

�

Ę 8  ÞĞǩUàúņƹsŜV Si ��ȃİŭ
ɬ¶ǏtüƎÍȎɧÎĲŧNNi ¬ĝɋƬǠŭ
ǎŒj/oǱEQ8gN 

�
Ę 9 Ni¬ĝɋƬǠŭƕtSi:Ni��Ƴɚ¶ǏN
Üȃİ=Ĉ©zo�ʆçơ Ni ǓŒjÁķN 



�

Ę 10 ǦUgüƎäǟɧoËŭEK Si:Ni �
�ȃİjǆǙɋpEK�¨��¢tzov
¢ǚŧƼɒ  
 
©ƐoʆSi üƎøÊtģćsuʆʂ~¢¨�
��äǟsdkQ©Ƹȃİzo�uĩ>?
UgcttțíhŧtȡǤzo�pĢčC
hg 150nm dfcöæsŁCU 50nm ǸŒo
Tfʆ<lʂƸâɴÊtŘŭ=ŴëChQ8
KNJtȍƪʆÙƈɷƕtǚsçơƻɲot
ĺɧǍł=Ŵ:ehQʆÉ~¢¨���ƕp
ĈǸŒ<ȧŎʂ8ĺɧjȑźEVg·=Ɠ
e<pUkKN 
� ÀªʆƤǯǻjɘcQʆPS-PVD sdg Si-M
ȆtŦəÝâȔjêǢGg·sdfʆǚŠǩ
UȲćƳɚjƠGg��ȃİtŘŭ=Ąȝ
oʆɷ˚zov¢ǚŧtĊªsƠóoTgB
pjǱEKNpfi@ʆɈƲŘŭśtƜUg
�~��¤�~jŀÛGhYʆɿɐǩUǚŧ
ĊªcȴåEKBp<eʆ»śtƦÂtƞɠ
õsdfƜsǚŧjŔ>ªAgBp=åƧ
gctpơŚChgN_KʆBhe��ȃİ
jǡƱǷɑtǽ 1 ŻƵpEQt 1kg/hr oǠŭ
EVg·jǱEKBpuƤ PS-PVD tĸǡƱ
otƠǢŧjƜsƇźGgctp8:gN 
�
ʍʈ³UǨȯɆƍǿ�
ʄǯǻ¿ȯȚMǯǻæŷȚþwɛƆǯǻȚs
u«ȓʅ�
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