
!"#$% &'(%)*'+$ ,+- ./%)0%(*1*.

2)"3%44") 5.6. 7/(*8"#. 9*&*:%41*; 3'1<+=(%( >?@

>"41"#41*;>"41"#41*;  ?"4<,')4(#%//$;?"4<,')4(#%//$;  @/*#%)4*(%(@/*#%)4*(%(

*&%/**&%/*  >>..66. . A"&"/"4"#'A"&"/"4"#'



!"#$!"#$  "%&'(("%&'((

)(*(%+,% #&&-.-"/*01, - $#(20"%% 344%&*(+$,%

-5*1065*+# 7"/ $#&08"%$(/ 3$%19((

:,50&0*%.8%1#*-1$,% 5+%1;810+07$(&( -

.#*%1(#", 21-90 +%&# 7"/ 344%&*(+$090

(580"<=0+#$(/ 3$%19((

B"+= /'/"(%C/"+"0*; # 4"D,'/** /"#$C 8"1"+%/*;
&'(%)*'+"#



>0*(+#'(//?%"<

!"#$%&'$()*+, ($'$-*$(%.,/01 +"2$3*+4$( 5*,67++

8$'9)*+,8$'9)*+,  *$(01*$(01 « «sustainablesustainable» » 2,1*$%$7+:2,1*$%$7+:  9%.9%.  *)4$#%,*+.*)4$#%,*+.

5*,67++5*,67++

!"#"$ %&'()" *&$"
+$,$&-(&" #&.',/&

;)'(+2+, 7+-6+9*01 + 5%,426$/$-+%,: - <%<3=,*+, 54$%$7++

!"#$%#&'(" )*"+,-&.&/%*%

!"#$%&'()' ) )*%$&+,$-"()' .&'#/0$.('01))
* %$2$3+4 .('01)) 5)2)6'*#)5 0'"#7)8

1995: «Advances in battery
research are always restricted by
chemistry!»

R. E. Powers  (N.Y. Times)
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I6     +     LiCoO2                         LixC6  +   Li1-xCoO2
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#"!#$%

Li+- 810+07/G(6 3"%&*10"(*LixC6 91#4(* LiMO2

)(*(6-(0$$,6 #&&-.-"/*01

@"%&*10"(*   - c0"(: LiPF6, LiBF4 (LiClO4, LiAsF6),  LiCF3SO3

        - 1#5*+01(*%"(: EC, PC, DMC, DEC

1M LiPF6 # EC/DEC/DMC

E"/F%8F*- (1980)                  E"&&%)F*'+*D'F*-: Sony (1990)

01.$23"(,": 3.6 / Eo (cathodic) – Eo (anodic) = Eo (cell)

x G 0.5-0.6 e-
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E)*4('++"C*&*:%41*% 4#";4(#' 1'(*"/' +*(*-:

H"//$; )',*<4 * 1""),*/'F*"//"% "1)<I%/*%: 0.74 Å ("1('.,)) - 0.59 Å ((%()'.,))



LiI0O2 LiMn2O4
LiFePO4

••  O5$0+$,%O5$0+$,%  5*1-&*-1$,%5*1-&*-1$,%  *(8,*(8,  

9%&5#90$#"<$#/ 

8"0*$%6N#/ 

-8#&0+&# 

&-2(A%5&#/ 8"0*$%6N#/ -8#&0+&#

I*               278 .P·A/9                                        148 .P·A/9                                            170 .P·A/9

$           10-3 C/c.                                      10-5 I/c.                                        10-9 I/c.

D              10-9 5.2/c                                    10-10 5.2/c                                                     10-15 5.2/c



LiMOLiMO22 (M (M  ==  Fe,Fe,  MnMn,,  Co, Ni)Co, Ni)

- - $#(20"%%$#(20"%%  8105*#/8105*#/    5*1-&*-1#5*1-&*-1#

••  I"0E$,%I"0E$,%  0&5(7,0&5(7,  5050  5"0(5*065"0(5*06  5*1-&*-1065*1-&*-106  

%-NaFeO2

                      Mn3+              Fe3+          Co3+          Ni3+

RVI, Å         0.58 (/4)          0.55(/4)       0.525(/4)     0.56(/4)
                  0.65 (#4)          0.65(#4)       0.61(#4)        0.60(#4)

   

2)"J+%&$:

E'(*"//"% )'D<8")-,":%/*%

@4(";:*#"4(=

K%/'

L1"+"0*-

LiCoO2   (4T ~ 280 &A·:/0)      kD~10-9 4&2/s  , $ ~ 10-3 C/cm

4()<1(<)/'- /%<4(";:*#"4(= #D'*&",%;4(#*% 4 .+%1()"+*("&

F*1+*)"#'/*% ," x~0.5  (V~4.26, 4 ~ 145 &A·:/0)            8"#%)C/"4(/"% 8"1)$(*%: ZrO2,TiO2, Al2O3, B2O3

D'&%M%/*- LiCo1-yAlyO2 (0.1<y<0.3, 4 ~ 160 &A·:/0)      (V ~ 4.46, 4 ~ 170 &A·:/0)



LiFePOLiFePO44    5050  5*1-&*-1065*1-&*-106  0"(+($#0"(+($#

6T =  170 .A·A/9; C ~ 3.5 :

     Q05*0($5*+#

    - (%)&*:%41'- * F*1+*:%41'- <4(";:*#"4(=

           LiFePO4 «FePO4  +   Li+   +  e-

    - .1"+"0*:%41* J%D"8'4/$;

    - ,%N%#$; (&*/%)'+ - ()*3*+*() 

M%705*#*&(

• 3"%&*10$$#/ 810+07(.05*< ~ 10-9 I/c.

• D~10-15 5.2/5

• $(=&#/ 8"0*$05*<

• 51%7$%% =$#A%$(% 1#20A%90 $#81/E%$(/

Pnma   a = 10.3223(15)Å
           b =  6.0047(9) Å
           c =  4.6929(7) Å
          

6
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A. K. Padhi, K. S. Nanjundaswamy, C. Masquelier, S. Okada and J.B. Goodenough, J. Electrochem. Soc. 144 (1997) 1609
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9,9,  &'#7))&'#7))  J.M. J.M. TarasconTarascon, CNRS, Amiens, France, CNRS, Amiens, France
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L148%)*&%/('+=/"%L148%)*&%/('+=/"%  "J/')<I%/*%"J/')<I%/*%  ,*33<D**,*33<D**  +*(*-+*(*-

7LiFePO4 (295 K)

7Li0.6FePO4 (620 K)

S.I. Nishimura et al. Nature Materials 7 (2008) 707

>",%+*)"#'/*% (M.S. Islam et al. Chem. Mater. 17
(2005) 5085



!'/")'D&%)/$%!'/")'D&%)/$%  8"1)$(*-8"1)$(*-  ,+-,+-  J$4()"0"J$4()"0"  ()'/48")('()'/48")('  +*(*-+*(*-

LiFe0.9P0.95O4-x

OJ/')<I%/*% Li4P2O7 (Fe)
/' 8"#%)C/"4(* (BQP)

R)'/48")(R)'/48")(  +*(*-+*(*-  /'/'
8"#%)C/"4(*8"#%)C/"4(*  --
+*&*(*)<SM'-+*&*(*)<SM'-  4(',*-4(',*-

"( P = 2 1#(/10
," 170 1#(/10

B.Kang & G.Ceder
Nature 458 (2009) 190
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6$#",$:

!'/"1"&8"D*($ (/'/")'D&%)/$% &'(%)*'+$ 4 /'/"8"1)$(*-&*)
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Hg Nb
NbSn

NbGe

!"#$"%&'(%& )& $*+"%,)*-'.
/"#0. - 1)'&%2'.3&

4.32.5 &6*'

4.32.5 7"0.5

HgBaCaCuOHgBaCaCuO

HgBaCaCuO $*3

3&+0")."# 350 '8-.&'#.

YBaCuO

LaBaCuO

TlBaCaCuO
BiSrCaCuO

:,50&0*%.8%1#*-1$,%:,50&0*%.8%1#*-1$,%  5+%1;810+07$(&(5+%1;810+07$(&( 20- 20-9090  +%&#+%&#



- O - Cu

CuO2 4+";
2%)"#41*(2%)"#41*(

1) O8(*&'+=/'- .+%1()"//'- 1"/F%/()'F*- # $*-D"/%
8)"#",*&"4(* (3")&'+=/'- 4(%8%/= "1*4+%/*- &%,*):

+2.05& VCu & +2.25 - p-(*8 P2
+1.8 & VCu & +1.9 - n-(*8 P2

2) O8(*&'+=/"% 8%)%1)$#'/*% 3dx2-y2(Cu) and 2px,y(O)
")J*('+%;:
1.9Å & deq(Cu-O) & 1.97Å, 'Cu-O-Cu ( 180°

3) 2-&%)/'- 4()<1(<)': dap(Cu-O) ) 2.2Å

9'%(2'(%&9'%(2'(%&

CaCuOCaCuO22

I*1-&*-1$,%I*1-&*-1$,%  &1(*%1((&1(*%1((  5+%1;810+07(.05*(5+%1;810+07(.05*(  ++

5"0(5*,;5"0(5*,;  &-81#*#;&-81#*#;
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=0>*%.')85
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A’’
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A’’
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(A = Ca, Sr)
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6+*-/*%6+*-/*%  4()<1(<)/$C4()<1(<)/$C  J+"1"#J+"1"#: Bi: Bi2+x2+xSrSr2-x2-xCuOCuO6+6+**



Hg-Hg-507%1E#G(%507%1E#G(%  :LI!:LI!: : HgBaHgBa22CaCan-1n-1CuCunnOO2n+2+2n+2+**

T'#*4*&"4(= Tc "( :*4+' 4+"%# 
(CuO2) # HgBa2Can-1CunO2n+2+* Putilin S.N. et al., Nature 362 (1993) 226

7/(*8"# 5.6. H 7J'1<&"# 7.>., @Q! (2008) 190

B"4( Tc HgBa2Ca2Cu3O8F* 8", ,'#+%/*%&



?&)*%&6#"%)8"?&)*%&6#"%)8"  -'%(2'(%8-'%(2'(%8

La1.9Sr0.1CuO4

Tc = 25K

La1.9Sr0.1CuO4./
SrLaAlO4

Tc = 49K

dTc/da ( –1000 K/Å 

SrLaAlO4

a = 3.756 Å

La1.9Sr0.1CuO4

a = 3.779 Å

J.-P. Locquet et. al., Nature, 394, 453(1998)



Tc= 100K

a = 3.8560(4)Å
c = 15.839(5)Å

Ti, 500 oC

Tc= 134K

a = 3.8524(4)Å
c = 15.819(4)Å

O
2
, 300 oC

Tc= 138K

a = 3.8501(2)Å
c = 15.773(3)Å

XeF
2
, 200oC

Q(")*)"#'/*%Q(")*)"#'/*%  HgBa  HgBa22CaCa22CuCu33OO8+8+**

dTc/da G -1.35+103 K/Å for Hg 6RP2
'Cu2-O2-Cu2 = 177.3 - 178.4o for Hg-1223

dTc/da G -1.0+103 K/Å ,+- “4I'($C” ("/1*C 8+%/"1
 La1.9Sr0.1CuO4

dTc/da G -1.6+102 K/Å 8", ,'#+%/*%&
'Cu2-O2-Cu2 = 175.0o

T'#*4*&"4(= R4 "( 8')'&%()' 1 ,+- HgBa2Can-1CunO2n+2+*

K. Lokshin et al.,PRB 63 (2001) 064511



20062006,,  Y. Y. Kamihara Kamihara et alet al, JACS 128, 10012, , JACS 128, 10012, LaFePOLaFePO, , TTcc=5 =5 KK

2007, T. Watanabe 2007, T. Watanabe et alet al, , InorgInorg. . Chem Chem 46, 7719, 46, 7719, LaNiPOLaNiPO, , TTcc=3 =3 KK

20082008,,  Y. Y. Kamihara Kamihara et alet al, JACS 130, 3297, , JACS 130, 3297, LaFeAsOLaFeAsO1-x1-xFFxx,,TTcc=26 =26 KK

SmFeAsOSmFeAsO1-x1-xFFxx, , TTcc=55 =55 KK

LaLa1-1-xxSrSrxxFeAsO, FeAsO, TTcc=25K=25K

SmFeAsOSmFeAsO1-x1-x, , TTcc=55 =55 KK

BaBa1-x1-xKKxxFeFe22AsAs22, , TTcc=3=388  KK

LiLixxFeAsFeAs, , TTcc=18 =18 KK

Fe(SeFe(Se1-x1-xTeTexx))0.820.82, , TTcc=14 =14 KK

2009:

Sr2ScO3FeP, Tc=17 K

Sr2VO3FeAs, Tc=32 K

?)<88' 8)"3.

H. Hosono, Tokio
Institute of Technology

:,50&0*%.8%1#*-1$,%:,50&0*%.8%1#*-1$,%  5+%1;810+07$(&(5+%1;810+07$(&( 21- 21-9090  +%&#+%&#



a=4.0355 Å, c=8.7393 Å
a=3.7914, c=6.364 Å

a=3.7693, c=5.4861 Å

a=3.9625, c=13.017

LiFeAs, Tc=18 KLnFeAsO, Tc=26-56 K (Ba,K)Fe2As2, Tc=38 K

FeSe1-x, Tc=8 K

Sr2ScO3FeP, Tc=17 K

P4/nmm, a=4.016, c=15.543Å

Sr2VO3FeAs, Tc=32K

Zhu et al, arXiv:0904.1732 

Ogino et al, arXiv:0903.3314


