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Накопление и использование электроэнергии	
с помощью энергии химических реакций 

1995: «Advances in battery 
research are always restricted by 
chemistry!» 
 R. E. Powers  (N.Y. Times) 



•  ?-6+"%/&$ 1+$*$/#&  
&#0$1#1" 2,2#"31 2 $45-"'6(13 7$4("(,"3 #&.',/4 , 
"8& .$"&9$45&/4(,"3 

•  @'#'.$" (6$.%":/&$ " %#-.":/&$) 
 540$1#1" 2,2#"31 2 &-(&/$"3"((13 7$4("(,"3 , 
.$"&9$45&/4(,"3 :("$8,,     

 6#(3'5"7%(5*+8 *(%(5+59('.8 25+ 25(":5&/"-&%++ 
)+4+;(.3", 7%(5*++ . 2"4"<$= "3+.#+'(#$%"-
-"..'&%"-+'(#$%1) 5(&3>+, %& 7#(3'5"0&)      

•  ?92(53"%0(%.&'"51 
 A.-B$33&, 6.-"=%-5,C"$ 1+$(#.-1/$.7"D, 6.-#$('D# /' 
*$E2'=/&9 7.'/"B'9 - "/#$.2$43'9, "-//&4 " 1+$(#.-//&4 
#.'/36-.# .'=5$+$/&  
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Turbodiesel Audi 4.2 L ! Motor wheel!

Power 326 h.p.!

Engine efficiency ~ 40 %!

Tank-to-wheel efficiency:!

Power 80 " 4 = 320 h.p.!

Motor efficiency > 90 %!

Battery-to-wheel efficiency:!

< 20 %! 90 %!



F+$(#.":$3("4 '(()*)+,#-. — 
- 9"*":$3("4 "3#-:/"( #-(' */-7-.'=-%-7- 5$43#%", 

(- "'#+;+( "' *&#$-&%+;(.3"*" 7#(4(%'&, )+4+;(.3+( 
5(&3>++, %(2".5(0.'-(%%" 25(-5&<&(41( - 
7#(3'5+;(.39= 7%(5*+= - %+), 4%"*"35&'%" ":5&'+41).  



G6     +     LiCoO2                         LixC6  +   Li1-xCoO2   
!"#$% 

#"!#$% 

Li+- 6.-%-5,C"4 1+$(#.-+"# LixC6 7.'2"# LiMO2 

!"#"4-"-//&4 '(()*)+,#-. 

F+$(#.-+"#   - c-+": LiPF6, LiBF4 (LiClO4, LiAsF6),  LiCF3SO3 
         - .'3#%-."#$+": EC, PC, DMC, DEC 
H#3)#3#%"$ 1+$(#.-//-4 6.-%-5"*-3#" 
 1M LiPF6 - EC/DEC/DMC – .'&%0&5'%1, 7#(3'5"#+' 

@"%>(2>+8 (1980)                  @"44(5>+&#+/&>+8: Sony (1990) 

;4.$<="(,": 3.6 / Eo (cathodic) – Eo (anodic) = Eo (cell) 

x A 0.5-0.6 e- 



B5&-%(%+( C(5%.'& 

D&3"% E&5&0(8 Ст (F ;/*) = 
26,8 n 
MW 

G10(#8(4&8 '(2#"'& 

H"#85+/&>+8 25+ 
/&0&%%"4 '"3( 

I'=.,5/', (."%', '(()*)+,#-.' 
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1)  I"#(( J+5"3"( “"3%" 7#(3'5"#+'&”               
G1."3&8 7%(5*"(43".'$ :   Eo (cell) ) ?  

2)  G1."3&8 7#(3'5"25"-"0%".'$ 7#(3'5"#+'& (A 10-2 ?4/.4) 

3)  C(:"#$J", 5&/4(5                 4()&%+;(.3&8 .'&:+#$%".'$ 

“"3%" 7#(3'5"#+'&” 
J+, %-5& – 1.23 ;, 
J+, Li-1+$(#.-+"#-% – 5- 4 ; 



   

M 
K"#(39#85%1, -(. (*) 

26,8 n 
= 

;+.#" e- or  Li+ 

Ст (F ;/*) 



@5+.'&##")+4+;(.3+( .-",.'-& 3&'+"%& #+'+8: 

L"%%1, 5&0+9. + 3""50+%&>+"%%"( "359M(%+(: 0.74 Å (-(#'15.) - 0.59 Å (#$#.'15.)   



LiG-O2 LiMn2O4 LiFePO4 

7$(3'7-/'+</',  
6+-#/$4K',  
)6'(-%('  

()0":$3(', 6+-#/$4K', )6'(-%(' 

G#               278 *LM:/7                                        148 *LM:/7                                            170 *LM:/7                      

!            10-3 C/c*                                      10-5 G/c*                                        10-9 G/c* 

D              10-9 3*2/c                                    10-10 3*2/c                                                     10-15 3*2/c  



"-NaFeO2 

                      Mn3+              Fe3+          Co3+          Ni3+ 

RVI, Å          0.58 (%.)          0.55(%.)       0.525(%.)     0.56(%.) 
                   0.65 (-.)          0.65(-.)       0.61(-.)        0.60(-.) 

H5":#(41: 

@&'+"%%"( 5&/92"580";(%+( 

B.'",;+-".'$ 

N(%& 

63"#"*+8 

LiCoO2   (.T ~ 280 4AO;/*)      kD~10-9 .42/s  , ! ~ 10-3 C/cm                                   

.'593'95%&8 %(9.'",;+-".'$    -/&+4"0(,.'-+( . 7#(3'5"#+'"4 
>+3#+5"-&%+( 0" x~0.5  (V~4.2G, . ~ 145 4AO;/*)            2"-(5)%".'%"( 2"351'+(: ZrO2,TiO2, Al2O3, B2O3 
/&4(<(%+8 LiCo1-yAlyO2 (0.1<y<0.3, . ~ 160 4AO;/*)      (V ~ 4.4G, . ~ 170 4AO;/*) 

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

Li+ - 0.74 Å  



LiMO2          LiM2O4 (Li0.5MO2) 
? 

J. Reed & G. Ceder, Chem. 104 (2004) 4519 

Co3+ -   LS t2g
6 

Mn3+ -   HS t2g
4 

Mn3+             Mn2+ + Mn4+           

Mn2+ -   HS t2g
5   6?@H = 0  

Mn4+ -   HS t2g
3   '"#$3"                 

  "3'&705 
N'*$C$/", Mn /' Ni  



D ~10-9 .42/s 
G5(48 0+PP9/++ +"%"- #+'+8 - ;&.'+>&) 1-10 4+35"% (R2/D~ 10 - 1000 .(3) 
D ~exp (-Ea/kT); Ea- 7%(5*+8 &3'+-&>++ 2(5(.3"3& #+'+8 

B4(%$J(%+( Ea %& 57 meV 9-(#+;+-&(' D - 10 5&/ 

Ea -6.$5$+,$#3, .'=*$.-* #$#.'15.":$3(-4 6)3#-#& " ()+-/-%3("* -##'+("%'/"$* 

D 9-(#+;+-&('.8 - 54 5&/& 25+ 
/&4(<(%++ Co3+ %& Ni2+ 

K.Kang et al. Science 311 (2006) 977 



!&/%".'$ 7#(3'5"%%", 2#"'%".'+ 
4(M09 LiAl1/3Co2/3O2 + Al1/3Co2/3O2 

D&-+.+4".'$ 2"'(%>+&#& "' 
."0(5M&%+8 #+'+8 

G.Ceder et al. Nature 394 (1998) 694  



Li2MnO3 Li1-yNi1+yO2 "-NaFeO2 

H"0&-#(%+( 5&/92"580";(%+8:  
.+%'(/ - 3&'+"%%14 ":4(%"4  +/ NaNi0.5Mn0.5O2 

Qc = 0.06 Å 

Li-:#"3 2.59 Å (SS) 

+ 2.65 Å (IE) 



O6"/$+" LiM2O4 (Mn, Mn+Ni " 5..) 

  Mn3+ (3d4, -.) # R%-'(##(5"-.3+, 3&'+"% 

$-MnO2               LiMn2O4                       Li2Mn2O4 
@9:+;(.3&8 
P&/& 

@9:+;(.3&8 
P&/& 

 '('5&*"%&#$%"( 
+.3&M(%+( 

0% Mn 3+                  50% Mn3+                                                100% Mn3+ 

J$K$%&4 "  1(-+-7":$3(" 0$=-6'3/&4 

LiMn2O4 
CT =  148 mAMh/g; E % 4.2 V 

Fd-3m  a = 8.245(1)Å VM = +3.5           "*5&%+;(%%1, -1:"5 3&'+"%"- 
                                              (#(*3+( d-4('&##1)  
+#+ LiMn1.5Ni0.5O4 (Ni2+       Ni4+; E = 4.8 V) 
P3#-4:"% ( 5$7.'5'B"" (.'3#%-.$/"$ " -0.'=-%'/"$ 
0+-(".)DC"9 3+-$% /' 6-%$.9/-3#") 

Li4Ti5O12 "+" Li(Li1/3Ti5/3)O4 - '/-5/&4 *'#$."'+; E = 1.5 V 

P3#-4:"% ( 5$7.'5'B"" " 6-0-:/&* '/-5/&* 6.-B$33'* 

;&3-(', *-C/-3#< " .'0-#-36-3-0/-3#< 6." /"=("9 ? 



0T =  170 *AM:/7; Q ~ 3.5 ; 
     J-3#-"/3#%' 
    - '(54+;(.3&8 + >+3#+;(.3&8 9.'",;+-".'$ 
           LiFePO4 «FePO4  +   Li+   +  e- 
    - 73"#"*+;(.3+ :(/"2&.%1, 
    - 0(J(-1, (4+%(5&# - '5+P+#+')  

8$5-3#'#(" 
• 1+$(#.-//', 6.-%-5"*-3#< ~ 10-9 G/c* 
• D~10-15 3*2/3 
• /"=(', 6+-#/-3#< 
• 3.$5/$$ =/':$/"$ .'0-:$7- /'6.,E$/", 

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

0 

a b 

A. K. Padhi, K. S. Nanjundaswamy, C. Masquelier, S. Okada and J.B. Goodenough, J. Electrochem. Soc. 144 (1997) 1609 



•  @&'+"%%1( /&4(<(%+8: Li1-xMxFePO4 

S.-Y. Chung et al. Nature Materials 1(2002) 123 

J.M. Tarascon (2001) Nature 

H5"-"0+4".'$ p-'+2& (Fe2+/
Fe3+): 

@&'+"%%&8 %(.'()+"4('5+8 



P+):K$/"$ #.'/36-.#/&9 9'.'(#$."3#"( 

B4(%$J(%+(  

!&/4(5"-  

  Platelet-type particles 

The image cannot be displayed. Your computer may not have enough memory to open the 
image, or the image may have been corrupted. Restart your computer, and then open the file 
again. If the red x still appears, you may have to delete the image and then insert it again.

 e-  Li+ 

   carbon nanopainting 

?&M& 

LiFePO4 

Al-P"#$*& 

Nano 

PVdF 

B-(#+;(%+( 7#(3'5"25"-"0%".'+ ."(0+%(%+8 
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S2'+4+/&>+8 4"5P"#"*++ ! 



7LiFePO4 (295 K) 

7Li0.6FePO4 (620 K) 

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

K"0(#+5"-&%+( (M.S. Islam et al. Chem. Mater. 17 
(2005) 5085 



LiFe0.9P0.95O4-x 

S:%&59M(%+( Li4P2O7 (Fe)  
%& 2"-(5)%".'+ (!E?) 

"' P = 2 3-'/3*  
0" 170 3-'/3* 

B.Kang & G.Ceder 
Nature 458 (2009) 190 



23%4-56789%:3%;<87=>%7=>%?3:3%@7<7A5"=9%B7)-=)%CDE->%2FG%.H.#*##%(*..H/%

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



IJKLM%NOPLN%QRST%U%VJRSWNXY%MJRLTZJ[JY%\%

]JRSWNX^%MJRLTZJ[%W[_%UX`SVSaNLTbSLMVZY%Z%MScNXY%
JVVOMO[_RSTSU%
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&,C,4=DE,FG?@&A?$&',.HI?6#,J*=K,12L,
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.@&G&$#,

rsULTWX^%TJ`RUSTt%MLYJNZfM%%%
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O#9./$PQ,6#9?"&#@,/@',GP8.7.R$?"-.0
?67&S,&,6.T$PS,#77F6F@'9.".G,

3L,UVWXYW(,Z[X\,]^_V^2, àVY<2bcY,dXWV^,e^fcacghc<ghVWXi,
jYWXaYVbcYV^,Ufk^2lVbcY,[fmkXa,no,)*3*p*)43)q,])r,)*3*r,,
)L,sWaflWfaV^,WaVY<tcamVbcY,ct,12)ucUove,fgcY,120wX2YWXalV^VbcY,p,
xoyz[]1,oe,Uon{z,soyzu{s,3qK,J)*33L,4DD04K*,

|]se,lcYWaVlW,)**M0)**+,,,



;-=*-E/&$ /'6.'%+$/", ? 
1)  E'"5.9#$P&'1 (LiMSO4F)       2) ?+#+3&'1 (Li2MSiO4) 

4L},

;&%-5&: 

8'/-(-*6-="#& (/'/-.'=*$./&$ 
*'#$."'+& 3 /'/-6-(.&#",*") 
-#(.&%'D# 6."/B"6"'+</- /-%&$ 
%-=*-E/-3#" % 3-=5'/"" /-%-7- 
6-(-+$/", /'(-6"#$+$4 1/$.7"" 


