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Abstract

Lithium de-intercalation/intercalation from/in LiFe;sMn4Co1/4Ni;4PO4 solid
solution and alkali ions-doped LiFePO,4 were investigated in this thesis.

It was reported that the electrochemical activity of Mn®" or Co”” can be improved
significantly in the solid solution of multi-transition—metal phosphates such as
LiFexMn; 4\PO4 and LiFe,Co; xPO4. Therefore, it is important to investigate the effects
of the state of solid solution for multi-transition-metal phosphates on the kinetics of
each phase transition reaction from M>" to M*". An ideal model material for kinetic
study is a quaternary solid solution, i.e., LiFe;sMn;4Co,/4Ni;4PO4, with all four metal
elements in one compound. /n situ XAS test shows the electrochemical activity of Co
and Mn are influenced obviously by carbon coating. For carbon coated
LiFe;4sMn;4Co014Ni;4POy4, in a voltage range of 3.0-5.1V (vs. Li/Li+), three voltage
plateaus were observed clearly in both galvanostatic discharging and galvanostatic
intermittent titration technique (GITT) curves. These three plateaus are corresponding
to Co*/Co*", Mn*"/Mn*" and Fe*'/Fe*" redox couples. The sum of polarization of the
electrode shows maximum when the electrochemical reaction shifts from one redox
couple to another couple and it is also happened for the ohmic polarization. The
apparent chemical diffusion coefficient of lithium (Dy;) obtained from the potential
relaxation analysis are in the same order of magnitude 10> cm® s for all transition
reactions.

By now, the increasing of electrical conductivity in LiFePO4 by metal ion doping
is still strongly debated: whether the supervalent ions were really doped in the lattice,
where it stays, and if the improved conductivity is caused by carbon or conductive

nano-network. In this thesis, the investigation of doping LiFePO, on Fe sites by alkali

II



Abstract

metal ions (M =Li", Na', K") were carried. Rietveld refinement on neutron diffraction
data indicated that Na ions mainly stay on Fe sites and a few amount of vacancices of
oxygen were introduced into LiFePO,. The analysis of Maossbauer spectra and
magnetic susceptibility indicated that Na doping leads to the formation of Fe’.
Combined with the results of magnetic measurement we speculated that Fe*™ ions
exist in the solid state solution. The chemical formula of 5 Na doped sample can be
writtened as Lio_952Fez+0.905Fe3+o_045Nao_047PO4_5. The electronic conductivity of 5

Na-doped sample is enhanced for seven orders of magnitude compared to pure

LiFePO, at room temperature.

Key Words: LiFePO,, LiFeysMny4Co44Niy4PO4, Chemical diffusion coefficient, Alkali metal,
Doping
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LiFePO4 FePO4
1.6.2 LiyFePO,
LiFePO4
LiyFePO4
XRD [169] LiFePO4 FePO4
350 500 LiFePOs FePOg4
LiyFePO4
Lig sFePO4

Li0'75FCPO4

[170] LiosFePO; 0.5LiFePO; 0.5FePOy

Lig75FePO4 0.75LiFePO4 0.25FePOy ) 350 370
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Li0.5F6P04 FePO4

Li-g¢4FePOy4 Lig75sFePOy LiFePO4 Li ¢FePOy4
(100) Li 2/3
Li-O LiFePO4 Li-O
Fe III Fe-O

LiFePO, FePOg4

350

250 1 H+D

Temperature (°C)
[
U
=]
L ]

100 f H+T

0 ] 1 1 1
0 0.2 0.4 0.6 0.8 1

FePQ, x in Li,FePO, LiFePO,

12 Li,FePO,

Dodd [171] Li,FePOy4
12 heterosite and triphylite 200

200 300 heterosite triphylit

300 LiyFePO4 X
0.0 06 1.0

[172] L106F6PO4 200 L1FePO4 FCPO4

XRD [173] FePO4 LiFePO4 LiyFePOg4
LiggoFePO4 Lig34FePOy4 x>0.6
LiyFePOg4 LiyFePO; y=0.60+0.04
TEM
b LiFePO,s (010)
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FePO4/LiFePOy4 Yamada[174]
Li,FePO, Fe'*
Li,FePOs Li;—gFePO4(0<0<0.05 0<(1—P)<0.89)
[175] LiFePO4
Yamada [176] Li,FePO,
LiFePO4s FePOy4 spinodal-type
Li,FePOs Li; ,FePOy4
0.03<a b<0.04 Newman
[177] LiFePOs FePO4

Lemos [178] Raman FTIR LiMg3Feoo7POs, M=Cr Cu Al Ti

Lio_l 1FCPO4
Li(). 1 1F€PO4

1.6.3 LiFePO,

LiFePO4 LiFePO4
FeOg Fe-O-Fe LiFePOy4
10°S/em  [179] LiFePOy
FePOy (heterosite) [1,13] [6,180]

[181] four-point microcontact technique

107 LiFePO,
156 meV[182] 186 meV [183]
390 630 meV [179 184, 185]
Li"
Li" 104~10"" em?/s
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2 LiFePO,
2 LiFePO,
LixFePO4[186] 1.8x10™"* ~ 2x107"% cm?*s™ GITT
LiFePO4[187] 8x10™"* cm®s™! GITT
LiFePO, [188] 105 ~10" cm?*s™ EIS
LiF 61/4C01{4N11/4Mn1/4P04 1075 o) PRT
(this work)
LiCoPO, Thin-Film [189] 10" ~ 10 cm?s ™! Chronoamperometric
technique
Single crystal LiFePO4 102 em?-s”! polarization
[190] measurements
-
LiFePO,4 [191] 10°° (fonic conductivity) . conductive
impedance analysis
Li;_Feo4sMng.ssPO4 [192] 10" ~ 10" em?s™! GITT
LiFePO, [193] 1.01x107" cm*s™! EIS
LiFePO, Thin-Film [194] 103~ 10" cm*s ™! Ccv
LiFe;- Mn,PO, 13 2 -1
10 :
(0.0 < x < 0.4) [195] s v
LiFePO4[196] 10® cm*s™! calculated
Andersson [197] LiFePO4
b
[196-201]
FePO, LiFePO, [202]
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164 FePO,
FePO, LiFePOy LiFePO4
FePO,4
FePO4
Delacourt [203] FePO4-H,O
FePO4-H,0O pH
FePO4-H,O Strengite (orthorhombic Pbca) Metastrengite [ (orthorhombic
Pbnm)  metastrengite I (monoclinic P21/n)
FePO4 HF
FePOy4 [204] [205]
EOnPOnEOn P123
[206, 207]
FePO,
FePO4 CTAB[208] FePO4
LiFePOg4
FePO4[209-212] Lil [213] VC [214] FePO4
100nm-150nm
LiFePO4 LiFePO4
C/10 LiFePO4 170mAh/g
LiFePO,
1.7.1
Fourier transform infrared spectroscopy, FTIR [215]
Raman spectroscopy
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f g2
2 w/// ,u' ‘ \ é
:é ! \ L, EFePOQ‘ —g /warepo \/\/\\/\/ \'\
< | A/ iga ,FePO } U
l/ w‘ VLlFePO. /fl.\//‘\ f/\/w b\/\\—//
L |
14;)0 1300 1200 1100 ldOO 900 700 ks
700 600 500 400 300 200
Wavenumbers (cm™) Wavenumbers (cm'i)
13 Li,FePO, FTIR
Burba [216] Burba [217]
Raman  FTIR [218]
LixFePO, (0 <x < 1) PO,
PO,
PO,> LiOs FeOg
PO,
PO, PO4* Li Fe
vibrational potential energy Raman IR
b i &
M ! oo
i |’|'i A ' o 1
| | | I.I ! i o Felly ) u' | ||f|| I-|
I N £ Mt -
= £\ repon = ) 34 N -"- I- .
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E - Iu ; ,::n SN w “\, J \
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B et 7 \J ol B2 )
: \\“"‘ NJenfefo g M u.xw“”\-f fw« ]
o .I li’l :I |l| || |
a \ I Ig,l 2y i FePd (| i | |
R J I‘w*\.-./i Ii WA T m;' LiFePQ, '[ 11 |
W 1.__.____..? LWAA Mﬁ_‘_ﬁ

| g
= s ! LaFePCly
E— - \."_""_"‘"_""—""'""" S — I

1200 114Kl 100 S B0 &) SUHE 400 3 ZD.'} 10k
Wavenumbers (em™) Wavenumbers {cm’ )
14 Li,FePO, Raman
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Ahbsorhance

FePy,

Absorhance

LinnPoy,

LiFeP,

T ” r:xrﬁﬁ - .
15
Burba [219] LiFePO4 NaFePO, FePO,
PO,”
Olivine LiMPO4 650 cm’! M
LiFePO4 LiNiPOy4 LiMnPO, LiCoPOy
Ni* ionization energy

LiNiPO4[220] LixMy03Fe097POs M=Cr Cu Al Ti [220] Raman
[222] LiMPOs M=Fe Ni Co Raman

Paraguassu
Raman Fe,05[223]
LiFePOy, [224]
1.7.2  MOssbauer
MOssbauer Fe
XRD MOssbauer Andersson [192] LiFePO,

XRD MOssbauer

Fe’'/Fe?

Dodd [225] Lio cFePO,
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triphylite plus heterosite

1.7.3 GC-MS
[226] LiC002 LiMn204
LiFePO4
LiCoO; > LiMn,04 > LiFePOy4
1.7.4 Nuclear Magnetic Resonance NMR  [227]
NMR
Solid-state nuclear magnetic resonance (NMR) 6Li  7Li
MAS
magic angle
spinning MAS NMR [228]

Cairns [229] MAS NMR spectroscopy LiFePOs LiMnPOg4
"Li LiFePOs MAS
LiMnPO4 LiFePO4

magnetic susceptibility broadening

Electron energy loss spectrometry EELS [230,231]
XPS [232] LiFePOg4
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1.75 X X-ray diffraction

X X-ray diffraction X
Scherrer
XRD XRD
XRD
XRD
XRD
Myung [233] XRD LiFePO./C
16

Chang [234] in situ XRD

5

; o
=2 a=oatf ¢ o2 ey o
= ! ta=08 - A A =024
z “5=07 2 5= 0.3
e =05 % 5= 04
% =04 = St 5205
= e LR - e 52 06
- e i A | 5=0T
&=0.1 e s 1 x 508
=10 T T T T ‘T - -
: 20 30 40 50 60
fa) {b) Cu Ko 26
XRD
Shin [235] XRD using synchrotron based in situ
XRD C LiFePOy4 LiFePOy4
triphylite  heterosite
2C
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XAS X X-ray
absorption near edge structure, XANES X extended
X-ray absorption fine structure, EXAFS XANES

Fermi
EXAFS 50 1500eV
XAS Yoon [236]
LiFePOy, Fe''~ P-O
LiFePO4
FePO4 a first-order pre-edge peak
Li;—\FePO,4 P3p Fe3d
Abbate [237] LiFePO, Ti Al Cu LiFePO4
Fe2p XAS Fe
Ols XAS LiFePOg4
Morcrette [238] XRD
Deb [239-242]
X XAS [241,242]
Fe** Fe** FeO6
XANES pre-edge intensities Fe 0
FeO6 XANES LiFePOs FePOq4
2eV a crystal field splitting EXAFS
higher distances
Fe-O first coordination shell

Fe-P Fe-Fe XAS LiFePOy4
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Li [243] LiMnyFe;,POs Mn K XAFS
Mn Mn**
Mn LiMnyFe PO,
Yamada
Hunt [244,245] resonant inelastic x-ray scattering RIXS LiFePOy4

Bramnik [246] LiMng ¢Fep 4PO4
Fe*" Fe' LiMn, ¢Feo 4PO4
LiFePOy4 Yamada LiFep 4Mng ¢PO4
Bramnik 0.55<x<0.67~0.7
1.7.6 Neutron Diffraction
LiFePOg4
LiFePO4s FePO4 [247-249]
Yamada [250] LiyFePO4
[251] LipsFePOs 200
heterosite and triphylite
Thomas [252] X LiCoxFe;xPO4 (x=0 0.25
0.40 0.60 0.75) Li"  4a Fe** Co* 4c
Andersson [253] 4.1V
LiFePO4s FePOy4 18 :82 LiFePO4
FePOy4
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1.7.7

LiMPO, 60 [254-257]
LiMnPO,
LiMnPO,
LiFePO, 52K
[258] LiFePO, FePO, [258-260]

LiCoPO4 LiNiPO4[261-267]

XRD (
Fe,03 Fe,P ) [268,269] Zaghib [270]
LiFePO, Fe** Ravet LisFe,(PO4);
[271] Neel 3
Neel
3 Neel
Tn
LiFePO4 52K [272]
LiMnPO4 35K [273]
LiCoPOy4 23K [274]
LiNiPO4 23K [274]
FePOy4(Orthorhombic) 15K [128]
FePOu(triphyllite) 125K [248]
LiFey sMng sPO4 45K [67]
LiFe5C0¢5PO4 45K [26]
LiFe( 33C0033:Mng 33PO4 39K [67]
LiFe sMn;/4Co01/4N11,4PO4 36K This thesis
LisFe(PO4)3 26K [275]
LiFePO4 [276] Chen [277]
traveling solvent floating zone TSFZ LiFePO4 LipgoMgo01FePO4

a b c 52k

34



LiFePO4 b

Curie constant a c
Lio.ggMgo_mFePOzx a C LiFePO4
Yamada [278,279] LiMnyFe;-yPO4 MnyFe POy
Neel y Chen [280]
Olivine LiFeo_75MIl0.25PO4 LiFeohsMn0.5PO4

LiFeo25sMng7sPOs  LiFe7C003PO4 LiFe;3Co13Mn;;3PO4

Dai  [281] LiMPO; M Mn, Fe, Co, Ni spin
exchange interaction J1 b Jb
b 2 J1
2
1.7.8
Weppner  Huggins [282-283]

Weppner Huggins
(PITT)[284] (GITT)[285]

1.78.1

Basu Worrel [286]

CPR ,

(t- 1/2)
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NU = dy i 3
FA ‘lJ TD1; {
1 I— A
S—— , S
Vm—— , cm’/mol
A—— , cm?’
F——0o
t— S
— 12
dU/d x 2
du/d t"*—— (dU AU) t"?
) du/d t'2
Dri
1.7.8.2 [287-294]

Cyclic Voltammetry CV

Cv

02

Ip op
[293] loading
Cv
Ccv
1 25 58eV 2 Ipc/Ipa
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{F 2 _
ip = 0.4463F| — | Cv!2AD!"
\RT 2
2 n
A c* L D
cv D
Li
1.7.83 EIS

conductive impedance analysis
SOFC [295]
Nernst-Einstein

EIS

45°

El

[Bul., = ( N
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Vum F , S A Warburg

1.78.4 Galvanostatic Intermittent Titration Tests

GITT [296-298]

(GITT) Weppner  Huggins

T
El
Fick Fick
1
2
3
4 T<<L2/D,L
5 , te=1
Vin dE ., dE .,
= ( ) [Lo(=) (=]
AFZj ds’ “dAt )
E1-Eo=AEs
4
7
:_( Vin V[ IoAEs / 7( dE 1
AFZj d-Jt .
E~ t :
j ¥ . ]
:—( P 2 1oAEs | AE)
7 AFZj
6
A dE/dS

El , GITT

38



GITT

1.7.85 Potential-step chronoamperometry  PSCA)
(PSCA) ,
[~ Cottrel Pyun [299] Funabiki[300]
Hong [301]
LiFePOy4
Dy;
LiFePO; FePOy,
EIS GITT
LiFePO4 [302] EIS  GITT
EIS GITT
LiFePO,  FePOy 1.8x107"
2x107" cm?/s 7 [303]
LiFePO4 FePOy4 LiFePO4
[304] conductive impedance analysis
/
SOFC
[305] Nernst-Einstein

EIS

dE/dx
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[306] Potential Relaxation Technique

LiFePO4
LiFePO4 LiMPO4

LiFe/sMn;/4Co1/4Ni;4PO4

LiFePO4
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2.1.3
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2.1.9
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LiFe;;4sMn,;4Co,4Ni;,4PO,

LiFe1sMn14C01/4Ni14PO,

1997 Goodenough [1] LiFePOy4
0.6 mol
LiFePOg4
LiFePO4 LiMPO4s M=Fe Mn
Co Ni
Mn Co Fe [2,3]

Li [4] LiMn,Fe; PO,

LiMng 75Fep25PO4 164 mAh/g Chen [5]

LiFeo,75Mn0,25PO4 LiFeo.sMno_5PO4
LiFe0,25Mn0,75PO4 LiFeo,7C00,3PO4 LiF61/3C01/3M1'11/3PO4

(6] LiFe;,CoyPO,
LiFe; xCoxPOy4 LiFePO; LiCoPOy4
XRD LiFePO; LiCoPOy4 LiFe; xCoxPOy4
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LiFe;sMn,,4Co4Ni;4PO4
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Formcon (Version 2.0) 8 Winplot (2006)
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[6] (131) (211) X 20 35.2° 36.4°
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LiFePOy, Fe 3
a b c Fe Vegard
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LiFe;4Mn;4Co,/4Ni;;4sPO4
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Rietveld 7 Rietveld X
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LiFe;4Mn;4Co,/4Ni;;4sPO4

1 LiMPO, [5]

M in LIMPOy, T, K C.,emuK/mol TM @, K W, Mg heor

Mg
Fe 52(1) 3.63(1) —R2.6(3) 5.39 548
Fe (Fe-nch) b 49(1) b 3.32(1) —74.1(1) 5.15 548
Mn 35(1) 4.26(1) —66.1(6) 5.84 5.92
Co 30001y = 35400 —T71.0(6) 532 5.20
Feg 7sMnyg 25 48(1) 375(1) —77.5(6) 547 5.59
Feg sMng < 45(1) 4.0001) —T78.0(1) 5.65 5.70
Fegy 2sMnyg 15 38(1) 4.16(1) —69.1(6) 5.77 5.81
Fey :Cog 5 43(1) 349(1) —78.3(6) 529 5.39
FeisCorsMnys  39(1) 398(1) —75.2(6) 564 5.54

3.214 LiFe1,4Mn1,4Col,4Ni1,4PO4

8 LiFe;sMn;4C014Ni,4PO,4

8 LiFel /4M1’11 /4C01 /4Ni1 /4PO4 SEM
LiFe sMn4C01/4Ni11/4PO4
LiFesMn;/4C01/4Ni;4PO4

200 nm Vario EL (Elementar, Germany) 10%
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3.2.2

3.22.1 LiFe1/4|\/ln1/4C01,4Ni1/4PO4/C

LiFe 1/4M1’11/4C01/4Ni1/4PO4/C
LiF61/4Mn1/4C01/4Ni1/4PO4/C
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Voltage (V vs. Li*/Li)
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v
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LiFe;;4sMn,;4Co,4Ni;,4PO,
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LiFe;4Mn;4Co,/4Ni;;4sPO4
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LiFe;;4sMn,;4Co,4Ni;,4PO,

0.4V Mn**/Mn** 0.5V
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