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Abstract: The standard Gibbs free energies of the formation of Li,Ti30;, LisTisO,and LisTiO4 were estimated using
two-parameter model and congeneric linear rule. The p—pH diagrams of Ti-H,O and Li-Ti-H,O systems at different
concentrations were drawn at 298.15 K. The results show that LisTis0;, has a thermodynamically stable area in a wide
pH range between 4.1 and 13.7 in aqueous solution. This indicates a great possibility for the synthesis of LiyTisOy,. The

pure spinel LiyTisO,, is successfully obtained from an aqueous TiCly, solution by forced hydrolysis at pH between 9 and

10. This indicates that the synthesis of Li4TisO;, in an aqueous solution is feasible.
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Table 1 Thermodynamic data of species in Li-Ti-H,O system
at298.15K

AGRY/ AGRY/
Component - Component 4
(kJ-mol ") (kJ-mol ")
Ti%* -314.221¥ TiO, -888.801
Ti** -349.78!8 Ti,O5 —1 434.20P
TiO*" -577.3918 TiH, -80.30'), 105.10%
TiO,** -467.23%  Ti0y2H,0 -1 173.00%
HTiO5 -955.88% Li,TiO; -1 579.80"
Li -293.307  TiO,(hc) -821.301
H,0 -237.14°7  Ti,04(he) —1388.001"
Ti(OH);  —1 049.80™

Note: he means hydrous compound.
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Table 2 Parameters used for estimation of standard enthalpies
of formation for lithium-titanium complex oxides at

298.15 K111

Al Al AG,°/
Oxide C C
(kI'mol™)  (kI'mol™") (kJ'mol™)
Li,0  —80.99 -29.11 026 047 —589.73
TiO, 5.44 —-63.35  0.02 0.16 —944.75
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Table 3 Parameters used for estimation of standard Gibbs free energies of formation for lithium-titanium complex oxides at
298.15 K"

Compound AHE/KImol ™) AG,®/(kT'mol ) Compound AH /(KT mol ™) AGL/(kImol )
Li3AsO, —1702.40 ~1595.02 Li,SO, —1436.49 -1321.58
LiBO, -1019.22 -963.07 Ca;Ti,0, -3 950.50 -3751.01
Li3AlIF, —3383.60 —3223.79 Na,Ti;0; —3479.96 —3277.43
Li,CO; —1216.04 -1132.12 ALTiIOs -2 628.81 —2482.55
LiCl —408.27 —384.02 Ba, TiO, —2243.00 —2132.90
Li,O —598.73 ~562.10 Mg,TiO, —2164.38 —2047.72
LiAISiO, —2124.20 -2010.11 Li,TiO, -1 670.67 -1579.77
LiAlSi,O4 —3054.70 —2 881.43 CaTiO; -1 660.60 ~1575.25
Li,B,0, —3362.26 —3170.30 MgTiO; -1572.56 —1484.13
LiFeO, ~750.20 —694.69 Co,TiO4 —1445.95 —1345.81
Li,Si,O5 —2560.90 —2416.85 TiO, —938.72 —883.27
Li,SiO, ~2330.07 —2203.63 TiCl, —804.17 -737.20
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Table 4 Parameters used for estimation of standard Gibbs free energies of formation for lithium-titanium complex oxides at
298.15K

Compound AG2/(kI-mol ™) Compound AG2/(kI-mol ™) Compound AG2/(kI-mol ™)
MgCO; -1012.19 Na;AlFg -3 144.79 NaAlSiO, —1980.01
MgO —568.94 NaBO, —919.39 NaAlSi,O¢ —2 854.08
MgSiO; —1462.02 Na,CO; —1048.01 Na,SiO; —1467.39
Mg,SiO, —2 057.88 NaCl —384.02 Na,Si,0s —2324.16
MgSO, —-1170.58 NaClO, —254.23 LiClO, —253.91
Li,SiO; —1558.74 Na,TiO; —1484.13 Na,S0, —1269.85
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i
2L120+T102\ﬁL14T104
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A [F) R RN, W el B L S B 1

ERAE WAL SR HE AR i A i 1 g AR 3 19 1 S RMERARH A HD A G MERTEIRR
R, W SRR A HO X A G 1E K Fig.1 Linear relationship between A .H® and A.G® of
(LI 1), T LU R ST e — 4 H gk b, i) various titanium salts
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. A¢GE(Li,Ti;0,) = -3368.53kJ -mol ! (16)
051 Li,O AG2(Li,TiO,) = -2 212.42kJ -mol ! (17)
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Fig.2 Linear relationship between A,H® and A;G® of

various lithium salts
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A:G (Li,TiO4)=—2 213.48 kJ-mol (10)

AR PR AL AL B 5 1 HBT HEAT A
B KSR A H X A G TR, —4
B 2), LRk

A:G® (Lisalts) = 0.951A;H® (Lisalts)+15.058  (11)

R M AH O B2 EL R=0.999 9, 454 XU S HUAi Ak
(&R EIER B A EAI A HO A, W LI H):

A;G? (LigTisO15)=—5 849.52 kJ-mol (12)
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Fig.3 Congeneric linear relationship between A.G® of

magnesium salts and A;G® of lithium salts
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-3277.43 kI'mol !, K15:
A:G® (Li;Ti;07)=—3 363.58 kJ-mol’ 1)

HE RS HARRALEFAL LKA, ZxS 12
H—4.94 kJ-mol ™', AN iR ZEN-0.15%.

ZE BRI, WO RN S5 L A 45 R 1P H4E
nJ1$298.15 K N KRB E & E A WA AR e A i35 A
W e

A;G® (LiyTisO)=—5 852.48 kJ-mol”! 22)
A;G® (Li;Tiz07)=3 366.05 kJ-mol”’ (23)
A;G® (LisTiOs)=—2 209.72 kJ-mol”’ 4)
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Table 5 Equilibrium reactions of Ti-H,O and Li-Ti-H,O systems and g—pH equations at 298.15 K

Reaction No. Reaction Equation

1 Ti*+2H+5e=TiH, ¢=—0.558 6+0.011 8lg[Ti*'1-0.023 7pH
2 Ti,03+10H"+10e=2TiH,+3H,0 9=—0.582 7-0.059 2pH

3 Ti,05(hc)+10H+10e=2TiH,+3H,0 9=—0.483 4-0.059 2pH

4 TiO* +2H +e=Ti* '+ H,0 ¢=0.098 8+0.059 21g[Ti*")/[Ti**]-0.118 3pH
5 TiO,+4H +e=Ti* +2H,0 9=—0.671 0—0.059 21g[Ti*"1-0.236 7pH
6 TiO,(he)+4H +e=Ti**+2H,0 9=0.028 6-0.059 21g[Ti’*"1-0.236 7pH
7 2Ti0,+2H +2¢=Ti,05+H,0 9=—0.550 6-0.059 2pH

8 2Ti0,(he)+2H +2e=Ti,05(hc)+H,0 9=—0.090 5-0.059 2pH

9 2T +3H,0=Ti,05+6H" pH=—0.677 9-0.333 31g[Ti’"]

10 2Ti* " +3H,0=Ti,05(hc)+6H" pH=—0.671 1-0.333 31g[Ti*"]

11 TiO**+H,0=TiO,+2H" pH=—6.506 0—0.51g[TiO*"]

12 TiO*+H,0=TiO,(hc)+2H" pH=-0.592 8-0.51g[TiO*"]

13 2Li"+3TiO,+H,0=Li, Ti;O;+2H" pH=10.870 1-1g[Li']

14 ALi*+5TiO,+2H,0=Li,TisO,+4H" pH=10.468 4-1g[Li"]

15 4Li"+5Ti0,(hc)+2H,0=Li,TisO;,(hc)+4H" pH=3.077 1-1g[Li"]

16 2Li"+TiO,+H,0=Li, TiO5+2H" pH=11.628 2—1g[Li"]

17 4Li*+TiOy+2H,0=Li TiO+4H" pH=14.403 4-1g[Li']

18 Li,Tis0,+6Li +3H,0=5Li, TiO5+6H" pH=12.401 4-1g[Li']

19 Li, TisO5(he)+6Li +3H,0=5Li,TiOs(hc)+6H" pH=12.693 3-1g[Li']
20 Li, TiOs+2Li +H,0=Li,TiO4+2H" pH=16.978 7-1g[Li']
21 Li, TiO5(he)+2Li +H,0=Li,TiO4(hc)+2H" pH=13.846 9-1g[Li']
22 TiO;-2H,0+2H " +2e=TiO,+3H,0 9=2.213 9-0.059 2pH
23 TiO;2H,0+2H +2e=TiO,(hc)+3H,0 ¢=1.864 1-0.059 2pH
24 5TiO;-2H,0+4Li +10e+6H =Li,TisO,+13H,0 9=1.966 2—0.035 5pH+0.023 71g[Li"]
25 5TiO52H,0+4Li " +10e+6H =Li, TisO ,(hc)+13H,0 9=1.966 2—0.035 5pH+0.023 71g[Li']
26 TiO5-2H,0+2Li +2e=Li, TiO5+2H,0 ¢=1.526 0+0.059 21g[Li’]
27 TiO52H,0+2Li +2e=Li, TiO5(hc)+2H,0 ¢=1.340 8+0.059 21g[Li’]
28 TiO5-2H,0+4Li +2e=Li, TiO,(hc)+H,0+2H" 9=0.521 6+0.592 OpH+0.118 31g[Li"]
29 TiO;-2H,0+2H"=Ti0,*+3H,0 pH=0.492 3-0.51g[TiO,*"]

30 2Li4TisOy,+18H +10e=5Ti,05+8Li +9H,0 9=—0.055 2—0.106 5pH—0.047 31g[Li"]
31 2Li4TisOy(he)+18H +10e=5Ti,05(hc)+8Li +9H,0 9=0.055 1-0.106 5pH—0.047 31g[Li']
32 2Li,TiO5+6H "+2e=Ti,05+4Li'+3H,0 ¢=0.825 1-0.177 6pH-0.118 31g[Li"]
33 2Li,TiO5(hc)+6H "+2e=Ti,05(hc)+4Li'+3H,0 9=0.956 2—0.177 6pH—0.118 31g[Li"]
34 TiO,*" +2e=TiO(hc) 9=1.834 9+0.029 61g[TiO,*']

35 TiO,*" +2H +2e=TiO*"+H,0 9=1.799 8-0.059 2pH+0.029 61g[TiO,*'}/[TiO*"]
36 2H"+2e=H,1 9=—0.059 2pH

37 2H,0+4e=0,1+4H" ¢=1.228 9-0.059 2pH

38 TiO,(he)+H,O=HTiO; +H" pH=Ig[HTiO; ]+17.969 3
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Fig.5 ¢—pH diagrams of Ti-H,O system at different ions
concentrations at 298.15 K (Solid line: [Ti*']=[TiO*']=
[TiO,*"]=0.1 mol-L™"; dashed line: [Ti*"]=[TiO*"]=[TiO,*']=1.0
mol-L™): (a) Anhydrous oxide, A,G® (TiH,)= —80.30 kJ-mol ';
(b) Hydrous oxide, A,G® (TiH,)=-80.30 kJ-mol™’

TIO* FI T 8 7, i s(b)Fir. 5E 5@k, T
BFRUKE TiOs MY K. 55 m i Ay B I
P TiO, B 1Al TiOs2H,0 AR E X . HTiOs 1R 5
o BT 4 1 R AR AR R RR I s T, DR T Al R A
pH=17.0 &b (W.5E 5), FIATEL o—pH B EEIR.

W 6()FTR, % EIKEANDIREI T,
7E Ti-H,O 51N Li'JG, £E pH EN 11.5~13.4( Tk
JE 0.1 mol-L )2 [ MK L T LiyTisO A2
X3, HBEH pH EIIHK, FaE XKk A Li;TiO,
I LiyTiO4e LigTiO, 1F K 8 w5 1 A AR
EEMNY), HICPHZE pH=18.0, Kk, HEEX
WAEM o—pH B ER BN,

12 8K A TiO, MTH UL T, #AH IR A4

WRKER, AT v
4Li*+5TiO,(hc)+2H,0=Li, TisO,(hc)+4H" (29)

M4 pH=—4.1383—1g[Li"], i% pH {3z f1 - Ti0*

6 298.15 K I Li-Ti-H,O RYEAF & T T 1 g—pH
K

Fig.6 ¢—pH diagrams of Li-Ti-H,O system at different ions
concentrations at 298.15 K (Solid line: [Li‘]=[Ti*"]=[Ti0*"]=
[TiO,>1=0.1 mol'L™"; dashed line: [Li']=[Ti*']=[TiO*']=
[TiO,*"]=1.0 mol-L™"): (a) Anhydrous oxide, A,G® (TiH,)=
—80.30 kJ-mol'; (b) Hydrous oxide, A:G® (TiHy)= —80.30
kJ-mol™
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R AT E T RE N 888.80 kJ-mol ™!, HL 2 AN A KT
JKA TiO, 11—821.30 kJ-mol "1 471 67.50 kJ-mol '
I, BoEKE Ti G RZ—A g 6K, Hbmi
H AR R —33.75 kI'mol ' Xf /K &7 LigTisO1,4
Li,TiO; Al LiyTiO4 [ &5 A /K BUK IR F 1E R 5. 1 AT 0,
G54 ToK A BLER A S AP IR bR v 2E it A 17 1 el
e, MIMEIK A LigTisOpn. Li,TiO; Al LiyTiO, HAR
HEAE B AT 1 B BB 2 =5 683.734 —1 544.05 FiI
—2209.72 kJ-mol™'. FHUILZE ] 298.15 K F/K &AM
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LisTisO1, =¥, N MDI Jade HATX X 52775 4k
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(P), HeWy TR 6 . MWK 7FIEK 6 LG H, 1F
pH 4 9~10 & IAE M LisTisOy, 41 5 1 (Lig TisO1
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LiyTisOp, A3, &A1& Li, TiO; 2247 . 20 vt
AL

I
P=—1—x100%=

I, +1

1,(311)+1,(400)
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A L3114 LigTisOq, (K3 11) & 1 G558 ; 1,(400)
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Fig.7 XRD patterns of products at different equilibrium pH

F6  HIIRAA Li/Ti BEIR LG A 14 pH BN P24 Lig TisOy
AH 21 BE T 52 1)
Table 6 Effect of molar ratio of Li to Ti and solution

equilibrium pH on phase purity (P) of Li;TisO, product

pH n (Li)/n(Ti) Pl%
9.09 0.907 99.32
10.15 0.917 98.28
11.31 1.131 57.02
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