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LiNi,Co,Mn,0, AH’ AG’
X y z\J2 1,298 1,298
1 1 1,2 1 1 1
(1. 730050)
(2. 730050)
LiNip6C092Mng 0,  LiNip.5C00.2Mng 30,  LiNip.sCop1Mny, 02
LiNi;;3Co13Mn, 30, AHef,29x AGef,zox 56 AHef,zox AGef,z&)s
4%
LiNiyCoyMn,0;  AH%a05  AG’p0 XPS LiNip 4Cop..Mng 0,
LiNig5C0.2Mn 30, LiNig3Cop.1Mny.10, LiNi,;3Co1,3Mn, 30, AHet‘,zos AGef‘z%
AHef,29x AGef,zc;g -705.39 -703.90 -695.67 -705.17 kJ'mol”" -647.98 -640.04 -631.10 -642.41 kJ-mol’
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Co*" Mn** Mn*" 0* H,0
[27]
CaAl,O, AH% .5  AG% 20 (1)
(2) 1

Thinh (24)
(H @
AH?,ZQS :Zj njAHJ' (1)
AG:zgs = EjnjAGi (2)
Cardozo!®!
Benson [26]
Mostafa!?”!
AH% 05 AG%a0s
Vieillard?®
J. Li?30
Hisham!®'-33!
Mostafa  [*7)
(
938
AHef’298 687 AGef,298
(84%
(IUPAC) ) 136 23
5
[34-37]
LiNiyCoyMn,0,
LiNi,CoyMn,0, AH’;205
AG’; 505 XPS

LiNiO'GCOQ'zMHQQOQ L1N105C0
Mn, 0,  LiNi;3Co;3Mn; 30,
AG’; 205

1

02Mn 30, LiNiggCoy -
AH’; 505

Li* Ni?* Ni’* Co?"

3)
AHef, 298 AGef, 298

CaAl,0,  AH% 5
AGef,298
AH;505(CaA1,04)=AH505(Ca* " )+2AH 505 (ATPT)
+4AH 205(0%") (3)
AG%;205(CaA1,0,4)=AG 105(Ca’ )+2AG  05(A1Y)
+4AGQF,298(02-) 4
1 2 4 ca’t AI’" 0%
CaAl,0y4
2 CaAl, 04 AHef,298 AGef,298
-2321.73 kJmol'  -2191.80
kJ-mol™! [38] -2326.30 kJ-mol
-2208.32 kJ'mol™
-0.20% -0.77%

56
AHef,298 AGef,298 3
AH'; 505 [38]
4% 2%
43 AG; 505 [38]
4%
2% 42
AHef,298 AGef,298

2.1 LiNiyCoyMn,0, AHef,298 AGef,298

LiNi,CoyMn,0, Li +1 (0]

-2 Ni Co Mn (3]

Ni +2 43 (40421 o +3 +2

(43441 Mp +4 45471 Ni Co Mn
LiNiyCoyMn,0,

AH®t 205 AGta08
XPS( ESCALAB 250Xi)
LiNij ¢Co,Mng,0, LiNiysCog,Mng 30,
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1
Table 1 Solid inorganic compound groups: cationic, anionic and ligand molecule groups
Group No. of occurrences for AH; AHj/kJ-mol™ S, for AH; No. off(())rczlgirences kJén(?é/l'l Sy jfor AG;
Cations
ALY 129 -553.115 12.713 118 -420.023 23.951
B** 50 -392.895 13.015 49 -273.681 24.327
Be®" 23 -402.267 13.713 15 -297.827 19.827
ca®" 131 -520.898 14.734 124 -432.414 16.222
Co™* 23 -76.275 30.537 3 4.128 35.818
Co™" 1 -37.950 1 94.826
cr’t 15 -290.075 27.492 15 -168.532 25.868
Fe®" 40 -126.475 13.177 22 -43.568 19.883
Fe’* 30 -122.815 14.811 22 -8.638 25.237
Hf*" 1 -769.852 1 -606.500
Li" 42 -292.950 8.187 29 -250.254 11.449
Mg?* 116 -461.804 9.478 72 -372.414 16.624
Mn?* 16 -250.029 14.052 13 -167.203 19.858
Mn** 1 -167.921 1 -100.187
Mn** 1 -85.813 1 66.580
Mo®* 38 -234.996 25.436 82 -17.811 47.790
NH," 8 -164.486 16.381 5 -53.199 20.031
Ni?* 20 -91.381 14.364 14 0.357 20.625
Ni** 2 -20.042 31.141 1 149.483
p>* 4 -481.148 29.622 4 -285.069 44.693
Si** 174 -575.556 16.706 159 -411.036 32.072
Ti*" 15 -571.358 22.030 17 -408.836 34.023
v 32 -369.937 22.053 33 -162.620 40.397
we 40 -367.612 26.321 40 -131.422 48.219
Zn** 33 -191.646 11.753 32 -91.944 17.855
Anions
COs™ 26 -616.496 14.214 28 -635.990 19.167
F~ 291 -310.918 4.638 168 -326.667 8.264
NO;~ 97 -175.710 6.206 40 -126.405 10.288
o* 1946 -173.650 8.264 1725 -229.836 15.876
PO, 22 -1197.521 16.826 20 -1206.614 26.773
SO.* 121 -814.755 9.861 91 -795.046 16.975
Ligand molecule
H,O 718 -298.933 1.133 394 -244.317 1.470

Note: from left to right in turn as follows: the group being estimated, the number of occurrences of that group in the regression for AH% s,

AH; for the contribution of that group to the AH’; 505, Saj for the relative errors of the estimate of that group for the AH;, the number of

occurrences of that group in the regression for AGef,29x, AG; for the contribution of that group to the AGef,zgg, and S,; for the relative errors

of the estimate of that group for the AG;

LiNip gCop.1Mng 10, LiNi;;3Co1,3Mn;;30,( Ni2ps; 2 854.90
) Ni Co Mn 856.00 eV Ni*" N
XPS PEAK Ni [48,49] Ni +2 +3
Co Mn XPS 1~4 LiNiy ¢C09,Mng,0,
LiNig 6C092Mng,0, LiNigsCog2Mng 30, LiNiggCoq -
Mno 0,  LiNiy;3Coy53Mny 50, Ni Co Mn 2 CaAlLO, AH%s AG% 20
LiNig ¢C0og2Mng,0, Table 2 Estimation of AH ,05 and AG’s205 for CaALO, (kJ-mol™)
la Ni2p XPS 855.40 eV Step no. A9 AG 295
1 CaAl,04
873.10 eV 1 Ni 2ps; 2 (Ca”")=(-520.898) (Ca’")=(-432.414)

2(A1PP")=2 (-553.115) 2(AI’")=2 (-420.023)
4(0°)=4 (-173.650) 4(0*)=4 (-229.836)

Ni 3 -2321.73 -2191.80
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3 AH% 205 AG®0s [38]
Table 3 Comparisons of estimated values with literature: comparisons of AH ;05 and AG’ 205 by the group contribution method

with the corresponding literature[38] values and the percent errors (Err%) for selected solid inorganic compounds

0 0 ) )
Compound AR saos L A s bediedl gy AG i L AG 12 bty
CaAl,0qy -2326.30 -2321.73 -0.20 -2208.32 -2191.80 -0.77
CaAl4O4 -4025.80 -3948.91 -1.91 -3818.70 -3721.36 -2.55
Ca3Al1,0¢ -3587.80 -3710.82 +3.43 -3411.79 -3516.30 +3.60
CaB,04 -2030.90 -2001.29 -1.41 -1924.10 -1899.12 -1.30
CaB40; -3360.30 -3308.03 -1.55 -3167.10 -3136.02 -0.98
CaHfO; -1811.70 -1811.70 0.00 -1728.42 -1728.42 0.00
Ca,P,04 -3338.80 -3219.84 -3.56 -3132.10 -3043.87 -2.82
CaSiO; -1634.90 -1617.40 -1.07 -1549.70 -1532.98 -1.08
Ca,Si0y, -2307.50 -2311.95 +0.19 -2192.80 -2195.26 +0.11
Ca;SiOs -2929.20 -3006.50 +2.57 -2784.00 -2857.46 +2.64
CaV,04 -2329.30 -2302.67 -1.14 -2169.70 -2136.70 -1.52
CaWO, -1645.15 -1583.11 -3.77 -1538.50 -1483.21 -3.59
CoSOy -888.30 -891.03 +0.31 -782.40 -795.05 +1.62
CoS0O4:7H,0 -2979.93 -2983.56 +0.12 -2473.83 -2505.27 +1.25
FeCO3 -740.60 -742.97 +0.32 -666.70 -679.56 +1.93
FeCr,04 -1446.00 -1401.23 -3.10 -1343.90 -1299.98 -3.27
FeMoOy -1075.00 -1056.07 -1.76 -975.00 -980.72 +0.59
Fe;Si04 -1479.90 -1523.11 +2.98 -1379.00 -1373.95 -0.37
FeSO, -928.40 -941.23 +1.38 -820.80 -838.61 +2.17
FeWO, -1155.00 -1188.69 +2.92 -1054.00 -1094.33 +3.83
Li3AlFs -3317.00 -3297.47 -0.59 -3152.00 -3207.20 +1.75
LiAlO, -1188.70 -1193.37 +0.39 -1126.30 -1129.95 +0.32
LiBeF; -1651.80 -1627.97 -1.44 -1576.30 -1528.08 -3.06
Li,BeF4 -2274.00 -2231.84 -1.85 -2171.00 -2105.00 -3.04
LiBO, -1032.20 -1033.15 +0.09 -976.10 -983.61 +0.77
Li,B407 -3362.00 -3373.03 +0.33 -3170.00 -3204.08 +1.08
Li,CO; -1215.90 -1202.40 -1.11 -1132.12 -1136.50 +0.39
Li,SiO3 -1648.10 -1682.41 +2.08 -1557.20 -1601.05 +2.82
Li,Si,0s5 -2561.00 -2605.26 +1.73 -2417.00 -2471.76 +2.27
Li,SO4 -1436.40 -1400.66 -2.48 -1321.70 -1295.55 -1.98
Li,TiO3; -1670.70 -1678.21 +0.50 -1579.80 -1598.85 +1.21
MgAl,04 -2310.40 -2262.63 -2.07 -2175.01 -2131.80 -1.99
MgCO; -1095.80 -1078.30 -1.60 -1012.10 -1008.40 -0.37
MgFe,04 -1427.70 -1402.03 -1.80 -1316.40 -1309.03 -0.56
MgMoOy -1400.10 -1391.40 -0.62 -1295.80 -1309.57 +1.06
Mg(NO3),-6H,0 -2613.30 -2606.82 -0.25 -2080.70 -2091.12 +0.50
Mg3(POy)2 -3780.70 -3780.45 0.00 -3538.80 -3530.47 -0.24
MgSiOs3 -1548.90 -1558.31 +0.61 -1462.00 -1472.96 +0.75
Mg,Si0, -2174.00 -2193.76 +0.91 -2055.10 -2075.21 +0.98
MgSO, -1284.90 -1276.56 -0.65 -1170.60 -1167.46 -0.27
MgSO4-H,O -1602.10 -1575.49 -1.67 -1428.80 -1411.78 -1.19
MgS0O4-6H,0 -3085.40 -3070.16 -0.49 -2630.80 -2633.36 +0.10
MgSO,4-7H,0 -3388.71 -3369.09 -0.58 -2871.90 -2877.68 +0.20
MgTiO3 -1497.60 -1554.11 +3.77 -1420.10 -1470.76 +3.57
MgTi,Os -2509.00 -2472.77 -1.44 -2369.00 -2339.26 -1.20
Mg,TiO, -2164.00 -2189.57 +1.18 -2048.00 -2073.01 +1.22
MgV,0s -2200.50 -2243.59 +1.96 -2038.40 -2076.67 +1.88
Mg,V,07 -2835.90 -2879.03 +1.52 -2645.29 -2678.92 +1.27
MgWO, -1516.00 -1524.01 +0.53 -1404.00 -1423.18 +1.37
MnCO3 -894.10 -866.53 -3.08 -816.70 -803.19 -1.65
MnSiO3 -1320.90 -1346.77 +1.96 -1240.60 -1267.75 +2.19
MnSOy4 -1065.30 -1064.78 -0.05 -957.42 -962.25 +0.50
NiSO4-7H,0 -2976.30 -2965.43 -0.37 -2462.20 -2470.02 +0.32
ZnCO; -812.78 -808.14 -0.57 -731.57 -727.93 -0.50
Zn,Si0y4 -1636.70 -1653.45 +1.02 -1523.20 -1514.27 -0.59

ZnS0Oy, -982.84 -1006.40 +2.40 -871.50 -886.99 +1.78
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Intensity/a.u.

Ni2p,,

840 850 860 870 880 890 760 770 780 790 800 810 640 650 660
Binding Energy/eV Binding Energy/eV Binding Energy/eV
1 LINIO(,COOZMII()zOz Ni 2p Co 2p Mn 2p XPS
Fig.1 XPS spectra of LiNij ¢C0.2Mng,0>: (a) Ni 2p, (b) Co 2p, and (c) Mn 2p
Co2py, b Mn2p; Y
Mn4+
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=
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2 L1N105C002M110302 Ni 2p Co 2p Mn 2p XPS
Fig.2 XPS spectra of LiNij 5C0¢.2Mng305: (a) Ni 2p, (b) Co 2p, and (c) Mn 2p
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3 LlNl()gCO()]MIl()]Oz Ni 2p Co 2p Mn 2p XPS
Fig.3 XPS spectra of LiNij3Co¢.1Mng ;0>: (a) Ni 2p, (b) Co 2p, and (c) Mn 2p
Ni*" Ni’" Ni 56.30% 43.70% 642.00 642.70 eV Mn’"
Ib Co2p XPS Co 2ps» Mn** (52] Mn*" Mn**
780.20 782.00 eV Co’" Mn 91.80% 8.20%  LiNige-
Co™* (50.31] Co Cop,Mng,0, LiNijsC00,Mng30, LiNiggCog Mng 0,
+3 +2 CO?’Jr LiNi1/3C01/3MH1/302 Ni Co
Co* Co 61.90% 38.10% lc  Mn 4
Mn 2p XPS Mn 2p;),
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a Mn2p ), c
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4 LiNi;;3Co13Mny30, Ni2p Co2p Mn2p XPS
Fig.4 XPS spectra of LiNi;;3Co1,3Mn;;30,: (a) Ni 2p, (b) Co 2p, and (c) Mn 2p
4 LiNixCoyMn,0, XPS Ni Co Mn
Table 4 Cation distribution of the Ni, Co and Mn obtained from XPS fitting of the samples (%)

Sample Nit* Ni** Co** Co** Mn** Mn**

LiNig 6C092Mng 20, 56.30 43.70 38.10 61.90 8.20 91.80

LiNig.5C00.2Mng 30> 43.00 57.00 64.70 35.30 0 100

LiNi.8C00.1Mny.1O> 44.60 55.40 40.70 59.30 0 100

LiNi;;3Co13Mn; 30, 62.35 37.65 16.93 83.07 0 100

LiNi,Co,Mn,0, Ni**  Ni a Ni** Ni (1-a) Co*" Co*" Co
b (1 by Mn’* Mn*" Mn ¢ (1-¢)
LiNiXCOyMHZOZ AHef,zgg AGef,298

A Hef,298(LiNixC0yanOZ):A H ef,298(L i")+axAH ef,298(N i*)+H(1-a)xAH ef,298(N i’")+byA Hef,29x(c 0’ )+(1 —b)yAHef,ws

(Co™)+CzAH 205(M N> ) +(1-C)ZAH; 295(Mn* ) +2AH 505(0 %)

AGef,298(LiNixC0yanOZ):AGef,298(Li+)+aXAGef,298(Ni2+)+( 1 —a)XAGef,z%(Ni3+)+byAGef,298(C 0’ ")+(1 —b)yAGef,z%

(Co*)H+CZAG’205(Mn* ) H(1-C)ZAG 1 295(Mn* ") +2AG ; 205(0 %)

&)

(6)

LiNig6C0¢,Mng,0; LiNiysCo,Mng30, LiNig3CoMng 0, LiNi;;3Coi;3Mn;30;

LiNip4C02Mny 40, LiNig4Co3Mny30, LiNiy4Co¢4Mng,0, AH%t 05 AG’; 208
AHef,29g(LiNi0'6C00'2Mn0'202):‘677.028 42.803a-7.665b 16.422¢c
AG; 295(LiNig 4C00>Mn20,)=-587.955 89.476a 18.139b 33.354c
AHef’zgg(LiNi0_5C00'2Mn0'302):'683.605 35.670a 7.665b 24.633c
AGef’zgg(LiNiO_SCOQ'zMn0'302):'596.246 74.563a 18.139b 50.030c
AHef,zgg(LiNi()'gcoo‘]Mn()‘102):'668.660 57.071a 3.833b 8.21lc
AGef’zgg(LiNiO‘gCOO_1Mn0_102):'574.199 119.301a 9.070b 16.677c
AHef’zgg(LiNi1/3C01/3Mn1/302):'688.185 23.780a 12.775b 27.370c
AGef’zgg(LiNi[/3C0[/3Mn1/302):'606.296 49.709a 30.233b  55.589c
AHef’zgg(LiNi0_4C00'2Mn0'402):'690. 182 28.536a 7.665b 32.843c
AGef’zgg(LiNi0_4C00'2Mn0'402):'604.536 59.650a 18.139b 66.707c
AHef’zgg(LiNi0_4C00'4Mn0'202):'680.609 28.536a 15.330b 16.422c
AG; 295(LiNig 4C0p sMn20,)=-598.887 59.650a 36.279b 33.354c
AHef’zgg(LiNi0‘4C00_3Mn0_302):'685.395 28.536a 11.498b 24.633c
AGef’zgg(LiNi0‘4C00_3Mn0_302):'601.711 59.650a 27.209b 50.030c

N

®)

®)
(10)
an
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
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2.2
4 LiNiy¢Cog,Mng,0, LiNiysCoq,
Mng30; LiNigsCogiMny 0, LiNi;;3Co3 Mn, 50,
AH0s  AG'g08 5

LiNig¢C092Mng0; LiNigsCog,Mng30; LiNiggCogMng -
O; LiNi;;3Coy3Mn, 30, AH% 595 AG’p205

-705.39, -703.90, -695.67, -705.17 kJ-mol’'
-647.98, -640.04, -631.10, -642.41 kJ-mol™

5 LiNixCo,Mn,0:AH®% 205 AG’ 295
Table 5 Calaulation results of AH’ 25 and AG’;,05 for LiNixCoy -
Mn,0; (kJ-mol™)

Sample AHef,zgx AGef,zgx
LiNio_gCOo,zMﬂo,zOz -705.39 -647.98
LiNio_sCOo.zMnogOz -703.90 -640.04
LiNio_gCOo,]Mno,loz -695.67 -631.10
LiNi1/3C01/3Mn1/302 -705.17 -642.41

3
1) 56
AH 205 AG 20 AH 205 AG 20
4%
2) LiNiXCOyMl’l202 AHef‘zgg AGef,zgg

Li® 0> Ni*" Ni’" Co*" Co’" Mn'™"
Mn**

3)

LiNisCo,Mn,0, AH% 205 AGY1a0g

AH’;598(LiNi,Co,Mn,0,)=AH 295(Li")+ax AH 295
(Ni*")+H(1-a)XAH g 205(Ni* ") +by AH505(C o) +(1-b)y
AH’505(C0* ) +ezAH 1 505(Mn ") +(1-0)2AH £ 205(Mn* ")+
2A8H'205(0%)

AG;298(LiNixCo,Mn,0,)=AG" 295(Li")+axAG’; 505
(Ni*")+H(1-2)XAG 205(Ni* ") +bY AG 505(C 0™ )+(1-b)y
AG'295(C0* ") +C2AG 1 2905(Mn> ") +(1-C)ZAG 595 (Mn*)
+2AG"1205(0%")

4) LiNipsC09,Mng,0,  LiNisC09Mng30,  LiNipsCoq,
Mng,0,  LiNi;53Co13Mn; 30, AH'tgs  AG'raus

-705.39, -703.90, -695.67, -705.17 kJ-mol
-647.98, -640.04, -631.10, -642.41 kJ-mol!
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Estimation of AHef’zgs and AGOf’zgs of LiNi,Co,Mn,0, Cathode Material for Lithium Ion
Power Battery Based on the Group Contribution Method

Yang Lixin', Wang Dahui', Chen Huaijing'?, Zhang Xiaodong', Yu Yueshan', Xu Li'
(1. State Key Laboratory of Advance Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology,
Lanzhou 730050, China)
(2. College of Science, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: The AHefﬂzgg and AGef,zgg of cathode materials LiNig¢C002Mng20;, LiNigs5C0092Mng30,, LiNipgCo0o.1Mng 0, and
LiNi;;3Co013Mn; 30, for lithium ion power battery were estimated based on the group contribution method. The AHef,zgg and AGef,zgg of 56
solid inorganic compounds were first estimated by the group contribution method. The absolute values of the relative errors were within
4% compared with the literature values. Mathematical models for estimating AHefﬂzgg and AGefQQS were constructed based on the group
contribution method for estimating cathode material LiNiyCoyMn,O, for lithium ion power battery. By combining the XPS experimental
data analyses, the values of the AHefﬂzgg and AGemgg of ternary materials LiNig¢C092Mng 207, LiNig5C02Mng30,, LiNigsCoo1Mng 0, and
LiNi;;3C01,3Mn, 30, are estimated to be —705.39 kJ-mol”, —=703.90 kJ-mol”, —695.67 kJ-mol™, —705.17 kJ-mol™, and —647.98 kJ-mol™,
—640.04 kJ'mol™", =631.10 kJ-mol™!, —642.41 kJ-mol’, respectively.

Key words: LiNi,CoyMn,0O,; group contribution method; mathematical model; AHef,zgg; AGemgg
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