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Analysis of the factors contributing to capacity fading
in an all-solid-state Li(Ni,Co,Al)O2/graphite cell
by means of in-situ XRD
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Abstract

The factors of capacity fade in an all-solid-state Li(Ni,Co,Al)O2/graphite cell using sulfide solid electrolyte were
analyzed by using in-situ transmission XRD, and the amount of electrochemically inactive positive active material
and that of side reaction on the positive and negative active materials in this cell were evaluated. As a result, after
charge and discharge cycling life test at 50 °C, it was found that the amount of electrochemically inactive positive
active material was increased, and that the amount of the side reaction on the positive electrode was relatively in-
creased compared to that on the negative electrode. These results suggest that electrochemically active Ni** in pos-
itive active material is partially changed to inactive Ni ion, and that the amount of oxidation reaction of the sulfide
solid electrolyte on the positive electrode is increased through the cycling life test at 50 °C, resulting in internal re-
sistance increase. This XRD technique is effective to quantitatively analyze deterioration causes of positive active
material, and the amount of side reaction on the positive and negative electrodes of an all-solid-state cell without

disassembling the cell.
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Fig. 1 Schematic images of shift in end of discharge potential of negative electrode caused by (a) side reac-
tion on the positive electrode, and (b) decrease in the ratio of electrochemically effective positive active mate-
rial contributing to charge and discharge reaction.
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Fig. 2 Schematic images of shift in end of discharge potential of positive electrode caused by (a) side reaction
on the negative electrode, and (b) decrease in the ratio of electrochemically effective negative active material

contributing to charge and discharge reaction.
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Fig. 3 Schematic images of quantification method for (a) increment of residual discharge capacity in
Li(Ni,Co,AlOz (NCA) electrode (A Bpos), and (b) increment of residual discharge capacity in graphite (Gr) (A B neg)
by charge and discharge cycling life test using in-situ XRD measurement. Both A Bpes and A 3neg were nor-
malized by mass of NCA active material. Solid lines corresponding to change in c/a ratio of NCA (Fig. 3 (a)) and
in 002 peak angle of Gr (Fig. 3 (b)) were obtained by in-situ XRD measurement of pristine NCA/Gr typed all-

solid-state cell in charging process.
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Fig.4 Schematic image of quantification method for
the ratio of electrochemically effective Li(Ni,Co,Al)O2
(NCA) active material by means of in-situ XRD. AL pos
defined by the method showed in Fig. 3 (a) shows the
increment of residual discharge capacity in NCA elec-
trode normalized by mass of NCA active material.
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Fig. 5 Discharge curves at 0.1 CmA of Li(Ni,Co,Al)O,
(NCA)/graphite typed all-solid-state cells. Discharge
capacity is normalized by mass of NCA active mate-
rial. Charge: 0.1 CmA to 4.25 V followed by the con-
stant potential with a cut-off current of 0.025 CmA;
Discharge: 0.1 CmA to 2.85 V; Temperature: 25 °C .

Table 1 Discharge capacity and internal resistance
(ACR) in Li(Ni,Co,Al)O (NCA)/graphite typed all-solid-
state cells before and after charge and discharge
cycling life test. Discharge capacity is normalized by
mass of NCA active material.

Test condition Discharge capacity ACR
at0.1 CmA at 102 Hz
/mAh g /Q

Initial 182.7 3.6

25°C, 100 cycle 178.6 6.1

50°C, 100 cycle 147.5 56.2

50 °C, 240 cycle 117.7 209.8
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=7 MEDY 7 MIHIC 0.03°Ki#& 3% EMNT
x%. LIh>T, NCAD 003 HFBLU 101 H, #
RO 002 D ¥ — 7 NBN 2 A EHRIFAICHBNT, K
HIEIC BT 2 BHORU I ED DTSk K S
RORADOHEIMHTEZLEZAENS.
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Fig. 6 Change in XRD patterns of pristine of Li(Ni,Co,Al)O. (NCA)/graphite typed all-solid-state cell at different
position from 0 to 200 um; (a) NCA 003, (b) Gr 002, (c) NCA 101, and (d) Cu 311.
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graphite typed all-solid-state cell before charging.
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Fig. 8 Change in XRD patterns of pristine of Li(Ni,Co,Al)O2 (NCA)/graphite typed all-solid-state cell in charging
from 0 to 209 mAh g™ at intervals of 19 mAh g'; (a) NCA 003, (b) graphite (Gr) 002, (c) NCA 101. The amount of
charge electricity is normalized by mass of NCA active material.

20



GS Yuasa Technical Report

¥—2713 38 mAh g ' EE T % LiHAE LT DD, T
DFGERIEICER S 5 TR, BEREREO Y —
JOEmAEMICBNTY aVAE—L LT N &5
ICFREET S L, LiCi ® 002 HICHKEK T % E— 713,
EREREOE—r LEEL, WMEZRITBT LN
TEah-ole. i, MaABEREMIITE, LiCs H
KOEHTE— T BT MCRDENTZDHRTH - /-
NSRS, WCYEREREZH TR IhE
MR 2 [E A oD XRD #IIE Cld, e RARIC BT
ZEMEREAYO LI HFARDOHEICDRMND
LiCiz #H & LiCo #HO HLRE 72 & DR T35 & U
BRULANCTE N AMTEE OEE o DE R
WNHfTHBEEZEZBNS.

FREESEE NCA EMICHBIF 5 c/att & DREGZRE
Fig. 9 () Ic/R"9. c/a thldFAEESE 171 mAh g ' L
NOFHICBWTHRICHEM Uz, £07, MG
B I UM O RMERERIC BT S c/altzznT
NRHBT LT, TNHDMEICHINT 5 IEMEYE D
HEfEOREREAEZ2NFIHRICK > TERIITE %
LML, AEEKELAMTH 2 BB XU ERR
@t &Yo ¥ —2 Mg L OR%%Z Fig. 9 (b) ITRT.
7%, FEHEHESE 38 mAh g! O XRD /82— T,
A FEARE D ¥ — 7 O AN BiERI L&Y Dl
PEHRMNY 3 )V E—E LTENIT, O
DY— 7 B 35 2 75> CRENERE SO ¥ —
JfER RSz £z, FAEHESE 38 mAh g! &
Z % XRD /32— T, LiCi FOESMEREAED
C— I DNEREREIOE— 7 L EET 5728, ¥—7
MEOT Ty SR LTz Fig. 9 b) KBV,
BDO Y — 7 MEILREERE 38 mAh g LUNOH
PHIC B THIAICHEAD Uiz, SEREIRED I

c/a ratio of NCA/ -

49 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250

Amount of charge electricity / mAh g-1

20235128 $20% 28|

B X URBMICBI 2 =T aEEZNTIRD %
TET, ThEDOMAEICHIGT 2 EMTEYIE O E &
HorEEXEZNFFIRICK > TEHTE % &l
L7z,
34 WHARB LUHABRMD XRD R

FEA N IRRE T ORI I X UEABR & D XRD /%
% — /7% Fig. 1012779, NCA @ 003 i & O 101
HOYE—7AEE, LR E ThIh izt
e E-oT. —AT, BinkdEnEmtamo
E— 7 /AE1E, 50 CTORBRMICBWTHIIAMNI X
U 25°CTOMBME O LM EMIC T L. T
bB, 50 CTORBRMOEMIE, se2FEIRED
BHTHBICEMDET, WIREBXIT 25 CTD
AERmOEME O & LITHAENZWIREETH A &
ZRET L. INEORERZHWT, 2.4.3 HICRIK
UTeTEIC CRITRES A 7 )Vl O IEME X
CEmOKGFHERE (EMENEOE/HEHOAN
) O AL pos BERTABneg ZZNZFNHEH LTz,
R EDAB s BE U ABneg, TDFENTH S
(ABneg — A B pos) DFHIKGERZ Table 21T/R9. 25 C
TORBTIE, ABpos BETABreg, (ABneg — AP pos)
MOTNE/NEhoiz. —7, 50 CTOMERTIE,
ABpos BERU ABneg MNTNERKELTRD, RHT AP neg
MAREEINLUZ, 2T E725 T (ABneg — AB pos)
MRELZZ o7z, 001 CmA TOMBRICEWVTSH,
ABpos BRUABoeg DI THREL ZoTWB T &M
5, 001 CmA TOREL— MIBNTHZERICHKE
TETCOVAEWVIREE, bbb, WEITIAE L <8
LIZIREETH B EZEND. FT2, (ABneg — AP po)
WRELGZoTET D, 234ETHRZED, A
15| C DRIRS F Tl d NG BTSN %

002 peak angle of Gr / degree

11 7 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250

Amount of charge electricity / mAh g-1

Fig. 9 Relation between the amount of charge electricity normalized by mass of Li(Ni,Co,Al)O (NCA) active
material and (a) c/a ratio of NCA electrode, and (b) 002 peak angle of graphite (Gr) using XRD data of pristine of

NCA/graphite typed all-solid-state cell in charging.
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Fig. 10 XRD patterns of Li(Ni,Co,Al)O. (NCA)/graphite typed all-solid-state cells at fully discharged state before
and after charge and discharge cycling life test; (a) NCA 003, (b) graphite (Gr) 002, and (c) NCA 101.
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Fig. 11 Relation between the amount of charge

electricity normalized by mass of NCA active material
and c/a ratio of Li(Ni,Co,A)O. (NCA) electrode ( O )
before and after charge and discharge cycling life
test; (@) 25 °C, 100 cycle, (@) 50 °C, 100 cycle, and
(®)50°C, 240 cycle.
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Table 2 Calculated result of increment of residual discharge capacity in Li(Ni,Co,A)O; (NCA) electrode (Af pos) and
in graphite electrode (ABneg), ABneg — ABpos and the ratio of electrochemically effective NCA active material (a pos)
in NCA/graphite typed all-solid-state cells after charge and discharge cycling life test. ABpos and ABneg are

normalized by mass of NCA active material.

Test condition /An[i&ﬁ - /An[?,&ﬁ - /Ané/m g,1AB pos O pos
Initial 0.0 0.0 0.0 1.00
25°C, 100 cycle —0.6 13 19 0.99
50 °C, 100 cycle 4.1 114 7.3 0.93
50 °C, 240 cycle 5.2 11.5 6.3 0.88
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Fig. 12 Calculated result of between the amount of electricity normalized by mass of Li(Ni,Co,A)O (NCA) active
material c/a ratio of NCA electrode after charge and discharge cycling life test; (a) 25 °C, 100 cycle, (b) 50 °C, 100

cycle, and (c) 50 °C, 240 cycle.
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