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Abstracts

With the commercialization of electric vehicles, research on lithium—ion batteries has become increasingly
critical. However, current cathode and anode suffer from poor long—term cycling performance and limited
stability. This is primarily due to interfacial degradation at the electrode—electrolyte interfaces, which leads to
side reactions, impedance growth, and active material loss. To address these challenges, various approaches
such as surface coating and doping have been actively explored. Among these, atomic layer deposition (ALD)
has gained attention due to its ability to form high—quality thin films at low temperatures through self—limiting
surface reactions. Thin fims deposited via ALD have shown promise in suppressing parasitic reactions at the
electrode—electrolyte interface and in mitigating degradation of electrode materials. This review focuses on recent
advances in enhancing the long—term cycling performance and stability of Nickel—cobalt—-manganese, Silicon
based electrodes through ALD thin film coating.
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Fig. 1. ALD process cylcle. Reproduced from Yadav et al. Int J Adv Manuf Technol 2023;126:4811-25, with open access

of Springer Nature,[13]

ARG ol EA] Z]zollA fefisialon, o] AlRhE,
Aok, o, 5 AR 5 TRt vt Sl A8
5= Q=S 7|2 S Asigith[15,16] ALD= AL
Y] L2 oA 29 22 Bt oA e

AsHA| ST 4= e} E3F ALDE 150°C 0[5
W2 2ok 7hEste], EF g do] W v
ojuf ERRE Wi LRol M A8 4= Qlrt, A=
Dynamic random access memory©ll4 11-9-4-& Gate
AAA|, AR oNA buffer layer & THFRH H 7=
2opol] Aget vk S o ® Zhgiia Qi [15—-17]
SEARE B2 st w2 ARRte] Bas) AA| 78 ARE
o] Zr}= ghxlo] 9tk TMA (Trimethylaluminum)
9] R HFAE 2835 A Fis] ZEE]A QlA]
gk 22 A okt 578 27ollA9] A8/
gk Sl oF] FEsh, olof thigh x|<&AQ1 At
st [17,18]

-

2.2 NCM
21§ o2 7= SONYel| 9Js)] 482l o]F mulel

470 || M2tojAE

oflLiz] AS Awalighen, 1991 LiCo0,2] AFE-3}
2 opekel Axpr)7)of E8Egin) o] % A7|xje} 2
TUE S8R SfEHA] oA e} =1 5o
e S AEH R oot [6] Ly AHF]
o x] W7} Yrh= He sH|2 2=, o]5 Kot
517] QIRh P Y 9 ulg Hx Vs Tido] el
Y| 1 Qlcy, 53] S5 7 NCM2 A4l
T20] LMOU &2]41 28] LFP F=Afol| HlsA] -
SF 8 543 7Hch ESH NCM =R LiNiO2)
B4, LiCo0,9] $<=3t H718kst 4, LiMnO,2]
2 QPgat Aulg ES B TR E3A A=
, T olxFdAe] 8= 9)rk NCM F=AfollA]
2 S SRt +4 YRR fAste] AR 9P
S F1 FWEE ARPAEAS Ak F=Ao
ofut= Aok HhgollAle] X713k Qg
PRI, stolUA Tk U FRFS B0 =X
of 7] ol A -§uke SiEkelr] fI8l = e
] &) A7|2HElectric vehicles, EV) 5 tiokal Fi
of A& it} [2,19]

4

=

A1

=

o ot
o
k1

> o
Ir

.



2lE 02 TXIZ ALD 7|2t M2ta] FEI0fl Chet 215 1

NCM €3} wAUS F shb= t7] 5 9= &2 okt
skl 2l weste] A 2lE SE(LiaCOos,
LiOH, LiHOOs 5)& @/JstaL ol5o] Al UitellA] ther
gt FRRE-S ek ZAloloh LiPFs AsfiaolA wafie

= A H A 2R SRES JAAA 83l Ho)
o5 EFeE3ES PoHL o= 5508 SHtEA

. oF= o] ZERSPY Cathode—electrolyte Interphase
(CED @Adoll 713t SEISS <&/414 4= St
[20,21] o]t &= AAIsl7| 218l ALD 572 53l
F=A 3EHo| BEMIE S(A1Os,[22,23] 7nO,[24]
7r0,,[25] TiOy,[26] MgO[27] 5) Ex o] AEA]
T8 (LisPOy4, [28] LiF,[29] LisVO4[30] $)& &5}
A=—7el4d Aol 9] Fuk3-& Apdsh= Hefo] &
85Tt [6]

_1

ox

2.2.1 NCM333
TiO, B} 3182 NCM J=Afjell 28 Al, AlLOs
of BAsl= 1T, A7) AlelE, Ak 2AloAE
g 85 B AikE Hol= Z10® Wkl 9f
9k TIO; ALD Fg9] 3 %, T 59 574 A=t
o] 713k EAdol| w|x)= Jgel digh A+t
=5t Algtol), o]t $HAIE 251314, Neudeck
5 NCM333 =Afjoll tialf ALD 7[5t TiO, %9
I 25, FAVE el niRle G AAH R &
Asloirt, SRRt HAXTR AlSkEe] A44da &
A, A8l AZ R S F T2l 4§ 150C
oA 210°C WM g I3 ol Lslet 2t
FgAdo] S s 24 HAAES 4~8 22 TRl
3L et} SRR 110°C ofs} 9 210°C oPolia= A%
E e 52 550 vy FEAsE 2E 4 ok
L Agsieh TiOe PVDFE] A8-2 A= ®3E 7|5t
ol FFS 71X}, oF 5 nm FA19] TIO, 80|
Jol| 71 frelujgl Auks H9low, oF 2 nm
9] 7L 435 AtE UESIch 4.2 Vel 0.1,
0.1 Co] &2 |2 HAsPHA 8552 W3t
sk A}, 210°CollA] 300 Ale]E ALD 82 4]
AEL}F 110°COA 150 Alo|E FHE AlR R0

i

o
2

oX oX

o off
Ol

o

o
o L
—_

A
ox
of

ool

ol

A A o8 B
A 2% 9 TP el AEAR Y iRl Hol
olof thet A&A%1 A7t Baghks AR [31]
Hemmelmann 52 NCM333¢] Al;Os ALD =
Zlegsto] A8 45 9 FAI(2 nm, 5 nm)e] T
Z}o]2} X—ray photoelectron spectroscopy (XPS)
A5 3ol GRS 40| HRkE Bl = A a5
BE AAsIL 24 F3lE wol ES IAIF.
T AR R TMASH H:OS ARE3l 150°CollAl 34
= AIFYsiet, CV 24 A} 2 nm ALOs T% AlHS
3.88 Vol F=5igt 4k} 925 et ol BIEE
AE0] 3.85 Vol vlsf| ¢F 80 mVe] apQto] Ayl o
o, oj= Yo delgdlel wE Y S7HE AKRE
o}, SER|FE Alo]E Fofli= thA] 3.8 V HofA] Aks}
=27} eRIEm FgZo] 2lg3lEo] 2lF ol A=A
o] e AuE st 5 nm Y HFoAE vl
Sh PSS Kot AR} nj3= 39 vheolu 2 B4
of o] 71QIsk7] wfliZell Al,Os Hol| ofsff o7t
FHEgo] AAlE Aow AYe 4= Qltk, &5 fAES
B5EO] - 0.1 C &1x, 3.0-4.2 V 714 20 Alo]
= F 36.5%, 42 APolE ¥ 23%E 43| AstEm,
5 nm g AlE= 50 ARIEZHA] 50% A1, 2nm 9
AlzlA 100 AlRIE £ 75% FAIEl=
it olggt Avk= AlyOs9] 2 nm FH
= Ao g oAskaL H7|3kekA A
Aog FIATIT= He Holer), =3t b=
NiFy, MnFE A/dsiAl NCM ¥ FA13 455 4]
AlZl=d] Bl AlyOs= HF9}F §1g-5to] AIF3S 3/ds
o] 5% 855 Aokl THFO= QIR QY e
UARE A71H o= A F7P7 AAlET, 53] 2 nm
THSE gfol, ZlEol oS Hlad] st shaA]
= Hoogs 339] afticl. ¢ dtollM= AlOs
2 nm gZo] g FARE AW FHR3-E A5kl
7154814 ea FEAIXITL At [32]
NCM333 gt g=Afef] 28 Al,O3 9 CeO;, 7|RE
ALD F9o] v Arolal= 2 nm 57 27004 AlOs

HYe vsY W CeO, FH} ulash S5k Aol 2

flo

o

i

s
"
2,

o

o _H

ol

o,

Az o o

f

S}
=

4>

—

tlo
o
1)

2
4
&

O

roop »t

[e]
=

N

]_

159

o3
i
i

N
:

Lo

O
-

o ©

)

-

X283 W35, 20254 9% | 471



10|32, oM
SIS BT 20 Alo|E S & ALOs T® Al 2.2.2 NCM523
= 27| 8559 82.6%= FAISH Wb, H|FY Alg:= NCM523+= Hlﬂ@ =2 ouR] Yol =3 485}
74.9%, CeO, ¥ AlE= 69.5%2] &5 AA&S Ut 71s8& 2= 2fF ol Zx|9] thszdQl =A 5 sht

o] ALOs9| &5 Al i Asol S=rdhth= 2lo] otk Z1Eut ‘?_}%;‘—1 Al S IgollA Hol34(Co,
?Jéil k. A7islel ujEs B B4 Adod= Mn, Ni) of2o] M2 8&511 2lF o] 32 3%
e BE 27] A A oF 20 v S7HAFHANE  (Vacancy)o] S718HH Fol Eqiat 2 F3lE <l
A1203 T A A7 1Ay 8 FA S0l 4 3227 HIZMIS rock salt = FolEH, o2
o= Torxlﬂoﬂﬁ} XPS —r-’“oﬂ UJrEL ALO; FRSS el &5 Aol e, ol= 4k 7 A Wee
Lol sh, e At Bl E E TsAde SRS E3E
o] #H FAS Zﬂoﬁl ?'—71: s YAtk gd= 5% Aolgs ol 2= of At A vk
Sl I A eHgA & sk skl Aol AskEe AEay
A A F2E FARARE, WEEA] S 2 o] (Shuttle effect) 7} WS 4= Qltt, 53 ] slojyZ NCM
A G2A 2 7] Foll =5 Al EHOA g ol ieEkase}
EQPAo] SIskLh ol A= | HAY &F WSSt 2y ElE SRE(LiCOs, LiOH, LiHCO; )
Astz olofA|H, Sl TR Fig. 29 SEM ofm|xjefA] o] HlwA| 47| FH=M, ol= FF ol e
I gt Zjolz RIS Fig. 2()ollA BIZE Ale Asfskar Al i A& 570 [34] of&et Ak
o= A o] WSERL Fig. 209 CeO, = ALDS Sl ARsto] =31} Haffd 1t A9 38t
T AR} vluslo] Fig, 2(b)old Hoh et FHS A SHAdE Fold o 9Irh[85,36] ALD BRI Uwks
I 4= Qlof ALO; FHo] #H FAS avpxor o gE AN %E—”‘io] 2 R o] 9 At
AAE 4= = YERH, & A= ALD I®Se] Ao 7ofshes 2Pz e Ak Be=
et 24 A o], S W S deE-ds AlRkE, EReEsE S HEA 2R B9 HeY)
[HolA =2 SlkE /8= fresh A=) P = ol AW vke= Stk A9 9= A A=
I A7IsletA] Asol AEAR] e viiitks 2 A I8 SR A8 P ISk o2 3
SIS 53] ALO; FEIA FAEHE AIOF, 5= AR o= & 53 A 4 ek [36]
A 23 gﬂmgg 71o95h, ALD 57g°] 554 Kong & NCM523 F=A] 390 8 Ale]Z9] ALD
A Ao 7em A8 5 = AKRITE[33] IR Fl vEE ] ZnO HEke P35Il ol
r Z

=

¢

L

_H
L
i

Al,0;-coated cycled

Fig. 2. SEM micrographs of the cathode thin films (a) without coating, (b) with Al.Os—coating, and (c) with CeO,—coating after
cycling for 20 cycles. Reproduced from Hemmelmann et al. Adv Mater Interfaces 2023;10:2202268, with open

access of Wiley.[33]
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Fig. 3. NCM622 performance with various ALD cycles. (a) Capacity retention relative to 5" cycle discharge capacity at 1 C
rate, (b) Coulombic efficiency and (c) mean charge voltage versus cycle number as well as (d) rate capability in the
later cycles of graphite—based full—cells using bare NCM622, ALD—-4@NCM622 and ALD—10@NCM622. After the

initial  formation

cycles at 0.1 C were completed,

the cells were charged and discharged at 1 C, with a rate

performance test every 100 cycles (denoted by asterisks in (a,c); data omitted for clarity), during which they were
charged at 0.5 C and discharged at rates up to 3 C. Differences in specific discharge capacity relative to that at 0.5
C are shown in (d). Cycling results are averaged from several cells, with the error bars indicating the standard

deviation of the mean. Reproduced from Neudeck et al.

Nature.[40]

474 || M2tOjAE

Sci Rep 2019;9:5328, with open access of Springer



2l Ol2 TXIZ ALD 7|2t M2ta) IEI0f| Chet 2R

4
&

A7t E 20 eI =
It H=5o] A4 F&5S ApdshdA 28 24
At s Zaf2 Ad=he LiF, 1iC0s 52 F4t
S2& oz AAsiglct. 8ol 85% =7
FE7 1712 AlolE 4= BIFEE =004 1069 AlolE:
S Hol Hhd, ALD 342 10 ARlE 42383 #1(1.3
nm )2 1381 AllEE SRIFI oS F3f
0] A7 AlolE PSS LSS I

o 0.25 C& 54, 0,1~3 C& "st 23} ALD—4
Ao]2 HTol u]zRlo] 49 H

‘]

12
ol

(il

&

ey
ofi

(9]

A& elulgit}, AT 100 Alo|Z Fol= ALD
2 wQJak H5F W w1y ASErk oF 2 mAb/g
© o SIS Rrh o= ALD 315o] 7]
o §Ajol] ATAQLE HolEn|, Tyt mElo]
739 27] 455 Aot 9 o= A Ashh e

T dee AARIT[40]

s £

i
fr

K

iy

op

f 4

N
o

2.2.4 NCM811
sto|Uzl oF=fel NCM811L =2 o|& gefo g
A 2lE o2 AX|] 4t AR FERNL QK]
gk kel SR AN A 1 A, Fo)
=5 o290 8=, SHI 59| S04 5 okt &3
HEgo] Hhagste] Alo|F A Ale fishs 2oR
2f] Qlrt [41] ol tfal] Wang -2 1
Aol 10 Afo]Z9] Al,Os B ALD B4 o= 83}

lo
Z,
Q
=
*®

2.7-4.3 V A% WflelA 1003] S Sl 27]
87F0] 93.81%% HAgH vy, o
2 ATHez e g §x

H—
i
2
&
H
o

Electrochemical Impedance Spectroscopy (EIS), CV
5o 574 Ay oA ALO; ZESe] NMC8113}
s F FRESS oAlelar et A AakS A
+ 2P} k3o BRI E3h IS W 8

SI512 B3| nkRAe] A olAIshe FikE Uk

olgfgt A= ALD 34 ©]83 ALOs
NCM811 ¥=719] dsl= aataog AAeh 1
A 7] A 2xoA 48D} 7Fs g A 4= 3k
#H 34 Al AARRIT[42]

HhHo] | Huang 5 Al,O3 B1E1S- NCM811 FHoj|
Z17¥ 2, 5, 10, 20 32 AlolE & th2A sfo AR
= o 7] S P W 3 S sl viR=
P AL Fig, 4(a,b) HFollA ERIT 4= %
], 100 ]9} S AlelF B9F 4.4V, 4.6 VO At
27 HEo|lA Y §5F 9 FAlof o2 AR 7F &5
FAES] ot 2polzt fisieh. olojxl AFeA=
2.8-4.2 V 2%} W glollA theket 24 £%=(C rate)ell

2 &9 S4S Brskglen, C/3, 1C, 1.5C, 2C,
3 Cofl el 2% /52t FAIALD AlelE 49 Zpolell
w2 Alzo] g5Fo] FARIAL, AlOy BFFe] E2)7}
1 2kE A s el Z1olsA] ok Bk 1
U @712He] 57] 9 7 eEof tisiAle B aupt
QI A S 43%, 2% 22°C oA 2zt

A 930 Y =E T ARIERS 98 duh 1 YR

129 AL vwslgE o), vz W3] 2]

s

gol
¥

o

I m

¢

[*]

o
> ool 1l
\

)

W §5Fe] 195 mAh/goARE I AlRoie 271
] vl HEER] Rtk shAJRE 100 W] C/3

AflE Folle 7 A= BT R -go] sl
E3H 30 U &, C/3004 A7ISEH B4 SRIshY,
27| WP 8= 7 A B 9F 190 mAh/gO = S
319om, 100 AfolE T 30 Y e HF2 W8
9, H|EE A= 25 OF 140 mAh/gl = H|=ZF
1 =3 A59] 160 mAh/gHTh W Zloz A3
t}, oljdt Auk= ALD 8] NCM8112] A713}5}H4]
Feole & RS T AUARE A QP4 (Storage
stability) SHYRFRS Houl GILS Fris 25 ARRE
th.[41] s Aol A -8 NMC8119] =22 &4
o] mje- zo} ALD RS 53t Ads 7 o= 7} ek
otk AFBI3ICt, ALD Aol A= HAE €] 9
Sx= M=ol FE3] gfolok she 24o] gt &
AlFo| A= NCM811 A& FA7E ¢F 70 pmE, o]
of2] 7110} YAIAK Primary particle)50] 544 B4

X283 M35, 20254 9% || 475



(a)_ » Bare - ALD-2 « ALD-5 - ALD-10 « ALD-20

/9
N
IN]
S
=
=)
S
o

9
z
&
8 i}
© L2
p £
(&}
= o
‘S 140 ]
= 995 ©
0 20 40 60 80 100
(b) _
9220 100.5 =
g £
ézco'}}%h )
= v s
‘G180 " 2
8 oo x x e E
S 160 2
2 5
S 140 3
2 8
w

10 20 30 40 50 60 70 80 90 100
Cycle Number

Fig. 4. Specific discharge capacity of both the bare and the
coated electrodes cycled with an upper cutoff voltage
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the differences in capacity between the two replicate
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Sci Rep 2024;14:18180, with open access of
Springer Nature.[41]
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Fg. 5. Electronic density of states and Bader charges: (a) the Projected DOS (PDOS) for surface oxygens in both pristine
and 75% delithiated (charged) NMC811 structure with either no Al present (green), Al partially (56.25%) substituting
the surface transition metals (blue) or fully substituting the surface transition metals (purple). A vacuum (extending up
to 20 A) above the surface in the b—direction is applied to the surface. The black dashed line indicates the Fermi
energy. On the other hand, (b) show the Bader charges as a function of distance in the b—direction going from the
bulk (0 A) to the surface (10.8 A, marked by the brown dashed line). The charges of the valence electrons around

an idealised 0%~

would give 8 electrons but is underestimated in Bader partitioning (ranging from~7 in the bulk for

the fully lithiated structure to~6.75 in the bulk of the delithiated case). Reproduced from Chen et al. Energy Environ
Sci 2025;18:1879-1900, with open access of Royal Society of Chemistry.[48]
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