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D Three Pillars of Science and Engineering

Experiment and Theory

HELLER, A.; PARKER, A. Experiment and
Have a New Partner: theory have a new partner: simulation. Science
simulation Fe ' -.&.w "“\-, Technology Review. 4—13, 2005.
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Weinzierl, T. (2021). The Pillars of Science. In: Principles of Parallel Scientific Computing.
Undergraduate Topics in Computer Science. Springer, Cham.



D Dissertation A. Lipnitskii (2010)
BBE/IEHHUE

AKTYaJbHOCTHh TeMbl. KOMIIBIOTEpHBIM SKCIIEPUMEHT HAa AaTOMHOM YPOBHE,
HAa4YWHasA C IIEPBOr0 MOJEKYISPHO-IUHAMHUYECKOIO MOAeaupoBaHusa B 1959 roay,
MPUBJIEKACT BHUMAHUE MATEPHAIIOBENOB BO3MOKHOCTBI MOJYy4YaTh WH(MOPMALUIO
O CTPYKTypE HaAMOJEKYJISpPHBIX O00pa30BaHUM, HMX TEPMOAHMHAMUYECCKHUX
XapaKTEPUCTUKAX M MEXaHM3Max IMPOLECCOB B MaTepualax Ha YPOBHE

NCTAJIbHOCTH, HC JOCTYIIHOM COBPCMCHHBIM DOKCIHCPDHUMCHTAJIbHBIM MCTOHdM

uccanegopanu. C pa3ButueM B KOoHIEe XX — ro u Hadaine XXI — ro BeEkoB

HAHOTCXHOJIOTHH H YBCJIHYCHHUCM MOIIHOCTH BBIYUCJIMTEILHON TEXHUKU DITa



D Dissertation D. Aksyonov (2014)
BBeaeHue

Pa3pa0oTka HOBBIX MarepHalloB TPeOyeT AeTalbHBIX CBEACHHUN O MX CTPYKTYpPE
M (pU3HM4YeCKUX MEXaHM3MaX Ha aTOMHOM ypoBHe. CerogHs MOKHO CYMTATh YCTO-
SBINMMCS MOJAXOJ K pa3pabdOTKe HOBBIX MaTepHaAlIOB, B KOTOPOM IIOMHMO MOPOBE-
NICHUS DKCIIEPUMEHTAJIbHBIX HUCCIICIOBAHUH, IS PACIIUPEHUA CIIEKTPA I0CTYIIHOU
MH(pOPMALIMKU O BEIIECTBE, MPOTHO3UPOBAHUSA €r0 CBOUCTB U COKpPAICHUS 3aTpadM-
BAEMBIX BPEMEHHBIX U MAaTEPHAIIBHBIX PECYPCOB UCHOJB3YIOTCA METOAbI KOMIIbIO-
TEPHOI0 MOJEIMpOoBaHusA. B wacTHOCTH, OOJIBIIIOE pacHpoOCTpaHEHUE MOTYYHIIH ME-
TOJIbI MOACIIMPOBAHUSA «HM3 II€PBBIX IIPUHIIMIIOB), KOTOPBIE, 0a3UPysSICh HA KBAHTOBO-
MEXAaHUYECKUX pacuy€Tax, 00eCnednBarT XOPOIIEe COrNIacue ¢ IKCIICPUMEHTAIbHbI-
MU naHHBIMH [1]]. IIpm 3TOM, CTAaHOBHUTCS aKTyalbHOM pa3padOTKa HOBBIX HJCH,
MPUHIIAIIOB, MOAEJIEH U MOAX040B, MOBBIIAKINAX YPPEKTUBHOCTH UCIIOIbB30BAHUS
NAHHBLIX KOMIIBIOTEPHOTO MOICJIUPOBAHUA U NPEA0CTABIIAIOIIAX BO3MOKHOCTH UX

CPdBHCHHA C JKCIICPUMCHTAJIbHBIMHA JTdHHBIMH.



D Dissertation A. Kartamyshev (2016)

BBejleHne

MeTonpl KOMIILIOTEPHOTO MOJICIMPOBAHNA Ha aTOMHOM VPOBHE ITO3BOJISIIOT
3HAYNTEIHLHO COKPATUTH CTONMOCTD Pa3padOTKN HOBBIX MaTepHaJIOB U NCCJIEJOBA-
HIST V3Ke CYIIIeCTBYIOIINX. KpoMe 3Toro oHn mo3BOJISIIOT MCCJIEIOBATD IIPOIIECCHI B
MaTepuagax Ha YPOBHE, HEJOCTYIHOM JIJIfd CYHIECTBYIONIUX dKCIEePUMEHTAJIbHbIX
MeTo10B. CaMbIMHI TOYHBIMHU Ha JJAHHLII MOMEHT SIBJISIOTCS pACUdeThl «13 IIEPBBIX
IIPUHIIMIOBY, KOTOPHIC YUINTBHIBAIOT BKJAJIBI KBAHTOBBIX Y(MPPEKTOB B MEFKATOM-
Hble B3amMojieiicTBud. OgHNM U3 Hamdojiee MNUPOKO HCIIOJIL3YEMBIX BapHaHTOB
TAHHOIO METO/Ia ABJISIOTCS pacdeThl «M3 IEePBBIX HNPUHIIMIOB» B PaMKaxX TEOPHUU
dpyHKIIMOHAIA TIJIOTHOCTH.



D Diploma A. Boev (2015)

Bsejienue

CiuiaBbl HA OCHOBE TUTAHA U BaHa/Usl UMEIOT MHOXKECTBO IPUJIOXKEHU B a3PO-
KOCMUYECKONH MHJIYCTPUM, HAlIPUMED JUCKHU 1'a30TyPOUHHBIX KOMIIPECCOPOB, JIO-
[IATKU U CBA3aHHbIC C HUMU KOMIIOHEHTbI, TaKzKe 3TH CllJaBbl, JIe'MPOBaHHLIC

XPOMOM ABJIAIOTCHA XOPOIIMMHW KaH/JWJ1aTaMW JUJIA HHPpUMEHCHUA B TEPMOAJCPHDBIX

peakropax B KadecTBe 11epBOil CTeHKU U BHelIHel 000J104Ku . st pazpaborku

TaKUX MaTepuaJioB ¢ 3a/laHHbIMK CBOMCTBAMU HEJOCTATOYHO TOJBKO SKCIIEPUMEH-
TaJIbHbIX UCCJICJIOBAHUHN, TaK KaK 110CJIe/IHUEe HEe MOI'YT B JIOCTATOYHOM CTEIeHU Jla-
BATh BCE JIaHHbIC, HEOOXO/UMbIE JIJIsl U3YUCHUS CBOMCTB U HOHUMAHUS 1IPOIIECCOB,

[HPOTCKAIOIIIWMX B CllJlaBaX Ha a4aTOMHOM VDOBHE. HDSTDMY PARID; | DoJiee lID,LLI]DﬁHDl‘D




D Dissertation A. Boev (2019)

BBenenme

[TpeanocnegHmnn ab3al, BBeAEHUS

Kinouesoii XapaKTePUCTHKOH ( ATOMHCTHYECKOE M OAe/ITHPOBaHie ITO3BOJIACT 1IOJIVHATL MH {1} OpMallHMIo O IIpoHec-

¢4 CTOHKOCTD K PaAnaltionioMy i cax g MaTeprasiax Ha ypPoBHE JIeTAJILHOCTH, HeIOCTYIIHOM 3KCIIEPUMEHTAJILHLIM 110/~
[Iponeccy vbeJlndYeHd [}HLEMH Ma | _ | | | |
xoJaM. B ¢BA3H ¢ 9THUM MeTOJIbLI MOJIE/IUNPOBAHUS HIMPOKO HCIIOJBL3VIOTC JIJIs H3V-

[NHOHHOI'O IPOHCXOXJICHN ITOCIIE |

HEHMUA IIpolecCoB Pa/JHallMOHHOr0 INOBPEeAJICHNH B HaCcTH HCC/Ie/JOBaHMd KaCKa/loB
[TaAMI.

O,-‘J,IIH"».-I U3 OCHOBHDBIX I10/IX0/10] ATOMHLIX CMEHICHUH M SBOJIOINN CUCTEMbLI TOYCYHBLIX r-‘J,E'il]EKT[}H PaJlallHOHHOTO

JIOB dBJIsIeTCs BLIOOP KOMIIOHEHTHC TPOUCXOATEH .

TOPOH ITPOUCXO/IUT 3HATUTE/IHHOE YeTaHoB/IeHue BIMSHUS TUTAHA Ha CTPYKTYPY U IIOJIBUZKHOCTL COOCTBEHHDBIX TO-

r.-‘J,E'il]E.}:{T[}HZ BAKAHCHIT U MEZKY3eJIb] _ _ . . -
‘ HEHH LIX r-‘J,E'ilJEKT[}H PAJHAITHONHOTO IIPONCXOXAJICHNA B BaHa /11K ﬁ}’rﬂ,ET HOJIESHO TTPH

MIATHL BEPOSITHOCTL PEKOMOMHAINY
pé’ﬁpé’iﬁ(}THE HOBLIX PaJHallHOHHO-CTOMKHX MaTEpHaJ/JIOB Ha OCHOBE OI_IK METaJLII0B
NPENATCTBOBATL HAKOILIEHUIO 130

| | JJIE ITPOTHOSHPOBaAI A HX VO TOMYUBOCTH K PACIIVXaAHHIO B VCJIOBHAX BLICOKOSHCEPIC-
MM JIE {1}{:‘.KTHI‘»-'I H, B CTPYKTYPE MaTe ’ : ‘

paCIyXaHusl. THHHOLI'O [}ﬁ,.-‘ljf HE .



D Master’s thesis A. Burov (2022)

1. INTRODUCTION

Lithium-1on batteries (LIBs) have proven to be an efficient energy storage system for various appli-
cations, starting from portable electronics and ending with stationary storage. Compared to other
battery technologies, LIBs posses highest energy density, power rate, and cycle life characteristics.
Yet, booming development of portable electronics and electric transportation calls for even higher
energy densities, while the existing LIBs are approaching their energy density limit [1-3].

The modern LIBs have volumetric and gravimetric energy densities of 770 Wh I~ and
260 Wh kg !, respectively [4]. These values are limited by the capacity and redox potentials of
intercalation materials used in anode and cathode. The commercially used anode materials are
graphite and lithrum-titanate with 372 and 180 mAh/g theoretical capacities, respectively. By re-

placing them with metallic lithium, the specific capacity of anode can be increased up to 3860



D Main scientific journal for modeling in materials science

Computational Materials Science is a

COMPUTATIONAL monthly peer-reviewed scientific journal
/\MTERIALS

published by Elsevier. |&VEEREElo] [ STe Ty
0leilelel-TaubCleVA. The editor-in-chief Is Susan

Sinnott. The ar Irnal covers computational
modeling and practical research for

advanced materials and their applications.!"!




D Main scientific journal for modeling in materials science

Reviewers' comments:

Apr 29,

Computational materials Science no longer accepts papers whose sole contribution is the S

ground state properties of a compound. These computations are considered routine.

Reject
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Let's move on to synthesis



D How to synthesize the material?

12



D How to synthesize the material?

1. Determine the desired composition and crystal structure
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D How to synthesize the material?

1. Determine the desired composition and crystal structure

2. Determine the recipe
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D How to synthesize the material?

1. Determine the desired composition and crystal structure

2. Determine the recipe

3. Follow the recelpt

o "

LiCoO,

2

precursor
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D How to synthesize the material?

1. Determine the desired composition and crystal structure

2. Determine the recipe

3. Follow the recelpt

LiCoO,
precursor

4. Enjoy your result!

16



How can modeling help you with each of
these steps?



Step 1. Determine the desired composition
and crystal structure



D What material needs to be synthesized?

19



Case 1. You need new material for any
application

Answer: High-throughput DFT
screening of new materials



General principle of screening methodology

Filters

Composition

Structural Properties

Thermodynamics

Energy Above Hull (mev/atom) ®)

0

0 200 400 600
Formation Energy (ev/atom) &)

-6.4

-10 -5 0

Stability

Any

800

Reset

142.2

1000+

10+

90,393 materials match your search

Showing 1-15

X Energy Above Hull: 0 to 142.2

Material ID

mp-1006278

mp-1020592

mp-1029602

mp-10622

mp-1068157

mp-1069882

mp-1070916

mp-1071555

mp-1077556

mp-1101139

mp-1102486

1. Take materials database

Formula

AcEuAu,
SryLi»SigNgO
Sc,(CNy) 5
PrAs
Sr,CdPt,

LaSi30Os

AIBW
YbAgBI
ThSnGe

TthUTEe

SmPDﬂ

X Formation Energy:

Crystal
System

cubic

tetragonal

trigonal

cubic

orthorho...

tetragonal

orthorho...

hexagonal

orthorho...

monoclinic

tetragonal

10,000 to 100,000
materials

10 to 100
materials
candidates

2. Set up a property funnel

21



D Screening of new cathode materials for Li-O, batteries (Our)

/ Requirements to cathodes In \ Our screening descriptors Naxgy COMpounds
L.i'(:)z:

27355

e Good electronic conductivity
e Stability in highly porous form
e Stability of surface to oxidation and Component price

. . <

_—w -

Bandgap

VO, (P4,/mnm,Tetragonal) <

' .‘ﬁ 5
N Passivation layer formation

33
Boev A. O., Aksyonov D.A et al. // Comp.Mat. Sci. Volume 197, 2021, 110592

Mjejri, 1. et. al. Ceramics International,
42(5), 2016




D Screening for solid-state Li-ion conductors

1077 - # S/Se 4 F/CI/Br
: 4 N/P ¢ O

1072 108 107 10-° 10> 1074
Depmp  (€mM2s™1)

It was found five materials with fast ionic
diffusion: Li-oxide chloride Li;Cl;0, the
doped halides Li,Csl,, LiGal,, and
LiGaBr,, or the Li-tantalate Li,TaOg.

Kahle L. et al. (2020). Energy & Environmental Science, 13(3), 928-948. |IF = 32.4
23



D Discovering a new class of fluoride solid-electrolyte

—
Q
——

ICSD Database

- Potential candidates
T s G\ 8- —
Li sub-lattice screen - Li-M-F e ‘g)\ —
raRdial distribution functions, compounds ' (,,g? ;I { 658V 657V 651V 637
A LiLio " /@ —
rarc element. \ , [/ S - 64
| - ' V& ; 0. ﬁm
DFT and Stability screen / 4 & L v |
~ WEa | > 3.84V
Band gap, \ Li.MF ; & i g;g ~> 4 4 .
Phase stability, Electrochemical stability,” ¥ Yy / é\b e ~
and chemical stability, \ P Bl & % 1
lonic conductivity. & { Qé‘ i 3 = 0.46 V
P8 Hh = 2- 221V
' \Q v v o
v Solid-Solid Interface >
. . u
Potential Fluoride Electrolytes . ¢ < < <
% ) - @
o o ! ca L2
o 2 o

Zhang, B.et al. (2021). Nano Energy, 79, 105407.



D Screening for new antiperovskite solid electrolytes

Jalem, R. et al. Chem. Mater.

2021, 33, 5859-5871.

(¢)
R
General formula: &b o) + ~ Hs
Lig( X4 X' NZ4Z'b)7 DFT-E, / eV/atom

full O at X site full S at X site full Se at X site full Te at X site

‘-g.o 1:0
0 2 0.75:25
> 0505
O «
= ~~0.25:0.75
©
0:1
) N oD DD D AV D D A DD D A DD D
(Z,Z') =» «(’«Q’ < Q’@%«(’«Q’@ WO RIS “\3’\<><2>‘<<(’<<Q’ APRROR
IEASRSAS "’\c"o"o"\'\c,@\(’e;e;\'\'\&@\e’e;
o o o A & g AR e S SN | S

full F at Zsite full Cl atZ site full Br at Z site full | at Z site

alloy ratio

25



D What properties can be used for screening?

1.Composition or structure type
2.Phase stability

3.Bandgap

4.lonic conductivity

5.Voltage window
6.Deintercalation potential (OCV)
/.Point defect energetics

8.And so on...

20



Case 2. You need to improve known material

Answer: DFT screening of dopants



D Segregation dopants for LICoO,

a) Ideal (104) surface

QD oo O e O e

28



D Segregation dopants for LICoO,

Schematic representation of a doped LCO particle,
where a surface enhancement takes place during annealing

Annealing

29



D Segregation dopants for LICoO,

Bulk position

Surface position

30



D Segregation dopants for LICoO,

 Daheron et al. using XPS does not detect Al surface
S Al A Cr ' segregation, which agrees with 0 eV calculated segregation
o 0.0 A 1 « Lietal shows with EDS mapping monolayer Ti segregation
é A NI Fe vq | @dreeing with strongly negative —0.94 eV energy
o —04r A A I4 . Fe, NI, Mn should segregate. What about experimental
O . L
\Y verification?
- Mn
O -08F i Ti\ A -
- _ A
O
i i ' -
© :
O :
O -1.6F -
o
8’ -
on —2-0F -
| | | | | | | |

|
099 1.00 100 110 115 120 120 130 :1.35

oR
Boev, A. O. et al. Phys. Rev. Mat. 8, 055403 (2024)

Li et al. Small 2023, 2303474,
Daheron et al., Chem. Mater. 2009, 21, 5607-5616
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D Anomalous metal segregation in Li-rich material

"Ruthenium segregates out as metallic nanoclusters on the reconstructed surface.
Our calculations show that the unexpected ruthenium metal segregation Is due to Its
thermodynamic insolubility in the oxygen deprived surface.”

l . . l l 0819
—1agg —1160 —1.217 4271 -1.267
1826
—2 847
-1225
—4.950 -4.914

-5.769

0 4

Formation energy (eV)

-6.241 -6.119

-5.917

D 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4
Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Sr Y Zr Nb Mol Ru RhjPd Ag Cd

Number of d electon

Burns, J ... & Persson, K. A. (2022). Chemistry of Materials, 34(16), 7210-7219.
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D Ru-doped Li-rich NMC

KpvBble 3aBUCMMOCTU HanpsXKeHUsa U cKopocTu BeideneHna O, oT BpeMeHW Npv NpoBedeHnN
MccnegoBaHn MeTogoM gudhdepeHumansHOW anNekTpoXMMnYecKon Macc-crnekTpomMeTpun

LNM (Li, ,Ni,,Mn,.O.) LNMRS5 (Li,,Ni, ..Mn, .-Ru, ,.O.) L NMR10 (Li,..Ni,,-Mn, ...Ru, ,..0.)
5 L 5 [ 5 b
m 0 0
S 4 s 4r S 4
I & X
ak L i
ﬁ * *
= 4 F = 4 F = KNS
C - c
¥ L G
T T T
2 ? 2 I
: | " | | L | 1 | : | | |
L 2pp——0, Lo20f—0, Lo20r——0
T T T
o = —
= 15 = 15 = 15
Al 0 - i
E % 266 .4 prm E
= 1.0 < 1.0 < 1.0
- = —r
= = =
< 05} -5, 05 ~ 05
o) o O
. 00 Le—, o4 : 1 il - 0.0 bt . '3 I WP | . A
[ o 10 15 20 23 30 35 40 45 50 [ o) 10 13 20 25 30 35 40 d5 0 B 10 15 £00 29 20
Bpems, u Bpama, 4 Bpawma, 4

Morozov A. et al. (2022). Chem. Mater. 2022, 34, 6779-6791 -



D Ru-doped Li-rich NMC

3apsgoBas NMrnoTHOCTb
(>kenTble obnactn),
COOTBETCTBYIOLLAS
OKUCIEHHbIM COCTOSIHUAM
Kncnopopa (YepHaqa CcTpenka)
BONIM3N BaKaHCUUN NMUTUS
(MYCTOW KPY>KOK) MO
pesynbtatam TPl pacyeToB

3Haa 3TOT 3P@PEKT Mbl MOXEM NPOBEPUTL XOTb BCIO Tabnuuy MeHaeneesa
N NPOrHO3npoBaThb BIIUAHME OOMNaHTa Ha OKUCIIEHME KUCopoaa

34



D Computational Screening of Cathode Coatings

Inorganic Crystal
Structure Database

(ICSD)

DFT Energy

Database
>

Data-mined New
Compounds

104,082 Li-containing
compounds

62,437 compounds

1,600 compounds

(Duplicates removed)l

302 compounds

184 compounds

LPSCI
LGPS

LPS

LLZO
Ligzr03
LiINbO3 -
LiTaOs -
LiH:PO,4 -
LiTi2(PO4)s -
LiBa(B30s)3 =
LiPO; -
LiLa(PO3)s -
LiCS(PO3)2 = l

0 1

° 3

B SSEs

4 5

Stability window (V vs. Li metal)

Table S4. Chemical reaction products from the most favorable reactions at cathodes/coating interfaces
or cathode/SSE interfaces. Related to Figure 5.

Interfaces Fully lithiated cathode Half-lithiated cathode

. LiNiOs, NiO, LizMnQOs, ZrOs,
NCM/LizZrQO4 stable LixCosNiOs
LiCoOy/ LizZrO4 stable Li-zCoQs, LiCoQ;, ZrO-
LiMnzO4/LizZrOs LIMnO:z, LizMnQOs, ZrO: LizMnQO3, LIMnOz, ZrO:
LiFePO4/Li2ZrOs LisPQs, FeO, ZrO: ZrQsz, LisPQ4, FesOq, FeO
NCM/LiNbO; LisNbO,, LIMnCoO.,, NiO stable
LiCoQO4/LINbO+ stable stable
LiMn2O4/LiINbO3 stable MnzO3, LisMn;O1s, Nb2Os
LiFePO4/LINbO3 NbzFeQs, LizPO4 LizPO4, NbzFeQs, Fe:0s, NbzOs
NCM/LiTaO: stable stable
LiCoQO,/LiTaO4 stable stable
LiMnzO4/LiTa0Os stable LisMn701s, LiTazOs, Mnz0:
LiFePO.4/LiTaO; TazFeQ,, LisPO, LisPO;, TaFeO,, TazFeO,, TaPOs
NCM/LiH.PO, HCo0O,, LisPOu, LizMn:NiOg, Ni(HO), NisPA(HO)ze, Oz, LisPOs,

LIMnCoQO4, Nis(PO4)2

[ AP T MR

1~ _ LI o T Y

LI Ean Ead ' Y M

Li,ZrOs3
LiH,PO,4
LiTio(PO4)s3
LiBa(B3Os)3
LiPO4
LiLa(POs3),
LiCs(POs3),

Xiao, Y., ... Ceder, G. (2019). Joule, 3(5), 1252-1275. IF = 38.6

©  Non-polyanionic oxides
B Polyanionic oxides

6

31941
100200
95979
93013
51630

416877
62514

0.48
0.33
0.42
1.96
0.40

1.39
1.27



} Computational Screening of Cathode Coatings

A B

" Oxide
- cathode

(e.g., NCM).

Sintering/Hot-pressing/Cold-pressing Sintering/Hot-pressing
® Borates ¢ Borates
® Phosphates e Oxides (when charging voltage is limited)

Sintering/Hot-pressing/Cold-pressing Sintering/Hot-pressing
® Borates ® Borates
® Phosphates * Oxides

Examples:

* Borates: LiBa(B,0,),
* Phosphates: LiH,PO,, LiTi(PO,),, LiPO,
* Oxides: Li,ZrO,, LINbO,, LiTaO,

Xiao, Y., ... Ceder, G. (2019). Joule, 3(5), 1252-1275.
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Step 2. Determine the recipe



Case 1. Reclipe Is absolutely unknown

Answer: Use database of recipes



D Materials Project

Home / Apps / Synthesis Explorer

‘ Synthesis Explorer

Search synthesis recipes extracted from literature sources by natural language processing.

Synthesisrecipes  LiCo02

Filters Reset 206 synthesis recipes match your search
Showing 1-15

X Target Material Formula: LiCoO,

» Materials and Keywords

» Synthesis Procedures TARGET MATERIAL PRECURSOR MATERIALS
LiCoO, Li,CO3  Co304

PARAGRAPH EXCERPT

See more

B References

© Documentation
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D Materials Project

TARGET MATERIAL

LiCoO,

PRECURSOR MATERIALS

Li2C0 3 003 04

PARAGRAPH EXCERPT

"Reference Co304 and LiCo02 phases were obtained by a classical ceramic method. Co304 was ..."

REACTION EQUATION
0.333 C0304 + 0.5 Li,CO3 + 0.083 0, = LiCo0, + 0.5 CO,

SYNTHESIS PROCEDURES

1. synthesized 2. calcination at 450 °C, for 15 h, in oxygen 3. heated at 850 °C, for 2 day, in oxygen

SYNTHESIS TYPE

solid-state

See less

Extracted from & Publication

TARGET MATERIAL

LiCoO,

PRECURSOR MATERIALS

Lizﬂ CD(NOg)z H4N203

PARAGRAPH EXCERPT

"LiCo02 was prepared as support material by solid-state reaction of Li20 and Co(N03)2-6H20. ..."

REACTION EQUATION

Co(NO3),.6H,0 + 0.5 Li,0 + 0.25 0, + 2 [OH-] = LiCo0, + 7 H,0 + 2 [NO3-]

SYNTHESIS PROCEDURES

1.prepared  2.mixed  3.heated  4.prepared  5.prepared 6. calcined at 300 °C,for3h 7. heated at 900, 800, 700, 600, 500 °C
SYNTHESIS TYPE
solid-state
See |less
Extracted from B Publication

et

TARGET MATERIAL PRECURSOR MATERIALS e

LiCoO, Co LiHO

PARAGRAPH EXCERPT

"The LiNi0.5-yMn0.5-yCo2y02 samples with 0 = 2y < 0.58 were prepared by firing the coprecipitated ..."

REACTION EQUATION
0.5 Coq + LiOH + 0.75 05 = LiC00, + 0.5 H,0

SYNTHESIS PROCEDURES

1. prepared 2. firing at 900 °C, for 24 h, in air, air 3. adding 4. washing using water 5. prepared 6. synthesized

SYNTHESIS TYPE

solid-state

See less -

Extracted from & Publication

TARGET MATERIAL

LiCoO,

PRECURSOR MATERIALS g

Co(HO), LiHO HsNO

PARAGRAPH EXCERPT

"The metal oxides LiMO2 (M = Co, Ni) and Li2MO3 (M = Mn, Mo, Sn) were synthesized directly by solid-..."

REACTION EQUATION
Co(OH), + LiOH.H,0 + 0.25 05 = LiC00, + 2.5 H,0

SYNTHESIS PROCEDURES

1. synthesized 2. cooling 3. synthesized 4. drying 5. heating at 900 °C, for 12 h

SYMTHESIS TYPE

solid-state

See less -

Extracted from B Publication

40



D lon exchange reaction

Pipeline and Results

1. Query precursor

Na is placed at N site
H is removed

2. lon exchange

Na percolation barriers
Diffusion topology

3. BVSE calculations

Dembitskiy, A. D., Aksyonov, D. A., Abakumov, A. M., & Fedotov, S. S. (2022).

Solid State lonics, 374, 115810.

NaGaPO,F was select
for the DFT study

GaO,F,

BVSE E_° = 0.21 - 0.45 eV

4. DFT validation

41



Case 2. Reclipe Is known but the conditions
are not suitable

Answer: Use DFT phase diagrams



D Pourbaix diagram

Home Apps Pourbaix Diagram

. Pourbaix Diagram

H References © Documentation

4 Oxygen Stability Line Hydrogen 5Stability Line A2  Labels lon Solid
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‘= al . i
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E ok NiO(s) Ni(OH)," NI(OH),?
e,
3
g - :
Q.
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D Pourbaix diagram

3 |
2- MnO.q;l
. i
_____________ |
- 1] TN T Ol e -
Z T M s e e e s e Mﬂ+z_ ..... L ''''' _:-__ T n*Oa;S:_ .h
T e S SR HGTH AOHo3 H Q7 -~
—1 |
; ‘\
Y : Mn(s)
— T I r 1
=2 0 2 4 6 8 10 12 14 16

-1.2 F

K Mn(OH)5
o~

14 pH

-2 0 2 4 6 g 10 12

Figure 34. Pourbaix diagram for the Mn—H,O system (without tak-
ing into account the formation of Mn!' amminocomplexes). Dashed
lines define £—pH dependences for the reactions O, +2H,0+4e —
40H" and 2H,0+2e¢ — H,+20H". The figure was created by the

authors of the review based on data from the Ref. 205.
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> Convex hull

AE_ (energy/atom)

2
>

/42)( for evaluating A X, .

X

hypothetical hull

convex hull

P
AE

d

O stable
unstable

| of ground states

iA + AX — A2XJ A2X7

" AE, (4/5 AX +3/5 AX, — AX,)

AX S
AX,

Phase diagram at 0 K and O
atm.

For systems comprising
primarily of condensed phases,
the PV term can be neglected
and at OK, the expression for G
simplifies to just E.

Source
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https://docs.materialsproject.org/methodology/materials-methodology/thermodynamic-stability/phase-diagrams-pds
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‘ Phase Diagram

Phase Diagram

Use DFT calculations to generate compositional phase diagrams.
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D Convex hull (Ternary)

Home Apps Phase Diagram

‘ Phase Diagram

Energy Above Hull
(eV/atom)

0.15
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0.05

Phase Diagram

Use DFT calculations to generate compositional phase diagrams.

Li-Co-O

J

B References
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D Chemical potential space diagram

Au(O), eV

Ap(O), eV

-0.5

-1.0

-1.5

-2.0

4.0

Li-Ni Li-Co

3.5 -3.0 2.5 2.0

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5

-1.0

2.5 7
3.0 Co Na_,‘CDC}a/&
3073 2.5 2.0 -1.5 1.0 -0.5 -3.5 3.0 2.5 2.0 -1.5 -1.0
Au(Na), eV Ap(Na), eV

Boev, A. O., et al. Applied Surface Science 537 (2021): 147750.
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D Oxygen chemical potential

—0.4- —0.55 -
-0.6
—0.60 -
= ~0-8 p(0,) = 0.2 atm =
—~ — 1.0 - -~ q
o o 0.65
S 1.2
% % —0.70 -
~1.4-
—1.6- —0.75 -
_1-8_ B T . . T T T T - i
200 400 600 800 1000 0.0 0.2 0.4 0.6 0.8 1.0
T, °C p(O3), atm

u(Oy; T, p) = u(0,, 0K) + AG°(0,, T) + RT In p(0O,)
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Step 3. Follow the recipe



A computational dude has a rest

&



Step 4. Enjoy your result



Step 4. Enjoy your result
... Or not?



D Resulting particle shape Is not suitable

% curr mode det HV HFW mag O WD = -2 pm- 1 ® 2/12/2020 HV mag O WD HFW det mode } -3 um
«AJ 28pASE  LVD 2.00 kV 5.18 pm 80 000 x 7.0 mm Quattro S X 4:05:49 PM 5.00 kV 50 000 x 4.0 mm 8.29 um CBS B+C-D Helios G4 PFIB Skoltech




D LI1-Co0-O phase diagram
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D Wulff shapes. Examples




D Main surfaces of layered oxides

(104) (110)

(012)LiNi_ex (012)0 ioNi (101)Onpio

Figure 2. Relaxed surface geometries of nonpolar surfaces, (104), (110), and (100) facets, together with representative relaxed structures of polar
surfaces, (003), (012), and (101) facets. Violet: Li, red: O, royal blue: Ni.
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D Effect of oxygen chemical potential on surface energy

1000 K

T N [ N B N | I S I S I I S S S S - 8 N N ] I N N D N .
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D Effect on particle shape

(003)

S06-

(104) (107)

(003)

(012)

O &

An(0) reduction

_—

LIC0O,

(104)
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D Couple of examples of particle shape prediction

VO, TiS,

(rto) mmmm (111)

(001) EEE (111)

Wang, N., et al. Advanced Materials Interfaces,
3(15), 1600164.

EM and (f) AFM of TiS, nanosheets.
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> Example: LCO film growth

0.6
0.4
&0 0.2
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e

Ay >0 Q /

(003) (104) (012)

Ay <0




SrRuO;

Figure S21. Atomic resolution HAADF-STEM image of the LCO/SRO interface in the
LCO/SRO/STO sample obtained using optimized deposition conditions. The formation of
{104}-oriented LCO layer is explicitly demonstrated.
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Example: B solubility iIn NMC



D B-doping of NMC

Task: We have no idea which position B takes in layered NMC structure. Help!

Pristine (003) B-doped (003) ~ — -Pristine ==-(003) ==_-:(012)
Li-poor Li-rich

— B-doped ===:(100) = = :(014)

00000000000000000 00000000000000(

- - - ~ N LA » - » » » .
U g

.0. »
%

, .
N o N
2% "M%

Side View

LA
.0
LA
28

...
.
*0
LA
..‘..
..O
.
.
LA
¢
N

et

H.-H. Ryu et al. Mater. Today (2020) .
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D B-doping of NMC

Yooz = 0.4 )/m?

Yooz = 0.1 )/m?
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} B-doping of NMC




D B-doping of NMC

6/



N

Q

o
0

Energy [ eV
-
L

0.8 -

Insights into the Microstructural Engineering of Cobalt-Free,
High-Nickel Cathodes Based on Surface Energy for
Lithium-lon Batteries

Youngjin Kim, Hanseul Kim, Woochul Shin, Eunmi Jo, and Arumugam Manthiram®*

erally prefers octahedral coordination.!'”! Therefore, B** would
tend to be on the surface as it can be coordinated to less number

of neighbors on the surface, unlike Al°*. This also supports that

a) total segregation energy of B and Al species in LNO,

Negative value means tendency to segregation here
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seg

Surface position Bulk position

that technically means tendency to segregation

However, Boron is insoluble both in bulk and at surface
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D B-doping of NMC

Borate O .

NMC

Al __

— ~ 4 e

= | .

=

@ I \(003) Li-rich
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Example: Discovering of new phases



D Discovering of new phases: Mo,NIB,- NI cermet

30004 o - Mo,NiB, ¢

1 O-new phase
V - Ni O

Intensity, cps
— N
- -
o o
o o
| L 1

O

) Q QO 0O O

0

20 25 30 35 40 45
20, deg

95 60

Fig. 2. XRD pattern of MosNiB>-Ni cermet doped with carbon.

Vershinina, T. N., Boev, A. O., & Ivanov, M. B.
(2020).. Vacuum, 172, 109034.
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D Discovering of new phases: Mo,NIB,- NI cermet

Table 1

DFT calculated formation energies (in eV) of supercells with different configu-
rations of MogNisCsB-type and MoqoNisCsB-type phases.

MﬂgNigEgE-t}’_’[}E MDI{]Nig':gE-t}’I}E

Composition Ef, eV V, A3 Composition Ef, eV V, A3

Stoichiometric

Mo, gNigCsB5 (1) —0.46 405.34

Moy gN1gCsBa (2) 3.85 409.49

Moy gN1gCs B2 (3) 1.38 406.53

Boron partially substituted 00k

MUIENECEEE 2.55 420.68 Mﬂg{)NiECgEﬁ —3.94 430.71

Boron fully substituted

MUIBNiﬁEB 0.89 419.52 MHEDNIEEE —5.76 433.60

Carbon fully substituted

Mo,5N1gCsg 1.55 404.72 Mo-oN1gCs —3.82 417.68

Mo-substituted

MUIQNiEEgEE —0.50 409.85 MUEINiECgEE‘, —4.78 426.28

MDE{]NingEE —0.65 414.05 MDggNiq':gEﬁ —4.33 432.21

MDE*INigEgEE —0.25 419.05 MDEQ,NigCgEE —3.57 437.27

Ni-substituted g . ; . .
Moy 7Ni;CyByg 0.63 401.33  MoyoNi;CyBq 446  416.86 o 2Tt e
MUIENECEEE 1.14 397.16 MDIENiSCgEE —3.57 413.22 -

Moy - NioCy By 1 08 209 66 Moy-NioCyBe o7 400,54 Vershinina, T. N., Boev, A. O., & lvanov, M. B.

(2020).. Vacuum, 172, 109034.
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Material Project database



} Materials explorer

Home / Apps / Materials Explorer

‘ Materials Explorer

Search for materials information by chemistry, composition, or property.

Materials @ e.g. Li-Fe or Li,Fe or Li3Fe or mp-19017/

Only Elements At Least Elements Formula

-. Select elements to search for
. % materials with only these elements

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

E References

© Documentation
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D Materials explorer

‘ Materials Explorer

Search for materials information by chemistry, composition, or property.

Li-Co-0

Materials

335 materials match your search
Showing 1-15

X Chemical System: Li-Co-O

Material ID Formula Crystal System
mp-774082 Li(Co03)2 Monoclinic

% mp-18925 LigCo0O4 Tetragonal

% mp-22526 LiCoO, Trigonal
mp-1173879 LioCo0O4 Monoclinic
mp-849273 LiCoO4 Cubic
mp-771155 LizCo5019 Monoclinic
mp-5323071 Lizp(C002)21 Triclinic
mp-1175469 LigCo70+¢ Triclinic

Space Group
Symbol

P12_11

P4,/nmc

R3m

C12/m1

Fd3m1

C12/m1

Sites

56

44

24

16

24

83

32

Columns

Energy Above
Hull
(eV/atom)

< 0.01

< 0.01

< 0.01

< 0.01

Export Table v

Band Gap
(eV)

0.67

2.40

0.66

0.71

H References

© Documentation

0]

E

Energy Above Hull

Space Group

Band Gap

Predicted Formation Energy
Magnetic Ordering

Total Magnetization

Experimentally Observed

0.000 eV/atom
R3m

0.66 eV

-1.744 eV/atom
Non-magnetic
0.00 pB/f.u.

Yes

LiCo0Q, is Caswellsilverite structured and
crystallizes in the trigonal R3m space group. Li'*

is bonded to six equivalent 0%~ atoms to form
LiO, octahedra that share corners with six
equivalent CoQ4 octahedra, edges with six
equivalent LiO4 octahedra, and edges with six

i ™ N " i ] -
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D Synthesis explorer

Home / Apps / Synthesis Explorer

‘ Synthesis Explorer

Search synthesis recipes extracted from literature sources by natural language processing.

Synthesisrecipes LiCo02

Filters Reset 206 synthesis recipes match your search
Showing 1-15

X Target Material Formula: LiCoO,

» Materials and Keywords

» Synthesis Procedures TARGET MATERIAL PRECURSOR MATERIALS
LiCoO, Li,CO3  Co304

PARAGRAPH EXCERPT

See more

B References

© Documentation
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D Battery explorer

Home Apps

mp-753251_Li

mp-705847_Li

mp-759339_Li

mp-756488_Li

mp-752662_Li

mp-755386_Li

mp-755508_Li

mp-685270_Li

mp-753473_Li

mp-759702_Li

mp-771191_Li

Battery Explorer

‘ Battery Explorer

Explore candidate materials for lithium, magnesium and calcium batteries with predicted voltage profiles and oxygen evolution data.

Batteries

Lip 5.3, 5C003

Lig-0.67C002

Li4_5 Eﬂﬂq,

Li 0-0. EEGDE

Li 2.3 EEGDE

Lip-0.5C002

Lig1.25C007

Lig-2C02104¢

Li[}_*| EDDE

Li4_5 {3004

Lig5C0701¢

Li-Co-O

Li

Li

Li

Li

Li

Li

Li

Li

Li

Li

Li

Li5(Co03)2

EGDE

Liqﬂﬂﬂq

EDD‘E

LiEEDDE

CDGE

CDGE

C09104¢

CDGE

Liqﬂﬂﬂq

LinD?G1 6

Li?(CDD 3)2

Liz{ﬂﬂﬂg)a

LiEE{}Dq,

Li(E{}DE}E

Li?(EDD 3)2

Li(C{}DE}E

Li5(C003)4

Li20C02104p

LiCoO,

LiEC{}D4

LiECG?'Dj 6

0.059

0.057

0.030

0.032

0.094

0.036

0.183

0.053

0.106

0.034

0.015

2.311

4.301

2.678

4.531

2.307

3.956

3.199

3.632

3.410

2.792

4.558

B References

204.241

186.980

170.022

141.953

306.361

141.953

336.336

265.836

273.839

170.022

38.112
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D Interface reactions

Home Apps Interface Reactions

. Interface ReaCtiﬂnS B References @© Documentation

Generate Interface

* Sbggested reaction . Reactions — Lines ' r ]
Reactant A 0.2F 02727 LiBH4 +0.7273 LiCo02 — 0.1818 LiH302 + 0.2727 Li3BO3 + 0.7273 Co + 0.2727 H20
LiCo02
0.1+
Reactant B
, -
LiBH4 o)
] Ot
(4]
e
>
-
=
60-0.1F
a
o
Advanced Options -
O -0.2+
iw]
Always Use Hull Energies o
(n}]
o
Q) off 03l
Functional
GGA/GGA+U (Mixed) 0.4}
Finite Temperature Estimation ! ! ! I !

-0.4 -0.2 0 0.2 0.4 0.6 0.8

Q) off

X in xLig25C00 25005 + (1-X)Lip.16666667B0.16666667H0.66666667



D Pourbaix diagram

Home Apps Pourbaix Diagram

. Pourbaix Diagram

H References © Documentation
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