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Computational design of energy storage materials

Provide answers to

Density functional theory (DFT)
the questions:

and Machine Learning (ML)

Energies and forces Are its .equili.brium
properties suitable?

» Electronic properties | »
. Response functions
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State of Discharge

He et al., Energy Env. Mater. (2019).
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Computational design of energy storage materials

Provide answers to
the questions:

Does it maintain those
properties in a realistic,

multi-phase system?
Interfaces

ASSBs:
Electrolyte
© Lianode

. Cathode
e Additive

2/20




Computational design of energy storage materials

ASSBs:
Electrolyte

Li anode
Cathode
Additive
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Interfaces

/
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transport
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Provide answers to
the questions:

Does it maintain those
properties in a realistic,
multi-phase system?
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Do they react? If so, what forms? 2/20




What happens at the interface?

Phase A
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What happens at the interface?

Energy

Phase A

Ground state

How can we

O,
"69895\ | . predict what
eoeool Nucleation
~00@. f forms at the
o interface?

Which productis
easiestto form

}

This problem is inherently kinetic, but can we
use thermodynamics as a first step?

1

Which product the
system wants to form
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We can describe interfaces using convex hulls

Nolan et al., Joule (2016).

low interfacial resistance
LiCoO, (1-x) LCO + (x) LPS Li,PS,
0K0) [ Sy
£ -0.1
I AGyax = -0.41 &V
=) (+) S oo iSO, Li.S,
e TP o " Li.PO, ,Co,S,
P fast Li* 0 E;
transport e €
-0.4

0.0 02 04 06 08 1.0
Li,PS, electrolyte © LiCoO, cathode Fraction of LisPS,
. Conducting additive AG = the change in Gibbs energy
(Gproducts o Greactants)

0 Li metal anode

Can we predict what forms based on thermodynamics alone? 4/20




Some justification using nucleation theory

Classical nucleation theory

A

surface free
energy

AGg

<_

'd

—>

N

AG™: nucleation

X barrier
- T

AGyyip Whatis the rate at which this
nucleus forms?

. Particle growth g .
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Some justification using nucleation theory

AG

A

Classical nucleation theory

surface free
energy

AGg

AG™: nucleation

X barrier
- T

AGtotal

>
. Particle growth .

Nucleation rate:

Nucleation barrier:
Surface energy

B 16mo3
~ 3(nAG)?2
/ N\

Atomic density Bulk reaction energy

AG*
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Can we use AG to predict what forms first?

D
é\ n n o>

v Two competing
O _________ ‘ products (1 & 2)
AG, AG

1

3 3
ln(Ql/Qz) — 16m ( (0-1) (0'2) ) Surface energy

3n2k,T\(AG,)?2  (AG,)?

Bulk reaction energy
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Can we use AG to predict what forms first?

G g How large is
z(\

(> “sufficiently large”
Hypothesis:
\ T / If the difference between AG, and AG,
O is sufficiently large, it outweighs any
AG e difference between g, and o,
2 O

161 ( (0'1)3 (0'2)3 ) Surface energy

In(Q1/Q2) = 3n2k;T\(AG)?2  (AG,)?

Bulk reaction energy
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structural “fingerprints” to
identify which phases

have formed
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Szymanski et al., Science Advances (2024).



We used 37 oxides as a test case

We took alkali (A) precursors:

Li,CO,, LiOH, Li,O, NaNO., ...

Mixed them with metal (M) precursors:

MnO, Mn;0,4, MNO,, Cr,0,, ...

In a 1:1 ratio of A:M for each sample,
which was then heated to 600 °C while
XRD scans were performed.

Exp. Observation ) Comp. Prediction
9

Szymanski et al., Science Advances (2024). 9/20




Outcomes show a regime of AG control

__ 200
= o -
o ° ™
© 150 3
> ° o
) ® ® Q.
e @ o) §
~ 100{ 8 o © Y
= 3
<l @ o ) "
' 50 ¢ O N
<) s 8 : 4 e © =
3 2 A = A T
O O O O O O O O O 0 p O O O Density
’é\ é\ <<Q/ <<® $‘O Q' Q\O Q\O \,Q Q (JO /l/ &\ ’b&\ f
\/ \k X $® $'Z> X $, \ % K % Oor1 rxns

Szymanski et al., Science Advances (2024). 10/20




Outcomes show a regime of AG control

Szymanski et al., Science Advances (2024). 10/20




Outcomes show a regime of AG control
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Outcomes show a regime of AG control
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Outcomes show a regime of AG control
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But most reactions are not in this regime

60 meV/atom
! Only 15% of reactions fall above the

Kinetic | Thermodynamic proposed threshold of 60 meV/atom
N A
X 105 | ~700k convex hulls
- O O—>
o \ /
| : AG,)|
5 Matgrlals o AG, zl
.g . Project O
£ 10% o | |AG - AG |
=
_______________________________ .
0 50 100 150 200 i 85% of reactions cannot be i
IAG; - AG>| (meV/atom) i predicted using AG alone! i

Szymanski et al., Science Advances (2024). 11/20




How to deal with the remaining 85% of reactions?

AG

A

Classical nucleation theory

e BN
06060 Nucleati
| | Nucleation
surface free . 989.
energy NV
AGg AG™: nucleation
X barrier
> T Nucleation barrier: (emm———————————— \
I Surface energy .
/ —————————————————
AGtotal 167'[0'3
AG*=
3(nAG)?

Atomic density Bulk reaction energy
>
’ Particle growth
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Orthorhombic polymorph

o-LTOPO

\_

/

Lower bulk energy

— AGpy ik ® 13 meV/atom

Ao ~ 16 meV/A2 —

\(101)

0-LTOPO HLIORO

25 50 75
o (meV/A2?)

Zeng & Szymanski, Sci. Adv. (2023).

Triclinic polymorph

t-LTOPO
-

~

)

Lower surface energy
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Experiment #1: the metastable phase forms

Reactants: Li,O + 2 TiO, + P,0O¢

J o-LTOPO
i - v e 1L TOPO
700 .
< Transition to ground state
& 700 h
o — Pure t-LTOPO initially forms
o 200 _ (surface energy wins)
=
|9 300 — Starting reactants
100 _ T '
15 20 25 30 35 40 45 50 55 60 i i
20 Metastable | i

polymorph
Zeng & Szymanski, Sci. Adv. (2023).  esmmmmemmeeemeeeeeee- 7 16/20




Experiment #2: the ground state forms

Reactants: LiTi,(PO,); + Li;PO, + 2 TiO,

0-LTOPO ‘ R: LiTiy(PO,)s
t_LTOPd | . " ' . . [ B v e e s o M A

| [

800
Both polymorphs are observed ——

’----R
\----_

We’ve only changed the reactants: 600

Li,O + 2 TiO, + P,O¢

4
(AG gy, = —279 meV/atom) B0

LiTi,(PO,), + Li,PO, + 2 TiO, 200
(AG 5, = —40 meV/atom) 0 20 30 o 40 50 60
Zeng & Szymanski, Sci. Adv. (2023). 17/20



AG sets the ratio of surface area to volume

Large driving force (AG,4,) leads to the
formation of small critical nuclei where
the surface energy is dominant

surface free
energy

AG*: nucleation

S ®e »
Surface Large Small
AGy - Bulk
AG AG
bulk free stabilized " stabilized
energy

Surface Area..

Surface Area .
IS small

Is large

---------------------------------

Volume Volume

o matters more AG .., matters more

'----
- -

\
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We’ve so far been ignoring diffusion...

Atoms need to diffuse and reach the interface to facilitate growth
0000000 :000000000 OOOOOOOOOOO
Q00000 , Q00000000
oooooo: Defects :... Ogo\ooooooooo
..0.............0.0.00Q

..... ....0..51"..0.00.0., . .
0000000 00705000 000 00000007 Validation and
lefu5|on S70000:00 \\'Ioooooooooo fine-tuning are
] Vacancy Diffusion
~ 40
"l e2e N K53 S
= o4 UMA SN
— s A 201
H [ s Orbital 2
— e Materials
i i GRACE 01 . : : , i
MLI.Ps are |ngrea§|ngly used & 3= 0 & 100 1 150
to simulate diffusion and CHGNet - .8 o Time (ps)
SevenNet

interfacial reactions & e 19/20
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Happy to answer
any questions!

Samueli

School of Engineering
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