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Much like an image diffusion model generates pictures
from a text prompt ... MatterGen generates proposed
structures by adjusting the positions, elements, and
periodic lattice from a random structure.
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Observed polymorphs

Energy above the groundstate (meV/atom)

0
0 05.1 .15 .2 .25 .3 .35
Probability density




Al-Guided Discovery of Metastable Materials

THE JOURNAL OF CHEMICAL PHYSICS 130, 104504 (2009)

How to quantify energy landscapes of solids
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THE JOURNAL OF CHEMICAL PHYSICS 130, 104504 (2009)

How to quantify energy landscapes of solids
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The Overprediction Problem
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1) Which metastable materials can form?
500
2) Which metastable materials will form, 200
under my conditions of synthesis?
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INITIAL SET

Convex Hull

AB  AB  AB,

A

STABILITY

Formation

Battery materials, catalysts

Energy (Phase-Separating)
superconductors, solar cglls, (Polymorph) [ 0
. B/ I
thermoelectrics, etc. ,
‘REFINEMJ a
l_ Phases on “convex hull” are stable
Experiment Phases w/ “energy above hull” are metastable

We know that:

Most materials we encounter are stable.

Metastable materials exist and can be useful (Diamond C, Anatase TiO,, YBa,Cu;0,,)
90% of known metastable materials have AE, , < 70 meV/atom *W. Sun, et al., Science Advances (2016)

100% of known metastable materials have AE, ;< ‘Amorphous limit’ *M. Aykol et al., Science Advances (2018)

The Synthesizability Assumption

Stable materials (AE, , = 0) are synthesizable
Metastable material close to the hull (AE, ,, < 70 meV/atom) are probably synthesizable
Highly metastable materials are risky to pursue experimentally
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The thermodynamic scale of inorganic
crystalline metastability

WENHAOQ SUN, STEPHEN T. DACEK ,[..], AND GERERAND CEDER +6 authors Authors Info & Affiliations
SCIENCE ADVANCES - 18 Nov 2016 - Vol2,lssue 11 - DOI: 10.1126/sciadv.1600225

The space of metastable materials offers promising new design
opportunities for next-generation technological materials, such
as complex oxides, semiconductors, pharmaceuticals, steels, and
beyond. Although metastable phases are ubiquitous in both na-
ture and technology, only a heuristic understanding of their un-
derlying thermodynamics exists. We report a large-scale data-
mining study of the Materials Project, a high-throughput data-
base of density functional theory—calculated energetics of
Inorganic Crystal Structure Database structures, to explicitly
quantify the thermodynamic scale of metastability for 29,902 ob-
served inorganic crystalline phases. We reveal the influence of
chemistry and composition on the accessible thermodynamic
range of crystalline metastability for polymorphic and phase-sep-
arating compounds, yielding new physical insights that can guide
the design of novel metastable materials. We further assert that
not all low-energy metastable compounds can necessarily be syn-
thesized, and propose a principle of ‘remnant metastability’—that
observable metastable crystalline phases are generally remnants
of thermodynamic conditions where they were once the lowest
free-energy phase.
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The thermodynamic scale of inorganic
crystalline metastability

WENHAOQ SUN, STEPHEN T. DACEK ,[..], AND GERERAND CEDER +6 authors Authors Info & Affiliations

SCIENCE ADVANCES - 18 Nov 2016 - Vol 2,Issue11 - DOIL:10.1126/sciadv.1600225

Abstract

The space of metastable materials offers promising new design
opportunities for next-generation technological materials, such
as complex oxides, semiconductors, pharmaceuticals, steels, and
beyond. Although metastable phases are ubiquitous in both na-
ture and technology, only a heuristic understanding of their un-
derlying thermodynamics exists. We report a large-scale data-
mining study of the Materials Project, a high-throughput data-
base of density functional theory—calculated energetics of
Inorganic Crystal Structure Database structures, to explicitly
quantify the thermodynamic scale of metastability for 29,902 ob-
served inorganic crystalline phases. We reveal the influence of
chemistry and composition on the accessible thermodynamic
range of crystalline metastability for polymorphic and phase-sep-
arating compounds, yielding new physical insights that can guide
the design of novel metastable materials. We further assert that

not all low-energy metastable compounds can necessarily be syn-

thesized, and propose a principle of ‘remnant metastability’—that
observable metastable crystalline phases are generally remnants
of thermodynamic conditions where they were once the lowest
free-energy phase.

Science Advances
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Synthesizability assumption

Metastable material close to thethuHAE—<F6+meV/atom] are probably synthesizable

Classic Logical Fallacy: |If P, then Q. But if Q, not necessarily P.

DFT AE,
<70 meV/atom

Animals w/
4 Legs

Horses have 4 legs Synthesized metastable materials have

_ _ AE, ,, < 70 meV/atom
An animal with 4 legs

doesn’t imply a horse But AE, ,, < 70 meV/atom
doesn’t imply synthesizability



Is “low” energy above hull a sufficient condition for synthesizability?
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W. Sun et al., Science Advances (2016)



Is “low” energy above hull a sufficient condition for synthesizability?
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Not all predicted low-energy metastable phases may be synthesizable

W. Sun et al., Science Advances (2016)



The thermodynamic scale of metastability (Crystal structure)

is much smaller than
the energy scale of formation energies (Chemical bonds)

V-Oxide Convex Hull Mn-Oxide Convex Hull Ti-Oxide Convex Hull
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III
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What'’s so special about AH, ,,~100 meV/atom?

AG=AH-TAS=0

AH = 100 meV/at

AH =TAS
T ~ 1000 K
AS ~ 8.314 J/K

TAS = 8 ki/mol
~ 100 meV/atom

Thermodynamic Handle (P, T, etc)

Temperature-Driven Phase Transition



What'’s so special about AH, ,,~100 meV/atom?

AG=AH-TAS=0

AH = 100 meV/at

AH = PAV

P ~ 10 GPa

AV ~ 2 A3/atom

PAV = ~100 meV/atom

Thermodynamic Handle (P, T, etc)

Pressure-Driven Phase Transition



What'’s so special about AH, ,,~100 meV/atom?

Surface area (mzlg)
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The ‘strength’ of thermodynamic handles (TAS, PAV, Ady, etc) is
roughly 100 meV/atom = the enthalpy scale of metastability




“Remnant” Metastability Hypothesis

Observed metastable phases are generally
remnants of thermodynamic conditions where
they were once the lowest free-energy phase.

Low-energy, unsynthesizable
metastable phase
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Thermodynamic Handle (P, T, A, etc)



Sciences
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The Overprediction Problem

1) Which metastable materials can form?

Remnant Metastability

2) Which metastable materials will form,
under my conditions of synthesis?

3) How can | keep (or get rid of)
metastable materials that have formed?

Energy above the groundstate (meV/atom)

0
0 05.1 .15 .2 .25 3 .35
Probability density

*W. Sun, et al., Science Advances (2016)



Metastability in complex modern materials
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Evaluating stability is confusing with the bulk phase diagram ...



Metastability in complex modern environments

1. New axes with thermodynamic variables besides temperature, pressure and composition

dG =-SdT +VdP+ ) pdN,

\ J
[

Classical
Thermodynamics
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Metastability in complex modern environments

1. New axes with thermodynamic variables besides temperature, pressure and composition

dG =—-SdT +VdP+Y_ pdN, + ydA+$dQ+o,,de,, + E-dP+B-dM +...

\ ) >

Y

Classical Thermodynamic considerations
Thermodynamics in modern materials

Type of work Intensive variable Extensive variable Differential work in dU
Mechanical

Pressure-volume -P 1% -PdV

Elastic f L fdL

Gravitational v =_gh m=2XMpn, wdm = Y.ghM.dn,

Surface Y A WA
Electromagnetic

Charge transfer [0} Q; ¢dQ;

Electric polarization E p E-dp

Magnetic polarization B m Bedm
Chemical

Chemical: no reactions Y, n, (species) wdn,

Chemical: reactions L, n.; (components) wdn

*Robert Alberty, “Use of Legendre Transforms in Chemical Thermodynamics”, IUPAC Technical Report



Thermodynamic routes to nitrogen-rich nitrides

Control of Apy,

AH
! ¥ N(g)
‘ Apy,
Ms) \ /{ Ny(g)
_ M %\. Metastable
TiN, CrN, MnN, MoN ’ MN Nitrogen-Rich
Nitride
Intermetallic electronic structure
Not an ionic nitride (N*) ion W. Sun et al., Chem. Mater. (2017)

Thermodynamics prefers sub-nitrides



Metastable, but experimentally accessible.

Nitrogen
Reactive Sputtering

— TN
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Metastable, but experimentally accessible.
) LINREL

N
tering
Plasma-cracked atomic nitrogen
N \ can reach Ap, = +1 eV/N
C. Caskey et al, Mater. Horiz. (2014)
N
N
AH
S XN
N NN (8)
R ‘ Apty
NN N Ml le bonded N, is chemigally q\?zr(tg)
// At lower temperatures arget-
N=N |
sulstratdgistances omic nlitrogen
realcts \M/NJ\%MO efoldlelassaRigtion

MN Nitrogen-Rich

Cu;N Synthesis of metastahgfeusN

(200 meV/atom above hull!)




Metastable manganese oxides

30+ Polymorphs over 5 Manganese oxidation states
(MnO, Mn,0,, Mn,0O,, MNOOH, MnO,, Mn,0-)

Supercapacitor Photocatalyst Microbial Redox Heavy-lon Soil Transport
Mn,0,
MnO,
Stable MnO, Polymorph m Alkaline Batteries
Pyrolusite (B) - P4,/mnm Ramsdellite (R) - Pnam
Molecular Sieves o m Alkaline Batteries

Hollandite (a) - 14/m Intergrowth (y) - C2/m

# Lithium-lon Batteries

Layered () - R3m Spinel (A) - Fd3m

Heavy-ion soil transport



Metastable materials in agueous synthesis

Redox Potential (V)

Legendre Transformation of G(T,P) to W(pH, E)

GBulk_NOﬂHZO +2NO_NH [pH]_zNO_NH+Q

Y(pH,E)=

[£]



Metastable materials in agueous synthesis

—

\

Redox Potential [V]
o

1
—

-2 0 2 4 6 8 10 12 14 16
pH

Legendre Transformation of G(T,P) to W(pH, E)

[£]

GBulk_NOIu]-IZO +2N0_NH [pH]—ZNO_NH+Q

W. Sun et al., Nature Communications (2019)

Y (pH,E)=



Adding a free-energy axis to Pourbaix Diagrams

eV/Mn -15

Potential (V) pH

Legendre Transformation of G(T,P) to W(pH, E)

GBulk_NOILlH20+2NO_NH _2N0_NH+Q

W. Sun et al., Nature Communications (2019)

Y (pH,E) =



Pourbaix Diagram of Stable Phases
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Directly compare free-energies between metastable phases

o & A~ N o

-10

-12
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\P Bulk

Pourbaix
Free Energy
[meV/Mn]

141210 8 6 4 9

1 0 1
E(V) Applied Potential
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330
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15[ y-MnooH
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E(V) Applied Potential

R-MnO,
MnQ, (aq)
v-Mn
*
Mn2* (aq) \\\:BZMQ?OH
Mn; 0~
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We can now extend our

free-energy axis to include

other thermodynamic terms

W. Sun et al., Nat. Commes. (2018)



Nanoscale Pourbaix Diagrams

Many metastable MnOxides are
stabilized at small particle sizes

/-Mn07;

E(V) Applied Potential

— — A
Y(R)="Y3ux + y(;j Jol¢

Projecting Pourbaix potential

onto the pH, Size axes:
W. Sun et al., Nature Communications (2019)



Composition-dependent Pourbaix Diagrams

Cation intercalation can stabilize
polymorphic frameworks at
off-stoichiometric compositions

> ES B

Pyrolusite (B) - Stable

Projecting Pourbaix potential
onto the pH, Size axes:
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D. Kitchaev, W. Sun et al., JACS (2017)



Different synthesis methods leverage
different forms of thermodynamic work

dG =-SdT +VdP+ wdN, +ydA+$d0+c,,de,, + E-dP+B-dM +...

P
ressure pH, E
Shear
——
Epitaxial Solvent.
strain ) Solvothermal chemistry
R mamdl
Phase == surface
. Flux Growth
Nucleation =
o R
Surface Energy Thin-film jfvwwwvvaH Temperature
deposition

Solid-State Synthesis

Plasma Fugacity
Precursor chemical potential



ZB3¢Y  The geometry of high-dimensional phase diagrams

Construct > |. Generalized Gibbs Phase Rule
Interpret = Il. The duality between open and closed chemical systems
Navigate = |ll. Engineering relative stability in 4 dimensions

dG=—SdT +VdP+ udN, +ydA+¢d0+o,,de,, +E-dP+B-dM +...

\ )| >

f
Classical Thermodynamic considerations
Thermodynamics in modern materials

Phase diagrams with any axes, in any dimension

Combinatorial Geometry Legendre High-dimensional
of Phase Coexistence transformations Phase Boundaries
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Sciences
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The Overprediction Problem
1) Which metastable materials can form?
Remnant Metastability

2) Which metastable materials will form,
under my conditions of synthesis?

High-dimensional phase diagrams

3) How can | keep (or get rid of)
metastable materials that have formed?

Hypothetical polymorphs

Observed polymorphs

Energy above the groundstate (meV/atom)

0 = 1
0 05.1 .15 .2 .25 3 .35
Probability density

*W. Sun, et al., Science Advances (2016)



Persistence of a metastable phase

energy

(a) thermodynamic control
Eal = Enz

2

(b) kinetic trapping
polymorph 2 stabilized
by external parameters

reactants

energy

(c) kinetic control
Ear < Eaz

N\ IE.

reactants
IEaz

stable product
(polymorph 1)

metastable
product
(polymorph 2)

reaction coordinate

Martinolich, Neilson Chemistry of Materials (2017)

reactants >
2
]
[Ee s

metastable metastable
product ~  e——— 1 khed product
(pO'yf‘nOfph 2) stable pl'OdUC1 stable product (poiymorph 1)
(polymorph 1) (polymorph 2)
reaction coordinate reaction coordinate

Jamie Neilson
Colorado State Uni.

What mechanism is the

“reaction

kinetic barrier? (Rate limiting step?)

coordinate”
into Al

Nucleation?

Diffusion? Growth?



Diffusion-limited Nucleation-limited Growth-limited

Solid-State Synthesis Solution-Synthesis Defect-Mediated



Diffusion-limited Nucleation-limited Growth-limited

Solid-State Synthesis Solution-Synthesis Defect-Mediated

Reactions between
3+ precursors occur
only 2 at a time

- -

B|C A BIBC,

~4tA+B+ C Pairwise Interfacial Reactions
&O —
2N\

BC + .
L C+A If A+B = AB consumes most of the driving
) High-E force, the final step becomes slow
8 Fast intermediate ’ P
LL Fast

l AB + C If you synthesize BC first, you can
Low.E \ﬁ save the reaction energy for the last step!
oOWwW-

intermediate Slow Ta rget

>

Reaction Coordinate



Diffusion-limited Nucleation-limited Growth-limited

Solid-State Synthesis Solution-Synthesis Defect-Mediated
7 B,O, BaO BaO
Bay(BOs),
"
Li;BO, T Li,0
N

1 B.O: + BaO + Li-O

0] c— l !I TOOC
\ LiBO: + BaO

High-E
0.15 00
Fast intermediate

0.20 Fast
025 LisBOs + Bas(BOs): i _,\__MAAA_L_.\__MMW_,___W
LiBaBOs

Low-E —— = Traditional
035 intermediate S10W — Predicted LiBaBO:

I I||l|| |I 1 L bw oo 00 bi B 20 o

Reaction energy (eV/atom)

Y

Reaction coordinate ' ' r .
25 30 435 40 45 50 55

J. Chen, S. Cross, E. Wang, W. Sun et al., Nature Synthesis (2024)



Diffusion-limited

Solid-State Synthesis

nature synthesis

Nucleation-limited

Solution-Synthesis

astraa :

Article ‘ Open access | Published: 09 April 2024

Navigating phase diagram complexity to guide robotic
inorganic materials synthesis

Jiadong Chen, Samuel R. Cross, Lincoln J. Miara, Jeong-Ju Cho, Yan WangB & Wenhao Sun™

X-ray Diffraction

Sam Cross

Rotary Mixer

Lincoln Miara

Precursor Library

Eric Wang

Growth-limited

Defect-Mediated

Target Traditional Precursors PPredlcted
recursors

BaLiBOs Li-COs, B,O4, BaO BaO, LiBO;
Kggpotl)g cho;s, NH4H2PO4, ZI'OZ KPOa, ZrOz
Li3Pf2(BOg)3 LigCOg, 8203, PI'5011 LIBOz, Pf5011
KNiPO4 K>COj3, NH4sH,PO4, NiO KPO3, NiO
Li3SCQ(P04)3 80203, LizCOg, NH4H2PO4 80203, LIPO3
LIGGBO4 Li2CO3, 8203, GeO;_. LIBOQ, GEOQ
KLi(POs3), Li»CO3, KoCO3, NHsH,PO4 LiPO;, KPO4
LiNbWOsg Li,CO3, Nb,Os, WO4 LiNbO3, WO;
LiZnBO4 LiCO3, Zn0O, B,0O4 LiBO;, ZnO
K3F92(PO4)3 KzCOg, NH4H2PO4, F9203 KPOg, F9203
KMgPO, K2CO3, NHsH,PO4, MgO MgO, KPO;

BaLiBO3
K2Zr(PO4)z
LizPrz(BOs)3
KNiPOy
LizScz(PO4)3
LiGeBO,
KLi(PO3);
K3Biz(PO4)3
LZnBO3
KiFea(POy4)3
KMgPOy
LINDWO§
K3LiP307
NazAl;B;07
K3Al2(PO4)3
LizCuP;07
LizY2(BO3)3
LisFez(PO4)3
LiBO3
BaNaBO3
LizV2(PO4)3
NaSIBOy

Li;TiSiOs

@
@
3 Good precursor selection
= can avoid persistent
S non-equilibrium phases

Predicted — Traditional




Diffusion-limited Nucleation-limited Growth-limited
Solid-State Synthesis Solution-Synthesis Defect-Mediated
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High [K*] regime has different
crystallization pathway

6-MnO,

We capture which
metastable MnO, phases
appear, and their order

B.R. Chen”, W. Sun’, et al, Nat. Comms (2018)



Diffusion-limited Nucleation-limited Growth-limited

Solid-State Synthesis Solution-Synthesis Defect-Mediated

Dolomite CaMg(CO;), comprises mountain ranges in
nature, but cannot readily grow in the laboratory.

Ca/Mg disordering blocks dolomite growth

Needs dissolution to activate its growth
Washes away growth-limiting defects

Evaporative environments

Flooded season m Dry season
Cycle

\/ Evaporation

e ...

J. Kim, et al. W. Sun*, Science (2023) X indicates wrong cation on site
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Rate-limiting kinetics
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Are metastable polymorphs kinetic byproducts?

“Many of the things we have ascribed to
kinetics are in fact thermodynamically driven.

“When you don’t understand something in
archaeology, you say something has
‘ceremonial purposes’

When you don't understand something in
chemistry and materials science, you say it is
'kinetically controlled’.”

- Alexandra Navrotsky
MRS 2015 Symposium X




The interplay between Thermodynamics and Kinetics

Metastable Precursor = Equilibrium Target

Thermodynamic Driving Force Diffusion (Fick’s Law)

Dc.
Gibbs J = L
Free RT
Energy
Metastable
B Thermodynamic
e Nucleation Barrier Driving
a ot p B 3 Force!
L —— L, ¥
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A

Gibbs Crystal Growth
Free .
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Sciences

Al-Guided Discovery of Metastable Materials .\ 2mies

The Overprediction Problem

1) Which metastable materials can form?
Remnant Metastability

2) Which metastable materials will form,
under my conditions of synthesis?

High-dimensional phase diagrams

3) How can | keep (or get rid of)
metastable materials that have formed?

Navigating kinetic rate limiting steps

Hypothetical polymorphs

Observed polymorphs

Energy above the groundstate (meV/atom)

0 F]
0 05.1 .15 .2 .25 3 .35
Probability density

*W. Sun, et al., Science Advances (2016)



Sciences

Al-Guided Discovery of Metastable Materials .\ 2mies

The thermodynamic scale of inorganic crystalline metastability
W. Sun, K.A. Persson, G. Ceder, et al., Science Advances (2016)

)ICNGMD

The geometry of high-dimensional phase diagrams Incorporating Metastabilty

J. Chen, M. Powell Palm, Wenhao Sun., Arxiv (2024)

Understanding Crystallization Pathways leading to manganese oxide polymorph formation
B.R. Chen, W. Sun, et al., Nature Communications (2018)

Navigating phase diagram complexity to design more efficient solid-state syntheses
Jiadong Chen, Sam Cross, Lincoln Miara, Wenhao Sun et al., Nature Synthesis (2024)

Dissolution enables dolomite crystal growth near ambient conditions

Bor-Rong Chen Wenhao'Sun

J. Kim, Wenhao Sun, et al., Science (2023)
@ 2

Jiadong Chen Joonsoo Kim Sam Cross




Sciences

Al-Guided Discovery of Metastable Materials .\ 2mies

The Overprediction Problem

1) Which metastable materials can form?
Remnant Metastability

2) Which metastable materials will form,
under my conditions of synthesis?

High-dimensional phase diagrams

3) How can | keep (or get rid of)
metastable materials that have formed?

Navigating kinetic rate limiting steps

Hypothetical polymorphs

Observed polymorphs

Energy above the groundstate (meV/atom)
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Probability density

*W. Sun, et al., Science Advances (2016)






“Remnant” Metastability Hypothesis

Observed metastable phases are generally
remnants of thermodynamic conditions where
they were once the lowest free-energy phase.
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Free Energy

Thermodynamic Handle (P, T, A, etc)

Low-energy, unsynthesizable

metastable phase

~

Extensive Advantage

* A high-entropy metastable phase
should be synthesized at high Temps

* Alow-volume metastable phase
should be synthesized at high Pressure

* A nitrogen-rich metastable phase
should be synthesized at high p,

* A polar polymorph should be
synthesized under applied E-fields

W. Sun, Science Advances, 2016
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