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Show of hands!

- How many of you are primarily experimentalists? 

- How many of you are primarily computationalists?

- Have done a ‘closed-loop MGI’ computational/experimental collaboration? 

- Were given, or gave, a predicted material that could not be synthesized? 

- How many of you tried for >6 months? 

DFT/Theory 
Prediction

Experimental
synthesis

>1 Year? >2 years? 



Well it’s metastable, but only above 
the hull by 10 meV/atom, so you can 
make it if you’re clever enough.

Well, it’s on the convex hull, 
so it should be synthesizable.

Well AXZ exists, so AYZ should be 
easy to make, since Y is similar to X.

Well, my AI synthesis predictor has a good 
RMSE/F1 score, and it says this material is 
82% likely to be synthesizable



Na3Mo2(PO4)2F3Li2Zn0.5PS4

+ Fastest Li-Ion Conductor
+ 10 meV/atom above hull

- Cannot synthesize at  
   high enough Li/Zn ratios
- Phase impurities

+ 700 Wh/kg Na-ion cathode
+ Stable (on convex hull)

- Failed Hydrothermal synthesis
- Failed Solid-state synthesis
- Failed Ball-mill synthesis

+ High Mg-Mobility Cathode 
+ 117 meV/atom above hull

- Attempted ion-exchange  
  from stable NaV1.25Ti0.75O4, 

    but results in amorphization

MgV1.25Ti0.75O4MgMo3(PO4)3O

+ Ultrahigh Mg-ion mobility
+ 36 meV/atom above hull

- Formation of impurity 
byproduct phases

- Can’t control oxygen ratio

Predicted next-gen battery materials 
    still awaiting experimental realization

Linda Nazar
U. Waterloo

Ken Poeppelmeier
Northwestern U.

Jordi Cabana
U Illinois Chicago

These would be game-changing materials

Expert solid-state chemists devote years to 
   attempt their synthesis…

S Dacek, PhD Thesis MIT (2016)W. Richards, EES (2016) Z Rong, Chem Comm. (2017) D Hannah, Chem Comm. (2017)

Were we close? 
Did we give up too early?
Did we waste all our time? 
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What does “synthesizable” mean? 

• Is it even possible to make this material? 

• What experimental method would be best to synthesize it? (Solid-State, Hydrothermal, Flux?)

• Within my method, what recipe should I use?    (Precursors, Temp., Time, etc…) 

• Can I make my material in the desired form?      (Powder, Thin-film, Bulk Single Crystal)

• Can I synthesize it with high quality?     (No killer defects) 

• Can I synthesize it reliably and reproducibly? 

• Can I synthesize it efficiently? (Time, Electricity, $$ Cost, Labor)

• Can I synthesize it at scale for manufacturing?

• Is my material operationally stable? 

→Can I avoid the synthesis of undesired phases during operation?

Interfacial phases
Corrosion byproducts
Decomposition products



Thermodynamics Kinetics ML/AI 
RoboticsEpitaxial Thin Film Bulk Crystal Growth

Predicting Synthesis and Synthesizability



Multiferroric materials
• Electric polarization
• Magnetic polarization
• Epitaxial strain
• Gas fugacity
• Film composition 
• Temperature

High-entropy alloys
• 5+ components
• Phase separation
• Environment

• High temperature
• Corrosion (pH, E)
• Radiation (α, β, γ)

Solid-Liquid Interface
• Aqueous stability
• Phase Heterogeneity
• Electrical Double Layer

• Chemisorption
• Physisorption
• Water polarization
• Electric field

Modern materials are becoming very complicated ….



...i i ijkl ijkl

i

dG SdT VdP dN dA dQ d d d    = − + + + + + +  +  + E P B M

Phase diagrams are out of date!

Classical 
Thermodynamics

Thermodynamic considerations
    in modern materials 

Classical thermodynamics only has axes of temperature, pressure and composition



...i i ijkl ijkl

i

dG SdT VdP dN dA dQ d d d    = − + + + + + +  +  + E P B M

Phase diagrams are out of date!
Classical thermodynamics only has axes of temperature, pressure and composition

Classical 
Thermodynamics

Thermodynamic considerations
    in modern materials 

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



Epitaxial Strain Solvent

Nanoparticle Stability

Composition

Radius

Precursors 
2, 3 … etc

pH Temp 

Substrate 
Orientation

Surface 
Adsorbates

Supersaturation

Coherency 
Strain

2) May become intrinsically high-dimensional

Vapor Deposition (MBE, MOCVD, etc)

Epitaxial Strain

Plasma 
Fugacity
μ(T, pP)

Polarity

Substrate 
Orientation

Surface 
Reconstruction

...i i ijkl ijkl

i

dG SdT VdP dN dA dQ d d d    = − + + + + + +  +  + E P B M

Phase diagrams are out of date!
Classical thermodynamics only has axes of temperature, pressure and composition

Classical 
Thermodynamics

Thermodynamic considerations
    in modern materials 



4 dimensions
‘5-cell’

≥4 variables

Lack of
Formalism

Phase Coexistence Regions in U(S,X) are N-dimensional triangles (Simplices)

1 dimension 2 dimensions 3 dimensions

Edge Triangle
Tetrahedron

0 dimension

Vertex

1 variable 2 variables 3 variables

E

BA
E

Thermodynamic
 Convex Hulls

The geometry of high-dimensional phase diagrams
 

I. Generalized Gibbs Phase Rule
II. Duality between open and closed chemical systems
III. Engineering Relative Stability in 4 Dimensions

Construct →
Interpret  →
Navigate  → Dr. Jiadong Chen



In thin-film growth, 
the Temperature-Composition diagram is useless

MBE: Chamber pressure,
Knudsen cell aperture, 
Plasma (RF/DC), Gas flow rate

MOCVD: Molecular precursor, 
gas ratios, flow rates

PLD: Laser energy, Fluence, 
Target-Substrate Distance

InSe In2Se3

“I want InSe, but keep depositing In2Se3”

Andy Mannix
Stanford University

To make thin films, you control 
gas chemical potential, not composition!



The Geometry of High Dimensional Phase Diagrams II: 
 

The duality between convex hulls and chemical potential diagrams

O

Mn

Mn

MnO

Mn3O4

MnO2

O2
Growth

Jiadong Chen, M. Powell-Palm, Wenhao Sun, Arxiv 2404.05197 (2024)

Dissolution

Mn2O3



TaON is stable 
on convex hull

Need precise temperature, very low oxygen pressure, very high nitrogen fugacity

But has very 
narrow chemical 
potential 
window

Jiadong Chen, M. Powell-Palm, Wenhao Sun, Arxiv 2404.05197 (2024)
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Cave of the Crystals
Naica Ore Mine, Mexico

How are they so big? 

Why are there so few? 



Solidification by Cooling from Melt

Thermodynamic driving force
(supersaturation, undercooling) 
needs to be:

1) Big enough to promote    
     crystal growth

2) Not so big that it triggers
     secondary nucleation

High 
undercooling

Low 
undercooling

Supersaturation from solution

Need the Liquidus!

- The system you want isn’t 
   in Thermocalc/Factsage

- DFT is only for solids, not liquids



Bulk crystal growth
Design of Fluxes for Growth of ‘Buried Intermetallics’

What is the best flux chemistry?

Cannot undercool 
directly from the melt

T

Composition

Metastable 
Zone Width

Target CompositionFlux Chemistry

α phase

Liq + β

Liquidus 
Design



𝐺

T

𝑥

A

B

If you have a DFT convex hull, there exists some Gliquid that reproduces the liquidus curve

DFT Convex Hull



𝐺

T

𝑥

𝐺𝐿𝑖𝑞 = 𝑥𝐴
°𝐺𝐴 + 𝑥𝐵

°𝐺𝐵

ΔHm,A

ΔHm,B
Tm,B

Tm,A

A

B

+Δ𝐺𝑚
𝑥𝑠 (𝑁𝑜𝑛𝑖𝑑𝑒𝑎𝑙)

Δ𝐺𝑚
𝑥𝑠 =  𝑥𝐴𝑥𝐵𝑳𝟎 + 𝑥𝐴𝑥𝐵 𝑥𝐴 − 𝑥𝐵 𝑳𝟏

Regular Solution 
Mixing Energy

(Parabola)

Skews Parabola 
Left or Right

𝐿0 = 𝑎 + 𝑏𝑇
𝐿1 = 𝑚 + 𝑛𝑇

Only 4 terms!

+ 𝑅𝑇 𝑥𝐴 ln 𝑥𝐴 + 𝑥𝐵 ln 𝑥𝐵

DFT Convex Hull

If you have a DFT convex hull, there exists some Gliquid that reproduces the liquidus curve





www.whsunresearch.group
>> Visualizations
>> Gliquid

http://www.whsunresearch.group/


Can interpolate from 3 binaries to a ternary

Paul Canfield used a Ce-Sb-Sn 
ternary to grow CeSb at 
lower temperatures

Paul Canfield, New Materials Physics
Rep. Prog. Phys. 83 016501

Can now predict and 
search for these 3rd 

flux elements
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My opinion: Probably can’t simulate your way to predictive synthesis
       even with machine-learned potentials

Friedrich, Aspuru-Guzik et al., Nature Materials (2021)

Even with >1012 atoms + millisecond timescales:

- Cannot simulate over every synthesis condition.

- Cannot explore which synthesis method to use

- ML-potentials are expensive to train, don’t have 
  (good) chemical transferability.

- Hard to assess competitive phase formation

+ Understand dynamics, mechanisms, rate-limiting steps
+ Interrogate synthesis science, learn generalizable principles



My opinion: Text-Mining + ChatGPT can’t directly predict synthesis

In the Ceder Group, I helped build text-mined 
recipes for 30,000+ solid-state syntheses and 
                    50,000+ solution-based syntheses

- ML models capture how chemists think about     
   synthesis, rather than something fundamental.

- ML predictions are not much different than what 
   chemists would try anyway. 

+ We can test new synthesis hypotheses 
    against large historical datasets

+ Unusual/Anomalous recipes can be very insightful





My opinion: There is more to robotic labs than ‘self-driving’

What about autonomous robotic 
phase diagram assessment? 

Scan beam across samples

50~100 

samples 
Front 

View

Side 

View

Many materials properties are easier to measure than to calculate

- Melting Temperature
- Solubility in aqueous/organic solvents
- Critical Vapor Pressure
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Navigating phase diagram complexity to design more efficient solid-state syntheses
    Jiadong Chen, Sam Cross, Lincoln Miara, Eric Yan Wang, Wenhao Sun, Nature Synthesis (2024)
 

Efficient ab initio estimation of the high-temperature liquidus curve
    Shibo Tan, Joshua Willwerth, Abrar Rauf, Wenhao Sun, In preparation

Optimal thermodynamic conditions to minimize kinetic by-products in aqueous materials synthesis
  Zheren Wang, Wenhao Sun*, Gerbrand Ceder*, et al., Nature Synthesis (2024)

Predicting Synthesis and Synthesizability
Group Website: www.whsunresearch.group

DOE Early Career Award
Synthesis and Processing Science

The geometry of high-dimensional phase diagrams
 

I. Generalized Gibbs Phase Rule
II. Duality between open and closed chemical systems
III. Engineering Relative Stability in 4 Dimensions

Construct →
Interpret  →
Navigate  →

http://www.whsunresearch.group/


What does “synthesizable” mean? 

• Is it even possible to make this material? 

• What experimental method would be best to synthesize it? (Solid-State, Hydrothermal, Flux?)

• Within my method, what recipe should I use?    (Precursors, Temp., Time, etc…) 

• Can I make my material in the desired form?      (Powder, Thin-film, Bulk Single Crystal)

• Can I synthesize it with high quality?          (No killer defects) 

• Can I synthesize it reliably and reproducibly? 

• Can I synthesize it efficiently? (Time, Electricity, $$ Cost, Labor)

• Can I synthesize it at scale for manufacturing?

• Is my material operationally stable? 

→Can I avoid the synthesis of undesired phases during operation?

Interfacial phases
Corrosion byproducts
Decomposition products





Martinolich, Neilson Chemistry of Materials (2017)Martinolich, Neilson Chemistry of Materials (2017)

Progressing along the energy landscape

Diffusionless
 Ion-exchange, topotaxy, chemie douce

Nucleation 
 Surface energy versus Driving force, Structure Selection

Diffusion and Growth
 Pathway dependent (bulk, dislocation, surface, liquid flux)

Jamie Neilson
Colorado State Uni. 

What is the nature of the first barrier? (Rate limiting step?)
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