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The physics and chemistry of materials for
sustainability

Sustainability
e Sustainable energy sources that do not destroy the ability of the human
race to live on the planet
* Broadly available clean water for energy & food
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Materials that changed science and society
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Materials that changed science and society
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Complex materials for energy generation and use
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Requirements to study complex systems using
theory and computation

* Realistic materials are heterogeneous systems

* Understanding and controlling the role of disorder, interfaces, defects and building
blocks is key and it requires atomic characterization and hence atomistic & molecular
control

* Prediction and design of materials and emergent behaviors require the ability
to compute multiple properties and describe phenomena that are out of
equilibrium and in excited states



Outline

* Theoretical and computational strategies

Materials for Sustainability

* Light activated phenomena in photoelectrochemical cells
* Low power oxides



Outline

* Theoretical and computational strategies



Insights and understanding at the microscopic scale
using quantum mechanics

moroximations to solve fundamenm
equations:

Density functionals theory &
Quantum chemistry methods

Efficient numerical methods to obtain
accurate solutions and to generate data
to train ‘models’ (improve efficiency
with Al/ML)

Atomic Nuclei &

Electrons Exploration of phase space

Qescription of matter-light interactiy




Approximate quantum mechanical theories

e Density functionals theory: ‘born’ within condensed matter physics (CMP), ~ 1964,
and then applied also to molecules, with a variety of approximate functionals

Quantum chemistry methods: ‘born” within the chemistry community with Hartree-
Fock, ~ early 1900s, and used for molecules & some solids; key to the development of
hybrid functionals & embedding theories

Many Body Perturbation Theory: ‘born’” within CMP, ~ 1965, to study light-matter
interaction; key to the development of computational spectroscopy of condensed
systems

Approximate, general frameworks and a ‘universal language’ to
tackle disparate problems from first principles




Including temperature & exploring phase space

Molecular dynamics (MD): classical nuclei

=-F[{R,}] | E from Density Functional Theory (DFT)

Path Integral MD: quantum nuclei

A. Kundu H. Yang, M.Govoni, F.Gygi, M.Ceriotti and GG,
PRM-Lett 2021; A. Kundu, Y.Song and GG PNAS 2022,
A.Kundu &GG, JPC-Lett. 2024

Advanced sampling to compute free

energies and ‘overcome’ barriers

E.Lee, J. de Pablo and GG, Nature Comm. 2021
C. Zhang, F.Gygi and GG Nat. Comm. 2023; PRM 2024



Structural models derived with the aid of DFT and
first principles molecular dynamics (FPMD)

E{om Density

Functional Theory
(DFT)




Structural models derived with the aid of DFT and
first principles molecular dynamics (FPMD)
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/Spectroscopic signatures \

Photoluminescence

Deep level transient
spectroscopy

Light absorption

Non-linear
spectroscopy

Ultrafast spectroscopy




Spectroscopy on samples obtained from DFT or FPMD

Use of multiple probes and iterative

‘refinement’ procedures are necessary Key role of computational
in the majority of cases spectroscopy

" Spectroscopic Characterization
* To validate atomistic structural

/ \ « Photoemission . .

Many Body . Absorption = models by comparing with

Perturbation | hotoiuminesconce. :

Theor & * Deep level transient experlments
Y spectroscopy
Embeddin g « Ultrafast spectroscopy
* Non-radiati H H

L theories Y. e * To understand & predict light-

[ ]
matter & external field
H. Wilson, F. Gygi, and GG, PRB 2008; M.Govoni & GG, JCTC, 2015 & 2018; Nguyen et al.

[ ] [ ]
PRL 2019; Ma He et al, JCTC 2019 and JCTC 2020; S.Dong, M.Govoni & GG, Chem.Sci. 2021; I nte ra ctlo n rocesses
H.Yang, M.Govoni and GG, JCTC 2022; Y. Jin, M.Govoni & GG, JCTC 2023 p
H. Ma, M. Govoni, GG, npj Comp.Mat. 2020; N.Sheng, CVorwerk, M.Govoni & GG,
JCTC 2022; C.Worwerk, N.Sheng, M.Govoni & GG, Nature Comp. Sci. 2022




Quantum simulations to characterize & design
materials & processes: what does it take?
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Quantum simulations to characterize & design
materials & processes: what does it take?

Software for high-
performance
architectures

CPU/GPU
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Outline

Materials for Sustainability

* Light activated phenomena in photoelectrochemical cells
* Low power oxides



Multi-faceted processes and complex materials

/What are the best
materials to trigger

to generate clean fuel
from water?
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Navigating the puzzle of heterogeneous

photo-catalysis
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Navigating the puzzle of heterogeneous

photo- cataly5|s

:i: ‘%M

Condensed matter physics meets

electrochemistry Water
" | toinvestigate solid-liquid and solid-solid interfaces . ik
X and light-matter interaction Absorber

<Y~ Interdisciplinary science
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A difficult problem with many components
Simulations and predictions of numerous properties

@\sonable model of photcm

absorber (MPBT) and of (salty)
water (FPIVID)

Atomistic model of solid/liquid
interfaces (FPMID) & their
electronic properties ( band
offsets and Schottky barriers )

Qarge transport @ interfacy
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A difficult problem with many components
Simulations and predictions of numerous properties

@\sonable model of photcﬁ -

absorber (MPBT) and of (salty)
water (FPIVID)

MOBILITY

Atomistic model of solid/liquid TEMPERATURE

interfaces (FPIVID) & their e
electronic properties ( band
offsets and Schottky barriers ) =
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Bozhi Tian, and GG, PNAS 2021 &

Z.Ye, F. Gygi & GG, JPC-Lett 2024
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A difficult problem with many components
Simulations and predictions of numerous properties

@\sonable model of photcﬁ / \
Photocathode :

absorber (MPBT) and of (salty)
water (FPMD) functionalized Si surf.

T.A.Pham, D,Lee, E.Schwegler and GG, JACS
2014; T.Pham, Y.Ping & GG, Nature Mat. 2017

Atomistic model of solid/liquid :
interfaces (FPIVID) & their Phonoafiodes?
electronic properties ( band WO

. 3
offsets and Schottky barriers ) M.Gerosa, M. 2nd GG, Nature
Mat. 2018; W. Wang et al. Nature Energy 2021

& JACS 2022 & JACS 2023
&harge transport @ interfac? \ /




An excellent photoanode: BiVO,
How do we model (prepare) the sample?

 Oxide substrates are defective

e Understand the role of oxygen vacancies & inpurities

in the bulk and at the surface
T. Kim et al., Nat. Comm. 2015; H.Seo et al. Chem. Mat. 2018 ; W.Wang et al. Chem. Mat. 2020

* Oxide photoanodes are n-doped
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 Understand the role of excess electrons at surfac wwang et al. 1acs 2022

* Morphology and surface composition of the photoanode surface matter:

 What is the most suitable surface to improve the efficiency of the OER in water?

 STM images, XPS, vibrational spectroscopy, work-functions
D. Lee et al, Nature Energy 2021

We identified promising, realistic surface exposed to water:

hydroxilated Bi-terminated surface with oxygen vacancies




Charge transport @ interfaces

/BIVO, | FeOOH | NIOOH

o~ BiVO,: Charge transport occurs via polarons. Control of defects is

key: increasing concentration of O vacancies increases mobilities
because (i) # of charge carriers increase and (ii) polaron hopping
activation energy decreases T.W.Kim, Y. Ping, GG & KS Choi, Nat. Comm. 2015

A BERRE

Constrained DFT Important differences in charge hopping in the bulk and

w/hybrid functlonals @ the surface

W.Wang et al.

U7A " & GG Chem.
A Mat. 2020

\ H.Seo, Y.Ping
ViR &GG, Chem.
¢ B, Mat. 2018




Charge transport @ interfaces

/BIVO,| FeOOH | NIOOH

r, - LT

Constrained DFT

BiVO,: Charge transport occurs via polarons. Control of defects is
key: increasing concentration of O vacancies increases mobilities
because (i) # of charge carriers increase and (ii) polaron hopping
activation energy decreases T.W.Kim, Y. Ping, GG & KS Choi, Nat. Comm. 2015

w/hybrid functionals What about the absorber/catalyst interface ?
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Mat. 2020 Fe s
Z. K. Goldsmith, A. K. Harshan, J. B. . . . .
Gerken, M. Vérds, G. Galli, S. S. Stahl, Adam M. Hilbrands, Shenli Zhang, Chenyu Zhou, Giacomo Melani, Dae Han
S. Hammes-Schiffer, PNAS 2017 Wi, Dongho Lee, Zhaoyi Xi, Ashley R. Head, Mingzhao Liu, Giulia Galli, and

Kyoung-Shin Choi, J. Am. Chem. Soc. 2023.



What did we learn about photo-absorbers and
catalysts for oxygen evolution reaction ?

* Intrinsic properties of materials are insufficient to predict
materials for water photo-catalysis

» Defects cannot be ignored; in fact, they may be useful

e Surface & interface morphology is critical

* Electronic properties @ finite T and dynamical fluctuations _
are key to understand not only charge transport mechanisms ... wang andiels racmionic

Kyoung-Shin Choi & GG, Acc.

but also structural properties and spectroscopic signatures. oo
= Dynamical, defective interfaces

M.Gerosa, F.Gygi, M.Govoni and GG, Nature Materials 2018; #Y.Ping, W.Goddard & GG, JACS 2015; *T.W.Kim, Y. Ping, GG & KS Choi, Nat. Comm. 2015; H.Seo, Y.Ping &GG, Chem. Mat.
2018; T.A.Pham, D. Lee, E.Schwegler and GG JACS 2014; T.A.Pham, Y.Ping and GG Nature Materials 2017, W.Wang , KS Choi, GG, Chem Mat 2020 & Nature Energy 2021, WWang et al.,

JACS 2022 ; A. Hilbrads et al. JACS 2023; G. Melani et al. 2024 (in preparation)



What did we learn about photo-absorbers and
catalysts for oxygen evolution reaction ?

Simulation time scale and sample size

The interface is still the are still open problems

device and defects take

We did not predict a magic new
center stage

material but we understood the
material characteristics
(descriptors) that matter for the
catalytic reaction & several
predictions were validated
experimentally

Machine Learning, Al???



Do we have everything we need? Just a matter of

* Not yet... we need more data!




Do we have everything we need? Just a matter of
generating more data and let Al/ML do the job?

* Not yet... we need more data!

* Improved data strategies are in need: acquisition, validation,
curation, preservation

» Validation, benchmarking and building training data sets for Al/ML
require availability of ‘mundane’ structural & spectroscopic data on a
‘massive’ scale, including well defined crystals.and interfaces
(computing & measuring samples at speed)

* Availability of reproducible data and building of workflows will be critical
to the success of Al/ML in physics, chemistry and materials science



Multi-faceted processes and complex systems

/Can we engineer membranes to\
remove organic pollutants from
water ?




In, O, as a catalyst for advanced oxidation
processes

Generate hydroxyl radicals (¢OH) to remove water organic/gollutants

~

Organic
Pollutants

; i \/

* We find that the (001) surface is hydrophilic, in
contrast with the local hydrophobicity of the (111)

surface *
* Water binding site to Indium identified=> a possible, initial G ™ mple ons
step towards the formation of ‘OH radicals

Semiconductor Solution Semiconductor

* Calculation of band offsets as a function of coverage
to investigate the competition between different
oxidation reactions: the Oxygen Evolution Reaction

may hinder the generation of hydroxyl radicals and
should be avoided.




Water binds to open indium sites when surface
hydroxyl coverage is reduced

66% OH Coverage 83% OH Coverage 96% OH Coverage



Water binds to open indium sites when surface
hydroxyl coverage is reduced

Water binding \




Multi-faceted processes and complex materials

\

Which systems are
suitable for energy-
efficient neuromorphic
platforms and low
power electronics ?




QEnergy consumption in the digital era

Doubling every 24 months ~ ®- ~
(Moore’s law)
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簡報者備註
簡報註解
the development of artificial intelligence, AI in short, presents benefits to a variety of aspects to our society, such as…
however, it faces the challenge of non-sustainable energy cost
this graph shows the the exponential increase in the energy consumption required by the cutting-edge AI platforms along with their development
And it is surprising to see the huge energy scale difference between AI and our brain which is still the most powerful tool to deal with cognitive tasks. 


Search for candidate materials for energy-
efficient neuromorphic devices

Brain-inspired Our focus:
i La 1_XSFXCOO3 (LSCO)
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Materials with energy-efficient
resistive switching behavior

| 10*change in resistivity with T, P,
___ Sr doping and strain

Metal-insulator transition (MIT) to realize resistive switching


簡報者備註
簡報註解
Background slide
Neuromorphic computing is proposed as a new hardware architecture to better suit the artificial intelligence era. inspired by our brain. the memory and logic parts are combined in one unit, and the power consumption is extremely low to be massively parallelable.
One way to realize such functionality is to use materials with energy-efficient resistive switching.
TMOs form a promising candidate family, because of the MIT. The small disturbance at the electronic structure level can result big resistivity change. 
The material we focus here, LSCO, is one of such TMOs, as 10^4 order R change has been realized in LCO as a function of different parameters.


- Understanding the metal-to-insulator transition as a
function of defect content using DFT calculations

Sampled defect
positions and
different magnetic
states

0 1 vacancy 2 vacancies 3 vacancies 4 vacancies o)
0.125 0.25 0.375 0.5

We identified the structural transition path from two different crystal
structures—a metal and an insulator— and the associated structural

deformations S. Zhang and G. Galli, npj Comput. Mater. 6, 170 (2020)


簡報者備註
簡報註解
After clarifying the distinctive physical properties for each phase, we now turn to understand how these properties, especially the MIT, occur as a function of oxygen vacancy concentration, using first principles calculations.
We sampled 1, 2 &3 vacancies in the 40-atom unit cell as the variation step during the P->BM transition:
How we obtained the ground-state structure
The pattern we observed
Then talk about the distortion modes


A detailed physical characterization
of the system, including predictions

Characterized the transformation as a
function of defect concentration, and
the distinctive magnetic and electronic
properties of each phase.

Developed a model, based on first
principles, to predict the electrical bias
required to drive the MIT.

Provided a robust protocol to

determine the defect concentration.

-

Qang, S. et al., Chem. Materials 2021/
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A detailed physical characterization
of the system, including predictions

Doping

Key insight into the properties of
materials with energy-efficient
resistive switching for neuromorphic
architectures. Several predictions
verified experimentally.
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(hang, S. et al., Chem. Materials 2021
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Quantum simulations are expensive

* Algorithmic and code development are challenging
» Software development and sustainability are ‘expensive’ and of paramount importance
* Training is not at the level of many other disciplines

* Acceptance as first-class scientific endeavors & as key instrumentation still in the
making

 Hardware is a moving target

* Availability CPU/GPU
 Cost (LTI T

Argonne '3 E Eo RH
s gniRey (e @ =

* Rate of change
* Hybrid architectures

Computers are boring, they only give answers, Pablo Picasso
We've tended to forget that no computer will ever ask a hew question, Grace Hopper



Scalability and quantum computing

* |Interesting promises, e.g. for guantum chemistry problems (beating the

exponential ‘wall” might be possible but it is not the only exciting goal)

* The community is still working with NISQ architectures (noisy intermediate-

scale qguantum computers) which requires noise resilient algorithms

©
I

0.61 m  Noisy Quantum Computer ~
= m  w/Error Mitigation |r.: i
* There are not yet physics or Tl 5o wnv,
. N7 e O Hg v & L;_I E i ? |
chemistry problems solved 502 oo i 5°§ b
entirely on a quantum computer 00{ ix : LN

7 Complexity )

: Results on quantum hardware
B.Huang, M.Govoni, GG PRX-Q 2022 & JCTC 2023 . R .
(IBM Casablanca) with noise correction




Concluding remarks

e Computational chemistry/physics and materials science are on an exciting upward
trajectory and will play an increasingly critical role in solving material energy problems

* Integration and coupling with experiments is not a given; it is happening, but it requires
new strategies for maximum impact

* Software and hardware integrated planning is of paramount important

* The excitement in Al and new computing platforms (e.g. quantum computing) is justified,

but, as usual, not giving in to the hype is a good thing; academic Al/ML projects require
careful consideration on connection between academia & industry

The most dangerous phrase in the language is, 'We've always done it this way, Grace Hopper



Innovation and inventing the future
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Thank you for your
attention!
It is a real honor for me
to be here
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