Theoretical studies in solar energy materials

Dongyu Liu
MIEM, HSE University




OUTLINE

1. The background of solar energy utilization
2. How theoretical approaches contribute to these topics
3. Our collaborative work on solar energy materials

4. Our theoretical work on perovskites



THE USAGE OF FOSSIL FUELS

CLIMATE CHANGE:
EXTINCTION IN DISGUISE CFCs
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A ROADMAP OF RENEWABLE ENERGY INDUSTRY:
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ARTIFICIAL PHOTOSYNTHESIS
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THEORETICAL ANALYSIS =nergy loss:
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THEORETICAL ANALYSIS
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SCHRODINGER EQUATION

The Many-Body Schrodinger equation

HU(ry,...,ry) = E¥(ry,...,rN)

(_% ZAi 4 ZV(ri) + Z = i - ) U(ry,...ry) = EV¥(ry,...,ryN) :

For instance, many-body WF storage demands are prohibitive:
)N

U(ry,...,ry) (#grid points

5 electrons on a 10x10%10 grid ~ 10 PetaBytes !

A solution: map onto “one-electron” theory:

U(ry,...,rn) = {Y1(r), ¢2(r), ..., ¥n(r)}

https://www.vasp.at/wiki/images/5/5d/VASP _lecture Basics.pdf

Erwin Schrddinger
Nobel Prize in Physics
(1933)



Many-body DFT
problem

electron
densit

DENSITY FUNCTIONAL THEORY ©

Hohenberg-Kohn-Sham DFT

Map onto “one-electron” theory:

U(ry,...,ry) = {1(r), Ya2(r),....,¥un(r)}  Y(ry,..,ry) = Hw@(rz—)

Total energy is a functional of the density:

Elp] = Ts[{%ilpl}] + Eulp] + Exclp] + Ez[p] + U|Z]

The density is computed using the one-electron orbitals:

N Walter Kohn
p(r) = |thi(r)]? Nobel Prize in Chemistry
; (1998)

The one-electron orbitals are the solutions of the Kohn-Sham equation:

(— 38+ V() + Varlpl(x) + Vi o)) ) () = i)

https://www.vasp.at/wiki/images/5/5d/VASP _lecture Basics.pdf



WHAT CAN DFT DO?

Structure prediction (total energy)

/
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Band structure (energy level) Molecular dynamics (force)

MoS, monolayer

[AI(H,0)¢]°* + NH; — [Al(H,0)5(OH)]** + NH,*




ADVANCED APPLICATIONS OF DFT

DFT + thermal corrections => free energy for reaction

U(0)=H(0)=G(0) =&, +ZPE
U(T)=e¢, +U. (T)
H(T)=¢, +H._ (T)

G(T)=¢, +G. (T)

coIrT

Uc::-rr = UU‘EIIIS + Ur::-t + U\rih + Ua:]n:
S = Strarm + Smt + S vib T S cle
C‘\u’ = C‘v’,tmns + C‘v’,rﬂt + Cv,vih + C‘v’,c]c

40

= Without DFOB"~
— With DFOB"

o N w
o o o
! T T

Free energy / kcal mol™!
o

;;r%

249
197

,,.) T — - \\\\ (9 (9
16.9 ' é\a
| -3.8
’ @ \\
S by
10 @7 @ ' 12
@ 1 1
PF;5 + H,0 TS PF, + OH + HF POF3 + 2HF

Reaction coordinate

DFT + nonadiabatic molecular dynamics => carrier recombination
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QUANTUM MECHANICS CALCULATIONS
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FT + EXPERIMENTS:
PHOTOCATALYSIS WITH MG-DOPED ZNO
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Enhancement of Photocatalytic and Photoelectrochemical
Performance of ZnO by Mg Doping: Experimental and Density
Functional Theory Insights

Abinash Das, Dongyu Liu, Riu Riu Wary, Andrey S. Vasenko, Oleg V. Prezhdo,* and Ranjith G. Nair*
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PHOTOLUMINESCENCE SPECTRA
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DFT + EXPERIMENTS:
PHOTOCATALYSIS WITH MN-DOPED ZNO
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Mn-Modified ZnO Nanoflakes for Optimal Photoelectrochemical
Performance Under Visible Light: Experimental Design and
Theoretical Rationalization

Abinash Das, Dongyu Liu, Riu Riu Wary, Andrey S. Vasenko, Oleg V. Prezhdo, and Ranjith G. Nair™*
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OXYGEN VACANCIES IN ZNO
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FT + EXPERIMENTS:
CO2 REDUCTION ON CU-DOPED ZNO
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Tuning the local electronic structure of oxygen vacancies over copper-doped @ M)
zinc oxide for efficient CO5 electroreduction Gt

Ke Wang *', Dongyu Liu ™", Limin Liu 1 Jia LiuY, XiaoFei Hu?, Ping Li°®, Mingtao Li ",
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DFT + EXPERIMENTS: CU DOPING
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DFT + EXPERIMENTS: CU AND OXYGEN VACANCY
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DFT + EXPERIMENTS: CU AND OXYGEN VACANCY
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DFT + EXPERIMENTS: CO2RR PERFORMANCE
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HEORETICAL WORK ON PEROVSKITES:
CS2AGBIBR6
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THE JOURNAL OF

PHYSICAL CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Ag-Bi Charge Redistribution Creates Deep Traps in Defective
Cs,AgBiBr,: Machine Learning Analysis of Density Functional Theory

Dongyu Liu, Carlos Mora Perez, Andrey S. Vasenko,”™ and Oleg V. Prezhdo*




AG-BI INTERACTION
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CARRIER RECOMBINATION DYNAMICS
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HEORETICAL WORK ON PEROVSKITES:
CSPBBR3 GRAIN BOUNDARY
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P L OVAL SOCIETY
Nanoscale ap OF CHEMISTRY

View Article Online

View Journal | View Issue

I'.) Check for updates Grain boundary Slldlng and distortion on a

| nanosecond timescale induce trap states in
CsPbBrz: ab initio investigation with machine
learning force field¥

Cite this: Nanoscale, 2023, 15, 285

Dongyu Liu,? Yifan Wu,® Andrey S. Vasenko () **< and Oleg V. Prezhdo () *°4

CHEMISTRY [l§
MATERIAL e
This article is licensed under CC-BY 4.0 &) @
pubs.acs.org/cm m

Compression Eliminates Charge Traps by Stabilizing Perovskite
Grain Boundary Structures: An Ab Initio Analysis with Machine
Learning Force Field

Dongyu Liu, Yifan Wu, Mikhail R. Samatov, Andrey S. Vasenko, Evgueni V. Chulkov,*
and Oleg V. Prezhdo®



PEROVSKITE GRAIN BOUNDARY
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ADb initio Force Fields
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IMPACT OF SLIDING AND DISTORTION
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STRAIN SUPPRESSES DISTORTION
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STRAIN SUPPRESS DISTORTION
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