FUNCTIONAL MATERIALS FOR ENERGY STORAGE
AND CONVERSION DEVICES: INSIGHTS FROM
FIRST-PRINCIPLES AND MOLECULAR DYNAMICS
SIMULATIONS

JYOTSANA KALA

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025


Biswajit
Highlight


Functional Materials for Energy Storage and
Conversion Devices: Insights from First-Principles

and Molecular Dynamics Simulations

by

Jyotsana Kala

submitted in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

Department of Physics
Indian Institute of Technology Delhi
September 2025



This thesis Is dedicated to my parents
for their endless love, support, and encouragement.



Certificate

This is to certify that the thesis entitled Functional Materials for Energy Storage
and Conversion Devices: Insights from First-Principles and Molecular Dy-
namics Simulations submitted by Jyotsana Kala to the Indian Institute of Technol-
ogy Delhi for the award of the degree of the Doctor of Philosophy, is a record of bonafide
research work carried out by her under my supervision and guidance. She has fulfilled
the requirements for the submission of the thesis, which, to the best of my knowledge has

reached the requisite standard.

The material contained in this thesis has not been submitted, either in part or in full, to

any other university or institute for the award of any degree or diploma.

Prof. M Ali Haider Prof. Brajesh Kumar Mani
Thesis Supervisor Thesis Supervisor

Department of Chemical Engineering Department of Physics

Indian Institute of Technology Delhi Indian Institute of Technology Delhi
Hauz Khas, New Delhi, 110016, India Hauz Khas, New Delhi, 110016, India

Date: 29 September 2025
Place: New Delhi



Acknowledgements

“It takes a village to raise a child.”

- African Proverb

As T reflect on the journey that has led to the completion of my PhD thesis, I am
reminded of the profound truth captured in this proverb. While the work presented here
bears my name, it is truly the result of the collective support, guidance, and encourage-
ment of many remarkable individuals who have shaped and sustained me throughout this
process.

First and foremost, I extend my heartfelt gratitude to my PhD supervisors, Prof.
Brajesh Kumar Mani and Prof. Mohammad Ali Haider.

Prof. Mani’s expertise in core physical theories provided me with a solid foundation
for approaching theoretical aspects of my research. Our discussions, often ranging from
fundamental principles to nuanced interpretations, not only deepened my understanding
of complex concepts but also encouraged me to think critically about the connections
between theory and experiment. Prof. Mani’s patience in explaining intricate ideas and
his willingness to engage in thoughtful discussion was crucial in shaping my scientific
perspective.

Prof. Haider, an expert in clean energy, brought a different but equally vital di-
mension to my work. His extensive knowledge and depth of understanding of the key
technologies central to my thesis were indispensable. Prof. Haider’s insights into the
latest advancements in clean energy, as well as his practical approach to problem-solving,
helped me bridge the gap between theoretical research and real-world applications. Our
discussions not only clarified technical challenges but also inspired new directions in my
work, ensuring its relevance and impact.

I am deeply grateful to both of my supervisors for their unwavering support, con-
structive feedback, and the time they devoted to my development as a researcher. Their

mentorship has truly been a cornerstone of this thesis.

il



I am also profoundly grateful to the members of my SRC committee, Prof. Sujeet
Chaudhary, Prof. Saswata Bhattacharya, and Prof. Anoop Krishnan, for their thoughtful
questions, constructive criticism, and generous sharing of knowledge. Their perspectives
have enriched my work and broadened my understanding.

During my PhD, I had the privilege of visiting Imperial College London as a Com-
monwealth Split-site Fellow to pursue a part of my thesis work. I am especially thankful
to Prof. Jenny Nelson for giving me the opportunity to work with her and her out-
standing team. The experience of studying organic materials at ICL was transformative,
and it was only with her constant support and guidance that my time as a visiting PhD
student was fruitful and productive. Prof. Nelson taught me with the patience and care
of a dedicated mentor, and the long hours of discussion with her and the polymer battery
group greatly enriched my knowledge and understanding. I would also like to express my
sincere gratitude to my mentor, Prof. Prashanth Upadhya from the Indian Institute
of Science Bangalore. His unwavering support, insightful guidance, and willingness to
share his own experiences as a Commonwealth Fellow have been immensely valuable.
His mentorship has not only inspired me but also significantly accelerated my progress
toward achieving my goals.

This journey was made even more special by my lab mates, with whom I shared both
casual conversations and deep research discussions. In the Computational Condensed
Matter Physics group, I am grateful to Dr. Zeeshan, Dr. Indranil, Dr. Ravi, Dr.
Chandan, Shivani, Suraj, Priyanka, Palki, Vivek, and Abhishek. I was also fortunate
to have an extended lab family in the Renewable Energy and Chemicals Lab group.
Special thanks to Dr. Uzma Anjum for mentoring me during the initial phase of my
PhD, as well as Ashutosh, Jayendran, Ussama, Deepak, Chaitra, Iqra, and Dr. Haseena
for their support. I am also grateful to Dr. Vicky and Subhrajyoti, who provided essential
experimental support to complement my theoretical findings. At Imperial, I am grateful
to Tona, my partner in theoretical simulations, whose insightful discussions helped me
immensely. I also thank Guanchen and Dr. Hang from the polymer battery group
for our engaging conversations, which helped me bridge theoretical and experimental
perspectives. The Jenny Nelson group made my transition to a new place smooth and
welcoming, with special thanks to Nick, Dr. Jack, Jolanda, Dr. Linnea, Hanbo, and Dr.

Enas for their support and camaraderie. I would also like to thank Dr. Drew Pearce, Dr.

v



Nicholas Siemons, and Prof. Jarvist Frost for the fruitful discussions that contributed to
my growth and understanding of theoretical simulations for organic systems.

My friends played a profound role in my journey, offering friendship and laughter
during stressful times. I would like to thank Dr. Priyanka, Shweta, Shravya, Surajbhan,
Bharti, Dr. Nekita, Dr. Muskan, Gandhali, and Dr. Sayanti for their playful banter and
unwavering support. [ would also like to thank Priyanka and Tamoghno for the wonderful
musical evenings we shared.

Above all, my family has been my anchor. My greatest debt is to my family. Their
unconditional love and support in every possible way have made this achievement possible.
I am deeply grateful to my brother Mayur and sister-in-law Neha, my sister Dr. Rashmi
and brother-in-law Dr. Alok for their encouragement and belief in me. I also thank my
grandmother Premlata, and above all, I bow in reverence to my mother, Urmila Kala,
and my father, Sudhish Kala, whose enduring support and devotion have shaped every
step of my academic voyage. Finally, I'm grateful to the Almighty for the strength to
persevere, the mentors and friends sent my way, and the grace that guided me through

every challenge.



Abstract

The increasing urgency of climate change and energy crises demand the development
of sustainable energy technologies. Energy conversion and storage devices are key in
reducing dependence on fossil fuels and addressing geopolitical and environmental con-
cerns. Improving the performance of such devices requires the use of advanced materials.
Among energy conversion systems, solid oxide fuel cells (SOFCs) are attractive due to
their versatility in portable, stationary, and backup applications. However, high oper-
ating temperatures necessitate costly materials, and reducing the temperature leads to
sluggish oxygen reduction reaction (ORR) kinetics. In addition, the cathode part also
suffers from the degrading cation segregation phenomena. For example, the benchmark
cathode La;_,Sr,MnO;3_s (LSM) suffers from Sr-cation segregation and the formation
of insulating surface phases like SrO and SrCOgz, which degrade ORR activity. This
highlights the need for innovative cathode materials, which motivates the first three
projects of this thesis. The first project investigates the layered double perovskite ox-
ide NdBaCo20¢_s (NBCO). Its ordered oxygen vacancies and layered structure promote
mixed ionic and electronic conduction, expanding the ORR-active area. Density Func-
tional Theory (DFT) and Molecular Dynamics (MD) simulations show that NBCO ex-
hibits high oxygen vacancy concentration and oxygen anion diffusivity at intermediate
temperatures (<1073 K). However, a strong tendency for Ba-cation surface segregation
was observed. Surface energy calculations predict Ba/Co-terminated surfaces to be en-
ergetically favorable, leading to surface enrichment of Ba. A metric called “degree of
cation segregation” was proposed using MD to quantify segregation. Two mitigation
strategies were explored: (1) Compressive strain, e.g., 4% compressive strain reduces
surface cation segregation; and (2) A'-site doping with smaller cations (e.g., Sr?*, Ca?*)
reduces ionic size mismatch between A and A’-site cations and segregation. Notably, 50%
Ca-doping led to a significant reduction in segregation and enhanced oxygen transport

properties. The second project focuses on the double perovskite SroCoNbOg_s (SCNO).
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DFT results indicate low oxygen vacancy formation energies, suggesting high vacancy
concentrations. The redox-active Co3" at B-site boosts oxygen vacancy formation, while
the high-oxidation state Nb5* at B’-site reduces Sr’" cation segregation tendencies. Oxy-
gen vacancies are more abundant at the surface than in the bulk, indicating high surface
exchange coefficients. Compressive strain imposed by a Gd-doped ceria (GDC) sub-
strate further reduces Sr-cation segregation, consistent with the trend seen in NBCO.
The third project explores high-entropy perovskite oxides (HEPOs) based on the LSM
perovskite oxide. A systematic approach was developed to identify synthesizable single-
phase HEPOs using tolerance factors and enthalpy of mixing. Theoretical study identified
Lag 2519 2Cag2Gdg oProoMnO;_s (LSCGP) as single-phase synthesizable HEPO. LSCGP
was further successfully synthesized. LSCGP exhibits significantly enhanced oxygen va-
cancy concentration and diffusivity (107 cm?/s at 873 K), several orders higher than
parent LaggSrgoMnO3_s and Lag 5Srg5MnO3_s. MD and DFT studies reveal negligible
cation segregation, unlike conventional LSM-based materials. This study demonstrates
the promise of entropy-stabilized materials for enhancing performance and stability in
SOFCs.

For a sustainable future, there is also a need of advance high-performance energy stor-
age technology along with energy conversion devices. Current electrochemical energy
storage technologies primarily rely on lithium-ion and metal-air batteries. For efficient
and rechargeable battery operation, electrocatalysts play a critical role, particularly in
facilitating the oxygen evolution reaction (OER). However, state-of-the-art OER electro-
catalysts are typically based on precious metal oxides such as ruthenium and iridium,
which are costly and scarce. This thesis investigates the OER activity of alternative,
earth-abundant spinel oxide based on cobalt. With this, the fourth project examines
Fe-doped spinel Co304 for electrocatalysts for metal-air batteries. DFT simulations were
used to study adsorption energies of OER intermediates (O*, OH*, OOH*) at Co and
Fe octahedral sites. Adsorption was stronger at Fe sites, increasing reaction barriers.
Explicit water models were used to simulate acidic environments. The O* adsorption to
OOH* adsorption step was identified as rate-limiting with a high barrier of 87.80 kJ/mol.
These insights into electronic structure and binding behavior inform catalyst design for
OER. Furthermore, lithium-based electrode materials present resource and sustainabil-

ity challenges, highlighting the need for alternative materials that are tunable, flexible,
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and both cost and resource-efficient. In this context, redox-active organic conjugated
polymers are explored as promising electrode materials for battery applications. The
final project explores redox-active conjugated polymers as potential battery electrode
materials, focusing on diketopyrrolopyrrole (DPP)-thiophene-based p-type polymers us-
ing MD simulations. Methoxy-functionalization of the thiophene rings was found to
enhance backbone planarity, leading to improved volumetric charge density. To quan-
tify backbone conformational dynamics, an “end-to-end distance” metric was introduced.
The influence of counter-anions, varying in size, shape, and symmetry, was also inves-
tigated, revealing their significant impact on polymer planarity and hence, expected to
influence charge densities. Notably, counter-anions showed preferential interactions with
the polymer backbone, particularly with thiophene sites. An alchemical transformation-
based approach was used to simulate polymer charging and discharging via changes in
counter-anions, enabling the estimation of redox potentials directly from MD simulations.
The calculated values showed good agreement with experimental trends, highlighting the
potential of this framework to inform the design of high-performance polymer electrodes.

Together, these five projects contribute to the development of advanced materials for

efficient, stable, and scalable energy conversion and storage systems.
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fRER Fgd STaarg uRad= iR Sl Ydbe B dlabIicidhd], Idd SHoll Wefieal & s Bt
S{TARAH T DI I@ifhd PRl o | SHaRA 389 W FHRar &7 FA, Y-IoHifdd Td TaiaRona
fefmalf & THYE § Folf TUARUN 3R TET IUBUN HEeaqul HfFepT TS 1 37 SuHRul
& UG ¥ YR & o 39d uardl &1 ISUANT SH1aRg® g1 SHoll wuiaRul Jonferdl §, 3
TS SUT IA (SOFCs) MU RITIGRUMTdT, RIRH, 3R SH3M Sy ¥ sgfagar &
HRUT MHYS | GIelifcr, I AUHM W Tara- & fou I verdf ot sravadsar gt g,
Safds dIHM HH B W SeRitol e HHAT (Oxygen Reduction Reaction, ORR) @1
Tiaiear §if 8 ot 81 3% sifafted, HUre YT &t Idg WR &A™ JYIHIU SOFC &
TR B 3R HH BT 8| ISTE0 WY, AFD BUS Lat-xSHMnO; (LSM) B Sr-8Ta= &1
JYGHIU & HRUT SrO qYUT SrCO; oY FRIeh Tas! srawyraft &1 i grar €, S99 ORR
Tfafafey ged 81 U8 THRT I9d HUIS Uardl & SaRadhdl Pl GRIidl &, Sl 59 MY B gl
I afarsrTel & RN g1 Uge URAISHT dgRig Sad RIKHRE Mg NdBaCo,06-s
(NBCO) &1 ST &l & | 30! saareyd fTeRitor Rfaqar iR dgwasia Sxaqn fAfdd smafie
Td 3o ATadhdl B 9g1dT adl &, oI ORR-Ushd &7 &1 fadR giaT 8| v Hrafcdd

Rigid (Density Functional Theory, DFT) 3R 3uifad TIfdet (Molecular Dynamics, MD)

IO &RITd & f5 NBCO & meaadf ardM (<1073 K) R I Siferito Rfdd digar ik
STt oo faaRuriierar gt 81 gTaifeh, Ba-4HTa- & Tdg! JYamhul &1 Ughy ol TS |
DFT ¥ ! TR Tagt St 0TSl & IR Ba/Co-3ifad Tag Soif &t =P F 34fi% 3w d 8,
R I8 WX Ba &1 TRRAT Bl & MD & HISAH § “eFH YYGHRUl &1 JHT (Degree of
cation segregation)" FTH® HIUGS UXATAd foar TaT| & TH+ Juifaal Sl 13; (1) ddteq
I, S o 4% TdTeT a-Ta Tdg! S-R QUaHRUl & HH HRdl §; 3R (2) A'-T13e WR BIe
YT (OIY Sr2*, Ca?*) 1 SIUT, foe A SR A" WISC ¢AIIAT & o S HHR SR
T QUFHRT 3R HH gl ¢l faT =4, 50% Ca-SIUT I GyaHR0r # I B 3R
SHiRfo uRagd on & gfg 31 gER! IRASHT Sad IRIGHISE Sr2CoNbOs—s (SCNO) TR
T 81 DFT U1 &1 Sfiafter Rfga fAator ot qwifa § o 3= Rfda aigar a1
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Tohd fHedr 81 B-TT3c W 3UT-HTRiTBu-Tfhg Co** 3iferfie Rfaa fafor &t sgran g,
S B'-H13C UR I JHRHHRUN STRYT ATl Nb*>* Fdg WR Sr-U-H] &bl GUIBIDRUI Bl HY
HRA g1 g W ATR{ToH RfGaar seb &1 a1 H $ifere ot T, o 3= wag! faf g
Ul &1 Tobd e g1 TSIfeiad-Sifud IRAT (GDC) SMUYRIRA GRT AR 71T JuTe
TG Sr-4-TI0 JYGHRUT BT 3R HH BT 8, ST NBCO H 3T 718 TRl & 3y g1 et
RIS LSM IRIEHTSC RIS S TR I=-UTdl WRIsWhige SHaissy (High Entropy

Perovskite Oxides, HEPOs) @1 Il Hdl g | U Haid UG gRT Je=iadT @ley) 0
3R 90T Bt TR BT ITINT FR UH-aR0MI HEPOs Bt UgdH Bt 5| YGidd edT 4
Lao2Sr0.2Ca02Gdo2Pro,MnO;3 (LSCGP) &1 Udh-TRUNI HEPO & ¥U H fafgd foar w1, o
TgarT RMudmarsll gRT Yhadyde Saftd Ht fasar mari Lscep & sifaitoq Rfda digar iR
faeRurRear (10 cm?/s, 873 K ATUHM) URURS LaosSro.MnOs 3R LagsSrosMnOs &1 gaT
o o3 0T HfYF TS TS| MD 3R DFT SHTT TRTd & b SHH YT JUTHRUl [0g ¢, Sl
IRURS LSM- TR Terlf & fid 81 I8 3199 SOFCs H UeRM iR fRRdT & T & forg
Terit-fRUfRd erdf &t WU o1 g=iaT g

Jad Hiow & foIT. ol TUTaRUI IUBRON &b Y- IF-USRH SHoll G- dob-ial bl Ht

T HAT 81 IIHH degd-IMAASG SHoll Jaa- ddb-1d J&a: - 3mae iR U1g-arg
a8 R MR €1 p3a iR g:-smaxiiy §edt Yarem & o dgq-SaR®, favy = u 9
SHTRISH I TUfHAT (Oxygen Evolution Reaction, OER) &1 IH S H, Hgayul
YA AT €| gTaifd, IdiM OFR 9gYd-3aR® WMI=Id: HEll SR gay o1 sffegsy
O FAfFTT 3R Rfsam) W snuia &1 T8 MYy PlaTee sMeid, geat & TR 7m & Iuds
e Sffag sy ot OFR AR ®F T Har g1 3t & dgd, Nt aRESHT Fe-Sits Ay
C030,4 B! YUTI-a1g 9Tl & oI AGYq-IARS & T H 399 &l &1 DFT SFOHT GRI
OER UG (O*, OH* OOH*) & Co 3R Fe SCHWI AR WR HGRNYUT Jroll BT 3Heqg—
fHaT 7| Fe WIZCH WR 3aRNYUN 3 Tolgd gram 7, fored siffsar srariy Ja11 iy
TR B U] B & I WY S Hieed BT IR fodm 11 0* H OOH* A=yl
TR B 87.80 kJ/mol B I ST & 1Y R-HITHd U 77| T8 BT Faae +ap TxaT 3R
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S TagR H OFR A=Al & oY dggq-SER® &1 a1 &I Yfud Bl g1 $qP 3ffaia,
forfmm- 3neTid deers uard Ty SR fRRAT Fadh Iifaar wRgd Rl 8, S dofcus,
SFHARITT, e, AN SR FAIEH-HRA Tl S Maadhdl ¢l 39 ded #, 3u=g-
TRfieur-Tfra e TG dgas dedt 3uanT & e Juifad saeers uandf & =g
T IR I} gl Sifaw ofaem T & sroug-siiciieru-afiea gt 9gas, favy &9 3
SIRBCIUTRIAATSRIA (DPP)-IAIHH-MURT p-UHR dgdd &I MD IUFT gRI &I
o T e g & AU -thawdsee™ ¥ dad & HdAdT get, oy 3maa-
3{TART T & YUR oI SHa- RIS Tdep! oI AU & g “ofd § 3fd a& Bt gl
(End-to-End distance)” ATIES U1 fopar mar| fafiid SR, edpfa, SR IHeuar ard ufa-
HBUTHl & YT 1t i far T, RS 36! dgad JHdadl R Agdyul YA

A 31T, ST A T Dl YA PR el ¢l Icaa-1d ¢ fb ufa-Fomei 3 Ry =g 3
e Wgcy W Sga® dhaH & Wy Wufle AR foar fe@mn| 9gas & SavE 8k

%M @1 UMl TR & T Th WAMASH-URadIE® (alchemcial transformation)-
TR EfRPI0T TR foham 1, FoR MD SO & Y S{Ued- SiTeRitenuT faya &1 3aH
THT ga1T| UM fhT T8 A YA Ugiudl & 91y Sl ake A W 8, o 3=-uesH
S0P SAdCIS T & ol S TURWT B HTIATE ISR Bl B

IMfed ¥U 9, T Urdl uRTeHN $IE, fRR R a9 THM R a1 fHT o I6H ard Sl
FUTARUN Ud g yunferdl & fore Ied uerdf & faer & aive™ & |
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