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ABSTRACT

The increasing global energy demand, the finite nature of fossil fuels, and growing
environmental concerns have intensified the search for clean and sustainable energy
alternatives. While renewable energy sources such as solar and wind are crucial components
of this transition, their inherent intermittency and reliance on weather conditions underscore
the need for robust energy conversion and storage systems. Among the various candidates
explored, metal oxide-based semiconductors have gained considerable attention due to their
earth-abundant nature, structural versatility, and tunable electronic properties. Nevertheless,
practical deployment is hindered by challenges such as suboptimal light absorption, inefficient
charge separation, and limited energy storage capacity, issues often rooted in intrinsic

electronic structure and interfacial limitations.

This thesis addresses these bottlenecks by employing a rational defect-engineering approach to
tailor the properties of transition metal oxides, thereby enhancing both photoelectrochemical
(PEC) performance for solar-to-fuel conversion and electrochemical behavior for energy
storage. A comprehensive investigation into the role of intrinsic defects especially oxygen
vacancies and cationic non-stoichiometry, is undertaken to understand and manipulate the

underlying charge transport and interfacial mechanisms.

Chapter 1 outlines the motivation for this work, presenting the dual functionality of metal
oxide semiconductors in solar-driven PEC reactions and supercapacitor-based energy storage.
Particular attention is given to Fe-based oxides, which offer rich redox chemistry and high
defect tunability. Key phenomena such as photocurrent polarity switching, ambipolarity, and
oxygen vacancy-mediated band modulation are introduced as foundational concepts for

improving device efficiency and versatility.

Chapter 2 details the synthesis routes employed, including spin coating, solvothermal growth,
and thermal decomposition, allowing for fine-tuning of composition and morphology. A broad
suite of characterization tools X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), UV-visible spectroscopy, Raman spectroscopy, and electrochemical measurements, is

used to correlate structural and electronic features with device-relevant performance metrics.

Chapter 3 explores the phenomenon of photocurrent polarity switching in BiFeOs; (BFO)
nanoparticulate films through electrolyte engineering. By systematically varying ionic strength

and dissolved oxygen concentration, the study demonstrates a reversible switching of

Vi



photocurrent direction dictated by the critical state potential. A predictive model based on the
Nernst equation and semiconductor surface kinetics is proposed, linking electrolyte parameters

with semiconductor energetics.

Chapter 4 advances this concept by showing that internal defect manipulation—through the
deliberate tuning of Bi/Fe stoichiometry in BFO—can similarly control the photocurrent
switching behavior. Variations in bismuth or iron content adjust oxygen vacancy
concentrations, thereby shifting the Fermi level and altering the surface band bending. XPS
and PEC results support this stoichiometry—defect—functionality correlation, highlighting

material composition as a powerful lever for device modulation.

Chapter 5 extends the defect-engineering strategy to nitrogen-doped Ni-Zn ferrite (Ni-
ZnFe>04) systems. Nitrogen incorporation introduces electronic states within the bandgap,
enabling ambipolar photocurrent responses in a typically unipolar n-type semiconductor. The
demonstration of bidirectional photocurrent without reliance on volatile elements suggests the

generality of the defect-based tuning framework.

Chapter 6 transitions the focus to electrochemical energy storage by exploring the role of
defect chemistry in flexible NiFe;Os-based supercapacitors. Through control of oxygen
vacancies and cationic distributions, the study demonstrates enhanced proton intercalation,
higher conductivity, and superior capacitive performance in acidic electrolytes. The work
establishes NiFe.O4 as a viable candidate for flexible energy storage devices, capable of

achieving high energy and power densities.

In Chapter 7, selenium-doped MnFe2Os is synthesized to further enhance redox activity and
charge transport. Se doping modulates lattice strain, oxygen vacancy content, and multivalent
cation states, resulting in a significant boost in specific capacitance, Coulombic efficiency, and
cyclic durability. The synergy between defect engineering and structural distortion in this
flexible solid-state configuration underscores the effectiveness of compositional tailoring in

supercapacitor optimization.

Chapter 8 synthesizes the key findings, integrating the insights from both PEC and energy
storage studies into a unified defect-engineering framework. The results demonstrate how
systematic manipulation of oxygen vacancies, electronic states, and stoichiometry can be
leveraged to develop high-efficiency, multifunctional devices. Finally, future research
directions are outlined, such as extending this approach to low-dimensional materials, tandem

PEC-cell architectures, and hybrid energy conversion—storage modules.
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In conclusion, this thesis presents a comprehensive and scalable strategy for improving metal
oxide semiconductors through defect design. By elucidating the connection between atomic-
scale imperfections and macroscopic performance, it contributes valuable design principles

for the realization of next-generation solar and storage technologies.
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g MY TS Tt 3 Holt AT, SiiaTed Se=t ot Hifiraar 3R waiaruiig fefarsii & g
T R S [qemed dI @iol B ASIAd BT ¢ | STl AR SR U SHoll o d1hRuig
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¢ | gTeTiToh, TSI ¥ faggd & UiaRUI &1 ST SR IfHd arel HSRUT &ar ot gIerar
1 g3 8, Sl g7 ¥U ¥ Sfdf-fed Saaci-db Txa-l 3R ety SiHTsl ¥ S gl & |
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dER H YUR g1 3| 399 fay w0 § sifaiio Rfaqal iR FHermf e R-eigfeamd
O SiafEd g & YHHT o1 ATad e [T T €, difds arel aRae $iR Sexthy
& B U 3R AT fasar S 9o |

3T 1 39 BT B OROM B JGifbd Bl &, oI U1 eIz s Srefaaien! ! GR-anferd
PEC Ufafehanafl 3fR JuRBURTER-3MTRT Soll HSRUT T Gles! B Uvdd &1 718 & |
AT & Fe-3nemRRa Siazey R fear mar €, S Y9G YSia WA 3R 3 aly
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ST 3 FAGEIATIC SONANRT & AT F BiFeOs (BFO) AU flhedf | Wicid<
gdTadT fRafiT &1 ge1 &1 3T &Rl g | S Yfad 3R gl gU Teito FisdT BI
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Sl fpfedpa We ureRad gR1 FefRId gidl 8| T qaigH Hisd, ST Nernst THIBRUT 3R
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3fefTeTe SHolf & 1Y e gl
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IUYBRN & o1 Th HIg IFIEIR & TU H RITUT BT 8, Bl ST Sl 3R Wfad ged
T & § e g |
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& Hisgae Rl 8, e uRumRasy Ay $uficy, Haifas gemr sk I
R A Ag@yuf gfe 8l 8 1 39 aeia 31-Irsa famarg o g efifafé oik W
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