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ABSTRACT

ENGINEERING DEFECTS IN HEXAGONAL BOROMITRIDE TO ADVANCE
ELECTROCHEMICAL ENERGY STORAGE IN SUPERCAPACITOR DEVICES

MOHAMAD HASAN ALEINAWI

MaterialsScience andNanoengineering?hD. Dissertation July2025

DissertatiorSupervisorProf. EMRE ERDEM

Keywords:h-BN - defect engineeringMn-doping- nanocompositessupercapacitors
advanced lcaracterization EPR- PL - specific capacitanceenergy density power
density.

Hexagonal boron nitride {BN), a widebandgap twalimensional material, has recently
garnered attention for erggr storage applications due to its chemical inertness and thermal
stability. However, its intrinsically low electrical conductivity and limited surface reactivity
hinder its electrochemical performance in supercapacitor devices. This thesis explores a
compehensive defeetngineering approach to overcome these limitations by inducing
structural and chemical modifications irBIN through hightemperature annealing, high
energy ball milling, and transition metal doping, specifically with manganese (Mn).
Systematic structural, optical, and electronic characterizations were conducted usiyg X
diffraction (XRD), Raman, photoluminescence (PL), and electron paramagnetic resonance
(EPR) spectroscopy. Results revealed that controlled nitrogen vacancy formatoamkzond
substitution enhanced defect density, leading to significant improvements in charge transport



and pseudocapacitive behavior. Mn doping was successfully achieved through-stepulti
synthesis involving mechanochemical activation, chemical dopimytteermal annealing.

EPR confirmed the substitutional i ncorpor a
mediated blue emissions with increasing Mn content. Additionally, Tauc analysis revealed
bandgap narrowing, indicating improved electronic condugtivihe investigation was

extenegd to Mndoped ZnO and Mn:Zn@BN nanocomposites, revealing a synergistic
interaction that further enhanced electrochemical properties. Electrochemical tests
conducted in symmetric twelectrode supercapacitor configuratiordemonstrated
substantial performance improvements. Bailled nitrogendeficient RBN (NHBNpm)

showed a 3x enhancement iresjfic capacitance, reaching ~6B& at 10 mV/s. Mrdoped

h-BN sampleshedt r eat ed at 800 AC d andspecificrcapdcitandee hi g
of ~566F/g at 1 A/g, with >92% capacitance retentomer 5000 cycles. The Mn:ZrGBN
nanocomposites exhibited the best overall performance, achieving aumaspecific
capacitance of ~795 F/g, energy density of 110 Wh/kg, and paevesity of 41.&W/kg.

These findings highlight the critical role of defect engineering and composite design in
activating RBN as a higkperformance electrode material, paving the way for its practical
implementation in nexgeneration supercapacitor beologies.
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Anahtar Kelimelerh-BN 1 defektm¢, h e n dii Mnka t] ki é€il nanokampozitlei
siperkapasitorler ge | | kamaktarizasyoii EPRT PLT 6zgulkapasitan$ enerji
yoj unigiugyaj unl uj u

Al t eégen BdA) ,nigterngrk (bhant aral é€jéna sahip i ki

kararl él é]jé& ve ter mal dayanéekl el é]é& sayesin
ilgi gbrmektedir. Ancak, BN6i n doj asé ger elfdnldigjki¢ kv ee | &t &
reaktivitesi, sé¢perkapasiteor cihazl aréndak
kesetl amaktader . Bu tezde, bu sBENMG&EIrn aynak ae k
secakl ékta tavl ama, y ¢ kes-eikk emeetrg liil 1 k ati K éladr
manganez, Mn ) gi bi y°ntemlerle yapeéesal vV e
kapsamlée bir defekt m¢ghendisliji yakl akémé
elektronik karakterizasyonlar;-Ek éne m& é ( &iRD) , Raman, fotol ¢
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i yil ekmel er sajladejéené ortaya koymuktur.

ki myasal katkéelama ve ter mal tavl ama adeéeml a
bakar eyl a ger - ekdarexltiizliée mi K tNm]. EiPYRon | ar éer
(substitisyonel) olarakB N kaf esi ne dahil ol dujunu dojrul
Mn i -erijiyle birlikte defekt kaynakl & mavi
Ayr éca, Tauot amahbhi 2fjendabdaral ma ol duj unu
el ektriksel Il etkenli kte mt@ae K aMni kkaartekté | €t t
Mn:ZnOiIhBN nanokompozitlerinin sentezini de Kk
etkilekim yolalyl azel lekklreki mgaba da arteéerdé
elektrotlu s¢perkapasit®r konfig¢grasyonl ar é
°nemli i1yilexkmeleri ortaya koymuktuégndafzell
zengn | ext i-BN (NAHBNgn) h°rnekl er i, grgicndekalakat are
yakl| akR/kg 6slesvi yesine ul akméktér (10 mV/s ta
k at kBNl 6énekb r i 1 A/ g akéemFiopjUngeglil ukhkdpasibBéns
zernde d°ngg¢sel stabilite (5DO0i@dénel pedornmmansnse s onr a
Mn:ZnO-hBN nanokompozitl er i nddzemglérz7986 iy ézgihi K V €
kapasitans, 110 Wh/ kg kWnkegr j ¢ -yoyanbml wj uv e
ul akmeéekbtuélrgul Bu , def ekt m¢hendi 8IN6jii yv&s &b
performansl é& bir el ektrot mal zemes.i hal i ne
mal zemenin yeni nesi | s¢perkapasiteor t ek noc

vadedenbbyolsunduj unu g°stermektedir
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1. ABOUT THE STRUCTURAL DEFECTS IN h -BN

1.1.Introduction

Hexagonal Boron Nitride (BN) has emerged as a promising material for advanced energy
storage technologies due to its exceptional thermal stability, high surfacaratedemical
inertness. However, its inherently low electrical conductivity and limited surface activity
pose substantial challenges for its direct application in electrochemical devices such as
supercapacitors. To overcome these limitations, the présesi$ £xplores a comprehensive
strategy that combines defect engineering, transition metal doping, and composite formation
to enhance the electrochemical performanceBNAbased electrode materials.

The overarching goal of this research is to develagsitrally and chemically modified-h

BN systems tailored for supercapacitor applications by systematically investigating the role
of intrinsic and extrinsic defects, including nitrogen vacancies, carbon impurities, and
manganese (Mn) dopants. The thesiirganized into four interrelated chapters, each

focusing on a different dimension of this goal:

Chapter 1 investigates the influence of intrinsic and extrinsic point defeeBNhincluding

nitrogen vacancies, carbon impurities, and Mn doping. The ehajitoduces a mulstep
synthetic route combining thermal annealing, ball milling, and Mn incorporation via
mechanochemical and thermal treatment. Advanced characterization techniques such as X
ray Diffraction (XRD), Raman Spectroscopy, photoluminesee@eL), and electron
paramagnetic resonance (EPR) are used to evaluate defect types and their impact on

structural, electronic, and optical properties. This chapter establishes the role of each defect



type, including Mn] S U kcarren densityiaondnfacilitatimy mo d u

pseudocapacitive behavior.

Chapter 2 shifts the focus to ZnO and-llmped ZnO, examining the intrinsic and extrinsic
defect landscape of this complementary material system. Using micr@assisted
hydrothermal synthesiZnO nanostructures with varying Mn doping levels were fabricated
and characterized to assess how structural modifications affect electronic behavior,
crystallinity, and surface area, and the effect of the microwave power on the defective

structure of Mrdoped ZnO. All crucial factors in enhancing electrode performance.

Chapter 3 builds upon the findings of the previous chapters by integratirgdppd ZnO

with h-BN to form Mn:ZnGhBN nanocomposites. The rationale behind this composite
design is to synergisilly combine the defeahediated conductivity and redox activity of
ZnO:Mn with the high surface area and mechanical robustnesBNf Btructural, optical,

and magnetic characterizations provide evidence of successful hybridization and enhanced

functional behavior.

Chapter 4 presents a detailed electrochemical evaluation of all prepared materials using
cyclic voltammetry (CV), galvanostatic chardescharge (GCPL), electrochemical
impedance spectroscopy (EIS), and Dunn method analysis. The study Higytthg
improvement in specific capacitance, energy density, and power density for each material
system, showing how each modification step, be it defect engineering, doping, or composite

formation, contributes to the performance enhancement.

Together, thse chapters converge on the central hypothesis that rational defect and
composite engineering can transform insulatir@M into a viable higkperformance
material for supercapacitor electrodes. The insights gained from this work offer new
directions for @fectactivated 2D materials and demonstrate the value of-stelti synthesis

and comprehensive characterization in materials optimization.



Throughout this thesis, the sample nomenclature will adhere to the designations outlined in
Table 1 below. Theslabels are used consistently in all subsequent discussions, figures, and

analyses for clarity and uniformity.

Tablel: Samples nomenclature used throughout the thesis

Sample nhomenclature | Description

HBN h-BN with carbon impurities

NHBN h-BN with nitrogen vacancies

Mn:hBN Mn-doped kBN

ZnO:Mn Mn-doped ZnO

Mn:ZnO-hBN Nanocomposite material of Mn doped ZnO argM

h-BN, a twadimensional material known forsitexcellent chemicatability (Chen, Lee, et

al. 2015) wide bandgap f ~6 eV at r(Cassaboig, éamip, and &il 2016
androbust mechanal propertiegZembilgotov et al. 2005, Arenal et al. 200Bas attracted
considerable attention in fieldamrging from nanoelectroniq¥ hirumurugan et al. 2024,
Dean et al. 2010, Chernozatonskierbin, and Bellucci 2016p energy storag&Zheng et

al. 2018, Wang et al. 2021, Liu et al. 202R¢cent studies have highlighted the role of defect
engineering in BN, where the controlled introduction of defects can significantly aker it
electronic(Toledo et al. 2018, Guo et al. 2014#)ptical (Cheng et al. 2024, Behzad and
Chegel 2024) and mechanica(Shen and Zhu 2023, Mousavi and Montazeri 2023)
properties. This tunability makesBN a promising candidate for advanced applications such

as electrode aterils in supercapacitars

The layered structure ofBN allows for various types of defects, includifWong et al.
2015,Liu, Zou, and Yakobson 2012, Ponce et al. 2024)

1 Point defects such as nitrogen vacan{ygég and boron vacancies gy
1 Antisite defects where nitrogen occupies a boron(klig or vice versa (B).

1 1D defects like graindundaries and dislocatians

Additionally, carbon impurities nyasubstitute either nitrogen (or boron (@) sites. These
extrinsic defects can be introduced during synthesisviar environmental exposure

(Maciaszek, Razinkovas, and Alkauskas 20&8portantly, carbon substitution is known to
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reduce the bandgap energy ofBN, thereby ahancing its electrad and thermal
conductivity Among various strategies to further modulate the physicochemical properties
of h-BN, transition metal doping has emerged as a powerful approach. Manganese (Mn), in
particular, has attracted interest duésamultiple oxidation states (Mfy Mn®*, Mn**) and

ability to introduce localized states within the bandgap of se@&ledgap semiconductdpsu

et al. 2022, Ruf et al. 2016b, Aleinawi et al. 2028forporating Mn into the-BN lattice

can potentially indceelectronic, and electrochemical activity, which are otherwise absent
in pristine RBN. Firstprinciples studies have shown that Mn atoms can substitute boron or
nitrogen sites and create ngdp states that enhance carrier density modulate spin

polarization

From an electrochemical perspective,-doping is particularly appealing for supercapacitor
applications. The introduction of Mn can improve electrical conductivity, surface redox
activity, and pseudocapacitive behavior, thereby enhancing #igecktorage capathiliof

the host materigl Al a Kk e t In laykred material®like-BN, such dopants may also
facilitate intefayer charge transfer and improve ionic accessibility through defggcted

channels.

Recent experimental works have reported the successful incorporation of Mn into various

2D material s, such as graphene and ntépS d
cycling stability, and rate capabilifftingha et al. 2020, Ahmed, Singh, and Arya 2025)
However, the controlled dam of Mn into kBN remains underexplored, particularly with

respect to understanding the relationship between dapdunted defect structures, local

bonding environments, and electrochemical performance.

The remarkabl¢hermal and chemical stability ofBBN makes it a highly desirable material

forapp i cati ons in harsh environments. With de:c¢
in air and exceptional oxidation resistance up t0i850 0 A C, maki ng It !
applications in extreme environmentsisas aerospace, higilower electrorts, and thermal
coatings(Wu and Han 2020, Jaffe et al. 202Blpwever,this very stability also presents
significant challenges when it comes to doping. Unlike more reactive mater&isrésists

the incorporation of foreign atoms due to its stronglane B N covalent bonds and its wide

bandgap which result in low defect formation energies only under extreme synthesis



conditions such as high temperature or plassgsted environments. Conventional doping
methods often lead to low dopant solubilitjustering, or unwanted phase segregation,
limiting the effectiveness of electronic and optical property modulation. Furthermore,
maintaining structural integrity while introducing substitutional or interstitial dopants
without inducing excessive defectsmwains difficult. These challenges necessitate the use of
advanced strategies, including highergy ball milling, complex chemical processes,

recrystallization, and high temperature heat treatment.

In this chapter, the structural, optical, and electroharacteristics#N are systematically

examined, with particular emphasis on the role of intrinsic point defabtsse naturally

present within the latticeand extrinsic defects introduced through intentional doping. The
discussion provides a foundatal understanding of how such defect types influence the

mat erial 6s fundament al properties. This c¢hi
subsequent chapters, which explore various defiegineering strategies aimed at enhancing

the functionaperformance of 4BN, particularly in relation to its electrochemical behavior.

1.2.Literature R eview

1.2.1.General Properties of -BN

h-BN is composed of alternating boron and nitrogen atoms arranged in a honeycomb lattice,
structurally analogous to graphite. It was first synthesized in 1842 by W. H. Balmain through
a reaction between molten boric oxideBds) and potassium cyanide (KCN), atigh its
layered structure was not clearly identified until the advent of modern crystallographic
techniques in the mi@0th centuryPakdel, Bando, and Golberg 201®ver the years,-h

BN evolved from a reitively obscure ceramic material to a subject of intense research due
to its uniqgue combination of chemical stability, high thermal conductivity, excellent
insulating behavior, and atomically smooth surface. The crystal structureBbdf is

governed by sdiybridized B N bonds forming a hexagonal arrangement within each layer.



These layers are stacked via weak van der Waals interactions aloraxibewith the most
thermodynamically stable configuration bein
layer align with nitroga atoms in adjacent layerdhe inplane lattice constant is
approximately 2.50 A, and the interlayer distance is around 3.33 A, closely resgthklin
parameters of graphit@Vatanabe, Taniguchi, and Kanda 200BN exists in various

crystalline forms. The hexagonal formBN is analogous to that or graphite, packing a

layered structure. There is also the cubic forBNcwhich is similar to diamond, and it is

the secondhardest material known.

The stability of the material is mainly governed by purity, average grains size, and defects
concentration. Similar to different carbbased variants, BN also can exist iffetient

nanomorphologies. Figutebelow shows the different morphologies of BN.

Nanosheet Nanoribbon Nanotube

Figure 1. Various modes of 2D, 1D, and OD BNhowing the versatility of the atoms
arrangement in the structyedapted fronfPakdel, Bando, and Golberg 2014)

From a physical properties standpointBN is classifiedas a deeqltraviolet insulator
(Watanabe,Taniguchi, and Kanda 20047 his bandgap can, however, be tuned through
defect engineering and doping, which has significant implications for optoelectronic
applications. The material demonstrates high thermal conductivity (up to 408. ¥ rim-

plane), &cellent resistance to oxidation (stable up to 1000 °C in air), and chemical inertness
in both acidic and basic environmefiBagzkowicz et al. 2002)Unlike graphene, which is
metallic or semimetallic, the ionic character of thigNBbond imparts intrinsic electrical
insulation to RBN, making it a complementary 2D material in van der Waals
heterostructures. Its atomically flat, cgeneutral surface also supports defieet epitaxial
growth of 2D semiconductors, thus positionir®N as a critical platform in the emerging

fields of nanoelectronics and quantum devi€Esan et al. 2016)Despite its structural



simplicity, BN hosts a variety of defects and dopants that significantly modify its physical
and electronic properties, such as siqgteton emission, modulated bandgap, and enhanced
electrochemicahctivity. These aspects have become central to recent research, particularly
in the context of catalysis and supercapacitor applications.

1.2.2.Intrinsic point defects in h-BN

Although pristine BN is often desribed as astructurally perfect material, realorld
samples frequently contain a variety of intrinsic point defects that strongly influence its
electronic, optical, and electrochemical behavior. These defects arise naturally during
synthesis, especially under higgmperatures or nestoichiometric growth conditions, and
include vacancies, antisite defects, and interstitials.

1.2.2.1.Nitrogen and Boron Vacancies

The most common intrinsic defects ¥BIN are W andVg, which correspond to the absence

of a nitrogen oboron atom from the lattice, respectively. Fpsinciples calculations have
shown that W defects are more thermodynamically favorable tharuMer nitrogerpoor

or boronrich growth conditions, owing to the lower formation ene(gytaccalite et al.

2011) These defects introduce localized states within the bandgap and are often responsible
for optical transitions observed in phatolinescence (PL) and paramagnetic signals
detected via electron paramagnetic resonance \Ep&ttroscopyToledo et al. 2018V n
defects, in particular, have been identified as likely candidates forgihgten emitters due

to their characteristic zeqghonm lines in the visible rang&ungvirth and Fuchs 2017)
Moreover, \{ centers are paramagnetic and have been successfully simulated and identified
in X-band EPR studies withgglues around 2.002.006(Cassabois, Valvin, and Gil 2016)



1.2.2.2 Nitrogen and Boron Interstitials

Interstitial defects in BN refer to the presence of additional nitrod&) or boron(B)

atoms occupying positions in the lattice that are not normally host sites. These atoms can
become embedded in the lattice during-eguilibrium processes such as higergy ball

milling, ion irradiation, or plasmassisted synthesis. Compared to va@s)dnterstitials
generally exhibit higher formation energies, making them less likely to form under
thermodynamic equilibrium but increasingly probable under-eiggrgy conditions or in the
presence of defect clusteringpensity functional theoryl{FT) calcultions reveal that N

atoms often stabilize in a dumbb#Ke configuration, forming bonds with neighboring
nitrogen atoms out of the basal plane. This geometry introduces shallow donor states and
enhances 4tiype conductiity. In contrast, Batomstend to create deeper electronic states
within the bandgap due to the mismatch in atomic size and electronegativity, leading to
significant lattice distortiongLi et al. 2023 Azevedo et al. 2009)

1.2.2.3.Antisite Defects

Antisite defects, where a borotoen occupies a nitrogen siteBor vice versa (b)), are
another class of intrinsic point defects HBN. While these are energetically less favorable
than vacancies, they cédorm under highenergy processing techniques suchatsmilling

or irradiation(Stefanowicz et al. 2014PFT calculations indicate thatnBantisites induce

deep acceptor levels within the bandgap, significantly affecting tletr@déc transport
properties Additionally, Frenkel pairsvhich composed of a vacancy and an associated
interstitial (eg., a displaced nitrogen atongan be produced under electron irradiation or

ion bombardment. These complex defects are known to contribute to the degradation of
crystallinity and modify the nehanical and dlectric performance of-BN (Kumar et al.

2024)



1.2.3.Extrinsic Defects in hBN

While intrinsic defects in #BN significantly impact its electronic and optical properties,
extrinsic defects originating from foreign atoms introduced during synthesis or post
processing can provide even greater tunability. Among the most studied extrinsic
modifications are carbon substitutional impurities and transition mepards, particularly

Mn, due to their potential to activate otherwise inefBN for electronic, optical, and

electrochemical applications.

1.2.3.1.Carbon (C) Impurities in h-BN

C atoms can enter theBN lattice unintentionally during synthesis, particularly when using
carboncontaining precursors, crucibles, or contaminated environments. These impurities
may substitute either boron g€lCor nitrogen (&) atoms due to the comparaldtomic radi

and bonding capabilities, creating localized states in the band structure and breaking the B
N symmetry. Firsprinciples studies have shown that carbon substitutipsi@sis more
favorable than aCg sites particularly under nitrogedeficient conditions. & defects
introduce localized dondike states, which narrow the bandgap and enhanceerisibbe

PL (Babar et al. 2025Experimental observations using electron energy loss spectroscopy
(EELS) and Xray photoelectron spectroscopy (XPS) have confirmed the presence of C
related ~* and -doped kBN, mdicating sp? rhybridiaatidn @nd strong
coupling with theBN matrix (Pakdel, Bando, and Golberg 201@arbon impurities have

also been associated with broad photoluminescence peaks andteroparature
paramagnetism, suggesting the presence of dedlated enernglevels and unpaired spins
(Mendelson et al. 2021)n electrochemical applications, carbon incorporation has been
shown to enhance conductivity and introduce psaag@acitive behavior, offering a route

to activate FBN for supercapacitor elecies(Li et al. 2019) This is particularly important,

as pristine BN is typically insulating witHow charge storage capability.



1.2.3.2.Mn Dopant in h-BN

Doping BN with transition metal ions such as Mras been explored as a strategy to induce
magnetic, catalytic, and electrochemical functionalities. Theoretical studies based on DFT
suggest that Mn atoms preferentially substitute boron sites)(re tofavorable formation
energies and bonding configuratioftésu et al. 2023)This substitution creates partially

filled d-orbitals that can introduce mghp states, enhance spin polarization, and modify the
local electronic density of states. Expnentally, Mn doping in #8N has been achieved
through ion implantation, chemical vapor deposition (CVD), and-pg#hetic treatment

with Mn salts followedby hightemperature annealing. ERReasurements have provided
strong evidence for the presencé o Mn | S p e c iBdl,swithi aharadtesigtie d h
hyperfine splitting due tvalues ranging frorvV002ntai c | e u
2.005, dependig on the local coordinatiqiKeller et al. 2016)The detection of such signals
confirms the incorporation of 1isolated Mn]
PL studies further support the role of Mn dopants in modifying optical behaviemiiiced
guenching of native PL signals is often observed, attributed to nonradiative recombination
channels introdwed by theebr bi t al sY s eMn | Pr i ce, Hardal , A
Moreover, in the context of electrochemistry, Mn doping has been shown to enhance
Faradaic charge storage behavior, likely due to the redox activity of Mn ions and the catalytic
activationof adjacent BN lattice sitd&mmar, BakarMisirlioglu, et al. 2023)Despite these
promising effects, challenges remain in achieving uniform Mn distribution and controlling

the oxidation state during synthesis. Overdgmr cluster formation can lead to undesirable
secondary phases or degradation of the crystalline quality-BN.hMoreover, the
exceptional chemical and thermal stability ofBN, while advantageous for many
applications, presents a significant challerigr the effective incorporation of transition

metal dopants such as Mn into its lattice. This inherent resistance to chemical modification
often limits the success of conventional doping techniques. To overcome this limitation, the
subsequent methodologection introduces an innovative and eeficient strategy that
integrates mechanical activation, chemical treatment, anetégperature processing. This
multifaceted approach aims to facilitate the successful incorporation of Mn ions into the h

BN structure by enhancing defect formation and dopant diffusion pathways.
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Figure2 below summarizes the possible intrinsic and extrinsic defects that can form in the

structure of FBN.

Mn dopant

Nitrogen Boron
vacancy vacancy

Figure2: Possiblantrinsic and extmsicdefects in FBN lattice showing \, Ve, C defects,
and Mn dopant in the structure oBN
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1.3.Methodology

This section outlines the experimental and analytical techniques employed to investigate the
defectinduced behavior of 4BN materials. The methods were selected to ensure
reproducibility, precision, and relevance to tigectives outlined in thishapter In this
research, commercially aable RBN powders were systematically modified through high
energy ball milling to introduce structural defects. The resulting materials h@@ighly
characterized using ERRL, and Raman spectroscopiesnvestigte the nature and extent

of the induced defect states. Particular attention was given to correlating the type and density
of these defects with the electrochemical behavior eBNkbased electrodes in
supercapacitor systems. By establishing a clearer rsiadeling of the role of defect
engineering in modulating charge storage mechanisms, this study aims to advance the
functional optimization of 8N for energy storage applications. The findings are anticipated

to contribute valuable insights toward theigaal design of higiperformance electrode

materials based on defdeilored RBN.

1.3.1.Mechanical Processing

High-energy ball milling was employed as a mechanochemical method to induce structural
modifications and facilitate dopant incorporation into the host matrix. Ball milling is a widely

used soligstate processing technique that utilizes mechanical forgesltie particle size,

create structural defects, and enhance stk reactivity through repeated impact and shear

forces generated by colliding milling media. In this study, equal masses of each sample were
subjected to milling using a Planetary Miciill PULVERISETTE 7 (FRITSCH,

Germany). The process was carried out for several hours at a rotational speed of 800 RPM,
maintaining a balto-p o wd e r wei ght rati o of 10: 1. Zirc
diameter of 10 mm were used as the grindingioreddue to their high hardness and low

contamination potential. All milling operations were performed under identical conditions to

12



ensure consistency across samples and to isolate the effect of processing parameters on

structural and functional properties

1.3.2.Materials and Synthesis

1.3.2.1.Mechanical Induced Defects

To investigate the role of intrinsic point defecsd carbon defecia h-BN, two distinct

sample batches were synthesized under controlled conditions to selectively promote the
formation of specific defect types namely, carbon imptnetated defects andaefects.

These tailored modifications enabled a systematic exation of the defeeinduced

changes in the structural and functional propertiesBRNh.Amorphoush-BN, used as the

primary precursor in this study, was sourced from PavTec, Turkey, with a reported purity
exceeding 99. 98 % a cteahnicdl datagsheet.oTo induee crgstalpnpyl i e r ¢
and investigate the role of thermal energy in defect formation, the amorpiBNipbwders

were subjected to higlemperature annealing under an inert argon atmosphere through two
distinct thermal treatment proo c o1 s : 14 0 OHBAND) (adnedn ot 50 asC ( d
NHBN), each for a duration of 2 hours. The
the known evaporation point of bor ebasedoxi de
ceramics, whichflly vol ati |l i zes above 1300 Afue thus
crystalline RBN. A second, highet e mper at ure route at 1950 AC
defect formation within the hexagonal lattice while preserving the structural integrity of h

BN, based on prior literature demonstrating that thermal degradation under inert conditions
typically init Tafurthes enhaboe vhe cocénbaldion A . diversity of
structural defects, higanergy mechanical ball milling was performed onhbtitermally

treated samples. This mechanical processing step was intended to induce localized lattice
distortion and create neequilibrium defect sites. These combined thermal and mechanical

modification strategies were designed to systematically expiherecorrelation between
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synthesis conditions, defect density, and the functional behavieBbf im energy storage

applications.

Figure3 below summarizes the aforementioned process.

Defect Inducing Detect Characterisation
. High energy ball milling L L]
Commercial \
" eer

h-BN powder @ @
—

Figure 3: Schematic of the sampling, defeiciducing, and defect characterization of
intrinsically defective FBN

1.3.2.2.Mn-dopedh-BN synthesis

To address the challenges posed by the exceptional chemical and thermal inertfigdds of h

during the doping process, a tailored synthesis route was develdmegrocedure begins

with a mechanical activation step involving highergy ball milling, which serves to

introduce structural defects and enhance the reactivity of the material. This is followed by a
chemical synthesis phase, wherein the precursor ialatere dissolved and thoroughly

mixed to ensure homogeneous distribution of the dopant species. The final stage involves

t her mal treat ment at el evated temperatur e:
recrystallization and facilitating the incorporatiohMn ions into the BN lattice through

diffusion-assisted mechanisms.

First, the commercial-BN powder obtained &/ PavTec Turkey is mixed withanganese
Nitrate Tetrahdyrate (MAT (CH3COO)»Mn.4H.0), Acros Organics, 99% purity, CAS No.:
615678-1. The powder mixture is then placed in a hagtergy ball milling device, and ball
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milled at 800 rpm for 24 hours in a batkpowder ratio of 10:1The precursor material is
thendissolved in methanol (G@H), Sigma Aldrich, 99.8% purity, Cas No.: 66-1 to
ensure successful dissolving of MAT, and then the mixtures is sonicate®CGafof®B hours

to maintain a homogeneous mixture and prevent agglomeration of the layeBsloNext,

the precursor materia$ filtered and dried overnight at 9C, and finally, the precursor
material is placed ia hightemperature oven under nitrogen gas flow and heat treated at 700
°C to 900°C for 4 to 10 hours, to ensure sufficient recrystalion of the materialigure4

below shows the schematic of the synthesis procedure.

Ball milling at 800 rpm N2 gas flow
For 24 h. 10:1 Ball-to-
Powder ratio

/

h-BN + MAT powder

OO — A 5999

The precursor is PreCU rsor .
HesclvedinRidtians High T thermal treatment
. ! reactant between 700 to 900 °C for 4
sonicated for 3 hours, 10h
filtered and dried iy

Figure4: Schematic of the synthesis procedure of Mn dopBtlhshowing the sophisticated
process of synthesis combining mechanical, chemical, and thermal procéssenmaterial
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1.3.3.Structur al Characterization

1.3.3.1.X-ray Diffraction

X-ray diffraction KRD) was employed to investigate the crystalline structure, phase
composition, and structural changes in the synthesized samples. XRD is a nondestructive
analytical technique that provides information on the crystallographic arrangement of atoms

by measuringhte diffraction pattern of Xays incident on the sample. The diffraction
patterns arise due to constructive interfer
l aw na = 2dsind, where o-raydisthbéisterplaaavspdgengt h
and d is the diffraction angl e. The XRD pat
di ffractometer operating with Cu KU radiat
carried out in the 2d range oahapfdr@riategscan 90 A,
speed to ensugesufficient signalto-noise ratio. The collected diffraction data were analyzed

to identify the phase purity, determine crystallite size using the Scherrer equation, and
monitor any peak broadening or shifts indicative of sfralefects, or dopingelated

structural modifications.

For phase identification and structural evaluation, the diffraction data were processed using
standard peaknatching software. In addition, Rietveld refinement was carried out using the
MAUD softwareto extract detailed crystallographic parameters, such as lattice constants,
phase fractions, atomic positions, and microstrain. The refinement procedure employed a
pseudeVoigt profile function to fit the experimental patterns with reference crystal
strudures from the crystallography open database COD. The average crystallite size (D) of

the samples was initially estimated using the Scherrer equajion
o — 1)

Where D is the average crystallite size in nm, K isstiggpe factor, typically taken as 0.9 for
spherical crysbagl wavebengt hs(Oheé5X06 nm for
full width half maximum (FWHM) of the peaks
of the 2d value of the peaks).
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To further analyze the effects of crystallite size and lattice strain on peak broadening,

Williamsoni Hall (Wi H) analysis was performed using the relatitustrated in Equation

(2):
I 60€i — 1 "YQ& — (2

Wheref represents thmicrostrain within the lattice. This mulgironged XRD methodology
provided comprehensive insights into the structural evolution of the materials under different

doping levels, thermal treatments, and synthesis routes.

1.3.3.2.Scanning Electron Mcroscopy

The surface morphology and microstructural characteristics of the samples were examined
using scanning electron microscop$EM), which provides highresolution imaging by
scanning a focused electron beam over the sample surface and detecting emittedysecondar
electrons, which offer detailed topographical contrast. This technique is particularly valuable
for analyzing the shape, texture, and agglomeration of particulate materials. In this study,
SEM analysis was performed using a Hitachi -BlBD0 microscope, @pated at an
accelerating voltage of 3 keV. The imaging was conducted over a magnification range of
1,000x to 75,000x%, enabling the observation of both raamd nanoscale features. To
minimize charging effects and improve image quality, all samples eoated with a thin
conductive layer of golghalladium (Au Pd) using a sputter coater prior to measurement.
The resulting micrographs provided critical information regarding particle morphology,

distribution, and structural changes associated with mechanidéhermal processing steps.
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1.3.4.Electronic Characterization

1.3.4.1.Electron Paramagnetic Resonanc&pectroscopy

Electron paramagnetic resonandePR spectroscopy was employed to investigate the
presence, concentration, and local environment of unpaired electrons and paramagnetic
defects in the synthesized materials. EPR is a powerful and highly sensitive characterization
technique that detects tramsits between magnetic energy levels of unpaired electron spins

under an external magnetic field. The fundamental working principle of EPR relies on the

Zeeman effect, where unpaired electron spin
thepresere of an external static magnetic field
of frequency (3), resonance absorption occ

matches the energy difference between the spin sublevels. This conditiceriisatklgythe

resonance condition Ubtrated in Equation )3
D Q6 (3)

Where: h is Planckdés constant, 3 i sfactorhe mi c
(which depends on the local electronic environmént)s the Bohr magneton, and B the

external magnetic field strength. Deviations in the measufadtgr from the free electron
value (g a4 2.0023) provide insights into t
degree of spHorbit couplirg, and lgand field effect$2006b, 2006e, 2006¢, 2006d, 2006a)

To fully describe the magnetic interactions experienced by the paramagnetic centers, the
systembs tot al ener gy c¢an loemalmo dsdllseatedin si n g
Equdion (4):

(" 50n8BY Y0 OQyov Goan: a Sowd: 0o (4)

Where: gis the Zeeman interaction term, describing the interaction between the external
magnetic field and the electron spin (SAl is the hyperfine interaction terrapresenting
the coupling between the electron spiy dnd nearby nuclear sping ¢haracterized by the

hyperfine coupling tensorAj, Hzrs is the Zerefield splitting (ZFS) term important for
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systems withspinS®/ 2 (e. g., transition met alspin ons
interactions within the same center even in the absence of a magnetic figld;isithe
dipolar interactions describing spapin coupling between different paramagnetic centers
and HexchangelS the exchange interaction term, relevant when electron spins in neighboring

atoms interact through exchange coupling.

High-frequency EPR measurements were conducted using a Bruker ELEXSY8 E
spectrometer operating in-kand (33.8 GHz)at room temperature, under identical
experimental conditions for all samples. Equal masses of powder were loaded into quartz
EPR tubes to ensure consistent signal intensities for comparative analysis. Additionally,
complementary and (9.68 GHz) measuremts were carried out using a Bruker EMX

nano spectrometer, also at room temperature, to confirm the reproducibility of spectral
features and to enhance spectral resolution for samples with broader or overlapping signals.
The obtained spectra were analyzedidentify hyperfine interactions, line broadening
effects, and dactor variations associated with intrinsic or dopadiuced paramagnetic
centers. Simulations of the experimental spectra were performed using the EasySpin package
(Stoll and Schweiger 2006p MATLAB-based EPR simulation toolbox), allowing for

detailedfitting of spin Hamiltonian parameters and validation of the spectral assignments.

1.3.4.2.Photoluminescencespectroscopy

Photoluminescend®L) spectroscopy was utilized to probe the optical properties and-defect
related emission features of the synthesized materials. PL is -destmctive optical
technique that involves the excitation of a sample with a light source and the subsequent
measirement of emitted photons as electrons recombine from excited states to lower energy
states. The resulting spectra provide insights into band structure, defect levels, and
recombination mechanisms within the material. The PL spectra were recorded us8igy an
spectrofluorometer (Edinburgh Instruments), equipped with a 150 W contimames(CW)
ozonefree xenon arc lamp as the excitation source. The system featuresiTzeney

monochromators with plane gratings for both excitation and emission pagsngffigh
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spectral resolution and wavelength selectivity. A RSMID photomultiplier tube detector

was employed for sensitive photon detection across a broad spectral range. All measurements
were carried out at room temperature, and identical instrunseitadgs were applied to all
samples to ensure consistency and comparability of emission intensities. The recorded
emission profiles were analyzed to assess deétated transitions and changes in radiative

recombination behavior due to structural madifions or doping.

1.3.4.3.Raman $ectroscopy

Raman spectroscopy was employed to analyze the vibrational modes and structural order of
the synthesized materials. This technique is based on inelastic scattering of monochromatic
light, typically from a lasesource, and provides information about molecular vibrations,
phonon modes, and crystal symmetry. Raman spectroscopy is particularly sensitive to lattice
defects, dopant incorporation, and disorder in crystalline and nanostructured materials. In
this study,Raman spectra were recorded using an inVia Raman spectrometer (Renishaw,
UK) equipped with an upright optical microscope for precise sample focusing and spatial
resolution. A 532 nm frequen@oubled Nd:YAG soliestate laser was used as the excitation
souce. To prevent local heating and possible structural degradation of the samples, the laser
power was carefully limited to 1% of its maximum output during all measurements. The
system was calibrated using a standard silicon reference prior to data@oll€h# obtained
spectra were analyzed to identify characteristic phonon modes, assessindefsad
broadening or shifts, and monitor structural changes resulting from doping or processing

treatments.
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1.4.Results and Dscussions

1.4.1.X-ray Diffraction of Mechanicaly Induced Defects in kBN, and Mn:hBN

The crystalline structure, phase composition, and average crystallite size of the samples were

invesigated using XRDThe corresponding diffractograms for the pristine andrnaléd

h-BN samples areshown in Figire5 below.
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Figure5: XRD diffractograms of HBN and NBN sampleshefore and after ball milling
showing the effect of the ball milling process on the crystalline structurd3df h

Both samples display theharacteristic diffraction gaks of RBN, indexed to the (002),
(100), (101), (102), (004), and (120) pl ane
42°, 44°, 50°, 55°, and 76°, respectively. These reflections are consistent with the standard
h-BN reference pdern (JCPDS No. 30421) (Nie, Jia, Guo, He, Weng, Li, et al. 2024,

Huang et al. 2013)The presence of sharp and waifined peaks in each sampidicates a

relatively high degree of crystallinity. Notably, the HBN and HRBEamples exhibittearper
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peak profiles than the®BN sample, implying a lower concentration of defect skeseak

di ffraction peak around 2d BBlmdarples, wisichisbser v
attributed to the stacking ofBN layers along the-axis (Choi et al. 2019)Additionally, a
significant difference is noted in the intensity of the2p@eflection between HBN and
NHBN samples. Since this peak corresponds to the interlayer spacing aloraxtb@tthe
layeredstructure, its suppression inHBN is indicative of a higher awsity of structural
defects(Ji et al. 2012) The (002 peak intensity is further diminished after ball milling,
confirming the successful introduction of additional defects in both thesHBMN NHBNpm
samplesTo gain deeper insight into the structural ordering and phase composition, Rietveld
refinement wagperformed using Maud software. The refinement utilized crystallographic
cards corresponding to space groupsniZ6for the hexagonal phase and Fmmm for the
graphitelike phase. The results of thdirement are presented in Fig@,eAppendix 1, and
Table2.

Table2: Phase ratio, lattice parametensl® of unmilled and balmilled -BN samples

Sample Phase Ratio (%) @ a (nm) b (nm) ¢ (nm) D (nm)
e ReaE % 2l 2see T
HBNe  Graghie 7 28 432 533 245
NHBN ke B sas  4s aa 32.2
NHBN | Gihike 5 24 ass  asl 217
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Figure 6: Reitveld refinement of NBN samples, showing the ratio of each phase in the
cysrtal structure of 8N

The analysis indicates that the hexagonal phase remains dominant in all samples and
becomes more prominent following ball milling. Furthermore, the reduction in crystallite
sizeafter milling is expected to enhance the surface-er&alume ratio, which is favorable

for electrochemical applications be discussed in the next chaptérsubtle contraction in
lattice parameters was observed for the BBBample, where the-a&xis lattice constant
decreased from 6.67 nm in the pristine HBN to 6.64 nm after ball milling. This change
suggests a possible reduction in interlayer spacing due to strain effectednby
mechanical processin@henoy et al. 2021 his structural compression may also point to
an increase in defect density and enhanced cudativity. In contrast, the HBN sample

did not exhibit a comparablshift in lattice parameters. Additionally, a notable decrease in
the intensity of the graphiiéke phasewvas observed in both HBN andHBN samples after
milling, in agreement with the morplogical changes confirmed byE®! analysisto be
discussed nextastly, the NHBNpm sample exhibited a slightly smaller average crystallite
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size compared to HBN, a factor that is likely to contribute positively to its electrochemical
performancel t i s al so worth t hat
NHBN samples. This peak is not associated with any phase of BN. Furthermore, the peak

disappears after ball milling NBHN, and it does not appear in any other samples except

not i

ng

eesltioe r e

NHBN. The fact that ball milling led to the disappearance of the peakharabsence of

this peak in HBN samples suggests that this is most likely a mechanically vulnerable

crystalline phase that is favored by the heat treatment conditions of NHBN samples, thus

disappearing after the ball milling process.
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Figure 7: XRD diffractograms of Mrdoped h-BN samples at different heat treatment
temperaturesshowing the effect of the heat treatment temperature, and theéopamt

percentage on the crystal structure @\
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To investigate the influee of manganese doping and thermal treatment on the
crystallographic structure ofBN, XRD analysis was performed on bulkBN and Mn

doped kBN samples subjected to different calcination temperatures (700 °C, 800 °C, and
900 °C). The diffraction pgeernsare presented inigure 7, where bulk FBN is shown as a
reference (blue curve), and Mioped samples with 1, 3, and 5 at.% Mn are plotted with
varying line styles and colors according to the calcination temperailirambserved
diffraction peaksorrespond well to the charactemsteflections of BN (JCPDS No. 34

0421), confirming the retention of the hexagonal phase after Mn incorporation. The main
diffraction peaks appear at approximately 26.7°, 41.6°, and 55.0°, which correspond to the
(002) (102), and (004) planes, respectively. These reflections are consistent across all
samples, indicating that the crystal structure -&Nhis preserved even at high Mn doping
levels and elevated calcination temperatutdsmpared to pristine-BN, the Mnrdoped
samples exhibit a noticeable broadening and intensity reduction in the (002) peak. This trend
becomes more prominent as the Mn content increases from 1 at.% to 5 at.%, suggesting a
reduction in crystallite size and/or an increase in structural disodieke to substitutional or
interstitial incorporation of Mn ions. The
values in the highly doped samples, indicative of possible lattice expansion caused by the
ionicsi ze mi s mat cdndthedhosmtoens. Buchvarshift implies a distortion along

the caxis, which is consistent with Mn incorporationarthe layered structure ofBN.
Thermal treatment plays a crucial role in influencing the crystallinity and phase evolution of
the doped systems. AD@ °C, all Mndoped samples exhibit broadened peaks with low
intensity, reflecting incomplete crystallization or high defect concentration. Upon increasing
the temperature to 800 °C, a significant improvement in peak sharpness and intensity is
observed, idicating enhanced crystal ordering and grain growth. However, further
increasing the temperature to 900 °C does not yield a substantial increase in crystallinity for
the 3% and 5% Migloped samples, suggesting that higher dopant concentrations may inhibit

full structural recovery even at elevated temperatures.
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Theaverage crystallite sizesults are summarized in tableé&ow:

Table3: Latticeparameters anB of Mn doped kBN samples calcined at various
temperatures

Sample a(nm) b (nm) ¢ (nm) D (nm)

Mn1:hBN 700°C | 2.23 2.23 511 84.1

Mni:hBN 800°C | 2.21 2.21 5.67 93.1

Mn1:hBN 900°C | 2.36 2.36 5.8 108

Mnz:hBN 700°C | 2.42 242 6.3 88.3

Mnsz:hBN 800°C | 2.42 242 6.4 97.4

Mnsz:hBN 900°C | 2.43 243 6.5 109.9

Mns:hBN 700°C | 2.51 2.51 5.9 98.3

Mns:hBN 800°C | 2.51 2.51 6.5 102.5

Mns:hBN 900°C | 2.51 2.51 6.6 112.5
| mportantly, no secondary peaks correspondi
Mn O ) or ot her I mpur ity phas eaesoluteom. dhisdet ect

suggests either successful incorporation of Mn ions into-BM Mmatrix or the formation of

highly dispersed amorphous phases below the XRD detection limit. The homogeneous
distribution of Mn without phase segregation is essential fontaaing the intrinsic
properties of FBN while introducing desirable electronic or magnetic functionalities.The
systematic XRD analysis demonstrates that Mn doping up to 5 at.% can be accommodated
within the RBN lattice without disrupting its hexagonafgcture. While higher Mn content

and lower annealing temperatures introduce structural disorder and reduce crystallinity,
thermal treatment at 800 °C appears optimal for balancing dopant incorporation and crystal
quality. The absence of secondary phagatér confirms the structural integrity of the Mn
doped RBN system, making it a suitable candidate for deésgineered functional

materials.
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1.4.2.Scanning Electron Microscopy Image®f Mechanically Induced Defects in h
BN, and Mn:hBN

The structuralmorphology of the synthesizedBN samples was examined using SEM.
Representative SEM griographs of both the HBN andHBN samples, before and after ball

milling, are presented in Figuge

ST 200kV x15.0k TE

ST 200kV x20.0k TE 50um ST 200kV x25.0k

Figure8: SEM images of HBN and INBN samples before and after the ball milling process,
showing the influence of ball milling on the morphology

All samples exhibit a characteristic nanosheet morphology, which becomes noticeably
reduced in lateral dimensions following the milling process. Tédsiction in sheet size is
attributed to the mechanical shearing forces induced bydnghgy ball milling. The 2D
nanosheet configuration is considered advantageous for electrochemical applications due to
its inherently high surface area, which offergraater number of accessible active sites for
redox reactions and facilitates potensaflface functionalizatio(Khan et al. 2016, Garcia
Miranda Ferrari, RowleyNeale, and Banks 202\Vhile the formation of twalimensional

layers is typical for RBN, it is known that undespecific synthesis conditionsuch as
exposure to high mechamail stress or elevated pressutteeedimensional phases may
emerggSchimpf, Motylenko, and Rafaja 2013his is evident in th SEM images provided

in Appendix 2 where both HBN and NHBN samples exhibit minor 3D features.
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These are most likely the result of nanosheet folding, wrinkling, and partial stacking. The
presence of these structural deviations is consistent with the phase information derived from
the Rietvell refinement analysis discussed in the XRD results section, where such minor 3D
phases are also considered.

1.4.3.Raman Analysis of Mechanically Induced Defects in BN, and Mn:hBN

h-BN shares a structural resemblance with graphite, as both materials are composed of two
dimensional atomic layers arranged in a hexagonal lattice. However, in contrast to the AB
stacking of graphite, BN ex hi bi ts an AANAAN] s toertaomsn g con
in one layer are positioned directly above nitrogen atoms in adjacent layers, and vice versa.

A distinguishing feature in the Raman spectrum-8hhis a prominent isplane vibrational

mode with 05+ or E2g sy mmedt rcyichinpf Matylerkd, | v ¢ e
and Rafaja 2013, Reich et al. 200Bhis mode originates from the relativegtane motion

of boron and nitrogen atoms within the same layer, and the displacements in adjacent layers
occur in a symmetric manner. Due to this symmeting longitudinal optical (LO) and

transverse optical (TO) modes do not split, as their contributions effectively cancel out.
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Figure9: Firstorder Raman spectaf HBN and NHBN samples, shown before and after
the baltmilling process. The E2g vibrational mode eBN is illustrated in the topight

corner

Figure8 illustrates the Raman spectra béh-BN samples, captured both before and after

undergoing higkenergy ball milling. TheFWHM of the characteristic Raman peak was

evaluated to assess the degree of stratorder. As shown in FiguBand supported by the

FWHM analysis, the mechanical milling process introduces notable lattice disorder, which

is reflected in the broadening ¢fet Raman peaks. This broadening serves as an indicator of

reduced crystallinity and a diminished lerapge structurabrder within the material
(Eckmann et al. 2013, Betsch, Park, and White 1981)-BN, the characteristic Raman

active

E

g

phonon

mo d e

typically

appears

This mode arises from the-plane vibrations of boron and nitrogen atoms. In wetlered

crystalline RBN, the phonon lifetime igelatively long due to coherent lattice vibrations over

extended distances, resulting in sharp and-defined Raman peaks. However, broadening

of thi

S

E g

peak i

ndi

cates

a

reduction i

increased phononcattering. This scattering arises from various forms of lattice disorder

introduced through the ball milling process.
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1.4.4. Electron Paramagnetic Resonancef Mechanically Induced Defects in RBN,
and Mn:hBN

EPR spectroscopy is a highly sensitive technigugfobing paramagnetic centers, capable

of detecting spin concentrations as low as 102 spins, making it particularly suitable for
investigating ionized defect centers in seadtdte material§Toloman et al. 2025, Ammar,
Yildirim, et al. 2023, Ammar, Stan, et al. 2023, Aleinawi, Saritas, el0252 The Qband

EPR spectra siwn in FigurelOa and 16 reveal distiot signatures for the HBN andHBN

samples.
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Figure 10. Q-band EPR spectra of the unmilled and 4pailled HBN (a) andNHBN (b)
samples. Simulation of thHHBN EPR spectrum (c) reveals that the defect centers are
nitrogen and not boron based

The pristine HBN sample exhibits a sharp, intense resonance with a linewidth of
approximately 0.2 mT and awvalue of 1.996. This signal does not corgpto typical \&

nor Vn centers, which are usually characterized dbmplex hyperfine structurg®anich et

al. 2005) Instead, we attribute this feature to carpelated impurity centers, consistent with
previous reports where carbon incorporation intBM yielded similar EPR responses
(Rémelt 1966, Moore and Singer 197Epllowing highenergy ball milling, this carben
associated signal vanishes, and a weak, fhino#ispectrum emergess ahown in the inset

of Figure10a. This transition suggests that the carbon impurities were primarily located at
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or near the surface, where they formed paramagnetic dangling bonds that were disrupted by
mechanical processinhe NHBN sample displays a moretricate EPR pattern as seen in
Figure 9b, featuring a welldefined 16line hyperfine structure. This pattern arises from an
unpaired electron localized at a nitrogen vacasggrounded by three equivaléfB atoms.

Given the @tural abundance dfB (80.1%), the expected number of hyperfine lines is

calculatedasillustrated in Equation (5
N=2lln+1=10 (5)

where I¢1B) = 3/2 and n = Romelt 1966)Figure 1@ presents a simulated fit of theHBN

spectrum, modeled using two spin systems. The first, withpin = 1/ 2 and t hr ee
118 nuclei, employs mixed Lorentzian and Gaussian line shapes with linewidths of 0.05 and

0.35 mT, respectively. Thesecond component, assigned to a minor population of
paramagnetic impurities, is characterized by a broader linewidth (2.4 and 0.01 mT) and the
same spin valwue (S = 1/ 2). Tahs@ pam@mmeiessot r op
extracted from the sinbation are summarized in Appendix 3 for a better overview of the

EasySpin fitting parameters

The gfactor and hyperfine values align with literature reports on singly ionizeolgen
vacancies in BN, affirming that \\ centers dominate the paramagnetfect landscape in
NHBN. In contrast, &g coordinated with three nitrogen atoms would be expected to exhibit

a *line hyperfine pattern, which is not observed in this cBsstball milling, the overall
intensity of theEPR signal in BN decreases maekily. This reduction is not due to the
annihilation of the defect centers, as confirmed by an increase in photoluminescence intensity
after milling. Rather, it suggests that the mechanical energy imparted during milling provides
sufficient excitation to fease he trapped electrons from they \defect states, effectively
guenching the EPRctive centers without eliminating the defects themselves.

32



——Mn_hBN 800° C

——Mn_hBN Preheat

Mn,:hBN 700°C

Mn_hBN 900° C

g1 =2234
g2=2164
g3 =2099
g4 =2001
g5 =1982
g6 = 1827

EPR Intensity / a.u.

Yo
{2345

EPR intensity / a.u.

'
6

Mn,:hBN 700 °C

Experimental data
EasySpin simulation

100

I I I
200 250 300
Magnetic field / mT

I
150

I
350

I
400 450

100

T
150

——
200

T T T
250 300
Magnetic field / mT

T
350

T
400

450

Figure 11: X-band EPR spectra oMns:hBN samples taken at different heat treatment
temperatureshowing the appearance of hyperfine lines after heat treatment (left), and the
EasySpin simulation dhe hyperfine lines as a result of Mimcorporation into the structure

of h-BN
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Figure12 X-band ® EPR spectraf Mn doped FBN samples at varying heat treatment
temperatures, and varying Mn concentrations showing the sextet hyperfine lines2f Mn
incorporation into the structure ofBN
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Figures11l and 12 above show thébandEPR spectra of Mn dopedBN samplesat
different heat treatments temperatures, and different Mn dopant concentrations. The EPR
analysis of 5% Mrdoped hBN samples subjected to varying thermal treatments revealed

significant changes in the local environment and electronic configuration afridnin the

preheated sample, abro@ds onance cent erveadobservedumlidativgofa 2.

unsuccessful incorporation & n ]into the structurelikely on the surface or within
interstitial positions. This loviield signal graduallydiminished with increasing annealing
temperature, suggesting a thermally driven migration of Mn ions into more ordered lattice
sites. Starting from 700 °C and becoming more pronounced at 800 °C and 900 °C, a
characteristic shline hyperfine splitting emeed near

g a&a 2.0, consi snwealteavri tihntterea cetliexcnt rafn Mn )
distorted, substitutional environment within the hBN lattice. The extracted hyperfine
coupl i ng c o6l @btained(frdémEasyS@irbsimulatiashown in Furell

0

(ightyal i gns wel | with | iterature values repo

simulation of the 700 °C sample further supported this interpretation, reproducing the
spectral features through a midtie gtensor mode(Babunts et al. 2023)Overall, the
progressive thermal evolution from surfdmeund © substitutional Mn sites reflects
enhanced dopant incorporation and reduced local structural disorder with increasing

annealing temperature.
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Figure 13: Q-band EPR spectra of spectra of Mn dopeBN samples at varying heat
treatment temperatures, and varying Mn concentrations

The Qband EPR spectra of Mioped hBN sampleshown in Figure 13Mni.s:hBN)

annealed at different temperatures (700 °C, 800 °C, and 900 °C) provide further insights into

the local magnetic environrmeatnd el ectroni c configuration
exhibit a wellresolved sixdine hyperfine splitting pattern in the magnetic field range

bet ween 1150 mT and 1300 mT, a hall mark of
with significant eleabn-nuclear hyperfine interaction. The hyperfine lines remain distinct

and regularly spaced across all doping concentrations and annealing temperatures,
confirming the presence of paramagneticall
Notably, the inénsity and resolution of the hyperfine lines improve with increasing Mn
concentration and annealing temperature. Fo
the hyperfine features appear relatively weak and broadened at 700 °C, suggesting either
incompkte dopant activation or residual local disorder. As the annealing temperature rises

to 800 °C and 900 °C, the signal intensity increases and the line widths become sharper,
indicating enhanced dopant incorporation and a reduction in local structuratiaisto
around Mn]| center s. zRooMn), the lybedime linkoapeinorg | e v e
intense and better resolved, particularly after annealing at 900 °C, implying higher
occupancy of substitutional sites within the hBN lattice. This trend aligghsthe X-band
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EPR observations, reinforcing the conclusion that thermal treatment plays a critical role in
promoting the migration of Mn ions into more symmetric and substitutionally favorable
positions. The consistent hyperfine coupling observed aatbsamples (~75/6 mT in X

band) further confirms that the Mn ions predominantly exist in a +2 oxidation state and

experience a relatively similar ligand field environment regardless of concentration.

Overall, the @Gband measurements offer enhanced sakisolution compared to-Band,
all owing clearer observation of t he Mn]|
evidence for successful thermdriven incorporation of Mndopants into the hBN

framework.

1.4.5.Photoluminescencef Mechanically Induced Defects in kBN, and Mn:h-BN

PL spectroscopy was employed to investigate the optical properties andrdkfsct
emissions in the -BN samples, providing complementary insights intoirtls¢ructural
disorder. Figurel4 presentshe roomtemperature PL spectra of both unmilled and-ball
milled HBN and NHBN samples, recorded using an excitation wavelength of 380 nm.
Although this excitation energy lies well below the intrinsic bandgap energdf (210

nm), it effectively probethe subbandgap defect states responsible for ultraviolet and visible
light emissions. The deconvolution of the PL spectra, represented by the accompanying pie

charts, reveals the relative contribution of various emission centers.
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Figure 14: PL spectra of the unmilled and batilled HBN (Left) and NHBN (Right)
samples. The pie charts show the emissions percentage related to each sample, the emissions
were obtained from the area under each peak after deconvolution

Notably, in contrast to the behavior obserue EPR measurements discussed in the previous
section the baltimilled samples of both HBN andHNBN exhibit a pronounced increase in

PL intensity across the measured spectral range. This enhancement iralatssantial

rise in defect density following the ball milling process. However, when these PL findings
are correlated with EPR results, an interesting distinction emerges: despite the increase in
optical defect signatures, the overall EPR signal intgraéicreases significantly after
milling for both sample types. This inverse trend suggests that the defects responsible for the
enhanced PL emissions are predominantly-paramagnetic and likely exist in charge

neutral or diamagnetic states.

The origin ofthe PL emissions in-BN has been extensively disssed in the literatuStagi

et al. 2024, Silly et al. 2007, Nash et al. 2019, Berzina et al. 2B@63sions in the blue and

cyan regions (453G20 nm) are typically attributed to quantum emitters associated with
nitrogen vacancies or carboelated impurities introduced dugnsynthesis or post
processindLiang et al. 2023)Additionally, emissions in the green (~530 nm), yellow, and
orange ranges (56620 nm) are commonly linked to various intrinsic point defects and
complex vacancy configuratisrwithin the RBN lattice (Weston et al. 2018, Castelletto et

al. 2020) The combined analysis of PL and EPR data offers a comprehensive understanding

of defect evolution in these materials. For pristisigMy PL emissions are largely dominated
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by carborrelated defect states, which act as luminescent centers in the visible region. In
contrast, the PL behavior of NHBN is primarg@pverned by W centers, which are known

to act as efficient visibight-emitting sites. The ball milling process further amplifies the
optical activity in both materials by generatingighter density of defect states.

However, the EPR response of the two materials to ball milling differs markediyBM h
the raluced EPR signal ianhsity aftermilling likely results from the ionization and
subsequent removal or passivation of carbased paramagnetic defects from the surface,
decreasing the population of detectable unpaired electron centers. In theNE&Noftwo
mechanismsappear to contributéo the EPR signal reduction: first is tieenversion of
paramagnetic nitrogen vacancies into diamagreetrecombined states, and second is the
defect oversaturation, where increased detkdfect interactions lead to significant line

broadeningand overall signal suppression.

This integrated PIEPR analysis highlights the complex and sartg@pendent dynamics of
defect generation, transformation, and annihilationBNhsystems. While PL spectroscopy
sensitively captures the opticattivity and relative defect populations, EPR spectroscopy
offers a quantitative measure of the paramagnetic defect centers and their evolution under
different processing conditions.

Figurel5 below depicts the PL spectra of Mn dope8ihsamples at varygheat treatment
temperatures, and different Mn dopant concentrations.
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Figurel5: PL spectra of Mn dopedBN samples at different heat treatment temperautres,
and different Mn dopant concentrarions showing the effect ofidpant on the shift of the
emissions in the visible light range

The influence of Mn dopant concentration and annealing temperature on the optical behavior
of h-BN can be clearly discerned from the §flectra presented in Figut, along with the
correspoding emission percentage distributions illustrated in Appendix 4. A notable
enhancement in blue light emission intensity is observed as both the heat treatment
temperature and Mn doping level increase. Although specific reports etoped RBN

remain scage in the literature, this trend is consistent with observations fromtadinsition

metal ions(TMI)-doped RBN systems. Previous studies have demonstrated that TMI
incorporation introduces additional electronic states within the bandgaBNf kherely

facilitating radiative recombination pathways responsible for blue emiésienJia, Guo,
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He, Weng, and Ju 2024In the context of Mn doping, th@esence of Mn ions can create

localized energy states that promote such recombination processes. Furthermore, thermal
treatment plays a crucial role in modulating defect structures and activating -oelpsex

luminescent centers, which further ampkfithe observed blue emission. This combined

effect of doping and thermal processing is consistent with the dueftited luminescence

mechanisms widely reported for similar doped boron nitride systems.
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Figurel6: Taucplots of Mndoped RBN samples showing the band gap energy change as a
function of increasing Mn dopant concentrati@ong with an illustration of the energy
model

To investigate the influence of Mn doping on the optical bandgap energgdf aucplot
analysis was employed to estimate the bandgap values of the synthesigadss as

illustrated in Figurd.6. The Tauc method is a widely used optical characterization technique

for determining the optical bandgap of semiconducting materials basedVowis

absorbance data.

The analysis involves recording the s absorbance spectrum of each sample, followed
by
illustrated in Equation (6

convert.
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| (6)

where t is the thickness of the sample. Subsequently, the Tauc relation is applied, which
expresses the relationship between the absorption coefficient and the incident photon energy
( h 3 Nlusteated in Equation (7

| D 0® ©O (7)

where h3 is the phodemendentcorestandis the dptical Bandgapmat er
energy, and n denotes the nature of the electronic transition (with n = 2 for allowed indirect

transitions, commonly usedrfo-BN).

Byplotting| ™ vs h3, the bandgap energy is esti ma
of the curve to intersect the photon energy
optical bandgap of the material. The generated Tauc folotee Mndoped RBN samples

revealed distinct variations in bandgap energies with increasing Mn concentration,
demonstrating the dopaimtduced modulation of the electronic structure -@N. The band

gap energy seems to be decreasing with increasmgvith dopant concentration. This
observation is crucial for the electrochemigaiformance to be discussed ihapter 4. The

decrease of band gap energy indicates an improvement of the conductivity of the material,
which in turn enhances tledectrochemical performance oBN as an electrode material in

energy storage devices.

1.5.Microstructural and Defect Landscape of kBN

In this chapter, a comprehensive structural, morphological, optical, and defect analysis of
both pristine and Midopedh-BN materials has been presented, highlighting the influence
of ball milling, Mn dopant concentration, and thermal treatment on the physicochemical
properties of

h-BN.

41



XRD analysis confirmed the preservation of the hexagonal phase across all synthesized
samples, with no evidence of secondary impurity phases such as manganese oxides, even at
high Mn doping levels and elevated calcination temperatures. Rietveld refinement further
revealed subtle variations in lattice parameters and average crystalBienstheclear trends

of crystallite size reduction and increased structural disorder upon ballgraliid Mn

doping. Notably, the NBN samples exhibited higher defect densities, as reflected in the
suppression and broadening of the (002) reflection, tarkedurther accentuated after ball

milling.

Morphological evaluation by SEM supported these structural findings, showing a marked
reduction in lateral sheet size and the appearance of nanoscale wrinkles and folding in milled
samples, thus confirming theemeration of a more defective and hgirfacearea

morphology favorable for electrochemical applications.

Raman spectroscopy provided additional evidence of increased lattice disorder following
mechani cal processing, wi t phoneninmpdeiolbsenead in t br c
ball-milled samples. The evolution of vibrational features further validated the XRD and

SEM observations, indicating disruption of lerepge crystalline order due to both doping

and milling.

EPR spectroscopy offered valuable gigs into the defect landscape, identifying carbon
related impurity centers in pristineBN and W centers in MBN. Ball milling led to a
notable reduction in paramagnetic signal intensity, suggesting both the annihilation of
carbonbased centers and tlmmization or passivation of nitrogen vacancies. The successful

i ncorporati on of -B\Mlatlice was oonfismed hy tthe appelarance hof
characteristic sbtine hyperfine splitting in both »and and Gband EPR spectra at elevated
annealing temgratures, with hyperfine constants (¥76 mT) consistent with substitutional

Mn | i ncorporation.

PL studies demonstrated a substantial increase in blue light emission intensity with rising
Mn concentration and annealing temperature, a trend attributeé tatroduction of Mn
induced defect states within the bandgap. This increase in blue emission, coupled with
reduced EPRactive centers, further supports the conclusion that Mn doping introduces

predominantly nofparamagnetic luminescent centers, consisteith reported defeet
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mediated recombination mechanisms in Tddped RBN systems. Finally, Tauc plot
analysis revealed a progressive narrowing of the optical bandgap with increasing Mn content,
suggesting Manduced bandgap engineering HBN. This banlgap reduction is particularly
significant, as it implies enhanced electrical conductivity, a critical factor for improving

charge transport in electrochemical applications.

In summary, the systematic modification BN through Mn doping, thermal treatnte

and mechanical milling has led to controlled structural disorder, defect engineering, and
tunable optical and electronic properties. These modifications are expected to positively
influence the electrochemical performance of the synthesizediatsi@s will be elaborated

in Chapter 4.
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2. STRUCTURAL DEFECTS IN ZnO STRUCTURE

2.1.Introduction

Transition metabased electrode materials have been the subject of intensive research in the
pursuit of energy storage systems that comlmastefficiency, rapid chargdischarge
capability, high performance, and long opnaal life (Cui and Meng 2020)Among these,
transition metal oxides (TMO9S)ptably ZnO(Stefan et al. 2024) M 1(KOur, Tanwar, and
Sharma 2022) a n d (URran@nd Alibage 2024have attracted attention due to their
inherently high capacitance values and robust electrochemical stability. Despite these
strengths, TMO electrodes often face persistent challenges such as yelatwenergy
density, elevated interfacial resistance, limited mechanical resilience, and increasing
environmental considerations. To address these limitations, recent studies have proposed
various strategies that significantly enhance the elearoatal performance of TMOs

(Zhao et al. 2017, Nasser et al. 2023, Nasser et al..2022)

Zinc oxide (Zn0O), in particular, has emerged as a promising material because of its favorable
intrinsic properties. It possesses a wide direct bandgapproximately 3.44 e{Zagorac

et al. 2022)a high exciton binding engy (~60 meV), and a low powerr#shold for optical
pumping(Teisseyre et al. 2020¥n0O also demonstrates effictartraviolet (UV) emission

a notalte piezoelectric coefficient gg= 9.093 pm/V, which in@ases to 26.7np/V in the
nanoscale regiméNadupalli et al. 2021)and a faerable pyroelectric coefficiengll while

being chemically stable and enviroantally benignThese qualitiesender ZnO suitable for
various applications including shesiavelength optoelectronicékKhan et al. 2024)

photovoltaics(Sharma et al. 2022a3ensing and actuation syster{Srikanth et al. 291),
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supercapacitor electrode@mmar et al. 2025)UV light sources photodetedrs and

chanmical or biological senso(Que et al. 2021)

Various synthesis routes have been developed for producing ZnO nanomaterials, each
influencingh e mat er i a| ahdcrystallizeestructig@doamane Nesrine, and and
Petru 2022) These include chemical approaches such a$galpl hydrothermal,
solvothermal, precipitation, chemical vapor deposition, microemulsion, and microwave
assisted synthesis; physical techniques such as laser ablation, ball milling, and thermal
evgoration; and biological (green) methods involving enzymatiplantbased synthesis
Among these, prominent methontelude ceprecipitation(Devi and Velu 2016) sol gel

(Arya et al. 2021)ball milling (Amirkhanlou, Ketabchi, anéarvin 2012) hydrothermal

(Liu et al. 2022) solvothermalKunjara Na Ayudhya et al. 2006dnd micrevave-assisted
techniquegAleinawi, Ammar, et al. 2025, Aleinawi et al. 202Epch method yields distinct
nanostructurafeatures, thereby influencing apmtionspecific performanceMicrowave
assisted synthesis, in particular, stands out due to its rapid reaction kinetics-&mneheltp

nature. It enables ZnO nanostructures to be synthesized within minutes, withdreduce
chemical usge and lower energy demandBurthermore, it allows finrtuning of
morphology and crystallinity by controlling reaction time, microwave powerpagclirsor
concentratior{Aleinawi, Ammar, et al. 2025, Aleinawi et al. 202&uch process control

has led to Zn@ased nanostructures exhibiting high specific capacitance, elevated energy
dengties, and prolonged cycle lifaypically exceedinglO00 charge/discharge cyades

making them highly promisingf energy storage devices

Another critical aspect influencing the electrochemical performance of-based
electrodes is the psence of defect centdtaf et al. 2024) Defects, defined as disruptions

in the periodic atomic lattice, have a profound impact on physical, chemical, and electronic
properties. These include point defects (e.g., vacancies), edge dislocations, and surface
irregularities, all of which affect charge storage behaviat ian transport efficiencfgingal

et al. 2020) Defect engineering strategies have shown that introducing vacancies and
structural distortions can increase specific capacitance by providingoadtlicharge
trapping sitesand improving iaic/electronic conductivit{Ammar et al. 2021)Oxygen

vacancies in particular have been linked to enhanced carrier concentrations and improved
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reaction kinetics, as they serve as shallow donors that miedhka electronic structure
These vacancies calso increase interlayer spacing, facilitating faster ion diffusion and

promoting psedocapacitive redox reactio@/u et al. 2019)

Furthermore, doping strategies are frequent
and eletronic structure. Introducing appropriate dopant ions can not only enhance electrical
conductivity but also create additional reekotive sites, therebyboosting
pseudocapacitanceSurface defects can further enhance electrochemical activity by
decreasingharge transfer resistan€Boufani et al. 2020)When combined with functional

suface groups, intrinsic defects contribute to improved ion adsorption and migration,
ultimately increasig overall storage capacityDefectrelated features are typically
characterized using teclguies such as RRaman spectroscopy, and ERhong dopants

Mnhni s particularly effective in modifying Z
addition to contributing beneficial magnetic and electronic characteristics, Mn enhances
grain boundary alignment and crystallinity. StudigsPeartoret al. (Pearton et al. 2003)

and Zhenget al. (Zheng, Hu, and Yang 201demonstrated that even low levels of Mn
doping significantly improve grain growthnd atomic alignment, leading to enhanced

el ectrochemical activity. The ionic radius
A), allowing for favorable substitutional doping. This similarity helps minimize lattice strain

and supports the formati of stable substitutional defects that can furtheaeod material
performance While conventional hydrothermal methods have been used extensively to
synthesize Mrdoped ZnO, the influence of microwave synthesis parametspecially
microwave powerremains underexplored. The novelty of the present study lies in its
integrated approach, combining a binflee supercapacitor architecture with a systematic
exploration of defect engineering via microwaassisted synthesis and Mn dopitnlike
standardfabrication methods that rely on binders and conductive additives (which often
obscure the intrinsic behavior of active materials), our custesigned, twegpoint mounting

device enables direct assembly otialone supercapacitors. This allows for arbiased
evaluation of the electrochemical performance of the -Ba€ed active materiallhis

chapter will mainly focus on the defective structure-&Nh, and the role of the microwave

power during synthesis on these defects, while the electrochemicatnpenfze vill be

discussed in details inf@apter 4.
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Moreover, the study incorporates precise
incorporation into the ZnO lattice using detailed EPR analysis. This not only confirms the
oxidation state and sabtutional nature of Mn dopants but also provides insights into the
interplay between intrinsic defects (e.g., Zn vacancies) and extrinsic eepetet defects.

By correlating defect profileglentified through EPR, PLRaman, and structural analysis
with electrochemical properties, the study offers a comprehensive understanding of
structuréfunction relationships.An additional innovation is the demonstration that
microwave power can be used as a tunable parameter to modulate defect density,
nanostructte morphology, aspect ratio, and crystallinity. This degestsitive approach to
synthesis, and its correlation with electrochemical performance inddged ZnO
nanomaterials, fills a critical gap in the existing literature. Thus, the current work @ovide
novel insights into how dopant levels and synthesis energy collectively influence defect

chemistry and, by extension, the capacitive behavior ofEas2d electrode materials.

2.2.Literature R eview

2.2.1.General Properties of ZnO

ZnO is a semiconducting metal oxide characterized by a wide, direct bandgap of
appr oxi ma {Zkahgy Ram, aBd Seefnakos 2012kan adopt either a hexagonal
wurtzite or a cubic zinc blende crystal structure. However, under ambient conditions, ZnO
most commonly forms the thermodynamically stable hexagonal waupiaése, as illustrated

in Figurel7 below:
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{a) (b)
Figurel7: ZnO crystal structure (yellow Zihgrey O) (a) hexagonal wurtzite structure (b)
hexagonal wurtzite unit celhdapted fronfZhang, Ram, and Stefanakos 2012)

Table 4below shows the major properties of ZnO.

Table4: General physical and chemicabperties of ZnQadapted froniSharma et al.

2022D)

Property

Value

Crystal structure

Hexagonal wurtzite at 300 °K

Lattice constants a,b,c a= 0.32495 nm
b= 0.32495 nm
¢= 0.52069 nm

Melting point 1975 °C

Density 5.66 g/cm

Bandgap energy i

3.3 eV (direct energy gap)

The effective mass of electrons

0.24

The effective mass of holes 0.59
Refractive index 2.01
Exciton binding energy 60 meV
Dielectric constant 8.656
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2.2.2.Intr insic Defects inZnO

Native point defects in ZnO include the following:

Oxygen vacancies ¥/
Zinc vacancies ¥h.
Oxygen interstitials ©

Zinc interstitials Zn

= =4 4 A4 -2

Antisite defects: Za or Oz, (although very rare).

Figurel8 below shows a schematic of the possible intrinsic point defects id AtrQcture.

Oxygen vacancy

Zinc Vacancy ‘

o 0@ @ @

Interstitial .

Zinc Interstitial

Figurel8: Possible intrinsic ,phowingMo, Vehelf,axdZns i n Z
in the structure of ZnO

DFT calculationslemonstrate that under Zich conditions, \b and Zn possess the lowest
formation energies, making them dominant species. Other intrinsic defectstikend Q@

are energetically less favorable. A landmark DFT study quantified formation energies for
vacaicies, interstitials, and defect complexes, confirnMags deep donors aizglas highly
mobile (Vidya et al. 2011)
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Vois known to prduce deep donor levels, whileigmoduces shallow donors. Interestingly,
the interaction betweendand Zn reduce the defect formation ener@zgir et al. 2005,
Kim and Park 2009)

2.2.3.Extrinsic Defects inZnO

Extrinsic defects refer to foreign atoms intentionally introduced into the ZnO lattice to
modify its electronic, optical, magnetic, or catalytic properties. These dopants substitute
either Zn| or O] | atti ce sihngthewseneogy levele c u py
within the bandgap and interacting with native defects. The selection of dopant species, their
oxidation state, ionic radius, and chemical compatibility with the host lattice critically
influence the defect structure, crystallinitpdeoverall performance of Znbased materials.
Transition metal dopants, such as Mn, Co, Ni, andreeof particular interest due to their

ability to induce spirpolarized states and magnetic ordering, making doped ZnO a candidate

for spintronic applicains(Ruf et al. 2016a, D, Selvaraj, and Sundar 20ARong these,

Mn has been extensively gored owingtoitshaif i | | ed 3d configurat:.
which allows strong exchange interactions and hyperfine splitting observable via EPR. Mn
can isovalently substitute Zn] with mini ma
local distortion and promotes the formation or annihilation of intrinsic defects such as V

and Zn. These complex defect interactions significantly impact charge carrier dynamics,
band structure modulation, and defdawven photoluminescence and magnetghdwvior

(Aleinawi, Ammar, et al. 2025, Aleinawi et al. 2022)

The nature and concentration of extrinsic defects in ZnO are highly sensitive to synthesis
conditions. Conventional sohstate or sebel methods often result in inhomogeneous
dopant distribution and secondary phases. In contrast, techniques like miesassested
hydrothermal synthesis offer advantages in terms of rapid nucleation, reduced defect
clustering, and enhanced dopant incorporation, making them ideal for tailoring the defect
landscape in doped ZnO systems. Therefore, understanding and cunegtlinsic defect

formation in ZnO is central to developing advanced functional materials with customized
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electrical, magnetic, and catalytic properties. The following sections will explore the specific

case of Mn doping in ZnO, its impact on structaadl electronic properties, and the role of
synthesis parameters, particularly under microwasasted conditions, in modulating the

defect chemistry of the materi@d.PR r eveal s Mn] hyperfine | in
depend on Mn concentration amicrowave power, signaling interactions with vacanci
environments. PL shows defdetvel emission changes linked to Mn integration and

microwave treatmer(Romaro et al. 2013)

ZnO is intrinsically a paramagnetic semiconductor under ambient conditions. However,
when dged with TMIssuch as Mn, Fe, Cr, Co, or Cu, it can be transformed into a dilute
magnetic semiconductor (DM@ illustrated in Figurd9. These MIs possess partially

filled d or f orbitals, with at least one unpaired electron contributing to the overall magnetic
behavior. Upon substitutional doping, for i
introducing unpaired 4s2 electrons into thgridized sp? orbitals of the host matrix. This
interaction between the magnetic dopant and the ZnO lattice results in the emergence of
ferromagnetic or paramagnetic ordering, depending on dopant concentration and synthesis
conditions. DMS materials hagarnered significant attention for their potential applications

in spintronic devices, where control over electron spin, in addition to charge, opens new

avenues in nexgeneration information processing technologies.

QOédéd ®o oo ©

XX 1

Figure 19: (A) Magnetic semiconductor, (B) DMS, (C) Nonmagnetic semiconductor,
adapted fronf{Sharma et al. 2022b)
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2.2.4.Role of the Synthesis Rute

The synthesis route of ZnO plays a crucial rule in the formation of intrinsic and extrinsic
point defects. Amongst the various synthesis routes, the micraagaisted route is one of

the most studied method due to its unique advantages of parameters control, extremely fast
reaction time, and simplicityzurthermore, the microwave assisted hydrothermal method is
well known for producing the nanowires or nanoroasrphology, which maximizes the

ratio between the letigto the diameter of the rodspect raigAR), which in turn maximizes

the specific capacitance of the electrode matefiak volumetric heating in the microwave
assisted hydrothermal method creatapid, uniform nucleation, tight control over crystallite
size, and excellent dopant distribution, in contrast to the traditional hydrothermal methods
(Wojnarowicz, Chudoba, and Lojkowski 202O@n top of that, by varying microwave power

or duration, one can tune rod vs. spherical particle formation and induce homogeneous Mn
distribution with sharper defect spectfahtures. In our study, we aim to underline the
relation between the microwave power during the synthesis route, and the defective structure
of ZnO, which ultimately affects the electrochemical performance which will be discussed
in details in later chapts.

2.3. Methodology

2.3.1.Materials and Synthesis

The synthesis was carried out using zinc nitrate hexahydrate (ZNH (Zn(16812)2, Acros
Organics, 98% purity, CAS No.: 10149@-6), hexamethylenetetramine (HMTA
(CH2)6N4, Merck, 99% purity, CAS No10097-0), the source of Mn was manganese
acetate tetrahydrate (MAT{CH3COO)2Mr1i4H20, Acros Organics, 99% purity, CAS No.:
615678-1), and methanol (CH30OH, Sigma Aldrich, 99.8% purity, Cas No5@7) as
solvent. A solution of 25 mM of ZNH and MTA wasepared by dissolving the precursors

in deionized (DI) water and magnetically stirring for 1 hour at 600 rpm to ensure dissolving
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of the precursors. The solution was then inserted in a conventional microwave oven, and the
synthesis was carried out at éifént microwave powers of 160, 320, 640, and 800 W. The
obtained powders were then filtered using filtration papers, washed thoroughly with DI water
and alcohol, and left to dry out in an oven at 80 °C overnightdbped ZnO was
synthesized by followindie same steps aforementioned, with the addition of MAT dissolved

in methanol to the ZNH and MTA solution, and to ensure sufficient energy for the
incorporation of Mn ions into the structure of ZnO, the powder was subjected to an additional
heat treatmentrpcess at the end of the synthesis. The powder was heated to 400 °C for 4 h
in an inert atmosphere, and slowly cooled to room temperature afteftardynthesized
samples are illustrated as ZnO:Mwhere x indicates the At.% Mn dopahktgure20 below

shows a schematic of the synthesis procedure.

- c— -\ LT Microvawe Power / W
-"’h‘i o 160, 320, 640, 800
ZNH (25 mM) and HMTA (25 mM) in water B for 20 min
3 »»y 55 P>
EJ ==
EEy—
W=y Stirred for 1 h at 600 rpm

MAT (0, 2, 5%) in methanol

Microvawe Power / W

© B Y g

DI water/methanol

800

Mn Concentration
Mn2

Mn5

Figure20: Schematic representation of the microwassisted hydrothermal technique used
to synthesize ZnO and Mioped ZnO nanorods
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2.3.2.BET Isotherms for Surface Area Estimation

he Brunauef Emmett Teller (BET) method is a widely used technique for determining the
specific surface area of porous and nanostructured materials. It is based on the physical
adsorption of gas molecules (typically nitrogen) onto the surface of a solidogfeory
temperatures. By analyzing the resulting adsorptiesorption isotherms, the BET theory
allows for the calculation of the surface area through multilayer adsorption modeling. The
method assumes that adsorption occurs in layers, that the firsfdayer uniformly, and

that subsequent layers condense in a manner governed by the equilibrium between adsorption
and desorption at each layer. The BET equation is applied to the linear portion of the isotherm
at rel ative pr essurhetsvee({ ®05 RNd)0.30 where cnanblaygr r an
formation dominates. This calculated monolayer coverage is then used to determine the total
specific surface area of the material.

The specific surface area analysis was carried out using N2 adsatpsiorption isdterms

using a Micromeritics 3Flex surface characterization analyzer (Micromeritics Instrument
Corp., Norcross, GA, USA). Before analysis, the samples were degassed under vacuum at
200 °C for 12 h to remove adsorbed gases and moisture, and the measurweenents
conducted at 77 K using higurity nitrogen gas as the adsorbate. The BrunRuoanett

Teller (BET) method was applied to calculate the specific surface area from the linear region

of the adsorption isotherm (typically at relative presstu@8 betweer0.05and0.30).

2.4.Results and Dscussions

2.4.1.Scanning Electron Microscopy Image®f Mn-doped ZnO

The undoped and Mdoped ZnO samples synthesized at varying microwave powers were
systematically characterized to investigate the combined influence of dopant concentration

and microwave irradiation on their morphological and structural attributes. SEM was
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employed to evaluate the morphology of the namctures, as shown in Figugdl and

Appendix 3

a) 160W _320W 640W 800 W

~-8--Zn0:Mn0
--u--ZnO:Mn2
Zn0:Mn5

MnO

Mn2

Mn5 --@--ZnO:Mn0
--m--ZnO:Mn2

--4--ZnO:MnS

Figure21: SEM micrographs of the undoped and-Moped ZnO materials synthesized at
different microwave powers showing timanorodshaped structures (a) and the average
nanorod length (b), and diameter (c) obtained from the histograms of the SEM images

For the undoped ZnO (ZnMno), synthesis at a lower microwave power of 160 W resulted

in uniformly distributed nanostructuresth reduced size. Upon increasing the power to 340

W, notable elongation and an increase in rod diameter were observed. A further increase to
640 W improved both structural uniformity and overall size. However, at the maximum
power level of 800 W, structal degradation became evident, with signs of breakage and
morphological irregularityln contrast, the Midoped samples exhibdalistinct behavior.

For ZnQMn_ synthesized at 160 W, the morphology showed denser packing and more
pronounced clustering coraped to the undoped counterpart. Increasing the microwave
power to 340 W and 640 W led to a gradual enhancement in structural density and growth.
At 800 W, although deformation occurred, it was less severe than untioped sample.

For the ZnOGMIns compodgtion, synthesis at 160 W produced highly aggregated and growth
suppressednorphologies relative to Zn®ino. As the microwave power increased, the
morphology became increasingly distorted and uneven. The sample synthesized at 800 W
exhibited heavy aggregah and lower aspect ratios, suggesting that excessive Mn doping

or high microwave energy may hinder proper crystal growth.
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Measurements of the nanorodsé | ength and di
the ImageJ softare and are summarized in Big21 (b andc) andAppendix 3 The average

diameter oZnO:Mno reached a maximum at 340 W, indicating this power level is optimal

for rod growth in undoped samples. Interestingly, in-dlyped samples, this peak diameter

shifted to higher mi@wave powetevels, with ZnOMn, and ZnOMns showing maximum

diameter at around 640 W. This shift implies a correlation between optimal growth
conditions and both dopant concentration and microwave energy. Furthermore, increasing
Mn content to 5% led to a general dessse in diameter, suggesting a dopaduced

inhibition of lateral growth.

Overall, the data indicate that lower microwavenvpos favor higher ARnanorods by
promoting elongation while limiting radial expansion. However, these conditions also result
in lower nanorod density. Conversely, higher microwave powers enhance density and

thickness but may introduce structural degradation, especially at elevated Mn concentrations.
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2.4.2.X-ray Diffraction of Mn-doped ZnO

XRD results of the purand Mndoped £0 sanples are presented in Fig#2 and

Appendix4.
- @ 160 W
2 ZnO:Mn
ZnO:Mn,
3 § ZnO:Mn,
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Figure22. XRD diffractograms of the undoped and Maped ZnO materials synthesized at
160 W microwave power

All patterns reveal distinct reflectiomsrresponding to the hexagonal wurtzite phase of ZnO
with space group R6ic, which is known to be the thermodynamically stable crystalline
phase under ambient conditiorfole et al.2011) The characteristic diffraction peaks
indexed to the (100), (002), (101), (102), (110), (103), (112), and (201) planes were observed
at 2d values of 31.77A, 34.42A, 36.25A,
respectively, consistent with sidard JCPDS data (card no-B451).
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In addition to the expected wurtzite peaks, a secondary diffraction feature appears at
approximately 2d & 43.5A, which does not ¢
structure. Notably, thipeak is also visiblen the ZnOMno samples, suggesting it is not

related to Mn doping. It is therefore attributed to Zielated secondary phases, most likely
residual el emental zinc or zponedinthgliteratorg i d e (
(Wang et al. 2015, Sapkota et al. 2018)eresingly, the intensity of this impurity peak
diminishes progressively with increasing microwave power. This trend is in agreement with
previous studies indicating that elevated microwave energies promote the thermal
decomposition of Z reduCindy)the presenceo ofydomiderelatadh us r
impurities(Tseng et al. 2012Y o obtain detailed structural parameters, Rietveld refinement

was performed on all XRD ¢@sets Figure23and Appendix % and the extracted values for

average crystallite size and unit cellmme are compiled in Table 5

56.6- = MnO
B 1)
<t MG .

Average Cell Volume / nm?®
on (4] (4] (4] (4] (4]
a o a o o o9
= o L&) L] %] -y
1 1 1 1 1 1

55.2 4 T, .
""..................._______................‘._,,_____ R

55-0 T T T T I
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MW Power /W

Figure23: The average crystallite size atme average cell volumef ZnO:Mn sampless a
function of the microwave power
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Table5: Latticeparmmeters and Bf Mn doped ZnO samples synthesized at various

microwave powers

Sample a (nm) b (nm) ¢ (nm) D (nm)
ZnO:Mno @ 160 W | 3.255 3.255 5.217 39.5
ZnO:Mno @ 320 W | 3.254 3.254 5.215 44.7
ZnO:Mno @ 640 W | 3.252 3.252 5.213 47.4
ZnO:Mno @ 800 W | 3.253 3.253 5.213 59.2
ZnOMn, @ 160 W 3.256 3.256 3.21 45.9
ZnOMn, @ 320 W 3.252 3.252 521 67.5
ZnO:Mn, @ 640 W | 3.252 3.252 5.21 67.5
ZnO:Mn, @ 800 W | 3.251 3.251 5.21 69.2
ZnO:Mns @ 160 W | 3.262 3.262 5.23 87
ZnO:Mns @ 320 W | 3.263 3.263 5.225 87.9
ZnO:Mns @ 640 W | 3.263 3.263 5211 92.6
ZnO:Mns @ 800 W | 3.263 3.263 5211 94.3

The refined lattice parameters suggest a slight distortion upon Mn doping, indicating

successful

substi

tut i

on

of

Zn|

ions by

average crystallite size was observed with both increasing Mn conterighedinicrowave

power, implying that elevated energy input during synthesis promotes grain growth.

However, this size enhancement does not directly imply an improvement in crystallinity. The

diffraction peaks tend to broaden with increasing Mn doping,wikimdicative of enhanced

lattice strain and microstructural disorder, particularly noticeable at intermediate Mn

concentrationsT h i

(0.66 i)

s peak

and

broadening

Zn|
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attri

but ed

Mn |

t

(

( O .li#=@ distorrions wattini thee ZnOicrystat o d u C ¢

framework. The average unit cell volume showsam-monotonic trend: for Zn@in;

samples, the cell volume decreases slightly compared to the undoped case, despite the larger

i oni c

radi

us

of

werb¢havior isTattribused to theinmidrostnain and local t |

lattice compression induced by ldevel dopant incorporation and elevated microwave

power. Conversely, dtigher Mn concentration (Zn®ins), the unit cell volume increases
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again, consistent with thexgected expansion of the lattice due to more significant
Ssubstitution of Zn] by Mn] . This may i ndi
the lattice can no longer fully accommodate the dopant without inducing phase separation or
structural pgurbations.

In summary, the XRD analysis demonstrates that both Mn doping and microwave synthesis
parameters play crucial roles in tailoring the structural evolution of ZnO. While microwave
power enhances crystallite growth and reduces hydroxide impguritiealso amplifies

dopantinduced strain, which must be carefully optimized to preserve crystal integrity.

2.4.3.BET Surface Area Analysisof Mn-doped ZnO

BET surface area analysis was performed to evaluate the impact of surface characteristics on
the capacitive behavior of the synthesized materials. The BET method enables a reliable
estimation of the specific surface area by analyzing nitrogen adsdémggorption
isotherms, thereby providing valuable insight into the number of accessible active sites
available for charge storage. As such, BET measurements are instrumental in elucidating the

structuré property relationships of electrode materials for supercapacitor applications.

The obtained BT results are presented in Brg 24, where the nitrogen adrption

desorption isotherms and the linear form of the BfWiation are presented
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Figure 24: N2 adsorptiondesorption isotherms of the MAnNO nanorods synthesized at
different microwave powers (left), and linear fit of the &tlsorptiordesorption isotherms
obtained for the MnZnO synthesized at differen microwave powers

The BET relatiorused for surface area estimation is giverkEqyation (§:

— —& — ®

WhereV denoteghe volume of nitrogen adsorbed at equilibrium pres8urés the volume
corresponding to monolayer coverage,is the saturation pressure of the adsorbateCand
is a constant related to the enthalpy of adsorption. The specific surface area waseeter
from the linear region of the BET plot in thelative pressure range of 0-:033, using the

slope andntercept of the equation above.

Among the sampleZnO:Mn; synthesized at 160 W exhibited the highest specific surface
area of 61 m?/g. This value systematically decreased with increasing microwave power,
suggesting that higher power levels result in lower surface area. This observation aligns well
with the morpllogical data obtained from SEM image analysis, which showed increased
aggregation and thicker structures at higher synthesis pot#rsugh a surface area of 61

m?2/g is not exceptionally high, it falls within the typical range reported fordbjped ZnO
nanowires and is strongly influenced by both the dopant concentration and the morphological
evolution of the nanostructurgBiswas et al. 2020, Abdollahi et al. 201Despite the
relatively modest surface area, Moped ZnO nanowires can still achieve efficient

electrochemical performance. This is largelyilatited to the fast electron transport enabled

61



by the direct, vertically aligned configuration of the nanowires. Moreover, their high aspect
ratio provides sufficient surface exposure to electrolyte ions, particularly along the nanowire
sidewalls, therebpromoting ion diffusion and facthting Faradaic reactior{®zkan et al.

2020, Lee et al. 2016)These structural features are especially advantageous when the
dominant charge storage mechanism in the supactap is governed by diffusien
controlled Faradaic processes, as will be elaborated in the subsequent section discussing the

Dunn analysisn Chapter 4

2.4.4.Raman Analysisof Mn-doped ZnO

Raman spectroscopy was employed to probe the vibrational properties synthesized
ZnO nanostructures at the molecular level, providing key insights into their lattice dynamics.
The acqured spectra, shown in Figue®and Appendix 5, confirm the successful formation

of both undoped and Mdoped ZnO under various miswaveassisted synthesis conditions.
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Figure25: The firstorder and seconrdrder Raman spectra of undoped and Mn doped ZnO
samples synthesized at different microwave powers, and a comparison between the Raman
spectra of theindoped and Muloped ZnO synthesized at a microwave power of 800 W,
where all the observable Raman modes are indicated together with all possible Raman modes
that are ZnO specific
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I n conventional backscattering ¢eomtoeat ry, Z
modes, which serve as distinct fingerpriotsts crystal structuréErcay et al. 2025Colak
et al. 2024)

I n the hexagonal wurtzite phase of ZnO (spa
modes is dictated by the four atoms per unit cell, resulting in a total of 12 phonon modes,
including three acatic and nine optical modgg&rcay et al.2025) Among these, the

E ( hi ghétecneodd ea,r o und 4 2%is aparticularly imporkant gharkereor

the wurtzite ZnO phase and is associated with oxygen atom vibratopendicular to the
c-axis(Altafetal.2024) The E (|l ow) mode, often related
in the current spectra; however, a notabl e |

TE (l ow) difference modcendorderdRramnaa tnahsitionc | as si f i

Due to the intrinsic polarity of the wurtzi
optical (LO) and transverse optical (TO) Cc
appears at approxi matOgl ynod79 icsm oib,s ewhvielde ntehe
latter becomes particularly prominent when the crystallographidscis aligned parallel to

the sample surface. At higher wavenumbers, weak overtone and combination bands emerge.

A subtl e shoul de attribatedoa2h@ scattdribgsprocesaesialong the A

Li M directionin the Brillouinzone and may al so be a result o
2E (LO) cont r-pointuSecorsarder difference mades @enerally fall within

the range of fundamentabnephonon bands, whereas higtierquency regions are

dominated by twgphonon sum processes and mphionon scattering involving LO modes.

Raman spectral analysis of Mioped ZnO samples reveals pronounced changes in
vibrational behavior, consistent Withe incorporation of Mn ions into the ZnO lattice. Such
doping can lead to phonon mode shifts, peak broadening, and altered intensities. In some
cases, new bands may emerge due to the presence-ididted local vibrational modes,
activation of Ramaiinactive phonons caused by lattice disorder, or the formation of
sescondary phas(Zhmngltialk2615)Z n Mn O

As seen in Figur@5, the sample synthesized at 800 W exhibits a weak Raman band near
310 cm T, which corresponds to vibrations

coordination, a structural unit charactes t i ¢ o f AnadherMeatur® typical of this
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spinel phasg apppar i ng around 670 cm T and attribut
oxygen atoms i n t et diaroterasolvadinthe Currenespectia,rlikely me n t
due to overlap with the broad TO + LO secamder mode. Notably, the TO + LO mode

itself is abent in both doping levelexamined, as shown in kige 25. This suppression is

plausibly linked to defeemediated scattering induced by Mn incorporation, such as the
formation of oxygen vacancies or interstitial Zn/Mn species. These defects disrupt phonon
propagation, modify dispersion relations, and can selectively weaken or quench particular

vibrational modes.

2.4.5.Photoluminescenceof Mn-doped ZnO

PL spectroscopy was employed to investigate the dedéatied optical emissions in the
synthesized Zn@anostructures and to assess how Mn doping influences these emissions by
introducingextrinsic defect states. Figug® (a) presents the PL spectra of undoped and Mn
doped ZnO samples synthesized at 160 W, whgpendix 6includes the corresponding
spectra for all other samples prepared under varying microwave powers. To further resolve
the emission features, Gaussian deconvolution was performed on each PL spectrum, with the
fitting results shown in Appendix. A detaileddeconvolution of the ZnO:Mnsample
identified as the optimal composition in terms of electrochemical performsupcevided

in Figure26 (b).
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Figure26. PL emission spectra of undoped and-8iped ZnO samples synthesized 6d
W microwave power (a), and the deconvolution of the peaks of ZnO@AB0 W showing
the different emission maxima at different wavelength (b), as well as thet®@Ereen

emission ratios of all samples (c)

Across all samples, two dominant esits bads are evidat in Figure26 (a). The first, a
relatively weak peak around 415 nm, and the second, a broader and more intense band
centered near 590 nm in the undoped ZnO. Upon Mn doping, this latter band undergoes a
redshift and appears around 640 nm,idating a significant modification in the defect
related luminescence. Moreover, a marked decrease in overall PL intensity is observed in the
doped samples compared to the undoped counterpart. This quenching effect suggests
successful incorporation of Mons into the ZnO lattice, which introduces extrinsic defect

centers that suppress the radiative recombination iagsoavith native defectdNorberg et

al. 2004)
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As shownin Figure26 (b), the deconvoluted PL spectrum of the ZnOz:Mdample reveals
multiple emission bands corresponding to distinct defect states. The weak violet emission at
~390 nm is attributed to nebandedge (NBE) recombination. Blue emission baads
generally asociated with ¥, while green and red emissions are linked to ttians
involving Zn and oxygerrelated defects. Specifically, grelminescence originates from

Zni to Vo complexes, while red emission is typically asatex with Q(Kaftelen et al. 2012)

The deconvolution results in Figurg6é (b) and Appendix femonstrate that Mn doping
significantly alters the defect landscape. A notable reduction in blue emission intensity

i mplies that Mn] ions occupy zinc |l attice
vacancies. In parallel, a suppression afegr and red emissions indicates that Mn also
modifies the local environment of oggn vacancies and interstitial&ely by occupying
interstitial sites or altering defect charge states. The redshift observed in the red emission
band of the doped samplsspports this interpretation and suggests a modified defect state

configuration induced by the dopant.

Figure 26 (c) presents the ratio of blue to green emission intensities for all samples. A
systematic reduction in intensity is observed across altibped samples, regardless of the
microwave power applied during synthesis. This consistent trend further supports the
conclusion that Mn is effectively incorporated into the ZnO lattice, modifying its defect

chemistry at each power level.
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Figure27: Tauc plots of ZnO:Mn @ 160 W samples showing the band gap energy change
as a function of increasing Mn dopant concentration, along with an illustration of the energy
model

The optical band gap properties of Moped ZnO nanostructurasy nt hesi zed at
microwave power were evaluated using Tauc padsshown in Figur7 above. The

extracted bandgap values reveal a progressive redshift with increasing Mn concentration:
3.18 eV, 3.16 eV, and 3.08 heVghersaes bantdiguael!l
corresponds to the ZnO lattice that remains relatively undisturbed, resulting in minimal
electronic perturbation. As the Mn content increases, a modest narrowing of the bandgap is
observed, suggesting the formation of shallow cefeates or the introduction of localized
electronic levels near the conduction band. The most doped sample, wglodn E3 . 08 e V,
exhibits the greatest redshift, which can be attributed to enhanced lattice distortion, increased
carrieil dopant interactios, and the development of band tailing effects. These trends are
further illustrated in the accompanying band diagrams, which propose a fixed intrinsic ZnO
transiti

on at

~ 3n.aln de M,r aanlsangsoindeataretdd b2 5 eV

statesand intrinsic defects such as oxygen vacancies. The gradual shift in thdéraued
bandgap values highlights the impact of Mn doping on the electronic structure, indicating a
controlled modulation of the optical absorption edge. This bandgap enginaetimgly

supports enhanced visible light absorption but also implies potential benefits for charge
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carrier dynamics, which are critically important for the electrochemical performance of these

nanostructured materials.

2.4.6.Electron Paramagnetic Resonancef Mn-doped ZnO

The Qband EPR spectra of undoped and-diped ZnO saples are presged in Figure28

and Appendix 8In the undoped ZnO samples, a distinct resonance appeardattargf
approximately 1.96, which is commonly attributed to intrinsnt defects, particularly

singly ionized zinc vacancies @) (Erdem 2017) The intensity of this signal exhibits a
clear dependence on the microwave power applied during synthesis. This trend is attributed
to variations inparticle size and crystallinity, in line thi earlier reports by Erdert al.

(Kasap et al. 2019)
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Figure28: Q-band EPR spectigt ZnO:Mn0, ZnO:Mn2, and ZnO:Mn5 samples synthesized

at different microwave power s. The undoped
attributed to intrinsic defects like Zn vacancies, while theddped ZnO samples display

typical anisotropic segt hyperfine lines of Mn2+ centers

To interpret these observations, a ¢afreell structural model was considered, suggesting
that the g & 1. 96 r esonan clecaliped defbatswithmahat | v o
ZnO crystallites. This is supported bgomparative data from both EPR and
photoluminescence studi@dadupalli et al. 2021, Parashar et al. 2048)well asheoretical
calculations(Janotti and Walle 2005, Janotti and Van de Walle 2008)ch consistently
associate the gzndntek. Whik \bssialgorpavalenwvinttingic defects

in ZnO, their EPR activity is highly dependent on their charge states. Under ambient
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conditions,Vo geneally exists as either neutralbVor doubly ionized ¥, species, both of

which are diamaggtic (Yuksel Price, Hardal, Acikgoz, et al. 20E5)d therefore EPRIlent.

Our interpretation of the g &4 1.96 resonan
structural cheacterization. Specifically, the ZnO:Mample synthesized at 160 W shows

the smallest crystallite size and nanoroahelsions (see Figur@d (b andc) and 23 This

supports the sizdependent nature of zinc vacaneyated EPR signals, as smaller
crystdlites tend to exhibit more pronounced;¥ signals, while increased crystallinity and

particlesize lead to their attenuation.

In Mn-doped ZnO samples, the EPR spectra display arestllved anisotropic sextet
pattern, characteutisngcZof Mnp thendZnOulbast t
lines arise from electrémuclear spin interactions involving the Mn nucleus (I = 5/2), with
transitions occurring according to tisee | ect i on r (Miksel Rpioe, I$ardat, N1
Acikgoz, et al. 2015)The appearance of this hyperfine structure provides clear evidence for
the successful i ncor por atsites.AdditmmnallyMmelhigh i nt o
frequeny Q-band measuremealiows for the resolution of zetfteld splitting (ZFS), which

becomes evident in the EPR spectra. The presence of ZFS features further confirms the non
centrosymmetric env the wunzieZn® laticMistd1996) The o ns i r
observed hyperfine lines remain sharp and vaelfined, indicating minimal broadening and
suggesting that Mn ions are uniformly distributed within the lattice rather than forming

clusters or secondary phagesrenz et al. 2014)

Simulationof the EPR data yieldstieo | | owi ng parameters: g & 2.
constant A = 220 MHz, axial ZFS parameter D = 720 MHz, and rhombic ZFS parameter E

= 22 MHz. These values are in excellent agreement with previously reported literature for

Mn | i n ZnO, thguhe substitutionedature ob tbeadopaAnkiewicz et al.

2009)

Not abl y, t heelated EPR signa s dtbsekad]in the sample synthesized at 160
W, suggesting that lower microwave powers enhance the incorporation of Mn iorfgeinto t
ZnO lattice. This could be due to improved dopant solubility and reduced defect clustering
at lower energy input levels, which promote uniform substitutional doping andesspp

secondary phase formation.
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2.5. Microwave-Driven Structural and Defect Engineerng in Mn-Doped ZnO
Nanostructures

Comprehensive structural and spectroscopic investigation was conducted to elucidate the
influence of Mn doping and microwawsssisted synthesis on the morphological,
crystallographic, and defeotlated properties of ZnManostructures.SEM analysis
confirmed that microwave power critically affects the growth and uniformity of ZnO
nanorods, with low power favoring higher aspect ratios and high power promoting
aggregation and thickening. Mn doping was found to supprdss growth and introduce
morphological distortions at high concentrations, indicating a degependent growth
mechanismXRD and Rietveld refinement revealed that all samples retained the hexagonal
wurtzite ZnO phase. However, Mn incorporation introdulegtice strain, peak broadening,

and noamonotonic changes in unit cell volume. The observed changes were attributed to the
substitutional repl acement of Zn]| by | ar g
distortions. Increasing microwave powkecilitated grain growth and reduced hydroxide
related impurities, yet also amplified dopémuced microstrain at higher Mn
concentrationsBET analysis showed th&n,:ZnO synthesized at 160 W possessed the
highest specific surface area (61 m2/g), midecreased systematically with higher synthesis
powers due to increased nanorod aggregation. Despite moderate surface areas, the aligned
nanorod morphology and structural integrity remained favorable for electrochemical
applicationsRaman spectroscopy mirmed the presence of key ZnO phonon modes and
revealed subtle spectral modifications due to Mn doping, such as mode shifts and peak
broadening. The emergence of weak -Mfated vibrational bands, including those
tentatively as si gn datalized ostru@dunaM chan@es ,and sposgiliee s t
secondary phase evolution under extreme synthesis conditRimstoluminescence
spectroscopy further validated the successful doping process by showing a redshift and
guenching of visible emissions, particularlyte green and red regions. These spectral
features correspond to alterations in oxygamd zinerelated defect states and suggest Mn
induced modulationf intrinsic defect chemistry.
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Finally, band EPR measur ement s pr ovitutibeatdopihg,r ect ¢
as indicated by the characteristic sextet |
identified by a g & 1.96 resonance, were fc¢
supporting a corpcalized defect model. The stigpre st Mn | EPR signal s

160 W, aligning with PL and XRD findings and indicating enhanced dopant incorporation

under moderate microwave energy.

Together, these results demonstrate that controlled Mn doping and careful tuning of
microwave syrtesis power can effectively modulate the structural, optical, and electronic
properties of ZnO nanostructures.eltptimal conditions identified asoderate Mn content

(2%) and low to intermedie microwave powers (16840 W)yield materials with favorable
morphological uniformity, enhanced defect control, and high surface area, making them

promising candidates for negeneration electrochemical energy storage applications.
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3. STRUCTURAL ENGINEERING OF Mn:ZnO -hBN NANOCOMPOSITES

3.1. Introduction

h  Bhds garnered significant interest in energy device research due to its high thermal
stability, electrical insulation, and chemical inertness. However, its intrinsic low electronic

conductivity limits its effectiveness as an electrode material in supert@gékumar et al.

2019) To overcome this, h BN is frequently
conductive and redea ct i ve moi eti es, but the synergy
componentsremainsnder expl ored, particularly in the

ZnO, a widebandgap semiconductor with high charge mobility and environmental
friendliness, has been extensively studied in supercapacitor eledi8baddseen et al. 2021,
Kumar et al. 2022, Altaf et al. 2022) Mn doping of ZnO further e
performance by introducing midgap states and increasing pseudocapacitive behavior. For

i nstance, Mn doped Z n O -assigtedt rhetheds zembnstratés a mi
improved chargadischarge rates, reded bulk resistance, and enhanced cycle stability
(Aleinawi, Ammar, etal. 2025) Si mi | arly, Mn doped ZnO integ
oxide (rGO) achieves specific capacitances op t~487 F g 1 at 2 A g
profound impact Mn substitution can have on ZnQO's energy storage capaphimesd,

Chib, and Arya 2025)Recent work by Ozebt al. (2024) employed soel synthesis to
fabricate h BN doptd ¥n &)obseniedbapfaioldincredsesirs ( 1
dielectric constant at 1 kHz (from ~12 to
interfacial pol ar i z a(Ozeleehal. 2024)Thiedemonsrate® that n d h
h BN <can significantly alter Zn OO0 s interf
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applications. Howeer, dielectric enhancement does not necessarily translate into improved
electrochemical performance. Bridging this gap requires coupling the dielectric properties

i mparted by {activ® SBomponenth that camsopport faradaic reactions.

A composi e of Mn doped ZnO embedded within an
interfaci al polarization benefits of h BN

through the following:

1- Enhanced Capacitance: Mnhn doped Zmh® provi
h BN | ayer enhances s urpotantadly inppmVving bathz at i or
electric doubldayer and pseudocapacitance, whei®@N provides the high active
surface area for the EDLC, and Moped ZnO provides active sites for Faradaic
redox reations that increase the psuedocapacitive behavior.

2-1 mproved Structural Stability: h BNOG6s me
changes during cycling, enhancing electrode longevity, and its incredible thermal and
chemical stability can further enhanthe stability of the device.

3 Optimized Morphology and I nterface: h B
uni form Mn ZnO nanoparticle distributio
strategy validated in both ZnO/ Btud@sN di el
(Ahmad et al. 2014)

Herein, we propse the development of a Mn:ZA@N nanaomposite via a combination

of sophisticated synthesis techniques that combine mechanical processing, chemical
enhanements, and thermal treatment, aiming to recrystallize the composite material. The
main goal of such development is to enhance both pseudocapactive and EDLC properties of
the composite material, enhance the capacitive stability of the material, and eptieiz

structural architecture of the developed composite material.

This chapter will focus on the systemically characterization of the composite material
through advanced characterization techniques such as EPR, PL, and Raman spectroscopy
which provides @eep understanding of the electronic propertigsetleveloped composite
material, and XRD, and SEM which gives a clear picture of the structure and morphology of

the composite material.
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The effect on the electrochemical properties and performance of the developed
nana@ompsite as a supercapacitor electrode matavikilbe analyzed in details inl@&pter
4,

3.2. Literature R eview

3.2.1.Structural and Electrochemical Insights

The incorporation of Mn dopant into the ZnO lattice has been shown to modulate the optical
bandgap and reduce the crystallite size. This effect was demonstrated bgtRéhas
illustrated in Figure9 below(Rahal et al. 202).
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Figure29: The band structures of ZnO, MANO, and MraZnO, showing the effect of Mn
dopant on the optical bandgap properties of Zaapted fronfRahal et al. 2025)
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The bandgap energy of ZnO systematically decreases with increasing Mn doping
concentration, approaching neaaro values at approximately 8% Mn content. At this critical
concentration, the material exhibiteetallic behavior characterized by a vanishing bandgap
(Eg @ 0 eV), indicating a transition from s

Regarding the electrochemical performance, Prasinal. demonstrated a 2#ld
enhancement in specific cajance for Mnadoped ZnO thin films compared to undoped
ZnO, utilizing the spray pyrolysis synthesis technique (151 F/g to 360 F/g respectively)
(More et al. 2021a) In comparison, ZnO/reduced graphene oxide (ZnO/rGO) composites
have achieved even highedvaes, wi th specific capacitance
capacitive retention of approximately 81% after 5,000 chiaigeharge cycle¢Ahmed,

Chib, and Arya 2025)These findings underscore the substantial influence of both dopant
incorporation and conductvmatrix integration on the electrochemical behavior of ZnO
based materials. However, we have demonstrated superior electrochemical stability,
achieving capacitance retention exceeding 90% after 5,000 cycles, thereby outperforming
ZnO/rGO benchmarks in tas of longterm cycling durability in our workAleinawi,
Ammar, et al. 2025)Detailed electrochemical performance comparisons and stability

analyses will be presented in Chapter 4.

3.2.2.Electrochemical Performanceof h-BN Composites

While numerous studies have explored the electroate@mperformance of -BN

composites, the majority have focused primarily eBNicarbonbased hybrid systems. For

example, Shamst al.reported a specdi capacitance of approxi ma
using a liquidphase exfoliated -BN functionalized with sodium thiosulfate (STS),
achieving ~87% capacitance retention after 3,000 cycles. The enhanced performance was
attributed to improved dispersion aridaronic conductivity imparted by the STS treatment

(Baby et al. 2025)in a subsequent study employing a hydrothermal synthesis route, the same
group achieved a significantly higher <capac

after 5,000 cycles. This improvement was ascribed to the introduction of polyethyleole gly
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(PEG), which effectively inhibited agglomeration and promoted better elecaledé&olyte

interface dynamicéShams, Bindhu, Murali, Ramesh, Al Souwaileh, et al. 202&)ilarly,

Ashwini et al.developed irsitu grown RBN-based heterostructures that exhibitegdecsic
capacitance ranging from ~800 F/ g at | ow sc
an exceptional cycling stability over 20,000 cycles. These results suggest a transition toward
batterytype behavior, driven by improved electron diffusiomekics (Alegaonkar,
Alegaonkar, and Pardeshi 2020)

3.2.3.Unexplored Mn:ZnO-hBN Nanocomposite

Although direct studies on Mn:ZrBN for supercapacitor use acarrently lacking, the
independent advantages suggest strong hybrid potentiakZn@n provides redox
pseudocapacitance, enhanced conductivity, and cycling stability. Wi lenables
interfacial polarization, structural stability, and high thermal/cleahmesilienceMn:ZnO-

hBN nana@omposite could therefore deliver hybrid capacitance by combining
pseudocapacitance (from MAnO) and interfacial/stabilizing effects (fromBN). It can
also provide enhanced stability:BN platelets can buffer structuratan during repeated
cycles. RBN may act as a scaffold to distribute MnO nanopatrticles evenly, which is a

strategy proven in ZnO/rGO systems.

No peetreviewed study has yet combined ¥aped ZnO with 8N for electrochemical
energy storage. Hereinye aim to explore the synthesis strategies through combining
sophisticated techniques to ultimately develop the composite material, provide a detailed
analysis through advanced techniques such as EPRRdhan, XRD, and SEM. Later in
Chapter 4 we aim toedermine the specific capacitance, rate performance, cycling stability

up to 5000 cycles, and impedance to understand internal resistance and ion diffusion.
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3.3. Methodology

3.3.1.Materials and Synthesis

The syithesis procedure of thén.:ZnO-hBN nanocompositllows a similar approach to

the Mn:hBN synthesis detailed in Chapténiaterials and synthesis section)th a few key
modifications. Specifically, following the ball milling and filtration steps, ddigonal stage

is incorporated. Bmely, the micravaveassisted hydrothermal treatment described in
Chapter 2. This integration enhances the synthesis pathway by facilitating the uniform
growth of Mndoped ZnO on the hBN matrix. A schematic representation dflitheZznO-

hBN nanocomposite synthesigpesdss presented in Figur&0 below.

h-BN is then

h-BN precursor is .
ball milled to % - sonicated in DI 25 mM ZNH and HMTA
, dissolved in DI water, and

s il - MAT dissolved in ethanol is
agglomeration of b ”  the quality of the
[ S layers added to the solution
ayers -

S i h-BN from the

previous step is
added to the
solution

oo — 0
... E
—

The resultant Mn:ZnO-hBN - - nanowires
Composite is thermally
treated to recrystallize

After filtering the
precursor, it is dried
overnight at 90 °C. h-BN nanosheets

Figure 30: Schematic ofthe synthesis procedure of MANO-hBN nanocomposites
revealing the sophisticated method of mechanical, chemical, and thermal processing
combined together in thideveloped advanced synthesis technique

The synthesis process begins with kegtergy ball milling of BN powder at 800 rpm for

24 hours. This step serves to reduce the lateral size ofBhelayers while simultaneously
introducing structural defects that facilitate subsequent integratidn Mitdoped ZnO
nanowires. Following ball milling, the-BN powder is dispersed in deionized (DI) water and
subjected to ultrasonic treatment at 80 AC

layer quality. In parallel, a separate solution is prepdrgddissolving zinc nitrate
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hexahydrate (ZNH) and hexamethyl enetetramin
concentration. Manganese acetate tetrahydrate (MAT) is then dissolved in methanol and
added to the precursor solution. The mixture is magnatiséiired for 1 hour to ensure
homogeneity, after which the pteeated BN dispersion is introduced. The resulting
suspension is transferred to a conventional
minutes under controlled conditions to facti@aucleation and growth of the Mn:Znthase

on the kBN substrate. The product is subsequently filtered, dried, and subjected to a thermal
annealing step at 700 AC for 10 hours to

integration within the compdas.

3.4.Results and Dscussions

3.4.1.Scanning Electron Microscopy Image®f the Nanocomposite

The morphology of themana@omposite Ma:ZnO-hBN samples isllustrated in the SEM
image in kgure31below, along with a schematic representation of the developed composite

morphology.
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Figure31: SEM image of the MuiZnO:hBN nanocomposite showing both morphologies of
h-BN discussed in chapter 1, and MnZnO discuseed in chakeft)2 and a schematic of
the morphology (right)

The presented images clearly demonstrate the distinct morphologies of the materials. The
layered structure of-BN, as discussed in Chapter 1, remains evident, while the MnZnO
nanorods, detailed in Chap&rappear to grow atop theBN layers in the form of clustered
nanowire assemblies, often resembling nanoflowers. These nancfik&dormations
contribute significantly to increasing the active surface area, which is advantageous for
enhancing electrdmical reaction sites. The influence of these MnZnO nanorods on the
electrochemical performance will be thoroughly analyzed in the Dunn analysis section of
Chapter 4. Additionally, the role of the sonication process during synthesis should be
highlighted,as it appears to have improved the structural quality and dispersion eBitie h

layers, as evident in the provided images.

3.4.2.X-ray Diffraction of the Nanocomposite

The crystalline structure and phase composition of the synthesizedMmZNO
nanocomposites with varying ZnO content (5 wt.%, 10 wt.%, and 20 wt.%) were
characterized byXRD. Figure32 presents the corrpending XRD patterns for th&95,
10:90, and 20:8Mn2ZnO:hBN samples.
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Figure 322 XRD diffractograms of MpZnO-hBN nanocomposites at different
concentrations showing the development of the crystalline structure as a result of introducing
ZnO into the structure ¢f-BN

All three samples display two dominant di ff
and 43°, corresponding to the (002) and (102) crystallograpmeplafh-BN, as indexed

to the standard JCPDS card No-@B#1(Zhi et al. 2009) The high intensity and sharpness

of these peaks in the 95:05 and 90:10 samples suggest a relaityecrystallinity of the h

BN phase at lower ZnO loadings.

Upon increasing the ZnO content to 20 wt.% (80:20 sample), additional diffraction features
emerge in the 2d 0°arhegecadditienal peaks nan Betgsignedtal thed
characterist reflections of the hexagonal wurtzite ZnO phase (JCPDS Nd.436),
including the (D0), (002), and (101) plang®zgir et al. 2005)The appearance and
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intensification of ZnGrelated peaks with increasing ZnO concentration confirm the
successful incorporation and crystallization of thediyped ZnO nanostructures within the
composite matrix. Ntably, the intensity of the (002}BN peak shows a decreasing trend
with increasing ZnO content. This reduction is attributed to the relative dilutiorBdf h
within the composite and possible partial coverage of tHe@Nhsurface by ZnO
nanoparticles, wibh may reduce the effegg diffraction volume of ¥BN. Additionally, the
broadaing of the ZnO peaks in the 0 sample suggests a nanoscale crystallite size and
the presence of Mdopinginduced lattice distortiond he absence of detectable ZnO peaks

in the 95:05 and 90:10 samples indicates either the low crystallinity or insufficient quantity
of ZnO to produce distinct diffraction signals detectable under the current measurement
conditions. This observation is consistent with previous studies orhBiNDcomposites
where the ZnO phase becomes XxRiBible only beyond a c¢tin threshold concentration

Overall, the XRD results confirtine successful synthesisih:ZnO-hBN nanocomposites
with tunable ZnO content, where both the phase composition and the relative crystallinity

are strongly dependent on the ZnO loading.

3.4.3.Electron Paramagnetic Resonancef the Nanocomposite

EPR spectroscopy was conducted in bothaxd andl-band frequencies to investigate the
paramagnetic centers and Mn] -hBNnanocompositesr por a
at varying ZnO loadings. The recorded ERIRdra are presnited in Figur&3 below.
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Figure33: X-band EPRspectrum (left) and @and EPR spectrum (righaf Mn2:ZnO-hBN
nanocomposites showing the effect of t he .
structure of the nanocomposite

The X-band spectra (left panel) reveal a single dominant and sharp resogaateentered

around 350 mT for all samples, with the strongest intensity observed iltle 5Mn - : Zn O
hBN composite (blue curve). This signal corresponds tdaetgr of approximately 2.004,

which is commonly associated with defeetated paramagnetaenters, such asny Vo in

h-BN or ZnO matrix. Notably, the characteristic dixe hyperfine splitting typically
observed for isol ated Mrandspecwansallthreesampl€s. i s a
The lack of resolved hyperfine structure may tigkbaited to several factors, including low

Mn | concent r aitipole mteracions; limenbgoadening duk te clustering, or

overlap with dominant defecelated signals from the BN matrix (Bououdina et al. 2014)

As the ZnO content increases from 5 wt.% to 20 wt.%, a systematic decrease in overall X

band signal intensity is observed. This trend suggests a dilaiodefectrelated
paramagnetic centers associated wiBNy likely due to the increasing mass fraction of ZnO

in the composite. Furthermore, the observed line broadening in the highelo&oh€al

samples (1®0 and 2680) may indicate enhanced magneticimr act i ons bet ween

or increased structural disorder within the ZnO pl{Rsdit et al. 2004)

The Qband spectra (right panel), recorded at a higher frequency (~34 GHz), provide
enhanced spectral resolution and improved sensitivity to hyperfine fealures595

Mn . -ABNGample again shows a sharp and intense resonance signal around 1220 mT,
corresponding to the same g & 2. 00-Bandpar ama

82



However, even at®@ and resol uti on, no cl e a&d, furifier ) hy|
supporting the conclusion that the Mn] con
for hyperfine splitting or that strong spapin interactions and inhomogeneous broadening
dominate the Mn environment in these samgRtit et al. 2006)Similar to the Xband
observations, the Qand spectra also show a notable decrease in signal intensity with
increasing ZnO content, indicating that the total population of-B&tRe defect sites

decreases as more ZnO is incorporated into the comp®kitereduction aligns with the

dilution of -BN, which is known to host prominent paramagnetic defect centers contributing

to g & 2 (z6ieoewe)si gnal s

3.4.4.Photoluminescencef the Nanocomposite

The PL analysis of MnZnO-hBN nanocomposites displays a distinct difference from both
pristine and Mn doped-BN discussedh Chapter 1 as shown in Figugd below.

83



Exc: 285 nm ——5-95 Mn_:ZnO-hBN Preheat
Em: 295 nm ———5-95 Mn _:ZnO-hBN 700 °C
10-90 Mn_:ZnO-hBN 700 °C

—20-80 Mn2:ZnO-hBN 700°C
Cumulative fit

Lo

A
o V-

PL intensity / a.u

! I ! I
525 600 675 750

A/ nm

! I
375 450

Figure34: PL spectra of MpZnO-hBN nanocomposés along with the deconvolution of the
peaks showing theffect of ZnO on the optical properties eBIN

A pronounced feature observed in all pashealed samples is the enhanced UV-bead

edge (NBE) emission centered in the range ofi 800 nm, which is attributed to the
radiative recombination of free excitons in the ZnO wurtzite laffemheusden et al. 1996,
Ozglr et al. 2005)This emission is almost negligible in the preheat€®d® Mn -hBNZ n O
sample (blue cwe), indicating the absence of significant crystalline ZnO phase prior to
annealing. However, following thermal treatment
at 700 °C, the samples containing higher Zn@centrations (10% and 20%Xhibit a
substantial increase in NBE intensity. This trémdnost prominent in the 280Mn  : Zn O

hBN compositewhere the UV emission intensity reaches its maximum.

This clear enhancement of the NBE emission with increasing ZnO content confirms the
successful crystallization of ZnO nanoparticles within the hBatrix and highlights the

ZnO contribution to the optical properties of the composite system. The improved UV
emission can also be linked to reduced-rextiative recombination sites due to better crystal

qualityin higher ZnOloaded sampledMoreover, thévin-doping within the ZnO lattice may
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additionally contribute to the modulation of carrier recombination dynamics, though no

secondary Mrrelated peaks are prominently detesd in this spectral regiddanotti and Van
de Walle 2009)

In addition to the UV NBE peak, broad visible emissions ranging from 450 nm to 700 nm
are observed across all samplehwicreasing intensity for samples containing higher ZnO
contentas depicted in Appendix 1Deconvolution of the PL spectra reveals multiple defect
related bands. These visible emissions are typically associated with intrinsic #uds de
such as ¥, Zni, Oi.. The relative intensity of these defect emissions also increases with ZnO

concentration, suggesting that higher ZnO loadings introduce more diésctvithin the
nanocomposite.
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Figure35: Taucplots of Mn:ZnO-hBN samples showing the band gap energy change as a
function of increasing the concentration of ZnO in the nanocomposite structure

The effect of ZnO content on the optical band gap energy of the synthesized nanocomposites
is illustrated in Figur85, which preents the corresponding Tauc plots. The band gap values
were determined using the same methodology outlined previously in Chapter 1. A clear and
progressive reduction in the optical band gap energy is observed with increasing ZnO

concentration within theBN matrix. This band gap narrowing is particularly significant for
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the higher ZnGoaded samples, highlighting the influence of ZnO incorporation on the
electronic structure of the composite system. The observed decrease in band gap energy is
expected to lay a pivotal role in enhancing the electrochemical behavior of the materials, a
topic that will be discused in detail in the Kkapter4.

3.5. Crystallographic and Defect Modulation in Mn:ZnO1 h-BN Nanocomposite
Systems

This chapter presentedadetadetl r uct ur al and opti cal-hBNhar act
nanocomposites synthesized with varying ZnO concentrations. The collective results clearly
demonstrate the successful integration of-ddped ZnO nanostructures onto thd&\

matrix, with a tunableompositiondependent evolution of morphological, crystallographic,
electronic, and optical propertieSEM imaging revealed the formation of hierarchical
architectures where MnZnO nanorods, often assembling into nanoflikeerusters, are

uniformly distributed over the layeredBN substrate. This tailored morphology is expected

to enhance the electrochemically active surface area, creating more accessible reaction sites
for charge storageXRD analysis confirmed the coexistence of botBN and ZnO phses

within the composites. At lower ZnO concentrations, thBNh crystallinity remains

dominant, while higher ZnO loadings promoted the appearance and growth of the hexagonal
wurtzite ZnO phase. The observed peak broadening and intensity shifts suggesseale

crystallite size and Minduced lattice distrtions within the ZnO domainsePR
spectroscopy, conducted at botkoXnd and Gband frequencies, provided insight into the

| ocal magnetic environment and dwasobservedst r uc
across all samples, indicative of paramagnetic defect centers primarily originating from the
h-BN matrix and ZnGrelated defects such as nitrogen and oxygen vacancies. The absence
ofwellr esol ved Mn] hyper fi ngimes puggedisteitherg@loww n b o
substitutional Mn | -spiricteractens,tor beoadegieffects du¢to ong s
site disorderPhotoluminescence measurements further validated the structural observations

by showing a pronounced increase in Asamndedge UV emission with increasing ZnO
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content, directly correlating with improved ZnO crystallinity. Simultaneously, enhanced
visible-range defeetelated emissions were observed, reflecting the increasing defect density
introdued by higher ZnO incogration. The Tauc plot analysis highlighted a progressive
narrowing of the optical band gap energy as a function of ZnO concentration. This band gap
modulation, induced by both compositional changes and Mn doping effects, is anticipated to

play a significat role in facilitating enhanced charge transport and electrochemical activity.

In summary, the results of this chapter provide strong evidence that controlled ZnO
incorporation and Mn doping effectively engineer the structural and electronic properties of
the hBN-based nanocompositégable below summarizes the critical parameters obtained
from the advanced characterization techgniues for the difference samples highlighted in the
previous chaptersThese tailored characteristics set the foundation for the improved
electrochemical performaneell be discussedChapter4.

Table6: Characterization parameters of the various materials systems discussed in the
previous chapters

Sample g factor Eq (eV) D (nm)
Mn1:h-BN at 800°C 2.0019 4.365 93
Mns:h-BN at 800°C 2.0019 4.06 98
Mns:h-BN at 800°C 2.0019 3.56 103
ZnO:Mnoat 160 W 2.0021 3.18 40
ZnO:Mn ; at 160 W 2.0021 3.16 46
ZnO:Mn s at 160 W 2.0021 3.08 87
5-95 Mn2:ZnO-hBN 2.0020 3.29 98

10-90 Mn2:ZnO-hBN 2.0020 3.25 88
20-80 Mnz:ZnO-hBN 2.0020 3.05 84
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4. ASSESSING THE ELECTROCHEMICAL PERFORMANCE OF h -BN,
ZnO:Mn, AND Mn:ZnO -hBN

4.1. Introduction

Defectengneered FBN has recently garnered significant attention as a promising electrode
material for supercapacitor applications. While pristisi@N\hexhibits excellent thermal and
chemical stability, its wide bandgap and intrinsically poor electrical conductivity limit its
electrochemical activity in its unprocessed form. However, introducing structural defects
such as vacancies, edge disruptions, and substitutional impuri@essignificantly enhance

its charge storage capabilities by increasing the density of actigeasitefacilitating ion
diffusion pathways. The most effective way to evaluate the influence of these defect states
is through direct electrochemical testing in supercapacitor configurations, where their

contribution to performance metrics can be quanigftiassessed.

Traditional nordefective RBN showsa negligible electrochemical response; however, its
electrochemical performance canadxrastically improved by combining it with conductive
nanomaterials in a composite form. Methods such as ball milling are widely employed to
introduce controlled defects while simultaneously reducing particle size, thereby enhancing
surface accessibilityzor instance, Bongeat al. demonstrated a higberforming composite

system incorporating-B N , graphene, and MoS |, achieving
F/g, along with an energy density of 16.4 Wh/kg and power density of 501 W/kg in a
symmetric supercagitor device (Bongu, Arsalan, and Alsharaeh 2024Jhese
improvements were attributed to the synergistic effects of increased sudac@groved

electrical conductivity, and defeenhhanced redox activity. Such results highlight the
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transformative potential of defedth h-BN-based composites to rival traditional carbon

based materials in energy storage applications.

In paralel, metad oxide nanostructuregarticularly ZnOand its doped variantsave also

shown significant promise as electrode materials for supercapacitors due to their high
theoretical capacitance, favorable redox activity, and environmental stabilityb@seol
compaites have demonstrated high specificacaance and energy densigong with good

cycling stability over 1000 cycle&uo et al. 2016)making them suitable candidates for
advanced energy storage systems. A critical factor underpinning these electrochemical
improvenents is the presence of defect centers, such as oxygen vacancies and grain
boundaries, which significantly influence the material's surface chemistry andcelectri
transport propertie@ oloman et al. 2025, Ben Gouider Trabelsi et al. 20PH¢se structural
imperfections can enhance ionic conductivity, reduce chtaagder resistancéToufani et

al. 2020) and serve as active sites for faradaic readdidhsereby boosting the overall
electrochemical performand&ingal et al. 2020, Sahu et al. 2024preover, defect centers

are known to modulate the electronic structure of ZnO by actisga®w donors. Oxygen
vacancies, in particular, can increase carrier concentration, improve electrical conductivity,
and expand interlayer spacing to facilitate rapid ion trangpattenhanced redox kinetics

(Wu et al. 2019) Strategies suchsadoping with trasition metals, e.g., Miave been
employed to further improve the performance of Aré3ed electrodes. Mn doping not only
introduces new defect states but also induces redox activity, enabling pseudocapacitive
behavior whié tuning the bandgap to emit& electrical conductivitylThe incorporation of
dopants can simultaneously promote defect formation and modify surface chemistry to create
more favorable conditions for eleattiemical charge storagéao et al. 2021)

Given these complementary attributes, the combination efldped ZnO nanostructures
with defectengineered BN in a single composite offers a highly promising yet largely
unexplored pathway for developing nedneration supercapacitor electrodes. While
extensive research has bemnducted on individual systendefectmodified BN and
doped ZnOthere is a noticeable gap in the literature regarding the integration of these two
materials into a unified composite architecture. The synergistic interdmtioveen Mn

induced redox activity in ZnO nanorods and the high surface area andmeftiated ion
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accessibility of BN can be expected to deliver enhanced electrochemical properties, such
as higher specific capacitance, improved energy and poweridsnaind superior cycling
stability. Furthermore, the use of ball milling and microwassisted hydrothermal
synthesis can facilitate intimate contact between the componentpramebte uniform
growth of Mn:ZnOon the RBN substrate, ensuring efficientange trasfer and structural

coherence.

In conclusion, the design of BIn:ZnO-hBN nanocomposite represents a novel and
promising approach to supercapacitor electrode development. It leveragegnigehstof

both material systems, defaath BN and dopd ZnO,and addresses their respective
limitations through composite engineering. Further exploration and experimental validation
of such a system could contribute significantly to the field of dpigliormancehybrid
energy storage devicds this chaper, the electrochemical performance of each individual
system will be thoroughly examined, followed by amepth analysis of the electrochemical

behavior of the combined systems in the form of composite materials.

4.2. Literature R eview

4.2.1.Electrochemical Performance of hBN

Despite its high thermal stability and chemical inertness, pristiB& lexhibits poor
electrochemical activity due to its limited conductivity. However, introducing defects such
as vacancies, edge distortions, or substitutional iipsircan significantly enhance its
electrochemical performance by creating additional active sites and improving ionic
transport. Shamet al. demonstrated that sodium thiosulfate (STS) functionalizatiorr of h
BN improves dispersibility and electrical conductivity, leading to a specific capacitance of
~116 F/g at 1 A/g with 87% retention over 3000 cy¢®isams, Bindhu, Murali, Ramesh,
Souwaileh, et al. 2025)Later, a hydrothermal synthesis invioly polyethylene glycol
(PEG) led to a capacitance of 361.6 F/g and 85% retention after 5000(8yw@ess, Bindhu,
Murali, Ramesh, Al Souwaileh, et al. 2023nother study by Ashwinet al. reported
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heterostructures formed via-#itu assembly of 8N with conductivematerials, exhibiting

specific capacitances up to ~800 F/g and robust cycling performance over 20,000 cycles
(Alegaonkar, Alegaonkar, and Pardeshi 2020)ese studies establish the critical role of

defect engineering and composite formation in unlockiBydid s el ect r ochemi c a
The combination with carbebased or metdbased materials is often necessary to overcome

its intrinsic limitations.However these studies explored only composites formedBNh

combined with carbon baseaaterials as shvan in Figure36 below.

P

(e)
Multi-layered

interface \

GMH-composite

Figure 36.: SEM images othe upper panel showing individual 2D layers of (a) rGO, (b)
MoS2, and (c) ¥BN. Lower panel: (d) rGOMoS:i h-BN composite, (e) sandwiched layers
(inset: EDX spectrum revealing the elemental composition), (f) a smaller block of the blend
adapted fronfAlegaonkar, Alegaonkar, and Pardeshi 2020)

4.2.2.Electrochemical Performance of Mnrdoped ZnO

ZnOis a weltknown semiconducting metal oxide with a notable pseudocapacitive behavior.
However, its electrochemical performance is often hindered by low conductivity and limited
specific capacitance. To overcome these limitations, doping ZnOTMitls, paricularly

Mn, has been a widely adopted strategy. Pravial. demonstrated that Mn doping in ZnO

thin films synthesized via spray pyrolysis enhanced the specific capacitance from 151 F/g
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(undoped) to 360 F/g due to improved charge storage and redoxyaatiMn ions(More

et al. 2021h) Similarly, Khan et al. reported that Mn doping not only enhanced
electrochemical performance but also impibvéne structural and morphological
characteristics of ZnO nanostructures, leading to better cycling stability and
charge/discharge rat€khan et al. 2017)Mn ions, possessing multiple oxidation states

(Mn] [/ Mnj [ Mn ), introduce additional redc

pseudocapacitance in the electrode matédiaén, Ding, et al. 2015)

4.2.3.Unexplored Potential of Mn:ZnO-hBN Nanoommposites

Despite extensive studies orBIN composites and Mdoped ZnO individually, there is a
noticeable gap in the literature regarding their combination into a single composite system.
Integrating Mndoped ZnO nanorods with defeemgineered #BN is expected tmffer a
synergistic benefit, combining the pseudocapacitive behawndrenhanced conductivity of
Mn:ZnO with the high surface area, structural stability, aneaicressibility of FBN. Such

a composite is likely to overcome the conductivity limitatiaish-BN and address the
stability concerns of ZnO under prolonged cycling. To date, noneeewed studies have
systematically explored this composite system, indicating a promising avenue for novel

electrode development in supercapacitor research.
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4.3. Methodology

4.3.1.Two-Electrode Supercapacitor @nfiguration

Separator and Electrolyte Currant Cillactore

Electrodes

=
y & [

1 3 5
2 4
Precursors powder Ball milling of the powder The milled powder is The suspension is sonicated for Thermal annealing of the
to ensure uniform dispersed in methanol to effective de-agglomeration and  powder is performed to
blending of Mn:ZnO-hBN form a uniform suspension to ensure nanoscale uniformity  gchieve desired cyrstallization

Slurry coated
on copper foil

=

' Q e
3 ~
" 9
6 7 8
The electrochemical performance
The annealed powder is The mixture is sonicated to The sturry mixture ks uniformly of the fabricated electrodes is
mixed with 6M KOH ensure uniform dispersion coated on top of copper foil and evalnated using Blologic
dried on a hot plate potensiostat

Figure37: Schematic of the double electrode symmetric supercapacitor configuration used
to measure the electrochemical properties of the supercapacitor devices

93



The double electrode configuration was used to study the synergy between the electrode
materials and between the electrodel atectrolyte, as shown in Figu¥ above. To
accurately analyze the electrodes, symmetric SC devices have been used for all materials
The electrode material was mixed with Polyvinylidene Fluoride (PVDF) as a binder and
dissolved in a 6 M Potassium Hydroxide (KOH) solution. To ensure a homogeneous slurry,
the mixture was dissolved in a sonicator at 70 °C. The slurry was coated onttp of
electrodes and left to dry on a hot plate at 90 °C. Finally, the electrodes were separated with
a glass fiber separator and wetted with a few drops of 6 M KOH, which was used as the
electrolyte. The total mass of the electrode material used in tiheistB5 mg, either coated

on top of Cu foil electrodes with 1.5 x 1.5 cm area, or on top of a stainless steel bolt with 15
mm diameter, yielding a mass loading of 2.5 mg/cm2. This mass loading was chosen to
maintain consistency with the literature whelesuring robust electrochemical performance.

The SC devices were then connected to a Biologic VMP300 multichannel po tentiostat.
Several different methodologies were used for the analysis, such as cyclic voltammetry (CV)
that involves subjecting the worlg electrodes to a linearly changing voltage, to study the
redox behavior, the specific capacitance of the SC devices, and the electrochemical stability.
Electrochemical impedance spectroscopy (PEIS) under potentiostatic conditions, and

galvanostatic cyafig with potential limitation (GCPL).
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4 .4.Results and Dscussions

4.4.1.Cylic Voltammetry, Specific Capacitance and Working Mechanisn\nalysis

The CV of the undopeball-milled h-BN samplesdiscussed in Chapterid displayed in

Figure38 below.
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Figure38: CV graphs of unmilled, and batilled -BN samples with carbon defects (HBN
T top), and W (NHBN T bottom), showing the effect of the ball milling process on the current
response

The NHBN samples exhibited a significantly higher current response compared to the HBN

samples, which can be directly attributed to the increased defect density and complexity, as

evidenced by the EPR, PL, and Raman characterization results discussed dadier. T
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enhanced defect landscape facilitates improved charge storage and electron transport during

electrochemical cycling.

Interestingly, the balilled NHBN samples displayed a distinct electrochemical behavior.
At a high scan rate of DOmV/s, the CVcurves revealed minor redox features. However,
when the scan rate was reduced to 50 mV/s, a prominent oxidation peak emerged at
approximately 0.4 V. This behavior is primarily attributed to ion diffusion limitations at
higher scan rates, where the restrictechet window does not permit complete
electrochemical reactions, thereby favoring sudematrolled reduction process@hang et

al. 2023) Furthermore, NHBN samples display strong oxidation peaki#eWBN samples
display strong reduction peaks. This variation of electrochemical behavior is understood
from the effect of @oping on the structure ofBN which introduces midgap states that
tend to increase the reduction reactions -iBN (Chatterjee et al. 2025)n general, The
pseudocapacitive behavior assded with Faradaic redox reactions can be attributed to the
defectengneered FBN structure, which includes \vand carbon substitutional defects.
Although pristine BN is electrically insulating and typically shows electric dotlalger
capacitance (EDLXonly, the introduction of structural defects significantly alters its
electronic structure and surface reactivity. While the precise redox mechanism in defective
h-BN is still under investigation, a general reaction pathway in alkaline electrolytes (e.g.
KOH) can be proposed as follows:

[ BN _defeel BN_OEJXHectt e

Here, [ BN_defect r epr es edvdacacyar catbord sabstitution)i t e

that can undergo reversible surface hydroxylation or electron transfer reactions.

To quanitatively evaluate the capacitive performance, the CV curves were analyzed to
calculate the specific capacitance at various scan bgtesing the reltion illustrated in

Equation (9:

8 . 9)
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Where Gis the specific capacitance in F/g, A is the area enclasddr CV curves in
mA.V, m is the active mass of the electrode materials in g, k is the scan rate in mV/s, and V

is the voltage window in V.

Figure 39 presents the variation of specific capaci@m@as a function of scan rate for all

samples.
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Figure39: Specific capacitance of unmilled and balilled -BN samples at varying scan
rates, showing the effect of batlilling on the specific capacitance of the electrodes

As expected, all samples showed a general increase in specific capacitance with decreasing
scan rate, which is a typical behavior for supercapacitor electrodes. This trend reflects the
enhanced ion accessibility and prolonged time for electrochemical reaatidower scan
rates.For the uamilled NHBN sample, the highest specific capacitance was recorded at 20
mV/s. However, a notable decline in capacitance was observed when the scan rate was
further reduced to 10 mV/s. This behavior suggests either iarsdiff saturation at 20 mV/s

or possible electrolyte desyosition at lower scan rat@atra et al. 2021)n contrast, the
ball-milled NHBN samples did not exhibit this dropdapacitance at low scan rates. Instead,
they maintained and even improved their capacitance, indicating that the introduction of
additional defect sites via ball milling effectively eliminated the diffusion saturation barrier
observed in the umilled sampes. The baltmilled NHBN sample reached a maximum

specific capacitance of 615 F/g at a scan rate of 10 mV/s, highlighting the substantial impact
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of defect engineering on electrochemical performanoegain deeper insight into the charge
storage mechanisrthe Dunn method was employ@Riavi et al. 2023)rhe Dunn Equation

(10) is expressed as:
Ow QU Qmo (10)

Where l and k are the capacitive and diffusive currents respectively, and v is the scan

rate.
Diffusive
= Capacitive 8 Capacitive contribution
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Figure40: Dunn method showing the working mechanisnNefBNpm at 10 mV/s scan rate
(right) and the contribution of the diffusive angaaitiveworking mechanism of NBNpm
samples at 10 mV/s scan rate (left)

The relative contributions of each mechanism can be quantified by analyzing the slope and
intercept of a Dunn ploThe analysis of the Dunn plotsresented in Figur40 allowed for
guantification of the relative contributions of capacitivel aiffusive processes. Figud®

(right) shows the separation of capacitive and diffusiveetusrat 10 mV/s, while FigudD

(left) illustrates the percentage contribution of eawthanism across different scan rates.
The results reveal a clear increase in the diffusmmtrolled Faradaic contribution as the
scan rate decreases. This indicates that the introduction of additional defect sites through ball
milling significantly enha c e s t he m a-dcteve behdvidrs providing onrre

electrochemically accessible sites for charge storage reactions.

Under CV, ZnO demonstrates a predominantly pseudocapacitive behavior, diverging from

the classic rectangular profiles associated i} .Cs. In EDLC systems, charge storage
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arises from the nofaradaic, physical adsorption of electrolyte ions at the eledtrode
electrolyte interface, typically producing featureless rectangular CV curves due to the rapid
electrostatic ion accumulatiq@ogotsi and Perar 2018) By contrast, ZnO, as a transition
metal oxide, undergoes reversible faradaic redox reactions, reflected in the appearance of
distinct anodic and cathodic peaks in the CV profiles. These peaks result from ion
intercalation and redox kinetics thate inherently slower and more diffusibmited
compared to the nearly instantaneous ion adsorption processes of EHdfane 2022)

The faradaic reactions in ZnO are governed by ion diffusantrolled kinetics, contributing

to the diffusive charge storage behavior observed in CV measurements. The synthesis route
plays a crucial role in tailoring the capacitive response of ZnO electrodes by influencing
defect density and distributigdhang et al. 2018Jor example, ZnO:My@ 800 W displays
defectinduced facilitation of ion transport, as indicated by minor but observable redox
peaks. In contrast, ZnO:Mi® W exhibits a more rectangulke CV shape, indicative of
suppressed faradaic activity. Although synthesis parameters generally enhance the faradaic
properties of ZnO by introducing defects that aid ion transport, careful control over defect
concentration is essential. Excessive defectrggioa can hinder performance by increasing
internal resistance or blocking active sifNsjib et al. 202Q)Furthermore, Mn doping acts

as an additional strategy to enhance pseapacitive behavior by providing new

electrochemically active sites and improving electronic conductivity.

Figure41 and Appendix 12 illustratthe CV responses of the supercapacitor devices tested
across five scan rates (10, 20, 500,18nd 200 mV/s)while Figure 42resents the specific
capacitance variation as a function of scan rate for all undoped anibpaa ZnO samples
synthesized at different microwave powers. The variation in microwave power and Mn
doping concentration was designed to moduligfiect density and electrochemically active

surface area.
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Figure41: CV of ZnO:Mmnyand ZnO:Mn @ 160 and 320 W microwave power, showing the
effect of the synthesis microwave power on the behavior of the supercapacitor device

Undoped ZnO typically exhibits prominaridox features, particularly @160 #é increase

in Mn doping concentration from 2% to 5% resulted in nearly a twofold increase in peak

current, suggesting enhanced pseudocapacitive behavior via improved ionodiffusi

pathways. This improvement highlights the critical role of Mn dopants in facilitating redox

activity. However, at higher dopant levels or synthesis powers, thedfbldetween defect

density and charge transfer resistance becomes apparent.

For ingane, in ZnO:Mrs @ 320 W, although redox peaks became more pronounced, the

increasing defect concentration began to impede ion transport, leading to reduced peak

currents and specific capacitance values. This indicates the onset of excessivMadiatedt

resistance that adversely affects charge storage effici&wylarly, ZnO:Mn @ 640 W

shows moderate pseudocapacitive characteristics, with minor redox peaks, while doping at
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this power level (ZnO:Manand ZnO:Mn) led to further increases in peak definitiand

overall capacitancét 800 W synthesis power, Mn doping had a more profound impact. The
ZnO:Mn, sample exhibited highly defined redox peaks, reflecting an increase in faradaic
reaction sites and improved ion diffusion kinetics. Nevertheless, at B%oping, a decline

in electrochemical performance was observed, attributable to excessive structural distortion

and elevated internal resistance.
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Figure 42. Specific capacitance of ZnO:Mn samples synthesized at various microwave
powers, showing the effect of the synthesis conditions on the electrochemical performance
of the device

Quantitative analysis of the CV curves enabled the tzlon of Csfor dl samples, as shown

in Figure42. Among all tested conditions, ZnO:Muoonsistently exhibited the highest Cs,
followed by ZnO:Mnr and undoped ZnO. This trend emphasizes the role of moderate Mn
doping in optimizing the balance between charge carrier density and structural integrity. The
observed enhancement at 2% Mn is likéle to the generation of additional reelmtive
centers without compromising the crystallinity and morphology of the ZnO nanostructures.

In contrast, higher doping levels (5% Mn) introduced excessive defects, reducing
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crystallinity as confirmed by XRD anhcausing morphological deterioration, as seen in SEM

images.

To further elucidate the charge storage mechanism and quantify the relative contributions of
capacitive and diffusioontrolled processethe Dunn method was employéde results,
presentedni Figure43, reveal a noticeable increase in the diffusive contribution for Zn@:Mn

compared to undoped ZnO across all synthesis powers, except at 800 W.

Figure4d3: 3D representation of Dun conttibeitodsfor que 6 s
ZnO:Mnp and ZnO:Mni samples at various microwave powers

At a low scan rate (10 mV/s), where ion diffusion time is sufficient, the contribution from

diffusion-controlled processes was maximized. Specifically, ZnQ:lkxhibited higher
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diffusive contributions at 160, 320, and 640 W compared to the corresponding undoped ZnO
samples, highlighting the beneficial role of Mn doping in enhancing faradaic charge storage.
However, for the 800 W samples, undoped ZnO surprisingly displayed a higlusiveif
contribution (~90%) than ZnO:Mn2 (~85%). This reduction for ZnG:sin800 W can be
attributed to morphological degradation, particularly a decrease in aspect ratio as indicated
by SEM histograms, which limited ion transport and reducedeffieacy of faradaic
processeslhe enhanced diffusive behavior in Mioped ZnO electrodes stems largely from
the multivalent nature of Mn i1ons (Mn] [/ Mn
centers that participate in fast and reversible electron transfetraies during chargmand
discharging cyclesThese redox transitions extend charge storage beyond surface ion
adsorption, enabling bulk and nearrface faradaic reactio(Rashid et al. 2021Moreover,

Mn incorporation promotes the formation of oxygen vacancies within the ZnO lattice,
thereby enhancing electrical conductivity and providing additional active sites for redox
interactons with the electrolytéDillip et al. 2016, Das et al. 2023)hese oxygen vacancies

not only improve charge transport kinetics but also act as ion diffusion channels, further

amplfy i ng the material ds pseudocapacitive per:
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The electrochemical behavior bfn:h-BN and Mn:ZnQ h-BN nanocomposites exhibits a

hybrid charge storage mechanism, integrating characteristics observed in both individual

Mn-doped ZnO and 48BN systems. The C\esponses of thesmaterials, presented in

Figures44 and 45 along with the detailed plots in Appendix 13, reveal this combined

behavior.
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Figure44: CV plots of Mrs:h-BN samples at various heat treatmtamperatures, showing

the effect of Mn dopant incorporation in the structure-8MNhon the working mechanism of
the supercapacitor devices
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Figure 45. CV graphs of MeZnO-hBN nanocomposites samples showthg effect of
increasing theconcentration of ZnQphase on the current response of the supercapacitor

devices

The Mndoped KRBN samples exhibited relatively modest ogas in their CVprofiles
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density occurred. This enhancement is likely attributed to improved electrical conductivity
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h-BN changed considerably. Distinct and wadifined oxidation peaks became evident in

the CV curves, indicating the oris# faradaic redox reactions that were previously absent
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or considerably suppressed in the bulk and lemerperaturdreated samples. This suggests

that higher thermal energy facilitates defect formation and activates additional
electrochemically active sites wthin the RBN structure. The Mn:Zn(h-BN
nanocomposites demonstrated a similar but more pronounced tempdsganslent
evolution in their electrochemical response. Rostealing at elevated temperatures resulted

in a substantial increase in cemt response during CV measurements, reflecting enhanced
charge storage capability. This improvement can be attributed to the synergistic interaction
between the Midoped ZnO nanostructures and the deéegineered 8N matrix. The Mn
dopants introduceddaditional redoxactive sites, while the defectiveBN provided an
extended surface area and facilitated faster ion diffusion pathways. The pseudocapacitive
nature of the nanocomposites became particu
and 90CC, where intensified and broadened redox peaks were observed. These results
collectively demonstrate that both Mn doping and composite formation watN, hwhen
combined with controlled higtemperature annealing, significantly enhance the faradaic
contibution and ion transport kinetics of the electrode materials. This strategy effectively
tunes the electrochemical performance of the system, making it highly suitable for advanced

supercapacitor applications.

The specific capacitance of Mioped RBN andthe ZnGhBN nanocomposites is shown in
Figures46 and 47
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Figure46: 3D representation dhe specific capacitanddn:h-BN samples at different heat
treatment temperatures showing the effect ofddpant incorporation in the structure of h
BN
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Figure47. Specific capacitance of the nanocomposites, showing the effect of ZrBNo h
concentrabn on the electrochemical performance of the supercapacitor devices
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The Mndoped RBN samples exhibited a marked enhancement in specific capacitance
compared to pristine bulk-BN. Among the various heat treatment conditions, samples
anneal ed monstraed the higlest électrochemical performance. This temperature
appears to provide an optimal baladdecilitating the effective incorporation of Mn ions

into the BN lattice while avoiding the excessive microstrain and structural distortions
observe a't hi gher annealing temperatures, sSuc|
intermediate temperature likely contributes to the creation of additional-ssdioe sites

and improved electrical conductivity without compromising the structural ityegfrthe

material. For the Mn:Znh-BN nanocomposites, the composition with a 20:80 Zo®-

BN weight ratio delivered the most favorable electrochemical performance. This particular
configuration achieved a r emar/ksulphssingsallpeci fi
other tested composite formulations. The superior performance of this system can be
attributed to the synergistic effects between theddped ZnO nanostructures and the
defectrich -BN matrix. The ZnO component provides abundant facadzaction sites,

while the high RBN content enhances ion transport pathways and contributes to structural
stability during cycling. These findings underscore the critical role of both compositional
design and thermal processing in optimizing electrodefopmance. The strategic
combination of Mradoped ZnO with ¥BN in a nanocomposite architecture not only
maximizes the density of active sites but also ensures efficient ion diffusion and electronic

conductivity, offering a promising pathway for higlerfomance supercapacitor electrodes.
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[ Bulk

Figure48: 3D represetation of Mnrdoped hBN and MnZnO-hBN nanocomposites Dunn

techniquebés capacitive and diffusive contri
supercapacitor devices

The charge storage mechanisms governing the pen@enaf the Mrdoped RBN and
Mn:ZnO-hBN nanocompositdased supercapacitoevices are illustrated in Figud8. The

bulk -BN samples primarily exhibit EDL@ominated behavior, characterized by non
faradhic charge storage resulting from the physical adsorption of electrolyte ions at the
electrodéelectrolyte interface. However, the introduction of Mn dopants into tB& h
lattice induces a notable shift toward pseudocapacitive charge storage. Thigtrassit
attributed to the creation of additional electrochemically active sites by Mn ions, which

facilitate surface and neauwrface faradaic redox reactions within thd3M structure.
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Consequently, the Mdoped RBN electrodes demonstrate an enhancedritartion from
faradaic processes compared to their undoped counterparts. This pseudocapacitive
contribution becomesven more significant in the M&nO-hBN nanocomposite systems.

The presence of ZnO, a wdihown pseudocapacitive material, further ampdifidne
diffusive-controlled charge storage mechanism. The synergistic effect betweelopdd

ZnO and the defective-BN matrix leads to a dominant pseudocapacitive response,
characterized by higher current densities and larger specific capacitanceashlissussed

in the preceding sections. Importantly, the inherent structural stabilityBdf provides a
robust framework that accommodates the increased faradaic activity without compromising
long-term performance. This balance between high pseudodapacintribution and
structural integrity will be further demonstrated in GCPL section to be discussed later in this

chapter.

4.4.2 Impedance and Zfit Analysis

Figure49 presents the EIS plots for both unmilled and-balled -BN samples. A clear
distinction in impedance behaviorabserved between the HBN an#iBIN samples, which

can be directly attributed to the differing defect types and concentrations within their
structures. The HBN samples exhibit a relatively small semicircular arc in thérbmlrency
region of the Nyquist plot, followed by a nezertical straight line in the lovirequency
region. The higHfrequency semicircle corresponds to the charge tramsfestance and
inherent internal resistance of the material. In contrast, thefreyuency linear region
reflects a diffusiorcontrolled process, characterized by thecalled Warburg impedance
(Nishikata, Ichihara, and Tsuru 1998hich arises from ion diffusion limitations within the

electrode material.
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Figure49: EIS plots of unmilled and bathilled HBN (top) andNHBN (bottom) samples,
along with the equivalent circuits obtained from the Zfit shown in the red line

In comparison, the NBN samples display a significantly different impedance response,
marked by the presence of two distinct semicircles. This dual selmibehavior indicates
multiple charge storage and transport processes, likely originating from the higher density of
electrochemically active defect sites associatetth witrogen vacancies in the HBN
structure. Theifference between the HBN andHBN samples is particularly evident in the
low-frequency region, where the nature and concentration of defects distinctly influence the
ion transport mechanism and overall device behavior. This observation is consistent with the
findings from the Dunn analysigvhich also highlighted the influence of defects on charge
storage mechanismBo gain deeper insight into these impedance characteristics, equivalent
circuit modeling was performed usingfi analysis, with the derived circuits and fitted

component vales summarized in Appenditd. The presencef nitrogen vacancies in the
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NHBN samples provides additional active sites for faradaic redox reactions, which explains
the appearance of two semicircles and the overall lower resistance, especially after the ball
milling processConversely, the HBN samples exhibited an increase in Warburg impedance
following bdl milling, as shown in Appendix 14 his increase can be attributed to the further
hindrance of ion diffusion, likely caused by the introduction or amplibn of a secondary
phase within the #8N structurespecifically, the presence of carboelated impurities,

which act as barriers to efficient ion transport.

The EIS responses of the Mioped ZnGsamples are presented in Figbfand Appendix
15.
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Figure 50: EIS plots of ZnO:Ma and ZnO:Mn samples synthesized at 160 and 800 W
microwave power, along with the equivalent circuits obtained from the Zfit shown in red line

All impedance spectra exhibit characteristic featumegative of multiple charge transfer
processes within the supercapacitor devices. Specifically, the Nyquist plots display a
combination of elements corresponding to the electedeletrolyte interfacial resistance
(Rs), charge transfer resistancefRand a diffusiorcontrolled process, as evidenced by the
linear Warburg region observed at low frequencies. To gain a more quantitative

understanding of these processedijt Zznodeling was performed on the EIS data. The
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resulting equivalent circuit modelsné the corresponding fitted resistance values are

summarized in Appendix 16.

Among all the tested samples, ZnO:Mnibited the lowest Rsuggesting improved ionic
conductivity at the electrode surface. However, this sample simultaneously showed the
highest R, which may appear counterintuitive but can be explained by structural changes

i nduced by Mn doping. At | ower doping conce
Zn| ions within the ZnO EPRmeagurentd @t t i ce,
substitution disrupts the concentration and distribution of oxygen vacancies, leading to an
increase in charge transfer resistance due to reduced carrier mobility and fewer available
conduction pathwaysAt higher Mn doping levels, as seen in the ZnOsMamples, this

effect becomes less pronounced. The increase in Mn concentration appears to mitigate the
disruption of oxygen vacancies, likely by altering defect chemistry or promoting the
formation of alternative conduction pathways. This behavior algtts previous studies

reporting similar trends in Mdoped ZnO systems, where dopant concentration plays a
crucial role in balancing ionic arelectronic conductivitfOo et al. 2009, Motevalizadeh,
Shohany, and Ebrahimizadeh Abrishami 2016)

Figures51 and 52along with the detailed data presented in Appendix 16, display the EIS
plots for both thevin-doped RBN samples and the MBnO-hBN nanocomposites. For the
nanocomposite systems, a clear trend is observed: the overall resistance decreases with
increasingZnO content relative to-BN within the composite structure. This reduction in
resistance is expected, as the introduction of ZnO, especially initopkd form, enhances

the electronic conductivity and provides additional pathways for ion diffusion.'sZnO
inherent pseudocapacitive properties, combined with the increased surface area and higher
density of electrochemically active sites from Mn doping, contribute to improved charge
transfer kinetics and reducé&d across the electrodelectrolyte interfaceSpecifically, as

the ZnO to KBN ratio increases, the diameter of the kiglguency semicircle in the Nyquist

plots diminishes, indicating a lowering of charge. Bimultaneously, the lovrequency,
suggests improved ion diffusion within the electrodgterial. These observations confirm

that the incorporation of ZnO not only facilitates better electronic conduction but also

enhances electrolyte accessibility to active sitexontrast, the Midoped RBN samples
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exhibit higher overall impedance comedrto the nanocomposites, as expected from the
intrinsically insulating nature of-BN. However, doping BN with Mn ions does reduce its
Rct compared to undoped bulkBN, likely due to the introduction of localized defect states
and additional redoactive centers that facilitate faradaic reactions.

Furthermore, the effect of Mn doping on both systems is evident in the EIS profiles. The
presence of Mn enhances pseudocapacitive behavior by promoting charge storage through
faradaic redox mechanisms, as eefed by reducedRct and improved lowrequency
behavior inboth Mndoped RBN and the ZnGhBN nanocomposites. The synergistic
combination of Mrdoped ZnO and defecich -BN in the nanocomposites leads to a
significant overalreduction in R&nd Ry, optimizing the charge transport properti€bese
impedance results align well with the CV and specific capacitance data discussed previously,
confirming that increasing ZnO content and controlled Mn doping in the nanocomposite
architecture effectively enhaa both ionic and electronic conductivity, thereby improving

overall supercapacitor performance
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Figure 51: EIS plots of bulk BN, and Mn:ZnGHBN nanocomposites, along with the
equivalent circuits obtained from thefiZ shownin red line
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Figure52 EIS plots of Mn:RBN samples heat treated at 8@) along with the equivalent
circuits obtained from the-Ht shown in red line
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4.4.3.GCPL Analysis of Stability and Ragone Plots

Figure53 displays the GCPL curves of supercapacitoricksy fabricated using HBN and
NHBN electrode materials, both before and after ball milling, tested within a potential
window of O to +1 V at current densities of
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Figure53: GCPL plot of unmilled and bathilled BN samples at 0.5 A/g (left) and 1 A/g
(right) current densities

All samples exhibit noticeable deviations from the ideal symmetric triangular shape typically
associated with EDLCs. This ndinear behavior riéects the strong pseudocapacitive
contribution arising from faradaic redox processes occurring at the eleetemtelyte
interface. These findings are in agreement with the previously discussed Dunn analysis,
which confirmed a dominant pseudocapacitivechanism in these materials. The deviation
from i1 deal GCD behavior is especially pronoc
This is expected, as lower current densities allow more time for ion diffusion and charge
transfer, enabling faradaic w®ns to proceed more thoroughly. Among all tested
configurations, NHBNn sample exhibited the longest discharge time, followed by BN
indicating enhanced specific capacitance after mechanical treatment. These results highlight
the positive impact ofdll milling, which likely increased the number of electrochemically
active sites and improved ion transport pathways by introducing structural defects and
reducing particle size. It is important to note, however, that specific capacitance values
obtained fom GCPL measurements can sometimes underestimate the total charge storage

capability in defectich materials where pseudocapacitive processes dominate. This is
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because GCD analysis primarily reflects the contribution from EDLC, while CV, especially
whenanalyzed using the Dunn method, provides a more comprehensive evaluation of both
capacitive and diffusiogontrolled mechanismg:igure 54 presents the cycling stability
performance of the samples over 5000 continuous chadisgdharge cycles.
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Figure54: Capacitive retention of unmilled and balilled -BN samples as a function of
the cycle number, displaying the cycling stability of the samples

A significant improvement in capacitance retention is observed for thenbkdtd samples,

with both NHBNbm and HBNbm maintaining over 95% of their initial capacitance values.
This remarkable stability can be attributed to several factors, including enhanced électrode
electrolyte contact due to the reduced particle size, improvedffasidn kinetics, and the
introduction of structural disorder that increases accessible active sites without

compromising material integrity. These findings collectively demonstrate that ball milling
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serves as an effective peastnthesis modification tedue for improving both the

capacitance and the lottgrm cycling durability of FBN-based supercapacitor electrodes.

Figure55 presents GCPL profiles of the undoped andddped ZnO samples synthesized
at varying microwave powers. Among these, the ZnQ:8&mples generally exhibit a more
defined and symmetric triangular GCPL shape, indicative of efficient charge storage and
superior charge transfer kinetics within the device. The geometry of the GCD curves
provides critical insight into the dominant engsjorage mechanism, correlating well with

the Dunn analysis results discussed previously.
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Figure55; GCPL profiles of Mn doped ZnO samples synthesized at different microwave
powerstaken at 0.5 A/g current density

Notably, slight deviations from the ideal triangular shape manifesting as-tsemgular
curves are observed in the ZnOMna mpl es @ 160 W and 320 W.
a greater contribution from diffusiecontrolled pseudocapacitive processes, driven by
faradaic redox reactions, in addition to the conventional EDLC mechanism. This increased
diffusion-controlled behavior appears to positively impact overall device performance, as
reflected by the higher specific capacitance observed in the ZnGaMn6 0 Wles a mp
Beyond the GCD profiles, the losigrm cycling stability of the supercapacitor devices was

assessed over 5000 continuous chaligeharge cycles he results, shown in Figuks.
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Figure 56. Capacitive retention oMn-doped ZnO samples synthesized at different
microwave powers, showing the cycling stability of the samples

While all samples maintained a reasonable level of stability, with capacitance retention
exceeding 70%, a distinct trend emerged in relation tadfring levels and synthesis power.
Specifically, the ZnO:Mp samples demonstrated enhanced stability at lower microwave

powers (160 W and 32 §sarip)es exhiblied impraved retehtien aZz n O:
hi gher synthesis powe rhavior(isdikkel9 linkgd ta thelinfl®efcé W) .

of Mn dopant concentration on the structural and morphological evolution of the ZnO
nanostructures. At lower doping levels and synthesis powers, Mn incorporation appears to
promote the formation of structurally stalmanorod morphologies, while higher doping
levels may necessitate elevated energy input during synthesis to achieve microstructures
(such as nanoflowers) with improved mechanical and electrochemical st@laihiyu et al.

2023) Although the ~70% retention observed in this study may appear modest when
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compared to ceain literature reports, it is important to highlight that these -Bba€ed
electrodes were synthesized via a J®mperature, scalable microwaassisted
hydrothermal process without the use of conductive additives or chasaa supports. Such
simplified, binderfree architectures, while offering processing advantages and structural
simplicity, often exhibit lower cycling durability compared to composite or cagndranced
systems. Comparable retention values have been reported in similar systems, thech as
68% retention after 5000 cycles reported by Hassah (Hassan, Hossain, and Sahajwalla
2022)

Figure57 presents the GCPL profiles of Mioped RBN samples subjected to different
annealing temperatures, alongside Mn:Zm8N composite samples with varying Z#®
h-BN weight ratios.

Figure57. GCPL plots of Mrdoped RBN samples hat-treated at different temperatures
(top), and Mn:ZnGhBN nanocomposites with different ZnO teBIN concentrations
(bottom), taken at 0.5 and 1 A/g current densities
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