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ABSTRACT

Keywords: Magnetoelectric, Hollow nanosphere, Dye reduction, Anti-bacterial activity, Ultrasonic spray
pyrolysis, Surface Charge Modulation, Off-axis electron holography, Cytocompatibility, Hybrid energy
harvesters, wearable patch, flexible device, SERS, MIERS, DNA detection.

The rapid evolution of the Internet of Things (IoT), wearable electronics, and implantable biomedical
devices has generated a critical demand for miniaturized, self-powered, and multifunctional systems.
These systems must operate reliably even in remote or inaccessible environments. Central to this
technological shift is the urgent need for nanoscale energy solutions that can overcome the limitations of
conventional power sources. Magnetoelectric Nanogenerators (MENGs) have attracted significant
attention among various emerging technologies. This is due to their unique ability to convert external
magnetic fields into electrical energy through strain-mediated magnetoelectric coupling. The use of nano-
sized particles in such devices is particularly compelling in modern science, offering advantageous
properties for diverse applications, including biomedical research, energy harvesting, environmental
pollution degradation, and sensing. Indeed, MENGs are experiencing increasing attention in the research
community. A key advantage of MENGs is that, unlike electric fields, magnetic fields penetrate through
the human body without substantial attenuation or disturbance. Utilizing the intrinsic ME effect, MENGs
can effectively couple these wirelessly controlled magnetic fields to electric fields, a process crucial for
activating intrinsic biological mechanisms. This capability eliminates the need for physical electrodes in
many applications. Furthermore, by the Principle of Reciprocity, this fundamental linking allows for both
the repairing and recording of mechanisms of attention at the cellular or molecular level.

Despite significant research, current bulk, thin-film, and multi-layer magnetoelectric (ME) devices face
limitations in miniaturization due to their need for thick structures to achieve strong ME coupling.
Furthermore, many designs require external poling, are fabricated from rigid ceramic and metallic
materials, limiting mechanical flexibility, and demand high crystallinity for optimal performance, leading
to prolonged processing times and complex manufacturing. These factors collectively hinder large-scale
production and result in a low figure of merit (ME voltage coefficient, sensitivity, or power output),
ultimately restricting their real-world applicability.

Our research introduces a high-crystalline material-based ME device designed to address and overcome
the challenges associated with e-field-based poling. This proposed nano-scale device exhibits superior
biocompatibility. It offers a high degree of flexibility, making it a single, versatile solution for wearable
energy harvesting and wireless power transfer (WPT) applications. The developed device possesses the
unique ability to provide remotely controlled energy stimulus, allowing for its activation in various
versatile applications, including further advances in biomedical research, environmental remediation,
energy harvesting, and ultra-trace detection.

This thesis reports the following significant findings:
1. Advanced nanofabrication techniques were employed to synthesize and characterize various types

of magnetoelectric nanogenerators (MENGS), including core—shell nanostructures and nanorods
embedded within hollow nanospheres. These were fabricated using the Pechini method and
advanced ultrasonic spray pyrolysis, resulting in high crystalline, uniform morphology, and
controlled size, as confirmed by HRTEM and XRD analyses. Further, elemental composition was
confirmed using FESEM-EDX and XPS. Further, the magnetic nature of MENGs was confirmed
using a Vibrating Sample Magnetometer and magnetic force microscopy. The piezo nature of
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MENGs was investigated using Piezo force microscopy. Further, the magnetoelectric nature of the
fabricated structures was studied using the ME-coupling system integrated with a Lock-in
amplifier setup and a pico-scope. Also, we performed unique ME characterization using AFM by
applying an in-situ magnetic field in KPFM mode and recorded the corresponding Electric
potential | Enorm | distribution on the surface of a single MENG.

The development of Magnetoelectric Nanocatalyst (MENC), featuring nanorods embedded within
hollow nanospheres, for the catalytic breakdown of organic compounds. Fabricated via a single-
step ultrasonic spray pyrolysis, these MENGs utilize dynamic electric dipole generation from a
core-shell architecture. This unique nanoscale magnetoelectric device enables electrocatalysis-
assisted water purification through advanced oxidation processes under a remotely applied
magnetic field. Our study demonstrates an unprecedented 90% removal efficiency for synthetic
dyes, attributed to surface redox reactions generating reactive oxygen species (ROS) like O2+—
and *OH. Antioxidant and trapping experiments confirmed ROS generation and elucidated the
catalytic mechanism. Furthermore, MENCs achieved over 95% reduction in Escherichia coli and
Staphylococcus aureus within 90 minutes under a 20 mT, 1.9 kHz AC magnetic field, highlighting
their broad applicability in environmental remediation.

The development of magnetoelectrically induced surface enhanced Raman signal amplification
(MIERS) using advanced magnetoelectric nanostructure (AMEN), which comprises a nanorod
embedded inside a hollow-nanosphere, and surface modified with plasmonic silver nanoparticles.
Under magnetic field excitation (MFE), these ME nanostructures continuously transfer free charge
carriers to the analyte via metallic nanoparticles, which results in chemical enhancement of the
SERS intensity. Using in-situ atomic force microscopic measurements under MFE~140mT, the
ME behavior of a single nanostructure is revealed with peak-voltage generation of ~640 mV.
Remarkably, MIERS facilitated detection of 4-nitrothiophenol down to nanomolar concentrations
under MFE=80mT. Furthermore, experimental validation of MIERS was performed through the
highly sensitive detection of trace dye and bio-molecules.

The study of a highly efficient technique of magnetically controlled swift loading and release of
doxorubicin (DOX) drug using magnetoelectric nanogenerator (MENG). Core-shell
nanostructured MENG with a magnetostrictive core and a piezoelectric shell act as field-
responsive nanocarriers and possess the capability of field-triggered drug release in a cancerous
environment. Under the application of a magnetic field, MENGs generate a surface electric dipole
via the strain-mediated ME effect. The capability of directional magnetic field-assisted
modulation of the surface electrical dipole of MENG provides a mechanism to create/break ionic
bonds with DOX molecules, which facilitates efficient drug attachment and on-demand, swift
detachment of the drug at the targeted site. The magnetic field-assisted drug loading mechanism
was minutely analyzed using spectrophotometry and Raman spectroscopy. The detailed time-
dependent analysis of controlled drug release by MENG under unidirectional and rotating
magnetic field excitation was conducted using field emission scanning electron microscopy,
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energy dispersive X-ray, and atomic force microscopic measurements. In vitro experiments
validate the cytocompatibility and magnetically assisted on-demand and swift DOX drug delivery
by the MENG near MCF-7 breast cancer cells, which results in a significant enhancement of cancer
cell killing efficiency. A state-of-the-art experiment was performed to visualize the nanoscale
magnetoelectric effect of MENG using off-axis electron holography in the Lorentz condition.
Additionally, we conducted in vivo cytotoxicity analysis of MENG using zebrafish models,
evaluating both survival and hatching rates. Furthermore, we performed gene expression studies
to assess potential molecular-level impacts, providing a comprehensive understanding of the
biocompatibility and safety profile of MENG in biological systems.

In this work, a novel barium titanate—coated cobalt ferrite core—shell magnetoelectric nanoparticle
and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate—based wearable energy-harvesting
patch for wireless power-transfer applications are proposed. The developed flexible patch offers
easy fabrication and superior energy conversion efficiency from magnetic fields and mechanical
motion to electricity, outperforming bulk and thin-film-based devices. This unique power-transfer
capability of this device is achieved due to the crystalline nature of the fabricated nanoparticles,
which is confirmed using X-ray diffraction and high-resolution transmission electron microscopy.
This wearable patch can generate a high voltage of 560 mV when exposed to a 40 uT alternating
magnetic field at the resonance frequency of 48.6 kHz. The hybrid mode of electric power
generation is achieved by coupling bodily motion with the remotely applied alternating magnetic
field (40 uT), which generates a higher electric potential of 860 mV and maximum power density
of 0.458 mW cm > across a 10 kQ load. The maximum magnetoelectric coefficient is recorded as
1300 mV ecm ! Oe™!. The flexible nature and hybrid operation of the proposed device make it an
efficient alternative for powering a wide range of wearable medical electronic devices.
Furthermore, a wearable band (5cmx*2.5¢cm) was fabricated, which generated a maximum peak age
of 900 mV, 1.75mW/cm3 of voltage and power density respectively in multi-mode. Integrated
with a Dickson charge pump, it produces a DC voltage of 1.6 V for external loads, demonstrating
its potential in sensing and energy harvesting applications.
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qdR
Plas: TeIZdlded, WA AR, 315 NerF, Te-aaciRgd ufaefdd, semife o

IR, TR =Tl A SIARM, 3HTh-TfRT 3aaeH g, Areeimrifefaferd, grsfas Taelf
BTd%eR, Ug-- a1y Udl, Aiiall SUHRUI, SERS, MIERS, DNA f&eaRm|

ZeRAe 3T FIT (1oT), Ug= T g ey 3R SHaiiead SAfSHd fSargal &l duit § faery = 77,
W-Tarferd 3R sgfwarsita yonferdl & fo ter weayul #it I &1 81 37 yonferdl & gy a1 gif|
FTATaR0 § 1 A ¥ BTH BT AT | $H TH-1h! IGAId b [0 HETI "-RDbd Soll JHILT! BT dabTdl
TGS § ol URURS faorelt Hidl &1 WSl HI IR HR Gobdl ¢ | HUeIgafaed A-oHRed (MENGs) =
faftrer ILRat iRl & dta Heayul e srefid fbar ¥ I8 d-a-Heidl ard Aicialaes gmd &
AT § T18%) gaB1T &l DI faggd Soil H §aa @ SAD! g &Fdl & HRUT ¢ | T IUSHRON F =-1-
THR & HUN HT IWINT A=Y =0 F 3Meyfieh fax= & Ies o, Al srwri & forg anvmg Ton &
U T 8, o TRfedd 3™, Soif Hers, Taiarur uguu & fiRge ik Fae- it 81 ok
T AT YU Y & iR doht J dgd BT BT 3T R I8 & | MENGs P Ud TE a1y I8 § %, fagga
&=t & fquRia, e &3 TFd IRR & H1eH I Tgdqu! &luH A1 TSae! & foT UaR &Rd § | Sidke THg
TUTE BT JUURT B T, BT YT =0 § 39 IrRad 0 ¥ Fafd daeig & o) wirta fagga e § Sirer
ST el ©, TR Sifdd o Bl Alchd B & (oY U UehaT HedqU! ¢ | T§ &M ds ST | Hifdd
IATCIS B AIGH Al B! AT HRAT ¢ | STP fATdl, TRIIRBAT b RIGId gRI, T8 M Ha=H JqaR
T 30T TR TR SIS P oF B FRIEAT (QRa-1/30o1ep) 3R RpIIET [@ru9 ugn) <Hi & forg srqufa aar |

YUl Y &P STave, IaAM Ui, adil-fhe, 3R Ael-amR AdeIgafdesd (THs) fSasal & @y
T3 BT IRIHAT & HRUT FerRIgSRH § W13it &1 Y1 o341 UsSdl g, St Aoigd THS T Bl
Tt A & oY1 0% SHATaT, s fSOt HY et T Bt STa=gdsdt gt 8, FOR RfAw 3R a1g
AR & TT¢ 9d &, TS Ao B WA I ¢, 3R STTH TaRM & fo1g I fohveeiaar &1 g ovd g,
O e T e TR0 9HY SiR Sifed fafaior g1 g1 3 RS IHfied ¥U 9 98 UHH IR IdeT &
YT ST & 3R URUIMFRGEY Tl (@S e TUlids, YagaxiterdT, a1 fasielt IdTe) & &4 3fihg |
TR B3 &, 3ida: ! aRATdD gfaT Bl Taiedal & Hfasied a4 g

BRI Y $-Ics- MR TfeiT I St Il & Tafed a3k ¥ B & forg feoire fove T us
I-fpeciiy grpft-onetRd wig fearsy &1 uR=g a1 B U8 URAfdd A-%hd f3asd gk
I Ufefaferct uehia HRd1 81 U8 I TR & AU UeH $Rdl €, R I8 Ug—H I 3ol dels 3R
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IR UTaR SRITR (WPT) SIIURINT o foTE Uahdt, SgH 1T § offdl 5 | fasRid Suaor 8 gr 4 fifd

ol SIS UG HRA Bt AT emyar giet 8, o faftrr sgadt vl 8 3ot afosadr &1 srgafa an

g, forad TAfSHa SrIuu™, TaiaRulia SUaR, Sl Hels 3R sfeel-od fecae™ H o[ &1 Wi nfia |
gz fiRr frafafeaa veayf freedl 9t fad srare:

1. A ABIERFHIA dh-w! B fAfF TR & AUeIgdlaed AHoRey (MENG) & IRafid 3R
fafed @ & forg Ffora fasar mam o1, o ®R -] SHRgaeR 3R AARIgY XMHE g off Waa
FIRBR & HIdR eSS g1 A Ui fafty 3k I9d Sreerife W urRIfRiy &1 IuanT 9k e
T 3, ST IR I foheeaiia, THM S i faxm 3R FRifd s, o fos TaeResed
3R TSRS fI=aiwor gRT gfP &1 712 2t | ST S1aTal, FESEM-EDX 3R XPS T JUINT HRah Hiferds
T D1 G B TS o | SP Sfamar, A D GeD g U id B YfP Th $HU- AT HdeHeR iR Jad g
A AIZHIRDIUT BT ITANT b DI T8 AT Piezo I HISHIRBIUT T SUART FRb mengs HI YISt
TpTa B oiiE B TS ot | 3P SATATET, 7T¢ §U TS Bt HCIZAGD Upidl BT ST THS-H U
Ren &1 ITINT IR a1 1 T, St T Aleh-34 THAHRR A 3R U fUdI-Thi & i
TP fhdT T YT| SUP (@], §H1 KPFM TS T U 3-Ti¢ Jadb1g &F B a1 HIb AFM BT
ST FRab SHfgd T ME &1 JUH T 3R Th Thdl A &1 g TR Taifed faggd &Wdl | enorm
| distribution I gof fasaT|

2. DUARAfaes Aidefone (MENC) & fdbm, HefRe DM®! & ISR g & o, Wad AR
& MR TS FRIGY &1 AR §1 T Uhd-avul Sfeeili-d o URRIFCRN & Aeqd § el
T, 3 B HR-]A IRgH el ¥ TMaRid safded gydid Tl o1 I oxd § | T8 g AHRed
TRdlde® $asy U R 4 AR 49 &7 & dgd Sad fadiaxul ufharst & w9
SAaCIdb e IR -eTddl U S JY- &1 J&l §-1dT 81 §ART 399 Ridfed W & forw &
31YTTd 90% B B Cefdl Bl UefRid a1 g, S i 02 « - 3R « OH B aRE Ufafhariiar sifafiom
Yot (ROS) &1 I HRA aTet! g Yera Ufaforarsit & fore fomieR 31 tdtsiifdrse oiR Sfthn
T 7 R3Ty Wdt Bt gy Bt 3R ISRS o DI WY BTl 9% 3@rdl, MENCS  Escherichia
Coli GﬁTStaphoncoccus Aureus H 90 e & iaR 20 mt, 1.9 kHz acwéﬂﬁﬁ%%@fm
oI B gIRE 1, S yafaRoia IR & 3@ ST FaSdl & SRR SRt g

3. I HUCIRAfae® AHRCaRR (THH) BT FUUNT HRoh HUcIRaaes U ¥ URd dg = I Rgd yad=
(THATIS3R) B TG, R U WREa-"HRBRR & 3(e Th RIS TS S Wi 3, 3R Tdg &1
WA Rear e & 9 IR foear a1 g1 9@ 89 S<oT (MFE) & dgd, T ME
TFRCIRR TR YTd & A-IB0N & ATeqd § fazawur & e gad aret g &l MR & &,
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o ufumeRaR=y SERS dfiaar &1 Imf® gfg Bkl 81 MFE ,140MT & dg8d S-Sl IRHTY §d
G&H TTY T ITANT HRd gY, U Thd "-ReTR BT ME FT8R ~ 640 mV &1 Hidp-diecs UGl & Tqry
U&he BIdl 81 S FU I, Miers 7 mfee80mt & d8d S-IHITR Jigdl & ol 4-Ag gt rd
BT UdT T B G UG B | THD AT, < 813 3R SI-HiTorag e & ffties Hag-1=iid ugam
& A1y 3 i & UanTere Yo o1 Ue Rl fasar mar A

. Johd ¥U ¥ R Raue aifET ofR FCRafaed A-eRex (HT) $T STIN FXb SIRIRE SR
(S13TR) a1 B Teh 3ATUb P Tebi1cb BT 3T | U AR fded BR 3R U dieigafdes
VA & Y HR-YW A IRE IR AT &F-IWRET A RIY & U & B Hd § 3R AR P aTdEaRl
T &F-OTR gaT TR S BT &A1 A & | TA-HEORYAT aTa HIIgafded UG & HRU 9D 1T &
& 31 B TR MENG U Idg 3allaca fg8did 3 &dl o | MENG &1 9dg faggd fgsda fgydta
faydia feydia feydla wu 9 fa=nais Jabiy &F-Hgridl Ut HisgaiR $i &Hdl DOX SHU3H &
1Y A S IM/arS & o Ueh df UeH ol §, Sl S gal @ 3R 3iT4-feuis, afta
RA W Eal Bt O ghe! Bl AU UGH Il ol 9B dF-TgId U &dl AfST dF B
WIHICIAT 3R I WG BT SUTNT HPb GAaH fILANuT fosar 7 UT| ThavwT 3R guiq
YEDIT & JoT & dgd AT gRT Ffd gar Refis &1 faxga goa-FaR fo=evor & Sere b
SAdC HIZH BT, Froll haltd TaI-X 3R URHTY §¢ A AT T SUANRT HRab SMiford faar
7| 39 fael vaT & MCF-7 T ¥R HIRB131 & T MENG gRT Jrscrduferaferd! o {1 faar
ST 8 3R geei ®0 ¥ 3iF-feurs iR Raue pox g1 fecfiadt &) Tgrar & St g, o
RO $H¥R I fobfeiT Gerdl i U He@qul i gl g | AR d UcIsade] &I Hed-T e
& o U Sranyfe UanT fopdm T ot

. 51 SYHM T, b IUUT IRTH cgeMe-Pialee HhRI3c HR-Ud AIcisafded AHaiédd iR arat
(3,4- TR HTRISNTATID ). TR TehiHe-AURT g A7 SHoll-dhels Ud aRRe™
TR -ZIAER IO & e wRaifad §1 faefa o=l O § o a1 uaal-thed - 3 Iy il
! ga 8 dee & SR Tifde fd ¥ faggd & & T iR 3= g&rdT a1d Sl S aiavor &l
B UH SIS M I §1 ST IUBRY Bt TG 33! K-SRI &l ¢ §U BT b
fopedid UPhid & SR U &1 Ak 7, O Ta-X fagds ok S=-Reifegze cfiRe gadei-
TEHRBIUT BT IUTNT HXPb GfY 1 Sl 31 T8 Ue- 917 U 48.6 kHz BT 3FATE 3MGRY WR 40 pT
dBHieU® 91T 8 & YD | 3 WR 560 mV BT Tdh I dlecs] 3Ud B Tabdl | Safded UTaR
SRR 1 RIS HIS &1 QR U A1 dohfeids JadbId & (40 uT) & I1Y ARG Tfa &1 Jfrd b
T foam ST &, foTTes aRoumeRa=d 860 mV &1 3= faggd &mdT 3R 10 kw TS H 0.458 mw It
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3 @1 SHfIHH faoTel g g1l ¢ | ifidad HUCIafaed Ul HI 1300 mV cm o 1 Oe - 1% ¥Y
# gl forar T B URATiad fEarsy @ adich Upfa SR giRfae St 39 useH ang e
SAaCId IUBRUN DI Ueh fA¥qd 4Tl DI Rl & & [T Th HR1o (A ed §1d ¢ | 3P S,
T U A &S (5 THT x 2.5 JHY) 7T 77 T, o Aed]-Alg H AR 900 TH, 1.75 mW/AH 3
Jeeet 3R foorelt T ot Hfwad RRR 3y I0F | U fEHa arf U & T Thidd, T8
e UR & oY 1.6 F 7 ST diee ™l 1 ST T 8, ol Haa 3R 3ol dels VAN & gt
& T YR el 3|
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Chapter 1

1. INTRODUCTION

1.1 Background

The magnetoelectric (ME) effect refers to the phenomenon in which the application of a magnetic
field induces electric polarization, enabling the sensing of minute magnetic fields through an
electrical response [1,2]. Broadly, magnetoelectricity describes the coupling between magnetic and
electric fields in certain materials. Specifically, the direct ME effect involves the induction of
electric polarization by an applied magnetic field [3]. The converse ME effect involves the
induction of magnetization by an applied electric field [4]. The Heckmann diagram (Figure 1.1)
schematically illustrates the external stimuli, including stress (o), electric field (E), and magnetic
field (H), which are coupled to material responses such as strain (g¢), polarization (P), and
magnetization (M). These couplings are governed by parameters including electric susceptibility
(¥e), magnetic susceptibility (¥g), compliance tensor (S), the piezoelectric coefficient (d), and the
magnetoelectric coefficient (a) [5]. For ME materials, the most relevant pathway is the strain-
mediated coupling, i.e., an applied magnetic field (either AC or DC) excites the magnetostrictive
phase, generating internal stress and strain. This strain is transferred across the interface to the
piezoelectric (or ferroelectric) phase, where it induces a change in electric polarization. In this way,
a magnetic input is effectively converted into an electric output. This indirect but controllable
mechanism differentiates ME composites from conventional magnetic materials, which respond
only through magnetization [6]. This strain-mediated coupling is the key mechanism used in this
thesis, where the H — o/ — P pathway is applied to develop different practical applications. The
ME effect was first theoretically postulated in 1894 [7] and experimentally confirmed in 1960
using chromium oxide (Cr20s) [8]. Interestingly, Cr:Os itself exhibits neither spontaneous
polarization nor magnetization; however, magnetic and electric fields can independently induce
electric polarization and magnetization, respectively [8]. Magnetoelectric effects have been
observed in single-phase multiferroic materials that inherently possess multiple ferroic orders, such
as ferroelectricity and ferromagnetism [9]. Composite heterostructures, where separate

magnetostrictive and piezoelectric phases are combined to enhance ME coupling through



