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Abstract

In this research, the flexible piezoelectric harvester (FPEH) has been developed.
Barium titanate (BT) nanopowder has been chosen to be the main part of the composite,
with polydimethylsiloxane polymer for enhancing the composite flexibility. In addition,
the flexible triboelectric harvester (FTEH) has been study. This is for merging FPEH and
FTEH structures together in the further work. To develop the composite devices, the work
has been devided into 3 parts, which are 1) development of composite phases by varying
surface morphologies of nano BT, i.e., powder, core shell and rod, with carbon nanotube
2) development of composite phase by using BT nanofiber instead of BT nanorod and,
also, fix of electrode issue by using the interdigal electrodes incorporated inside the
composite and 3) study of primary factor to increase the FTEH efficiency. For the first part,
the structural morphologies of BT, carbon nanotube (with and without surface treatment)
and composite were observed via the scanning electron microscopy and the transmission
electron microscopy techniques. The phase identity of each sample was study by the x-
ray diffraction, the Raman and the Fourier-transform infrared spectroscopies. To
investigate the electrical properties, the dielectric properties were studied. We found that
the composite that used BT nanorod as the dispersive phase provided the dielectric
constant of about 16 with the dielectric loss of about 0.01. The composite material
obtained in this part also provided the output voltage around 2 V. For the second part,
the BT nanofiber was prepared by the sol-gel and the electrospinning routes for using as
the dispersive phase in the FPEH device. Inside the polydimethylsiloxane, it consists of
the BT nanofiber and nanopowder at various compositions incorporated onto the
interdigital electrodes. The morphologies of BT nanofiber and nanopowders, and the
phases distribution inside the composite were observed by the scanning electron
microscopy. The phase identity was investigated by the x-ray diffraction and the Fourier-
transform infrared spectroscopies. Then, the output voltage and the mechanical fatigue
were also detected. With the application of the mechanical pressing, we found that the
FPEH device could generate 9 V of output voltage in the composite composition of
50%:50%. The device has found the fatisue when the mechanical pressing was applied
for a long time. The degradation was observed due to the frictional damage produced at
the interface between polydimethylsiloxane and interdigital electrodes surface. The BT
nanofiber and nanopowder were damaged. This affects the electrical output performance
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for the FPEH device. For the last part, the study to develop the FTEH device was achived.
We introduced 3 facile roughness texture methods to make the roughness on the
triboelectric materials, which are Kapton and aluminum films. The highest electrical

outputs (voltage and current) were found in the device designed for matching the

roughness textures. Both output voltage and current (50 V and 1 HUA) increased by about
3 times when compared with the non-textured device. The increase of electrical outputs
of TENG was due to the increase of roughness area, leading to more triboelectric charge
generation. In summary, this work suggested the idea to develop higher performance of
FPEH and FTEH devices with the facile fabrication. These proposed ideas are important to
develop high efficiency and stable energy harverting device for the practical uses in the

future.

Keywords : Flexble energy harvesting device; material surface treatment; Barium titanate,

Carbon nanotube; Electrospinning; Roughness engineering
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fupnaeSenilésu [1]

wa I = a & a a % o = [ o
'ﬁllU@WT)'TlILﬂuLWEJI‘?JE]LﬁﬂV]‘Jﬂ"Ugv\Hﬂ‘JEUTﬂTﬂiﬂiﬂaiqﬂﬂqﬂiuﬁﬂaﬂﬁaﬂ slfﬂ‘lm@l,l,ﬂiﬂiﬁﬁiqﬁ

A a = =

DLMDUVDINANLALNAN N TUNINTEevaeznanlulasiasiawdn wWonansanuanmeldudundn

(3 o w ¥

il0eAUsENoUNLATNLINULAEN1TINNGLYBIDLABUYNTINAN YA UNUNING I UGIEA T

A & A

wAnazFeafaiut 4 defuiAndussuundn (Lattice) miefidnilgniion q Auvesszuundn
Fonin mihewad (Unit cel) Gsaumnnsiddasadvemdnariuiudnuvarlnsadiwesssuy
wEntu o Tneausnasveamhowadandusmmeanunduldldveinsiauiiieledidnninlu
wan thndnmansldeduszneuvesmnuannasifiemunsULUUANNATYRITTUUREN 19 90
NANNYDULAANUIY AD AUINANVBIAULIAT WNUVDINITNYY TeUaLYIOU Feoardsznoumani
annsauvdlassaawdnoonldiu 7 ngu deldun lnseddn (Trictinio) ilunddn (Monoclinic)
p93lssaudn (Orthorhombic) wwasglnuea (Tetragonal) senludnsa (Rhombohedral)  Langs
Inuea (Hexagonal) wazAadn (Cubic) uazuumdnmuaunseendu 32 ngu degu 2.1 laewdu
mﬁﬂaummﬁ'ﬁ@uéﬂmqLLazhjﬁmmLﬁu%”a (Centrosymmetry) 31u3u 11 nay Feladflaudhuie

L4

ToBidnyEn uagndnaunasldfigusnans (Noncentrosymmetry) $1uau 21 ndu Tnendnnguiiay
faruduinfntu uesilunuiivsdfemnsesdnogsdesniunuiemnnniidu dethuasan
yesunuinUsznuiuaglilannsadouiuiuld Tnef 20 nguilanunsauans Usingnisalifele?
Env3nauunulstfanwemdnty q waedn 1 nqu bikansaudAfelsdidnvinidesanide
Fanoelunuiaiemiliiagnaneidundnaumnsfisigudnanaiinanlsiedusudindrstunuayii

TrllanunsanansandRineladidnvsn [1]
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udngduung

32 gy

(" wlincannnybillaud udndsnasilaudnans
nan 11 gy (Liflandfie
21 m‘ju 'lu&ﬁm?n)

y -
V.

wWeluddmen Liliwanly [ leTuddmenuaz Inlsd LiflaaiRleladdamsn

wuRedues Inalsiwdiuin dndn (Iwanlsiwsu vonguntin 432
dleflussdanmuin) 10 agu Lk induien) 10 neu 1 ngu
|
welsBdmen ( Inarlsiwuindues wazdumsa
ndudald)
1 § | § l L 1
ndnuusouy oon&mmvﬂm{ ‘ nlarasy 1 {assathauuusu ‘
PbNb,0, ABO, Cd,Nb,0, BiyTisO,,

1

U Taseadrawesondlo ]

(o] o e L | Lom] e

UM 2.1 mimLLuﬂﬂamaqmaﬂimamﬂ%wuﬁmmmaummwaﬂ [1]

1% '
Y v v a

Unngnmsaliiieledidnvsnaznuldviaianiioglusssumnfuas Tagiiinainnisdansizi

W PZT waz BT 3e¥dn 2 vilaidutagiignduasizituun Jaflandfiieledianvsnaeudiaun
TrAnglviiiun waglusssuvid wu usddanimiend  wivinsuilad FeantRveadisledidnnin
anunsouusls 2 wuu AeaudRiiieladidnnsnuuunianss (Direct piezoelectric effect) uag

auURsleBlann3nuuunesou (Reverse piezoelectric effect)

2.1.1.1 audRiieleBiann3nuuuniense
deTanieleBianninlasuanuidu (Stress) viousudanaunsgyindodan Wy n1snm Ay
Miiaginnsivdsuudasimelnivtedialnanlsiwduiulaeudsdunssiuanuduilasui

Tifanialasunsadenaaunsaasisuseylniheenuniiantla dwandusun 2.2
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JUN 2.2 andRieledidnrsnuuumanss dydnual P ununnwesvesaadutiluitluieas
2.1.1.2 audfieledianninuuuniedon
dieliauulnihdutanieledidnvsnazyilitaninnsilsulamuiniinanuesen

P R VNN 9 o v o 9 v =~ a & a a 2 = o vy A '

Jugndudndiulagnsatuaunlninly vinlidanuieledidnvsniinnisdanienadiladoat

aneldaunsilnii dauanslugui 2.3

+ U B

JUN 2.3 audRdieledidnvsnuuunisden (Reverse effect)

o

Usngnisalisaesanunsaesueliannaunisiiugiu Inefiansananaudindliiues

ANUEAVEUYDIIER [1]

D=dE+€E (i) (2.1)
S— sT+dE (uowmes) (2.2)

Ao ApunuwiuUszUURIleBIdnY3n (Dielectric displacement)
Ao awwlnit (N/C)
B AILATEA

2 A o 1 & A v o = Y 2
AD LIINNTLVNADNUNUUIGA UIDAULAY (N/m )

Qa 4 u»v m O

Ao duuszdnsiieledianyan (Piezoelectric coefficient) vasianuieladian-
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n3n (C/N)
s A ANudavguvesian (drunduvestegiavesan ntaveu)

v ¢

e fio AN INERUANTWS (Relative permittivity)

Tnednydnuaimenluiaoiaunswansdinaidudad e luaunsi 2.1 wnudn
anmeauduinsluaneiimududumad uaz s luaunsd 2.2 uuaneiaualilihad
%amﬂgﬂLLUUﬁuaaﬁgaaaqaumiﬁ%LLamﬁammLLmﬂ@hwaami%’ﬂL'%&Néf'ﬂui’a@%a%ﬁuﬁuéﬁu
aushmalaiuasautfdinavestagiu q uenanitanifieledidnmindilautAnvuiufiani

= v a

setudefesinisseyiiamadudiviesiiionansiadoulvvesaniiziidivun 1y d; 1 0u

£

duuszansifieledann3nfnanatannuduiiusiunsifalnanlsiedu (Usngnisainieese) lu
wwamsandutaliiluiienig 3 vieluwuinainduiag Weilmslianuduluiianie 1 viie
AUT19VDeIaR 50AT dss NuanInIsialnailswduluiianig 3 Wednshianuduluiianig 3

Aagun 2.4 Tneegavasaunsiiuaninuduiusvesinduyssavdimeledidnsn fe

D = dyTs WUsngnsalleensa) (2.3)
S = duEs Unngnsallaedew) (2.4)

Polarization 3
A
6
VA 5¢

- > 2
v |

4

1

JUN 2.4 fiemsvedlnalswduledimsliauulii uasauduwntandeledidnnin (daudas
970 [1])

) a saa =~

Taouiieladidnvindosnsdulseansiieledianninuasaan ngenduivsndagai

Y
v

arusathlydszgndldaulugunsaldidnnselindlavainnaie Fenrsirluldauazuiv

' v
fa a =

Usingmsaifiindu Tunsdlifausingnisalifieledidnninnienss Fainainnslianuiu wie
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wsnBananuTanuaTanianisilisusdastaliin dsgunsainlaannusingnisalilasanunsonde
Auasdndlansuiliadliadluauieilaload iy fageauia (Gas igniters) Tumasesinmg
Fou 1lushius M dugunsalifuifemdsnu MdueIasduiialuii (Generator) wielunsdif
a ¢ a a 1% = o 5 Y a =

Wadsngnisaliiieledidnninnieden fe mslrauuliihunianudifagiinnisldsundas
sUMRaIRnLTLTING BsanunsaivuasseznsEavadilamenisirauuliiiluiiamg 9 uag
arunsaihunldilunsuaiavges aunsaldansledalunienisunng  (Ultrasonic) lulasinu

(Microphone) uagihanldidudaduisn Fudugunsaindrdgyluasesiiud (Inkjet printer) dhnos

Tundessegy (Shutter) sy

2.1.2 JanaslsBiann3n (Ferroelectric Material)

Jaqueslsdianvinlungudesvesianlnlsdidnyin (Pyroelectric material) @1u1304iin
Tnanlsiwduesls wazanunsandudials (Reversible) loagmeldaunuluin Saqueslsdidnvidn
anunsautseaniu 4 nau dsgu 2.1 Teenguiidesnianldaunniian liun nguoondausennyd
n508 (Oxygen octahedral: ABO;) %aﬂduﬁﬁimaa%aLLU‘ULW@?@W&%& I@ai’aQLWaﬁiSLﬁﬂw%ﬂﬁ
foalduniiaalutlagtu endegratu BT PZT uaslefenlnunadonlulown (Na, KINbO; 1
du Belesamdnvesianuwianiitulasewdniidda werllanmdudioledilinvindta dlkauuliidg
fanududivane azarunsasinlvfiaveanisiwanlsisduildsuntasld Janaraldintan
wieslsdidnvinynudadanmduiielsdiannn udlumenduiutanieledidnrsnlidndusiead

anduneslsdiannsn [1]

2.1.2.1 msalwanlsieduasld (Spontaneous Polarization, P,)

MNMITULINGUREN WU Twdn 20 ngu Auansanddeledidnnin wazd 10 ngundn
FaflanRlnTsdidnyidn dagui 2.1 Aaunsaiaanminduiedld vioRndagaislusdn wasden
NENWUUHIRENTR (Polar crystal) Fefidoiislnanlsiwduldmofuedaglifossnoaunulni
\losanwdniifinduanunsiasfiununyuinuiderdeldaunsafaauuinsuuvasiouly
wssanfuunuild esanerneuileguinaumeiiassfiuresunumyuiinnsdniFoaiilsl
wilteuiu vhlislonufuudaliausavivdeutildegnamed uiliAndunrnsind1sveszq
e Badudalnihdua vliaensinanlswduldies Taensfinlinalswdurosansinlsd
Gnvinazduiugamgivasmis Send aninlnlsdidnuin (Pyroelectricity) Faffaninunutauuy
mngznelulassairandn flelalwaluiwud (Dipole moment) uladumugumgiifiviiliAnans
wWasuuwladulassadwdn wu vhudy wavaauuniideululewa (Lead Magnesium Niobate)

mafelnalseduldiosamnsadonldnnalusudveddalnadeviomniieyiing vie

AUszsenianheiiuiuuiafamindusnuvasnisialnalsedu waziosanaudanisui
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[V

wiusiulassadawdn daduunuveasmsiinlnatlsedudneguuifeiiuunuvendn faugdd

o
U

anfifidrvzannsananssingnisaiiisledidnninlauslisnluazdedinnmesveddnanlswdu

>

' [
§ o o =

wwald iesnraTInvedlumuAnsnNim kTN Iaw Augug Auudadliiewdniduny

W TUNTALINWasvananlsiwduinedle wardRanuLLIkNUIUYRINAN tnevibunng

1% '

AnlwalswdulaeslianunsadnlalaenssanUssquuinuiavewan WesnnUsequaillanawa
malrlidunmgresnseualiihnsednnglunazaieuen suluiisUszauinsessavevey
WeA (Twin boundary)

nanfilnanlsiwduiiaeaaiunsaasulelamenisinadiivestessuuinwazay Tuu1ig

'
o

gaumnillessumarilaznaiegludunisiaunaniindanudaseifian uazangudnalsvensey

[

vInuazavagliagiuniaufeniu dagui 25 uandlassaiieemdn BT lngfigaumgiigenin

Y

O A

a a . o P = a a da 2
gamgia3 (Curie temperature, T.) Wufie Ussunas 120 C lassadremdnasidunuuadn 78 Ba™

'
13

1al '3 2- PR3 4 ' ¢ I3
agfiyuvasgnuian loseu O egsnanswesgnuian wazlesou Ti ' oggnaudnansuosgnuled

a a

Fauandlugu 2.5 (n) uaziilogumglishningumgiied lassaiandnazideusuidntieslaglooou
Ba” warloseu Ti' aviedeuldaindumiaduiiduiuiivlesou O° vhldAnduda videlalna
Ju faguit 2.5 (1) Feduenananldiusazduaslesouuanuazaufuaiioud sl iidmalsd
Anlwanlsiwdunelusaoniniu lnglalnaweanbozdnseslufiamadotu uasdalnanlsw

Juwihiulalnasenilaniigusunms

") W 10O o
/T O o
['> “Tp oTi
Aoy aloPv 00~
OBa +2
——p] —p|

ap a
cubic tetragonal

a 1 a

sUN 2.5 udnveslaseaire BT (assadrsuvumesenalnd) (n) Neungiganingungiiaiil

Y 9 Y Y
'

lassasawuudadn (@) guugisninaamgliesilasiaiudunnselnueaniinisidousiumia

Y

v s 2-

2 A+ Ao Y}
ydleoau Ba  war Ti nauwusiulossuves O [1]

2.1.2.2 guniiaT wasnisiaeuns

RV
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nswasundasavesiagesisBidnvsnazaenadasiunisidsunladasiadiwasmdn

a [

wlunawnannisivdsunlasaungiinvaznisinalsiwdunialuirvasian degui 2.6 lay

Y

a a ¥

angivesnsildeunaieondt savglies Wusamgliiiianswisunladassadana laed

U

-0 S9N

gaumall T > T, wlaweslsdidnninvzldeulassadralumanisndidnysn (Paraelectric phase)

'
=< o

Feianarlduansandinnululnailsiwdusuuiinduesarldaiuisouanangfinssuves

woslsBanyinls Tuvaegamadl T < T Jaquansaudflnanlswdunuuiiniuewazaiunse

a o

wansngAnssuveslaslsdidnyEnla nvsean neenduinsvesianaziinisisuulasuasiian

a =

indugsgafionniias Jadulunu nges - Laad (Curie - Weiss law)

(% '

Jaguwlaslsdianninuiwile wu BT anunsaianiswasunladlassasnslamnnnimiaea

1 =

Inefdsnsanmidumesisdidnnined gamgliasasidugnmgindsunannivesisdidnvinly

v o9 Y Y

& ad a A ad a a g a = ) aad a =
LWUNITIDLENNTNLNIUU muqmmgmmmamﬂaauﬁnﬂLWaﬁiaLaﬂmﬂMmlUmLWaﬁiaLaﬂmﬂwuﬂ

Wuazliendt guugiinisiudeuwla (Transition temperature) [1]

Rhombohedralsystem  Orthorhombic system Tetragonal system Cubic system
e S e e
000 ey P ey

]

Relative permittivity £

-150 -100 -5 0 50 100 150
Temgerature [ °C ]

JUN 2.6 AuduiussyrinsAnanmeenduivg Augamgiveandn BT [1]

2.1.3 audRladidnuin
auURladidnviniinluianladiann3niiuansmnuduin Inedagladidnninaglaidilnin

Juauiu ansafivusegliihladedinsldauuli lnededanladiannindalilatinngla

(% (%

auuliindrluludanlnanlsdezdnseaiuuuduus Waliauulnilviduian Janazifianis

q
¥

% a L) 6 a (% al v 1 [ = 6 %) a Y .
IaLsasvedlnanlsd ian1sdnsessnag1nussidoulnelnanlsdaziuianiat (Domain) Tu

PANHSINUINUAUNANI9VDIAW LN AN
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Unpolarized

Polarized by an applied electric field
++++++++++++

QOO OOV

DO OO OO

Polarization of Dielectric

fl
=

UM 2.7 Inanlsiwduneumsiaunalniuazideliauulaiuinlnalswdu [1]

nstnanlsduusdunsaiuarmnuglunsiniuuszglni duaeainanlsiwdugeriniug

3
¥
1 o = [V v a

9vganuluAIe Faraaug (Capacitance)  LluAmdumzauiuian lnsaudfladidnninasd

v ¢

W TMesNAYIMee 3 W5ENes A1@NNERLELIMS (Relative permittivity, €) ArAunulad

@nn3n (Dielectric strength) wazAinsaaudeladianyin (Dielectric loss)

2.1.3.1 ANENNEINFUNNS

K% v
= (%

' v o & g wa = & 1 o lo A o 1
Aranneauduinsiduandinielnily Fadudrdwnsivuegivednvesian ldvuiu

1% '
A =

YNAKArIUTIRLTAR witlladendinase1nug Ao syeeiasEnInaEuIEIY d AU Huives

WYY A Asaunsi 2.5 WeRiansanludufiudszqeising

€A
AINANT C=— (2.5)
v d
e C fo Apugliih Swhedugaeudseliad (C/V) vsevnin (F)
& ' o v & a a -12 Y
€0 Ao Aran npaduivsiieugyInialian 8.854x10  whinsawns (F/M)
a L d v oo | a g a A ' = 2
A Ao NunutndrvaaEuladidnynsn dvdiadunisiauns (m)
d Ao sravinesznaiuladidnysn drheduuns (m)

[

Tngsgninaunuruuaziiantisilugyyinia Weldawulwiduwiulane guuiuaziio

[V '
[ a 1

30U Nuriulavenils + Q wagBnuruviladulszy - Q Awaunsn 2.6 Feaquaazaiinazien

Augeneiuly
NGRS Q= cav
. Q
e C=— (2.6)
AV



W C Ao aenugliihiviiedugaenddeliad (C/V) Wiev3n (F)
Ao AUszylimhedumasud (O
Vv fa dndludh Swaedulad (V)
srariszuihuiulany asladidnnin
urulany T
anuy G anuy G

[P =]

Ul 2.8 MsTarladidnvdngaainiaszritsuruiuiuUszguuny (n) ayainid () @1sted

9

< a U ] U < ! U < aal a a a A ! v € ¥ !
dnvisnsgrirauniudiiuUsraguul dufuusendasiadidnnindannusiedng (v) deends

AIALNSANERIEINIA (Vo) finnUasain [1]

dlunsdinfiansladidnvdnszninwnuruiuaziiliduiuuszganunsaiiuuszgludale

< v 1 o 1Y [ t:l'

WLty Lilasanludanfaziaanineeuduims faduarsnmwizauiuian saaunisi 2.7

9 9

€.€,A

A1NENT C=
v d

2.1.3.2 aanunuladidnnsn

! a g a & A = ' ' = o § Yo
ﬂqﬂﬁqllwulﬂ@LaﬂV]'ﬁﬂL‘Uuﬂ']V]‘UE]ﬂﬂQﬂ'ﬁ']llaqln'ﬁﬂ,uﬂ7§V]u(§]'€]au7lIVLWﬂ'lﬂEJ‘UV]C\]%VHIWfJaQ

a0 1

laddnvsnnaneiliusd Fadiananenunmussauulnihlduinfszaunsanuawnluigld

q

IS |

lasadrunuvesarladianninfanviadudndludrgegaiiladiannindaldauliog
(Breakdown voltage) Inefiladidnyinldiinanudemenaninuerimvionig wag1dnglWiali

fiangendnAmanunuladidnrindidnaseunselossuinnnnuiugdu esanneneulnaniu

EY)

[

[ a o a
anannaziinnisviane wasiiansluavesnseualnii

aJe
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2.3.3 amsgeydeladidnuan

] = a & a Y a & A a o Y a

Ansgideladianninludagesdniduaimiinannisiiauiulaiudnianis
Wasuwlaswasawuliihfgeusnnililnalswtuneluiagladidnniniinnisndudives
fevetaldviv ibiAnenuSeutuwasifanisgadeladidnvsn Taaunsauszunaldandadiu
299U AUTIUN NG WD RTIRUIINATUI LA a1 0 IlA N BuLAUD TS v DS

Aanugadsladidnvsniuanunsauszanadaluyisenud 1 Alaeind

2.1.4 lassafrawesenlng
Tnssadramesenalndgnifonlnessdedeainusunaidonlnmiiun (CaTioy)  ilgns
Tassadelaeirluidu ABO, &1 A uae B fie losauuin tne A ffrilessuiilngnit lessuuin
994 B Uaz O Ae sendiau deiaqiieledidnyindwlngillassairsuvumesenalnd Wy wuidou
Timiun waweslawalymiun Inunadoululows sy Tagluguil 2.9 (n) uanddassadram
osovalndfiflugruananuhewaduuugnuiAigagudnatavti (Face center cubic: FCC) lail
Munsvedlessuuin A avegiiyy dundlessuuin B azegiiqudnans uazdumislossu
pondlauazegiinthvemewad [1] luguil 2.9 (4) uandlassaaunesendlnddnuasysiuda
i (Octahedral) BO® fimsidlesloafuaniia fadumsinBesiuuuussq@ngnuind (Cubic

closed packed : CCP)

=1

JUN 2.9 (n) lassairamesenalng (v) lassasranesenalnddnuugnssuuanii (Octahedral)

6- =~ a aa
BO Nﬂ']iLGU@NIENL{Iua’]ﬂJﬂJm [1]

FeansusznouiiilassasrunesealndduduiugiulunisfnurTagmesealndngd

Tassasnsdudounnniu wazihluussyndldlugunsaldidnnsednd
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2.1.5 wuseuluniun

w318in BT fn1sldanuiuegnaniiansdasinazgninunlalunisiiulsea wWesannileand

Y 9
&3

weeuduing nsgdsanuduendnvaln uazdiannuluawiuas widn BT sxlloamgiininei

' = [

waznaauiRiieledidnninfidesnidn Wealsuivasiielediany3niifinznnduesdusznou 1wy

=

PZT wel BT Usieannaisnziidelasuanvauladiasainianuduiinssesudawinday wazle

< =) o a a o a ¢ M v
nanelunidluianesiindidnnseiindnivialile

' A:Pb?orlLa3

® szvomv

-

Polarization Up Polarization Down

JUN 2.10 TassasnsvasuuSeulnniun [1]

'
1 a

Tnevhlulassadaiuguvesiuseulnmiuend 2 sUuuy Feguuuuinfeuldiudmivgas

o

lassadandnuuuiessendalnd faudfneslsdidnnindeautfiesisdiann3naziuivaamal
Tnglasadnvasansuussalvmiuaiogumgisneiuasiinnuduiug funsiuisuudasuesaln

anlsidulales uagAranmgenduivng dwandlugui 2.11 (1) wag (A) auadu Tnefigamgias

171 -90 °C AzWdsunniasenludasealuilungesinsondn Wegaumgliiinduinfigumgl

1%

Uszana 5 °C iaeslnsendnaziinnsiadenavddeuldlumannssinuea tneilluwusidag

ARTUINTURANIMILLUALAY ¢ AUEIRY FaununInuwansluguf 2.11 (n) Weogumaiiiiugs

a =3

UDIRRUNNTASA 120 °C AaziAnnisildsulunamidnades audfwelsdannsnazweld

9 9 Y u

Tudnsuwuunils fs lassasrswdnwuutanaszlnuea  deliflaudmneslsddnnsn luadesn

Y

gaunniivies usazladesNoaumiingni 1460 °C wazdmurensilisuulasiigamgiiviedldss

9 Y 9 Y

)

' '
¥ = I

My Feansilfguaresans BaTio; amugumgiiasingndunil [1]
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Rhombohedral syste\_r[l Or:horhombic system Tetragonal system Cupic system
W0~ ™ 7 < 7

Relative permittivity £ ¢

-150 -100 -5 0 50 100 150
Temperature [ °C ]

4.04 T T T T t

.03

{ﬁ'oiume

4.01-

———
- P

s

AT}
; ';;

:ﬂsiitgaﬂl?? parameters, {A)

-150 -50 0 30 140 150

0.25F

0.20F

Q.15

PJCm~2

0.10~

0.05

1 1 1 1 bl 1 | 1 1 1 1 1
~140 —120-100 —80 -60 -40 -20 O 20 40 60 80 100:

Temperature/C Te

sUM 2.11 wgAnssunisidsusuaswes BT (n) uaminisitdeuiuasmidnues BT (v) waniiv
1513mesved BT luldazaaumnil (A) A1ANUBUENd@inSNIAMULLILAY a Wag ¢ Y9913 BT

munsiFsuLUawegumgil [1]
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2.1.6 wedlawiialvaanisuy
wodwes PDMS gnineglunguvesaisusenaunadiuesesuniu@ineu (Organosilicon

polymer) #38i38n31 Falau (Silicone) wodlwes PDMS finslaiusgisininans lag PDMS

[ = !

Uszneudsansefuvsdidunaunansid 3dneu (Silicon) uazeandiau (Oxygen) aduiu Tny

1%
[

wita (Methyl) Fangiduriavesesneudanaudassalumiielasaiivemediweidn 9 du
Tnguandluguin 2.12 fio guslassadianiaaives PDMS A CHs[SI(CH5),0], SI(CH,); [2]

Y

H3C HSC\ CHj CHs
! s 57"
O O
H3C CH,

_ dn

sUTl 2.12 gmslassadamaniives (Polydimethylsiloxane, PDMS) (2]

Tnefl POMS Sauth dlaluil

(1) POMS  Tagihaluidessoufiten ldfnlnl uazszursernialddlaefiazeeulifiie
oondiau lulasiau vieledrinld uilimanavesiliannsodls oswn POMS autfiuly)
outh Ssanthnnulsiveuihldgminnldiuegann Tnsewzamauifvesnisiva

(2) POMS faudangugaunn TnolovinsnisualmAniussienyinadu (Cross-
linked) wesaynAnedmes lviinrudangugs waziiloldsuusannszsi wodluesanunsadn
wagnadinaulvluanmaula

Si-O-Si HAINAVING way

=b.
]
o)
2
Zo

(3) PDMS Slanelefioniudeusaves S-O  uazapiuse
w&anulumsvyuaoudnaci Tnsluaelsvdnueamediuesaziifs (CHy) Mnzagviiuiifidaang
Lililsanaves Si-0 wW1lndriu

(@ POMS faudhiuasanunsanzariuld venaniidefinaidenvnsiureduiana
gumpiifildlunisun  POMS TiARNsIdenvIsansaidudimuaddainsinimuas
(Refractive index) 16l

(5) POMS fnaunuladidnnin flanm ASTM D 149 Uszana 185 kVmm ' waz
Aasiiladidnyidn faniw ASTM D 150 71 100 Hz Uszanas 2.98 Feflenoudne

uonnd POMS fiasgamgilunisldauideutraning duus (40 - 150 ssmiwaiTea)

[
a

andRlaidnswdsuudasuliameuivansdursdnediuesyiindusumgiingue1vvzdwmaliiin
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mMaAsunUaesantld uenandnisugdinizarnmyiuiia (Methyl) [Wundileidududanun

ansavibiaudinedwesildeuluse Favinly PDMS finnsldmuiueginineing wu gunsal

NENSUANENALNULIE DIANT N7 @1sraau Laznseilamuainusou Lfluéfu (2]

5.0
(n) ()
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JUT 2.13 (n) anudnumuresiiiidangu AgNW/PDMS (Huilsiduvennnuinienuseds uaz
() anusunmuduilaidureinnuniennsedis (0-509%) 15U AgGNW/PDMS  datiEnngulu

50U 5 wag 40 [2]

Tud 2012 F. Xu waz Y. Zhu [3] levinsfineusudgedanivilvdieandfinisiinssua

Il wasdiaudanguanunsadielinisidaulavatevany 1wy ssuaniuaigavey w@e1ne

¥ ' [

A a = ! o Aa o wa

pAUINgEAEY naulaisy wazunIdIu Wuwesio tnslunuidedlavintannauniiisaut

PDMS %11

v
A a

nsinszualnill wazdaudanguan ABNW/PDMS Tagin AgNW 5a8uUiuiIves

Va | o = ’1 U ! U o L2 L2 U
IplA1nnsunte ~ 8,130 S ¢ (AMUAUNIULKY 0.24 Q) AeuyinIin wazndsnisamdulenay
AMUAIUNIUYBIAIUT AGNW/PDMS Hanuiatosiiialasunsefeszognis 0 - 50% wazdadlanig

o o

thilgefia 5285 S cm Bawansliiiuindihifanudaveulsifisusaansafiuanudemeuus
FehedosSinurensiildfuassnuadaifuussn giuldunniy wazdanndaunsadsonn
nszualuiosnsnls fuanduguil 2.13

Tunuddeves G K Schalau UL wazamg [4] ladnwinisunddlauindssendldauly
gunsainsunng TnognianGuldsnuetrsunsnatslud 1946 Taenihdalauunvinduriesis
dmsudoungarienuid dustuinddlaudsgninuldduedrannideninamnsadisuldma
Fanmiussmenyed wu vislunisaten Wudiunaulundndueiussgen wu enaansaluniufiu
pwnveusinsgiamathaviiaiesnseduiil

lun1suszandldnisgunsainisunnduasen Falaugnianldmasdannudiiulanig

FININ UarAUNAINTAI8YRIFULUUNIEAIN Tnedinsualusvesansseiievesnafiuesid
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saa o CY a

umdnluanadi laudaedwesniuvdnluanageiianunilagaiieadisarsusenau

b

uansnafy ansdulimstanngnimualidusnuaansavestaniithanld fimsaeuauesd
NziasasiuUSnaTimInzay 3938launsanisunmdlasanis PDMS  wieansusznoudidl
POMS 1HuasAusznaundn dgninunldesnaunsvans esndanudriuldiuidedeléd
wngd s ldus nafns wernsAnwmefivineanuindadeluiifaunfuianedwes
Tuansnsamdalalaedne

uana1nil POMS Ssfiussfafiafion vinlsh POMS wnsnszaneldinelusuvesiduuuninm
fAvtls aruniindndaumngauundniunsaasensiinimiledelnsannnudoswenis
VInSuUsnasesevasiiiwedwesuasinli uazaunsedssesnusnaRamidinansenus
feU3LInseuRe Yonani POMS §ainsTuruled Tnetaelinnsunsnseanevesans 1wy A

28nTU Marsuaulneanlam U1 57UT9E15U5 089 lARkaT I LN EABUS I

M15199 2.1 Msuszendldnuvesiandalaulunianisunmg (4]

eGLULIGY nsUszendldaumienisunng
Yslva “Tuuarnszuendngn
- PDMS -ansvaeaulugunsaimsunmed
- samilulvasnigy -ansUsznouiilitesiufiovils gunsalihdeen
asusenau -413viunsiinielunseinize s (Antiflatulent ;

Fanwaznedufialyasnu APIs)

128 “Janiunszunn

-asoadsAnedlauiialeaaniauy | -n1dmsuiiands aunsaiindaen

andaveu “Jangangudmsuniasliownnd
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-asoadsAnedlnuiialeaaney | A3eanseAuiale Nwnmg Tanedaunqusesily fidy
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2.1.7 viaurluarsuay

visuTumsueudutagiiflaseaiagunsnszuanlussivunlu lnefieznouvesniuey
ansanesuimlivategluuy Tulassadne 3 48 wu s waznsliiidugduuuveseisueu
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lassasnsnndngvewnsiiuiinisdniesdndunnmdsuvesezneuasveu duandlugy

fa v

2.14 (n) TuszAuezmanvaimsuauaziisuudidnnsey 4 i Tueeita 2s uag 2p luvngiliin

v
fa o o

nsnefdlUlunsiu ezneueasian 3 oxnoNUeIAIsUOU A9 25 , 2px Way 2py HN13
a v 2 fa = sa o 2 a o a A ] Y

lausadnlulu sp” 3 eeilvia Beweeilvia sp” egluszuruideiuluvaeil 2pz NvdedzAsminiu

p0301adu 9 aufuanslugy (2.14) (v) luiuse o seminsevnauveAsUauaglndlAusiiiin

a sa o 2 a sa o =~ o a =
'ﬂqﬂlﬁUiﬂﬁ]EﬁUWa Sp VUENBBIUNG 2pz N;JULLUU‘WUS% T 199NU1NTLUIUVDINT Y

o orbitals

Two non-equivalent
carbon positions

I TT1TX

N N N N

JUN 2.14 (n) lassadamdieveuduns iy (v) laswaiseasiviavesusiuns iy [5)

Tssadefildunanusunsfufiuandusy 214 wiunsfluduiervesernouaiuey
ursyasluzuuuuierts 2 i Tnglassadianidng ONT SveuRadunnudududusunsenszuenils
soosin famdlugy (2.14) (4) wananninefiduseuisdeadfianis CNT prwmedgnimuslfidy
C = ani+ an, Inedl a, way a, AonnwesnTisvasnsifiunas n, way n, Wudvdlasea lag
sl lasoa (n,, n,) avlaisnAuimunauELINAsYEafiFvsvasusuns iy %ﬂﬁsﬁuagﬁuﬁ%ﬁ 1a
508 (n;, ny) 1ag CNTs a@nunsauusdnwarlasead1eld 3 Wuu Zigzag way Armchair wag Chiral
Aaanslusy 2,15 anudrdu dmsu CNTs Fflassadrauuvonunys duiilasoa n,was n, 9%
Wiy dmSu ONTs fitlassadwuudnuen  eaillasea n, w3 n, 9zilAidU 0 way
Trssadrsuuulasea Adwiilaseadt n, uay n, ldwindu 0 uenanivieunluAfusuaNINoLUS
panlallu 3 Usvinm vieunluasusunaien (Single-walled carbon nanotube, SWCNT) iown

TuA1SUaUNIeA (Double-walled carbon nanotube, DWCNT) WATVDUNIUASUBUMAN BN

Y

(Multi-walled carbon nanotube, MWCNT) [5] mmﬁuﬁmﬂugﬂ 2.16
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< o 10) semchsir armchair

5UN 2.15 dnwaglassaiaves CNT Tulasawuy Snuen o15uwes wazlasea (5]

SUTl 2.16 msdaasigvivieunluasuau SWCNT DWCNT uag MWCNT [5]

lng?l CNT faudd dwsioluil [5]

(1) ONT Feldiuiagiiudenseualniings fauunns sedvvesnisinsevosuniunaiiiu
<) v o o ¢ v S X X o o o« !
Juimvuaenuainsatunisihvesgunsaiweustariures CNT allfuiudvillasea vewilu
A suousansnuantAilansvsoarsisdailn nmsidliirves MWCNTs  Asudrsdudouiu

s |

Ufduiussevinawdeitllashianevinlviaienseuasenanldunniviounluntdafen

(2) pzmouvasmsuarluniuisrvesnsluideuserufeiussnaeiiiudauss Wuszd
Woufumuozson feiu CNT aunsauaasatifiuguiuiaunss Alugdadaveuargeaniumdn
daeulusamauserhmindeatu Wesndidnmseufivdennsadaiussinlibidnaseu
Hovmaramnguiuvhli CNT Savguldas

Soumya ranjan Mishra wagatu [6] ladnwin1susuussnaautavesiinseduluianiiy
laBianvinvesnedlafialangeslsd (Polyvinyl fluoride, PVDF) %aawmmﬂ%’uﬂgﬂﬁﬁ%ﬂmaJmi
was CNT Taenauannududufimnzanvomedlialavigoslss PVDF fu CNT Tu N-Methyl-2-
pyrrolidone (NMP) 993Ut 2.17 ievhnsaaeulasieadinfiiadinuiiianssfuildaameity
lolvinnsuan CNT #u PVDF vilinisasranszudlndinligandn PVDF og1afen Tng PVOF

agafenliAnsEnalniin 0.3 mA waglu PVDF fu CNT Tvnseualuingda 2.7 mA
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Ul 2.17 msdseennszudliiwasiaiaia (A) PVDF (B) PVDF 5] CNT [6]

1u338ve3 B. Arash uagane [7] lolin1sAinwifesiunsiindSunnmes CNT asludan
HaueLiuAIn151 loelavinisiSeul feudrauauisanisiivesianuauiisuivuTunm
Y94 CNT (%) uansluguit 2 mstrliihves Tanuas CNT/PDMS 9xifiadusg1auin Fensiiuay

o331 CNT Wulumungondnvaindanuvewginssunisivaniu fsaunisi 2.8

t

O ~ G, ((I)CNT —(l)c) (2.8)

Taef Poyr Ao USunaswes CNT wuunanedu ¢ e Usuanisivaniu t @e Critical exponent

waz G, Ao A1Aafl lnenlunmsiudsunsudduainawiululdutaguandilni Uszneuluse
AududuresanInsraedngslunisivadiu uaganudutungaaainisin i iiivgann
138071 1NUNINTIVARIY ANUINNANUTNTURN 0.01 v LHBuiu 1.5 %wt ¥8s CNT 718 PDMS

Duwnindvisaesdu inaginisivaiiuvesnssuaazansiu laglulaawanazinislwaniupeudi

'
o a0 o =2 1

megafitduddguasdainisinfias Feauvantidunaunandnsndiuves CNT waznsdnisesin
V93 CNT
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SUT 2.18 Usnawes CNT isuifumrnsiilaidin (7]

Tusuddeves Jeffrey Salzbrenner wazandy [8] lavinnsAnwimansznuand@nialnin
wavautAnIanaves MWONT Ssvins@neisauiu PDMS Tagaziin MWCNT ¥nnsnsavdeuuu
Nufnves PDMS waznuindlaianssiudafures MWONT vuituiia POMS Swaitldlsliie s
naseauTRiBinaveunufiegamit uadesvi iR uLanaseg1lidud Agluauues
Uszansnmnisaseanmaliin Tnewuindlewesdudlaedmiinues CNT wisdy dawaldainns

A RLYuRaIn WA 2.19
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2.1.8 JnUsEnau (Composite Material)

[ [

anusznau fie Tannilassasnaiusenausmemaegates 2 wla viseunndn visluseau

Yua gy

wazauIaldn Inaiumasinasziiosrusenounuandiaiu §99199zl9a1nn1suaniunse

WAaNusETusEnanuAle wiazldlazanaduiliomediu ndeidudiudsenauMsenindunaunis

' [
& [

wsuusazunidudadiuaggnilegaziseninuning Janduneunisiasuetaazluluguuy
voduloaymavioindn Jaquawnindlagyluazdeogdelies fedrsesszuunoulndn

eun AounImasuman wardiendiasumeidulonsilui wav lneluianusznavazuszneouly

'
=

sedrumduunsng ’376191Lﬁamé’ﬂﬁ’mﬂ’]ﬁLﬁuLﬁwé’maq%’UﬂfmLa'%uLLiﬂﬁ@&J”Luiﬂi"mﬁﬁ’mum

[ =1

aﬂmwaﬂamﬂu nedlwes wlin viselaneila Lax aUuVlLUULWﬁﬂiwﬁ]’]EJ ﬂ‘éu‘\]’lEJG]']E]EJGL‘U'Jaﬂ

[ a

Honan G?N AAALATUUIIDINIE Idnwazdudule BUNTA e v3aLnan m'sammamlm il

o—

wvaa ) [

< a o w
QM&NUW@LUNWMH ey ilanuwued a’l UNE]EJNLLG\ﬂG]'NVLU‘\ﬂﬂL@N [9]

&

Reinforcing phase Matrix phase

3;1] 1 2.20 NsInSEIveIusaavesTan (AnuUasan [9))

Faqusznoufienududeussrannluian ndszasindnlunsviifanuseneuiioufuuss
autRvesTanueazviafunnrsiulinaniuld Sslaldfifesrmmfinediduafisinadonuandd
yos¥an uidsfimssenuuumsiniFesiivesianusznevansndmaseantild uonainidsd
Yadeiidsrasoaut® 1wy JUnuumdendedaiuihfiuuausuas msdudureuss auannsly

JEAUANY 9 3ntassasendnvesingiu JanaunnssinvesianUsznou Mildszerianluniside

L4

Uu vunavesdndevu Ramihdudaseninaumsnd uasilames sniu

9

TASIAS1INLANANAU LALAITIALS B INAANUENNITOFINANTTNUDLINUINVUIAVDINTS

MOUANBINNNIY UazN135Iuiuvesnuautd lag Nielsen [9] lalauanisdavuaamvysunuunis

Yo v

SesfatuvesianusenevudazianaslignihunldfuianUsznouiieledidnvsn  Taen1sdn

9
'

wnanyariiduavdadudiunuredifdsduszesiunnssduiiisesdaiu Tun1sdniseaiiveusas
waniinsesdidaiuly 3 48 dwsuiagUszneundl 2 wlaty awnsadadesdaiuld 10 wuy

A 0-0 0-1 0-2 0-3 1-1 1-2 2-2 1-3 2-3 Uaw 3-3 fegu 2.21 lagflavdiusnazueniadnyuens
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Wanseiuveulannszefegluuysng (Active phase) @1ULAUFINAIRLUBNTENYULNS

Weusariuvesnafduwmnindg (Passive phase)
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a

3U# 2.21 sUuuumsi@ensiowlawuusing o vesiagusznauiil 2 wia [9]

u

nsnsedianUsznauillenasdl 2 wuu ABwuu 0-3 uazkuy 1-3 lagdanusenauuuy 0-3

fal o

Aodanusznaundiwndndumanduuvinddnisdese 0 fiame uazwedwesidnvunis
Weuseiuvesaiduwmdnddinislieuse 3 fiave dautagusznousuu 1-3 Wutanusznoud
wiinddnvarnsdeudeiuveainszaediegluumindiinisense 1 fienie uazned

wosluwaduvinddnisdeuse 3 fameiananslugud 2.22

() (m)
fi b o

o

Substrate ' Substrate

JUN 2.22 TanUsznousenitanedwesiuesin (n) wuu 0-3 (1) wuu 1-3 [9]
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L. Xie wazauz [10] ldAnwaudfladidnninvesianusznaunediues lneviinis
WisuieuauiRdsnanszuinetanuseneuifimanszaredudu BT fifllassadrsuvuneiivad
Faas199n nsdnedieludiifilaseadawuuisunnizuuituiaes BT (Hyperbranched
aromatic polyamide grafted barium titanate, BT - HBP) Wagoin1a BT (BT - NP) Tnefiwlailo
wanidulanedwesnedliialo-Augeslsd wnszigeelsiedidu aaslsgoslsiefidu
(Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene), PVDF — TrFE - CFE) R
wuifanUseneuiitinanszneduiu BT - HBP fimvunduduiosas 40 lnguiung fermnaiiled
\Bnv3ngedia 14855 71 1000 Hz luvaizfifagusznaufitimanszanedudu BT - NP fianasiiled
Bnvinifins 2063 9 1000 Hz feguil 2.23 Fedutanusenouiifivanszanedadu BT-HBP 14

AasiiladidnnnuinninTaamanndvanseatedndu BT - NP

Frequency=1 KHz
+—@— BT Composites
—Q—BT-HBP Composites

©

10

) ’

0 10 20 30 40
Volume Fraction (%)

Dielectric Constant

JU 2.23 masniladianninvestanUssnaundmlanszatadnlueynia BT (BT - NP) uag BT 911l

TAssasranuunosivas (BT-HBP) wazwaillenanidu PVDF-TrFE-CFE [10]

Y. Feng wazemy [11] ldAnwauddledidnninvesianuszneviifiaidondniu
lanedwesnodlifalofungeslsd anezvigeslslndidu  (Poly (vinylidene fluoride-co-
hexafluuoropropylene), PVDF - HFP) uagyinn1siuSautieutnansza1esisening BT - NP uag
uviaunTy BT (BaTiO; — nanowires, BT - NW) Tasnudnilaanuiduduves BT vestagusznouiit
aosUszaminduriliaasitladidnniniuty uasdowdsudvauiflndidnvinvestan

Usgneuvisaes nuinfagussneundmansyanedudu BT - Nw fidaniladidnninganinian

Usgneuiifulanszanedadu BT - NP fsgun 2.24 fisaninnisiiinlnanlsituseninsiunduda
YosTannay PVDF-HFP/BT - NW wiausiandn PVDF-HFP/BT - NP Fawngeindunaniann BT -

NW figmsndruszninennueninefiuiinindngs Juludededdyfivili PYDF-HFP/BT - NW &

Aeafiladidnrisnas aziuldingusiseranseatesafinaiudmaseauiRvesianusenau
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50 | =jll= Experimental data of PVDF-HFP/BT-NWs
=@-Experimental data of PVDF-HFP/BT-NPs
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40 p=

30
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Volume Fraction

JUN 2.24 ApsniladianninvestanUseneunfimanseaiedndu BT - NP uaztanUsenauiiing

nszanesudy BT - NW lnefimaendgnidy PVDF - HFP [11]

2.1.9 Usmngmsallnsludidnnin wazdanuieandsnulnsludiannin
2.1.9.1 Usngmsailnsludiannin
Usngnisadlnsludiannin (Triboelectricity) {uusingnisalinuiiiulaludinusgdniu

warnyudAuaenY uildinegniunUssendldlugagunsal mungquduuusngnisallnslud

dnvsnasiiinUsegliihuuiuiofanndennnnsdudadendiuiaguindu Jaduiiugiuan

[ A

nswiabniiatio (Electrostatic) lnaunAudavinvesuseqlniindaliaziuedfusinvedian
undagulundn nalniddndmiumaiiausingnisalidnslidaauin wilaeialuudainide

a o a 9 =l

WelmaenTanaeswilafian1sdng usdiuvesuiaTansiiniiusemaadnviliianisdn

Anfuagravady 9 Weinmstagirliiiandanunseduuuiiuiy JuihlvesneuuunuiiTand
Tonaaewniszy (eadudidnaseu wislosau vieluana) anTanuilsluddntaguilale &

1Y (%

anuaazyinaziuuiluunisiibasSulsequansnaiu [12,13] dletanaeviinuenaanainiu

N

a

wasndudadend Yanaziiaanuldnarmedndlii nanafeszviliuszqlnsludidnninde

o W a

Alladuuuiuiivesian auunun nwwsliunisli (Eesv) Bdnnseuvesiaglvsludianysn

'
= a

v1eila [13] Aegui 2.25 Janifiwwaldulididnaseu (Aadszquinuuiiuia) asdudsziaving

3

wosndlulaswududiudsznoundn Janansssund waslavieunsssnn dudaniiuuildy
v a & a L a 2 a saa 2 o
SuBianaseu (Andseauuunuil) aziludssinninfwesndsmelanududiuusenaunan

wrunmivavenlainfanuinaudiuuukazdua o sunnaziUTInunsAaUssguInuay

o v o W

Uszqauas asiuluniseenuuugiandmsugunsal FTEH Tadelfodnduduladeddgydusiu

Y 9 9 v

a

wsndildisaieimwuszdnsnmvesgunsaliniundanusiailigu
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Positive

Polyformaldehyde 1.3-1.4
Ethylcellulose
Polyamide 11
Polyamide 6-6

Melanime formal

(continued)
Polyester
Polyisobutylene
Polyuretane sponge

Polyethylene terephthalate

Wool, knitted Polyvinyl butyral
Silk, woven Polychlorobutadiene
Aluminum Natural rubber
Paper Polyacrilonitrile

Cotton, woven
Steel
Wood

Hard rubber

Nickel, copper

Sulfer
Brass, silver
Acetate, Rayon

Polymethyl methacrylate

Acrylonitrile-vinyl chloride
Polybisphenol carbonate
Polychloroether
Polyvinylidine chloride
Polystyrene
Polyethylene
Polypropylene
Polyimide (Kapton)
Polyvinyl chloride (PVC)

aAljebapN

Polyvinyl alcohol Polydimethylsiloxane (PDMS)

(continued) Polytetrafluoroethylene (Teflon)

JUT 225 wnunmuansianlnsludidnvnfiduwildulididnaseu (Uszquan) waziudianaseu
(Uszqav) [13]

o v 2 = o a a = = 1
2.1.9.2 nalamsiiauvassanungamasuinsludiannsnuuudaey
Tundnnisviianuwes FTEH  usanalnihagdesgnieuduseniuvesdasna (Press) waz

JanUane (Release) wilalyi FTEH  anunsandsluinlasgranaiiins ds9unaunisuantiiives

[

guUNIallu (UM 2.26 (1)) ai3u9nn1saselseglnsludidnninuuiuiivesusas Tanmnasain

[

I#uussnauaztaqinnisdngiu WoussnaiAanisanudes Ussamaniazidugndisloulud
Sidnnsnanmsimilonivesluiiradin (Electrostatic induction) [13-15] uazluasenluiiluan
gunsallsiihaeuen iesanandesnssnwisziuanaudunatmsliidi feimanisaieleu
vowszgazfivtuetradudaduiuaunevesiutan aanussdndmalwihasiosuintu

ANuannsksanuliil1Un1995 [16] ianaSulenie

Y

d,
vV, =25 (2.9)

&y

Tnefl Ao o anumuwiuYeslszy g, Ao AasdiladdnvsnvesgyaInid waz d fs Ay

' '
(% =

nisluwsasduiagiauls lneunfudianuvuivestuianasduaind uissaeiiaseninedan

€

[

(Aund1evestueInIa) ansaildsuuvatlalurazgnidouusinaeng tnsizasdudiuys
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szezinssznirciandadudnusmdnlunsimvuaausiulniees FTEH Welasasiswes FTEH

'
1 o

\AnmsAuanmdsannmsteunsinn Tneszoginavesiagndumnegmumiaiudu uaylouuss
naudludl FTEH Bnads usadulwihiindnldasiidnanas feaenndasiuuseginitiiasnalufie
n3sda inszarduileteunsinaifanasgnedeiiios gunsal FTEH agannsandndnyaalit
LUUWadNTTLAaSU (AC pulse) 91nwdnn1sieuiiing wasilassadslddudou vild TENG (Ju

faulaegaunndmiuinidelunsimundugunsalininundsausialyg

(n)

I Origin I Pressed Releasing

a]  Kapton 1 1 1

d:

Pressing v Released

4 3 3

........... !
Pressing-—
Releasing \
“

P
1 504 507 510
Time (s)

(cﬂ) Charge Amount at Metal 1 (-Q)
Metal 1
d Dielectri 1 3
+++++++t+t+t++++s
+0
x(t) Air v
dz -
Metal 2

Charge Amount at Metal 2 (Q)

U 2.26 (n) nalnmsudanszudlnlfies FTEH way (1) wuusiaomiemguiues FTEH JULUY
duddladidnnin-ladidnvsn (Usuusiannn [17)

nquidiAnddmvivadurendnnisiaiues FTEH gnosuisadausnlul am. 2013
[14,15] Ingldnguiunvesndesuisanuduiusvetssiu-Useglnihdeinu-gdesineseninedan
(Voltage V - transferred charge Q - separation distance x, V-Q-) ndan157nguesianinslud
Gnvdn  Tulassadefiugiunes FTEH  suuuududaladidnnin-ladudnn3n (Dielectric-to-
dielectric contact mode) KUt 2.26 (v) Tunsdii¥anlnsludidnviniamaiigninunasradu

la59a$19903 FTEH 9zgnesuiasiengAinssuanuiulsey (Capacitive behavior) 61197500

Taourazaladundazeuiiannsandnaunlnii £ 16 aungefvennid azldanuduiugi
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0

meluguianladidnvsn 1. E =- (2.10)
S&y&,
1 | ! /S + t
aeluguvesesinema:  E, = _Q/Sxolt) (2.11)
o
LAY meludutanladidngn 2 B =——2 (2.12)
3 ) 2
S&y8,,

=

Ine@l S Aevswniiuiiiivesian &, Ao Ansialadidnvsnuesian waz o(f) fe AIALLILIY

9

v
a

Y9eUszRfiTuiunal t wenanduswulnihfidindusznindianivee azladuy
V=Ed+Ed,+E, x (2.13)

Wauns (2.10) - (2.12) wuashuaumsi (2.13) agld

v:-i{i+ﬁ+x(t)j+&(’)

€ &

(2.19)

WISIERTUY AElaANUFUNUS V-Ox A

x (2.15)

< g 1
We C(x)= SgOE ;2 ﬂ} o meugliihsmvemniasiulaseaina TENG mugui

x(t

Ux(t) = = Y] A
2.26 (V) wag V. (x) = FaglanuvuneweInuaunis (2.9)
2
4 . v Lo d d, «
Tueulvdnieas (V = 0) iwaglauseglnidsinude d, =—+—2 Ju
8r1 8r2

Sax(t)

2.16
dy+x(1) 216

Ose = C(x) Vo (x) =
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wazazlaansenalnindnlaasidy

4o, ——39h _dx (2.17)

.. ==
o dr (dy +x(1)) dr

dl' dx T v a | ! [ a & a ' £
bB 7 AD E]Gl'i’]ﬂ’]'iLUaEJULLU@QSUEN‘Jgﬂgﬁﬁﬂigﬂiﬁﬁﬁ@i%ﬂUaLaﬂ%iﬂiu%m%@%ﬂ’lﬂimuiﬂﬂﬂ
t

L9Na
IMNUHUAINTUT 2.25 wagnguinsudnliinves TENG 71960 Vo (@un159 2.9) wag s

(@un1s# 2.17) arunseaguladntadendniugiuluniseenwuulaseasenvinlissansnines

A o a &

aunsalgatu Uszneulusie 1) dengTaglvsludidnniniifuwilduld (viesu) Bidnnseugs 2)

[ '
a =)

asgerinseninedanlnsludidnninlulaseaie 3) aseanuegessuuiuRuieliinuseq

[ =

Ilihazaugs 4) a¥19bigunsalfiiufinddaun 5) arrsiiladidnninvesusazianaisiaiuin

LAY 6) WINAMUDIUNNSUBUKLTINALTINA

2.2 NMSNUNIUITIUNTIN/ANTaUmA (information) MNe989

T. Zhou uazanz [18] lavinisfinwinisuiuugeant@ledidnninvesianuilunaulnds

1%
A a ¥

5¥%IN9 BT fiu PVDF uagyinsusudgaiiuiione lalasiaudeseanles (Hydrogen peroxide;

'
a

H,0,) Tngti BT unvimssdndiu H,0, Feasvinlilinglansend (OH) luingnusianurves

v
= o

oynaunly BT udthuvinduneslndadu PYOF 83 BT/PVOF uansaulfladidnv3ndivuiu
guvgituanuiidennittanaoulndndlaldvinisuiulseiuio dwanduguil 227 uag b-
BT/PVDF fauamsinmsgaydeladidnvdniianas LLam’wmmmulmSLé‘ﬂw%ﬂﬁqﬁu Fauanslugud
230 uay 2.31 \lasandunsifefiinduseminaanaasunss BT ungwodiuosiuving PVDF B

HreUsuugnuauAladidnvenlinau dwandlugui 2.28

sUN 2.27 nsiindunsnsenves BT NUSuUsInuRame H,0, nsiinmedlndniu PVDF wagnns

v 9

nefvasnuselalasiauluuluasulndn BT/PVDF [18]
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100
= h-BT-30vol%
¢ h-BT-20vol%
2 80 a4 hBT-10vol% ”
7z o ¢-BT- 30 vol% a
£ L o oBT-20v0l% .
E A ¢-BT- 10 vol% a o
2 * Pure PVDF L° ° 4
.2 40 s v 8 i * %
b o B [ 8 .l
8 o o o B s ® " ; © [ ] . A
? 20 -I = = B 0 © o} . ® : * A A
a 3838 23aertt
$ 2% 8 ¢
0 1 1 1
50 100 150
0
Temperature ( C)

JUM 2.28  Aran mgenduinsiieuivaungiiseninsuilureuindnves c-BT/PVDF  uag

BT/PVDF Anudaduvesansansiu 7 100 Hz [18]

100 10 ¢
s h-BT-150°C e h-BT-20°C F
) o ¢-BT-150°C o ¢-BT-20°C F @ * BET-IS0C o h-BT-20°C
2 807, I o ¢-BT-150°C o ¢-BT-20°C
; DD [
» - o sl
E 60 DDDD % ! DDUDDD B
E DDD &0 ol LI O0g ong
8- L™ DDDD g fon n, DDDDD
o 40 "mg Sog - LT o 000,
g “en LT “%000q og 2 0.1 -..-" Dogg, 88
o, 00, Q dF bl | 8la] "
E 0 mmm&%&&mggzggggggggg&gmmm - E . --;;a.egﬁﬁg? at
[5) - b4 { 1]
a -ooooggo%oooomoowgemggg
0 A A ' ' Vi A
100 1000 10000 100000 1000000 o l1()() 1000 10000 100000 1000000
Frequency (Hz) Frequency (Hz)

JUT 2.29 (n) Aanmeenduiing v) Anisgapdeladidnvsnvesuilunenlndn c-BT/PVDF uaz

BT/PVDF fiaidudiu 30 vol% BT flgamgiisnsiu iieufuaud [18]
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0.5
—o— ¢-BT-30vo0l%
—o— h-BT-30v01%
o4l °®
008} Pou
e |: T,
5 03+8 7w
o0 & owl 7 =l "y
o 02+F 0.05 y
g .
— -
0.1+
O O 1 1 1 1 1
-50 0 50 100 150

Temperature ©CC)
Uit 230 Ansgaydeladidnvinvesunluneslnden c-BT/PVDF way BT/PVDF fimnududiu 30

vol % BT 1 1 kHz [18]

05F s h-BT-30vol% c = O elA
e h-BT-20vol% Uj“ (_oo .’;f‘t
4 hBT-10vol% 5 & o &2
- 00F o ¢BT-30vol% ﬁ =' § .g?‘
~ o oBT-20vol% 5 3 ¢ &
1 o " O A
= & ¢-BT-10vol% o ) oA
05F o m C A
$:' u] [ ] (o] oA
i—ll C ® O @a
\C-I/) | = 0 A
Q -LOF o Te) QA
=
-15 B ] [T /9 A
1.5 2.0 2.5
Log E

U 2.31 msnden Weibull vesiianunuladidnnin dmsuunlupeulndn c-BT/PVDF uaz

BT/PVDF fiansndaduves BT dnafu [18]
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S. Siddiqui wagany [19] vinnsAinwnsgurunismiuliaululag Taquiluneuln
anifleleBidnviniiusannagiiiiiuszansam wazanudangugedniufuduiufsmdsny
Finauaziudiundsau laed BT Ay P(VDF-TrFE) uvinduiaguszneuiiieledianniniin
Wuwsiuilduuns dauanslusui 232 () TeeuSuanududuvesoynia BT fidsie q Tnefinany
diudfumes BT figendt 40 wi% Tnelusuit 2.32 (b) uansmminunsvesnluroulndnuandiiiu
1 BT finmsnszansemialuiming PIVDF-TrFE) dadaalsimeluianusznevanunsalvidnglii
Ieigedia 9.8 Taadt wazAmumIUULYIWEIUT 13.5 mW/ecm” meldnsdaduaenan sy
mfudaulutagfieledidnnin PZT Januseneuieledidnn3niduunuiauuisdidielyd
dnviniigenindlesnananudusdniigewss P(VOF-TIFE) Gamandnues P(VDF-TIFE) 1#unns
fusiulae XRD Fuandlunmil 232 () uenanil PIVDF-TIFE) & tafunruudausdlsiiy
ouna BT THifiuundy Fatanusznaviamnsaiunldlunafufsimdsnudna ng

waoulv uagnaTInamanifiauisadnnyszgndiluwrasiundaurundn

S_Em

Intensity (au)

100 rnm
=

10 15 20 25 30
Diffraction Angle 26(deg)

Ul 2.32 (n) wansesdusznauvesianUsznaufieledidnyin (v) uansnIweinya1991n FE-SEM
yosuluneslndn BT (40wt%) P(VDF TrFE) w1 6 mm (A) uans XRD aiunafuvesndnitldly
AoULNEAR P(VDF-TrFE) [19]
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AN519% 2.2 NMsiUSeuisunisaseandngliiln nszuwaliin warenunuIwLLYeINTELE AuTie

Yassnidaielediannsniluuanisan [19]

Active Form Output Generation | Active
Material Voltage | Current | Current mode area
V] [LA] density [cm’]
[pA/cmz]
PMN-PT | Single-crystal film 8.2 145 X dsy 1.7X1.7
PZT Crystal film 200 15 150 dsy 35%35
PZT+CNT+ Composite 1.5 0.06 X dsq N.A.
PDMS
PZT Thin film 0.28 0.03 X ds; 1% 1
PZT Hemisphere 3 0.05 dsy 1.5%1.5
PZT Nanowires 6 0.05 X dsg 20
BT Thin film 1 0.19 ds; 0.82
BT+PVC Composite 0.9 0.01 X ds; N.A.
BT+CNT+ Composite 3 0.3 X dsy 13X13
PDMS
BT+ P(VDF Composite 5 0.75 X dsy a4
- HFP)
Zn0O Nanowires 0.6 0.5 X dsq X
Zn0O Nanowires 2.03 0.1 X dsy 1
PVDF Thin film 2 0.3 X dsy 2%0.4
PVDF Fibers 0.2 0.03 X dsy N.A.
P(VDF - With doped il 0.4 da; 1X1
TrFE) graphene
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15t 0.2 -
10 |
s 05} 2
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> 8
el § = 01
10}
151 0.2 -
20¢L A R R A . 03 L A
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Y

Time (sec)

Time (sec)

SUM 233 A1 (@) V. ez (1) 1. 31nnsesiadasaiiaielediannsnuilunsulnds fainy

\udu 0-40 % BT Aunediwesiun3ndnianudundnas PVDF- TrFE) (A) iR Ve, Wag | Wieu
AUAMULTUTY BT dnsusiddaieledidnnsnunlunaulnds fdu P(VDF-TIFE) (1) waninas
A999NAMUNUIBLUVBINE I UYL TaRe TNy nu lunaulnds fu P(VDF-TIFE) e
[ v Y 1 | o o a =l a c a

VAU TUYBS BT (2) Vo ey () I 3nnAn1sasesnuesiniiaieledidnninuiluaauln

Anunediwesiumsnefiiuedgu P(VDF-TrFE) finnududu 40 wt% BT [19]

o«

Wensiainnsdseanndsauves FPEH lavinnisnageunishiusaiadusnauiugunsel

v
U

Vg9 P(VDF-TrFE) wazduwnlumeulnds 91 BT uans1eiusus 0-40% lnsusanignnageunigle

(%

v & A a = o a a = v 9} = = a
A5AALUUIINAN NUTAUNTITAA 10 UAALUAT IIFDAARDINUANULATYALSTIAG N1 0.5% IWEJ
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w3eAulf19995.0n (Open circuit voltage, V.. wagnszwaania93 (Short circuit current, Iy) 8¢
aelddoulunsnaaeuideatu Tnstufuine SeiluSunaveseyna BT 40%  finsada
usalnihuaznszualnlinesnsnligean uandusuil 2.33 (n) wag (3) auddy uazlugy 2.33
(M) waz (9 wandluguuvuialnefivsinnmes BT 40% finmsadisusedulniuaznszualviii
oonunleigean tnedl PIVDF-TrFE) Sinmidundngs wazlugud 2.33 (@) uay (2) uansiiailolésy
wsslaefl PVDF-TrFE) idnuassiiuedugiu
Tunsnageunsiatannuuansistunisdseenwsaiulnivesiiindadeledidnvinun

TuAaUINER NANUIUVY 40 wt% BT Lasdifiahus 2 Alunsnangau ABAINLD waswsINty Junu

wan Teglugun 2.34 (n) uansnsdseenusadulnilagliussnsiiiiisuiuinamuinianuias o

'
a1

aunsaasansadulniiresnunlagedis 1.0 v Tuvmedldaudadiudliusandieiunudi

wsasu N TAuUsHUn It UL AananslunIng 2.34 (2)

(n) Frequency (H2) (@) Applied Force (Nmm?
VY593 23 25 26 27 25 29 39 15 50715 13 Z7
10 + 10 }

g s H‘ |H
8 o0 00}
> o T >8
05
10}
10}
st
15 P " P P P N N N N N N
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50
Time(sec) Time (sec)

JUN 2.34 (n) V. fas193ulaedaiiilafieledidnninuiluneulnds fnanududu 40 wt% BT

! Yo ~ ) ~ 2 Y] ! v a
sypnalasulsanalagn1snafnusuAsi 0.5 N/mm” (¥) Vo M585793ATenInemsiusadena

NAINLABAISAA AINUD 2.7 Hz Nenususeny [19]

Tagidethimuiaunluseslndninioslduyinmsagseumafuismdsnulaglutiim
fnfu faile doile uardeiu waznmatanisadiaussiului Fwanduzudl 235 wagsiins
nageuAaiEIANvesTaglofinisliusetelies 5000 seuU WunAIUIY wazaTIRIANTT
deeonuseiulnii éfummﬂugﬂﬁ 2.35 (n) wazgu (v) ;sﬂsusnaLLamwﬁdaaamLiqé’ﬂWﬁ’lﬁ 5000

sou wuIinsiwsesuludhfasivaue Fawanateanuanesilslesunsadunaiuiu
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1 1

RENTTAI
i VA

0 5 1b
Time(sec)

-2

%

sUM 235 AstAUAgIndsIunsesiadn Vv, danllaiielediannsnunlumeulnds Hainu

Y
v

WUty 40 wt% BT lagvndinuilaieladidannsnuluraulndnuwdzdniu (a) 47l (b) 19ile

(c) Ta9u [19]

(M) 42 ¢

Voo (V)
b ©o & o

o o bW e w o ©
— ————

I I I

0 1500 3000 4500 5128 5130 5132

Time (sec) Time (sec)

sUN 2.36 (n) V.. Aid999n31n 40 wit% dandaiieledidnnsnunluneulndnseninanisnagsy

v

Anaaieslaen1sfnuINndi 5000 soU (v) venedyandseantusiusuilaladues (n) [19]
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35t

30}
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15¢
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25}t

20t
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15}
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20 2 u x k-]

I
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Time(sec)

JUN 2.37 (n) auaud@visauunmes annisiadeulmniena uag (v) nisindeulmlagnisdn

219Nay 40 wt% sidaisladianynsnulureulndndauuuiy [19]

NPs CNT or RGO

Nanocomposite Generator

1 7%

> BaTiO; Nanpoparticle

)0~ 600 1000 1400 18C
Raman shift (cm™)

SUN 2.38 (n) NT2UIUNSHANSIALEAUTUABLINER (V) NN SEM kUUSATI1998983 A ndn 11y

v

ABUlNER (A) 73 SEM wuudinuevengilansaunavasinluaaulngds (1) A1 SEM ¥8seunia

wlu BT Adunsizmeislalasiensa (Hydrothermal method) (3) awnnsusiunu Alaain

aun1AUILY BT (2) MWCNT fawaidurigudnans 20 wiluunswaraanuenives 2 luasey 5U

Usznauuansliiuinisiuasuwlamesanasusiuves MWCNT Aungu D awinlug) [20]
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-
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—
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Azoo_u)
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o
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BN T R N R
Time (s) Time (s)
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g, 0 :
5™ 111 =l z
] o |
e Ll S §-‘2Wﬁ
=31 “70_ 980 050 ol “ 60506080
™ Time (s) Time (s) Time (s)
0 1000 2000 3000 4000 5000 6000 7000 8000

U 2.39 (n) Ansiainnisdseenvesindlnihuaznssualiihvesgunsaldmiliauluneulngs
Tumsigeusielutavi Tugieilinsdn uazlifingin waz () lumsveussuuudaundu (a)
wansszezlatlumMmegeuaNunumuden1sit et uduialosnmvesgunsaliinidauwn

Turaulndm [20]

K. Park wazamy  [20] WdAnwinazsimunisarsiaindauiluaeslndniidanguain
BUNIA BT U CNT lngnauoyn1aulu BT AU CNT 1ASDUASUULKNY  PDMS Wa3Usenuwsiy
PDMS Lihdneiu uaslinfiuouiuindidningn dilusuil 2.38 (n) nedetiluvinsesiataiiie
pounAfuifendesanssmididnaseunuudeansin dasuil 2.38 (1) uansduvesiantsznay
ulu funedwes lnedlevinsveneuinutuiaguseneuulununisnszanedaves BT luiwm

a L4

3nd POMS #aguil 2.38 (A) warluguil 2.38 (3) way (3) uanseynia BT uaz CNT maddy
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venntulupeslndsldgmirlunsaninnisasdnglufiuasnszualniihainnisliuss
Fana m3din wazneaauaumunusiemsihlwidleldsuusadenadunaiuiy 4 Famuiins
dseenvasdndluiiuaznszualiivesgunsaldiindauTuneslndnlunmsdonseludnamii
Tudheifinsdaliussiulwiwaznszualninldfe 3 v waz 300 nA waziilevdesusadinle
usesiulalituaznsualndifpaiuifudagy 2.39 (1) wargy (v) uansdygunseuaildannms
asstulunsdeuseuuudoundu Tng ONT SldaudelumsdsoandndlnilldgedunasSeanlu
NINTEYAIVRY BT uaﬂmﬂﬁlﬁﬁ’lmimmi’mmmLaﬁsimaaéf’;ﬁ’]Lﬁmi’aqﬂizﬂauuﬂu (U7

Y

239 (A) Ineditadeiendad 2 U938 Ao Sraeianilasy wagAURVaILTI BINUINGIN1LR

Fanusznavunlulianuaissaieininisasisssiulnifadiase wenainilaiinisdinw
nansaviadndiieleBidnvsnuuiuiadaiuuuiasiuans Wevinishiusedadudaiiladan

Uszneuwilu Nuladasuuuiiinsgnesnuinasfidndiieledianninganindaduansiiini sBasy

ey Auuandlugun 2.40

NP bendin Mex : 0.0190
1 Top electrode
s§oo1
é [ J @ = Mo
21 1.001
PDMS matrix £ 002
g4 .003
e ® ® Sl -004
a.

Bottom electrode -0.05
Min : -0.0555

5UN 2.40 (n) M3naesguuuuvesgunsalminiauiluneulnde 1a59a519M3 6 90 ves BT Heda
YUNDAUDSLUNING PDMS (9) 31889ANULANANANETIL PDMS 8971991U VLM AUa1997 Lol

danasaaieladidnnsn [20]

Tuns@nwiuisuiiisunsdsesnussiuliinvesianusgnovunluiiiansvionssaned
wazlaiflanstienszanes fauansguil 2.41 () |, i TnesleYanuszneuunlulsifiansdionszanedn
%ﬁﬂﬁmia%’mmzLLﬁlV\Iﬂ’lhjaﬁwLauaﬁ"’aﬁuﬁqLLcJuLﬁmmﬂmgmﬂsm BT  sausanuuiiau
shuansmedimesegsnuuy fuanaguil 2.41 (n) il uazileldanstionszated CNT hleynia
299 BT finsnszanedafity uay ONT Saududetilidinisdsoonussiulnihiigedu fuandly

SU 2.41 (@) i, i
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) Dispersing agent Stress reinforcing agent
(ﬂ) 1) PDMS with only NPs  !ii)Nanocomposite Generator | |iv) PDMS with only NPs [v) Nanocomposite Generator

iii) Piezopoientiai in aggregaied NPs vi) Piezopotentiai in PDMS reinforced by CNT
Max: 0.0370
Top electrode

|PDMS matrix Mo = R
{bending 3 £ | |-002
- Y PDMS re(nforoedby o _» H :_::
: -0.031.

Top electrode

?(‘.OOOO e o

Bottom electrode

Bottom electrode

NP NP

(¥) Ti)PDMS with only BaTiO, NPs ii) Nanocomposite Generator
S 2
o 1
go_ L — i ‘om‘ N =
>° 14 ——i] am 3
i+ 0.10 2
-2 %R"’ V2R Soos| 7is1 51 52
Cn el P ooe = = o *
-3+ NCG M/S A 12 s T4 571 672 573 574
4 Time (s) Time (s)
0 10 20 30 40 50 60 70 80 90
Time (s)

sUN 2.41 (n) (i) Iaseasrawuudininsvesgunsaifminidauiluneulndanasn1sA1uinnig

v
nszanedndiieledidnnind miuesuisunuinaes CNTs lnevimiindinszates (i) wazdaiss
anuAsen FeldsunissessulaegnAiwinainanuwanasesdndiiielediannin (i uaz vi) (v)

nsdseandndlniifiasistuaingunsaindiiieseyniaunlu BT wavaunsaldanidauilunauln

'
@

a0 ounAuluniinanszednfuaziiulsz@nsnimaesanuiasealag CNTs viidAndlidi
dweniias JUMmuavkanidndiirdsenn aslasnisiadeulmivmanalaenisdn suuseneu

AuaNELanRTaNYavesaUnTal Mnidaunluaeulngs [20]

C. K. Jeong wazag [21] laaunaiaaiuidaluiiianusenavuiluneulndnvuinlvgy

wazdanguilddnginlussdusznevildouniadaniladluleiunuazilaesurisuilulang

3
1%

mAfeiindndsgunsaliudalwiunluneulndnilidnefuduesduszneuiiiafiuifAgmdsny
TagldTaniiieledidnsinfoeynadanladlulown wazansaduusifouisuluneuns iloains
faquilunawlndnielediinnin lnseyniadaniladluleiun gndsaszitulaeldnssuiums
a0uzveduds (Solid state reaction method) LLazLwiquﬂumml,lmﬁmzmaﬁaagdjiu*?a@lﬁwé’ﬂ
PDMS ssuandluninil 2.42 (n) drugd 2.42 (3) wanssidntanUsenouiilvuin 2 lwufians 3
AnlUTuaazdavgy NNty U 2.42 (A) uansshiidaianusznauiingiaiaseinies
Bidnaseuuuudesnaiiogszindurestanuszneu wagldvhnmsfinwinalnnsfidandaany

vo3gUnsalilovinisliusedn (3UN 242 () nszuadlvagnasieanduvulaziloUdosuss

u

v
[

2 [ 1 a & a [ a
nszlavzgNasNAUaveItidianinalngauin lugd 2.42 2) uann1Inszarensiile
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Andluiiudieledidnninaielutu pNC  veseyniafiedg1andnisnszatefing Weliuseda

0.33% Nelin159nge

(") KNLN-based NCG Device

PET
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PDMS
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— e
S TR 2"
—— W
Bottom Substrate “X -
& Cu Nanorod —
{7 KNLN Particle

()
M Electrode

bending \I,e-
—
| Bottom Electrode
EET I
Min.

{ z -02893 Piezopotential (V) o_gg-}"s

unbending

Ul 2.42 (n) wnuifawesgunsaifldoynasanlaluleun uazuvisulumeuns (v) nwene
LAAIANUEANEUTDIUNTAILUNTEATBNTINTEUDN (A) NINETEY SEM KARINNARYINT8IQUNTal
€) LLmusTaLLamﬂalﬂmiﬁ’lLﬁmwé’wmaqqﬂmaﬂuamwﬁgma LLammzLLaﬁlmagﬂa%’Nmﬂ
AMUULLAYAeBEN INsAlWTauin (@) Mudiassmsnszanemsiiadndlidnieledidnnsn

Melutu p-NC YaseuMAfiag1annszefilan Weliuseda 0.33% neldnisnnee [21]
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_gl |

Intensity (arb. =

Ul 243 (n) nnehe SEM  wesaynadamlatlulowsiigndaassituainujisenanius
vosuds () awpnsusunuveseymadanladluleaiuandassairsudnmeseralndvesiy
Aewasylnuea (A) AW HRTEM vaseynadanitarlulowun (3) n1muans SEM waznsavl XRD
YBAWIUlUNBILAd (3) nvee SEM vasiagunlulsznausmuaunindanilaululowun uwas

wisluneuasnauNas POMS () nMmuans SEM vesniadnyinsesianusenay [21]

nuideidnuitgunsaldnlialaiiuiluneulndadnliarsneNuvuiangu
(Nanocomposite generator, NCG) Miasnalaunszuiuni1satuae13d1e (Simple  spin-casting
method) Usgauanudnialunmsulamdsnudanadundsnulninfs 12 Tad wag 1.2 lulas

[V

weul FelanaaininnuddeFanillaliiulunliansnemdu § dunmi 2.44 (n)
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Weight of Cu NRs (9) Weight of KNLN particles (g)

Ui 2.44 (n) wadngllihdsoonanngunsaifignatnatu () 1idfies POMS (i) Yaqusznauuriaun
Tunesuaa Cu/PDMS (i) Fanuszneuiifianizoyniasanladluleiun (v) gunsal NCG (¥) M3
Wasuwaswesdndluihdseanuaznsziaaingunsal NCGG melduiinaumeseyniadanilatly
Totunasdl () miLU?{auLLanmﬁﬂﬁlﬁ/\lﬁ’]ﬁqaaﬂLLazﬂizLLaﬁnﬂqUﬂiiﬁ NCG nnelausunauuyiau

TuNDILAIAIT [21]

uennilénnassiuvasauoadilasusannissdidnmsedndmeuon wuiilduadud
ihflenela Taggunssl NCG fiufivunelugnirauazen 30 wuiuns fignasiedulasizuidla
AR (Bar-coating method) annsalvikalwiigeands 12 Taaduar 1.2 lulaswond fauandusy
244 (4) uaz (A) dofivounalulad NCG Aoannsandnlding mlddremuazmnsdmiudy
gunsalBidnnseindfifirnudavgugadnldfusamennyud

J. -F. Capsal uagaay [22] vinisasneTanusenauiieleBidnvinsewing BT Aunedie
Tud TnelduTunadnsauiunndieiu Usinudesay 2.4 8 40 lnedvuiaveseyana BT 50 100

saaa ' a

300  way 700 wiluwas eAnwinisinanlsdfiiidnsnanenginssuiiielediannin an

SusvanifieledininfmnzauisiAntuidede Taniignaiinyay deindudseandide
Twdidnvinazanasieileigniamnszlinuoamely faguil 2.45 (n) oaudvdnavesTua BT
fifldemnduszansiieludidnnin Ingldvuneves BT Aunns1siu 9innsmuaastiiiuitlunn 4
YAoYMAYDY BT Wieifinuiun BT dwaliidndulssaniifieledidnyiniiugedu uasiiviinm

BT ail Andndlnfuiieledidnn3nanaaiiovuineun1nanatain 700 uaz 600 ululuns waz

64



anasegaliydAy 100 wiluwns Fsausaesuielaangui 245  (v) Leumalvednis

Wasuudaslugisgaumgiia3annaies DSC wudtaunia BT 7Advuin 50 wag 100 wiluwms lu

Aansiasuulameseumaliiinannisasuslasigniaainmelsdiannsndunisdidng

3n Fauansliiiudtenaia BT auasind1 100 uluwashifiaundumeslsdidnnin wazds

aansndudulsiainguil 2.45 (A) :NNAIATIVIATIZA BT ByAIA 700 500 300 100 uaz 50 unly

Wns eewalla XRD wud1ouna BT vuia 100 wag 50 wiluwns dlassasiedgaiawuudidn

wazaunIA BT vu1a 700 500 kag 300 wiluwng dlaswaiedgnmauuunnsslnuea Jsasulain

aun1A BT 71s1n31 300 unluweshdldignmanuumeselnuea dwalidadudszdnsifielediany

3ndunn wazd3unaeynia BT fldlutanmoulndndidiansmdudszdnsiiielediannindnsae

TaeUSuad BT Aiunndudnaliendudssansiieladiannsnuindy
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26

Uit 2.45 (n) nsluansdndliiiuieledidnvinduuianu BT fvuneynia BT 1y 700 300

wag 100 uluns (v) N5 muansdanisidsuwlatumaiiniveseunia BT vuin 700 300 100

wag 50 uluwnsinsieislemala DSC (A) NM5IATIE0UAIA BT YA 700 300 100 wae 50

PlURS Aagmata XRD [22]

65



(A)

(n) . "
Single BaTiO3 BaTiOs nanowires

umerdigital nanowires-PVC fiber  _py direction
electrodes PVC fiber of polarization
\ P
P P \\\\\ .....
P> S 3
e / —~ \\\\\\ b Q
) | S @\ A

Neutral jnterdigital

s Tensile force
line electrodes

t (s)

JUTI 2.46 (n) Tassad1eves BT Ainauiuiduls PVC vuiiugiudaiiiiauilu SFBNG wagnisiiu

v

Hemdenuresnsindeulmsanieuyedesdusznaures SFBNG (v) JULanfIN LA SFBNG

'
a IS

Tugnmenundnaziinisan-Uasy voeiaile (A) wanslassas1amndawaznalnnisasialuinves

SFBNG tilailn1sanmetn (1) waz (3) wanin1sastawsssulnidnnaznssuaiiouiuiaisnenis

ADUAUBDIVDY SFBNG [23]

Min Zhang wagaag [23] levinisfnwisanidaifiaugangugeuunugiuianlseneay
RnEuaIn BT Auwedliflanaslsa (Polyvinyl chloride, PVC) nsyuiunisuanliinvesianiiie

USLNBUAIYAIUTUABUNEN bUTUADULINNITIALILIAIVBIEUAIAUILY LAUAILATIENNI87T

aa

topochemical @3193anUsznau BT Auidulenediweslngdsnislu uaslivsunauduain BT A%
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gnsduadudulonafwesuvsndlugduuuiduleneulnds Welvusadouanuasonsening
nszviunsturiiiduain BT insdnkesiaiiatedenndenuiduly wasianusenaudu
anwilu BT Auidulenediwaignnseuasuuiuiasiadeuriumetslnihadnea dawandlunin

v o a

7l 2.06 (n) 1duan BT Adnsdnidessluduloulunediwesvuiiugwisidauly wanse
wssulwihuaznszualdds 0.9 V uag 105 nA muddiu dethifidafeditaiiouassdniife &
wanslunwdt 2.46 (v) Taawdlovnsliussdniiaflesfidarliduain BT aanueioanisly
Ainnsadiadsegliihvuiiuidlndfuiunediofumiannian Fsn1sdosuvonduain BT fu
wodhllanaslsdasedndidieledidnvinludiudafieledidnvsniiinnsivavesdidnaseud
Meusnlaznandsoanlnii (gﬂﬁ 2.46 (3) haz () Iniduain BT fu PVC vineululuug dss 69
wandlunwdt 2.46 ()

U A, 2004 Diaz wag Felix-Navarro [12] lsagudoyavesianladidnyindsiuuliil
(vio3u) Budnmsouvesnngnisallnsludidnyin lutaguaneuszinn TunuAdeidldwuuualiy
1 SanuUszavindwesisznoumelulnsiududinusneundn Yagainsssund uazlangug
Uszian Tuunliiulididnnsougs (+1.2 81 +0.5 pCO) wagtanusziamindwesiismalauiu
druUsenoUnAN WU PVC PDMS wag PTFE Wusiu Suwiliusudidnnsouas (1.6 §1 -2.8 pC) f
wandlusy 2.25

T A 2012 Wang wazany [24] lifamndunuuresgunsal FTEH Wundiusn (Uil 247
(n) Fausznauselassaisegeiennuruiiduianindueiununeu uazwodlofidumianyian
(Polyethylene terephthalate, PET) 4sn¥ngriu w¥anfusiadaluii Lﬁ@ﬁdﬁi’ﬁiﬂi%ﬂ?\lﬂ’maﬂlﬂ
meuan wdnmssdaliiniy ndues wang Fesuaidosiuininneiuususe (sxduunly
\wn3) vawwsazian ndnmsdngiuudinziinusngmsallvsiudidnnin flsiuiveusas
faqinUszgliifntu Ussqlaihiindsldnadasgndsihusensmieilnihadaludinan
msliiiaeuen Bs FTEH szl dsgud 247 @) wamdlulihoongsanves FTEH

v X ' v i ] ¢ 2
NATIETI9E WUIART Ve Uszana 3 V lag fsc Uszunal 0.6 pA nauIngunIal 4.5 x 1.2 cm
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JUN 247 (n) Iaseadnevesgunsal (v) wann1sviaunugu wag (a) nanisiiitvieen ves

Y

gUnsal TENG ignitannasausnlnenguves Wang [24]

9 Y

& - = o L v N a a a v
uanantu lunwddedlauandaannisiesiulunsiiudse@nsninves FTEH 8nsae

1A8L3UNA319 FTEH vianeda watdalnihveawsasiiudsusanuludnuaedmeinulagang

ifu Han1ImaaeInuInszkaliinveengeanssnulunsdinaeusetalnivesudazgunanl
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Wudfeadu (SUA 2.48 () willlawousaludnuwmzsnetdiu (SUT 2.48 (1)) A& unig

U U g7}

Ininduiiranasedraiuladn eewinaauasediin FTEH Uszngfiduduniloudadauseq

o
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Tvuiurluvaeinnu Ussgasanvuiuiivesusiasianasiiuuniu Weaseta i1

14 [ (%
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maveaesithauls dufe namslwihanesenduegivgianinsludidnvsnideniundngivedi
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Y
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JUN 2.48  wanslwihvieen Wenaaaulag (n) Wensdstilifeafudideiu (v) Wweuse
Dliearadmneiu (p) Jeuanudvatealigunsal (1) Joumnueseanansseaulvigunsal

way (3) uar (2) WasugTanlvsluBianvdn (Usuussann [24])
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U a.A. 2012 Fan uazane [25] laasiainaneseavlulasiunsuuiiui POMS Tviivate
JULUU (5U7 2.49 (n) - () Tufe W@unse gnuian uasiisniia medsnisaisainaieuulua Sid

runszuIunsalnnsiuuuldias (Photolithography) vidsannasisainateuan tathunadradu

a <

gunsal FTEH  Muuuulussla (Transparent) Tnennslde aglnsludidnvindu poMs (i

a1na1e) way PET wazildalwilnduduieuiiueonlas (indium tin oxide, ITO) fasuft 2.49 (1) Tu

Y

[

NuATeilafnyinavesruvsrsEdonan1sliinvIeenmuLLIANYeWITY [24] 9INKANTT

naaRInUPAIn s iAus i ukaznszualni v eeniinTuUsEa 4 Wi (5UN 249 (A) uae
() WawlIsuiiisuiuwiuiay POMS Aildlaviainatsanuvguse wisiuwaznszudalniiiviesn

a3an gnnuiinisdngiu POMS Aiflaseaneanuvguszidunuufisndia (15 V uay 0.6 A muaeu)

LR
nstiinTuvemansliiiuy WeswinatnanefisndadnuitwazANLYIvIEEIan Fannuvguse

igq Hefiunannudendvesusingnisellnsludiannin vbidsunadsgglnihlnsludidnnini

D

NAR AL TIWIULANLNNTY

()

—
2)
~

— Film ——Fim
b} —Llne —Line
Cube Cube
Pyramid

Voltage (V)
B «» o o = o o o 8
Current (PA)

o (=
° [

50 100 150 200 %0 00 %0 200
Time (s) Time ()

U7 2.49 AuvgUsEULILEY POMS Aifladnanasdu (n) idu (v) gnuiad waz (A) A518a dau (9)
lasvasnevasgunsal FTEH wavnlifiwneen (3) useiu uag (@) nszualniin ves FTEH ndale
(USuuseann [25])
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MnmswaungUnsallnsludidnyinanlddnszezvils Tl a.a 2013 Niu wazame [15) 16
fufuianmguiiiteldosurenalnmsvhauiiugiuves FTEH Wuadiusn lugluuuiliiedian
thifte Uuuvdudaladidnnn-ladidnudn eldanuduiusideianduuy v-0x vil¥anunsa
sSuenstdaussiunaznsvudliilBmguives FTEH lunadnsvesauntsildidu (aunis
2.14) vilimsuietladendnlunaifivdseavsawnsadnlniinees FTEH Ssusznaulusae 1)
nsidengianlnsludidnyiiniifuualiily (viesu) Bidnnseu 2) mIarswesinsseninedaging
Tudidnuanlulassade 3) msaduanugussuuiuiivestaglnsludidnndn 4) Aufivhauves
gunsal FTEH 5) AnsiiladBidnvinvesusiazian wag 6) audlunistiouusinaidsna uanaNtu
TuaAteilivhnisaeddasadiees FTEH ilefiaemalnananudumuilivenzas men
fdslnihunsengsiian uazuandiifufidvinavesvuingunsal anudlunistouuss mnumn
yosTanlnsluBidnyian uazszoginaszmineg anlnsludidnvin Snde Jenaiiliaenndesetied

NUKANSNARBINNIUUR

(n)

Pushing
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Time (s)
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i TYTTTTIYTTSSTTTISITNT
/ F I
» Friction srea -.—'Fm:area § % |
r-——SONE——— MM L
—— #, LA

Time (s)

U7 2.50 (n) Ipssasns FTEH Wil Tanudnidudidnivsalansiifinsdnainane (v) wanngliiaale
970 FTEH () Taseadne FTEH wisdinssadunatedu wag (1) nanialnihilaann FTEH wWieadlnsg

[

soduvanetu (USuwseann [19])

U A.A. 2015 S. Niu waz Z. L. Wang [14] lawaumguivesgunsal FPEH Tviaseungulu
nnguuuumsiauladnse dtufeguuuu dudaladidnvsn-leddnvsn dudauvuidouladiany

3n-lndidnv3n (Dielectric-to-dielectric  sliding  mode) wazdidninsaiien (Single-electrode

mode) uonanillainisiauengufved FPEH Nllassasiauuudasy (Freestanding-triboelectric-
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1%
| a

layer based FPEH) 8nse anwideilieinduunasisnsdeidrdgluniseSurendnnisviniaiu

o

FPEH Tuidangud]

=

Uae 2015 Ko wazame [26] ldashs FPEH Aifllaseadnaegnsing fagudl 250 (n) &
Uszneulushegianlnsludidnvidnues POMS wazidulednmetilwiin Ni/PET Fesranluunauazd)
veluvioman Tugunsal FPEH Tesadsillfrussdulnilmioonussum 8 V (Uil 250 (1)
ileuiinuszandammmsliilfnntu Jsad1equnsl FPEH  uastinlassaisundousiofiuly
Sz dudu 9 tuile 2 44 wae 3 44 (U 2,50 (1) MadeusednYuEiviautunStn FPEH
paneindousetuy Juilvdussiulniiviooniugelulszana 2 wh (@ufu 2 4u) wee 3
i (@ wy 3 u) sugud 250 (9) BaudHhenadeilduamliifieenlduntn uifoduaud
iuemsaine FPEH Tulassaiaiiine wazldigaiuunfnvesnuide [24] Sndhe

U A 2016 Chol uagaay [27] Iduandliifiuinnisiainansnnuugssuuiiuiinves
faqlnsludidnvinlsidnuaefidifuld (Well-tailored interlocked) ¥il¥nansluihifiutuatis
1n Tnenseenuuug Tanlnsludidnyian tufle POMS waz Ni lilasnanewileuty udanunsaudn
fulgmed leiiansdagiu faguil 2,51 (n) Fannndesqanssaididnnsouuuudosnsauandli
diunmalnananuvssyidesnadaau (sUf 251 (@) devgunsal FPEH fladredeiiugiu

Tassatreilunageunanalndin (SUfl 251 (A) way (9) wuinlulaseadne FPEH ilaifinnsvin

Y

aeanevuiiuiatannsludidnyin SaussfuuasnszualifinieenUssuin 8 V uaz 1 LA
puddy egrdlsfimumdninatianueseszuuiuiin POMS uag Ni wé wanislalihensen
diuduegrailddn ferussiunagnssualnionsenidutszana 12 wh uay 20 wh anudidy
mAeilFnanedunildusufavdnlumswanndszavsammues FPEH Tgetu Tasniseenuuy

aIna18ANTTUITULIUAIesiag nsluBanyin iy ax
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(2) Ni electrode
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(electrode)

pacer PDMS

i(electrode)
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JU7 2,51 (n) IAssadne FPEH 7in1svinainatemnuuguseidniuls (o) n1w SEM vesnuoe

Y

ANUYYsy wavndliiivneen (A) wisiu wag (1) nszualniiives FPEH (USuwssann [27))

U a.A. 2018 Fang wazamy (28] laeenuuulassaiiagunsal FPEH MllUseanSangs fs

'
al

Ul 252 (n) Tnevsznauluded anlnsludidnysn PVDF-TIFE) uag POMS daldtaldidu
ITO vitevilsigunsal FPEH Sinamaluihaneengstu sniddeilinnassilimsmesesiniidelng
\Bnv3ng Hude BT uazisirlndidna3ngsunn (Colossal dielectric constant) tiufie uAaldes
AaUwWasinnium (CaCusTi0,,) asluian POMS %ﬂlé’ﬁflmﬁlm&ﬁﬂw%ﬂLﬁai’mmﬂi’a@wauﬁ
Auszana 4 fis 5.4 ey levgunsal FPEH fiainald sndamamslslinensen dsgud 2.52
() waw (A) wuiigunsaifildfinshainatsuusis PVDF-TFE) wag POMS TiAussduuas
nszudlihaneenuszanas 30 V wag 10 mA/m” mudidu defimsviadmansuug vanlnslu
dnn3n wudlsidussiusasnssualuiiiniesnyssanas 60 V uaz 50 mA/m’ muddu WWums
BusunavesaugusesoUsAvEamyes FPEH uenaintiu 1ievn BTO uay CCTO wnauadly
PDMS  ifin1sviaanansanungusy wuidsamalnihooeniatulu 25 i uag 3 wi
g Banuideiidumsfigaiflafelunsfivanssonmues FPEH liigedudnmemila Tae
mMaiuUsEAnEnwnsaieusrauasamtihvestanlnsludidnvin
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(M)

ITO electrode

P Sto P S
P(VDF-TrFE)

Pressing
——

"_
PDMS~HD. particles. -~ RN Releasing

ITO electrode
(V) 240f soccro | ) «:E‘m s 30CCTO
180 | 30BTO 2 150 - 30BTO
gt ! FTO PDMS E 1w
o 60[Flat PDM 2 50
E of 2 o
O 60} 3 50
2 120 E
420} -100
-
180 | S-150}
_2“ A A 4 i - L i 1 - o_zm 1 i i i 1 i i i i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (s) Time (s)

JUN 2,52 (n) Ias9asne FPEH figneanwuuidu uwagkanislnihvisendmsu (2) useiu wag (a)
nszualifl (USuuseann [28)

av o a 1% ) '

Tngannuideiinettosidededn Usednsamves FPEH daanansausuuslviiiugeuy
Iednunn TnenisusulseihunisidentldgiagvsluBianvsnfiuunzan nsimundaninsludidann

Agl!
Snlvfienuannsolunisaiissyafias mafmunUulssiiuin waratnansvestaninsludidny
Snutoifinfiuiin matau senuutlasiaiwounasidalimngaudumaiuieamdny
dana JademarimnléfumsinyiegisaziBonzarmnsafiuUssansniwues FPEH  uazay
annsaianngUnsal FPEH Tansnsafuuvdaiuifemdsaumadondtisadufumsiuife

wasulungudu o la
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uni 3

ASn15atuni5IY

3.1 WnIANTUNITIRY

middeilldinanieatanusenoutes BT fu POMS ieaiadugunsal FPEH Tae
w3en BT luanuguuuy fio BT fiusuussituindelelnsinuneseanled BT aeofiwadiasurioun
BT Tneufulsautfdeuisulumivou venaniuldininedeutaguseneveynauazidule

BT vwtilwihduwmesiiniileitegly POMS waziinsinseunisAnwigunsal FTEH Tagldiaue

v

nsrvIuNsaInaeANg sy ULl Taguateguuuy Wiewseulutandagnlulassasisves

9 Y

[

FTEH sheazidenieniuarsnd Jangunsal wazddandunislunmawseuiagusznouiieadaly

¢ & A ) % o w1 &
gunsaliiuigIngany wanabinudduselul

3.2 \n7esiiouazgunsaiiilélunimaass
3.2.1 ssafidldlunainon BT dufuussiuinvdanesivad (BT - coreshell)

1. uuiSgulnniunvuineyniaunly (Barium Titanate Nano Powder; BaTiOs) A3
U3ams 99.95 % wAnla e Advanced Materials Usgineanigaiuin

2. arsazanvlalasiauneseanlan (Hydrogen Peroxide; HyO,) ANULULTY 30% WARlAE
USEN Carlo Erba Reagent Useinelgasel

3. @rsazarenedlaedalawiaweuliliounaslsn (Poly (dialyldimethylammonium
chloride) A3LTNTY 20%

4. wnnululnmdeulaoenles (Titanium Nano  Sheet; TiO,) AMNLdNTY 0.005%
0.01% wae 0.02%

3.2.2 anafiitldlunismIeuuviaunTu BT (BT-nanorod)

1. wuiFeua1uelun (Barium Carbonate; BaCO;) A1MUTAWS 99.9% HAlasUTEM
Advanced Materials Usginmansgamsn

2. lymidloalaoonlust (Titanium (Anatase) Oxide; TiO,) AIMUSENE 99.9% Wanlay
USYN Advanced Materials Useinanigawsn

3. Tnifsunaslsd (Sodium Chloride; NaCl) aanaudaw’ 99.98% wanlagu3vn Fisfer
Chemical Uszinalualgey

4. Tnunaideunaslsd (Potassium Chloride; KCl) A1uu3qns 99.8% nanlnsuisn Ajax

Finechem Pty Uszlneioaainsidey
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3.2.3 asiadinldlunianieudagusznauves BT Au PDMS (BT-PDMS) uagnisuiulssauda
98 CNT (BT-PDMS-CNT)

1. wudedlymuneiinneswadivseuld

2. waunlunuSeulnyiue (Barium Titanate Nano Powder) WanlaguSen Advanced
Materials UsgineanigaLaisn

3. wisunlum5uau (Carbon nanotube) Wanlay w1 Ineduidesl

4. Falaudandalawwes wa 3o wodlawdaleasnwu (C,HOS), NaRlagUSEN DOWN-
CORNING Usgimnanigarsn

5. #3lau Banalawes Aen3e 1oiawsi (Silicone elastomer curing agent) HARIABUZEW
DOWN-CORNING UsgimaansigaLisnn

6. (Carbinol functional) Methyl-siloxane dimethylsiloxane copolymer

7. nsalum3n (HNOs) ANULUNTY 65% Wanlagus®ev RCI Labscan Limited Usginelng

8. 1Ov1uUDa (CH;CH,OH) Analytical Reagent AR. WanlaeuSem RCl Labscan Limited

Usznelng

3.2.4 gsndfldlunswdeadulounly BT

1. wui3euozdng (Barium  acetate) AILUTENS 99% wanlay UM Fnair-oeaniv
(Sigma-aldrich) Uszineeosudl

2. limuideudanenlad (Titanium(V) butoxide) 1nsaviesUftAn1s auuigns 97%
nanlay USEN Fnun-eean3v (Sigma-aldrich) Uszivalwasuil

3. n3ARzdAn (Acetic  acid) WAalay USEM LuadUnAsTandl Lalinea (Mallincrkrodt
chemicals) Useinaansgaiaisn

4. wodtefausenlan (Polyethylene  oxide) wanlne USEW Fni1-eean3% (Sigma-
aldrich) Usgineeasuil

5. 1@MNUBAUTANS (Absolute ethanol) Hanlay USEW weia-Lainaa (Merck-chemicals)

3.2.5 gunsallldasedanuiisandsnulnsludianninuuuinngu

1. keun1IwAUReY (Kapton tape)

a a

. WHuRzaliiey (Aluminum plate)

Y

. ndelaieunaslse (Sodium chloride, NaCl)

2
3
4. WHUNaNERn
5. ASYATYNIIY LUBS #2000
6

. nsawasnmaalsa (Ferric chloride, FeCls)
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3.2.6 gunsal uaziesasilaldluriasufdinis
1. Untnes aum 25 50 way 100 dagans
. FouFnans
. Udewune 5 way 10 Uadans

. A5zUanIAUSHIAg YUIR 100 Jadans

2
3
a4
5. ngurHnIwIn 250 dadans
6. axgilfleuogd (Aluminum foil)
7. iaoAnYn
8. INAUNANIUIN 500 Hadans

9. gRINand

10. #@0AUTIIENTATABUUIN 50 Aadans

11. NSzUDN2NYI2NYVUIA 10 Tadans

12. Gudneuas 24

13. NAINATEAN 12 W99 IUIA 3 x 3 UaE 4 x 3 AT IUBURLUAT

14. nsguaneNIULa

15. WLAIAUENT

16. uWylwwanAuaNs

17. Insqunans

18. yaswdnd

19. $alhdumesnan

20. 1pRodans luiind nanlag Ut NDI U136 H

21. p30staRanaanIuaziBun 0.0001 nSu HARlABUSEY Fisher Scientific

22. \pedlaluedl nanlneu3¥v Sonics Vibra Cell

23. lNBUENINARIABUIEN Fisher Scienctific

24. NdBIaNsIAIBIANATOULUUABINTIA (Scanning Electron Microscope, SEM) s
Zeiss 3U EVO MA 10

25. ip3esdurlsnsnaiUnlnsines (nfrared  Spectrometer, IR)  AmlagU3EW
PerkinElmer

26. 1A3DINTIINISIABNULTBIZEENT (Xray  diffractometer, XRD) wanlagu3dm
Siemens 5u D8 Advance

27. 1304 LCZ fwes u Agilent E4980A TH3ndranuglyli wazansgapdeladidn-
vi3n Tud19pud 20 Hz 89 2 MHz

28. wdassuanlasaln? (Raman Spectroscopy)

7



29. iP3BUATEIAAEUSHLLIR (Automatic pressing machine)
30. \3eseeadaladlaUuuuddnea (Digital oscilloscope) B¥ Tektronix fu TBS 1072-B

31, p3eulaRiimesuuuiines (Digital Multimeter) S Rigol 31 DM3058E

3.3 AszUIUNEIATENTEUSENBY BT AU PDMS #iinmsu3uuseaud@dae CNT
3.3.1 nsUiuuseiufinves BT #emsazaslalasaunasoanled
TumsuuussuineynauuiFeslmusliinglansonled (OH) snumMzUTnmiui
diorfinenuansnsolunisnszeives BT Tuamindweded Insludunsumsifiseuasldng BT
insamedntludanyiinn 15 nfu anduid BT Adsldunldvindunandamfuansazane
lalasinumesoonladanudatu 30% Usunms 350 fadans wagynsIwand (Reflux) igaumgd
100 asrigaLdea iuna 6 dalus Mnduisliansaransfusauariuvdeifulugieh e
asogefieienlfifuaud Sshunsesenauduienieroynia BT aanu 1niuthans

fogelieuliuianonmall 100 ssrwadea eolannuduwasinluyinn1snsiadnses

3.3.2 n’mﬂ%’uﬂ@qﬁuﬁwm CNT faeansazarensalumsn (HNO,)

Tun1sUuugsiufaves ONT Tijensuenda (COO-) uune leifinenuanusalunis
nszaesaves CNT Tagludumaumainiouagyinnisds ONT Usina 5 ¢ vanldadlunadunan
90U HNO, Anudady 65% uagvimssndndidunan 12 $alus Wevhnsindndiadouda fis
Tansietafuiasanniuihlunsesanmnusulazdsietinduiiordnansazas HNO;
Tnevinsmagousenszawassialneinnenaninefiiunszaunsesasnluuiazads smenag
UunsEIMNRNATnszawansiaeg Tiiludnuusduilunnsourenisdns auniinsznwana
vunsEANRINAsARAEes Fnreynuinansiedefilddafondunarminduindumey

dieaulviuviegamgil 100 esrwaidua Welanuuiaziildihmnnaliesgiiendnual

3.3.3 n1awiiew BT fiufulgeiiuAnviinnasivad (BT-coreshell)

mawien BT Addnvsuredivad lasmsih BT usowsiuwlulwden e
nsgvrumslsluail Taethas BT fildvhmsusuussiiufindsansazanglelasiaumnesoonlas i
wisnduneswadiuuiuunlulnmusludasidiu 50:1 BT rich), 1:1, 1:50 (TiO, rich) thndu
100 §iadans wag PDAC 0.19%wt uvhnisleluaiidoededdaluadl [Wunan 30 undl anduds
s ulmusludnsdin 50:1 (BT rich), 1:1, 1:50 (TiO, rich) Y84ufazAa9e19 NS

a [ I3

Teluafisaiduan 30 uil vz lerandusieanundy BT asswadnuwkuunlulnmiiug antuiin

a

arsmedrnsauldliauiiialanuduseniigumall 100 °C auansiwsaulauis

Y



3.3.4 MSAsENWsUlY BT
TudumouNSASaUWaEI LY BT Tagi3uannnisdeasnsnuuuissua1suaiun (BaCOs) way

Tnndlenlaeenlen (TIO,) mudadiunaAiwialaainaunisi 3.1

BaCOs; (s) + TiO, (s) - BaTiOs (s) + CO, (g) (3.1)

o
£

nnduasnanundalares BaCO; 4.4606 n3u TiO, 1.8958 5w ledeunaslse (NaCl)
330583 nu warlnuna@eunanlss 42,1564 N3y uvinsuanaufumudadiulaeluad

ks nelulnssunansiunan 15 wifl sreils antuihansnauitiiunsuaralwamnlaly
feezglining@idansentaliain wdwihniswifiaamall 800 °C Wuan 3 Falus Medns

MIVUUALAWDIRUNYIYINAY 5 °C/mdl Aausun1mn1sTularaesgungivasnlugui 3.1

AUNNA
9 U

Rate 5°C/min

L3981

JUN 3.1 urudauannsaumngil seeea1larsnIINsTu-aesgungiilunsdaunsiz

a15Usznau BT lassadraunluduadn (Nanowires)  MLAS8191NNTZUIUNTINGD
MADUIVATIDIAZIAUNTYUIUNSINT ¥nSENaNEnAaeiTiladthdeu (=100 °C) uaznsas ua
Mnsenadauiinanaslseiivieseasazaredaeslumsy (Silver nitrate, AGNO,) Tagi
wamqmﬁﬂaﬁshuﬂimmmmaw’ﬂmlﬁiasﬂ%& WINEABIVUNTZANWIRNTITE saza1e AGNO, ol
"Lﬁﬁ’ﬂué’ﬂwmsLﬁuﬁiunﬂﬁawmmié”m uUAIIEIsaTaNgULNsEanUIRNIag lliAnnznoudw1l 9

Ayauu1udn Handnildldiaisusznavaaslsdinaanieny Anuuilinndndudnlaliuoun

aaunndl 90 °C Wuan 24 Falue wd i luviinisasaasuenanual

9 Y
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[
AN a

3.3.5 nawsenianUsznauves BT #iufuuseituiafu PDMS (BT-PDMS) waznsufuuse
auUAnay CNT (BT-PDMS-CNT)

Tutumeunsiwisutagusznouagyinsdaeyniauilu BT Usina 50% lnstuin way
K9wa3 CNT U3anas 10% lnsmiinlaluSnined Wiedasnanszaeswesiaguszney aantu

irlutuniudielidiunaunszaemludvhazatsieniuea 1Wuian 30 Wil ihlvsuiigaumgll

90 °C Wusvozan 24 d1lue uvewanilduisain mnduianuadeitelagldinssunansidu
e 5 il vewauildasiidnvasdunsaziBen tnsiilaunvhnnsiiuansazarenediwesindle
wifalgany (C,HOS)N Usuna 10 ml wazdalau danalawes Weasuotauivdunm 1 ml
Wetaeliianuanudeia vhnsnudunauiomelidudefoatudunan 20 wiit 9ndum
voawaurunsniuaslunsdfius Tnewsifinviwsen 3t undfuidimdsugumidduniie x
817 WINAU 3 X 3 MSILTURLUAT 1neaA155eIeRe TUSENINenNISNUBINENadidfiun AI5vinnIs

Wegen 9 ielivewaniinurungldeiunnuiig Womusswananununnal Tiasneld

9

Poamgivies unan 24 Falus wielirianUszneuuiisd antuihnsaeniuaueenainuifium

Az lovunu Ui upoUTnAANIAIUNIIAZE1INAU 3 X 3 WURAT wazdlAunuintu 5

Tadwns adadaiuviaunuwainugavey vinguseiuiu BT-coreshell uaguwviauly BT

3.4 nszuaumsinssaaulounly BT uazdaqusznauvesauniauaziduleunlu BT
3.4.1 nswssuduleunlu BT dae3sluaaa

nswleudulewly BT SuannstiasisusuSonesma uaglnnideudmenlad
Tudhsdulagluawihfu 1:1 FwuSeuesdmn 2.5542 ¢ azanesiensnosdfndudu 5 ml u
muneulinnudeudt 70 °C Wewudenerding azanenua (30 W) Fedee 9 nealnvidey
Damenlad 3.4034 ¢ aslunuBenesing fiazanglunsnezdin wiaudunu wazlinudeud 70
°Ciflunan 30 will Mndwihmsuiuiineslaseniueausansluraniauinasuun 10 ml
nndudawediofidueenled 0.0733 ¢ avaneluiemusauians Tunundeslienufeud 70 °C
Wunan 30 widl auldansazansla Fuhlunaudnivaisezanenaudivios sswing BT waglnm
dendmenledtiunundeslyierusoud 70 °C iunan 30 il aldasazaredidesuiiield
Tunnsdn Bnansazanedendemwdndulodelnihadn Tngldsasinisdamiafu 0.5 muhr 19
wsadtullatin 10 kv uazdameiduegisanuiulanesessu 15 cm mnduiiduleldainnisdnum
w1iigaunnd 500 °C Tngdasinistuvesgumgiviiiu 2 °C/min adfiBunan 2 $aluq i

aamgfidu 1050 “C dnsnisiiiuwiniy 5 °C/hr asliiduna 6 Falus anduanenngiiadiag

9 Y
v a

dnsnisangamgliogdl 10 “C/hr uansdagud 3.2

Y Y
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9Nl
A 1050°C/6 h

Rate 5°C/min
Rate 10°C/h

500 °C/2h

Rate 2°C/min

> 128

JUN 3.2 unuiauansgaungil seegm Lagdnnsiuasesguuilunisdunsen

3.4.2 naasenianUusznauvasaumauaziduleunly BT
ansusenau BT iidugiuinendudulewily wazeuneululudulueiodansily

in lngusudnadrusenitaduleunlu BT wavayniauily BT Iag 0.01 g Wiy 100% fawans

12

Tun197199 3.1 wartluTdvnauni wueniusa YadianntuiludunieIessansiladn Wuan

15 Y9 Ul B UmasAINAYINN15ARTILAIL1 VLRSI AU aULAT I N SUeRa1STBE

Y

Turawiasuud Wi 3umasfaniviin1saatwar 310U PDMS dnvasiuuuddluinduwm

a

95NN BT N15¢48L0911UDADBNIUNUA

A19197 3.1 dnsrduseriaduleunlu BT wageuniauily BT

duleulu BT (%) 100 |90 |70 |50 |30 |10 |0

aun1AUILY BT (%) 0 10 [30 [50 [70 |90 | 100

3.5 NITUIUNTETNANABAMNVTVIZULNURY wazasrsdunuiiendsnulnsludibnnin

4 ¥ <
3.5.1 NMEINAINANYANNYTVTLAWAINALUULEUY

ananeanuvgUsTULiuiTanlnsludidnvsnatunsagnadialdmenisnalaeassiudie
inde I8nNsadananeliiiionn msnawuuiiiu (Cold compression, CC) Tunsyuiunis CC Ufl

druuszneuiid1Asy A POMS wanafinusuvun uazdiande AU 3.3 nsdiiuny PDMS 991

D - Y] a

wihAduiSuusanadenanan duukunarainazidudiunilavasiisuusnn waziliandeazyin

D

v (% o

wihdudagnszii Twadded ndludeunaslsed (Sodium chloride, NaCl) aggnideniduidia

9
' ¥

\nde esnduanunsagnitdnesnuuiiuiiyiantndesieuia
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Transparent

Thick Plastic Kapton Tape

Soft Polymer
e.g., PDMS

Compression
Machine

>

AT

Y 4%
bz‘}:nvk
> g %

[Pr
8y
47y
P

JUT 3.3 nsrvaunsasnueguszuuiuiadagnsludidnvindemadia CC

MUNTEUIUNTATNAINAEAINYTUTEMEmATla CC inde NaCl TuuSunamng o azgn

158N UMIIUHUNANEANMUNTNINDLAUULIEY PDMS asantiulsuilduuaunou (UN 3.4(

u

v A g a 1

n) Asmduunuiaginsludidnysn aggnineguulinindomaiy wasaualeuwy PDMS 1A3ed

Y

¥
a [

gnTugUrzinstounsinadenansuiiaasiiuuuvesiilasadne dande NaCl aznadinluly
wiuwAURoy iliAnduainaieanuvvsEnsInatyuiaiuis (3UN 3.4) ussneagldauin

u

YosUsEINN 1 MPa lagyhnisnaasuulaseainavalgass nasantuusiuwaunouazgnaen

oon1 edetndamatsaiiuagein uazinluiduniey (~100°0) Wk Wunar 1 Yu
fhegauaUnauiiainmnaeauersruuiuRadematia CC asgnidondt (Muauneu
uenanil waia ¢ Fagninlldfuuniuezgiifisndndae TnsaziFendiegiiin
(T3orgiiilon sgrslsinuuruozgiidondigninainaisazhaunviimnuazeiadieeniuea
sUs et sEildasmiloutures (Duauseu wazauegrszasiuwaltinfiunndeiude

USunauvenionnngsdu (5Uil 3.43)) Tunsldauliu uiu (T3)ergiittley axgnirluldanudniu

PUIUDILNY
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Bare Kapton Tape Bare Al plate

NaCl 0.4 g
Polished 4 times Polished 10 times

Etched 20 s

5UN 3.4 21 SEM vea (n) uiufesuauneu uazukuiudesevaliiilon (v) uiuuaunauiiaass
muvsvIEmewmaila CC lagnislseinde NaCl 91u7u 0.1 wag 0.4 n3u (A) unuevgilillusiile
4519AUVUTEAUNATANSTAQAIENTEATENTIY TIUIU 4 Wag 10 ASY (1) uluezgilidleile

aianuvsEmgmaliansianseulanemensa FeCls ae1an 20 Uag 80 Wl Uag (3) wiu

~ 41'

avalillouiloainsnuvgusemewmaia CC lagnisiseinde NaCl 911w 0.1 uag 0.4 N3y

3.5.2 ﬂ’1iﬁ%ﬂ\‘iﬁ’)ﬂaﬂElﬂ’ﬂ&l‘llE%izﬁ’ﬁﬂﬂﬂiﬁﬂgﬁlﬁﬂizﬂﬂ‘l&}‘l’li'lEl

[ (%

NILUIUNINLINAIUNTOATIANUVTVITVUNURIIAN LS Tuhe N15TnTanfiunTeny

q

378 (Sandpaper polishing) ANUNANIINAABIVEY Zhao wazAMY [29] ausTauvvasgUnIl

o P

FTEH wWindusgeilded Ay WeTangningmenszaunseiuesasiden ainagnnuvguseila
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ssfidnvaziludunsanfunaszauluaseu Ssmnunuinduanuvguszansafiulalagiiasie

mydianndagiunseamunienaiens

Y

v

luswdded WawSeuainaienuvuseiuuldady elatinseaunseundagiuuiy

a o o

azpililloy lnefaggnisendt (Thezqililloy nseaA 1wy LUas #2000  ztudagiuuay

Y

avgiiilonluniAniaiudusuy wazUSudsudiuiuaiinisdng (4 e 10 A3Y) uHuezgililleuii

Y Y

anansudRzgnANuazaInieevuea wariluauiigumgivszana 60 esmwaldea (Ju

a a a

wan 1T madsuudaswwesiuiiesgiidenannsodunaiiuldegnsinau Weinnsdngiu

Y

N3EA1ENTIY (FUN 3.4(0) Uag () WaliuduiuaTinsinguiniuy wuiinuvuiwiuyesny

Y

(%

Y3958inTueg1ednan egrelsinuaunuwiuild duwiliunazduds Weiansdngiu

Y

AsgAenseluwaluszan 10 A

3.5.3 M3aeaINaeANNYIVIEAENsAANTaulangiIenA

Tnevhluuda FeCl, anunsawsenléanisnismaed wazmsSlafasnveavaniilésuin
ngaamnTsuHAnuEn dulinnir Fecl; Tuldusslemiognannune wu masvitiminie (30,31]
namsraduTiuen (321 Wuaedadluwadidemas (3334] uazhlufanseulane [35,36] 90
arwannsolunmstandeu Judululdfiasin Fecl, adsmnasnungussvuiiuiafaglnslud
Enndn detfu Tunuidedldinarsaozans Fecl,  mfandeunkuargfidon lnsaziSonis
(T2ergiiilen Tasfinszuaunsdnnsouty axhdunisesunuezgiidouguatiulu Fecl; fign
wisaliludnines szeznansfuazmunuogiesziinge T iledestunisaanemvedany nan
mMsguazeglutis 20 fa 80 Jurdt MnMTMRasINUIIAIRAEANYTYIER LRI TuS N NE

5EMINPAATUEUATE (FUN 3.4(1) vidanduudusuezgiiillenazgninluvihanuasoinieie1m

woa wazihluaufigamaiivszanm 60 esreaidea 1Wuan 1 Ju

3.5.4 Msasaanunganasulnsiudidnnsnuuuinngu

lngunAudgunsal FTEH jUluududa (Contact-mode) azUsznaumeniidnglagnss
seninetaninsludidnvsnassviia [37,38] luaideilldeanuuulaseadiaves FTEH og1ed1e ¢

5UN 3.5 lngagthuduiaguadneu (@/liflainate) dngiuunuesgiiilen ((/lddaina1e) 2n

[ v

Al
lassasranudukuwalnoudzegusIMdIuUuYedlasIase gagnisendt Jagdng 1 diuudu

svaillloufegdiuasvadlaseasne agnisendn Jagdng 2 lnefuduuadneu ({/liflatnane) 2z
I 2

PrlufafuskusAUApuLUFDY WaiuUsEanSa1wnisininie vaaanniuazinluRaiuway

'
[

szaliflouiioldidugiuses wazidutmnalii Yandnag 1 waz 2 szfinisreansliveowns uag

Y 9 Y

Prandeusatumemunii weasradudd FTEH

84



Real Photograph

E‘y \*" voltage (V) voltage (V)

| time (s) /

¢ |
5 4 r time (s)
3 & Pressed

)
Pressing

voltage (V) l

voltage (V)

Stretching

time (s) time (s)

Un-/Textured Aluminum Plate

@

5UT 3.5 Tsea$a FTEH Aldlunuided

u

3.6 wadalun1shasizitananeal
3.6.1 N15ATIEBULRNANEAIAILNATIANITALUUVIS TG

wadaendsdanunsndy (Xray diffraction, XRD) \umadiafiugiuaeinisiiasizi

o

nageuian lngendy winmsideaiuuvessidiend wWedSsdnnnsenuingriseayninaziinnisin

o w A

WUeddn9d arviousanuyinyuiusEuIUYeIe N AN ULLYRIE SIEANNTENUKAEYINNTINAT

3

ANULLYRISYE Nagviauoanufyusine wWisuWeuiudeyauinsg1uivinnisnsainlauedns

U
JCPDs (Joint Committee on Powder Diffraction Standard) iasainaisusenauusiazyiia i
sUuuulassasendnuansnei warszezrasemNssuuTetezaey Ndnsesiuegraduszideu
Aunneneiulsng TuegiurunuazUszquateznay a1susenauusazailn slisuuuuianizsi

=

wefife JULUU XRD (XRD pattern)

UM 3.6 wuudnaeamaidguusadiend

85



INNYUBWUIA (Brage’s law) WAMNTOAILINMITEEEN9TENIITEUU TneUnfua?
vosudsidundnagilassatrefiuiueu Tnendnazuseneusyesney loseu vieluiana i3es
v’Jﬁ'UE]EJ"NLﬁu%Lﬂ&JUﬁﬂ’l‘ésg’]ﬁuLﬁﬂ%quﬁﬁﬂisSzlﬂaiunﬂﬁﬁVl’m AU TEUENINTENIN
ozmauTitiuau figuil 3.6 TasagAnulusuuuulassng (Lattice) Afigusreimiueu Tnssniide
favihwsinegefildannsedeld luvinsfnungingsy XRD  itenulavesiassadiandn
(Crystal phase identification) sarendenistafuadudnusdiifinnnuenadumisannnszny
foea iofnwidu (Layer) vioszuny (Plane) vesesmeslundnilyusng « fu vinansiase
Wieuftugudeyamnasgiu JCPDS ileszyigamavesansiegenisnszidswessdiond Tneiduly

MINNLUBILUIN BIAIUNTOMNTEBLITENINNTEUUL Aaaunisn 3.2
2d sin 6 =N (3.2)

D SYYYUINTENINTEUIUVRINEN hkl

o))}

d

0 Ao wuilAsnsdsnuussdisng

n fe w@Iswawduleg (n = 1,2,3,..)

A Ao anueneduressiddndildandinesundlen 1.54056 A

@

an12eNtgluNTIATIEMUN LI Ap

gaunil 25 NG RIGHE
31 26 Fud — Auan 10 - 80 997
Step size 0.02 NG
Time step 1 i

Faguuuu XRD 7ildazuansmuduiusse iy 20 wazanuduvesssdidng antui
ToyanlauuSeuifiguiutoyaunsgiu JCPDS eseyinn1AIAUsenauraeansfiieg e uax

ATOAMUIAIIWIANENIINURUUN SR IMULTEBNdlaanaunIsi 3.3

B kA
_BCOSO

D

Wo D A vunvesnan (A)
k A AAINLAINAU 0.89
A A9 mueeduessIdlSndgnlaanitmesaalien 1.54056 A
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9 yuinNsdeIuussdiend (Degree)

o))}

0
B Ao yulfinnsideuudiond (Radian)

3.6.2 MInsavdauenanealfleasadunsusaaUnTnsalny

Tagvhlu$addunsise sinnuennadueglurag 0.7 - 1000 um wieil Wave Number 7
12,500 cm” - 5 cm”’ @alnevhluSeddunsnasuUsiaunasuvesdideendu 3 9o Jsfieny
g1ndusaztidiethundiaseinie awnlnsalad (Fourier transform infrared spectrometer,
FT-IR) 9zlinansin sz idildanetu fie

1. Near Infrared Region Wavenumber (NIR) 12,500 - 4,000 cm-1 nd;lual,ﬂﬂm%mﬁu‘;lwd'gq
294 loteslnu (Overtone band)

2. Middle Infrared Region Wavenumber (MIR) 4,000 - 400 cm’ utheia
Anuannsalumsiizikas s avsnmigdunsingies

3. Far Infrared Region Wavenumber (FIR) 400 - 5 em ' Wudisanadudildannnisdu
ﬁy“mﬂwuaqimqa%ﬁﬂuLaqa‘vﬁa Funiasdivaveniendnuaiianiziineans (Fingerprint region)

Faluselevdlunisulseuiievans wesannanduansifeinuaylianasunmilouiu

¥
v

R spectroscopy Lumaiiafianunsosiwunusyinnueansduniduazaisedunid vie
Hurewds veuvar uwazuia lnewadadldismslnseilagendonisdesedourisaitinng
gTIRALTAINTAIB U AR TNaIULAN SR LAz ANN192918 penvesTadluTIsAINY
g1andusing q meglilulasiumed lasaanueneauiildduendnvalianizivesian ndsain

TudsdazanasuuaIewmsiaiauavwlasdyanailaundudyanali udduiinduao @

wandluguil 3.7

Infrared
Light Source
T Detect
1 — etector

Elidingu el Beam  Sample
Mirror ' Splitter

Fixed

Mirror ——

3UM 3.7 uansdiuusenoureased FT - IR
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Tnglunisnsavasuazizuannstiansieganuanaufulnunadosluslud (ke 7
Useneutiu mntuthasiedsiinautanedodldaduudifuiiieriinissatusy udreh
asedsiinanlfidiedosdatuguidn Tnuagneglianneiinnudu 107 Alansuse-msauns
Wunar 2 wil dleasufvunudrinhansiedmanisafinoanainuifiud agldidaans

fg1enianulusanas ntutihlunsraeuendnuallaaldesas FT-IR

3.6.3 MINTIVAUTUFIWINIRILNFDRansIALUBIANATEULUUHDINTIA
ﬂﬁaqgammﬁ@Lﬁﬂmamwudmﬂim (Scanning electron microscope, SEM) vJu

[

\3esaNIANLaINTlUNINTIIAT AN Bl dgIWINET (Morphology) laseasnaseula

<3

a Y o 1 ¢ o a

HAN (Microstructure) waguRIvasTanmognald ellanuazidenasn wasdmaweisnnigs
TneldsudygruainnsiindunsiserseninedrBildnaseuainunasiniauazesnouvesian
Y ' A o 1% 1% ca & % e & o’
fegraiiaiinldlunisaiienin ndesgansmididnaseuazldszvuiaudniduuldvdniuii
(Electromagnetic lens) lun1ssiuuazliiadididnasouiioldlunisasianin daguil 3.8 uans
duusznoures SEM lagddidnaseuliamiugninduiiduninnitaiiueninfuuaafianuesii
Inedyaraunnsaialadey 5 Ussan

a a a 2 a d - -

1. alanaTaunsei (Secondary electrons) LUBLANATOUNNGADBNIINDLABY LUDIAN
Bianaseudgugdl (Primary electrons) mnvwvhliiAnniswgaeenainidlaas Gediannseuyfegl
fiAwadanue uazinldfiusinniiaresneudeudiam

2. BiAnAsEUNTZIRINGU (Backscattering electrons) 1ina1ndidnmseuugugiluvuiv
ddnmseulunilaes wiianisgaydendsnuuisdnliiuessauudninnsnssidandueanin iin

(%

ARNUSINNTAYeEADNES

o—=

v aa

3. Bldnmsaunganu (Transmitted electrons) Biéinaseugugiinliindunsizenlagiv
svmouuazdanmseululagg vilvidianaseuaunsangarueanula
v A & s a a a & a v
4. S988nd (X-rays) inndiinaseuluidlaasgnuuvgaeenlaedidnaseudgugil wan
AnnsunuivesdidnaseulutuidaasigininiiiinnsdanUaesiudndeanuianis Faduen
Jumzluiuviiaian
5. Bdnaseunignaanduludunudiegns (Absorbed electrons) Wudianmseuiigaide

nasUliUar R Ul UTUIIUAIDE1 LA
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Electron Gun

Anode

Alignment — .
Cails

Condenser
Aperature

Condenser Lens 1

Condenser Lens 2

Variahle Aperature

Hnlderi
q_wc,_! fl— pe Stigmator
ﬂ L — Deflection Coil
@ Secondary
5 Electron
Detectors
5

pecimen on "}— Condenser Lens 3

Stage

Specimen

Chamber
Vacuum ‘

3U7 3.8 uansdiuusznaures SEM

(%

Tuuidetiagyinnisnisnsvaeudugiuinenlasld SEM Ineidennsnsraindyayion

N

ee

Usziaw fe 1. BdnaseunRegil (Secondary electrons) lnedgyayailaandidnnsounienia
T mUsiuRasEAULIlUWAT F99N991n 2. BlaNATOUNSYLAINaU (Backscattering electrons)

Inedyaraiildandidnaseunssidngu  ssldiulivestunundanudnnin@uvunzlunisg

' [
a1 U Y v =

93AUsENaU Wazvlinvessindianaiu daludeddvinnisAnuidnuae JUT 1A LIATBIHIAIDENS
Aoaaoudvesmfet Ly TanusznauTidould thineSueauduiusifnedoulusiag Fu
PNAAKIFIBE LA TaRUTENOUAIUUAITUBUINY  LAZVYAABARBEAYBIATTAIDE19RIULINY
yasunsiiliinrudou widshusuasveuuasuiumunesuasiifiansiognshnogiulufnasuy
wiuezgiitdon (Stub) Induindeuianidunuiinienlddenesdiuiqns nsldinada

alamossa (Sputtering) Wurian 1 wifl udnhlunsivaeudugiuineisie SEM

3.6.4 N15ASIEUANTRLADLENTSA

MATeinsnTEvaNtRleBENYEn Tagvinisasiataradiladidnnin (Dielectric
constant, &) vaasfinfiwssulsifiousunisiasunlas Auluazdndiuesduszneu wah
ﬁ'wmmaﬁWﬁﬁﬂéfwﬁwu’gzummmﬁlmﬁlﬁﬂw%ﬂiﬁmﬂ aunsil 3.6
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Cpd
& = — (3.4)
goA
) &r PD ANAINLABIANYSNVDIENSFREg

Cp fim A1ANgLTvRsaNsfBEng
d A9 AIUNUIVBIEITAIBENG (cm)

= X A & ) | 2

A f Wunvesiiliivesasiegns (cm?)

= i M a a a -12 o
g, Ao AmsfilaBidny3nvesanyayInA dA1 8.85 x 10 1130/ns

[

' < o Y va a0 " o = =
AAsanIafiulszaresansanunsadalanaudeieg uwilaenilusziafiannud 1 kHz

'
(%

AAsnladidnysnaziialilnei Judvemmndl (T) vauileans

9 Y

3.6.5 MsnsavdausntATSlHAIdeATes TaUszguUNURad WY FPEH uaz FTEH
Tuthgtuedesiefilflunmsiaaudtinsluiig o dmsuianlunduuesediosuaziag
wandufideudaios Tnslans fanuaudieTlodidnviniianunsnairesussgluinldannslius
\FanasioYanuau mamheidelfdaiuanudidyluded Jddvhnsahaeiesinuseqluihiy
Tagaanfeinnsadinadesiiotararunsaildldsutunsihnuideiiisadeddeded
UseAvBnmuazanunsondnnuideidanniwladnse leenidelududlihnisuiulsssuy
voueiesiietalviiussaniamistulnglivdnnishanuresssuuiimuauielusunsuiudalain
Aoulnsalaas (Programmable logic controller, PLC) ununslaleduounanga (Solenoid valve)
Tumsmuguiflisseenafion msld PLC dmsumuaumsiauvendesinsviegunsaling 4 oz
fifolfuFauniinmsldssuui fedndudonduanslal friudednduiidonudsussuunmande
vidoddunmsviranulnl agdosvhnmsiduaelln Fadona WewSsuidisudu PLC udinns
Wasuszuunieddunsvienln vinldlasnindsulusunsuviniy venaindudr  pLCTu
Hagthildiunldszuuldnanm Gaidefiondiszuun mafunssuatiosnituazazaanninde
fioansveneduseunsvhiuresgunsal Bnta PLC Ssaansnldrudmiugunsaidu 9 wu
\3eens9tiy iedesiinnt 1Wusu Sslutlagiuuenain PLC axldnuuuuifeiuddsanusasie PLC
vang q Fuddefufionuaumsinuesssuuliissnsamanniudndae awdiulidins
910 PLC finnudaveguunnninszuuuuuimiltiieslesdussdndlunsmuauiissegaifen
Tne PLC lunuAdedannsamuguanildlasnmshauresszuudiad (Relay output) Tnetonsiny
Ussumileutndldsuamnuiougs iesanmsliienarannsoniuaulnanii DC uay AC 1¢

wazdudueinmiiaunsadenszudlvanliasgaliofieuiuevinnussnmau
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3.6.5.1 @9UUsLNaULATUTINIINISNNIUVD AT

dmiudiudseneurennieslatinisiiafngunsaluneeg1aTuu1anIuing ey

a a

Usgansamlunisvhaureunies Aagun 3.9 wansesdusznauventadiasiumis lnegunsal

(%

AgyATia1an As Yamuaume PLC lagniiiin1svinanuresdudiulsenauilsngazidenniy

NUELAUAT
1. Yuay Inihilvianuduauiunszuenguiielviinn1sideudu/ae venseuengu
2. Solenoid valve wfianrugumelniinaamis dvihilunada/Aa 1ndivewisau lay

1%

ifiazgnAuAulag PLC Belinamunaasing Wngnaiil 1 agseiurianssusnguiuuuiiesi

o)

nhfliaunszuenauas NadeRzreiunszUangumuaaiiavimtMideunseuanguiy
3. DC power supply Huifidnglvirauin 24 v Tadu PLC

'
v v o

4. Magnetic sensor fivthnsiadumuvisvanseueangy INmunaesi lngwuwesae

v o

dadyanalufl PLC Wushdyananiield PLC dasTiAnnsTailannds Solenoid s
Tusunsuiidaely
5. nsvuangu fvihflunisdeuiu/amesgniumdnielddmiunszunniutanmageu
6. fuinin Taedumdniazintunsruenguinthiflunisnszunniuianmaaey
7. WNLMIBILAN 2 Wi IvUsEnUWassuTagnaaeu Suthidudalid
8. wiugaimthitdmiusesiunsnszunn

(%

9. 133 Oscilloscope Huthitanszudlii vionrussdngiiAniuanagnaaeuide
#5uusenszunn Tnsazseanslwluiidauiuneunsitogsewinsanmaaoy

10. PLC 1/‘1”1Mﬂ’lﬁmuam’1iﬁ’muﬁumiwuha%’uﬁmmmmmﬂL%uL%a%LLazﬁaﬂWilﬂéTa
Solenoid valve Wiglidn/Aavioas

11. @3ng
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JUN 3.9 uansdiuysznaudAguanaIasinusyaliih

3.6.5.2 wanMsvinuvadAzasiausEylnia
dwsudulszneunsinuveuniosaunsaudseandu 3 @ fe duuwsnifudiuves
wigsniausinasedannageu diuiiass Asdiuvesuiiuigunsaliangmaaau (Sample

holder) uazanyine Ao duvedATeInsiain (Detector) uansAs§U#l 3.10 Fellsrwayiden

rpalull

[Lma'aﬁ"l Lﬁml,sanﬂ]

4

[qﬂmaﬁi’aqmaau ]

4

[ LASDINTIAIN ]

U 3.10 wansduusznevddyuazaiiunisvhaureassesindseqlih

Y

3.6.5.3 unasniiauseng
waIsINaflaanasestiinannsindeuiivesgnguluwuiia lnen1sindeuiivesgngu

dudnananudvauilaandu Ineiasesuilll PLC muAun13vina1d fa13130AIuANN1TYINaT
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¥

FIUABUNIADS LA UBNANNTTIAIUITANINUATIUIUTBULAZAUD L UNISNAdaULR 1oy

dulsznoudAguansgun 3.11 dmsudduuasnannsinureseunsaldutvanisgun 3.11

3UM 3.11 uansduusznaudidgueawvaeniidaising

Solinoid value

gﬂﬁ 3.12 LAAIAIAUNNSYINIUUBILAAINLHALTING

[

anAuNMIvuvesasiLiausing (Lantunaudagui 3.12)

1. luanngidudu anudueiniaiinainluauazivauinuvieding (wanadagui 3.12(n)

wadslaiuinnssuanguLlieanniinngin 1 (V1) uae 2 (v2) Uniueg

WoL3un15v197U PLC 981509 ausmuii@euluswnsul) wasuundfnusasianasi

Ao S1 way S2 YNUULRBINU
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3. luan1eisudy gnauagegiunianIuuNYeInsEUnguyitd M liiunifniguiyesen

S1 ssnvduniiiniAnediunsyuanauld vinlinisdedyaaduil PLC wiadannsTa

] ]

a

Solenoid  valve Wayin1slWaa1a37 1 (V1) vl VI Wa adudueinidliasiuve

Auuuingnszuengu gavheviilignguisuifeuadluludfy uanaragui 3.12()

'
] o

4. \Wegnguiiouasgandgaagiilvidulaveiegiuaiuiausinaiuiagmaasunes wand

Y 9

[

FaguN 3.12(0) Turauziienniu wunianuasi S2 astaduklianifnegiunszuan

Y Y

1o

uleined Jedsdaygradli PLC 1iiodsn15l9A Solenoid value tiievinnisadunsile/Un

e

NEIAIUANNTIN 1 (V1) Wgimuauaand 2 (v2) vili v2 1Wauag V1 Ua adnudu
anAlnaiuviesua1gnIruengu gavhevinlrgnguisuifoudululuifs

a '

5. Mé’qmﬂgﬂqu?{auﬁmuqm winiffnumes S1 anaduimaniidneyfunszuenguls
wof Fadsdayaadlit PLC &n1slai Solenoid value Wiviinisadun1snisla/Anadn
MnFIAUANNEMT 2 (V2) Tugfmunundd 1 (v1) vilit vi Deuas V2 Tn annadu
p1maluariuvieduuudignzuangu anvevhlignauisudeuasdnadsluuuais

aavineaziulaingnauaziinnisindeunvuadlinaziinusenseinnedagfedradu

u Y

v
@

Jemzuazmenssiadnausliizos 9 auninazAsUTOUNITYIIIURINARslUsLATNLY

wseaNIEmeAineIl

3.6.5.4 NM1353ATIUsUNSUEMIUAIUALLATEN

nsdanaslaf PLC virauagdestoulusunsuly PLC Aou Tegunsaifildlunistiou
TWsunsulddu aunsauveendu 2 iia fe fdeuldsunsuuuuiledie (Hand  held
programmer) LazABNNILADIAIUAD (Personal computer, PC) Tunuideilasld pC Dusilou
Wswnsu lnenwiildideufienwiuannes (Ladder logic, LAD) +ilesannisld PC azdenin

Msigdtaulusunsuwuuiiens

IBM PC/AT
Bl il RS-232C Adapter
compatible F_ =z
RS-232C Cable
CPM1A CPU Unit

|
—

I
'
]
]
(]
1
i
i u::,_._‘———_—{:ﬂ
]
T
]
'
1
t
]
1
1
1

SYSWIN

Ui 3.13 uan3Smssie PC fu PLC
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o
U

TupauNTIINUYesUnsal PLC

1. fuatuneunsvinuesgunsal

2. MUUABUNALALLOENAADNIIMNUALOALATAYRIEINGUINA  TauUNLUAN (Magnetic)
Tegluseninsdla lnsaindiunnazsiowiniidaas Terminal 1 Afeda 00

3. Ruaslandunmdniidaasdudune (nput terminal) wagandasoansduesing
(Output terminal) Whilluaaviesiad

4. Jenlusunsuaddudifigues PLC smatunounisvhaureaios Tuguveaununinuaninos
(Ladder diagram) vﬂ;&ﬂﬁl 3.14

5. ieleuuanaed uazderasnds insailuanlusunsuuanmesasiulu PLC uda
ATIAABUNANT TV

6. 115 PLC viherumulusunsy wazn1suetines (Moniton)  TUsuNsy ndsandeu
Tusunsuauuds &3 (Run) Aelvigunsalaumuduneuiideulilulsunsuniudosnis
uazganIEmMIhauiiviae
wos | woo 500

1 | i

START

_T'ﬂ”J

@it

REOO ROOZ cl R50O5
| il |
| -+
Memory 1 @A~ go At
REOO T #30
| | |
I - e H
LOo0z
Hemory 1
RDoO4 R50Z
|
I
e i
Cl #1000
jre H

STOR Memory 1

JUT 3.14 2ssuanwesdviudugamdiniununiosiauszquuinuii

3.6.5.5 aunInluaziannasay

Inggunsalduiiazussnaumeunulanenatunsaauruivihminidudalwihsaduansl

WaRBL YNNI ULATEINTIAIN wanwiesun 3.15 TnevuenTanvegeugnusinanvsinliinuseq

' [
L aa v 1

Iliguiniuiafagndviwnnaeiuluwsagdiu nduuszaggnaremlituuwiunesuasiiu

9

Tliuaglvadnginswnsiainluiian
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=

U 3.15 uansgunsalazsnnsianvagey

3.6.5.6 LASDINTIVIN

(Y 1

gunIaingIvIndy Uzl Minduuninuia vise AnusdnaNTanNaNasaTuuy

q

WuRildeeadalaalay (3U 3.16(n) wardafmasiuuainea (5U 3.16(v) lngaunsaidenle 2

Tvua Ao nualumiisveansewalidn wazlnuaveinus1eding Insazidunisineg1welios

' [
fal a =

(Real time) MMIAFUNITAANALANTUIINNTLATL AN DAITUAIANIMANTUT VAL NINIT I T

uwiiannagey Aagun 3.17

(n)

Measure
Gating
orr

sl uLy

JUT 3.17 uanansndiltilaeunu x iWunafiniuly wunu y Aenszualniwisenussdindfiiale
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uni 4

NaN1INAADN

4.1 M3An¥INTNsENInNIANITEANERvasIanUTENaY BT/CNT/PDMS
4.1.1 NANSANHIENYULANIZVIINNIANTEEA BT
4.1.1.1 HANNIATIVEBUNNEUFIUINBIVBIBYA1AUITY BT ayn1auily BT fik1un1s
UuugeiuRn uisunlu BT uazayninnasivad BT #a SEM
MNNTNTIIATIZAAN BTN T g AN Y SEM 989 BT Adugiuineisisiu Tag
KaTNMsAnYENBIzazTeseynAwly BT iunisuulssiuiindis HO, uaniUSeuidioy

(%

Srvnuzmedugiuinersening BT nsanséiazaynia BT Akiunsuiulssitufound fuans
Tuzudl 4.1(0) - (@) MngUuanddifiuiroymea BT Aldfinsusudgeiuin duandlugd 4.1(n) &
nsnszaefveseynailiftn eymaianmsdeudofuniznguiu Tnssluuinveanguoynia
(Cluster) Lladewinfy 428.4 = 954 wiluming uazdivuinoynia (Particle) 1dy 80.9 + 15.1 uly
wng evhmaFeudieuiuoymeuily BT Afinmsusulseiui wuiheyniaulu BT fiiunis
Usuugsiiuidinsnszanedaldind Seumaiiiamanmenduiuiitosniteyniauilu BT Al
KunsUuUTiu Tneflvuianguenmeiewiiiu 2679 + 622 wiluwes wasdituinves
oynA@ALT 0.9 + 150 uluwns fuandugy 4.1(0) Fadunsuanddiiiuiinmsuiuugeiuin
yhliingueymiafivuinanas wastaelumsnszaefogaashiauenniu

a <

HANNINTIVIATIERAN BUEN g IINevasuisunly BT Aldainniswseumedsinge

A o

vaguan ioduduzusisvesansiegefidaunseild 91ngud 4.1(a) Tnewlothunsudioy
fusyna wazaoslvad BT aznuiiasiidaunseildiidnuasmaduguinenduwisszduunly
Tnefiusisseiuunlu dvunmduihugudnans (Diameter) WwAgagfiuszanas 94.0 + 20.0 UluwIAS
uarATIEMITRIaABITY 412.9 + 149.3 wilumms Fawiaulu BT dfvuinuagnisnszang
Fiireudisaiiaue wasdiddndrunnuninsenue (Aspect ratio) Wiy 4.5 + 1.9
NNHANIATIAIATIEieYNARDSvadYes BT Auusiuuilulnniiun fguil 4.109) - @)
NngUaziiuiisasdmves BT Aunsuunlulymiunsiaiy dawalrdnuasdugiuineisaiu
Tagwuinfidnsaau 50:1 (BT rich) uandliifiuiseynaues BT fifinsnszaneiianiteynia BT
insamsdn Fadunamanmsgnifusieiiduusseduunluveausiuunlulniun dwalvinising
nguveseya BT antievas lneiflethwuineynavesnosivad BT undisuifisudveyana BT
wuieynALRAEYeIeYAA BT Uazeynianesivad BT Winfu 80.9 + 150 wag 905 + 11.1 U1
Tuins mudiu Sesiuldheyneresivadiivuneynandediutu Sadurainanmagnifu

seflduvaawkuunulIiug Wariinsnsrdruvasuuululnniuadu 1:1 wundturaaweauLn
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Tulvnuaunaguenniauly BT sgraiulddn daguil 4.13) uwazilafindnsndiuvewiuuily

Ty 1:50 sxnutuvasuduwlulnnuaiiunaaueynia BT aunun (TO, rich) #agui

4.1(2) Fananuandbiiiuinndnsnduvesayniauly BT Asukuwilulnniued 50:1 (BT

rich) fidnwarlasiasieganiafiauusaiian lneuannisnszatediveseunia BT VA

q

100 ni_

- \\'f‘r.
Sy 500 and

JUN 4.1 Snuaenneadug uine1ves (n) euniauly BT 15AN15A (¥) auniauly BT Miunns
USUUINURY (A) wiauly BT (@ - ) auninresiyas BT N9nsndu BT deowiuuiluluviiug

50:1 1:1 wag 1:50 AUAGU

4.1.1.2 NAN1SATIVADUANBALVNAUFIUING1VDUIIIUITY BT wazayninnasiva BT
Aaematian TEM

31nNseunAresradues BT Auwiuunlulnmiuaiwseulalunsiaaeudnuuenig

dugnine1die TEM faguil 4.2 nudnfidnandau 50:1 (BT rich) Inethmin uansliiudseynia
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@ =

wily BT figniiuselasiunaveausiuululmiusiindusynianefivatiauysaini faguil 4.2(
n) WewSsuiisuiveymaneflvadnsnmddu laefidnsdin 1:1 wagiidnsrdu 1:50 (Tio,
rich)  fUSnaeausuululwuaiinAuly dewald BT lignifusefiduuns Raduguss
noslwadilianugal minnansAnwdnvazadugiuineisemaia SEM wag TEM Feagulsin
Sasdamveseymauily BT deuwsuuilulviunfimngaudof 50:1 viefiuiinueymaunly
BT fiunntAuwe (BT rich) lagiinanmsiiansazateneaasediiil BT dauaesunisleluind
fuusuululyusdssaliAnsnuusndurad Wesnnfiufvssukuululmiwedanuduay
g9 JaaunsaluBadueynia BT diuneslalaeriunisdaniziudseanssdiuaes PDADMAC
cation WAnLdulyimiunivad fisufl 43 wansdauuusaswuansdunounisia BT Aediuad uas
WA muveauAid U lLuLRAB e ey MARDSLYAd YUY BT §0sndru 50:1 (BT rich)
Tngthwiin Wiy 8994 = 3056 wilumms waganmsthuvisuly BT fwdsaldlunsiaaon
dnuagmadugiuinendiomaia TEM dagu 4.2(0) Auandiifiuiegseiifidnuausfuuisves

£ 1 Y 1 < L% A a Y [ 1
GURIZPIRIEN uLaum@uaﬂmaaq”lmmum‘[mmm saBenlainduuriaunlu

Ao v |

JUT 4.2 e TEM vaseuniaresivad BT Aldnsidu BT Asunuwilulnniuadu (n) 50:1

(@) 1:1 wag () 1:50 lagvidn () dnvaen1edugIuinel TEM vaduiaunly BT
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[ C‘-J\
AN
. \z;\j; Jn %
o HC CHg d s
° g PDADMAC - - 6 —
§ *n

H-O w O-H ——————- _———— M

\\«0’ o) ‘O\l/ r’\’
U7 4.3 wuudraswansiuneunsiineynanesiva BT

4.1.13 wansmsiadeulendnvalvaseyaauily BT aymaunlu BT #runis
USuugeiuRa uwisunlu BT uasayninnasion BT faewmadia XRD

MnnmsAnwlauiavduarlasaiendnveseyniauilu BT symauilu BT uvisuilu BT
uazouMAnesia BT dowalia XRD dauansluzuil 4.4 Tumsiinszsiidessiu Tiinaves
sUuvuNMsdsIUuidiond dinannuvhmauisuieuiusiuuunmsdenuuidiendandeya
INIFIU Imsiuawuié']’aﬁﬁﬁﬁm&ammgflusqm JCPDS vaneiay 31-0174 Jaduteyaunsgiuves
asUsznaumesenlalnd BT ffllassairmdnuuuinnszlnuea (Tetragonal) wudnguUwuuAns
Aenuudediendvosoumaulu BT oynaulu BT fishunsufuleiui wisnlu BT uas
ounARDsIYad BT il fmuaenedostfusuuuumsidsnuuisiiendvesanstsenou BT laony
A 26 ﬁﬁuﬁgu 22.261 31.645 38.886 45375 51.097 56.249 66.118 70.657 75.158 uag
79.466° saonadosriuszuIu (100) (110) (111) (200) (210) (211) (220) (300) (310) uae
(311) Massasadumesenalnduuumnsyinuea Tnssunuunmaidenuuisiiendusseyniauily
BT aymauly BT fik1unsufudgsiuia uazoynerediva BT Usingianisideauuisdiond
vouslauUantaoudu Tnsnudia 20 Tuflyu 23.9 Wevhnsasvaeunuin finmadsnuussd
Laﬂsz?éfqﬂa"naamﬂé’aqﬁ’uﬁmaﬂé’ﬂmﬁﬁumgﬂLmeiLgmLuu%’qﬁl,aﬂsz?ﬁizmu (111) Fensafu
ToyANINTFINYA JCPDs vanelav 05-0378 voea15Usznau BaCO; laearninduaisuszneu

LuiSEuASUBluafileUusgluaunia BT 1N3ANTSAT
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é = @ TiO,
) z 8 :BaCO;
2 _ = BT nanorod
g 2 ~ a = s =
S < 2 o a g ER
o Q ~ & < ~
o ° o o o 0|
—~
:' BT core shell
Cé & A AL A P
N’
z BT o
°
721
Y
~—
=
( BT
8 AN A

JCPDS 74-1960 : BT
I L .

“ JCPDS 05-0378 : BaCO;

JCPDS 01-1292 : TiO,

,H T i

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (Degree)

] [
=1 a

5UM 4.4 3Uwuu XRD vesaunauily BT aun1awily BT Munisusulsanuiy uvisunlu BT

wazauNMARRSIYAd BT

domuumusinaigaamesenalndnuin eyniauily - BT 1nsansAndigaiaum
ovevialnddosas 96.57 wazuuiFuumfusiuniosay 3.43 waznuiin 20 Ay 24.87 lnsdenndos
fuspunu (111) Samssiudeyaunnsgiugn JCPDS manelay 011292 uansiasiasulina
(Anatase) vasansUszneulnmifisulasenleyd (Tio,) iumsusvenisnistiuiuunlulnmiuney
Tupymerefivad uenaniinudt JUuuy XRD wes BT fifimsusuusiiuin wasnswdeundu
oynianediva BT lidwalifin XRD \Aannsindeu (Shif) viefinnuidumesiia (Intensity)
Wasuuvadly usfluguiuy XRD weauvienlu BT usfiraglifnmsiadouvesiia wiflanaduves
fieudsunadlufisiums 20 fiuu 31.665 Tnefienuiduiinfistuiosay 83.57 Fedarunduly
16 Tassadrauvisnnlu BT fidaaneity Sarmmeulunsiulalulufismavesszunu (111) ud
ogslsfinunanisieneiieondnuaidewmaia XRD 1Howiu wudteyniaulu BT fik1uns
Ufudgeiufia deansaraslelnsiumnesenled maduesgiuviauly BT edsindenaoman
Laznnsinieneynaaeiiva BT seddleluiadl ladiAanisiddsuntaslassadravdediva
wanuaouBuiintu

21n3UuLY XRD Tassaitldty dounlévinisfnuiuasiinseidoyanideasiasiadedn
vyoeyniAuly BT syniautly BT ikiun1sufuugeiiuio wisunlu BT waseymanesivad BT
1MEITNITIATIEIRUUTNGG (Rietveld analysis method) lagnsiieufiudeayauinsgiuain
§1UTBYANIR5 U Crystallographic Information vi18LaY 96-210-0860 futayan19laAsease

Y
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\dainveseymeuilu BT aymauily BT fikunisusuussiuia uareymanedioad BT wagns
Wisuiudayauinsguang uteyau1nsgu Crystallographic Information nsngLay 73643 fiu
wisunlu BT shevenduasie JANA iiledusulassaiiandndild fagudl 45 Tnoidudihauans
sULUU XRD fildaniadesile dudunauansieguuuumsaidisnuuidiondildannisdiuwnde
gorduas dulununddiBouansasuy (b k 0 wssdudihfuandifiudnuunndisos
sULUU XRD ldanmslinsgsiseiedesdionazainnmsiuauiorendng waiildnuinguuuy
XRD wesouA BT ayniauly BT fisnumsuiulgsiuia uisnlu BT waseymanedivad BT
aonAdoeiugULUY XRD Yesansuszneumesevalnd BT fifllassarswdnuuuimnsginuea danss
mulddoyaunnsgu Crystallographic Information Aen&n7 %qwuiwmmﬁﬂmaqaumﬂmiu BT
oumauly BT fiiun1susulssiuia uisunTu BT uazeyniaredioad BT fndn dauanii

W1580s (@ = b = o lnddes (mMelddmdesvuninsgiumiidu = 0.001) FuAkaniiv

Wsdiwendeyannsgiu duandunisd 4.1

AN57197 4.1 HavRIILUSNLPINNITIATIEALASIES1UTIBNA8ITSNNG

BT BT qreated BT nanorod BT coreshell
Crystal structure  tetragonal tetragonal tetragonal tetragonal
Space group Pdmm Pdmm P4dmm P4dmm
a ) 3.9902 4.0054 3.9959 4.0054
c (A 4.0131 4.0285 4.0305 4.0285
c/a 1.0058 1.0058 1.0087 1.0058
Rp 26.0 26.0 7.83 26.7
Rup a2.7 a2.7 10.60 43.0
Rexp 25.23 25.23 7.79 24.45
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JUN 4.4 uanadndiusenineauaniivnisniives c se a

—+— Experimeatal pattern BT Experimental pattern BT ¢ g
—+— Calculated pattern (Rietveld) Calculated pattern (Rietveld
(n) —— Ref. BaTiOy (1) — R:Luﬂa":'l(;? pern Hentd
| Difference (Rielveld) | Difference (Rielveld)
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20 (Degree) 20 (Degree)
— :;xl::“ﬂ:::ul :-m:u BT ::;wrod Experimental pattern BT core shell
—+— Calculated pattern (Rietve Calculated pattern (Rietveld)
(m) Ref. BaTiOy (4) —— Ref.. BaTiOy
Difterence (Rletreld) | Difference (Rielveld)
-~ —_
= s
£ 8
- )
= =
-g 'g
: 5 b LJ\—JLJ(-_MM
=
= = N
£ —_
| I | I | | [ I |
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1 I | I T | [ I TR M*%—J,_‘Mm
| 4 4
IF A !
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JUN 4.5 3UUUU XRD widaiun1siasenlassaiemedsiniaves (n) suatauily BT (v)

aunAUIlY BT Miumsuiulgeinuia (R) uiaunlu BT uag (1) eunaresivad BT
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4.1.1.4 wan1IRsIRFAUIANANEAIYEIIYANAUILlY BT aymaully BT #W1unIs
USuUgeuRa wisuly BT wazayn1anasivas BT feiaiassnunuanlnsalny
ngULUUTINaUnasuveseyNAunlY BT auniauly BT M1un1susulsanuiy uvie

= o @

wilu BT wazeynianeilvad BT fauanduzuil 4.6 lasmsiieneiidednazendevdnmsiingizs
I #iasaNNg B seuLaunns (Point group theory) Uadnan Fadmsundn BT T luszuy
auunsvedlasiad1awuuAItn (Pm3m; Oh') %ma‘uauaqeiamiﬂizéjué’wmmsmﬂ?i'ushu
durlsnian vielsundn IRactive (3Fy, (R) + F,) wiliaiunsaneuausssiensnssiumeiaeasiy
wmAdAsIIY viaei3endn s1uduLendiv (Raman inactive) fatumnlasiadiwd@nves BT 7
duanzsildifuuuumdn Aagliumngfinsanuaine$illa q uiluvegd BT Aflassadiendn
Juwvumaszlnuea (Pdmm; C4,) Fallnsideusenaindunisauannsvaseznen Ti lusumus
PONNILINTDAVDIBBNTLAU (TiO,) dawaliiAnnsiasunUasuosanings (Polarization) uAn
nsnevauesramadasu uwUteanu 8 Tuun A 4[E(TO) + E(LO)] (R & R) + 3[A(TO)

A(LO) (R & R) + B; (R) %aaamﬂé’aqﬁugﬂLLUinmuaLﬂﬂm%’maqaumﬂmlu BT auniAuluy

A ) & a ] s s N A a -1
BT AN un1sUsuUsaiuRy uwiswily BT wazoauniaresivad BT laefinfiudiin 28-150 cm

N a a

danndasiulnuansdunuuldudussoddun ATO,) fiafiudm 180 cm’ @anadasdulnue
A3du AL(TO,) %ﬁﬁﬂﬁ@ﬁLmﬂqiﬂmaﬂé’ﬂwzﬁmwwzmmi’aﬂﬁﬁauﬁaLWaﬁiﬁLﬁﬂﬁﬂnmﬁm Fain
91NMSAULUY anti-resonance waziila3ousuuuusnnuaaniuvesoymauly BT 831w
Tu BT firrunsufudseiuia uisulu BT uazeyniarefivad BT Aifumisfinuiiom 180 cm’'
WuIvesaynIAuIlY BT aynAuily BT ﬁchumiﬂ%fquﬁuﬁa wazeynianesivas BT nady
FewuuTau (Positive peak) wilusnuuaansuvowsuily BT nduidufinwuuafiu (Dip) 3
dnwarfinndefusunuaanfiveseyaa BT vuneymelvginit 100 uilusns
Tnedauideves Y. Shiratori wazamy [37] Aildvinsfinwinisnszidesuny (Raman
scattering) wa3ayniauily BT nudieynia BT fifluiadnndt 100 wiluwes wwdifiauudtu
wagoyna BT Afeunavwialnginin 100 wiluwes sxdifieuuusiiiy  legeduiedanis
Wasuwlasesfinudion 180 cm’ Mdsuanfiawuuituduiievhiiviieradurauannans
A1696) WU NIV vedlnum A,(TO,) FauRnandeunniewanivsauiinisiinlasiadauuesls
soudniviiliAnfinusion 193 - 196 cm” siemsiAsundasanudunelusyniaazidend

= a % . " ' N A a -1 o
WasungAnssunisidng (Coupling) wrogslsiamuldnuinfiusiim 193-196 cm vedlaseasng

Y

v Y a

wuuaelssendn wagdBudufefinendnuaivedasadiauuuinaglnueaiiouuiiom 306 cm’
Fefufinuuushiia 7 180 cm” vessnauaUansuusisunlu BT F9TAMNNIIINAIUUANFIIVD
5Us19 uazvunvedlassaiaunlufidmaliinmsidsuuasmiufunelureseyma 1osnn
wiswlu BT flvupvesanugiluseiululasuns nedvuinanueiedewindy 4.13:1.494

) = o A a ' -1 Y o o
VLNIQ‘JLNW‘J LAZEUINUNAZIUNTIN (Broad peak) NUILIUBIN 260 cm @DAARDINUNITAULUU
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transverse adlnun A,(TO,) uazwufiafidiumia 306 515 waz 715 cm’ fidgenadasiunisdu
Yaalyun [B,, E(TOs+LO,)] [E(TO,), A{(TO5)] wazE(LO,) + A(LOS)] AuaIfy Fouanadansidu
asUszney BT fillassadrauvuimimylnueafiaznunaunisnszidsessuuaiUaniuiiuinm
Uszanmu 250 520 wag 720 cm uaglagianigRafidiuvis 306 cm Gedediufaondnual
nzveslasiadranuuenselnuea MAnannsdulussaueznouwuulilauuns (Asymmetric
vibration) vaWuszagning Ti-0 TusuntseennszBnsen (Tioy) Seftwanilazlaiusngudle BT
flassafradudrdnudeiinnisdsulassairaludunuvasdnilegnlainusouauiuni
gangie3 warlimulvuanisduiuy E(T0,) Usiadia 487 cm ' fitwamslassairauuusenlud
n30a wavoslssoudn Fedusuldheyniaulu BT synauilu BT fiunisusudgsiiuia uisun
Tu BT waveumanesioad BT flassadsuuuinnglnuea wonimndaaniusany veseumau
1y BT auniAwily BT ﬁchuﬂfﬁﬂ%’w':;qﬁuﬁa LaZauNIARBSIYAE BT Lwiwuﬁfgmml,ﬂaﬂﬂaauﬁu
Taewufiafiu3nas 136 uay 152 cm - Auansfensiioguosasusznauaynia BaCO, fimainan
nmsvuiiouresuuiisuaiuaiuslunssuiunsduasiesd BT 1nsnn1si wavannsodusuld
MnmInnendnvalianizdieimaiia XRD uaznuhaansusuureseyniaroiivad BT tu
ApnAZBaTUSULUL Raman active YestusenmeBnseavasansUsznaulnmiun (Tioy) vdaiall
Tolesloduuuanedd fillassasauuvesissoudn Aifinsnovauewiamaiasuululnun 3[Ag +
Bg + Bl lmetusennzinseavesansusvnoulnmiun vinallnlasleduuvaedaiifa
londnwalilu3ian 270 499 uay 704 cm’ wienaRamFeuiufufiares BT fiusiiadndtn us
ogslsfimuaulnafinunadniiuiiom 803 cm ' fiaenndesiunsduvesiusy Ti-O fidneglu
fufinsssristuresanssznoulymiun sdaedlalesleduuvassiin feduduinisiogues
winululnnmelusyniaresivad BT

MnranIATIAendnualionzveseymauily BT synauily BT fiunsufulss
fiufiy wisunlu BT waveymanedivad BT deinadia XRD uaziadinsiuu amnsodudulé
ounA BT fifimsuiudgsiiuin mawdeueynanedisadieislslued unsnsduamesiuvioun
Tu BT sheddindenaswman lddwmaliAnnaudsuuiadassaiuasiiignmenlasasududy

ToedlantRmeslstidanynsnwazilaseasrmanduiuumnselinuea
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% : BaCO;

By, E(TO, + LO,)

A(TO,+LOy)

A,(TOy), E(TO,+LO,)

E(TO,), A(TOy)

BT core shell

BTyeated

ATO) ) L.

E(TO,)

T nanoparticle

Raman Intensity (a.u.)

BT nanorod

BT microparticle

100 2(l)0 360 4(')0 S(I)O 6(')0 7(|)0 860 9(']0 1000
Raman Shift (cm™!)

1%
A a

5UN 4.6 sUnvuTwuannsuveteun1Auily BT suniaunly BT ANunsUSUUTanuR wiswn

1y BT uavounianesiva BT

4.1.1.5 wan1snTadeulendnuaivesayniauily BT aymiaualy BT #runis
UuugeiuRn uwisunlu BT uazaynianasivad BT faeedas FT-IR

NNMsnsIRIeszitendnwaldomainanlnsalnd lugaaniue1indu 500 — 4000
cm ' ilonsidinsiziviendnualves BT filinisuuugsiuiauasidnsardugnineiivetu
Faguil 4.7 WlevhassFeulfieussning BT 1nsan1sin fueynia BT uwisunlu BT uazeesivad
BT fifinmsusuussiufinlasasny finlurasnisgandudl 3200-3600 cm” Aifiaudugstunds BT
\nsAMsAn Feitelurasiiiirnuaenadesfunsdunuudavavesiuse O-H (Stretching vibration)
naznuiAN1sANALT 925 cm ' iaanadaafunisauLuuseraiuse O-H (Bending vibration)
fadunsBusufmsiinglensenda OH) TumeuTmiiuiiives BT fikiumsusuusaiuia a1n

sy dasenisiiunylalasiau (Hydroxylation reaction) Wihlulusynia BT uvisunlu BT wag

=D

ARSAa BT snwatsazalelalasiaunaseantad wasnuiinn1sausuuinavasiusy Ti-O

-

Usva10d 539 cm’ Bawansdisnisiiogues BT uenanidemufianisgandudl 1650 uay 1450 cm
fuansfeamsdunuudanavesiuse C=0 uay C-O  AwaRU vaanyasuendian (CO;) lu
a15Us¥nou BaCo;, ﬁwﬂuaqmﬂmlu BT 1n5an13A1 Segaefudunisnuwla BacO, luwans
AAT1g3 XRD MNHaNITATITATIZRziT BT fiflnsusulgsiiuiafimafintuvesiia fadu

a

mstuduiniivylensendaluineniuiinsuagliiiiendnuaives BT wasuudasly
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sounliinsnsiaseulondnualvesnesivad BT wuilansgandudl 1650 1450 waz
1130 cm * Aansiensdunuudanevesiuss C=C C=N uag C-N mudsu lneidunainainns
Fumodwes PDACMAC Tutunsunisduasgoumanesiva BT Taglunosivad BT asnufiadid
F2amsgAnAuUTEINA) 1650 cm 1450 cm - Baidlerlieulfisuiunsinues BT Addnyuzmig
dugruinesstunuifiamaifenudugandt Wuwemannaiansdeuiuiures madu
WUUBANATRMIUSE C=C C=N 91nn15ANNeAINDS PDACMAC fu (COO) v84 BaCO; 39vin il

AN VRINATIAINTY

BT nanoparticle

BT treated

N
o
BT core shell

% Transmittance

DT oo ] R N
D

1 nanoroa “ A

O-H
Ti-0o —"

T T T T T T T T
4000 3500

T T T T
2000 1500 1000 500

Wavenumber (cm3)

T T
3000 2500

1%

4.7 dunseaunduvesayn1auly BT ayn1auily BT AN1uASUSUUTINURD wisunlu

=

sUn

v

BT uazeunanasivas BT

Feluruddeues Isaac W Mwangi wazamez [40] lavhnisisuduainfeatunedwes
PDACMAC waglaviinisasiaiiasigiionanwalveinediuss PDACMAC smeawallaainlnsalnd
Tagnafilsmufinnsgandudl 1650 cm uansfansdunuuBavavesiusy C-H fislnuginadung
LaENUTATNIgANAUYTEINM 1450 cm - wansfen1sduvesanelganiuey uag 1130 cm’

WEPIDINTEURUUEATS C-N Felanuasnraasnunuluanuideninann
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4.1.2 HANSANYIENBULIANIZVRIINNANTEREAI CNT

4.1.2.1 HANMINTIVFBUMNIFUFIUINEIV09 CNT FrunsuiuUssiufia #ag SEM

ndsrnvhmsuulgsiuinvesieunlumiveudsasarats HNO; wagvinisnsiain
Snwairmadauguine1wes ONT uag CNT Aifin1susuussitufia dae SEM Fauanslusui 4.8 39
wuleduninansdsinuasnaduguine1ves CNT lagsu 4.8(n) uwanddadnuaenadugiuine)
293 ONT Alaifinmsusuussiui Tnsasdufamainiznguuazninieiudures CNT wazgy 4.8(
) UanRaN B FUgIUINe1Ves CNT ﬁﬁwumiﬂ%’wqqﬁuﬁa finmsnszaeifilaiunndaain
Fu uag ONT laifimswdsuntasguisdnuuemeduguinevielinauUanyUasuifniunends
mﬂﬂ'ﬁﬂ%’wqaﬁuﬁa 6'?5&LLamﬂﬁLﬁu'jwmiﬂ%’uﬂqqﬁuﬁﬂﬂdqwa’lﬁnﬁmi’gmmmaﬂﬂaauﬁu 910l
nanudeiulunsnndeudnumgaduguinendie SEM Silidaunsauenanuiudsuuiag

Iepghadaausening CNT uag CNT AnsUTuUgeiiun

1%
&

JUT 4.8 dnwayadug1uinenves (n) CNT (u) CNT Aiiuduusenui

v
=1

4.1.2.2 wan1snsavFRUMEUgUBUariaTeaIkEnvas CNT firiunnsuiuuseiiufia
faemaiiasau

MngULUUTINUAUARSITeY CNT Alsifinisusuugsiufinuasiinisusuugaiuia daguil
4.9 nwuhfinfiusingfaueasnadoafusUuuusnuaaniures MWCNT Tnsnufiauszana
1330 cm’ GedenAdosiunay D (Disorder band) warfinfiuszanas 1600 cm ' dedenndasiiy
WU G (Graphite band) wagmufiafiuszana 2700 cm Feaenndasiuuau 20 Tnsugu D
Rendesiuiiuszueansldilaiuszifouvideiidounnses (Defect) melulasiains Fauansdis
auduedugiuvesfusuniemnilianysalveslassairsndnaniueu dmunau D band i3
pudunnwandndl ONT Senaudusdugiuganaziou G wansdaguuuu TM - tangential vi5e

WOUVDINT blA
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JUM 4.9 1nuanniuves CNT wag CNT MU sUTUUTanuRa

Y

NTWINNTIATIEING IgnuIInaeaIniin1sUSuUTanuET  CNT JA1nsganauees

Y
v

Lou D Windudesay 16.68 deuanmnuliifussidouniodeunniomesiuseifiniuainniss
si$uandanimeuInmiuiues CNT lnefidhadussrieeuduvesiia 6 fuaridures
WA D 938 I/lp %LLamﬁﬁmmaugsfﬁmsmmu%qm%mmﬁﬂ INNTNTIA I¢/lp GesansIndiaIy
U‘%qw%‘mamﬁﬂmﬂsﬁu UENINLBATIEIUTENIN I/l SIENUI50UDNUARIAAULANGN WBINTITY
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il cationic iansdentunylansendaiiviiuiiiidu anionic vuiufnveseynia BT 7
nsufuUssiuin Taonsifeusewinsssqiavdmalimsasaefaniwiuneanosd Feasdudu
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Elem... Weight% Atomic%

OK 426 17.29
SiK 946 21.86
TiK 2272 30.80
Bal 63.56  30.05

Totals 100.00

Elem... Weight% Atomic%

OK 6.83 2476
SiK 1226 25.32
TiK 1999 2421
BalL 6091 25.72

Totals 100.00

Elem... Weight% Atomic%

CK 53.44 69.24
OK 1295 12.60
SiK 3163 17.52
TiK 1.98 0.64

Totals 100.00

UM 4.13 nneneuanasinesrusenau EDX 1093aAUsen8U BT oresnet-CNTiesteaPDMS
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BTtreated BT

5UM 4.16 jUuanan1sn1sleluiaiiiu PDADMAC veseunna BT Niin1sUsuuseiuill uazeunia

BT #laifinsusaugeiiuii

4.2.2 wamsAnwauUAnslninvesianusenau BT/CNT/PDMS
4.2.2.1 wan1snsIvdRUaNUR LlaBAnVSnvavae TN TanUsznau BT/CNT/PDMS

NNANTTATIABUBNSNAaveIAIANUDved v ATlneautRladidnnsnvesian

q

a

Usznoulnefaiionmgiinedl Maguil 4.17 uansauduiusseninsinniiladidnvidndudiany
vosdyanalniivesiaguszneuluszuy BT/CNT/PDMS Tuthsrnad 1 KHz - 2 MHz wuinTan
Usgnau BT-CNT-PDMS ﬁﬁmmﬁlmaﬁm‘%nagim 10.32 - 9.64 TanUs¥NOU BTyeared -
CNTyeated - PDMS Trnasiiladidnninaglugae 262 - 9.64 JaqUs2n0U BT anorodCNTheated
PDMS #ifienasiiladidnnineglutag 19.8 - 14.26 wag¥aqUsznou BT enei-CNTyeates-POMS

fiAnnaiiladidnvineglutag 19.33 - 18.53

wenanilllevhnsinainisgadsladidnnin daguil 4.18 wudndanusznau BT-CNT-

POMS dienaeydeladidnnineglugas 0.160 - 0.088 TaAUTZNOU BTyested - CNTieated -PDMS HA1

= a a 1 ! 1Y = =
nsgaydeladianvinaglugie 0.16-0.14 TaAUTENBY BTranoos CNTheatea-PDMS  dAn15gayide

lpdidnv3neglugag 0.115 - 0.044 uarTanUTZNOU BT oresnel-CNTheateaPOMS AIiANN580y88

YRS

lndidnv3neglugas 0.014 - 0.003
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wenaninansnsvaeudninavesgungindneaudiladidnvinvesTanuszneu dagy
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7 6.19 wundiaud 2MHz TARUENBY BT oresheli-CNTireatea-PDMS iﬁmmﬁlmﬁtﬁﬂﬁﬂﬁqqﬂdﬂ
1AAUTENDY BT eated CNTieated-PDMS  THAUIENBY BTranorod-CNTireatesPDMS  d@inUsENOU BT-
CNT-PDMS anudndiu Insaunianesiaad BT Tialadidnnineglutie 18.6 - 17.2 uagdinis
anduladidnninoglutag 0.16-0.14 wazuenninuiianuseneuiidssuuliamsiladidnn
SnuazAmsgandeladidnvidniideudsasitludisaamgil 35-80 oC faguil 4.19 waw 4.20
wansdearruansalunisiluldanulugigungidinanilalnediadiafosnmuazlifingg

goydesusivesianusenau

4.2.2.2 wan1snsvsauAAnglufindseanvasvasianussnau BT/CNT/PDMS i3l
sUs19vae BT fluansinaiy

nnmsthiaguasliinsmsaiamdnglnidseenaeldusadana fgud .21 wuin
YanUsznau BT-CNT-PDMS  flendndlulfhdseeniaded 055 + 021 haduazdndluiirdsesn
qqqmﬁ 1.1 1386 JanU5EN0Y BTyeated CNTieateaPDMS ﬁmﬁﬂﬁlw%dqaama?{sagjﬁ 1.02 + 0.4
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Y

wANE19 Y
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naufunediefidusenlednavarslueniueassliansazarvdmionu Awanduzuin 4.22(2)

sUN 4.22 arsieseulesedsloaiaa (N) a15asasNaNsEMINawUSaURLEWN wazlnmiloudIn

u

anlad (V) @1araeNaNTENINWUISIURETWwN I loudmanles wasnadefiausanlos
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FanaiuszlalinuwuuinaodleaaalaeiliolnasasdunInauiuLa9zinU §Asen
lelnslada (Hydrolysis) fie UfAsenifiundiluaaneiiuse vinlvansluanalue) unnduduansidl
Tanadnas waziinufiisennsunuedu (Condensation) WuufAzensiudvesususiuesiil
nsmdaunsdiuveseuaweseanty lnedlodugnuinsenaslandndausidunedines uazaisou

N =3 a & s 3 a aaa o 9 v &
7 Adlatanavuiaan awialuaisuseneuneaasen RntuIsiiaUisen1svinlnduias
(Gelification) 1Hla391nansusznouiinluazinujiseneunu-aduselusuindusisuneglu
an1eisendneg (Gel) dwuanslugui 4.23

iadfinlalatlada(Hy drolysis)
vazilijismrawaumsiu{Condensation)

madffiemailifama
<7 @ (Gelification)

z
HENmIAIAY inmilumsnsaasen (SOI)

HO-G-OH
OH- 4 HO-G-OH
HO-G-OH 32

~ & MO N pa
Jf BuO -Ti -OBu —_—

i
HO-G-OH Q HO-G-OH
/ @ OH-
-G- o
HOE=DH. Yo HO-G-OH
HO-G-OH

OH- OH. : Hio HO-G-OH
@

® x H,0 ~ Ba2+
H,0 / BuO-Ti-OBu —_
2 Y, \ - OH-

0

BuO

HO-G-OH
OH H0  Ho-G-oH

5UN 4.13 wuudaesnsiiaiusziniinmelslealas (FauUawnain [42))

Waanswsaudnsunszulrunsuanduleaielninadnagldarsazarelunisde 10 ml
Fn37lun1saadu 0.5 mUZhr AMUA1SENS 10 KV warszerinauealatodudn wazwiusassumnig
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Uszanas 15 cm Ipedflanedvuyniduusnandudaimiiiduinay wavanedndemiduiiuiu

sosfuidulevihwihiilutavin Smsaesaetuneinaniesesindadndlnd daandugy 4.24

=1

JUN 4.24 yamsudniduledagliihatin (n)  weesiudadndlniin (@) duvisvesnisiasa

wwIasliatunisnamdule

Ul 4.25 dnwaizues (n) uaz (¥) wduleunly BT Asuin () wag (1) wilouilu BT ndamn
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anuwazveadulouly BT fildnewmnn dwuandluzud 4.25(n) uag (v) Tanwvauzduudud

= ! Y a 1 A o Y o A Y o o
917 V11 dnedeaaneiivg dethldmuas dnvazveadulounlu BT Aldndum duandly

[

SUN 4.25(p) waz (1) Tdnwaziduwiuiveaaduiou Welaunsznuazyinliuanasnduneladne

Y

Uncalcined BT hanofiber

H@hoparticle

JUN 4.26 Snwgnedugiuineives (n) uar (1) wulounlu BT Aeuldn () uag (1) wdulounlu

BT %aa Uae (3) dnwaizayn1awily BT LNIANISA

Mntuisinmsinudnumzveadulouilu BT dewsn udum waveyniauilu BT ée
SEM wudwdulewlu BT Aewn dauandluguil 4.26n) uay (v) Tdnvanidudilefdudusn
soilesiu fufdanuiFeu iesngnuaudenediefidusenleffundeuvuiiuia Tasdvun
YoadurugudnanaRdsnAy 1.59 + 0.018 um Wevihnsiieuidisududulounly BT ndaen

T93UN 4.26(R) way (1) wudndulefidnvauzduduuanindnies IuRafvgese Wewinnisie

u

N33nSeeiananves BT ludunsuveaniswnduleigamgiias lneflvunavesduniuaudnaig

Y &

WAYWNAU 895 + 18.18 nm FudunishansliiuIneaiuesNnauiallun1sduas1zilmiu

wlegnaangdilutunauveanismn laglugiguugiininil 350 °C dn1saanefivesninuiiy
waziavaieig q Ngndeludule Tugiegamgil 400 - 550 °C dmsaangdiveanedieiiay

1%
[

gonls Tuyiegamgil 850 °C 1AnANTUVEY BT YuIWhINuRflAu3use Han1395IaATIE9
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AnuENNdNgIWINg 1Y SEM vesaun1auily BT 1NSAN1SAT YuIneunIAw@ay 50 nm Asgy
4.26(x) auynawitu BT ldldduvuiaunlusgiuiinds fvunaduriiugudnalainiu 9.67 + 4.77

um esnfianisiniznguiuvessynauly BT

4.3.2 wan1snsiasautenanealvaadulouily BT fouwn ndunt uazeyniauily BT doe
wadla XRD

NNsAnwIlaTIasananvendulouly BT AUk ¥auk) wazaunAully BT 63e
wadin  XRD wansdssUdl 4.27 arnmstinsiesiludesiu ey XRD ildunviinis
Wisuidisuiusuuuy XRD 91ndeyauiasgiu lunuddeildteyamnsgiuygn JCPDS wnewas
31-0174 U7 4.27 Wuduns dadudeyaumsgiuvesansuszneumessendlngd BT Aflaseaing
wuuAadn wuindulounlu BT Aoumnliusingfinvessuuuy XRD dsguil 4.27 vy
desannisnsaaeulaelifididndiionlassadrndnvestagdesendendnnisideauuniiu
szuundnvesTantunemdnemans (Crystallography) M5dandlunisnsisaeulasadawdnues
fan Tngendonsidenuuriusyiuremdnuesiansienguasuusng deununniiléain XRD az
fdnwaeiidumnnzadmivanuiasain asduldidulouly BT nouwthudilidenumdu
wandsliusngiiavessuuuy XRD Wesanidulewlu BT Aeuwndslifanudundndaduios
uh BT fumusssegluiewedwedifievhmstusulifuduleld Saunndsiuaymauly BT
wazdilounly BT vdsannisinlgamaiigs fusngiinvessuuuy XRD faguil 4.27 idudihiu
uazidudimuady waslimnuaenadesiuguuuy XRD wesansusznay BT lnewufiadufiym
21.047 31.659 38.718 44.930 50.790 55.968 65.381 69.688 74.442 78.549 way 82.748° &9
deaAnoafuszUIU (100) (110) (111) (200) (210) (211) (220) (300) (310) (311) way (222)
pudiu Fedllassaranesenalnduuudtn usdlesandfiafilifiauausnas oraduiadi
nsfewiuAuegisihnisveefiniinsefuszuiu (200) (211) (220) fagudl 4.27 nuinduiiadils]
auinsiu JuiNsUTeuiguiusuluy XRD 9NUeYANATEILYA JCPDS vineiay 03-0725
Wudiden Fadudeyauinsgiuvesansuszneumesenalnd BT fflassaiauvuimastlnuea
wuifiaudenadesiuzuuy XRD vesansUszney BT Tnewufinduiiyy 22.208 31.610 38.900
45.310 51.017 56.241 66.012 70.588 75.0381 79.351 uaw 83.513° JsdenAdediuszuly (100)
(110) (111) (200) (210) (211) (220) (300) (310) (311) udz (222) muarsiv Hlassairaweseva
Induvuimnszlnuen sgslsfimumansinnesiiendnuaifemaia XRD ok nudreymau
Tu BT nsansf wazidulowlu BT vdawmildainnisdaunnegiiiunszuiumsloaiaa uazi
msdashenszuiunsdanszsidulemelvinads liiansiwasulasaine vienaulandasu

3 9 \inu 31n3UkUY XRD Tagsudle
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=

—_ g —_
= s - - =

o — = —
% o == 8 o &L Lo~ .

= o= Nooc-w Calcined
o l I 1 S ond BT nanofiber
— A LA G |
©
SN
> ;
= T nan icl
= . A LA . BT nanoparticle
[
9 Uncalcined BT nanofiber
= i
— Tetragonal BT JCPDS No. 03-0725

l 1| Lo T T
| | lCubic BT JCPDS No. 31-0174
L 1 1 1 1

20 40 60 80 1 (lJO 120
20 (degree)

Ul 4.27 sUuvumadsiuuididnduoadulounlu BT newsn nduwn wavayniauily BT

sounlavinsfnwuasiiassideyanislassasiadadnveadulouly BT nduw uay
oynauly BT 1n3ansin esnnszuiumsinseilassaiianandningideomada XRD
Prafuiuiinnudidylnsone Tagwynindedanududeuvadassadiamnnimdniien su
donnmnmsimantulinsZesdasead1auundy (Random orientation) dmalifiarassUuuy
XRD AlFiinnsdeuituiy (Overlap) vosdeyn fdugadoyaiuilddeennuinismsliasei
wazanwililiannsaasunavedlasiainawemanldegnsgniios uazusuguitoidunistudui
asvhnsdauaneildfasaafuwuSoulnmusuuuiidn viewastlnuea fonszuiums
MTIATIZALlATIETTANER Inansldgensias JANA 2006 (Rietveld Refinement Analysis by
JANA - 2006) wanadaguit 4.28 Fadunsiiassilassadudiiaunim wazluisesiulungy
Adelutagtu Tasdraesguiuy XRD dvsulasaadnauuusing o wetsnifisufuguuuy XRD
voudulounlu BT ndaw uazeyniauily BT insansindildainmsnmaindeiniesiolils
sUwvunMsdsnvuilndidestunniigniedusulasiaineiiusiug: Tnglunsdrassguuuums
denuulasaaine duedevdnnisuszanudandudsmeadaamanieisiaeatosiin
udrthiuusmandamansifousonunluguuvuanmsduldadeuthunFoudiou viefiionin
fln ihfuvesyaduTils Meghavessulsmendnmanifldduia loun gusefia amnuniiefia
warmsdndesoneaduig Wusunniuhuraraunsneadnmansvaauaziudsnsiing

[V a (%

fndhfudeyafuuainnsiuieuiisusuuuuiilaannnismaaesse dugduuuilaainnisdiass
lassasenamunnld Wngendeaunismsadinaansinelilaatesign Tunuideivihnaieu
fulwddeyaninsgiuvedlasaiimdn a1nunasdeyadie viulus Inoreanic crystal database

MIBLaY ICSD - 67520 uananazuil 4.28 lnginsaaninguindundluuwaniguuuy XRD Aldan
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wdnsile duddlusUuansguuuy XRD  Aildarnnsdiuimderenduas dunuaiedidenly
sUnAnIszIU h k Luasduiinfulugy wandiifufenuuandisossuuuy XRD fildainms
Aneidoiniesdle uaranmasunirenduas saitldwuinsuuuy XRD veadulewlu BT
VAUHT uazaunIAuIll BT 1N5ANTSA1 denmdediusuiuy XRD edansusznau BT laseasn
wessonalnd Ailassadrswdnuuuinnszlnueanssiuliddeyauinigiuveslassadindn
NU8LaY ICSD - 67520 A9na1? wuneunIAuIly BT insan1se wastdulowilu BT fAuaniiv

W1518wes (a=bzc) IndiAssiuAuanfismiinesaindeyauinsgiu dwandunsni 4.3

Calcined BT nanofiber

—
-
=

Experimental Pattern

5
=+
had
—
=
S Calculated Pattern
o Pattern Difference
E A Tetragonal BT (Reference)
~ =
2 = -
[ = . 8 =
s|8 | {&§_% 2
- ~— ~ o~
[= = ) & . B~
- i ~ S § ==y
3 13 ey
A *A A I ~
41 3 "
L4 L4 AJ
T L] L) T L]
20 40 60 80 100 120
20 (degree)
() g BT nanoparticle
b
) Experimental Pattern
g Calculated Pattern
o Pattern Difference
o Tetragonal BT (Reference)
o P —~
> -~ - =
3| 8 < § §
c At
=
-— N

P
1

T

20

T T

60 80 100 120
20 (degree)

a4t

SUN 4.28 SULUUNISLAEUUSIALDNENSINIUNITILATIZMASIa3 19028353 mnanlaans Y

v Y

woNAWIS JANA 2006 (n) iduleunlu BT (1) aunaunly BT

T8NSEUTUNANITIATIEUTALAMUUILTDD BN LHAINNNTIATIEMATIAS1IHANTIANA8IT

Fonanlnensldganduas JANA 2006 tuagduadiunduA1inAugnAesilsenin R-factors du

u 9
|

Usenausae R, (Profile R-factor) Aaditaeiigaiilaainaunsindsdestosiian R,, (Weighted

q q
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orofile Rfacton) feAnadsdrsiminitldanauiduvesiin Rexo (Expected R-factor) fi®
mﬂizmmﬁaﬁ'qmaqm Rup W8E Rops (Observed R-factor) fiaen R dulumudnvasianzves
Tasea$1s uagdgniaildulasen R wdrilmsazdanfosnin 10 Ssazfiotmavesnishiases
Tassadsilfinrunindetio fddumuideinuie R wdrdfidhni 10 dusunmaruazden
yosmahlagiadsazuendgrmudniurensiln (Goodness-of-fit : GOF) Fanrsianiosnii

1 Fwgiohmsinsgilassaindianudnieie lunuifeilden GOF agil 1.11 uaz 1.50 A

LAASIUAIS9T 4.3

AN919% 4.3 FUINLRINNNTIATIEIATIAS 19T AARLALNTT ke NAKIS JANA 2006

aun1AUIlY BT wuleunlu BT UoYaNINTFIUYVDN

1ATINAN
ICSD - 67520

1AT9a519MEN wRszlnUea Wwsrlnuea WRslnuea

nFUUInd P4mm P4mm P4mm

(space group)

a (4) 4.0027 + 0.0003 3.9997 + 0.0002 3.9998

c (4) 4.0269 + 0.0005 4.0212 + 0.0002 4.0180

c/a 1.0060 + 0.0004 1.0054 + 0.0002 1.0046

Rp 6.55 7.49

Rup 9.72 10.79

GOF 1.11 1.5

(Y 1 1 1 [
8MId@IUTENINAIAN LT ULARSEINUBa (c/a)

V9979 N1ANTYINYAIVBIBYNIA

Wl BT tn3an13en wagkduleuly BT fellAunnnitvestoyauinsgiulasandn ICSD - 67520
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Tnafioyniauily BT tnsanisdn dranuduenselnueauinnindulounly BT iduasziiu

éntoadegui 4.29

1.008 -
1.0060
1.006 -
‘e
c =
=2
& = »
T 10041 [EEREE 3 & 2
G = = L S
Z ¢ = % 'g'uNa
=l e ~
= & &= = ©
< & - & e A
1.002 - z 2 = = & o
e = = =1 )
RE = = s
2 s F
Q= C = S
1.000 -

UM 4.29 Sasrdruszninmanuduenselnuearesigniansyatedivetoymauliy BT uaz

Y

wduleunly BT

Amnudumnszlnueaves BT anltiddoyaunsgiuvedlaseudn ICSD - 67520 winiu
1.0046 ulouilu BT wirfiu 1.0054 + 0.0002 wagaun1AuIly BT wirfiu 1.0060 + 0.0004 37N
U 4.29 awduindulouly BT dduamgdldiudamiuduenssinueainnnitliddoya
wenguiidu BT lassahamesenalnduuunasylnuea ddlassairsuvumnsslnuoadziunu a
=b#cunucazdrenniiuwer a ==y =90° ﬂ'wmwmﬂummﬂﬂuaaﬁuaajﬁu A c/a Badl
Annnagdiliiinudunasylnuoaun fedsmatvanififieledidnninilvdautigedu
desnnidaanuldaunastululasaanesenalndifusainainunu ¢ fidaenatu dle
Tssasramnselnuealafiunu ¢ s1aniedaruuieledidninunnn sl 8T 4
Fuanzildduiinumiuanslnueausiosnieymeaulu BT o ifesintadesig q luns
Fuamginufuiaveseynia uaziduleBsanududuly BT astoiiunnuidenlosliasie
Twdidnuinuuuoynauily BT dedinnuumasglnueaiiuinnit wazsiduloulu BT 13
audhfieledidnninegdeazdiefisluiFesnmanszaesmolansyans uaslaudiieledidnn
3nshennlanaiilimnnnsveanesendlnduuuinnsslnuea sasdmiuangauveaduleun

a

lu BT wageunaulu BT Miliiinn1sideusdenuvesansiiieladianvin wagiiuni1snsgany
fvesansifieledidnnindulumanszarefieguutnluihdumesidniegluianusynauielyd
2 a A vy | oo =~ a & a i val o vy = a a
dnvsndamguld avdwmaliianUszneuieleBidnvsndangulindunsedilauuiussanganly
nsudaussdulnindsoanuinau vsdazsiufeesalsznounany o agreiueninilean
asfUsenaunanetadninaveanszaneud Nzdutadelunisissiliusaiulnihdsennas
vosianuszneudisledidnnindavguliasdu egragudalnihildlunsinauifvesianuszneu
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annadiweinisluesnnudanguiazn1ssuksinTeuwin Mswssuturesianussnauiiveled
dnvEndanguld wagsiuianisniuaudnsdiuvaedwe wazrenasuutlnindumesAinlng
AuugT Faziilenaiinanunainadouindulags Navuadzdawadeusadulifizdsonn

vosianUszneuieleBiannindaveuld

4.3.3 wan1snsivdauenanealvesduleunly BT dawwi waukl wazayniauily BT doe
1304 FT-IR
INNIATIVFRUBNENWAlGIE YIS eI anasudunsusaaUninsalnUlugsaauend
AAu 400 - 4000 cm LleAtaszvitendnual vyfiladdu (Functional group) veseyniaunly BT
wulounlu BT Ao wazndasn lnenmsdaasesidulouily BT agldinaiiansudadulode
Intfhadin deldnszuaumslsanalumsduasgimsdasuildlunsdaduloulu 8T laodulou
Tu BT fouwnazwunsgandusnuenaduiivainmaeesainnsdunuuievaveniuss uas
msdunuusevesiusy Tasnsganaulugisainueiduil 3000 - 3600 cm vouduleunlu BT
fiouwn aonAdosiunsdunuuBanavesiusy O-H Fsnanemusadildlunsdaunsizsidule
warautu Faandidiuiiniludule BT Ssasdieniuen uazarwdu finnsgandudl 2900
cm’' aenndosfunisdunuuBanavesitusy CH  veanedtofiduoenledfililunszuiuns
Juamgiiduly BT fianisgandudl 1535 cm ' oz 1455 cm denAdasiunisdunuusates
WUsE -CH, Wag -CH, muddudainanasldvemediofidusenladiily fansganduil 1030
cm’ aeandesiunsdunuuBavares C-O nwediefidusenled Aty uaznisduuuulonve
Wusy CH; wazinn1sgandudl 450 — 800 cm  deandesfunisdureaiusy Ti-O ndsansinis
wdulewly BT 9 1050 °C azwuinfianisgandudiuuinmely ilesainansdunid uaz
anuduiiogaesludulanslufigumgilunism warastsingiianisgandudl 500 cm ' 7
Toumntuisaenadesiunmsduvesiusy M-O vosoynaunly BT uazidulounlu BT Tngnis
Juvowtuse Ba-O awegdindt 400 cm Fdldannsafiuntsduvesiusedld ounieulu BT
insansiildagnumsganduluzig 3415 cm aenndesfunsdunuudanavesstusy O-H uaz
MIgANduTN 1424 cm deandestunisduuUTanauesusy C-O FaAn9inaudu Fagui
4.30 Teoidudvuyuansdadulouily BT Aeuwn @udihGuuansdsoymeauly BT ingansdi

= £

wazLEudnnAadulauly BT Aaawkn

131



Calcined BT nanofiber

500
Ti-O

BT nanoparticle

\ 142{

3415 C-O strechin
O-H streching 2 %08

Uncalcined BT nanofiber

% Transmittance

f

1445 500
O-H streching -CH, bending -CH, bending Ti-O

K2900 K
/‘3424 C-H streching 1535/7

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

SUN 4.30 nan1snsIadauenanwavatduleuily BT auniauilu BT 1nsan1san waziduleunlu

v 9

BT #8901 mgwaia FT-IR

1n891U398989 Chanisa Nawanil wazang [43] laanwinisessudulounluanaasia
walaenszuruniswandulodeliiihadn agldnszuiunislvasalunmsdansisiansaeiu
Mntihdulefidaassmilunsaieseisomeda FT-R lnodulefisneenundeutildmnes
wun3ganauluTae 3400 cm” 1600 cm @eandaafunsAULUUTANA Lan1TAULUUYBA

o w A -1 v Y ] = 1Y)
WUsy O-H fuanu N1INANAUYI 2900 cm  @9AAaRINUATITAULUVEAUAYBINUSE C-H NS

a ! -1 -1 ) ] o °o o
@ﬂﬂaiﬂumd 1450 cm 1337 cm @9AARINUNTAULUUIBYDINUTY -CH, kay -CH; nuainu

Y

'
= a

FIUNINNNOALUDIN T L UNTEUIUNSFNATIEANSAIAUTUNsRAE Ul uN TULa A S LALUA NS
= | -1 -1 P ) ) a )

AANAUYIT 1020 cm AT 1048 cm @BAAdBIfUMSAULUUEANAYEY C-O wazn1sauluulen

o w ) o v A v P A | -1

Y99 -CH, audwiy vdsnduduleildeenunlumiudizsnunisnisganiauluge 548 cm

A8AARBINUNITAANAUYBITUSE M-O

4.4 msAnwniseteniagusznavvaaduleunlu BT ayntaunlu BT wag PDMS Lileaing
aunsal FPEH
4.4.1 HAMINTIVAOUN WU INeVasTaqUsznauisleBdnniniiTgaanszaneRadule
w1ly BT ayniauilu BT uasdganananaa PDMS

MswserianUszneudulouilu BT suniauly BT AU POMS lagluuuinges fagu
7l 4.31(n) Tngilignanszateda 1aun @ulounlu BT uaveyaiauilu BT ludnsndru 1009%:0%
90%:10% 70%:30% 50%:50% 30%:70% 10%:90% Hay 0%:100% m1ud1au ﬂi%ﬁ]’]ﬂﬁ?@@qu

i unesian udamqueie  PDMS Tnsdnwazvasianusznouiisledidnnindaneulen

132



duasienvunwansfeguin 4.31(v) Inefidulouly BT wavouniauily BT nszatgieguu

a A

TNiBuNesAIn udignAquisBuauiie POMS muuwuudiaes Jagiielediinnindangulad

wissnAuinzdidulouly BT waveuniawilu BT nsengdeguudilnihdumesddniviinisee

saa o =

T2918a70989uA9 N6 NI A BUmasAINtUaIanatLaiaNazlaanaaadudItely

ns¥anuay BT dwuusaiuluihdseenls S@unuazgnagueaie PDMS lnguunn A1uend x
% ) =~ a a dl ' o 2 o ~ o
Aunie vestanrauieledidnyEnuuuganguyiniu 3.3 x 2.1 cm” Aaguil 4.31(A) uay (3) 1o

naapdlisadang 1w ussda nslAse Msdn witanuseneuieleBianninuuuBangulinudn

JanUszneudislediannindanguldmnseuliiuiiaudanguuidiu diguil 4.312) uaz (2)

Wosnti i dumesAinildianuuisdadivielAvelien silvlaudangudan w
POMS Tignldlunisaaudalniihdumesidndenudaneusaas Jadusavelndanusynouiiieled

dnvnuuudamvgulianmnsasuusadnaldiindu wu nsianduda Jase TAwe wian1sdn Ja

Usznauieledidnnindangulafimieuladadinnudangui dndm wioldweliuidiu wadle

saa a

JanUsenau BT gnldnueguseiliosialunaiuiu PDMS frquuudaliindumesaineiad

ANMULELNETEOLERNAN N LBV PDMS Aelutiuanudnuinussknnaan yitauseansnnwes

a o o

Yanusenau BT Tunsdaeonwsssulwindias wazdiasndalunisitaiy

9

Y daw

4.4.2 wansAnwanvasianzvasidgUsznauiieledidnnindanguld 18dgnaanszanefe
wdulounly BT uazeyniauilu BT #dg SEM

aIINMswsEianUsznausadulowilu BT waveyniawily BT Au PDMS 90ty

[y a

inTaniwssule laun Januseneusenitaduleuly BT wazeyniauily BT Au PDMS Tu

q

) \ o -

DATIFIUAINT NN 4.4

M19197 4.4 dandruszrinadulewluiussulnniun wazeynaulukuissu e

vdulgulususeulnmiuus (%) 100 | 90 | 70 | 50 | 30 | 10 0

aun AUl sl (%) 0 | 10 | 30 | 50 | 70 | 90 | 100

nuuiIaanauruanlaluiin1snsaadiasigriniadugiuineanie  SEM lagidle
Wiguiilguseninegy 4.32(n) waninisnszanedvesianuseneundudiduleulu BT wigewila
Wed aznudidinisnsenedivesduloutly BT edrsadiaue Tuvaensy 4.32(2) wanans

nszeiveianUsenauniiusiouniauily BT wWeswdamediinisnizateiivessyniauly BT
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i LﬁaamﬂLﬁmmSLmsﬂduﬁuismmaqmﬂuﬂu BT LLasgﬂﬁ 4.32(A) - (¥) LAAINITNTENYM
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nmIasiaaeuLsssulnidsesnvesianUssneuiielediann3ndangulandnsidiu

suLansuavesdussiuliihdweniade wasuswiulnindseangegn fwm13en 4.5

M99 4.5 uanawadusiulniihdseanvesiaguszneuiiisludidnnindanguls dedisnsndau
wiuleunlu BT sieauniawnly BT wiriu 100%:0% 90%:10% 70%:30% 50%:50% 30%:70%
10%:90% Wag 0%:100%

dnsndisyyinaduloulu BT war  Awswiulwihdesn aAtusesulnidsesn
aun1A BT Tudanuseneuiiisled 1Rd (V) gegn (V)
énv3ndaneuld

100%:0% 1.91 + 0.39 4.72

90%:10% 2.75 + 0.39 9.20

70%:30% 597 + 0.38 11.40

50%:50% 9.23 + 0.98 19.20

30%:70% 7.33 + 1.05 14.10
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Jaouielydidnnan wseruliihdsenn (V) 91984
PDMS/BaTiO5(10)/MWCNT(2.0) 0.69 [44]
PDMS/BaTiO5(20)/MWCNT(2.0) 2.04 [44]
PDMS/BaTiO5(30)/MWCNT(2.0) 3.00 [44]
PDMS/BaTiO5(40)/MWCNT(2.0) 3.73 [44]
PDMS/BaTiO5(50)/MWCNT(2.0) 0.91 [44]
ieledianninuuuBanguidulewlu BT 0.45 [45]
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4.4.4 3vzwavasarudiidenasoussiulniindsaanvasiagussnauiiisladidnuindanguld
fisnsndruduleunly BT deayanaunly BT #iliussivlwingdesangaiign

nwan1sn g uLsuliihdseanvesTanUsznouisledianvsndanguldvoaduly
uily BT aymeulu BT uaz  POMS 7ifidasdrudulounlu BT desynauily BT wirdy
100%:0% 90%:10% 70%:30% 50%:50% 30%:70% 10%:90% War0%:100% 31NN1TNAADY
wudrdasdiiliusedulaiindseoniigsiianiio 50%:500% lussiulnifidiosniadominfy

a

9.23 + 0.98 V mmfulé’ﬁﬂmam%wamawmué’ﬁidqmasiaLmﬁul%lﬁﬂ?iaaaﬂsuaﬁa@ﬂizﬂauLﬁs
Twdidnnindanguldafiignianszateda Ae dilounlu BT wagoynewlu BT Ansdwuitli
wssdulnihdseangsiian Ae 50%:50% Tasnsnaasulnenisisuliusadenalagnisnssunnuiu
nAasULFI9E13 FPEH 9 ntuagldussdumslaii lnsaussdumslaindliazuansiiaios
poadalaalay lnsvhnisliusadenaeddaidesionn 10 s0u uaginistiufindoya
usssulwiindseenvesynsey uansiazuil 4.35 souusninnga 500 ads souil 2 hmanedn
500 a¥s snfu 1000 afs Rndurhnisnadelneviinisnaseuas 2000 et leAsu 10 Tey
fhegrafieledidnvinuuuianguiiiisnsdinveananszane e @ulounlu BT wazeynauly
BT Smsndu 509%:50% aglésuusadsnatisnun 17000 A%y danseii 4.7

A9ail 4.7 dussduliihdseenindsvesiagUszneuifisledidnvidnanguldniinaanszane
fafe idulounlu BT waveymauly BT Adasdmilvussiuliiidioangefignio 50%:50%

Tne ks 4T9nang19moLlaaianus 10 58U 17000 A543

SOUYBINITIALT LTI ﬁ?ﬁ?ﬂﬂ%ﬂ‘ﬂ@ﬂﬂ’]iﬂﬂ (ﬂ%ﬂ) Aussnulnihdsonn (V)
1 500 9.23
2 1000 7.05
3 3000 6.10
4 5000 4.05
5 7000 295
6 9000 2.95
7 11000 1.95
8 13000 1.50
9 15000 1.00
10 17000 1.00
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Uuidsusnaadinnislse NaCl vuiiufiauaunau (0 89 0.4 o) wanafaguTl 4.37(1) uaz (p) A
wumusssuLaznszudliihildaenadostum V. uas I sy iienageunanisantildin
vosgunsal azvhmseunssnaiBsnasgisieiilesasuumgunsal FTEH Aflanudiussana 1.5 Hz
Fhoauduussemalszana 50% 913 Tanamiliifiinisenveusiazgunsol axgnifuluta
75 3undt 913Ul 4.37(1) Aussiunmsliifivneenduualiindndy deuuanislse Nacl vy
fuRiuauneuiisnnniu Ssaonadostunarinszualifiviesn (gﬂﬁ 4.37(A) NsLfinTuvadHa
mqlvxlﬂwmaaﬂﬁﬂaqmmﬂmmsu?mzﬁmmLLﬁusﬁuuuﬁuﬁaLmﬂmau gﬂﬁ 4.37(3) haninaagy
vosnamalniinneonvesgunsal 1 51azwuiluringuasaiuseann 3x4 cm” auseduladin
mmmaﬁsqqqﬂ (Averaged maximum of positive output voltage, V, may) ﬁmuﬁuﬁuma 21
fla 27 V dauAussiulniiinnuiniade (Averaged positive output voltage, Vo, fA1Aeudig
Asfl FaflAfindulszanm 17 8919 v usnaniu dnszudliienvaniadegean (Averaged
maximum of positive output current, Iy a0 wavAnsyuabiiivuiniady (Averaged positive

'
v a ¥ =2

output current, Iy, LAanIABNAIE FINUTIAY | e W8 |, TN1SRNTUUTEN 2 1910 0

p,avg p,avg

Jieudugunsal 1 Alaifimslseinde NaCl vuusiuuaumeu dafu Tugunsaidl Jeulafidfiandivil
gunsalansondnlwinlfunigregideulunislss NaCl 0.4 ¢ Aanafuriuvesusafiluiiu
99N (Output voltage fluctuation, OVF) legndunadnse iileuansaiosnnuesgunsal i
ﬁaumwmgﬂﬁ 4.37(5) fauvsianmsodunldnnanadsvesarmiuiauvesussiuliiiuan
11980 (Positive output voltage fluctuation, POVF) wazauiuniuvesissulninaveiesn

(Negative output voltage fluctuation, NOVF) Faaun1si 4.1 uaz 4.2

V max min
POVF(%) = 100 =2 (4.1)

p,max

Vn max _‘/n min
NOVF(%) = 100|—==—""% (4.2)

n,max

e Vi max B8 Vi A9 LLNG"MWWWW@ULaﬁ'aiumqqqm,awﬁqm AINAINU NANTTATUIUNUIN
A OVF  wpsgunsal 1 flerAeutnensiivseana 45% anaunisi 4.1 uag 4.2 1598590
muwuANuduRIueInTEalniivIeen (Output current fluctuation, OIF), AINRUNIUYDS
nszudlninuaneneen (Positive output current fluctuation, POIF) WA¥AMUNUNIUVDY
nsewabninavvieen (Negative output current fluctuation, NOIF) l@ande Tagnisiasuan
wsedu V iunszudllin | annansdunazwuingunsal 1 e OIF Uszanal 50% Fasnnnin

s v =Y & a v ] Y & )
OVF Lanusy LW\NaﬂUmgﬂ"ﬂNLUULSINLﬁUIULW]agLQQUIBZJﬂ?WNGUE?JigLWNQUﬂu
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Wnduindu 100% laegunsel FTEH fiadalaaziseningunsel 3 Geaenndesiunsdngsening

(MuaUnau wag (T2) axgiiiiluy

(b) 80
(et Etched Etched Etched  Etched
(a) bottomn view 601 Etched -~ 20s -~ 40s -~ 60s -- 80s -1
Kapton Tape B % 40+
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Useunad 50% §9annudnale (SUN 4.39(1)) UIUanieaussanIneedaunsal 3 ARy n1sNdu
E] U 3

Y (Y

vaanansuaalninvesgunsal FTEH  7lad Unasifeatesduainaisainuejvseilnaifesiu
sgrinwaUneu wazergiiiflen deiuluniameassdiusely ssveaesyinisasisainaneniinay
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Y

v '
A a a 14 =2
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Uszana 15 1aad WewSeuiieudunisadneninueguseluteuled 1 Tumadedfuduan 1.

'
a

ATUATTLRLTUUTEU 2 Win (SUT 4.40()) Anansbiinveaniiladinulluuiudu
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iAdeillddndunsiauntanuseneufisledidnvinuuuBanguiiunedues (o
a$adugunsn FPEH wazuenanduléinisfinwmaamn FTEH Snde iielulassnusely az
thlasaadng FPEH wag FTEH insaniu audufuifemdsnulifivssansamgdunisldnuais
TudsuftRundetu Tnsnanismaaesimuaannsnasuidu 3 daundn tufio 1) Usuusasaly
Fanusznou Taonsidenusundsuma BT Aildnunisdagnuinefisneiu liun synauilu aef
wadulu uazuvisuly uaztfinguantRvnsliiindheuisunluaiueu 2) Ududsanaluian
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p

nsi i wazldBidnlnsndumesidndutimelnihvesaunsal uaz 3) Anwdadenmsiiiu

Usgdngamaes FTEH fiaunsaiuiieandsnuldannisingiuvesian 2 uie

5.1 agUnan1smaassdmiunsuiulsamialutanuszneu TaenisidanuFuiuaeuns BT i
dnwnizduguineniidneiu Tdun aynaunlu Aeflvadunly wazswisunlu Tneiuauauda
neluidasuviaunluasuau

5.1.1 wamsUFuUgeiuiia BT uag CNT

1. 3INMSANYINTUTUUTINURD BT WagnTiaaaudnuyuen1aduigIuing1vesounia BT

1%
] a !

e SEM wudteunna BT Mi1un1susulsiuindaunveangueuniafianad uaen1snsea1eem,
#1An31 BT Al susudsanuia
2. INMIANBINITUTUUTINURL CNT wagnsivdeudnuyaenedngiuinelsg SEM ld

AUIAUBNANNRANA NN NAN B Fug IV o 13RIy

5.1.2 nsAnwendnuaifisinatuves BT 3 sUluy

1. 9nma FTR wudn BT anansewdenignianszaiedaiiuiudssiuiald dsdusuann
mslangingitsidureseymaunlu BT finunsufulssiiuin wufielugasnisgandud 3200-
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a
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° ' -1 = P Y] Y] | 1Y) ' . ° '
funs 305 cm Faduiiansdulusyaivesmaunuuldauanng vesiusysening Ti-O Tusunus
pannsyansea (TIO,) Fefiriluondnwalianzvaslasaainauuunsylnuea

3. PINNIINTIVADUAN BULN T UFIUINGIVot0UN1ALII BT A8 SEM nudnduuinngu

flousunialaedeianaussann 267.9 + 62.1 nm waziinsnszanadalanuinnda BT Alaile

{ N o

UM sUSuUgIiuRaGdingueunialaewieag 428.43 + 95.43 nm diu BT Ailldnwaziduuris

Y

syivulu fvuagudnarande 87.7 + 17.7 nm Fanuduvisunly BT fvuiauaznisnszanedi
Aouthaasiiaueuazidsnsdununiadenmeny Useanm 4.5 f8ns1dn 50:1 (BT rich)
Hudaduiinfiannimun Seimsnsznesiiirlinedduteoueynanesioa BT whiy 90.5
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4. NMINTIIEBUANYUENIEINFILINE1 VeI aITY BT Fie TEM uansguseild
Snwamiduurisvoamnsogna fduwhugudnasedlussdiuuusnsuasdnadenvuiizenadas
fuszuIv (001) (110) uae (111) Fududnvazionzveslassairsuvuimnsyinusayed BT 91
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rich) \udnduiiafian Taedimnumunvesiiduiadevesoymanosiivadues BT sasdru 50:1 Tae
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5. 91nWA XRD LileAns1zsiiondnuaioyniaunlu BT #e XRD fiiunisusuugaiuin
wuih BT lifnnaivdsuudadessawiefinlaulanuasuifiundmniinsusuugeiui T
wiswlusuFeslnmiusdizuuuunsidenuu feflseunu (111) fenudufisdudowiouio
fuaynaulu BT wazaedlvad BT symeaaefivad BT Auusuunlulymiiun wufla 20 i
23.87 fiaenndosiuszuu (111) Fsuanafegainounina uazyy 24.26 Niaeandoafuszuny

(101) Fawansdieignmaging Jaduresansuszneulnniileulasenled
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= a = a a
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Exl

Ao

BT wazAosiyad BT wuinignim BT muaﬂwmsmqﬁmgm%mmﬁg& auNIALITY Wil uay
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3. inmsnsninauiRimalwihvesiaguszneuiioatradu FPEH nuirTanusznoudld
wisunlu BT iufpananssaneiliddndluihdseangani 2.6 Taad lnsrdndluiideonn
Wutwdudosay 23636 uaznawitldreudaasiiaue sesawnidutaguseneuildeynianes
wad BT WWufnaanssaned fengeaad 25 Toad eflendndluidsoanifistuduiosas
227.27 wagtaqusznauiildounauily BT 1Wuignianszares alviedndlniindsoonasand

1.1 Tiad Fatloeiian

5.2 agunanimasesdmiunsuiulsavialuianusznau uasufdgymitamialuih Tnenns
donldidulounTu BT unuuvisunTu BT waiuansutiansilvi uazlididninsndumesd
Imdutamdlnivesgunsad
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wui1 MIganduniueinaulugisiinaidesiumely waeifisanisganadulugis 500 cm’
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2. HaN1INTIVERUN AU IUINEesTanUsznouieleBlanviniTgaianszanefe
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Y

1Y v @
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waUReunTImInaensuYsEieiEnsnauuuBuluteulviaiian fenislse NaCl 0.4 g
wazwsyszgiifeniiinisiainatesannuvguseienszuiunisaaduluieulufedfuusiy
watneu uslunsairadugunsaiaglithunisingdnduveausiuezgiifien iloatrsnnudniu
fvesmnuvgsrssuiausutandng nan1svasosmuimamdlniihoonvesgunsaitunnnii
gUnsal 1 84 3 wh Fen1sanasesen OVF TnderUssun 25% Wunsusdidesnsdaaui

1%
=1

Usgdvignnuas FTEH Aviinanndulunsadeainanemiuesussanyusil

' '
aaa

6. Wiwi FTEH a1ngunsal 3 TuReuluifnanlunaassinAianuuiwiuvesseqlui

& a U 2 & v va o Y
ViR wudbirdszana 29 PUC/m” wenantiulaiinisvaasairludnuszguuin 0.22 UF ua
nsveaeanUdtausaUseaussiulate 30 iaadlugieiad 10 3wl Iwvihlvigunsalanunsald
2 v oo & o % v ° YY) ] 243 a o v A v =
Juddnfundsnuld wagladinsihlududilaleaduasdin@uiiuam 5 @1 8ndg Fea1unse

yilsilalanuawadasainala

5.4 Jgynuasdarauaunu
5.4.1 Jaqusenauiwseulmingniunieluyilidwadenisdsesnvesdndluih

5.4.2 Anwiniswseutr iitasimadanisinaud Rz ay

154



5.4.3 Anwnalindu q Naunsawsendanuszneulniiniinseaneding waraunsoan

nsingngule

faa a

5.4.4 Pl dumesidniianuvu uazwdailidanguiilitosidmanoussiulni

devanasm vl ffinnuganguas

'
a

5.4.5 AnwunallansisedTanUsznaunagyinduleunly BT inanmsuanvintesan
5.4.6 Anwinswseutalnih uazmadanisinaud@mslnihivanzay

547 wudedinuein1svainalenNuvsyaienIsnawuuy Tufe Usuiaaiy

=

nwiuvesnuvgusEliansaiintulasndiafinyuiin NaCl undu msldianduienauny

aa 3 ! = & a a = a a
NaCl NUUIARNAIT ABUUFAINAITANWILNULAL

(%

548 wanslnirvieenisussiularnszualniives FTEH  Hdyaiusuniu taydl

1%
Va2

wtiesnInen Ay 39aasiinsusulassuuInliee

155



OUTPUT lasen1s

1. thisuanaulunuuszgninnisssauuuea $1uau 5 13

1.Chanisa Nawanil, Worawut Makcharoen, Tosapol Maluangnont, Wanwilai Vittayakorn,
Don lsarakorn, and Naratip Vittayakorn, “Electrical and Dielectric Properties of Barium
Titanate — Polydimethylsiloxane Nanocomposite with 0-3 Connectivity Modified with
Carbon Nanotube (CNT)”, The First Materials Research Society of Thailand
International Conference (1st MRS Thailand International Conference), The Empress
Convention Center, Chiangmai, Thailand, October 31 — November 3, 2017.n15U1L@UD
LUUUTI818 (oral presentation)

2.Chanisa Nawanil, Parinya Panprom, Tosapol Maluangnont, Wanwilai Vittayakorn, and
Naratip Vittayakorn, “Synthesis of BaTiO;@TiO,-Sheet Core-Shell Structured
Nanocomposites”, The First Materials Research Society of Thailand International
Conference (1st MRS Thailand International Conference), The Empress Convention
Center, Chiangmai, Thailand, October 31 — November 3, 2017.nm5uauakuulUanes
(poster presentation)

3.Chanisa Nawanil, Parinya Panprom, Krittanat Khaosa-ard, Worawut Makcharoen and
Naratip Vittayakorn “Effect of Surface Treatment on Electrical Properties of
BT/CNT/PDMS  nanocomposites” 1uﬂﬂiﬂizsqu3‘mﬂﬂi The Second International
Conference on Science and Technology of Emerging Materials 2018 (ZHd STEMa 2018)
$ufl 18 - 20 nsngAs w.a. 2561 Aslesingn Swiavays Uszmelne (oral presentation)

4. Saichon Sriphan, Chanisa Nawanil, Naratip Vittayakorn “Effect of Barium Titanate Fibers
Added into Polydimethylsiloxane Matrix with Interdigital Electrode on the Capacitive
Property for Flexible Piezoelectric Devices Iuﬂ’l‘éﬂ‘ésﬁfm’m’li 2018 ISAF-FMA-AMF-
AMEC-PFM Joint Conference (IFAAP 2018) Juil 27 wawanay — 1 fquiey w.e. 2561 7
Janindlstuy Uismmjﬁu (poster presentation)

5.Saichon Sriphan, Naratip Vittayakorn Facile Surface Roughness Fabrication for Voltage
Enhancement of Triboelectric Generator Iumiﬂiz‘qﬁ‘mmi ISAF-FMA-AMF-AMEC-PFM
Joint Conference 2018 (IFAAP 2018) 3uil 27 wauwaax — 1 fiquigw n.e. 2561 Hming
5%z Uizmmfjﬂu (oral presentation)

6. Saichon Sriphan, Chanisa Nawanil, Naratip Vittayakorn “Electrical Fatigue Behavior of

the Lead-Free BaTiO; Powders and Fibers Added into Polydimethylsiloxane Matrix for

156



the Flexible Nanogenerator” Iuﬂ’l‘éﬂ‘wﬁqﬁ‘mmi The Second International Conference

on Science and Technology of Emerging Materials 2018 (an STEMa 2018) Sufl 18 - 20

nINQIAN W.A. 2561 Milosinet Jwiavays Usswmelne (oral presentation)

2. ANuNNaIUITUINTEITIVINITITAVUIUIBIA 371UIU 4 UNAIY AuaUuaInsUEs

M5E15IVINTITIEAVUIUIVIA 1UIU 1 UNAIIY

1.

Saichon Sriphan and Naratip Vittayakorn “Facile roughness fabrications and
their roughness effects on electrical outputs of the triboelectric
nanogenerator” Smart Materials and Structures, Accepted Manuscript online 20
August 2018, IF = 2.963; Q1

Saichon Sriphan, Chanisa Nawanil, Naratip Vittayakorn “Influence of Dispersed
Phase Morphology on Electrical and Fatigue Properties of BaTiOs;/PDMS
Nanogenerator” Ceramics International, In press, Accepted Manuscript,
Available online 23 August 2018, IF = 3.057 ; Q1

Chanisa Nawanil, Worawut Makcharoen, Tosapol Maluangnont, Wanwilai
Vittayakorn, Don Isarakorn, and Naratip Vittayakorn, “Electrical and Dielectric
Properties of Barium Titanate — Polydimethylsiloxane Nanocomposite with 0-3
Connectivity Modified with Carbon Nanotube (CNT)”, Integrated Ferroelectrics
(accepted) IF = 0.367; Q3

Chanisa Nawanil, Parinya Panprom, Tosapol Maluangnont, Wanwilai Vittayakorn,
and Naratip Vittayakorn, “Synthesis of BaTiO3@TiO2-Sheet Core-Shell Structured
Nanocomposites”, Integrated Ferroelectrics (accepted) IF = 0.367; Q3

C. Nawanil, K. Khaosa-ard, W. Makcharoen, T. Maluangnont, W.C. Vittayakorn,
and N. Vittayakorn “Active phase morphological effects on the electrical
properties of flexible piezoelectric composite materials” Submitted Journal of

American ceramics Society

3. 579789 ASUIINIUILIIUIU 3 15849

1.

Un3dulasusneda “Poster Awards” 31n91UUTEYUIYINTTEAUUIUIYIA The First
Materials Research Society of Thailand International Conference (1st MRS
Thailand International Conference), The Empress Convention Center,

Chiangmai, Thailand, October 31 - November 3, 2017. L%EN “Synthesis of

157



BaTiOs@TiO,-Sheet Core-Shell Structured Nanocomposites” 18-20 July 2018 |
Pattaya, Thailand

UnNAlasus1eTa “Paper Awards” “Effect of Surface Treatment on Electrical
Properties of BT/CNT/PDMS nanocomposites”  31n41uU531391n1558AU
wwf 2" International Conference on Science and Technology of Emerging
Materials 2018 18-20 July 2018 | Pattaya, Thailand

n3suldsusneta “Best Oral Presentation Award” 1389 Electrical Fatigue
Behavior of the Lead-Free BaTiO; Powders and Fibers Added into
Polydimethylsiloxane Matrix for the Flexible Nanogenerator 31n91UUTzu
Agrnsseduniuni 2™ International Conference on Science and Technology

of Emerging Materials 2018. 18-20 July 2018 | Pattaya, Thailand

158



LONE15919949

[1] A. J. Moulson, J. M. Herbert, Electroceramics: Materials, Properties, Applications, 2
ed., John Wiley & Sons, 2003.

[2] J. F. Shackelford, W. Alexander, Materials Science and Engineering Handbook, 3rd ed.,
CRC Press, 2000.

[3] F. Xu, Y. Zhu, Highly conductive and stretchable silver nanowire conductors, Advanced
Materials 24(37) (2012) 5117-5122.

[4] G. K. Schalau [, A. Bobenrieth, R. O. Huber, L. Nartker, X. Thomas, Silicone Adhesives in
Medical Applications, In book: Applied Adhesive Bonding in Science and Technology,
2018.

[5] R. H. Baughman, A. A. Zakhidov, W. A. de Heer, Carbon nanotubes - the route toward
applications, Science 297 (2002) 787-792.

[6] Soumya ranjan Mishra, K. T. Kumaran, R. Sivakumaran, S. P. Pandian, S. Kundu,
Synthesis of PVDF/CNT and their functionalized composites for studying their electrical
properties to analyze their applicability in actuation & sensing, Colloids and Surfaces A:
Physicochemical and Engineering Aspects 509 (2016) 684-696.

[7] B. Arash, Q. Wang, V. K. Varadan, Mechanical properties of carbon nanotube/polymer
composites, Scientific Reports 4 (2014) 6479.

[8] J. Salzbrenner, Mechanical and Electrical Properties of Carbon Nanotubes Surface-
Stamped on Polydimethylsiloxane for Microvalve Actuation, Master Degree of Science
Thesis, The University of New Mexico Albuquerque, 2012.

[9] L. F. Nielsen, L. Fuglsang, Composite Materials: Properties as Influenced by Phase
Geometry, Springer, 2005.

[10] L. Xie, X. Huang, Y. Huang, K. Yang, P. Jiang, Core-shell structured hyperbranched
aromatic polyamide/BaTiOs; hybrid filler for poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) nanocomposites with the dielectric constant comparable to that of
percolative composites, ACS Applied Materials and Interfaces 5(5) (2013) 1747-1756.

[11] Y. Feng, W. L. Li, Y. F. Hou, Y. Yu, W. P. Cao, T. D. Zhang, W. D. Fei, Enhanced
dielectric properties of PVDF-HFP/BaTiOs-nanowires composites induced by interfacial
polarization and wire-shape, Journal of Materials Chemistry C 3 (2015) 1250-1260.

159



[12] A. F. Diaz, R. M. Felix-Navarro, A semi-quantitative tribo-electric series for polymeric
materials: the influence of chemical structure and properties. Journal of Electrostatics 62
(2004) 277-290.

[13] Z. L. Wang, Triboelectric nanogenerators as new energy technology for self-powered
systems and as active mechanical and chemical sensors. ACS Nano 7 (2013) 9533-9557.
[14] S. Niu, Z. L. Wang, Theoretical systems of triboelectric nanogenerators. Nano Energy
14 (2015) 161-192.

[15] S. Niu, S. Wang, L. Lin, Y. Liu, Y. S. Zhou, Y. Hu, Z. L. Wang, Theoretical study of
contact-mode triboelectric nanogenerators as an effective power source. Energy &
Environmental Science 6 (2013) 3576-3583.

[16] G. Zhu, C. Pan, W. Guo, C. -Y. Chen, Y. Zhou, R. Yu, Z L. Wang, Triboelectric-
generator-driven pulse electrodeposition for micropatterning. Nano Letters 9 (2012) 4960-
4965.

[17] Y. Wang, Y. Yang, Z. L. Wang, Triboelectric nanogenerators as flexible power sources.
Npj Flexible Electronics 1 (2017) 1-10.

[18] T. Zhou, J. -W. Zha, R. -Y. Cui, B. -H. Fan, J. -K. Yuan, Z. -M Dang, Improving dielectric
properties of BaTiOs/Ferroelectric polymer composites by employing surface hydroxylated
BaTiO; nanoparticles. ACS Applied Materials and Interfaces 3(7) (2011) 2181-2188.

[19] S. Siddiqui, H. B. Lee, D. -l. Kim, L. T. Duy, A. Hanif, N. -E. Lee, An omnidirectionally
stretchable piezoelectric nanogenerator based on hybrid nanofibers and carbon
electrodes for multimodal straining and human kinematics energy harvesting. Advanced
Energy Materials (2017) 1701520.

[20] K. -L. Park, M. Lee, Y. Liu, S. Moon, G. -T. Hwang, G. Zhu, J. E. Kim, S. O. Kim, D. K. Kim,
Z. L. Wang, K. J. Lee, Flexible nanocomposite generator made of BaTiOs; nanoparticles and
graphitic carbons. Advanced Materials 24 (2012) 2999-3004.

[21] C. K. Jeong, K. -I. Park, J. Ryu, G. -T. Hwang, K. J. Lee, Large-area and flexible lead-free
nanocomposite generator using alkaline niobite particles and metal nanorod filler.
Advanced Functional Materials 24(18) (2014) 2620-2629.

[22] J. -F. Capsal, C. Pousserot, E. Dantras, J. Dandurand, C. Lacabanne, Dynamic
mechanical behavior of polyamide 11/Barium titanate ferroelectric composites. Polymer

51 (2010) 5207-5211.

160



[23] M. Zhang, T. Gao, J. Wang, J. Liao, Y. Qiu, Q. Yang, H. Xue, Z. Shi, Y. Zhao, Z. Xiong, L.
Chen, A hybrid fibers based wearable fabric piezoelectric nanogenerator for energy
harvesting application. Nano Energy 13 (2015) 298-305.

[24] F. R. Fan, Z. Q. Tian, Z. L. Wang, Flexible triboelectric generator. Nano Energy 1 (2012)
328-334.

[25] F. R. Fan, L. Lin, G. Zhu, W. Wu, R. Zhang, Z. L. Wang, Transparent triboelectric
nanogenerators and self-powered pressure sensors based on micropatterned plastic films.
Nano Letters 12 (2012) 3109-3114.

[26] Y. H. Ko, G. Nagaraju, J. S. Yu, Multi-stacked PDMS-based triboelectric generators with
conductive textile for efficient energy harvesting. RSC Advances 5 (2015), 6437-6442.

[27] H. -J. Choi, J. H. Lee, J. Jun, T. Y. Kin, S. -W. Kim, H. Lee, High-performance
triboelectric nanogenerators with artificially well-tailored interlocked interfaces. Nano
Energy 27 (2016) 595-601.

[28] Z. Fang, K. H. Chan, X. Lu, C. F. Tan, G. W. Ho, Surface texturing and dielectric
property tuning toward boosting of triboelectric nanogenerator performance. Journal of
Materials Chemistry A 6 (2018) 52-57.

[29] L. Zhao, Q. Zheng, H. Ouyang, H. Li, L. Yan, L. Shi, Z. Li, A sized-unlimited surface
microstructure modification method for achieving high performance triboelectric
nanogenerator. Nano Energy 28 (2016) 172-178.

[30] H. Hussein, H. H. Baghdadi, M. F. El-Saka, Comparison between biological and
chemical treatment of wastewater containing nitrogen and phosphorus. Journal of
Industrial Microbiology & Biotechnology 32 (2005) 195-203.

[31] S. I. Abo-El Ela, S. I. Nawar, Treatment of wastewater from an oil and soap factory via
dissolved air flotation. Environmental International 4 (1980) 47-52.

[32] H. D. Gibbs, Phenol Tests. I. A classification of the tests and a review of the literature.
Chemical Reviews 3 (1926) 291-319.

[33] F. Xu, H. Li, Y. Liu, Q. Jing, Advanced redox flow fuel cell using chloride as main
catalyst for complete conversion from carbohydrates to electricity. Scientific Reports 7
(2017) 5142.

[34] A. K. Manohar, K. M. Kim, E. Plichta, M. Hendrickson, S. Rawlings, S. R. Narayanan, A
high efficiency iron-chloride redox flow battery for large-scale energy storage. Journal of

the Electrochemical Society 163 (2016) A5118-A5125.

161



[35] M. Yu, X. Zeng, Q. Song, L. Liu, J. Li, Examining regeneration technologies for etching
solutions: acritical analysis of the characteristics and potentials. Journal of Cleaner
Production 113 (2016) 973-978.

[36] L. W. Turner, Electronics Engineer’s Reference Book, 6th ed., Butterworths, 1989.

[37] G. Zhu, B. Peng, J. Chen, Q. Jing, Z. L. Wang, Triboelectric nanogenerators as a new
energy technology: from fundamental, devices, to applications. Nano Energy 14 (2015)
126-138.

[38] M. Zhou, M. S. H. Al-Furjan, J. Zou, W. Liu, A review on heat and mechanical energy
harvesting from human - principles, prototypes and perspectives. Renewable &
Sustainable Energy Reviews 82 (2018) 3582-3609.

[39] Y. Shiratori, C. Pithan, J. Dornseiffer, R. Waser, Raman scattering studies on
nanocrystalline BaTiOs Part L — consolidated polycrystalline ceramics. Journal of Raman
Spectroscopy 38 (2007) 1300-1306.

[40] I. W. Mwangi, J. C. Ngila, P. Ndungu, T. A. M. Msagati, Method development for the
determination of diallyldimethylammonium chloride at trace levels by epoxidation
process. Water, Air, and Soil Pollution 224(9) (2013) 1638.

[41] U. J. Kim, C. A. Furtado, X. Liu, G. Chen, P. C. Eklund, Raman and IR spectroscopy of
chemically processed single-walled carbon nanotubes. Journal of the American Chemical
Society 127(44) (2005) 15437-15445.

[42] Y. Hao, X. Wang, J. Kim, L. Li, Rapid formation of nanocrystalline BaTiO; and its highly
stable sol. Journal of the American Ceramic Society 97(11) (2014) 3434-3441.

[43] C. Nawanil, B. Boomchom, P. Jutarat, W. Vittayakorn, N. Vittayakorn, Synthesis and
phase evolution of electrospun antiferroelectric lead zrconate (PbZrOs;) nanofibers.
Materials Science and Engineering B 177 (2012) 1009-1016.

[44] J. Yan, Y. G. Jeong, Roles of carbon nanotube and BaTiO; nanofiber in the electrical,
dielectric and piezoelectric properties of flexible nanocomposite generators. Composites
Science and Technology 144 (2017) 144-150.

[45] W. Feifei, M. Yiu-Wing, W. Danyang, D. Rui, High quality barium titanate nanofibers for
flexible piezoelectric device applications. Sensors and Actuators A 233 (2015) 195-201.

162



OUTPUT

163



wmwmsﬁflLﬂu@?umuﬂszqu%mms'sz AUKRIHIT B






1700-1715

S10-01:

Blood Absorption Improvement of a Naturally-derived Hemostatic
Agent by Atmospheric Pressure Plasma Jet

Jureeporn Jaifu, Dheerawan Boonyawan, Wassanai Wattanutchariya

Thursday, 2 November 2017 Empress Grand Hall

Symposium 5: (Empress Grand Hall)
Dielectrics, Piezoelectrics, Ferroelectrics,
Superconductors and Energy Harvesting Materials

Chair: Prof. Dr. Tawee Tunkasiri

Co-chair: Prof. Dr. Gobwuit Rujijanagul

1030-1115

Keynote:
Energy scavenging with low dimensional materials

Assoc. Prof. Dr. Nantakan Muensit (Prince of Songkla University)

1115-1130

$5-03:

Fabrication and Characterization of Flexible Piezoelectric Composites
with Natural Rubber Matrix

Methee Promsawat, Napatporn Promsawat,
Ekwipoo Kalkornsurapranee, Soodkhet Pojprapai

1130-1145

$5-020:

Electrical and dielectric properties of barium titanate -
polydimethylsiloxanenanocomposite with 0-3 connectivity modified
with carbon nanotube (CNT)

Chanisa Nawanil, Worawut Makcharoen, Tosapol Maluangnont,
Wanwilai Vittayakorn, Don Isarakorn and Naratip Vittayakorn

1145-1200

S5-08:
Study of piezoelectric properties of polymer-PZT composite materials

Thita Sonklin, N. Promsawat, P. Janphuang and S. Pojprapai

1200-1215

S5-04:

Investigation of Electromechanical with Different Volume Fraction of
PZT in PZT/PDMS/CNTs Flexible Piezoelectric Composite

Natthawadi Buatip, Napatporn Promsawat, Pattanaphong Janphuang,
Soodkhet Projprapai

1s* MRS THAILAND 2017 Oral Presentation Sessions 67

O
=
B
w
(1)
(7))
&
(@)
=
N
s
(@)
<
N
o
-—
N







c
9
»
7
@
n
1S
)
wid
7
o
o

S5-P56

Phonons and Thermodynamic properties of Mg-IV-N,

Chaiyawat Kaewmeechai, Yongyut Laosiritaworn, Atchara Punya

Jaroenijittichai

S5-P57

Electrical conductivity of carbon black (CB) filled polymer composites for
energy harvesting application

Woratat Punsawat, Krittanat Khaosaard, Worawut Makcharoen

S5-P58

Synthesis and Characterization of Barium Strontium Titanate
(Ba,Sr,,TiO,) Ceramics Prepared by the Hybrid Method

Pawinee Budkhod,Nanthicha Srivichai, Sarawut Thountom

S5-P59

Sintering effects on microstructural and electrical properties of Ca-
modified Ba(Ti, Sn)O3 lead-free ceramics

N. Kongthong, P. Bomlail

S5-P60

Electrical properties of bismuth germanate (Bi,GeO,)
ferroelectric glass-ceramics prepared by different method

Surapong Panyata, Sukum Eitssayeam, Gobwute Rujijanagul, Tawee
Tunkasiri, Denis Sweatman, Kamonpan Pengpat

S5-P61

Synthesis of BaTiO,@TiO,-sheet core-shell structured nanocomposites

Chanisa Nawanil Parinya Panprom, Tosapol Maluangnont, Wanwilai
Vittayakorn and Naratip Vittayakorn

S5-P62

Design and simulation electrical generator cell protect
piezoelectric materials for energy harvesting application

Woratat Punsawat, Krittanat Khaosa-ard, Worawut Makcharoen

S5-P63

Dielectric properties and diffuse phase transition of Mn-doped

Ba, ,Ca Sn . Ti O, perovskite ceramics

Puripat Kantha, Panupong Jaiban, Pichitchai Butnoi, Kamonpan Pengpat,
Tawee Tunkasiri, Nuttapon Pisitpipathsin

S5-P64

The effect of ZnO nanorods Morphology to performance of Piezoelectric
Nanogenerator

Nandang Mufti, Yani Anggraeni, Abdulloh Fuad, Ahmad Taufik, Arif Hidayat

S5-P65

Dielectric and ferromagnetic properties of CZFMO ceramics fabricated by
the solid state combustion technique.

Pichittra Thawong, Nontawat Punleka, Supree Pinitsoontorn, Theerachai
Bongkarn

S5-P66

Dielectric and Ferroelectric Properties of BNKT Ceramic Modified by
KNbO
3

Suchittra Inthong, Wuttikrai Thanomsiang, Jeerapong Faruandee, Chatchai
Kruea-In, Denis Sweatman, Sukum Eitssayeam

106 Poster Sessions 1* MRS THAILAND 2017



M />3

The First Materials Research Society of Thailand International Conference

Certificate of Poster Presentation

presented to

Chanisa Nawanil

Synthesis of BaTiO3@TiO2-sheet core-shell structured nanocomposites

31* October - 3™ November 2017, The Empress Hotel, Chiang Mai, Thailand

(Prof.Dr.Santi Maensiri)

President
Materials Research Society of Thailand






Udon Thani Rajabhat University, U,
00, Thailand o
Faculty of Science, King Monglut's Inssit
d Man Inno ' kut s Institute of Teﬁ
Manufacturing Innovation, King Af[arfg
, 5. ...L;gk,.abang. Bangkok 10520, Thailand o e
at of Ch P ; s Institute of Techne
ment of Chemistry, Faculty of Science, King Mongkut's )
mi'f: ' L’dembang, Bangkok 10520, Thailand
MITL Center of Excellence on Nanoelectronic Devices, K ing Mongkut's I
s Technology Ladkrabang, Bangkok, 10520, Thailand

“corresponding author, E-mail: c. nawanil@gmail,com

Abstract

_ Piezoelectric-based polymer composite for flexible self-powered mate

- ofinterest, In this research, the effect of surface treatment on electrical prop
 titanate/carbon nanotube/polydimethylsiloxane (BT/CNT/PDMS) composites h
for acquiring high performance  materials. In the preparation of BT

flanocomposite, the surface of CNT and BT disperse phases were modified

functional groups. These chemical treatments devoted to improve the inte

and dispersion by introduce the strong interaction between BT, CNT and PD .
electrical outputs of the modifi -

‘the norma) composite, It




2018 ISAF-FMA-AMF-AMEC-PFM s

Joint Conference (IFAAP 2018)
May 27 - June 1, 2018, Hiroshima

February 6th, 2018
Dear Dr. Saichon Sriphan

We are pleased to invite you to the ISAF-FMA-AMF-AMEC-PFM Joint Conference (IFAAP) to be held
during May 27 - June 1, 2018 at the International Convention Center Hiroshima, Japan.

The IFAAP is the first joint conference between IEEE-International Symposium on Applications of
Ferroelectrics (ISAF ), Meeting on Ferroelectric Materials and Their Applications (FMA), Asian
Meetings on Ferroelectrics (AMF), Asian Meetings on Electroceramcs (AMEC) and Piezoresponse
Force Microscopy Workshop (PFM). This international conference aims to bring together leaders from
academia, national laboratories and industrial research and development sectors, to discuss the most
recent advancements in the science and technology of ferroelectric and dielectric materials, spanning a
broad range of topics from the theory and modeling of the materials, to processing and characterization
thereof, as well as development of new applications and devices.

On behalf of the Technical Program Committee of IFAAP, I hereby officially inform that
your presentation entitled 'Facile Surface Roughness Fabrication for Voltage
Enhancementof Triboelectric Generator

'is accepted as an oral presentation.

It will be a matter of immense pleasure for us to have your presence at IFAAP Hiroshima 2018. We are
looking forwards to seeing you at Hiroshima.

Best regards,

3;6—«/»&%
Prof. Takaaki Tsurumi,
General Chair of IFAAP,
Professor of Tokyo Institute of Technology
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“Sm** doped Molybdenum
Gadolinium Borate Glasses
for Orange Emission Laser
Active Medium”

OR-OEMO02 (Ab-ID081):
“White Light Emission of
Gadolinium Calcium
Phosphate Oxide and
Oxyfluoride Glasses Doped
with Dy**”

Ballroom 2

Nanomaterials |

Invited I:
Prof. Dr. Sanong Ekgasit
“Hydrogen Peroxide: A Key
Ingredient for the Fabrication
of Unique Gold and Silver
Micro/Nanostructure”

Invited II:

Dr. Sakon Rahong
“Nanowires Electrophoresis
Chips for Biomolecule
Analysis”

OR-NAMO01 (Ab-ID111):
“PM2.5 Collection and
Detection Device for Analysis
in Liquid Phase”

OR-NAMO02 (Ab-ID233):
“Cost-effective Fabrication
Process for SERS-Active

Substrates from Metallic
Nano-Templates by Laser
Engraving Machine”

Meeting room 1

Materials for Health

Meeting room 2

Energy & Environment |

Meeting room 3
Metals&Alloys&Comp

Science
Invited | :

Assoc. Prof. Dr. Siwarutt
Boonyarattanakalin
“Polymers as Vaccine

Adjuvants and Vaccine
Agents against Tuberculosis”

Invited Il :
Assoc. Prof. Dr. Takao
Yasui
“Oxide Nanowires for Urinary

Extracellular Vesicle Analysis”

OR-MHSO01 (Ab-ID034):
“Self-assembling Iron-tannic
Nanocomplex Developing as
a New Emerging Agent for
Healthcare”

OR-MHS02 (Ab-ID174):
“Fabrication of Multifunctional
Lipid-based Nanocarrier of
Herbal Medicine for Dermal
Delivery System”

Invited I:

Prof. Dr. Tawatchai
Charinpanitkul
“Conversion of Graphite
powder to Graphene via
Ozonation Treatment in
Deionized Water”

Invited II:

Assoc. Prof. Dr. Kazuki
Nagashima
“Functional Inorganic and
Organic Nanofiber Materials
from Earth-Abundant
Resources and Their
Application”

OR-EEMO01 (Ab-ID018):
“Development and Testing on
Polyurethane Resin/Carbon
Black/Lead Zirconate Titanate
composites for Energy
Harvesting Application”

OR-EEM02 (Ab-ID235):
“Fully Printable Hole
Transport-free Perovskite
Solar Cells with Guanidinium-
based Additive”

Invited | :

Prof. Dr. Rattikorn Yimnirun
“Local Structure Investigation in
Some Magnetic Materials
Studied by Synchrotron X-Ray
Absorption Spectroscopy”

Invited II:

Assoc. Prof. Dr. Theerachai
Bongkarn
“Structural Phase, Phase
Transitions and Electrical
Behaviors of KNLNTS-based
Ceramics Prepared via the
Solid State Combustion
Technique”

OR-MACO01 (Ab-ID013):
“Photocatalytic Repeatability of
CPC Photoreactor in Presence

of Anatase/Rutile TiO, under

Solar Irradiation

OR-MACO02 (Ab-ID074):
“The Effect of Cu?* Substituting
on Phase Formation,
Microstructure and Electrical
Properties of BNKLT Lead-free
Ceramics Fabricated by the
Solid-state Combustion
Technique



Time

Ballroom 1

OR-OEMO03 (Ab-ID153):
“Physical and Optical
Properties of Zinc Barium
Borotellurite Glasses Doped
with CeFs”

OR-OEMO05 (Ab-ID166):
“Comparative Study of Er**
ions Doped Phosphate Based
Oxide and Oxy-Fluoride
Glasses For Lasers
Applications”

OR-OEMO06 (Ab-ID194):
“Development of Bi,O3-Na,O-
B,0; Glasses for Radiation
Shielding Material”

Ballroom 2

OR-NAMO03 (Ab-ID110):
“Detection of Cell-Free
Circulating Methylated DNA
for Early Diagnosis of Cancer
by Microheater-Nanowires”

OR-NAMO04 (Ab-ID155):
“Shape-controlled Synthesis
of Tungsten Oxide
Nanostructures and
Characterization”

OR-NAMO05 (Ab-ID214):
“Control of Morphological and
Optical Properties of Well-
aligned ZnO Nanowires
Synthesized through AZO
Seeding Template”

Meeting room 1

OR-MHSO03 (Ab-ID192):
“Investigation and
Characterization of Nano-
transethosomes as Vesicular
Carriers for Enhanced Topical
Administration”

OR-MHS04 (Ab-ID195):
“Effect of Plasma Jet on
Shear Bond Strength of Self-
adhesive Resin Cement to
Dentin”

OR-MHSO05 (Ab-1D245):
“ Rapid Synthesis of
Mycobacterial Glycan
Components Conjugated with
Alkyne Terminated Linker”

Coffee break

Meeting room 2

OR-EEMO03 (Ab-ID163):
“Trends and Emerging
Materials in Fuel cell and
Water Electrolysis
Researches Analyzed by
Computational Method”
OR-EEM04 (Ab-ID068):
“Study of Property Basic and
Moisture Content of the
Roselle Seeds per Oil
Extraction Volume and
Moisture Relations Analyzer
for Used as Raw Material
Production of Biodiesel
Renewable Fuel”

Invited Il
Prof. Dr. Kandalam V.
Ramanujachary

“Novel Electro-catalytic
Materials for Hydrogen
Generation”

Meeting room 3

OR-MACO03 (Ab-ID102):
“Electrical Fatigue Behavior of
the Lead-Free BaTiO; Powders
and Fibers Added into
Polydimethylsiloxane Matrix for
the Flexible Nanogenerator”



Time Ballroom 1

Optics & Electronics Il

Invited il :
Prof. Dr. Mitra Djamal
“Development of Optical
Material Based on Glass
Doped Rare Earth for
Photonic Devices”

Invited IV :

Asst. Prof. Dr. Ken Albrecht
“Solution-Processable
Thermally-Activated Delayed-
Fluorescence Dendrimer for
OLED Application”

OR-OEMO07 (Ab-ID182):
“The Near-Infrared
Fluorescence of Nd**-doped
Tungsten Gadolinium Borate
Glasses”
OR-OEMO08 (Ab-ID197):
“Radio and Photo
Luminescence Studies of
MgO-BaO-P,0;s Glasses
Doped with Eu®* lon for
Reddish Orange Emission
Material Application”

Ballroom 2

Material process and

manufacturing |

Invited I:

Prof. Dr. Yuji Noguchi
“Gap-state Engineering of
Visible-light-active
Photoferroelectrics”

OR-MPMO01 (Ab-ID050):
“Effect of Nitrogen Plasma
Treatment on Crystal
Structure, Chemical Bonding
Structure, and Contact Angle
of Titanium Dioxide (TiO,)
Nanotubes Fabricated by
Electrochemical Anodization”

OR-MPMO02 (Ab-ID053):
“Synthesis of BaTiO3-
(Bi1/2A1/2) TiO3(A=K, Na)
Solid Solution
Semiconducting Ceramics by
Alkali-earth Oxide Addition”

OR-MPMO03 (Ab-ID084):

“Cold Sintering Process: Low-
Temperature Ceramic

Processing Applied for Ceria

”

OR-MPM04 (Ab-ID143):
“Porcelain Body Preparation
and Characterization for
Dipping Former Usage in
Latex Glove Manufacturing”

Meeting room 1

Biomaterials and
carbon |

Invited I:
Dr. Adisorn Tuantranont
“Graphene/NanoCarbon

Materials and Its Applications”

Invited II:

Asst. Prof. Dr. Sommai
Pivsa-art
“Biodegradable Polymers for
Green Composites”

Invited lll:

Assoc. Prof. Dr. Somsak
Dangtip
“Contemporary Plasma
Science and Technology for
Biomaterials in Thailand”

Meeting room 2 Meeting room 3

Computational &
Characterization
Invited | :

Prof. Dr. Chul-Hong Park
“Formation of Compensating
Defects Through Many-body
Interaction”

Invited II:
Assoc. Prof. Dr. Siriporn

Haydale company
Jungsuttiwong

workshop . :

“Graphene in Asia A Theoretical Study of
Platinum Decorated Carbon

Market” Nanocones on Hydrogen

Storage Reactions: Effect of

16:00-17:45 Spillover Mechanism”

Invited llI:
Assoc. Prof. Dr. Sirichok
Jungthawan

“Modelling in Materials
Science by First-Principles
Calculations: From Two-
Dimensional Materials to
Bulks”



Time Ballroom 1

OR-OEMO09 (Ab-ID225):
“Studies of Luminescence
Properties of Praseodymium
lons in Gadolinium Barium
Borate Based Glasses for
Reddish-Orange Lighting
Applications”
OR-OEM10 (Ab-ID167):
“Fabrication of Potassium
Aluminium Barium Phosphate
Glasses Doped with Sm** and
Their Judd-Ofelt Analysis for
Orange Lasing Material
Application”
OR-OEM20 (Ab-1D246):
“The effect of doping with
tungsten trioxide on
thermochromic properties of
vanadium dioxide synthesized
by hydrothermal method”

Ballroom 2

OR-MPMO05 (Ab-ID230):
“Fabrication of Ca1,Al14033
Mayenite Structure by Spark
Plasma Sintering”

OR-MPMO06 (Ab-1D241):

“SnO, Coatings on Porous

LiAlsOg by Simple Thermal
Evaporation Process”

Meeting room 1

OR-BIO01 (Ab-ID038):
“Characterization of starch
granules derived from Tacca
leontopetaloides by green
synthesis”

OR-BIO02 (Ab-ID132):
“Characterization of
Gelatin/CMC Scaffold
Fabricated by Salt Leaching
Method”

OR-BIO03 (Ab-ID037):
“Extraction and
Characterization of
Nanocellulose from
Sugarcane Bagasse by
Ball-milling-assisted Acid
Hydrolysis”

Poster session |

Meeting room 2

Haydale company
workshop
“Graphene in Asia
Market”

Meeting room 3

OR-CCMO01 (Ab-ID029):
“3D EMFIT Numerical
Simulations of Electromagnetic
Wave Absorbing Materials for
RF Applications”

OR-CCMO02 (Ab-ID119):
“Modelling of Concrete
Materials for 3D-EFIT

Numerical Computations of

Ultrasonic Nondestructive
Evaluation”

(Posters from Optical and electronic materials, Nanomaterial and applications
and Sensors, sensing materials and related devices session)

Banquet



Friday, 20July 2018

Keynote Presentation Il

09:20-10:00

10:15-10:30

10:30-10:45

10:45-11:00

Optics & Electronics lli

Invited V:

Asst. Prof. Dr. Prasit
Thongbai
“Interfacial Polarizations in
High-Permittivity TiO,-based
Ceramics”

OR-OEM11 (Ab-ID011):
“Modifying the Hydrophobicity
and Transmittance of
Spin-coated Poly(methyl
methacrylate) Films by Adding
Polyvinylpyroridone and
Quenching”

OR-OEM12 (Ab-ID175):
“Synthesis and Radiation
Properties of Li;0-BaO-Bi,O3-
P,05 Glasses”

by

Prof. Dr. B.V.R. CHOWDARI
(Nanyang Technological University, Singapore)
“Energy Storage Aspects-Lithium lon Batteries”

Nanomaterials Il

Invited IlI:
Asst. Prof. Dr. Phimphaka
Harding
“Fe(lll) Spin Crossover thin
films and nanoparticles”

OR-NAMO06 (Ab-ID149):

“Mechanical Property of
Gelatin/CMC Nanofibrous
Scaffold Fabricated by
Electrospinning Method”

OR-NAMO07 (Ab-1D039):

“Transparent Cellulose
Nanofibers Reinforced
Composites for Electronic
Devices”

at Ballroom 2
Sensor&Sensing

Energy & Environment |

Materials |

Invited I:
Asst. Prof. Dr. Chatchawal
Wongchoosuk
“Smart Nanosensor Watch for
Saving Life from Toxic Gases”

OR-SSM01 (Ab-ID085):
“Development of CdTe-based
Nuclear Radiation Sensors
and Related Devices”

OR-SSM02 (Ab-ID206):
“Molecularly Imprinted
Polymer Coated ZnO

Nanowires Chemiresistor for

Aromatic Compounds Vapor
Detection”

Invited IV:

Prof. Dr. Hajime Nagata
“Mechanical Bending Strength
of (Bip.sNay.5) TiOs-Based
Lead-Free Piezoelectric
Ceramics”

Invited V:

Asst. Prof. Dr. Surawut
Chuangchote
“One-dimensional Catalysts
for Photocatalytic
Conversions of Bioresources
to High Value Chemicals and
Fuels”

Material process and
manufacturing Il

Invited II:

Prof. Dr. Hidenori Mimura
“Highly aligned P(VDF/TrFE)
nanofiber webs fabricated by

electrospinning”

OR-MPMO07 (Ab-ID067):
“Porosity Investigation of Bricks
by Gamma-ray Transmission
Measurement”

OR-MPMO08 (Ab-ID091):
“Study on Physical and Optical
Properties Sun Guard HP
Clima Guard Neutral 70 and
Clear Vision Glasses”



Friday, 20 July 2018 (P.1)

11:45-12:00

OR-OEM13 (Ab-ID176):
“Study Properties OF Zinc
Barium Borate Glasses
Doped with Sm,03”

OR-OEM14 (Ab-ID188):
“Exposure Buildup Factor
Investigation of Tungsten

Gadolinium Borate System”

OR-OEM15 (Ab-ID193):
“Fabrication of Mn®** Doped
Al,O3 Bulk Crystal by Flame
Fusion Technique and Their
Properties”

OR-NAMO08 (Ab-ID036):
“PDMS-silver Nanocomposite
for Flexible Conductive
Stripes and its applications as
Flexible Substrates for
Organic Solar Cells”

OR-NAMO09 (Ab-ID008):
“CaCO;@TiO, Core-Shell and
TiO, Hollow Nanospheres by
a Sol-Gel Method”

OR-NAM10 (Ab-ID020):
“The Effect of Calcination
Temperatures on Physical and
Electrochemical Properties of
Manganese Dioxide
Nanoparticles Synthesized by
Co-precipitation Method”

OR-SSM03 (Ab-1D209):
“Development of Reversible
On-off Control Nanovalve”

OR-SSM04 (Ab-ID232):
“External Electric Field
Induced Metal Insulator
Transition in VO, Thin Films
for Thermal Switch
Application”

Lunch

OR-EEMO05 (Ab-ID015):
“Characterization and
Photocatalytic Activity of
Titanium Dioxided Deposited
on Stainless Steel by Pulsed-
Pressure Metalorganic
Chemical Vapor Deposition”
OR-EEM06 (Ab-1D236):
“Lithium Metal Composites
Prepared by Lithium Melt
Infusion as Highly Stable
Anode for Lithium-sulfur
Batteries”
OR-EEM07 (Ab-ID237):
“High-rate Symmetric
Supercapacitor Using Water-
soluble Sulfonated-
poly(aniline-co-p-
phenylenediamine) Nanofiber-
Decorated Nitrogen-doped
Reduced Graphene Oxide
and Feric/Ferocyanide Redox-
Active Electrolyte”

OR-MPMO09 (Ab-ID139):
“Effect of Additional Laser-
Sensitive Pigment on Marking
Contrast and Physical Property
of Polypropylene Plastic”

OR-MPM10 (Ab-ID142):
“The Effect of Thickness of
Spring Wire on the Strength
and Deformation
Characteristics of a Spring
Steel Conduit”

OR-MPM11 (Ab-ID189):
“Improvement of Welding
Repair Aluminium Alloy 6082T6
by MIG Welding Process with
Pulse Current”



Friday, 20 July 2018 (P.2)

Poster session Il

13:00-14:30 (Posters from Biomaterials and carbon-based materials, Energy and environment materials, Theoretical and computational

' ' science of materials, Materials for health science, Metal alloys and composite materials and Material process and manufacturing
session)

13:30-13:45

OR-SSM06 (Ab-ID144):

Ratoson roy Hoabelsoran Seectossoic OR-NAM11 (Ab-ID00A):
13:45-14:00 - “The Sol-hydrothermal Synthesis of Ko sBiy.sTiO3 Micro-nanoscale Thermal Management for Metal
Study of CdTe-In Stmqtures Forr.ned”b y Laser- (KBT) Nano-particles” Oxide Nanowires Assembly and Gas Molecules
Induced Doping Technique Detections”

14:00-14:15

OR-SSM08 (Ab-ID211):
“The Selective Electrochemical Determination of
Casein Based on Magnetic Molecularly Imprinted
Nanoparticles”

OR-OEM18 (Ab-1D099): “/mprovement of
14:15-14:30 Optical and Electrical Properties of Cu-Doped
SnO; Thin Films by O, Plasma Treatment”

14 45-15.00 Coffee break
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College of Nanotechnology Emerair '-'|.:|'L
ing Monghars nstiute of Technclogy Ladksabang

March 20, 2018

Dear Authors,

On behalf of organizing committee, we would like to thank for submitting your
current research work to the Second International Conference on Science and
Technology of Emerging Materials 2018 (STEMa2018). We are pleased to
inform you that your submitted abstract referred below has been accepted for
presentation in STEMa2018 that will be held at Holiday Inn Pattaya during July
18-20, 2018.

Abstract Number: ID102

Title: Electrical Fatigue Behavior of the Lead-Free BaTiOs; Powders and Fibers
Added into Polydimethylsiloxane Matrix for the Flexible Nanogenerator

Authors: Saichon Sriphan, Chanisa Nawanil and Naratip Vittayakorn

Session: Sensors, sensing materials and related devices

Type of Presentation: Oral Presentation

Thank you for your contribution to STEMa2018 and you are invited to submit
your corresponding full manuscript to the conference proceeding/journals as
special issues of the conference by April 30, 2018. The details of full paper

submission can be found in the conference website:

http://www.nano.kmitl.ac.th/stema2018.

We are looking forward to seeing you at Pattaya in this July.

OU . Pp %m&?a

Assoc. Prof. Dr. Wisanu Pecharapa
STEMa2018 Chair person

Email: stemaconference@kmitl.ac.th


http://www.nano.kmitl.ac.th/

2018 ISAF-FMA-AMF-AMEC-PFM Joint Conference (IFAAP2018)
Technical Program

Mon. Tue. Wed. Thu.

Monday, May 28, 2018 AlslcIplelFlciuli]u]P

Previous Page Top Page
08:45 - 9:15 Opening Hall A
Plenary session
Hall A 09:15 - 10:45
Session chair: Ronald G. Polcawich & Alexei Gruverman
09:15 Plenaryl Jiirgen Rodel Plenary Talk ISAF

Lead-Free Piezoceramics: From Basic Science to Application

I. Rodel
Department of Materials Science. Technische Universitit Darmstadt. Germany

10:00 Plenary2 Patrycja Paruch Plenary Talk PFM

Pushing at the Walls: PEM Insights into the Fundamental and Functional Properties of Ferroelectric Domain Boundaries

P. Paruch
DQMP, University of Geneva, Switzerland

Oral session: Quantum beam science
Hall A 11:00 - 12:30
Session chair: Kenji Ohwada

11:00 28am-A01 Sergey Vakhrushev Invited Talk IFAAP
Mode Coupling and Incommensurate Phases in Zr-rich PbZr; Ti 05

S.B. \'akhmshE\'l-zi DA. Andmm'km'al-zz A A Bosak3: Y A Bron\\'aldl-{ DY Chem}'shm"l: and 1 Leontiew”
o ffe Institute, Russia
Peter the Great St. Petersburg Polytechnic University, Russia



14:30

Oral session: Triboelectric generator
Room H 14:45 - 15:15
Session chair: Susan Trolier-McKinstry

14:45

15:00

Oral session: Energy storage
Room H 15:30 - 16:30
Session chair: Takashi Teranishi

15:30

1545

30pm-HO3 Yaowapa Howold AMEC
Modified TiO, Semiconductive Photocatalyst for Water Splitting Application

Y. Howold!2", a Sc:hiecla3= D. LehmannJ', M. V. Vidaller’* and T. Klassen®*
1Departmem of Physics, Khon Kaen University, Thailand

2Inleg[alﬁcl Nanotechnology Research Center, Khon Kaen University, Thailand
*Helmholtz Zentrum Geesthacht, Germany

JHelmut—SchmidtUm\'e[sﬂéil: Germany

30pm-HO04 Vivada Harnchana AMEC

V Harnchana!”, V. Amamkiihamrungl and D T 'szg2
1Departmem of Physics, Khon Kaen University, Thailand
2Deparlmem of Physics, Sungkyunkwan University. Republic of Korea

30pm-HO3 Saichon Sriphan AMEC
Facile Surface Roughness Fabrication for Voltage Enhancement of Triboelectric Generator
s. Sriphanl* and N. \.'11:121};21.1{01111'2 3
! Advanced Material Research Laboratory, Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Thailand
2Departmern of Chenustry, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Thailand
*Nano-KMITL Center of Excellence on Nanoelectronic Devices. King Mongkut's Institute of Technology Ladkrabang, Thailand

30pm-HO06 Yang Zhou AMEC
Batteries

Y. Zhau*= S. Petnikota and M. Srinivasan
Scheol of Materials Science and Engineering, Nanyang Technological University, Singapore

30pm-HO7 Yi-Hung Wang AMEC

The Application of the Heat-treatment and Fenton's Reagent-Treatment Graphite Felt on the Vanadium Redox Flow Battery
V-H Wang!”, 1-M. Hung! and C-¥. Wu?
"Department of Chemical Engineerme and Materials Science. Yuan Ze Universitv. Taiwan



28pm-P139 Kaoru Yamashita ISAF
Piezoelectric Resonating Force Sensor in the Second Vibration Mode

K. Yamashita2" and P Muralt!
IElectroceramics Thin Films Group, EPFL, Switzerland
2Graduate School of Science and Technology. Kyoto Institute of Technology. Japan

28pm-P140 Kaoru Yamashita ISAF
Piezoelectric Ultrasonic Microsensors on Buckled Diaphragms Using Sol-Gel Derived PZT Films

K. Ya.mashii"a*= S. Nakajima, J. Shiomi and M. Noda
Graduate School of Science and Technology, Kvoto Institute of Technology, Japan

28pm-P141 Yusuke Takei FMA

Y. Takei “and T. Kaobayashi
National Institute of Advanced Industrial Science and Technology, Japan

28pm-P142 Muangjai Unruan AMF
Effect of Electric Field Frequency on Energy Density of PMN-PT Ceramics
M. L'nru:ml*= . Unruan® and R. Yimnirun®
1Depelrtmem of Applied Physics, Faculty of Sciences and Liberal Arts. Rajamangala University of Technology Isan. Thailand

2DEpartmEm of Materials Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology Isan, Thailand
35chool of Energy Science and Engineering, Vidvasirimedhi Institute of Science and Technology. Thailand

28pm-P143 Saichon Sriphan AMEC
Elexible Piezoelectric Devices
g Sriphanl: €. Nawanil? and N. '\.'ma}'akoml's'd'
! Advanced Material Research Laboeratory, Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technelogy Ladkrabang. Thailand
“Department of Physics, Faculty of Science. Udon Thani Rajabhat University. Thailand
3DEpartmen1 of Chemistry, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Thailand
“Nano-KMITL Center of Excellence on Nanoelectronic Devices, King Mengkut's Institute of Technology Ladkrabang, Thailand

28pm-P144 Kamal Asadi ISAF

S. Anwars and K. Asadi”
Max-Planck Institute for Polymer Research, Germany

28pm-P145 Vladimir Pashchenko ISAF
AlScN and AIN - Based Hybrid BAW/SAW Resonator with Enhanced Q-Factor and Electromechanical Coupling
V. Pashchenko!”, F PEISEIJOLIII: H.-P. Zinn? and P. Muralt!

T N S S - T S R
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The First Materials Research Society of Thailand International Conference

Best Poster Presentation Award

presented to

Chanisa Nawanil, Parinya Panprom, Tosapol Maluangnont, Wanwilai Vittayakorn

and Naratip Vittayakorn

Synthesis of BaTiO,@TiO,-sheet core-shell structured nanocomposites

31% October — 3™ November 2017, The Empress Hotel, Chiang Mai, Thailand

(Prof. Dr. Santi Maensiri)

President

Materials Research Society of Thailand



STEMa2018 . CERTIFICATE OF
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“Effect of Surface Treatment on Electrical
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-3 WARD ¥ Properties of Barium Titanate/Carbon
& Nanotube/Polydimethylsiloxane

present 1o

C. Nawanil, P. Panprom, K. Khaosa-ard, W. Makcharoen
and N. Vittayakorn

QL F /R \w&%

Asst.Prof.Dr. Anuchit Jaruvanawat Assoc.Prof.Dr. Wisanu Pecharapa
Dean of College of Nanotechnology General Chair of STEMa2018 organizing committee
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CERTIFICATE OF

BEST
ORAL PRESENTATION AWARD

“Electrical Fatigue Behavior of the Lead-Free
BaTiO3 Powders and Fibers Added into
Polydimethylsiloxane Maftrix for the

Flexible Nanogenerator”

present to

STEMa2018

Saichon Sriphan

QL L) (A). Ped/m@

Asst.Prof.Dr. Anuchit Jaruvanawat Assoc.Prof.Dr. Wisanu Pecharapa
Dean of College of Nanotechnology General Chair of STEMa2018
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International Conference-on Science-€N
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8/27/2018 Gmail - Editor Decision on Your Submission and Copyright License

M Gma“ Chanisa Nawanil <c.nawanil@gmail.com>
Editor Decision on Your Submission and Copyright License

2 messages

Wanwilai Vittayakorn <wanwilai.vi@kmitl.ac.th> Tue, Jul 10, 2018 at 3:04 PM

To: c.nawanil@gmail.com
Dear authors,

We have reached a decision regarding your submission to STEMa2018 - AIP conference proceedings, "Effect of
Surface Treatment on Electrical Properties of Barium Titanate / Carbon Nanotube / Polydimethylsiloxane

Nanocomposites".

Our decision is: Accepted

To avoid exclusion of your publication in the journal, you are also recommended to make a registration payment for
the conference and one of authors must make a presentation at the STEMa2018 conference.

Upon acceptance, you are requested to fill out and sign the license to publish agreement that can be found as

attachment together license checklist (with example of signed license). Please sign and name your license as "AIPCP

license agreement-abstractID..." and put your abstract ID.
Please return your signed license to me via this email by July 13, 2018 to avoid delay of publication.

With regards,
STEMa2018 publishing committee

2 attachments

E AIPCP License Agreement.pdf
322K

E Copyright License Checklist.pdf
126K

Chanisa Nawanil <c.nawanil@gmail.com> Thu, Jul 12, 2018 at 1:24 PM

To: Wanwilai Vittayakorn <wanwilai.vi@kmitl.ac.th>
Dear whom it may concern,
Please see attached file for AIPCP license agreement-abstractlD213
Best regards

Chanisa Nawanil
[Quoted text hidden]

E AIPCP license agreement-abstractlD213.pdf
5274K

https://mail.google.com/mail/u/1?ik=3e108cf5cf&view=pt&search=all&permthid=thread-f%3A1605589892571917803&simpl=msg-f%3A16055898...

m


https://mail.google.com/mail/u/1?ui=2&ik=3e108cf5cf&view=att&th=1648338021b4edeb&attid=0.1&disp=attd&realattid=f_jjfescem0&safe=1&zw
https://mail.google.com/mail/u/1?ui=2&ik=3e108cf5cf&view=att&th=1648338021b4edeb&attid=0.2&disp=attd&realattid=f_jjfesceu1&safe=1&zw
https://mail.google.com/mail/u/1?ui=2&ik=3e108cf5cf&view=att&th=1648d29c5713083b&attid=0.1&disp=attd&realattid=f_jji5y4zi2&safe=1&zw

Effect of Surface Treatment on Electrical Properties of Barium
Titanate / Carbon Nanotube / Polydimethylsiloxane Nanocomposites

C. Nawanil">¥, P. Panprom', K. Khaosa-ard®> ,W. Makcharoen?
and N. Vittayakorn>*°

'Department of Physics, Faculty of Science, Udon Thani Rajabhat University, Udon Thani 41000, Thailand
2 Advanced Materials Research Unit, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang,
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Abstract. Piezoelectric-based polymer composite for flexible self-powered materials have been of interest. In this
research, the effect of surface treatment on electrical properties of barium titanate/carbon nanotube/polydimethylsiloxane
(BT/CNT/PDMS) composites has been studied for acquiring high performance materials. In the preparation of
BT/CNT/PDMS nanocomposite, the surface of CNT and BT disperse phases were modified to introduce a functional
groups. These chemical treatments devoted to improve the interfacial interactions and dispersion by introduce the strong
interaction between BT, CNT and PDMS. The measured electrical outputs of the modified BT based nanocomposites
showed higher output voltage than the normal composite. It is indicates that the strong interaction between fillers and
polymer matrix is the important factor to improved electrical properties of the composites. Furthermore, the results also
shown an enhancement of relative permittivity and maintaining a low loss of polymer nanocomposites, which indicates
that the dielectric properties of composites are influenced not only by relative permittivity of the components, but also
dependence on interactions between ceramics and polymers.
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INTRODUCTION

Currently, energy shortage and natural disasters are become more serious problems. Accidents due to the damage
of infrastructure including highways, buildings and bridges from extreme events such as earthquakes, hurricanes,
and other natural disasters frequently occur. These not only damage to life and property, but also result in damage to
the national economy. To prevent the damage of critical infrastructures, it is essential to visualize the state of the
structure and identify any initiation of damage in real time [1]. Piezoelectric materials have the ability to convert
mechanical energy into electrical energy and have long been used for strain sensing [2-4]. When a piezoelectric
material is squeezed, twisted, or bent, electric charges collect on its surfaces. Conversely, when a piezoelectric
material is subjected a voltage drop, it mechanically deforms [5]. Therefore, this material is widely used as an
indicator for measuring different quantities, such as stress, torque, pressure and vibration, then converse to electrical
signal. Among other types of sensors, piezoelectric sensors have the lowest power requirements [1]. However,



conventional piezoelectric strain sensors show some limitations such as low sensitivity and difficulties to be
embedded in material structures. These limitations have increased the demands for using novel smart materials.
Therefore, there is a need to develop simple, scalable, inexpensive, and mechanically flexible sensors that can be
embedded into a material or form fitted easily onto an existing structure. Flexible piezoelectric composites are
considered as a solution to the problem. It consists of a ceramic material embedded in a flexible polymer matrix.
Other applications, for example energy harvesting using such piezoelectric materials, have also been studied.
Piezoelectric-based polymer composite generators could be scalable power sources applicable in various electrical
devices and systems by scavenging mechanical energy from the environment [6-8].

In this research, avoiding lead-based products is also eco-friendly and essential for use in next-generation clean
technology. Barium titanate is a common piezoelectric material that is commercially used for piezoelectric actuators
and sensors. This material is very attractive in the field of electroceramics and microelectronics, due to its good
characteristics [9,10]. In this study, polymer-ceramic nanocomposites were prepared using PDMS elastomer as a
base matrix, and BT nanoparticles as filler. PDMS has been used extensively as the organic host matrix for
nanocomposites, due to its excellent elasticity, transparency, and excellent relaxation properties [11,12].

Among these novel sensitive materials, the carbon nanotube (CNT) has been chosen as an excellent candidate for
acquiring high performance materials because of their exceptional mechanical, electrical, thermal and chemical
properties [13]. However, its nanometer-scale dimension makes it naturally form bundles, which makes it difficult to
use. Several efforts and methods have been devoted to improve the interfacial interactions and overall dispersion, as
chemical modification of CNT [14]. Lidong Shao et al. [15] have reported modified mutiwalled carbon nanotubes
using the standard nitric acid treatment. They observed that, the presence of sidewall functionalisation of carbon
nanotubes increases the solubility of the CNTs in water and organic solvents, opening the possibility of further
modifications and coupling of molecules through subsequent solution-based chemistry. Therefore, the
functionalisation of carbon nanotubes (CNTs) is an increasing area of research since it leads to a higher solubility,
processability and biocompatibility [15].

Little research focuses on the effect of the interface between fillers and polymer matrix on the electric
performance of the nanocomposites. In fact, the interface could significantly influence the electric performance of
the composites. Tao Zhou et al [16] have reported the improving dielectric properties of BaTiOs/ferroelectric
polymer composites by employing surface hydroxylated BaTiO; nanoparticles. In this letter, the surface of BT
particles was chemically modified by H,O> to introduce plenty of hydroxyl groups. Compared with the normal
BT/PVDF nanocomposites, the dielectric properties of the surface hydroxylated BT/PVDF nanocomposites show
weaker temperature dependence and frequency dependence, and it also exhibits higher dielectric breakdown
strength. The hydrogen bond which leads stronger interaction between the h-BT filler and the PVDF matrix might
be the reason.

In this research, we investigate the influence of surface treatment on electrical properties of a three-phase (BT-
CNT)/PDMS nanocomposite. The surface of barium titanate (BT) nanoparticles was chemically modified by
hydrogen peroxide (H>O,) to create hydroxyl groups, and the surface of carbon nanotubes (CNT) was modified by
nitric acid to introduce carboxyl groups. These chemical treatments devoted to improve the interfacial interactions
and dispersion by introduce the strong interaction between BT and CNT, and between BT and PDMS.

EXPERIMENTAL

The BT nanoparticles (commercial grade; Advanced Materials; USA) were used as the functional fillers. To
prepare the surface hydroxylated BaTiO3, 15g of BT particles were refluxed in an aqueous solution of hydrogen
peroxide (H20; 30%, 350 mL) at 100 °C for 6 h, and then filtered and baked the solution in an oven at 80 °C for 24
h.

In the preparation of the sidewall functionalisation of carbon nanotubes (CNT), as-made CNT (Chiangmai
University) was refluxed in 3 M nitric acid for 24 h, followed by filtration and rinsing with distilled water up to
neutralization and dried.

The nanocomposites were prepared by employing a solvent casting method. Firstly, the BT/CNT/PDMS three-
phase composites were prepared by suspending the appropriate amount of modified CNT and BT powders in ethanol
with mechanical stirring at room temperature for 30 min. Then, the mixture was ultrasonically dispersed in ethanol
for 15 min and dried at 80°C. After subsequent drying, the mixture was grinded and mixed well. Next, the mixture
of BT and CNT was dispersed in PDMS solution by mechanical agitation in order to produce piezoelectric



nanocomposites. Then, the mixture was cast on clean plastic substrates and kept under room temperature for 24 h.
Finally, the prepared nanocomposites loaded with normal and modified fillers and thickness of 3-5 mm were
collected for test. Fourier transform infrared (FTIR) spectra (Perkin Elmer Spectrum GX FT-IR/FT-Raman
spectrometer) was used to check the effect of surface hydroxylation of the BT particles and chemical treatment of
CNT. X-ray diffraction (XRD; Siemens-D8 Advance) using CuK, radiation was used to determine the phases
formed. Scanning electron microscope (SEM, Zeiss EVO MAI1) was used to observe the microstructure of
nanocomposites. The dielectric properties of the samples were measured using an impedance analyzer (Agilent
E4980A) in the frequency range of 10%-10° Hz at room temperature. In addition, the output voltage and current were
recorded by an oscilloscope during the periodic knocking with a Teflon stack under an impulsive loading at 300 N.

RESULTS AND DISCUSSION

FTIR is used to verify the effect of the H>O, treatment on the surface of the BT nanoparticles as shown in Figure
1(a). The spectrum shows an absorption peak at ~570 cm™, which is attributed to Ti-O stretching vibration of
polycrystalline BT nanoparticles [17]. A broad peak of around 3,400 cm™! is assigned to the stretching mode of O-H
from the hydroxylation of BT nanoparticles by the HO, [16]. Peaks of around 1,400 cm' correspond to the bending
vibration of -OH group [15]. These results indicate that the surface treatment introduce the functional hydroxyl (OH)
groups onto the surface of BT nanoparticles. The introduction of the OH surface groups made the surface more
accessible to the aqueous solution of the metal precursors or deposits.
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FIGURE 1. (a) FT-IR spectra and (b) XRD patterns of the BT nanoparticles before and after surface treatment.

The crystalline phases of the BT/PDMS nanocomposites were revealed by X-ray diffraction spectra, as shown in
Figure 1(b). Strong diffraction peaks were at 26 values of 21.98, 31.38, 38.75, 45.03, 50.93, 55.92, 66.04, 70.28,
74.91 and 79.14° corresponding to (100), (110), (111), (200), (210), (211), (220), (300), (310) and (311) crystal
planes respectively. According to JCPDS card no. 05-0626; all diffraction peaks can be assigned to the BT
crystalline phase. From the figure showed an unchanged spectrum of BT nanoparticles after refluxed with H,O, for
6 h, which indicated that crystallization of the BT nanoparticles remained. The other crystalline byproducts were not
observed after surface treatment.

In another set of experiments, as-made CNT were treated with nitric acid in order to introduce the functional
groups. Figure 2 shows the IR spectrum of CNT. After nitric acid treatment a small broad peak appear at 1600 cm’!
,which indicates a stretching vibration of C=0 of carboxyl (-COOH) functional groups [15]. A broad peak of around
3,400 cm™! corresponds to the O-H stretching vibration of moisture [18] and the peak at 1200 cm™ could also be
assigned to O-H bending [15]. The presence of carboxylic acid groups on the surface of carbon nanotubes increases
the solubility of the CNTs in water and organic solvents, which creates an opportunity to make a modifications and
coupling of molecules through subsequent solution-based chemistry [15].



Treated CNT

; e >
O-H

=0 C-C oln

Transmittance

s T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™!)

FIGURE 2. FT-IR spectra of the CNT before and after surface treatment.

FIGURE 3. SEM image of Cross sectional (a) normal BT-CNT/PDMS nanocomposite and (b) modified BT-CNT/PDMS
nanocomposites; a corner show the digital image of the nanocomposites.

In the preparation of BT-CNT/PDMS nanocomposite, from a digital camera found that the nanocomposites is
uniform and have a smooth surface, with no buckling or folding over, as seen in Figure 3 (top right corner). The
Figure shows the photograph of the nanocomposites bended by hand. This image reveals that the nanocomposites
are very flexible and bendable. Morphology of the nanocomposites was revealed by scanning electron microscopy
(SEM). Figure 3(a) shows the secondary electron SEM image of the nanocomposites, which represents the
imbedded BT nanoparticle and CNT in the polymer matrix phase, in which the BT and CNT phase is visible with a
bright-white contrast, and the PDMS phase is identifiable as the darker-gray region. The figure reveals that the
nanocomposite represents poor distribution and dispersion of the BT disperse phase in the polymer matrix phase.
The agglomeration of BT nanoparticles was observed. Zeng et al [19] reported that, poor dispersion of fillers in the
matrix can lead to the formation of agglomerates, significantly raises the percolation threshold. According to the
principles of composite materials, percolation level, and interfacial properties can play a role in the composite
properties [20]. Therefore, the dispersion of nanocomposite was improved by modify the surface of disperse phases
to introduce a functional groups. Figure 3(b) shows the SEM photograph of modified BT-CNT/PDMS
nanocomposite. From the Figure reveals that distribution and dispersion of BT in the PDMS matrix phase were
improved. As the duration of solvent casting process in the preparation of BT-CNT/PDMS nanocomposite, BT
nanoparticles are attached to the nanotubes by formed H-bond between OH groups of the surface hydroxylated BT
and COOH groups of the acid treated CNT, as show in Figure 4(a-c). Moreover, the OH groups of the surface



hydroxylated BT also formed H-bond with O atom in the PDMS polymer chains, as show in Figure (d). Therefore,
BT nanoparticles are dispersed more homogeneously and the agglomerated of BT nanoparticles were reduced, as

seen in Figure 4.
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FIGURE 4. Schematic diagram of the effect of surface treatment. (a) The surface of BT nanoparticles was modified by H202 to
create hydroxyl groups, (b) the surface of CNT was modified by nitric acid to introduce carboxyl groups, (c) the interaction
between BT and CNT, and (d) the interaction between BT and PDMS.

Dielectric properties of the BT-CNT/PDMS nanocomposites were characterized by an LCR meter in the
frequency range of 10%-10° Hz at room temperature. Figure 5 presents frequency dependence of the dielectric
constant (g;) and dielectric loss of the normal BT-CNT/PDMS nanocomposite compared with the modified BT-
CNT/PDMS nanocomposite. According to Figure 5(a), the dielectric constant of the modified BT-CNT/PDMS
nanocomposites was found to be in the range of 8.4-9.7, while the dielectric constant of the normal BT-CNT/PDMS
nanocomposites was in the range of 2.8-4.3 in the measurement frequency. It can be seen that the dielectric constant
of nanocomposites increases significantly after modify the surface of BT and CNT, because modified BT particles
form a strong interfacial interaction with modified CNT and PDMS, as suggested in Figure 4. These results agree
well with the theoretical dielectric models of Modified Lichtnecker [20], which indicates that the dielectric
properties of composites are influenced not only by relative permittivity of the components, but also dependence on
interactions between ceramics and polymers. Moreover, Q. Lu et al [12] reported that morphology and phase
separation are important factors in organic-inorganic hybrid nanocomposites. The microstructure and properties of



the nanocomposite materials are controlled by the interfacial strength between organic and inorganic components.
From the results indicated that the surface treatment can improved the interfacial strength between components.
Therefore, a high dielectric constant is generated. Additionally, it is noticeable that a low dielectric loss of the
modified BT-CNT/PDMS nanocomposites was obtained [Figure 5(b)], the maximum value of loss was less than 0.1,
which is attractive for practical applications.
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FIGURE 5. Frequency dependence of (a) the dielectric constant (&r) and (b) the dielectric loss on BT-CNT/PDMS
nanocomposites before and after surface treatment.

3 3
BT nanoparticle/ CNT/PDMS | BT treated/CNT/PDMS
(a) P (b)
2 - 2
14 S
e %
& S
g’ S
=
>

14

R T e . T S 34 . - . x . v .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Time (sec) Time (sec)

FIGURE 6. Output voltage of (a) normal BT-CNT/PDMS nanocomposite and (b) modified BT-CNT/PDMS nanocomposites
measured with respect to time under an impulsive loading.

In addition, we demonstrated the energy harvesting which converts mechanical movement into electrical energy.
The nanocomposite pad is driven by the periodic knocking with a Teflon stack, as seen in Figure 6 (top right
corner). When the substrate was pressed and released repeatedly, voltage output can be recorded with an
oscilloscope, during which the positive and negative voltage outputs were observed, see Figure 6. The negative
voltage distribution was generated due to the reverse-flowing carriers when the external load was removed and the
piezopotential vanished [21]. The output voltage signals from the modified BT generator under an impulsive loading
was in the range of 3-10 V [Figure 6(a)] which is more than the output voltage of normal BT generator [Figure
6(b)]. However, the different values of voltage between press and release were observed due to the difference in



straining rate when applying and releasing the strain [8]. Moreover, the damping effect of the soft polymer matrix on
the resonant frequency was also observed during the energy harvesting process.

CONCLUSION

In this research, the effect of surface treatment on electrical properties of barium
titanate/polydimethylsiloxane/carbon nanotube composites has been studied. In the preparation of BT-CNT/PDMS
nanocomposite, the dispersion of nanocomposite was improved by modify the surface of disperse phases to
introduce a functional groups. The measured electrical outputs of the modified BT based nanocomposites showed
higher output voltage than the normal composite. It is indicates that the strong interaction between ceramics and
polymers is the important factor to improved electrical properties of the composites.
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Abstract

This study explored the preparation and electrical properties of 0-3 barium
titanate/polydimethylsiloxane nanocomposites by dispersing barium titanate nanoparticles
(BaTiOs; BT) into the polydimethylsiloxane (PDMS) matrix phase. The effect of barium
titanate nanoparticles on electrical properties has been investigated systematically, and the
relative permittivity of nanocomposites was found to increase significantly with increasing
barium titanate content. Different theoretical models were used to predict the dielectric
constant of these composites and compare their experimental value with the theoretical value
in order to find an appropriate equation. The result indicated that the dielectric properties of
composites are influenced not only by relative permittivity of the components but also
dependence on interactions between ceramics and polymers. Furthermore, the preparation
and dielectric properties of BT/PDMS nanocomposites modified with carbon nanotube

(CNT) were also studied. The dielectric results demonstrate that adding CNT can enhance the



relative permittivity of the BT/PDMS composite via improvement of dispersion and
distribution of the BT nanoparticles in the PDMS matrix phase. Moreover, the electrical
outputs from the BT/PDMS/CNT nanocomposites generator were measured under periodic
knocking. The nanocomposites innovatively expand the feasibility of self-powered energy

systems for smart sensor and energy harvesting applications.

Keywords: Barium titanate, Polydimethylsiloxane, 0-3 Composite, Dielectric properties,

Carbon nanotube

Introduction

Polymer—piezoelectric ceramic composites have been investigated extensively for
piezoelectric and pyroelectric transducer application [1, 2]. Although many piezoelectric
ceramic materials exhibit good piezoelectric and pyroelectric properties [3, 4, 5],
nevertheless they represent a large leakage current, low dielectric strength and brittle nature
[6]. Besides, relatively high density, high acoustic impedance, and mechanical stiffness limit
their applications. On the other hand, polymeric materials exhibit very high dielectric strength
and low leakage current [6, 7], and polymers have acoustic impedance well matched to water
and biological issues [8]. However, polymeric materials normally exhibit small dielectric
constants [6]. Flexible piezoelectric composites are considered as a solution of problems.
These elements offer several advantages over single-phase piezoelectric materials and consist
of a ceramic material embedded in a flexible polymer matrix, with a certain connectivity
pattern. They exhibit good piezoelectric and pyroelectric properties, low densities, low
leakage current, high breakdown strength and mechanical flexibility [3, 7, 9].

The properties of ceramic-polymer composites are determined by the number of and

connectivity between phases in composite materials [2, 3]. Additionally, the filler particle



size, interfacial properties, percolation level, and effects of porosity also play an important
role in composite properties [10].

Barium titanate (BaTiO,; BT) with perovskite structure, is a common ferroelectric

material with a high dielectric constant and low characteristic loss [11]. BT-based materials
are attractive in the field of electroceramics and microelectronics, due to its good
characteristics [4, 11]. It is utilized widely to manufacture electronic components such as
multilayer capacitors (MLCs), PTC thermistors, piezoelectric transducers, and a variety of
electro-optic  devices [4]. This study reported the dielectric properties of
BT/polydimethylsiloxane (PDMS) nanocomposites with 0-3 connectivity. A composite with
0-3 connectivity consists of particles connected in zero dimensions and a three-dimensionally
interconnected polymer matrix [12]. These materials have remarkable electrical and
mechanical properties [13]. The piezoelectric nanocomposites with 0-3 connectivity enable
flexible forms and very different shapes. These composites have drawn great interest for
applications in the field of electronic materials such as integrated decoupling capacitors,
acoustic emission sensors and electronic packaging materials [13].

In this study, polymer-ceramic nanocomposites were prepared using PDMS elastomer
as a base matrix, and BT nanoparticles as filler. PDMS has been used extensively as the
organic host matrix for nanocomposites, due to its excellent elasticity, transparency, and
excellent relaxation properties [14, 15]. Different dielectric properties of these composites
were studied at various filler concentrations. Additionally, the dielectric constants for the
BT/PDMS nanocomposites were calculated by comparing the difference between theoretical
models and the experimental value. Moreover, this research also reports the preparation and
dielectric properties of BT/PDMS nanocomposites modified with carbon nanotube (CNT).
From the authors’ knowledge, carbon nanotubes (CNTs) have remarkable electrical and

mechanical properties [16]. They are found to be attractive on account of their potential for



applications in nanoscale devices [17]. Thus, adding CNT may improve the properties of

nanocomposite materials.

Experimental procedure

Two-phase nanocomposites were prepared by dispersing the dispersed phase into the
matrix phase. This study used a BT nanoparticle (commercial grade; Advanced Materials;
USA) and PDMS (PDMS; Sylgard 184; Down-Corning; USA) as the dispersed and matrix
phase, respectively. Firstly, the BT nanopowder was dispersed in PDMS solution by
mechanical agitation to produce piezoelectric nanocomposites. Then, the mixture was cast
onto plastic substrates and kept at room temperature for 24 h. Also, CNT was used to
improve dielectric properties of the BT/PDMS nanocomposites. The BT/CNT/PDMS three-
phase composites were prepared by suspending the appropriate amount of CNT and BT
powders in ethanol with mechanical stirring at room temperature for 30 min. Then, the
mixture was dried at 80°C. After subsequent drying, the nanomaterials were mixed well and
poured into a PDMS matrix for the final piezoelectric nanocomposite product. The mixture
solution was stirred by magnetic stirring for 30 min before pouring onto a plastic plate. Then,
the sample was kept at room temperature for 24 h. The microstructure of the BT/PDMS
nanocomposites was characterized by scanning electron microscopy (SEM, Zeiss EVO
MAT). X-ray diffraction (XRD; Siemens-D8 Advance) using CuK, radiation was used to
determine the phases formed. The Fourier transform-infrared spectroscopy (FT-IR) spectrum,
ranging 4,000-370 cm™!, was recorded by a Perkin Elmer Spectrum GX FT-IR/FT-Raman

1

spectrometer, with 8 scans and a resolution of 4 cm " using KBr pellets. Room temperature

. The electrode was

Raman spectra were obtained in a spectral range from 100 to 800 cm™
applied for dielectric measurements, by attaching Cu tape to both sides using the Oxygen

plasma technique [Plasma Cleaner PDC-001 (115V); PDC-002 (230V); Harrick Plasmal].



Relative permittivity and dielectric loss of the samples were measured using a precision LCR
meter (Agilent E4980A) in the frequency range of 10%-10° Hz at room temperature. Also, the
output voltage and current were recorded by an oscilloscope during the periodic knocking

with a Teflon stack. The output value was measured under an automatic impulsive loading.

Results and discussion

Figure 1(a) shows a photograph of the nanocomposites stretched by hand. This image
reveals that the nanocomposites are very flexible and bendable. Morphology of the nanocomp
osites was also revealed by scanning electron microscopy (SEM). The SEM image reveals tha
t the composite exhibited 0—3 connectivity indicating by Newnham’s convention [2, 3]. The d
isperse phase (BT) was not connected to each other in any dimensions while connecting betw
een polymer matrix phase in three dimensions was seem clearly in the composite. Figure 1(b
) displays the secondary electron SEM image of the nanocomposites, which represents the em
bedded BT nanoparticle in the polymer matrix phase, in which the BT phase is visible with a
bright-white contrast, and the PDMS phase is identifiable as the darker-gray region. However
, the agglomeration of BT nanoparticles and poor distribution of the BT nanoparticles in the
matrix phase are shown in Figure 1(c). Poor distribution in the composite is caused mainly by
the low chemical bonding between the nanoparticle and the matrix phase. Figure 2(a) shows
X-ray diffraction pattern of the PDMS, BT and BT/PDMS nanocomposites. The XRD spectra
of PDMS exhibit a broad diffuse scattering peak at around 11.8° which corresponds to the am
orphous structure of PDMS. Strong diffraction peaks of BT particles were evidenced clearly a
t 20 values of 22.23, 31.47, 38.82, 45.12, 50.89, 56.10, 65.88, 70.43, 74.85 and 79.13° corres
ponding to (100), (110), (111), (200), (210), (211), (220), (300), (310) and (311) crystal plane
s, respectively. According to JCPDS card no. 05-0626; all diffraction peaks can be assigned t

o the cubic BaTiO; phase without indication of another crystalline of byproducts/precursors s



uch as barium carbonate or titanium dioxide.

Raman spectroscopy is capable of measuring the lattice vibrational spectra when
investigating the tetragonal-cubic symmetry of BaTiO; samples. Therefore, while XRD
measurement can clarify the average and static symmetries, Raman scattering can clarify
local and dynamic symmetries. The frequency-covered range is from 100 cm™ to 3,000 cm™.
Figure 2(b) shows a small shoulder peak at around 303 cm™! and a very broad peak at 720
cm ! at room temperature, and they are characteristic of structural tetragonality (4mm
symmetry) [16]. Based on crystallography, Raman-active modes for tetragonal BaTiO3
(P4mm) are 4E(TO + LO) + 3A(TO + LO) +B1(TO + LO) [19]. Frequencies at 190cm™
correspond to E(TO) modes. The 140, 303 and 640 cm™ peaks constitute the E(LO) modes
[19]. The 280 cm™ is assigned to the A;(TO) mode and E(TO) modes [19]. The asymmetric
band around 520 cm™! is attributed to the E(TO) and A1(TO) modes [20]. The frequency band
around 720 cm™! is attributed to the A1(LO) + E(LO) phonon modes [20]. The intensity of the
peak around 303 cm! is assigned to the overlap of E(3TO)+E(2LO)+B1 [19]. In addition,
Raman-active modes for the PDMS phase were observed at 2,888 cm ' and 2,940 cm™' [21].
Figure 2(b) showed an unchanged spectrum of BT nanoparticles after mixing with PDMS,
which indicated that crystallization of the BT nanoparticles remained, as suggested in the
XRD results.

Formation of the composite material was supported further by FT-IR spectra, as
shown in Figure 2(c). The spectrum shows an absorption peak at ~570 cm™, which is
assigned toTiOs stretching vibration that connected to the barium ion, which confirms that
TiOs octahedral has been formed [22]. Furthermore, the spectrum shows multiple absorption
bands in the region of 1,000 to 4,000 cm™, which corresponds to the stretching and bending
vibrations of PDMS and moisture. A broad peak of around 3,400 cm™ corresponds to the O-

H stretching vibration of moisture [1]. Peaks of around 1,400 cm™ and 1,240 correspond to



the —CH3 deformation vibration in PDMS [23]. The wave number corresponds to the bending

motion of Si-OH at ~1,600 cm™ [14], and the symmetric and asymmetric ~CH3 stretching
vibration in =Si-CHj; was detected at 2,950cm™ [23]. The absorption band at 800, 1250 cm_1

-1
corresponds to the stretching vibration of Si-CHs, whereas the peak at 875 cm indicates a
stretching vibration of Si-OH [14]. The Si-O-Si stretching multicomponent peaks for PDMS
were evidenced in a range between 930 and 1,200 cm™ [23]. Peaks of around 1,100 cm’

correspond to the stretching vibration of Si-O, and the absorption band corresponds to the Si-

O-Si bending motion at 475 cm_1 [14]. The Si-C bands and Si(CH3)> rocking peaks appear in
the region of 825-865 cm™ and 785-815 cm™!, respectively [23]. This result guarantees that
the sample consists of two phases, including barium titanate and PDMS polymer phases.
Dielectric properties of the BT/PDMS nanocomposites were characterized by an LCR
meter in the frequency range of 102-10° Hz at room temperature. Figure 6 presents frequency
dependence of the dielectric constant (¢;) of the BT/PDMS nanocomposites at different
compositions. It can be seen that the dielectric constant of the BT/PDMS nanocomposites
was found to be in the range of 3.7-10.6. According to Figure 3(a), the dielectric constant of
nanocomposites increased significantly with increasing BTO concentration, because BT
particles exhibit much higher permittivity than the polymer matrix. Moreover, increasing the
volume fraction of nanoparticles increases the interfacial area of the composite [24], which is
more pronounced in a low-frequency region. A significant increase in dielectric constant,
especially in the low-frequency region, is due mainly to increase in interfacial polarization
[13]. Additionally, it is noticeable that a low dielectric loss was obtained [Figure 3(b)]. The
minimum value of loss was 0.04, with the maximum value still less than 0.1, which is
attractive for practical applications. Furthermore, different theoretical models were used, such
as the following equations, from the appropriate one was found by predicting the dielectric

constant of these composites.



1. Jayasundere—Smith equation [10]

e (1—vp) + aivf[ 3€m ] 1+ 3ve(g; — €)

.= & + 2¢, & + 2¢n
eff —
3em 1+ 3ve(g; — &)
L=ve+v [si + ZSm] & + 2€

2. Modified Lichtnecker equation [10]

s.
log or = log e, + V(1 — 1) logs—l
m

3. Series mixing formula [10]

1

_=ﬁ+(1—Vf)

Eeff & €m

4. Maxwell-Wagner equation [5, 10]

2e, + & + 2ve(g; — €)
€
M 2en + & — ve(e; — €m)

Eeff =

5. Effective medium theory (EMT) [10]

Vf(si - sm)
€m +n(1 —ve) (g — &m)

Eeoff = €m 1+

where eefr, €, and em are the permittivity of the composites, filler, and matrix,
respectively; n is the fitting parameter or the morphology factor; v¢ is the volume fraction of

the ceramic; and the following equation is used to calculate the v¢ of the composites [12].

p \4i
m, = m, X — X
Pp 1—vg

Where m¢ and m, are the mass of ceramic and polymer, respectively, and p. and p, are
the density of ceramic and polymer, respectively.

The impedance analyzer is used to measure the capacitance of the materials for
calculating the dielectric constant. By using this measurement technique, the ceramic needs to
be compacted into a dense green body. In the case of polymer/ceramic composites, the

perovskite-type barium titanate is in powder instead of sintered form. The dielectric behavior



in the case of ferroelectric powder may be different from that of the bulk. Elimination of
constrained forces from neighboring grains, and a drop in domain density due to decreased
particle size reduces the dielectric constant of BT powders owing to the removal of grain
boundaries [24]. Furthermore, & also varies in ferroelectric BaTiO3 powders in particle or
grain sizes [25]. In 1962, W. Kinase [26] reported the theory of dielectric constant of BT.
The dielectric constant can be estimated based upon the molecular model. In this method, the
dielectric constants do not include the effect of pores, space charge and so on. The reported
dielectric constant of BT crystal in tetragonal phase was 1247.36. Therefore, this study used
this value to estimate the dielectric constant for the BT/PDMS composites by different
theoretical equations.

Figure 4 shows the calculated values from different theoretical models when
compared with experimental values, which only fit well with the Modified Lichtnecker
equation. This model includes a fitting factor of n, which represents the interaction between
the filler and matrix [10], and indicates that the dielectric properties of composites are
influenced not only by relative permittivity of the components but also dependence on
interactions between ceramics and polymers. These results agree well with the research of Q.
Lu et al. [15], who reported that morphology and phase separation are important factors in
organic-inorganic hybrid nanocomposites. The microstructure and properties of these
nanocomposite materials are controlled mainly by the interfacial strength between organic
and inorganic components. Nevertheless, the Modified Lichtnecker equation does not
completely agree with experimental results at a higher volume fraction. This may be due to
the poor dispersion of ceramic in the polymer at higher volume fractions, and also porosity or
air entrapment in the composite. It can be concluded for all theoretical models that large
volume fractions of high permittivity nanoparticles are desirable for increasing effective

permittivity of nanocomposites.



Furthermore, CNT was used to improve the dispersion and dielectric properties of
BT/PDMS nanocomposites. Figure 5 shows cross-sectional images in Backscattered electron
mode of the BT/PDMS nanocomposites with 50%wt BT compared with BT/PDMS
nanocomposites, and consequently, 50%wt BT modified with 1%, 2%, 3%, 4% and 5% CNT
by weight. Figure 5(a) represents the embedded BT nanoparticles in the polymer matrix
phase (without CNT), in which the BT phase is visible with a bright-white contrast, and the
PDMS phase identifiable as the darker-gray region. This Figure represents poor distribution
and dispersion of the BT phase in the PDMS matrix phase. The agglomeration of BT
nanoparticles was observed. After adding 1%wt CNT [Figure 5(b)], distribution and
dispersion of BT in the PDMS matrix phase were improved and enhanced when increasing
the amount of CNT to 2%, 3%, 4% and 5% by weight [Figure 5(c)-(f)]. Furthermore, CNT
also reduced the agglomeration size of BT nanoparticles in the polymer matrix phase from 60
(without CNT) to 10 microns (with 5%wt CNT). These results are due to BT particles being
entangled with CNT networks in the polymer matrix and causing the formation of long-range
connectivity in random systems. Thus increasing CNT content may induce more
entanglement of CNT and BT nanoparticles.

Dielectric properties of the BT/CNT/PDMS nanocomposites were characterized by
the LCR meter. Figure 6(a) presents frequency dependence of the dielectric constant (&) of
the BT/CNT/PDMS nanocomposites at different compositions. It was found that the
dielectric constant of the BT/CNT/PDMS nanocomposites was in the range of 6.3-9 .7 and
within the measurement frequencies of 1 kHz - 2MHz at room temperature, which is higher
than the dielectric constant of BT/PDMS nanocomposites without CNT (0%wt CNT), as
shown in Figure 6(a). Additionally, the dielectric constant of nanocomposites increases
significantly with increased CNT content, which corresponds to the research of Sui-Lin Shi et

al. [28]. This result may be due to good distribution and dispersion of BT in the polymer



matrix by entanglement with CNT networks, as revealed in SEM results (Figure 5).
Furthermore, CNT can act to conduct functional material, because CNT fillers produce
percolation (a conducting network) easily at a lower volume fraction and these conduction
paths can reduce the internal resistance of nanocomposite material. Therefore, a high
dielectric constant is generated. Additionally, it is noticeable that a low dielectric loss was
obtained [Figure 6(b)], which is lower than the dielectric loss of nanocomposites without
CNT. The minimum value of the dielectric loss is 0.01 and the maximum value less than
0.07.

Furthermore, we demonstrated the energy harvesting which converts mechanical
movement into electrical energy. The nanocomposite pad is driven by the periodic knocking
with a Teflon stack. When the substrate is stretched and released repeatedly, the voltage
output was measured with a digital oscilloscope ( Figure 7). The negative voltage distribution
was generated due to the reverse-flowing carriers when the external load was removed and
the piezopotential vanished [29]. The output voltage signals from the BT generator under an
impulsive loading was in the range of 1.5-2.5 V [Figure 7]. These output values are produced
from an activation area of 3 cm x 3 cm with applying force. The different values of voltage
and current between press and release are due to the difference in straining rate when
applying and releasing the strain [30]. Moreover, the damping effect of the soft polymer

matrix on the resonant frequency was also observed during the energy harvesting process.

Conclusion

In this study, polymer-ceramic nanocomposites, with 0-3 connectivity, were prepared
successfully using the polydimethylsiloxane (PDMS) elastomer as the base matrix, and
barium titanate (BaTiO3; BT) nanoparticles as filler. Different dielectric properties of these

composites were studied at various filler concentrations. The dielectric constant of the



BT/PDMS nanocomposites was found to be in the range of 3.7-10.6, and it increased with
increasing filler content. Besides, different theoretical models were used to predict the
dielectric constant of the composites. The Modified Lichtnecker equation is seen as more
reliable in predicting the relative permittivity of composite for the low volume fraction of
filler ceramics. Finally, the modification of BT/PDMS composites with carbon nanotube
(CNT) reveals an interesting result. The addition of CNT can improve the distribution and
dispersion of the BT phase in the PDMS matrix phase. Thus, the dielectric property of
BT/PDMS composites was improved as well. Moreover, the electrical outputs from the
nanocomposites generator were measured under periodic stress. The highest output voltage
recorded during the test was 2.5 V. The nanogenerator demonstrated could be the basis for
self-powered energy systems for application in nano-scale devices, sensor network, and

portable electronics.
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Figure Legends

Figure 1 (a) Digital image of the nanocomposites stretched by hand, (b) secondary electron
SEM image of the BT/PDMS nanocomposites, and (¢) SEM photographs of agglomerated
BT in the PDMS matrix.

Figure 2 (a) XRD patterns (b) Raman spectra and (c) FT-IR spectra of the BT/PDMS
nanocomposites.

Figure 3 Frequency dependence of (a) the dielectric constant (¢;) and (b) the dielectric loss
on BT/PDMS nanocomposites in different compositions.

Figure 4 Volume fraction dependence of the dielectric constant on the BT/PDMS
nanocomposites from different theoretical models, when compared with experimental values.
Figure 5 Backscattering electron SEM image of Cross sectional BT/PDMS nanocomposite
(a); and BT/PDMS nanocomposites modified with (b) 1%wt CNT (c) 2%wt CNT (d) 3%wt
CNT (e) 4%wt CNT and (f) 5%wt CNT.

Figure 6 Frequency dependence of (a) the dielectric constant (g;) and (b) the dielectric loss
on BT/PDMS nanocomposites modified with CNT.

Figure 7 Output voltage measured with respect to time under an applied force at 300 N.
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Abstract

Core-shell structure nanocomposites have been of interest, as they can exhibit unique
properties arising from the combination of peculiar characteristics of each component. In this
research, core-shell structured nanocomposites, comprising barium titanate (BaTiOsz; BT)
nanoparticles as the core and titanate (TiO2) nanosheets as the shell, were prepared. The surface
of barium titanate (BT) nanoparticles was modified chemically by hydrogen peroxide (H>O>) to
create hydroxyl groups. TiO2 nanosheets were deposited on the surface of the functionalized BT
core, via alternate adsorption with oppositely charged polyelectrolyte poly(diallyl
dimethylammonium) (PDDA) cations to produce an ultrathin TiO; shell layer that encapsulates
BaTiOs nanoparticles. The structure of the core-shell particles was investigated in order to
illustrate their formation mechanisms. Furthermore, this work reported the advance in utilizing a
core-shell nanostructure to enhance relative permittivity and maintaining a low loss of polymer
nanocomposites. A significant improvement in relative permittivity is attributed to the TiO> shell,
which acts as polarizable dipoles and consequently enhances interfacial polarization. The results
indicated that the structure of core-shell nanocomposites is attractive as a novel structural

building block for fabricating novel materials and electronic devices.
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1. Introduction

Piezoelectric materials have initiated interesting applications in modern electric power
systems such as environmental monitoring and energy harvesting devices [1]. Although,
piezoelectric materials have long been used for sensor and transducer applications [2, 3], the
need for functioning under varied conditions, in wider operation ranges, is still required and this
would lead to the development of new piezoelectric materials and processing technologies.
Applied piezoelectric materials, including multilayer ceramics and composite, have been of
interest as they can exhibit unique properties arising from a combination of peculiar
characteristics in each component. The synthesis of a bulk core-shell material has been one of
the recent approaches for improving electromechanical response, due to the combination of
different properties in one particle, based on different compositions of the core and shell. The
core often shows the relevant property, while the shell can alter some properties of the core such
as thermal stability [4], functionality, and reactivity [5, 6]. Core-shell systems offer many
advantages when compared to their bulk material, of which the more notable include; ability to
regulate surface impurities and surface states, which are normally found in the vast majority of
nanoscale structures [7]. Piezoelectric field enhancement in core-shell nanowires (CSNWS) is
most notable [5, 8], as it can alter the dispersion characteristics of particles by surface
modification, so that blending the core-shell particles into the polymer matrices is possible [6,
9].

In this research, avoiding lead-based products is eco-friendly and essential for next-

generation clean technology. Barium titanate (BT) is a well-known piezoelectric material that is



very attractive in the field of electroceramics and microelectronics, due to its ferroelectric
response and high dielectric constant, which are regarded as useful for further development in
the electronics industry [10, 11]. This study aspired to develop a versatile, cost-effective,
environmentally friendly and easy-to-scale up method for synthesizing BaTiOs-based
nanoparticles with a core-shell structure.

Piezoelectricity in semiconductor materials is a well-known phenomenon that recently
gained strong interest in the field of piezotronics [12]. The fundamental paradigm of this recent
field of research is the exploitation of strain induced piezoelectric polarization in semiconductor
nanostructures to develop unique electronic devices [1, 13]. Titanium dioxide is an n-type
semiconductor and one of the most important oxides, attracting much attention from both
fundamental and practical viewpoints [14]. Its powders are used for industrial applications such
as pigments, cosmetics, and so on, due to their versatility in connection with high chemical
stability, tinting strength, hiding power, and UV ray shielding capability [15]. Furthermore, TiO>
nanomaterials also have been used as sensors for various gases and humidity, due to their
electrical or optical properties [16]. Many researches have revealed that titanium dioxides of
varied nature were synthesized in order to optimize them toward a particular purpose.

Recently, anatase titanium dioxide (TiO2) has been synthesized successfully in the form of
nanosheets [17-19]. Their thickness is in the range of molecular dimensions at mostly around 1
nm [17]. The nanosheet structure was stable up to a temperature of 800°C, which is much higher
than the normal crystallization temperature of anatase [17]. Semiconductor titanate nanosheets
provide many advantages. In addition to favorable optical properties [18], they also possess
electrical properties and a piezoelectric response that would be sufficiently large to allow the use

of these materials in piezotronic devices and nanogenerators [19]. These colloidal nanosheets can



be deposited via alternate adsorption with some oppositely charged polyelectrolytes, such as
poly(diallyldimethylammonium) (PDDA) cations, to produce multilayer ultrathin film with a
controlled nanoarchitecture [20]. Colloidal single sheet suspensions of these compounds may be
used as sources for synthesizing novel materials. They have inspired the authors of this study to
design core-shell materials in order to fabricate an attractive piezoelectric nanocomposite for
high-efficiency self-powered materials.

The structure of the BT@TiO: core-shell was investigated in this study in order to illustrate
its formation mechanisms. This study also focused on the preparation of homogeneous polymer-
based nanocomposites by incorporating synthesized core-shell nanoparticles for developing
energy conversion. The influence of core-shell nanoparticles on direct piezoelectric properties,

and dielectric properties of composites, was investigated.

2. Experimental procedure
2.1 Preparation of Titanate Nanosheet
2.1.1 Solid state reaction

A mixture of KHCO3;, CoO, and TiO», which corresponds to the Ko3Co04Tii604
stoichiometry, was prepared by solid state reaction. A slurry of powder mixture in alcohol was
milled in a vibrational mill for 2 hours. After milling, the slurry was dried at 90°C overnight in a
drying furnace. The dried powder was then crushed in an agate mortar. Next, the mixture was
placed in an alumina crucible and heated at 800°C for one hour, followed by grinding. Then, the
mixture was calcined in an alumina crucible at 800°C for 20 hours, with a heating rate of
10°C/min.

2.1.2 Proton exchange



Potassium ions in KogCoo4Ti1.604 were replaced with protons by ion exchange. The
Ko0.8C00.4Ti1.604 powder was stirred magnetically with 1 M CH3COOH for 3 days (solid-to-
solution ratio of 1 g to 100 mL). During this proton exchange reaction, the acid solution was
replaced daily with fresh solution. After that, the powder was filtered and washed multiple times
with deionized water until free from excess acid. Then, the powder was dried at room
temperature, and finally a protonated form of lepidocrocite titanate, with a theoretical
composition of HosCo0.4Ti1.604, was obtained.

2.1.3 Exfoliation

The protonated form of the lepidocrocite titanate (0.4g) was dissolved in an aqueous
solution of tetrabutylammonium hydroxide [(C4H9)sNOH; TBAOH], with the molar ratio of
TBA" cations in the solution to the proton in the solid equaling 1. This ratio corresponded to that
for the dilution of 4.10 mL of commercially available 1 M TBAOH to the total volume of 100
mL in deionized water. Therefore, the solid-to-solution ratio of the mixture was kept at 0.4 g/100
mL. Then, the mixture was shaken mechanically at 180 rpm for 14 days. After that, the milky
suspension obtained was centrifuged at 3,000 rpm for 5 minutes. The aggregates at the bottom of
the tube were discarded, and only liquid in the top-part was used further in the preparation of
core-shell materials.

2.2 Preparation of BT@TiO2 Core-Shell Nanoparticles

The BT@TiO; core-shell nanoparticles were prepared by employing a sonochemical
method. Firstly, BT nanoparticles (15 g commercial grade) were refluxed in an aqueous solution
of H2O2 (35%, 350 mL) at 100°C for 6 hours. After that, the hydroxylated powder was filtered
and washed with deionized water followed by drying at 80°C for 24 hours. Next, the

hydroxylated BT particles were dispersed sonochemically in distilled water, with the addition of



1%wt poly(dialyldimethylammonium chloride) (PDADMAC), for 30 minutes to form a colloidal
solution. Then, titanate nanosheet solution was added in varied amounts to the colloidal solution
and sonochemically dispersed for 30 minutes again. Finally, the mixture was centrifuged and
dried at 80°C for 24 hours in an oven.

Fourier transform infrared (FT-IR) spectra (Perkin Elmer Spectrum GX) were used to
check the functional group of each phase. X-ray diffraction (XRD; Siemens-D8 Advance) using
CuK, radiation was used to determine the phases formed. Scanning electron microscope (SEM;
Zeiss JSM-6700F) and transmission electron microscope (TEM;) were used to observe the
morphology of the core-shell.

2.3 Preparation of Nanocomposite

The nanocomposite of the BT@TiO; core-shell was prepared by mechanically dispersing
the BT@TiO: core-shell and CNT in ethanol for 10 minutes. After that, the mixture was dried at
90°C for 24 hours and ground to achieve homogeneous particles. Next, the mixture was added
into 10 ml of PDMS solution and stirred for 15 minutes. Silicone elastomer curing agent was
added to the solution and stirred for 10 minutes. Then, the mixture was poured into a plastic
mold and kept at room temperature for 24 hours. Finally, the dried sample, with a thickness of
55-70 pm, was removed from the mold and collected for testing.

Scanning electron microscope (SEM) (Zeiss JSM-6700F) was used to observe the
fractured cross-surface of nanocomposites. An impedance analyzer (Agilent E4980A) was
employed to measure the dielectric properties of the nanocomposites. The output voltage was
recorded by an oscilloscope (Trextronics, TBS1072B-EDU) during periodic knocking with a

metal stack.



3. Results and Discussion

According to Figure 1, the formation mechanism of the TiO> shell on functionalized BT
can be described as follows. Step I: BT particles were created with the functional group in
preparation of the BT core. Figure 1 shows that when the surface of BT particles is
functionalized with OH functional groups, the electrokinetic behavior of the BT surface is
dominated by BT-OH species, as already noted [21]. The introduction of OH surface groups
made the surface more accessible to deposits, which are ready to apply for forming stabilization
of functional colloidal solution. Step II: the surface charge of the nanoparticles is an essential
factor in colloidal systems when preparing colloidal BT solution.
Poly(diallyldimethylammonium chloride) is a linear positively charged polyelectrolyte, which
readily interacts with various solid materials that have negative surface charges [14, 22]. After
sonochemical dispersion in distilled water, PDADMAC is seen to have excellent binding
capability with BT-OH powder. The digital camera in Figure 1 shows the mixture comprising
initially of solids and a clear, colorless liquid (left) that gradually transforms into a milky
suspension, indicating the transformation of BT solids into colloidal solution (right). Therefore,
it was suggested that an electrostatic attraction between the negatively charged BT-OH surface
and positively charged PDADMAC occurred, which can induce BT-OH nanoparticles suspended
throughout the distilled water. Accordingly, functionalizing BT-OH with PDADMAC could be
an effective method for preparing dispersive colloidal particles in the liquid phase. Step III: the
poly(diallyldimethylammonium) cations act as a cationic coating on the BT-OH surface when
preparing the shell. On the other hand, the surfaces of TiO2 nanosheets have a highly negative

charge [17]. Therefore, TiO> nanosheets can be deposited on the surface of the functionalized BT



core, via alternate adsorption with oppositely charged polyelectrolytes. Finally, a successful TiO»
shell was performed (schematically depicted in Figure 1).

The BT@TiO: core-shell was prepared by using a BT nanoparticle as the core and TiO>
nanosheet as the shell at different weight ratios of BT nanoparticles to TiO2 nanosheets of 1:40,
1:1 and 50:1. Morphology of the powders obtained was revealed by scanning electron
microscopy (SEM). Figures 2(a-d) show a typical SEM image of the prepared BT core-shells
compared with commercial BT nanoparticles. Particles of the commercial BT powder [Figure
2(a)] are spherical and exhibited a large degree of agglomeration. BT particles agglomerated into
a cluster with an average cluster and mean particle size of 428.43 + 95.43 nm and 80.98 + 15.03
nm, respectively. Figure 2(b) shows the morphology of prepared powder with a BT nanoparticles
to TiO> nanosheets weight ratio of 1:40 (TiO»-rich system). This figure shows that a relatively
large aggregated surface is seen without any texture. The SEM image presents the entire
covering of BT powder with multilayer TiO> nanosheets. This may be due to excess TiO:
nanosheets in the system. When the weight ratio of BT nanoparticles to TiO, nanosheets was
increased from 1:40 to 1:1 [Figure 2(c)], two different morphologies of the prepared powder
were observed. A large number of the aggregated sheets (in the range of a few hundred
nanometers to a few micrometers) were found to be present on the BT nanoparticles. Figure 2(d)
shows the morphology of BT core-shells with a BT nanoparticle to TiO2 nanosheet weight ratio
of 50:1 (BT rich system). This Figure reveals that the particles are spherical and larger than
commercial BT particles, with a mean particle size 90.51 + 11.14 nm. This result indicates that a
successful TiO2 shell was performed. In addition, the BT core-shell particles showed a smaller
degree of agglomeration, and distribution in a relatively narrow size range. This effect may result

from preparation of the BT colloidal solution stage, in which hydroxylated BT coordinates with



PDADMA" cations to form a stable colloidal solution, and induce high dispersion of BT
particles, as presented in the digital image of Figure 1. Therefore, the prepared powder exhibits a
monodispersive particle size distribution.

More insight into the structure of the core-shell nanoparticles is given by transmission
electron microscope (TEM) analysis. Figures 2(e-h) show TEM images of a BT core-shell,
which can distinguish between a darker core and brighter shell, due to the difference of
transmission intensities for the BT nanoparticle and TiO2 nanosheet. Figure 2(f) shows a TEM
image of BT nanoparticles after addition of TiO; nanosheets, with a final BT nanoparticles to
TiO2 nanosheets weight ratio of 1:40. This Figure reveals a large amount of TiO> sheets present
on the surface of the BT particle. It was expected that the negatively charged TiO2 nanosheets
were deposited easily on the positively charged support surface because of electrostatic
interaction. When the weight ratio of BT/TiO; increased from 1:40 to 1:1, it still presented the
formation of core-shell structures with a Ti enriched surface, as seen in Figure 2(g). There was
some agglomeration of the TiO2 nanosheets on the surface of the BT particle. This phenomenon
occured because the TiO> nanosheets had a high specific surface area and were liable to
agglomerate [19]. When the concentration of TiO2 nanosheets decreased, and the weight ratio of
BT/Ti0; increased to 50:1 [Figure 2(h)], nanoparticles that had a core-shell structure with light
contrast TiO; shells and dark contrast cores of BT could be seen. The outer region of the sphere
was composed of very thin nanosheets, while the inner core was more densely packed, implying
that a TiO2 shell successfully coated the BT nanoparticles. The interface between these two
phases was seen clearly in TEM images, which also demonstrated that most of the TiO> were
polymerized on the functionalized BT particle surface. However, small BT-free TiO> particles

were formed as well. TiO2 shells were formed finally with a homogeneous thickness that



averaged an estimated ~ 10 nm. Figures 4(a-c), reveal that the TiO» layer thickness decreased
dramatically upon a BT/Ti0O2 weight ratio increase from 1:40 to 1:1 and 50:1, consequently.

The crystalline phases for both the pure BT powder and the BT@TiO: core-shell powder
were revealed by X-ray diffraction spectra, as shown in Figure 3. According to JCPDS card no.
31-0174, a well crystallized BT with tetragonal structure was detected. Strong diffraction peaks
were at 26 values of 21.98, 31.38, 38.75, 45.03, 50.93, 55.92, 66.04, 70.28, 74.91 and 79.14°
corresponding to (100), (110), (111), (200), (210), (211), (220), (300), (310) and (311) crystal
planes respectively. Both barium titanate and TiO, were observed for the core-shell powders.
After modifying with a TiO> shell layer, the characteristic peaks of samples were still in
accordance with the tetragonal perovskite phase of BT, indicating that the TiO» does not
influence the crystalline structure of the core. Diffraction peaks characteristic of TiO» appeared
at 20 = 25°, which can be indexed as the anatase phase (JCPDS card no.78-2486). The XRD
patterns of the core-shell powder clearly demonstrated that both BT and TiO; remained in the
powder obtained. However, spectra of BaCOs at 20 = 35.6° (JCPDS card no.05-0378) from
starting materials remained the same as in the XRD pattern of commercial BT.

FT-IR spectra for both commercial BT nanoparticles and the BT@TiO: core-shell are sh
own in Figure 4(a). This figure shows absorption bands in the range 450-700 cm™' that are attrib
uted to the different types of Ti-O vibrations [23], which are related to tetrahedrally and octahedr
ally coordinated titanium ions [13]. The prominent absorption band is assigned in all samples to t
he stretching vibration of the adsorbed water molecules at 3400 cm™ [23]. Furthermore, the set o
f characteristic bands was observed clearly at 1700 cm™ (C=0) [23] and 1400 cm™ (C-OH) [23,
24], and attributed to CO3?>" groups from the BaCOs byproduct in IR spectra for both the commer

cial BT particles and BT core-shell. It was found that the BT@TiO- core-shell exhibited a new se



t of peaks at 2923 cm™ and 1,150 cm™!. The band was assigned to the C—N at 1150 cm™ [14] and
the stretch and signal to C—H stretch at 2900 [14] in the polyelectrolyte PDADMAC. In addition,
the absorption bands indicated a long carbon chain with a high degree of regularity for the linear
backbone structure of the polyelectrolyte at 1460 cm™ [14]. Furthermore, the peak was typical fo
r a one-dimensional structure at around 900 cm™ [13]. This peak corresponds to the vibration of
Ti-O nonbridging oxygen bonds [13]. The increased intensity of this band could imply the forma
tion of Ti-O-N bonds. It also can infer that TiO> shells coordinating with PDADMAC were coate
d successfully onto the BT surface.

Furthermore, the local and dynamic symmetry of the BT@TiO> core-shell was
monitored by Raman spectroscopy [Figure 4(b)]. Based on crystallography, Raman-active modes
for tetragonal BaTiO; (P4mm) were 4E(TO + LO) + 3A1(TO + LO) +Bi(TO + LO) [25].
Frequencies were assigned to the three £(TO) modes at 140, 470 and 520 cm—1 [25]; the 180
cm’! peak constituted the E(LO) modes [26]; and the intensity of the peak was assigned to the
overlap of E(TO)+E(LO)+B; [26] at around 303 cm™'. The frequency band was attributed to the
Ai(LO) + E(LO) phonon modes at around 720 cm™! [25, 26]. The Raman result shows an
unchanged spectrum of BT nanoparticles after being deposited on the titanate nanosheet,
indicating that crystallization of the BT nanoparticles remained. According to characteristic
vibrational modes, 2D lepidocrocite-type TiOs octahedral host layers are (3Ag + 3Big + 3B3g)
with an orthorhombic structure (Immm) [27]. A typical Raman scattering spectrum of the 2D
TiO¢ octahedral host layers contributed mainly at ~ 180, 280, 450, and 700 cm™! [27], which was
presented in the same area of the BT spectrum. However, a small shoulder peak of the BT@TiO>

core-shell sample was observed at 803 cm™'. This correlated to the stretching vibrations of the



short Ti-O bonds (B mode) that protude into the interlayer spaces for the 2D lepidocrocite-type
titanate [27], which confirms existence of the TiO; nanosheet in the core-shell structure.

In addition, this study also focused on the preparation of polymer-based nanocomposites
by incorporating synthesized BT@TiO2 core-shell nanoparticles into the polydimethylsiloxane p
olymer matrix. Figure 5(a) shows a digital image of @ BTcore-shet-CNT-PDMS nanocomposite pad
, which has a uniform and smooth surface. Furthermore, the photograph shows that the nanocom
posite pad was bent by hand, indicating its flexibility, bendability, and even stretchability withou
t deformation. Dielectric properties of the BT-CNT-PDMS nanocomposites were characterized b
y an LCR meter in the frequency range of 100 Hz - 2 MHz at room temperature. According to Fi
gure 5(c), the dielectric constant of nanocomposites increases significantly after modifying with
a TiO: shell layer. It can be seen that the dielectric constant of the BTcore-sheni-CNT-PDMS nanoc
omposites was found to be in the range of 35.81 — 33.11, which is 2 times higher than that of a n
ormal BT-CNT-PDMS composite. A significant increase in dielectric constant is due mainly to t
he TiO: shell acting as polarizable dipoles and consequently enhancing interfacial polarization [2
8]. In addition, it is noticeable that a low dielectric loss was obtained [Figure 5(d)]. The maximu
m value of loss was 0.03. Furthermore, the dielectric loss of the nanocomposites was almost stabl
e with increasing frequency, which revealed that this nanostructured core-shell system is efficien
t in decreasing the dielectric losses of the final BaTiO3-based composites.

In addition, this study researched the influence of core-shell nanoparticles on the direct
piezoelectric properties of the nanocomposite, and voltage outputs were recorded with an
oscilloscope under impulsive loading. The positive and negative voltage outputs were observed
under continual pressing and releasing cycles. The average output voltage signal from the

nanocomposite was 1.29 £+ 0.58 V under impulsive loading. However, the output voltage signals



obtained were not stable, and this may be due to the damping effect of the soft polymer matrix.
These results are ideal for achieving high electrical performance together with energy harvesting

ability.

Conclusion

Core-shell structured nanocomposites were prepared successfully in this research using
barium titanate (BaTiOs3; BT) nanoparticles as the core and titanate (TiO2) nanosheets as the
shell. TiO2 nanosheets were deposited on the surface of the functionalized BT core by using
poly(diallyl dimethylammonium chloride) (PDADMAC) as an intermediate linker. The
formation mechanisms of the core-shell particles were reported. It is obvious that the
modification of a BT nanoparticle with a TiO> shell results in an increase of relative permittivity
and decrease in loss. A significant improvement in relative permittivity is attributed to the TiO»
shell acting as polarizable dipoles and consequently enhancing interfacial polarization. The
influence of core-shell nanoparticles on direct piezoelectric properties has been studied. The
average output voltage signal from the nanocomposite was 1.29 + 0.58 V under impulsive
loading. These results indicated that the barium titanate nanoparticle core-shell system, with a
semiconductor titanate nanosheet shell, provides an attractive way to explore the effect of
piezoelectrics in the energy harvesting system. This material innovatively expands the feasibility
of self-powered energy systems for application in medical instrumentation, industrial process

control, and environmental monitoring.
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Figure Legends

Figure 1 Formation mechanism of BT@TiO: core-shell nanoparticles.

Figure 2 (a-d) SEM and (e-h) TEM images of (a,e) commercial BT nanoparticles, compared
with the BT@TiOz core-shell at different weight ratios of BT nanoparticles to TiO2 nanosheets
of (b,f) 1:40, (c,g) 1:1 and (d,h) 50:1.

Figure 3 X-ray diffraction patterns of commercial BT particles and BT core shells.

Figure 4 (a) FT-IR and (b) Raman spectra of commercial BT nanoparticles and the BT@TiO:
core-shell.

Figure S (a) Digital image of the BTcore-she-CNT-PDMS nanocomposite, (b) output voltage of
BTcore-shei-CNT-PDMS nanocomposites under impulsive loading, and frequency dependence of

(c) dielectric constant and (d) dielectric loss of BT core-shei-CNT-PDMS nanocomposites.
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Abstract

Lead-free piezoelectric nanocomposite made with barium titanate (BaTiO;: BT) offer
an attractive self-powered materials. In this study, polydimethylsiloxane (PDMS)-based
flexible composites including BaTiO; with different morphology and carbon nanotubes
(CNT) were manufactured and their electrical performance was examined. This research
investigated the influence of the modified disperse phase in three forms: 1) surface
hydroxylated BT nanoparticles, 2) BT/Ti core-shell nanoparticles and 3) BT nanorods, on
electrical properties of a three-phase BT-CNT-PDMS nanocomposite. The results indicated
that dielectric properties of composites are influenced not only by relative permittivity of the
components, but also dependence on interactions between ceramics and polymers. It was
revealed that fillers with different particle shapes result in varied outputs of electrical
nanocomposite. In response to the periodic impacts using a metal bar, the output voltage of
BT nanorod composite reached the amplitude of 2.5 V, which was 4 times that of the normal
BT composite. Furthermore, the interfacial polarization in PDMS-BT/Ti core-shell composite

plays an important role to enhance the dielectric properties of the composites.
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1. Introduction

Problems of energy shortage and natural disasters are becoming increasingly serious.
Accidents frequently occur because of damage to infrastructure caused by natural disasters
such as earthquakes and hurricanes that not only ruin life and property, but also the national
economy. In order to prevent damage to crucial infrastructures, such as highways, buildings
and bridges, it is essential to visualize the state of the structure and identify any initial
damage in real time [1]. Piezoelectric materials have the ability to convert mechanical energy
into electrical energy and have long been used for strain sensing [2-4]. When a piezoelectric
material is squeezed, twisted or bent, electric charges collect on its surfaces. Conversely,
when it is subjected to a voltage drop, it deforms mechanically [5]. Therefore, this material is
used widely for measuring different quantities as an indicator, such as stress, torque, pressure
and vibration, before converting to an electrical signal. Piezoelectric sensors have the lowest
power requirements when compared to other types of sensors [1]. However, conventional
piezoelectric strain sensors show some limitations such as low sensitivity and difficulties
when being embedded into material structures. These limitations have increased the demands
for novel smart materials. In consequence, there is a need to develop simple, scalable,
inexpensive, and mechanically flexible sensors that can be embedded into a material or fitted
easily into an existing structure. Flexible piezoelectric composites are considered as a
solution to the problem. They consist of a ceramic material embedded in a flexible polymer
matrix [6]. Other applications, for example, energy harvesting that uses these piezoelectric
materials, also have been studied. Piezoelectric-based polymer composite generators could be
scalable power sources that are applicable in various electrical devices and systems by

scavenging mechanical energy from the environment [7-9]. Barium titanate (BaTiOs; BT) is a



common piezoelectric material. It is very attractive in the field of electroceramics and
microelectronics, due to its ferroelectric response and high dielectric constant, which are
regarded as useful for further development of the electronics industry [10]. However, poor
dispersion of filler and low electrical properties of composite become major problems in
achieving a high performance material. The investigation of a modified disperse phase has
been a recent approach for improving electrical performance.

Little research has focused on the effect of interface between fillers and the polymer
matrix on the electrical performance of nanocomposites. In fact, the interface could influence
electric performance of the composites significantly. Liu et al [11] revealed that the dielectric
properties of surface hydroxylated BST/PVDF nanocomposites show a higher dielectric
constant, and they also exhibit higher dielectric breakdown strength. The surface of BT
nanoparticles in this research was modified chemically by hydrogen peroxide (H,O,) in order
to create hydroxyl groups. This chemical treatment was devoted to the improvement of
interfacial interactions and dispersion by introducing strong interaction between BT-OH and
PDMS. In addition, the functional BT nanoparticles obtained may be used as sources for the
syntheses of novel materials.

Many researches have revealed that core-shell systems offer many advantages when
compared to their bulk material [12-14]. The more notable advantages include; the ability to
regulate surface impurities and surface states, which are found normally in the vast majority
of nanoscale structures [12] and, most notably, piezoelectric field enhancement in core-shell
nanowires [13, 14]. Based on the authors’ knowledge, titanium dioxides of a varied nature
have been synthesized in order to optimize them toward a particular purpose. These materials
have been used as sensors for various gases and humidity, due to their electrical or optical
properties [15]. Recently, anatase titanium dioxide (TiO,) has been synthesized successfully

in forming nanosheets [16]. These colloidal nanosheets can be deposited via alternate



adsorption  with some oppositely charged  polyelectrolytes, such as
poly(diallyldimethylammonium) (PDDA) cations, to produce multilayer ultrathin films with a
controlled nanoarchitecture [17]. Titanate nanosheets provide many advantages. In addition
to favorable optical properties, they also possess electrical properties and a piezoelectric
response [18]. These provide inspiration in designing BT/Ti core-shell materials that can
fabricate an attractive piezoelectric nanocomposite for highly efficient self-powered devices.

In addition to modifying BT nanoparticles, this study also focused on synthesizing one-
dimensional BT nanorods in order to improve the desired properties. Due to the high surface-
to-volume ratio, and promising applications shown as building blocks for energy-harvester
systems and sensors [19, 20], nanorod-based devices may advance state-of-the-art BaTiO;
nanotechnologies significantly. Zagar et.al [21] tested BaTiO3 nanorods as proof-of-concept
humidity sensors, and showed a large and reversible response. They can be integrated easily
into simple circuit architecture, which is characterized electrically in a controllable manner.
These results significantly demonstrate that nanorod-based devices can advance the state of
BaTiO; for energy-harvester systems and sensors.

This research investigated the influence of modified disperse phase in three forms: 1)
surface hydroxylated BT nanoparticles, 2) BT/Ti core-shell nanoparticles and 3) BT
nanorods, on electrical properties of a three-phase BT/CNT/PDMS nanocomposite. This
investigation is thought to enhance the efficiency of nanocomposite materials for an energy
harvesting system. Furthermore, the dielectric properties of composites also have been

researched.



2. Experimental procedure

2.1 Preparation of Hydroxylated Barium Titanate

In preparing hydroxylated barium titanate (BT treated), BT nanoparticles (15 g
commercial grade) were refluxed in an aqueous solution of H,O, (35%, 350 mL) at 100 °C
for 6 h [22]. After that, the hydroxylated powder was filtered and washed with deionized

water followed by drying at 80 °C for 24 h.

2.2 Preparation of BT core-shells

BT cores-hells were prepared by employing a sonochemical method. The BT treated
particles were sonochemically dispersed in distilled water, with the addition of 1%wt
poly(dialyldimethylammonium chloride) (PDADMAC), for 30 min to form a colloidal
solution. Then, titanate nanosheet solution was added to the colloidal solution and
sonochemically dispersed for another 30 min. Finally, the mixture was centrifuged and dried
in an oven at 80 °C for 24 h (see supporting information for the preparation of titanate

nanosheets).

2.3 Preparation of the BT nanorod

Reagent grade BaCOs;, TiO,, NaCl, and KCI were used as precursor materials. The
stoichiometric amount of BaCO; and TiO, powders was mixed with NaCl and KCI in an
agate mortar for 15 min at a molar ratio of (1:1:20). The mixture was then put into an alumina
crucible and heat treated at 800 °C for 3 h. Then, calcined powders were washed with hot
deionized water until Cl" was not detected in AgNO; solution. The powders were dried in an

oven at 90 °C for 24 h.



2.4 Preparation of nanocomposites

Nanocomposites were prepared by employing a solvent casting method. Firstly,
BT/CNT/PDMS three-phase composites were prepared by suspending the appropriate
amount of prepared BT and CNT powders in ethanol, with mechanical stirring at room
temperature for 30 min. Then, the mixture was dispersed ultrasonically in ethanol for 15 min
and dried at 80 °C. After subsequent drying, the mixture was ground and mixed thoroughly.
Next, the mixture of BT and CNT was dispersed in PDMS solution by mechanical agitation
in order to produce piezoelectric nanocomposites. Then, the mixture was cast on clean plastic
substrates and kept under room temperature for 24 h. Finally, the prepared nanocomposites of
3-5 mm thickness were loaded with normal and modified fillers and collected for testing.

Fourier transform infrared (FT-IR) spectra (Perkin Elmer Spectrum GX) were used to
check the functional group of each phase. X-ray diffraction (XRD; Siemens-D8 Advance)
using CuK, radiation was applied to determine the phases formed. A scanning electron
microscope (SEM; JEOL JSM-6335F) and transmission electron microscope (TEM; JEOL
JEM-2010) were used to observe the microstructure of the nanocomposites. An impedance
analyzer (Agilent E4980A) was employed to measure the dielectric properties of the
nanocomposites. The output voltage was recorded by an oscilloscope (Trextronics,

TBS1072B-EDU) during periodic knocking with a metal stack.

3. Results and discussion

The formation mechanism of all samples can be described by using the schematic
diagram in Figure 1. Figure 1(a) shows the formation mechanism of hydroxylation processes
and surface modification of BaTiOs; nanoparticles (BT treated). Figure 1(b) presents a
schematic diagram of the TiO; shell on the hydroxylated BT core by using PDADMAC as an
intermediate linker, and Figure 1(c) illustrates the growth mechanism of the BT nanorod via

the molten salt method. Morphology of the powders obtained was revealed by scanning



electron microscopy (SEM). Particles for the commercial BT powder [Figure 2(a)] are
spherical in shape and show a large degree of agglomeration. BT particles agglomerate into a
cluster with an average cluster and mean particle size of 428.43 + 95.43 nm and 80.98 +
15.03 nm, respectively. Figure 2(b) shows a typical SEM image of the prepared BT treated
nanoparticles, whose morphology did not change after surface treatment, and they showed
better dispersion and a smaller degree of agglomeration when compared with commercial
BT. The average cluster size of the BT treated particles was 267.96 + 62.18 nm. As illustrated
in Figure 1(a), this result may be due to the introduction of the OH group on the BT surface
[22], which induced the separation of each particle.

Figure 2(c) shows an SEM image of a BT core-shell. The figure reveals that particles are
spherical in shape and larger than commercial BT particles (80.98 + 15.03), with a mean
particle size of 90.51 £ 11.14 nm. This result indicated that a successful TiO, shell was
performed. Furthermore, the BT core-shell particles showed a smaller degree of
agglomeration and were distributed in a relatively narrow size range. This was due to the
electrostatic attraction between hydroxylated BT and PDADMA" cations [17, 23] in the
preparation stage, as presented in Figure 1(b). BT-OH particles became colloidal solution at
this stage, which induced high dispersion of the BT particles, as seen in the inset of Figure
1(b). Therefore, the prepared powder exhibits a monodispersive particle size distribution.
More insight into the structure of the core-shell nanoparticles is given by transmission
electron microscope (TEM) analysis. The inset in Figure 2(c) shows TEM images of the BT
core shell, and can distinguish between a darker core and brighter shell, due to the difference
of transmission intensities of BT nanoparticles and TiO, nanosheets. It can be observed from
the figure that the nanoparticles have a core-shell structure with a light and dark contrast of

TiO, shells and BT cores, respectively. The outer region of the sphere is composed of very



thin nanosheets, while the inner core is packed more densely, thus implying that the BT
nanoparticles were coated successfully by a TiO; shell.

Figure 2(d) shows an SEM image of the BT nanorods, as prepared by the molten salt
method. This figure reveals that the prepared BT nanorods have relative uniformity and a
smooth surface. The average diameter of BT nanorods was 87.78 + 17.73 nm with an aspect
ratio ~4.55. The growth mechanism of BT nanorods can be described by using the schematic
diagram in Figure 1(c), which shows that when NaCl and KCI have melted thoroughly, free
volumes with single axial dislocation are distributed in the structure of chlorine molten-salt.
These free volumes can act spontaneously as long channels, which are the template for
oriented growth of BaTiO3 nanoparticles [24]. The BaTiOs nanoparticles were aggregation-
based oriented on epitaxial growth and then recrystallized further to nanorods along the
channel [24].

FT-IR spectroscopy was employed to investigate the functionalization and assembly
process. According to Figure 3, all spectra show bands in the range of 450-700 cm™, which is
attributed to the Ti-O stretching vibration of polycrystalline BT nanoparticles [25]. A
prominent absorption band was assigned to the stretching vibration of adsorbed water
molecules at 3,400 cm™ in all samples [25]. In addition, the set of characteristic bands were
attributed to the CO3> groups from the BaCOs byproduct at 1,730 cm™ (C=0) and 1,365 cm’
(C—OH) [26], and observed in the IR spectra of all BT samples. FT-IR spectra for
hydroxylated barium titanate (BT-OH) show increasing peak intensity at around 3,400 cm™
and 1,400 cm™, which is assigned to more adsorption of the OH group on the BaTiO; surface
via hydroxylation of BT nanoparticles with H,O, [22]. These results indicate that treatment
on the surface introduces functional hydroxyl (OH) groups to the surface of BT nanoparticles,
as demonstrated in Figure 1(a). Introduction of the OH surface groups made the surface more

accessible to the aqueous solution of metal precursors or deposits [22].



The FT-IR spectra also show absorption bands in the range of 450—700 cm’ for the BT
core-shell and BT nanorod samples. The characteristic bands in this range are due to the
different types of Ti-O-Ti vibrations [27]. According to FT-IR spectra, it was found that the
BT core-shell exhibits a new set of peaks that belong to C-H and C-N at 2,923 cm™ and 1,200
cm™, respectively, which indicates the presence of PDADMAC [28]. In addition, absorption
bands at 1,633 cm’ (C=C) and 1,460 cm’ (C-H) [28, 29] are located in the same area of
COs> groups, and also correspond to the characteristic bands of PDADMAC. Furthermore,
the spectra also show a broad peak of around 3,400 cm™ and peak of around 1,400 cm™,
which are assigned to the stretching and bending mode, respectively, of O-H from the
hydroxylation of BT nanoparticles [22]. A peak of around 900 cm™ corresponds to the
vibration of Ti-O nonbridging oxygen bonds [27], and could imply the formation of Ti-O-N
bonds between the TiO; nanosheet and PDADMAC. The increased intensity of this band can
infer that the coordination of TiO; shells with PDADMAC was coated successfully onto the
BT surface, because the use of polymer PDADMAC, as an intermediate linker, induced
adherence of the TiO, nanosheet shell to the BT-OH surface, as shown in Figure 1(b).

The crystalline phases for all BT powder were revealed by X-ray diffraction spectra, as
shown in Figure 4. According to JCPDS card no. 74-1960, a well crystallized BT with
tetragonal structure was detected. Strong diffraction peaks were at 20 values of 21.98, 31.38,
38.75, 45.03, 50.93, 55.92, 66.04, 70.28, 74.91 and 79.14° corresponding to (100), (110),
(111), (200), (210), (211), (220), (300), (310) and (311) crystal planes, respectively. All XRD
patterns in these cases also reveal a spectra of BaCOs at 20 = 35.6° (JCPDS card no. 050378),
which is in the starting material of commercial BT. All diffraction peaks from the XRD
pattern of hydroxylated barium titanate (BT-OH) can be assigned to the BT crystalline phase.
The figure shows an unchanged spectrum of BT nanoparticles after refluxing with H,O, for 6

h, which indicates crystallization of the remaining BT nanoparticles. Other crystalline



byproducts were not observed after surface treatment. Both BT and TiO, were observed in
the core-shell powders. Characteristic peaks of the samples were still in accordance with the
tetragonal perovskite phase of BT, after modifying with a TiO, shell layer, thus indicating
that TiO, does not influence the crystalline structure of the core. Diffraction peaks that were
characteristic of TiO, appeared at 20 = 25° (JCPDS card no. 011292), which can be indexed
as an anatase phase. The XRD patterns of the core-shell powder clearly demonstrated that
both BT and TiO; remained in the powder obtained. According to the BT nanorod sample,
the XRD pattern also shows diffraction peaks that relate to the crystallization of perovskite
BaTiO;. However, it was revealed that intensity of the [111] peak increased, which indicated
the growth of crystal in the [111] direction.

The XRD analysis gave average and static symmetry, while Raman spectroscopy
monitored the local and dynamic symmetry of barium titanate. Raman-active modes based on
crystallography for tetragonal BaTiO; (P4mm) are 4E(TO + LO) + 3A;(TO + LO) +B;(TO +
LO) [30]. Figure 5 shows the Raman spectrum for all prepared samples, and presents a
spectral dip of around 180 cm ™' for nanorod samples that are assigned to the A;(TO) phonon
mode. This is consistent with micrometer-size particles [30], while this figure shows a
spectral peak of around 180 cm ' for all nanoparticles. Huang et al [30] reported that
weakened coupling of two low-frequency modes among three A;(TO) phonons leads to a
change in the lowest one from a spectral dip at 180 cm ™' to a peak at the same position, with
decreasing particle size. Intensity of the peak is assigned to the overlap of E(TO)+E(LO)+B;
at around 303 cm™ [30], and a broad band is attributed to the A1(TO) mode at around 280
cm ' [30]. A small shoulder peak is assigned to vibration of the E(TO) and A;(LO) mode at
473 cm™ [32]. The asymmetric and frequency band are attributed to the E(TO) and A,(TO)
modes at around 520 cm ' [31] and A,(LO) + E(LO) phonon modes at around 720 cm ',

respectively [31]. This figure shows an unchanged spectrum of BT nanoparticles after the



hydroxylation process, which indicates that crystallization of the BT remained, as the XRD
results suggested.

According to the BT core-shell, this figure also shows Raman-active modes for
tetragonal BaTiOs. Based on crystallography, Raman-active modes for the 2D lepidocrocite-
type TiOg octahedral host layers, with orthorhombic structure (space group Immm), are (3A,
+ 3B+ 3B3,) [33]. Three A, symmetric modes in the Dy spectroscopic space group have
been recognized at 270, 449, and 704 cm’!, which is indicative of a well-developed 2D
lepidocrocite-type layered structure [33]. This information indicated that significant Raman-
active modes for the titanate nanosheet also appeared in the same area of the BT core.
However, a small shoulder peak of the BT core shell sample was observed at 803 cm™. This
correlated to stretching vibrations of the short Ti-O bonds that protrude into the interlayer
spaces for 2D lepidocrocite-type titanate [33], which confirms the existence of a TiO,
nanosheet in the core-shell structure. Furthermore, the Raman spectrum also shows BaCOs;
peaks located in a spectral range of below 200 cm ™' [31], as revealed in the XRD and FT-IR
results.

In preparing the BT/CNT/PDMS nanocomposite, a digital camera found uniform
nanocomposites with a smooth surface and no buckling or folding over, as seen in Figure 6.
This figure shows a photograph of nanocomposites that have been bent by hand, and reveals
that they are very flexible and bendable. Their morphology was revealed by scanning electron
microscopy (SEM). Figure 7 shows an SEM image of a secondary electron and a fractured
cross-section of all prepared nanocomposites, with 50%wt BT filler. This figure presents an
imbedded BT nanoparticle in the polymer matrix phase, in which the BT phase is visible by
its bright-white contrast, and the PDMS phase identifiable by a darker-gray region. Figure
7(a) shows an SEM image of a normal nanocomposite with unmodified filler, and reveals that

it presents poor distribution and dispersion of the BT disperse phase in the polymer matrix



phase. The agglomeration of BT nanoparticles was observed. Zeng et al [34] reported that
poor dispersion of fillers in the matrix can lead to the formation of agglomerates, and
significantly raise the percolation threshold. According to the principles of composite
materials, the percolation level and interfacial properties can play a role in composite
properties [35]. Therefore, the dispersion of nanocomposites was improved by modifying the
surface of disperse phases and introducing functional groups. Figure 7(b) shows an SEM
photograph of a nanocomposite with a surface of hydroxylated BT filler (BT
treated/CNT/PDMS). This reveals that the distribution and dispersion of BT in the PDMS
matrix phase were improved. The OH groups of the hydroxylated BT surface formed an H-
bond with the O atom in the PDMS polymer chains, due to duration of the solvent casting
process in preparing the BT/CNT/PDMS nanocomposite, as shown in Figure 8(c). This
chemical bonding can promote strong dipole interplay between components. Thus, the
ceramic-polymer interfacial connection, which is essential for achieving excellent electrical
properties, was improved, as shown in Figure 8. In contrast, the SEM image of the BT core-
shell nanocomposite [Figure 7(C)] reveals that the BT core-shell tends to form agglomerates.
Although BT core-shell particles formed clusters in the polymer matrix, they present good
interfacial connection between polymer and ceramic. This result may be due to remaining BT
treated particles that do not form a core-shell structure, and potentially could cause a
hydrogen bond with the O atom in PDMS polymer chains. Therefore, interfacial connection
of the nanocomposites would improve greatly, as shown in the figure. Figure 7(d) shows the
surface morphology of BT nanocomposites containing BT nanorods. The figure clearly
shows well-dispersed, individual BT nanorods within the PDMS matrix. This result may be
due to the morphology of nanorods causing easy entanglement with CNT networks. Since BT
nanorods were entangled with CNT networks in the PDMS matrix, their good distribution

and dispersion occurred inside the composite.



Dielectric properties of the BT/CNT/PDMS nanocomposites were characterized by an
LCR meter in the frequency range of 100 Hz-2 MHz at room temperature. Figure 9 presents
frequency dependence of the dielectric constant (g;) and dielectric loss of the normal BT-
CNT/PDMS nanocomposite, when compared with that of a modified one with various types
of BT filler. According to Figure 9(a), the dielectric constant of normal BT/CNT/PDMS
nanocomposites was in the range of 8.43-9.71, while that of the modified ones, with BT
treated, BT core-shell and BT nanorod fillers, was found in the range of 18.73-26.54, 18.53-
19.33 and 14.54-19.73, respectively, in measurement frequency. It can be seen that the
dielectric constant of nanocomposites increases significantly after modification of the BT
surface, because modified BT particles form a strong interfacial interaction with PDMS, as
suggested in Figure 8. These results agree well with the theoretical dielectric models of
Modified Lichtnecker [35], which indicate that the dielectric properties of composites are
influenced not only by relative permittivity of the components, but also dependence on
interactions between ceramics and polymers. Furthermore, Lu et al [36] reported that
morphology and phase separation are important factors in nanocomposites. Properties of
nanocomposite materials are controlled by the interfacial strength between components.
Results indicated that surface treatment can improve the interfacial strength between
components. Therefore, a high dielectric constant is generated. However, the dielectric
constant of BT treated composite was not stable in the measurement frequency and presented
relatively high dielectric loss, as shown in Figure 9(b), with the minimum value of loss being
0.13.

The BT core-shel/CNT/PDMS nanocomposites presented a dielectric constant with
relatively high and stable measurement frequency. Their dielectric constant was 94% higher
than that of the normal BT/CNT/PDMS nanocomposite. A significant increase in dielectric

constant may be due to the TiO, shell acting as polarizable dipoles and consequently



enhancing interfacial polarization. In addition, it is noticeable that a low dielectric loss was
obtained [Figure 9(b)]. The minimum value of loss was 0.04, which is attractive for practical
applications. This result may be due to charge trapping by TiO, nanosheets that minimized
possible charge conduction pathways in the composites, thus reducing the leakage of
currents. Furthermore, the dielectric loss of the BT/CNT/PDMS composites was almost
stable with increasing frequency. The results suggest that the dielectric properties of the BT
core-shell composites possess better frequency stability than BT nanorod and BT treated
composites. The above results reveal that the nanostructured core-shell system is efficient in
decreasing the dielectric losses of the final BaTiOs-based composites. It is obvious that over
the entire measured frequency range, modification of the BT nanoparticle with a TiO, shell
results in an increase of relative permittivity and decrease of loss. In addition, temperature
dependences of the composite samples on dielectric characteristics are shown in Figures 9(c-
d). It is evident that the values of dielectric permittivity [Figure 9(c)] and dielectric loss
[Figure 9(d)] remain almost constant with increased temperature at 1 MHz in the temperature
range from 35 to 80 °C.

Furthermore, harvesting energy that converts mechanical movement into electrical
energy was demonstrated. The nanocomposite pad was driven by periodic knocking, with the
composite size controlled carefully at 5 cm x 5 cm x 0.5 cm in order to fit potential in vivo
applications. The contact area was only 3 cm x 3 cm, which subsequently affected the output
performance of the composite. When the substrate was pressed and released repeatedly,
voltage output could be recorded with an oscilloscope, during which time the positive and
negative voltage outputs were observed (Figure 10). A negative voltage distribution was
generated due to reverse-flowing carriers, when the external load was removed and the
piezopotential vanished [37]. The average voltage output value from the normal BT generator

was 0.55 + 0.21 V under impulsive loading [Figure 10(a)], and less than that from the



modified BT generator with BT-OH (1.02 £ 0.41 V) [Figure 10(b)], BT core-shell (1.29 *
0.58 V) [Figure 10(c)], and BT nanorod filler (1.99 + 0.48 V) [Figure 10(d)]. These results
revealed that the increment of voltage output in the BT-OH composites is due to an improved
interface between organic and inorganic phases. The BT core-shell composite showed a
higher voltage output. This result may be due to the effect of the TiO, nanosheet that is
located on the BT filler surface, thus leading to different interfacial polarizations and results
in different electrical properties. In addition, it was observed that the microstructure of
ceramic filler plays an important role in improving the voltage signals of polymer
nanocomposites. According to the signals for all samples, different values of voltage between
press and release were observed, due to the difference in straining rate when applying and
releasing the strain [38]; and the damping effect of the soft polymer matrix on the resonant
frequency also was observed during the energy harvesting process. However, Figure 10
reveals that the nanocomposite with BT nanorod filler presented a relatively high and stable
voltage output. This result may be due to good distribution and dispersion of BT nanorods
inside the composite by forming an entanglement with CNT networks, thus leading to
formation of short conduction pathways between each nanorod throughout the entire system.

Therefore, voltage signals were improved and uniformly generated.

Conclusion

Flexible piezoelectric composite materials were prepared successfully in this research
using the polydimethylsiloxane (PDMS) elastomer as the base matrix, and barium titanate
(BaTiOs;; BT) nanoparticles as filler. Morphological effects of the disperse phase on the
electrical properties of polymer-ceramic nanocomposites were studied. The results indicated
that the dielectric properties of composites are influenced not only by relative permittivity of

the components, but also dependence on interactions between ceramics and polymers.



Furthermore, electrical outputs from BT/CNT/PDMS nanocomposite generators were
measured under periodic knocking. The average voltage output value from a normal BT
generator under impulsive loading was less than that of a modified BT generator with BT
treated, BT core-shell and BT nanorod filler. This indicates that fillers with different particle
shapes result in different electrical properties of nanocomposites. This investigation provides
an attractive way to enhance the efficiency of nanocomposite materials for smart sensor and

energy harvesting systems.
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Figure Legends

Figure 1 Formation mechanism of (a) hydroxylated BT, (b) the BT/Ti core-shell (inset shows
a digital image of the transformation of BT solids into colloidal solution) and (c)
the BT nanorod.

Figure 2 SEM image of (a) commercial BT nanoparticles, (b) hydroxylated BT (BT treated)
nanoparticles, (c) BT core-shells (inset shows a TEM image of BT core-shells) and
(d) BT nanorods.

Figure 3 FT-IR spectra of all BT samples.

Figure 4 X-ray diffraction patterns of all BT samples.

Figure 5 Raman spectrum of all BT samples.

Figure 6 Digital image of the nanocomposites in (a) normal state, (b) stretching state and (c)
bending state.

Figure 7 SEM image of a fractured cross-section of (a) BT nanoparticle composite, (b) BT
treated composite, (¢) BT core-shell composite and (d) BT nanorod composite.

Figure 8 SEM images presenting interfacial comparisons between components of (a) the BT
nanoparticle composite and (b) BT treated composite; and (c) shows a schematic
diagram of interaction between BT and PDMS.

Figure 9 Frequency dependence of the (a) dielectric constant (&) and (b) dielectric loss, and
temperature dependences of the (c) dielectric constant (g;) and (d) dielectric loss of
the composite samples with various types of BT fillers.

Figure 10 Voltage output of (a) BT nanoparticle/CNT/PDMS, (b) BT treated/CNT/PDMS,
(c) BT core-shell/CNT/PDMS, and (d) BT nanorod/CNT/PDMS nanocomposites

under impulsive loading.
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Abstract

A flexible piezoelectric nanogenerator (FPENG) was fabricated by incorporating barium titanate (BT) fibers and BT powders into
polydimethylsiloxane (PDMS) matrix phase, also with an interdigital electrodes (IDEs). The electrospinning method was used to
prepare BT fibers. Phase structure was carried out by the x-ray diffraction (XRD) technique. By using the Rietveld refinement method,
a tetragonal structure of BT fiber could be confirmed. The scanning electron microscopy results showed a non-smooth surface of BT
fibers, indicating the polymeric and organic precursors have been removed. The fabricated FPENG with 50% ratio of BT fibers was
capable to generate an open-circuit voltage of =12 V and a short-circuit current of =1 pA. The effect of dispersed phases inside
FPENG becomes the role to improve the output performance. This FPENG device can operate up to Sk times before degeneration. By
continuously pressing up to 40k times, the output voltage tended to decrease reaching to a null value. The mechanical fatigue effect
has been found that it related to the damage produced at the interface between IDEs and PDMS during pressing. The present results
can be guided to further design the material and the device structure to obtain high-performance and stability of the FPENG devices.

Keywords: Electrospinning, BT fiber, Flexible, Nanogenerator, Fatigue

1. Introduction

Ceramic-based piezoelectric generators have been widely developed due to high piezoelectric properties, high
stability and possible to materially engineer. However, because of the brittle and inflexible of ceramic, many
technological applications are thus limited. For this reason, the flexible piezoelectric nanogenerator (FPENG) has been
invented, and has rapidly received a great interest for the few decades [1].

Among various FPENG types, the decoration of piezoelectric nanofibers on interdigital electrodes (IDEs) with
polymer host is one of the most research attention nowadays [2,3]. This is due to the facile device fabrication by using a
few of steps. However, very low output performance is generally obtained because of the material type and the
uncontrollable of piezo-potential distribution (PPD). To improve the PPD, the idea to mix the ceramic nanopowders with
the one-dimensional metal nanowires (NWs) inside the composite-based FPENG has been proposed [4,5]. The output
performance of this device was enhanced. However, using NWs as the dispersed phase has found some drawback that the
PPD improvement was still low. This is because of the short-length and rigidness of NWs, resulting the generation and
transport of charges are not much. Hence, nanofibers, as longer-length and more flexible, become a choice to solve this
issue.

In this study, we demonstrated a high-performance IDEs-based FPENG by incorporating BaTiO; (BT) powders and
BT fibers on IDEs to achieve the enhancement of PPD and electrical outputs. The BT fiber was synthesized using the sol-
gel route with the electrospinning method [2,6]. Phase structure and fiber morphology were investigated. The ratio of BT
fibers/powders was optimized. The generated outputs were evaluated by automatic mechanical pressing. Results provides
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the excellence electrical outputs of ~12 V and ~1 pA. Furthermore, the present work also investigated the mechanical
fatigue effect, which largely affects the device performance.

2. Experimental Procedure

BT fiber was prepared by the sol-gel method. Barium acetate (Ba(CH;COO),, 99%, Sigma-Aldrich) and titanium
(IV) butoxide (Ti(O(CH,);CHj)4, 97%, Sigma-Aldrich) were weighted in their stoichiometric proportion. A 2.554 g of
barium acetate was dissolved with 5 ml of acetic acid (Mallinckrodt Chemicals). The mixed solution was stirred at 70°C
for 30 minutes. After
barium acetate was completely dissolved, a 3.444 g of titanium (IV) butoxide was slowly dropped into the mixed
solution, and the stirring with heating was applied in the same time, until the yellow solution was obtained. After that, a
0.073 g of poly(ethylene oxide) (PEO, M, = 300000, Sigma-Aldrich) was dissolved (5 wt.%) in absolute ethanol (C,HO,
Merck-Chemicals) until the clear solution (dissolved PEO) was obtained. This clear solution was then mixed with the
yellow solution. The mixed solution was loaded, and sprayed out to produce the nanofibers by using the electrospinning
setup. The structure and working mechanism of the setup were shown in Fig. S1.

The obtained BT fiber was fired at 500°C for 2 h to remove the organic substances inside the fiber, then calcined at
1050°C for 6 h, and cooled down to room temperature. The calcined BT fiber was mixed with the BT powder (99.95%,
~100 nm, Inframat Advanced Materials) at various ratios. The ratios depend on the BT fiber addition, which are 0%,
30%, 50%, 70% and 100%. The ultrasonic cleaner was applied to disperse the agglomerated particles in ethanol. After
dispersion, the compound was dropped onto the middle of IDEs. The size of IDEs is 1.3 x 2.5 cm®. To fabricate the
FPENG, the copper wires were wired out for both copper side ends of IDEs. The PDMS, which was prepared by the
mixing of silicone elastomer and silicone elastomer curing agent (Sylgard 184 silicone elastomer kit, Down Corning) in a
ratio of 1:10, was used to cast the IDEs. The cast IDEs sample was then dried in the air for 24 h. The preparation details
of BT fiber and FPENG were described in Fig. S2.

Phases structures of BT powder and BT fiber were analyzed by X-ray diffraction (XRD, Bruker — AXS D8
Advance). The XRD patterns were recorded in the 20 range of 10 - 120°. The lattice parameters were extracted by
Rietveld refinement method via Jana2006 software [7]. The fiber morphology were conducted using field-emission
scanning electron microscope (FE-SEM, Hitachi — S4700). The particle distribution was observed by SEM (ZEISS -

EVO®MA10). Electrical outputs were collected by a digital
multimeter (DM3058E, Rigol) installed with a home-made
automatic pressing machine.

3. Results and Discussion

Figure 1 shows the XRD spectra for investigating the crystalline phases of BT fiber, as well as BT powder and
uncalcined BT fiber. In Fig. 1(a), the perovskite peaks could not be observed for the uncalcined BT fiber (green solid
line). This is due to the existence of the amorphous phases from the polymeric and organic precursors [2,6]. The
crystallization of the perovskite phase was successfully formed after fiber calcination. High intensity and narrower
perovskite peaks of BT fiber were clearly observed (blue solid line), indicating that a high purity of nanofiber was
obtained without the additional impurity peaks. The occurrence peaks of BT fiber are consistent with the pattern of a
commercial BT powder (red solid line). Interestingly, the XRD peak intensity of BT fiber was higher than BT powder,
which implies a high crystallization of the BT fiber.

The recorded diffraction patterns of BT fiber and BT powder matched with the standard patterns of tetragonal(T) BT
(JCPDS, No. 03-0725) and cubic(C) BT ((JCPDS, No. 31-0174)). However, we cannot specify the explicit material
structure of these samples by observing a long range 20 of XRD pattern. To further identify the phase structure, there-
fore, the magnified XRD patterns of BT fiber, BT powder and uncalcined BT fiber are analyzed, as shown in Fig. 1(b)-
(e). By comparing with the JCPDS databases, the diffraction patterns of BT fiber and BT powder matched well with the
standard (T)BT structure, while the uncalcined BT fiber could not be indexed. Hence, both BT fiber and BT powder have
a tetragonal structure. The calculated lattice parameters of BT fiber and BT powder were a = b = 4.0027 A, ¢ = 4.0269 A
and a=b=3.9997 A, ¢ = 4.0212 A, respectively (Fig. S3 and Table S1), which are close to the result from 100 nm size
of BT powder reported from another group [7].

Figure 2 shows the surface morphology observed via FE-SEM for the uncalcined BT fiber and the BT fiber.
Generally, the formation of fiber has three stages, i.e., polymer phase evaporation, growth of oxide crystal and mass
transport of oxide crystal along as-synthesized fiber direction [8]. Due to the existence of organics, the smooth surface
with large fiber size was observed for the uncalcined BT fiber (Fig. 2(a)). The fibers had the cylinder shape, and the
alignment of these fibers was not directional. The average fiber diameter was 16.83 £ 4.30 um. The roughness surface
with oxide crystal of nanofibers was prominent after calcination. In Fig. 2(b), it has been seen that the fiber diameter
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dramatically reduced approximately three times to 5.74 £ 2.90 um. The remarkable size reduction and surface change
should be attributed to the loss of polymer and organics, and the crystallization of BT phase [2,6,9], that is consistent
with the previous XRD result.

Figure 3(a) presents the top surface of IDEs, where the BT fiber and BT powder were added. Normally, the structure
of IDEs consists of thin polymer plate decorated on the top surface with comb-shaped arrays of copper electrodes. Be-
cause of the active area of IDEs locating at the middle, the BT fibers and BT powders are deposited only on this area.
The fiber ratio was varied from 0% to 100%. We set weight by weight that 100% equals to 1 g. To investigate the
dispersion of fibers/powders on IDEs, the SEM images are carried out in Fig. 3(b)-(f). High density of dispersion for all
conditions was clearly observed due to the small active area size of IDEs (0.5 x 1 c¢m?). From the surface morphology,
the BT fiber could not be found on IDEs with BT powder 100%. By adding fiber 30%, the fiber was observable. Higher
density of fiber was found for the fiber ratio of 50%. The IDEs surface was covered with fiber for the ratio of 70%, and
there was the plenty of BT fiber when the amount of fiber reached to 100%.

To fabricate the FPENG device, the PDMS was used to cover the IDEs. Here, the PDMS acts as a mechanical sup-
porter and a flexibility aid. Figure 4(a) shows the FPENG structure used in this work. To maximize the output perfor-
mance of the device, the generated output open-circuit voltage (¥,.) and the short-circuit current (/) for FPENG at vari-
ous fiber ratios are recorded, as shown in Fig. 4(b). The occurrence of output signals implies the effect of piezoelectricity
from the tetragonal BT fiber and BT powder. It has been found that the electrical output was low, <3 V and 0.5 pA, for
the full containing of powder and fiber (fiber 0% and 100%). The output increased significantly if there was the fiber
containing inside a device (fiber 30% and 70%). The cross-link with each other between fiber and powder plays an im-
portant role to enhance the device performance. The maximum electrical outputs, i.e., V,. ~ 12 V and I, = 1 pA, was
found by adding the fiber 50% into FPENG. The obtained values of the device are in the same trend as [K,Na]NbO;-
LiNbO3/Cu nanorods-based [4] and [Ba,Ca]TiO3-Ba(Zr,Ti)Os/Ag NWs-based [5], and higher about 4 times than the BT
powder/multi-walled carbon nanotubes-based [9]. This indicates the most well and stable dispersion of BT fiber/powder
at this condition, which leads to the highest PPD.

For investigating the robustness of the FPENG, the mechanical fatigue behavior is measured in Fig. 5(a). During
pressing up to 40k times, the observed output voltage in each pressing time (data) was non-linear. There was the increase
(S1), then stable (S2), and the decrease (S3 and S4) of voltage, comparing to the beginning. Due to agglomerated
particles (fibers/powders) (Fig. 3(b)-(f)), the pressing will more improve the phase dispersion inside PDMS. The position
realignment of BT fiber and BT powder during pressing should be also happened at this stage. We found that the output
voltage at S2 region showed the highest value of ~20 V because the dispersion reached to the equilibrium. However, with
pressing more than 7k times, the FPENG tended to degrade, affecting the output voltage continuously decreased. To
investigate the device degradation, SEM images were used to observe the surface at the interface between IDEs and
PDMS (Fig. 5(b)). The PDMS surface as a function of pressing times were shown in Fig. 5(c)-(g). There was the mixing
of fiber and powder phases inside PDMS. The smooth surface could be seen from the unpressed device. However, the
damaged PDMS surfaces were clearly observed when pressing for a long time. Some PDMS pieces, powders and fibers
were removed out, damaged and cracked during pressing. The material dispersion and PPD thus reduced. This is the
reason that the output voltage decreased in the S3 and S4 regions.

4. Conclusion

BT fibers were fabricated using the electrospinning method. High quality fibers were obtained in which confirmed
by XRD and FE-SEM results. Non-aligned BT fibers and BT powders were deposited on IDEs, and then were covered by
PDMS to fabricate IDEs-based FPENG. The maximum electrical outputs of =12 V and ~1 pA were obtained by adding
fiber 50% on IDEs, indicating the effect of fiber/powder phase dispersion on the enhancement of PPD. The fabricated
FPENG exhibited a non-linear fatigue behavior, which related to the damage of PDMS and fiber/powder at the interface
between IDEs and PDMS. The proposed results can be expected to further design a high-performance and a robust
flexible piezoelectric nanogenerator.
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Fig. 3. (a) Structure of IDEs before fabricating a FPENG. SEM
images of fibers/powders distribution on IDEs at various fiber
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Fig. 4. (a) Structure of IDEs-based FPENG. The uniaxial pressing was applied on the top of device. (b) The
output V.. and /. of FPENG in the conditions of fiber 0%, 30%, 50%, 70% and 100%.
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1. Introduction

Renewable energy has gained much attention in its bid to replace fossil fuels, which.are
unsustainable, harmful, and an important factor in global warming. Energy harvesters for
ambient mechanical force have become attractive, due to their being more approachable than
other environmental energies [ 1-3]. The triboelectric nanogenerator ( TENG), was invented
recently by Wang et al. [4]. The operational concept and structural device of the TENG are
rather simple, and based on the coupling of triboelectrification and electtostatic induction [ 5-
7]. Two tribo-materials, which are commonly insulators, rub togetherrépeatedly and separate
from each other during the application of external compressive force; in order to generate
electrical alternative current (AC) signals. Due to high performance and flexibility, TENG is
able to apply in broad applications with creative structural designs [5, 7-10]. In general, the
TENG provides very high output voltage with very/ small current output, which leads to
limitations for use as generators. Hence, TENG development is crucial, as the progress of this
device should be appropriate in certain applications.

Surface roughness modification has*been studied widely from various protocols to
enhance the electrical outputs (voltage and current) of the TENG, due to significant
enhancement of output power [11-17]. Several methods have been used to produce roughness,
e.g., photolithographic mold-based [ 12,13], sandpaper treatment [ 11], electrospun polymer
fiber deposition [ 14,17], mano/micro particle decoration [ 15], and polymer foam [ 16].
However, these processes ‘are rather difficult, highly expensive and time- consuming. These
issues became’a drawback for development and industrial fabrication.

Thiststudy proposed a facile procedure to fabricate a roughness texture on the tribo-
material surface. The proposed procedure is called cold compression (CC), which is fast,
reproducible, and inexpensive technique. A systematical study of the amount of solid salt

pressed onto the tribo- material surface for the CC technique was optimized. This technique
2
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produced a triangle- like shape of roughness. Furthermore, this study investigated the role of
obtaining a high-output TENG by engineering the roughness texture. To investigate the effect
of roughness, TENGs with different contacts were fabricated. The TENG was presented with
a simple design and structure rubbing between the Kapton tape and aluminum ( AL plate, in
which two materials were far away from each other in the tribo- electric series [18,19]. The
textures of roughness were produced on the Al plate surface using varieus roughness
fabrication techniques, while the Kapton tape surface was fixed in only one roughness texture.
Three texturing processes were used to fabricate certain textures on'the Al plate surface. Four
TENG devices were prepared at various surface roughness. Theoutputsvoltage and current
results for each TENG were measured and analyzed. Lastly, the'optimum TENG was used to
test practically by charging and driving commercial feapacitors” and light- emitting diodes
(LEDs), respectively. This work presented the facilg roughness fabrication, and systematically

investigated the electrical outputs enhancement of TENG by roughness engineering.

2. Experimental Details

2.1. Fabrication of the surface-textured Kapton tape and Al plate

In order to prepare tribo=materials for the TENGs, a large Al plate was cut into a piece
with smaller dimensions 0f 4 em.%'3 cm x 250 um for making the rubbing material and metal
electrode. The Kaptontape (12 mm x 33 m x 50 um) also was cut to the same size. Both the

prepared Al plate and Kapton tape were cleaned with ethanol before modifying the texture.

Three procedures were proposed in this experiment to make roughness texture on the
tribo- material surface, with those being (1) pressing with solid salt, (2) polishing with
sandpaper and (3) dipping into metal corrosive agent. The experimental details are described

below:
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2.1.1. Surface texturing by pressing with solid salt

Roughness on the surface was fabricated by pressing the material with solid salt,
namely the cold compression (CC) technique, as used in this section. The CC technique. setup
mainly consisted of a polydimethylsiloxane (PDMS), as a soft polymer, thick transparent
plastic, as a supporting layer, and solid salt, as active material, as shown in Figurenl. NaCl
powder was chosen as solid salt because it can be removed easily with water fromsthe material
surface. This study found that NaCl salt had an octahedron- like shape with averaged particle

size of around 200 pum (Figure 1 (inset)).

The texturing process of the CC technique spread different amounts of NaCl salt onto
thick transparent plastic. The Kapton film was taped onto'the spread of salts, and then another
PDMS film was placed on the top of the setup. In this case, two soft polymer films acted as
compressive force receivers. When the external force was applied to the setup, the receivers
protected the salts from damage by making the setup flexible. This study found that the
thickness at the top of the PDMS needed'to be thin'enough (~ 0.2 — 0.3 cm for NaCl). This was
to assure that the applied force fully compressed the salts without loss. The setup was pressed
several times with a compression machine(~1 MPa). After pressing, the random microstructure
of triangular roughness was/created thoroughly on the Kapton surface. The fabricated knobby
texture was similar in size and shape to the active salt. The textured (T)Kapton tape was peeled

off, finally, washed many times with water, and dried in an electric oven (~100°C) for 24 h.

With in€reasing amount of spread NaCl salts, from 0 g (bare Kapton tape) to 0.4 g, the
density of the roughness increased systematically (Figures 2(a) and 2(b)). The density of
roughness,could saturate if the quantity of salt reached a certain level [11], and the limitation
of roughness density might affect the TENG performance. Hence, the described demonstration

of the experiment was investigated, and presented in the results of this work.
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In addition, the random microstructure of triangular roughness of the textured (T3)Al
plate also was fabricated in the same procedure as that for the Kapton tape. However, the
(T3)Al plate was not cleaned with water, but with ethanol. The occurrence of roughness was
consistent with the (T)Kapton tape, which was found to be similar to the(T3) Al plate in the
increasing trend of roughness density (Figures 2(a) and 2(e)). The (T3)Al plate was. flippediin

use as a tribo-material for the TENG, and used only in the pitted side for rubbing the surface.

2.1.2. Surface texturing by polishing with sandpaper

The roughness texture can be fabricated easily by polishing with sandpaper. Based on
the research presented by Zhao et al. [11], the electrical outputs of the TENG increased
significantly when the surface of the tribo-material was treated many times with fine sandpaper.
Through this technique, the linear microstructure of the surface roughness was obtained. High
density and narrower roughness were achieved by ‘increasing the polishing time and grit size

of the sandpaper.

This study applied this method tosprepare a microstructure of linear-shaped textured
(T1)Al plate. The Al plate for the.experiment was polished with 2000# sandpaper in a certain
direction and various polishing times (4 to 10 times). The treated Al plate was then cleaned
with ethanol and dried in an/electrie oven (~60°C) for 24 h. A change in the surface of the bare
Al plate was observed when polishing with sandpaper (Figures 2(a) and 2(c)). The linear-like
roughness of the texture was seen clearly as the polishing time increased. However, the density
of roughness tended torsaturate when the polishing time reached its limit. This result
corresponded to. that/reported by Zhao and coworkers [ 11], and from the CC technique as

described previously (section 2.1.1).

2.1.3. Surface texturing by dipping into a metal corrosive agent
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Ferric chloride (FeCls) solution was used as a metal corrosive agent to treat the Al plate
surface. In general, FeCls solution can be prepared by the chemical route and recycled from
the liquid left in the steel-making industry. It can be used widely for applications such as water
treatment [20,21], phenol detection [22], and catalysts in a fuel cell [23,24], as well as metal
etching [25,26]. Since FeCls is acidic and corrosive, it could be used in this study.to etch'Al
plate and make roughness for tribo-material. Only one side of the Al plate was dipped into a
FeCls-filled beaker for the etching process. The duration of dipping was controlled carefully in
order to make the texture of roughness without immoderate erosion/on the metal surface. The
surface roughness was produced by increasing the duration of dipping frem 20 to 80 s. It has
been found that this texturing process gives rise to a random microstructure of line- and dot-
shaped textured (T2)Al plate (Figure 2(d)). Nevertheless, this'study found that when the
duration of dipping was more than 80 s, the Al plate dissolved due to over corrosion. The
treated Al plate was washed finally with ethanoly cleanedwith ultrasonic cleaner, and dried in

an electric oven (~60°C) for 24 h.

2.2. Fabrication of the TENG device

Contact-mode TENG normally eonsists of two tribo- materials rubbing against each
other [5-7]. Here, the un- and'textured Kapton tape rubs against the un- and textured Al plate
(Figure 3(a)). The Kapton tape-docated at the top of the device structure is the first rubbing
material, and the Al plate at the bottom is the second. The Al plate attached to a bare Kapton
tape was also prepared at the top of the device. The effective use of a bare Kapton, as a pre-
substrate, improved adhesion to the (T)Kapton tape. The dried (T)Kapton film was taped onto
this substrate to form a layer of rubbing material. The TENG device in this study was

constructed by rubbing between the Kapton film and the Al plate, with two rubbing materials

Page 6 of 35
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having the same metal electrode. This structure is generally called the conductor-to-dielectric

contact-mode TENG [6,7]. Real photograph of the TENG is shown in the inset of Figure 3(a).

2.3. Characterization

The surface morphologies of the Kapton tape and Al plate were observed by using'a
scanning electron microscope (SEM) (EVO® HD, Carl Zeiss). The output voltage and eurrent
waveforms were recorded using a digital oscilloscope (TBS 1072B- EDU; Tektronix) and a
digital multimeter (DM3058E, Rigol), respectively. This setup was installedwith a home-made

automatic pressing machine (Figure S1 (measurement setup)).

3. Basic Mechanism of the TENG

Figure 3(b) describes the mechanismof AC ey¢le generation of the TENG used in this
experiment. The device had a gap (~1.5 mm ofimaximum width) between two rubbing
materials. When an external comptessive forée was applied to the device, two insulating
materials were deformed. The,surfaces of these materials touched and rubbed against each
other. The triboelectric proceSs performed, and the triboelectric charges generated.
Theoretically, the working meehanismrof the TENG is based on the coupling of electrification
contact and electrostatic; induction. The triboelectric effect relates to the generation of
electrostatic charges after twoidifferent materials are in frictional contact [5-7]. One material,
which has stronger triboelectric affinity for a negative charge, steals an electron from the
surface of other materials. This leads to electric polarity occurring after two tribo-materials are
separated. As described previously, the first rubbing material is the Kapton tape and the second
one isithe Al'plate. The surface roughness of the two rubbing materials are enhanced by surface

texturing.Based on the triboelectric table [ 18,19], the Kapton tape has a tendency to gain
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electrons (negative) and the Al tends to lose them (positive). After pressing, electrons are
injected from the Al to the Kapton surfaces, resulting in the Kapton film and Al plate surfaces
containing negative and positive charges, respectively (Figure 3(b). When the TENG is
stretching naturally to its original position, the tribo- materials tend to maintain the equipoise.
The electrostatic induction effect takes place by inducing the opposite charges of/the generated
triboelectric charges to the other end of the material [6-7,11,18,27]. This causes. the current to
flow out through the connected load with a triboelectric potential. The current produced
increases continuously with voltage until reaching the maximum /values. If one probes the
electrical meter associated with the current direction, the positivé,current’and voltage values
are collected. Transfer of the positive and negative triboelectric charges generated may stop at
equilibrium, due to neutrality. No current flow is observed at this stage, also causing null
voltage. After that, when the device is pressed instantly, the induced triboelectric charges flow
back. This leads the current to flow to the contrary, resulting in potential triboelectric changes.
Both negative current and voltage can be observed. If the mechanical compression is applied

automatically, the cyclic process generates the AC formations of the output voltage and current.

4. Experimental Results:and Discussion

To investigate the effect of surface texturing on the electrical outputs of TENG, varied
surface roughness of tribo-materials was fabricated. The series of surface rubbing between the
triangular- shaped. roughness of the Kapton tape and varied roughness of the Al plate, i.e.,
linear-, linearimixed with/dotted-, and triangular- shapes, were investigated. Pairs of un-
/ textured rubbing materials were rubbed. Four TENG samples were fabricated in this

experiment, and the results were analyzed as follows:

4.1. Device 1: Rubbing between the (T)Kapton tape and untextured Al plate

Page 8 of 35
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The structure of the first sample is shown in Figure 4(a). The first device, which is
called device 1, related to rubbing between the ( T)Kapton tape and untextured Al plate. The
Kapton tape was textured by using the CC technique, as seen in section 2.1.1. Figure 4(b) and
(c) show the results of output voltage and current with varied amounts of spread Na€l salts. In
this case, the measured output voltage and current had the same meaning as open- circuit
voltage and short-circuit current, respectively. External compressive force was applied
constantly at the frequency of ~1.5 Hz, and an environmental humidity of\~50% . Each
condition as the amount of NaCl was recorded for 75 s in order toobtain, 100 cycles of both
AC voltage and current. The output voltage (Figure 4(b)) tendedito inerease gradually with
increasing amount of NaCl salt, which was in the same way as the'output current (Figure 4(c)).
These were due to the role of surface roughness on the Kapton film. Figure 4(d) shows
conclusion of the electrical outputs from device 1. With aidevice size of 3 x 4 cm?, the averaged
maximum of positive output voltage ( V), max) Was observed from the AC waveforms in each
condition, and it increased from approximately 21 to,27 V. A linear-like trend was found for
the averaged positive output voltage ( Vp,avg)s. The V), ave can be calculated from the average of
the Vpma and the averaged minimum positive output voltage (¥ min). The obtained Vp ave
increased from approximately 17.to 19 V. In addition, the averaged maximum of positive
output current (/p,max) and the averaged positive output current (/,avg) were recorded. The I avg
can be calculated in the same manner as V) ae. The obtained Iy, max and I, 4y were found that
they increased approximately 2 times when comparing in the same values with their first spread
NaCl conditions(0rg of NaCl). Therefore, the optimum condition for texturing the Kapton film
was with 0.4 g 'of NaCl (condition 5). The output voltage fluctuation (OVF) was also presented,
which showed the output stability of the TENG device (Figure 4(d) right-hand side). This

factor can be calculated from the average of the positive output voltage fluctuation (POVF)
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and the negative output voltage fluctuation (NOVF) in the percentage unit, as OVF(%) =
(POVF(%) + NOVF(%))/2. The POVF and NOVF values are described as:

V max _V min
POVEF(%) = 100| —21«_rmin | (1)

p.max

n,max n,min

NOVE(%) = 100 : (2)

where Vi, max and Vi, min are the averaged negative output voltage for the maximum,and minimum
values, respectively. The calculated OVF factors for all conditions”in device I were almost
stable at approximately 45%. From the obtained output current'waveform ( Figure 4(c)), we
can effectively use Equation (1) and (2), as the same meaning as the output voltage, to calculate
the output current fluctuation (OIF), the average of the positive’ output current fluctuation
(POIF) and the negative output current fluctuation (NOIE) in the percentage unit. This achieves
by replacing / into V, and then the /p,max, the averaged minimum positive output current (Zp,min),
the averaged maximum negative output current, (7, max) and the averaged minimum negative
output current (/,min) are occurred through'the equation. The calculated OIF (~50%) was a little
higher than the obtained OVF withithe linear-like trend. The obtained OVF and OIF are rather
high when compared with general TENGs [16, 28-30]. Even though the increasing rate of both
output voltage and current were rather small, the electrical outputs enhancement of TENG was
still observed (Figure 4(d)). It was worth noting that the roughness density of the Kapton
surface elevated with increasing amounts of NaCl spread on the plastic film. The triboelectric
charges were notygenerated by much if a small degree of friction existed. Therefore, the
produced roughness texture’acted as the key factor to increase the degree of friction and, hence,
improve the TENG performance [11, 31-33].

4.2./Device\2: The rubbing between the (T)Kapton tape and (T1)Al plate

10
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The Al plate also was textured in order to increase the triboelectric charges. As
mentioned in section 2.1.2, polishing tribo-material with sandpaper is effective because it is a
cheap, fast, and simple method. This process can produce microgroove roughness on the
surface of material. The occurrence of roughness tends to be linear shape along the direction
of polishing. This study applied this treatment method to produce a certain texture on the

surface of the Al plate for the TENG sample.

The TENG in this section related to the rubbing between the (T)Kapton tape and (T1)Al
plate, which is called device 2. Figure 5(a) shows the structural difference between device 1
and device 2, in that the second rubbing material of device 2 treatedithe surface roughness to
linear shape. The experiment of this study was set by the-Al platetbeing polished at various
polishing times from 4 to 10 times. It was found that the surface polished 10 times (condition
5) showed the highest outputs for both voltage and current (Figure 5(b) and 5(c)). The summary
of Figure 5(d) indicated that the highest V), max and ¥, 4ve Obtained from condition 5 were higher
at about 10 V than rubbing with untextured:-Kapton film (condition 1). In the same trend as the
output voltage data, the highest 7, and Ipag from the condition 5 were higher than the
condition 1 of about 2 and 2.5 timesjrepectively. Of interest, the output voltage and current
waveforms (Figure 5(b) and 5(c)) demonstrated the tendency of saturation in between 6 and 10
times of polishing. This meant that the limitation of polishing in this experiment caused the
generated electrical outputs:which would not increase further. This result is in agreement with
that reported by Zhao et al. [11]. Additionally, this optimum device 2 had both output voltage
and current values of about.two times higher than the optimum device 1. The lower OVF factor
(~35%) can be found and the OIF factor (~50%) shows a same trend as device I. The

enhancement-of electrical outputs from this device were due to the effect of additional

11
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roughness on the second rubbing material, which can increase the triboelectric charges after

rubbing.

4.3. Device 3: Rubbing between the (T)Kapton tape and (T2)Al plate

In this section, another formation of roughness texture that occurred on the Al plate
surface was created by etching with a metal corrosive agent. There are various types of agent.
FeCls solution has been utilized widely in industry and laboratory work fot'a long time. FeCls
agent is used mostly in the laboratory to eliminate copper surfaces in,making eircuit diagrams
on printing boards, due to its corrosive property. Furthermore, etching with FeCls can produce

roughness on metal surfaces [34,35].

In this study, 100% FeCls solution was applied to etch the’ Al plate surface at various
etching times. The ( T2) Al plate was rubbed with, ( T) Kapton tape (Figure 6(a)), in
correspondence with device 3. The texture of roughness.appearing on the Al plate surface was
a mixture of micron size linear- and dotted-shapes, as shown in Figure 2(d). This was because
of the corrosive effect from FeCls on the,tribo- material surface. The density of roughness
tended to increase with increasing etching time (Figure 2(d)). However, the metal surface
dissolved when the etching time teached more than 80 s. The reduction of output voltage and
current patterns were seen clearly after etching for 40 s (Figure 6(b) and 6(c)). Even though a
higher density of roughness was obtained during increase of etching time, over etching might
cause simultaneous damage to the metal surface. In this case, the property of metal would be
degraded. This impliesithat the metal property largely influences on the electrical outputs of
TENG, apart from the roughness on the material surface. When etching with FeCls; and other

corrosive agents, etching conditions must be controlled carefully.

Semi-circular shapes of both output voltage and current curves are observed on the left-

hand side of Figure 6(d). The optimum condition for etching was found at condition 3 because
12

Page 12 of 35



Page 13 of 35

oNOYTULT D WN =

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

AUTHOR SUBMITTED MANUSCRIPT - SMS-106776.R1

Facile Roughness Fabrications and Their Roughness Effects on Electrical Outputs of the Triboelectric Nanogenerator

it showed the largest output waveforms for both voltage and current. The obtained V),max and
Vpave were approximately 50 and 42 V. Moreover, the obtained Ipma and Ipae were
approximately 1.25 and 1 pA. These values were a little higher than the polishing with
sandpaper. Lower values of the OVC factor (~25%) with the same trend of the OIF factor
(~50%), when comparing with the device 2, are shown on the right-hand side of Figure 6(d).
The electrical outputs of device 3 was found to have improved. This enhancement might be
related to the increase of roughness area by incorporating the dotted- roughness onto the
surface. The pitted, i.e., dotted-shaped roughness, was rubbed in/an_interlock with knobby
roughness on the (T)Kapton tape. More triboelectric charges wete prtoduced. Thus, the possible
assumption for increasing TENG performance is matching the roughness texture. To prove this

assumption, another TENG device was designed as shownin device 4.

4.4. Device 4: Rubbing between the (T)Kapton tapeand (T3)Al plate

Device 4 is shown schematically in Figure 7(a), with its skeleton associated with
rubbing between the (T)Kapton tape andy(T3) Al'plate. Texturing on the Al plate surface has
the same process as that for Kapton film in achieving the same roughness texture. However,
the rubbing side on the Al plate for this device is switched from the bulge to dimple surface
(Figure 2(b) and 2(e)). The design in this study was for increasing the triboelectric charges by

matching the roughness textures:

It has been found that the systematic enhancement of output voltage and current values
were obtained. As'shown in Figure 7(b), when rubbing with un-textured Kapton tape (condition
1), the Vp max and-FVpave were approximately 50 and 40 V, respectively. Both values increased
by about'15 V when the (T)Kapton tape was rubbed against the (T3)Al plate, which spread 0.4
g of NaCl salt on the Al plate (condition 5). In the same way, the /) ma and I, increased

about 2 times at the condition 5 when comparing with the condition 1 (Figure 7(c)).

13
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Interestingly, when spreading more than 0.2 g of NaCl, a small increase of electrical outputs
occurred. This is due to the limitation of roughness density, as in device I and 2. Condition 5
is the optimum condition for this TENG. In comparison with device I, the recorded output
voltage and current significantly increased by about 3 and 2 times, respectively. The output
current could be further increased up to 3 times when compared with the non- textured device
(condition 1 of device I). Figure 7(d) shows the electrical outputs improvement.of TENG with
a very high increasing rate. The calculated OVC factors were approximately 25%, and even
abnormal peaks were observed clearly in condition 2. The OIF factor still does not change
(~50%) as the comparison with other devices. From the result of thiswstudy, matching the
roughness texture can increase the area of surface roughness. This also increases the surface
charge density of TENG after friction [36,37]. The /more the triboelectric charges were
produced, the higher the electrical outputs of TENG/obtained. This result confirms the previous

assumption in this study.

Figure 8(a) shows the conclusionof the output voltage and current for the optimum
TENG devices in each series. Optimum TENGs are the device in the final condition, except
for device 3, which is the third condition. When considering this figure, the electrical outputs
could be seen clearly to increase as the roughness textures on the Al plate surface changed. The
inset pictures presented the/difference of roughness texture between two tribo- material
surfaces. The texture on thefirst rubbing material (Kapton tape) did not change in any of the
devices, while the/second one (Al plate) was varied. The roughness in this study was designed
to achieve a TENG device with higher electrical outputs. Rubbing without roughness on the Al
plate generated V) ax and V), ae that were about 27 and 19 V, respectively. These values
increased bysabout 2 times when the roughness texture was added on the Al plate surface, as

seen in deyice 2 and 3. The increase by 2 times was also seen for the output current result
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Page 14 of 35



Page 15 of 35

oNOYTULT D WN =

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

AUTHOR SUBMITTED MANUSCRIPT - SMS-106776.R1

Facile Roughness Fabrications and Their Roughness Effects on Electrical Outputs of the Triboelectric Nanogenerator

(lower side of figure), which 7, 4, data enhanced from ~0.5 pA in device I to ~1 pA in device
2 and 3. Tt could be seen that the second and third devices have output voltage and current
values that were close together. This might be because device 2 had a rather similar roughness
area to device 3, resulting in a similar quantity of generated triboelectric charges. The size of
the triangular- shaped roughness on the Kapton surface was approximately 200 pmy.as shown
in Figure 2(b), and equal to the real size of NaCl particles. The roughness that oecurred on the
Al plate surfaces in device 2 and 3 (Figure 2(c) and 2(d)) was smaller in size than the knobby
roughness on the Kapton film. The roughness texture was a mismatchsrand the triboelectric
charges did not generate much. When the roughness of the Al platé.was ¢hanged to match the
Kapton film, the output voltage and current thus significantly increased. This is the reason why
that the highest electrical outputs were seen in device 4. The increase by about 3 and 2 times
of output voltage and current was achieved when compared with device 1. The result of this
study proved very well that interlocked surface roughness can effectively enhance the TENG
performance [12]. Figure 8(b) and 8(e),show the cross-sectional SEM images of device 4 at
50x and 100x magnifications. The size of the:dKapton tape and that of the Al plate are consistent
with a previous report in this study:(section 2.1). The similar size of the bulge and dimple
roughness textures could be observed inside the device. Engineering the roughness texture
from the TENG in device 4 to' be matched for tribo- material pair becomes the key factor in

improving the electrical outputs of TENG device.

5. Device Performance Testing

As our knowledge, the transferred electric charge Q; and the transferred current /; have

the relationship with the specific time 7
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_49,
L= 3)

By carefully integrating to Eq. (3), the amount of electric charge can be calculated. Hence, the
current waveforms obtained from the optimum TENGs of each roughness condition (Figure
8(a)) can be used to calculate the amount of electric charge produced during pressing, by
finding the area inside of half cycle. Herein, we considered in the positive half cycle, and the
obtained area in each half cycle was averaged to determine the averaged/charge) The averaged
charge from different series of TENGs is shown in inset of Figure 9(&). " The maximum amount
of averaged charge (~0.034 nuC) was observed in device 4, whichhwas higher than that device
1 by about 0.016 uC. As the TENG having a size of 4 x 3 cm?,the estimated surface charge
density (SCD) in the uC/m? unit is able to calculate by @asily divided the averaged charge by
the device size. The SCD data from each TENG is/shown.in Figure 9(a). The highest SCD of
~29 nC/m? was found in device 4. This value Was approximately 192% higher than the first
device. Based on Zi et al. [38], the SED, factoriis one of the reference point to indicate the
TENG performance. From our SCD result, it has been implied that the performance

improvement of device 4 was achieved.

Practical usage of the TENGundevice 4 was investigated for real-life applications. In
general, the TENG generatesithe AC signals of voltage and current. Direct current (DC) inputs
are needed for driving_semiconductor devices, €. g., a diode, photovoltaic cell, light- emitting
diode (LED), etc. An,AC to DC converter is essential for the TENG. The diode bridge rectifier
(DBR) is a well-known converter, as shown in inset of Figure 9(b). The main part of the circuit
basicallyconsists of four diodes connected in a bridge formation [39]. The TENG device is
conneeted to'the Diode Bridge and load. The working mechanism of the DBR corresponds to

the meoming positive and negative AC cycles from the TENG. After the positive half cycle is
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applied to the circuit, the positive output current (red arrow) flows through diode D1, load, and
diode D2, consecutively. In this case, diode D3 and D4 are reverse biased when switching off.
There are only two diodes conducting a current in each half cycle. On the contrary, during the
negative half cycle, diode D3 and D4 are forward biased, and they permit the negative output
current (green arrow) to pass through them. The AC input signal is rectified because of the
effective diodes, and the DC signal is produced. This circuit was used in this study to convert
the electrical signal from the TENG in order to drive a certain load. In Figure 9(b), the
generated output power of device 4 was measured at various resistorloads for investigating the
capability of the device. The output power can be calculated €asily bysmultiplying the DC
current passing through a load by the DC voltage across a load.yThe trend of the curve was
rather similar to Gaussian distribution. The highest output power was about 0.04 mW at a load
resistance of 5 MQ. The result in this study implied that the range of intrinsic TENG impedance
value of the device related to this resistance, in accordance with the impedance matching
scheme from the concept of the maximum powet transfer theory [40]. Figure 9(c) shows the
charging characteristics of device 4 withsthree commercial capacitors to investigate the
potential for self-powered system. The TENG was able to charge a 0.22 uF capacitor to 30 V
within 10 s, while 2.2 and 10 pF ‘capacitors were able to store the energy less than 15 V. This
indicates the capability of deyice 4 to be applied in the energy storage application. We also
used the TENG in device 4for driving commercial blue LEDs (Figure 9(d)). The TENG was
able to lead five LEDs to brightness (Video S1). This demonstrated the original potential of
the TENG design, which drives other electronic components and small electronic devices, as

well as charges portable batteries.

17



oNOYTULT D WN =

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

AUTHOR SUBMITTED MANUSCRIPT - SMS-106776.R1

Facile Roughness Fabrications and Their Roughness Effects on Electrical Outputs of the Triboelectric Nanogenerator

Conclusion

In summary, the facile roughness fabrication technique, which can be used for net only
small- but also large-scale production, was proposed. This technique is called cold compression
(CC) by using the concept of tribo-material pressing with solid salt. This study, also introduced
roughness texture engineering to achieve more electrical outputs of the TENG,device. Three
procedures were used to prepare the textures on the tribo-material surfaces, including the CC
technique, polishing with sandpaper, and dipping into corrosive agent. In using these
techniques, this study could produce various roughness forms that aredinear-, linear- mixing
with dotted-, and triangular-shapes. Herein, the TENG device wasifabricated from rubbing
between the Kapton tape and Al plate. Various surface texturing schemes were applied on the
surface of the Al plate, while texturing of the Kapton tape:was fixed by only one method: the
CC technique. The designed TENG was divided inte fourdevices by following the occurrence
of roughness produced on the Al plate. It was found.that the TENG device, which uses rubbing
for the same roughness texture on tribo-material surfaces, showed the highest electrical outputs
(voltage and current). The increase by 3 timesfor/both output voltage and current was achieved
as the comparison with the non-textured TENG. Additionally, a more stable operation of output
voltage for the TENG device was,observed in the device 4. This is due to the increase in
roughness area from matching the texture of roughness. This TENG also demonstrated
effective use in real-life applications by charging capacitors, and driving four commercial
LEDs to brightness. This work extended the concept of developing a highly efficient TENG
and providing/potential advantage by fabricating widespread, facile, low-cost and fast devices

for industry:
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Figure Legends

Figure 1. Schematic diagram of the cold compression (CC) technique for fabricating jthe
texture of roughness on the material surface. Solid salt (NaCl ), which has an averaged particle

size of around 200 pum, was used to create the texture.

Figure 2. SEM images of (a) bare Kapton tape and bare Al plate surfaces, (b) Kapton tape
surfaces spread with 0.1 g and 0.4 g of NaCl, (c¢) Al plate surfaces polished with sandpaper 4
and 10 times, (d) Al plate surfaces etched with FeCl; agent for 20 and 80'syand (e¢) Al plate
surfaces spread with 0.1 g and 0.4 g of NaCl. SEM was used to observe Kapton tape and Al

plate surfaces spread with NaCl salts at 20x magnification, while others were at 50x.

Figure 3. (a) General structure of the TENG used in this work (l¢ft-hand side of the figure).
The Kapton tape is rubbing directly against the Al platesHere, the Al plates located on the top
and bottom structures act as device electrodes.»(b) Basi¢ working mechanism of the TENG
(right-hand side figure) with a single-rubbing pair contact mode. The TENG generates the

triboelectric current / and triboelectric potential V.

Figure 4. (a) Structure of the TENG device with rubbing between the textured Kapton tape
and bare Al plate with various spreads of NaCl content. The insets show the shape of roughness
generated on the material surfaces. (b) Output voltage and (c) output current waveforms of the
TENGs with varied amounts ofiNaCl from 0 g to 0.4 g on the Kapton film. (¢) The averaged
maximum positive, output voltage ( V), max), the averaged positive output voltage ( Vp,ave), the
averaged maximum positive output current (/,mqx) and the averaged positive output current
(Ip,avg) in each condition (left-hand side figure). The graph on the right- hand side shows the
calculated eutput voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

of the TENGs.
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Figure 5. (a) Structure of the TENG device with rubbing between the textured Kapton tape
and textured Al plate polished with sandpaper at various polishing times. The insets show the
shape of roughness generated on the material surfaces. (b) Output voltage and (c¢) output current
waveforms of the TENGs at various polishing times from 4 to 10 times. (d) The averaged
maximum positive output voltage ( V), max), the averaged positive output voltage (V,,ave); the
averaged maximum positive output current (/,max) and the averaged positive output ‘current
(Ip,avg) 1n each condition (left-hand side figure). The graph on the right- hand side shows the
calculated output voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

of the TENGs.

Figure 6. (a) Structure of the TENG device with rubbing:between'the textured Kapton tape
and textured Al plate etched with FeCls at various etching times./The insets show the shape of
roughness generated on the material surfaces. (b) Output voltage and (c) output current
waveforms of the TENGs at various etching times from 20 s to 80 s. (d) The averaged
maximum positive output voltage ( Vpmax)sthe averaged positive output voltage ( Vy,ave), the
averaged maximum positive output current (4, 44x) and the averaged positive output current
(Ip.avg) 1n each condition (left- hand side figure). The graph on the right- hand side shows the
calculated output voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

of the TENGsS.

Figure 7. (a) Structure of the'TENG device with rubbing between the textured Kapton tape
and textured Al plate with various spreads of NaCl content. The insets show the shape of
roughness generated on the material surfaces. (b) Output voltage and (c) output current
waveforms of the TENGs with varied amounts of NaCl from 0 g to 0.4 g on the Al plate. (d)
The averaged maximum positive output voltage (V,,max), the averaged positive output voltage

(Vp,avg)sthe averaged maximum positive output current ([, max) and the averaged positive output
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current (/,,av¢) in each condition (left-hand side figure). The graph on the right-hand side shows
the calculated output voltage fluctuation (OVF) and the calculated output current fluctuation

(OIF) of the TENGs.

Figure 8. (a) Summation of the output voltage and current results obtained frem four optimum

TENGs. Cross-sectional SEM images of device 4 with magnifications of (b) 50x and(c) 100x:

Figure 9. (a) The surface charge density results obtained from four optimum TENGs. (b)
Output power of device 4 correspoding to the function of variable resistanee..dnset shows the
diode bridge rectifier circuit for converting AC to DC signals from the TENG. (¢) The charging
voltage recorded within 30 s from the charging of three commercial capacitors with device 4.
(d) Series of five commercial blue LEDs that can be driven from.device 4 by the TENG without

the addition of an external power source.
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/100 um

Compression

0 8 O

Soft Polymer  Transparent

e.g,PDMS  Thick Plastic ' Po" 12P°

Figure 1. Schematic diagram of the cold compressiony(CC) technique for fabricating the
texture of roughness on the material surface. Solid salt (NaCl ), which has an averaged particle

size of around 200 um, was used to create the texture.
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Bare Kapton Tape Bare Al plate

NaCl 0.4 g

Etched 20 s Etched 80 s

Figure 2. SEM images of (a) bare Kapton tape and bare Al plate surfaces, (b) Kapton tape

surfaces spread with 0.1 'giand 0.4 g of NaCl, (¢) Al plate surfaces polished with sandpaper 4

and 10 times; (d) Al plate surfaces etched with FeCls agent for 20 s and 80 s, and (e) Al plate

surfaces spreadwith 0.1 g and 0.4 g of NaCl. SEM was used to observe Kapton tape and Al

plate surfaces spread with NaCl salts at 20x magnification, while others were at 50x.

28

Page 28 of 35



Page 29 of 35

oNOYTULT D WN =

617

618

619

620

621

622

623

AUTHOR SUBMITTED MANUSCRIPT - SMS-106776.R1

Facile Roughness Fabrications and Their Roughness Effects on Electrical Outputs of the Triboelectric Nanogenerator
(a) Real Photograph

voltage (V) voltage [V}

- CHS
/ ; t = ’ Pressed
voltage (V) l

Stretching

time {s)

Un-/Textured Aluminum Plate

_ - Stretched

I
i )
—y

Figure 3. (a) General structure of the TENG used in this work (left-hand side of figure). The
Kapton tape is rubbing directly against the Al plate. Here, the Al plates located on the top and
bottom structures act as device electrodes. (b) Basic working mechanism of the TENG (right-
hand side figure) with a single- rubbing pair contact mode/ The TENG generates the

triboelectric current / and triboelectric potential V.
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Figure 4. (a) Structure of the TENG device with rubbing between the textured Kapton tape
and bare Al plate with various spreads of'NaCl content. The insets show the shape of roughness
generated on the material surfages. (b) Output voltage and (c) output current waveforms of the
TENGs with varied amounts of NaCl from 0 g to 0.4 g on the Kapton film. (c) The averaged
maximum positive output voltage (7, nax), the averaged positive output voltage ( V,ave), the
averaged maximum positive output current (/,.qx) and the averaged positive output current
(Ip.avg) 1n each conditiony( left-hand side figure). The graph on the right- hand side shows the
calculated output voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

of the TENGs.
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33 635 Figure 5. (a) Structure of the TENG device with rubbing between the textured Kapton tape
35 636  and textured Al plate polished with sandpaper at various polishing times. The insets show the
37 637  shape of roughness generated on'the material surfaces. (b) Output voltage and (c) output current
638  waveforms of the TENGs at various polishing times from 4 to 10 times. (d) The averaged
42 639 maximum positive output voltage (V) max), the averaged positive output voltage (V) avg), the
44 640 averaged maximum positive output current (/,m.) and the averaged positive output current
641  (Ipave) in each conditiony( left-hand side figure). The graph on the right- hand side shows the
49 642  calculated output voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

51 643  of the TENGsS.
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Figure 6. (a) Structure of the TENG device with rubbing between the textured Kapton tape

and textured Al plate etched with FeCls at various etching times. The insets show the shape of

roughness generated on the material surfaces. (b) Output voltage and (c) output current

waveforms of the TENGs at various etching times from 20 s to 80 s. (d) The averaged

maximum positive output veltage (7, max), the averaged positive output voltage ( Vp,avg), the

averaged maximum positive output current (/,.qx) and the averaged positive output current

(Ip.avg) 1n each conditiony( left-hand side figure). The graph on the right- hand side shows the

calculated output voltage fluctuation (OVF) and the calculated output current fluctuation (OIF)

of the TENGsS.
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Figure 7. (a) Structure of the TENG device with rubbing between the textured Kapton tape
and textured Al plate with various spréads of NaCl content. The insets show the shape of
roughness generated on the material surfaces. (b) Output voltage and (c) output current
waveforms of the TENGs with varied ameunts of NaCl from 0 g to 0.4 g on the Al plate. (d)
The averaged maximum positive output voltage (V,,max), the averaged positive output voltage
(Vp,avg), the averaged maximumipositive output current (/, nax) and the averaged positive output
current (1,av¢) in each'condition (left-hand side figure). The graph on the right-hand side shows
the calculated output veltage fluctuation (OVF) and the calculated output current fluctuation

(OIF) of the TENGs.
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Figure 8. (a) Summation ofithe output voltage and current results obtained from four optimum

TENGsS. Cross-sectional SEM images of device 4 with magnifications of (b) 50x and (c) 100x.
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