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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 nanefiber 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 iincorporated 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 fatigue 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 for the FPEH device. For the last part, the study
to develop the FTEH device was achived. We introduced 3 facile roughness texture

4



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 HA) 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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vuituinzsuUsiulpeaseiuuseitldsu FeainautArinanaisegnidendt audfiieTedidnnin
Tnedie “iilely” (Piezo) sndisiarinawndn vnefs nisna Fedirdsngniseliiieledidnvsn
fio Usingmisidletanlasuusnaiilitusdn siiliiiaeasiaon (Stran) nelundn wavnelu
wEniAansinEewheasiismaest (Dipote moment) TWlufamafisrruizanin mstnanlsi
Hu (Polarization) ¥iliAnmsasulunssualvihesnun TnsuSinansivanlsiaduazudadunss
fupanedeaiilay [1]
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sznauTaNEnuaTMANNIs NI nsEeTetaynalulassad NN ileRasuwaEnAeadadundn
ﬁﬁaaﬁﬂﬁ:ﬂﬂaumqLﬂﬁﬁmiuauuasmﬁ’ﬂnfjmaqamaugﬂﬁwﬁ’ﬂﬁaas‘imwﬁaﬁﬁwé’wuqa@ﬂ 3s
wEnvsi3osaiugn 1 defuAndussuundn (Lattice) wirefidnigaiion o duvesszuundn
Sund1 mhiewwaa (Unit cell) Baauminsidslasiaisuninanigduiudnvaslasaduessuy
wEnu  Tngewsmsvomniswadendusivuamuiulylisveemstaudamdleddnvinly
wain dnadineansliesdusynouupiniiuatinasiiofmunsUiUUALIATIBITEUUNEN 19U g0
nansvenade Ao AudnantUesaNsnng WLYBINIIVINY sTUUARTBU B9atdUsznaumant
asauddlassaiiendnesntdidu 7 nqu ildun Tnsadtin (riclinic) Tuluaddin (Monoclinic)
pa3lssaudn (Orthorhombic) tnaselnuea (Tetragonal) Yeuludnsa (Rhombohedral) 1anes
lnuea (Hexagonal) uagAadn (Cubic) wasuUeinsiuauumseandu 32 nu fagd 2.1 Taewdy
waAnaumsidgudnaniuazlifinuiduda (Centrosymmetry) $1uan 11 nqu Svliffaudiiite
TwBudnvisn uasndnanunmslifigudnans (Noncentrosymmetry) $1utu 21 naw Tnssdnnguiias
fanududaintu uasiiunuiivaifameessdnedatoeviliunundeinnnindu Wethuarean
veunuaUsznuiuazliannsadouiuiuld Taef 20 nquilarunsauans Usngnisalifiele3
Ennineuunuladirmiaveandndy 7 uazdn 1 ngu liuansautieledidnninidosaniie
YaneglumuaseaviliTannaredundnaunnsifiaudnarsdinanlsisdusiuindrafunuayii
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JUA 2.1 nasduunnguvoswanlaenislifuguesanunaskdn (1

=i = L) U gj A L - U A a s Ld
UringmsalifteledidnninasnulivsTanietlusssanduastaniinainasdaunigi

\Wu PZT wae BT 3adan 2 wﬁmﬁﬂui’aﬂw QndaLAI UL FlanTReleBianvinAsudieun
Trrndlnfunn warlusssuan® wu ws@dnimend wsimsuilad Feaudfveadieledidnnsn
=3

aunsauUald 2 wuu Aeaulfieledidnninuuunianse (Direct piezoelectric effect) uag

auURieleBlanvisnwuunieoen (Reverse piezoelectric effect)

2.1.1.1 autfmeleBidnninuuunanss

WedaniieleBidnvanlafuninudu (Stress) wisusaBenaunnssvidetan wWu n1snn 9z
o Y as - 4 QyJ = a g u a v A 2 as o
vibiTanianisidsuuvastimalwimiaialnanlsiwduiiulneuysiunseduanuduilasurh

DY) A v ve a v aa vy y oo P
Tagulaldfunsadenaaunanadiysyylnihoanunifanild fuandugui 2.2

25



JUN 2.2 antfifigledidnvdnuuumanse dgydnval P wunnwesvesanududalwiluiloans

2.1.1.2 suvAne ladianvsnuuunisdon
WeliawlwihduTaqieleBidnvinssvilifaqinniswdsuiasunnfinanueden

Tugaiudadulasnseivauiuluiiald iliiagieleddnninfanisiavienadaldiloag

meldaunluih fuamddusui 2.3

..--I-.._
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- + [‘“..__ _..;-“ =
i ——d .2 O Ik

JUT 2.3 audRfisleBidnvinuuuniees (Reverse effect)

Usngnisalvisaesansinsaaiuagldanaunisitugiu InsRansammanaudinislwiues

ANNEavE UYL Tan [1]

D=dE+ EE  (@Hnuia) (2.1)
S=sfT+dE (Uawmad) (2.2)

Ag AaEvwiuUsyuuiiladdnvsn (Dielectric displacement)

Ap adulni (NO)

Al AULASER

-4 v m o

& - o 1 & A v oo = Y 2
D LTNVINIENININUNUUINA 159ANULAU (N/mM*?)
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d flo duuszdvdiielediannin (Piezoelectric coefficient) vasTasaladidn-

=

n3n (C/N)
9 ANUbanguYesian (@wnduvsinegdavesanininvey)

o &

e AB AANINEBNENTVS (Relative permittivity)

wn
oY

TnedganwalienluiiassaunisuansdauSunailua1ned de e Tuaunsi 2.1 wiuen

anmeaudusinsluaneianududuaiad way s Tuaunisi 2.2 unuannsfauyniimeg

'
= o W f

FeanguluuresAssaNnNsiazLanstienLuani19ran sInl e luTandeasduiusiv

2
e

audinulwihuazaudiidanavesianiu g uennailiagieledidnvindallandinTuiuiiams
AatuToalinsseyiiemuduaios  ouansdaveulvugsanieidvun 1oy ds Ju
Y a £ a ad a_a = v ow W a ) ¢
dudsvansiiioleddnninidansisnuduusiunsitalnanlsiedu (Usngnisainiemse) Tu
g.dl s u.j = 5 o el a4 o v v =
wwinsa A lwiiluiiavnie 3-wisluduanaindudas Wedinslieuduluiiainig 1 vw3e

14 v s I i = s = d = L4 v =
WI9UR9TAA NTOAT ds; Nuassndsiialnarlsiedulusieanie 3 Wedlnslinnnuauluiienme 3

a £ o

AU 2.4 Tegfnee19va9duMsNanInuduNUsvan dulsyansieladidnvsa Ao

U

D = dssl; (WUsngnisailaense) (2.3)
S = dssFs (Usingmsailnedon) (2.4)
33 mode ¥ Polarization 3
A
6
Z 54‘
31 mode X > 2
3 | Y U
3 +
F v 4
1

JUT 2.4 irmevadlwanlsiedudiefnnsliauulvit uazaudundTaqieledidnnsn (Faudas

10 [1])
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U

o
=

=
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27



Unngnisailiiadu lunsdlfiausingniselieledidnvinnienss Fufaainmslininuiu wie
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anunedndladausiiadliadluaudeilaload wu dgauia (Gas ieniters) lumpiasiharuiou

L7 4

v LY 2/ a ar L | o = a a
Tddussug Midugunsaliniiundsy 1duasestuilalni (Generator) wiolunsdliiia

U

Unngnsaliiieledidnvinneden fie msliaualwiunfaquaitaqinnisiisuwdasgusng
vIiinusadiena dsaunsanmuaszeznsiavamlamemsiiauslnilufieee 9 wasawnsa

drnnldilunsiuadges gunsaidansilefialunisnisunng (Ultrasonic) Tulasluu

L3

(Microphone) waztunlddudduid faduaunsaindrdnlundasfiun (nkjet printer) oinas
p ) U Jet p

Tundasenegy (Shutter) (usiu

2.1.2 ﬁ'ﬂqMaﬁ'ﬁﬁLﬁnﬁn (Ferroelectric Material)

s

Jagueslsdlanvinilunduesgesiaglnlsdidnvn (Pyroelectric material) da1unseiin

) o o A 2 : - I v ) a a
Inanlsiwduiedld wazanunsanduiialél (Reversible) Wisagnelaaulni Sageslisdidnvin

=

aunsawdseanidiu 4 ngu assy 2.1 Tnsnguitieaniunldanumniian Idud nduesnfiousenned
ns9a (Oxygen octahedral: ABO;) Ganguiiifinssastsuvumasonalng lneTanwieslstidnyini
ﬁau‘iﬁmnﬁ'qﬂuﬁ%qﬁ’u gnfegaiy BT PZT wasladeulwinad@eoululaiun (Na, KINbO; 1iu
#u Falnsamdnvestanuanihiulasudniids ussiianwiuieleddminia dlvaunnih
fanudufietns szamrsevildiavesnisinanlsisduudeuudasls 3ana1aldinag
weslsBidnvinynulindianmluiieledidanin wilunenduiudagelsdidnvsnlddndusoad

anduwaslsdidnnsn 11]

2.1.2.1 manalwailsiduesld (Spontaneous Polarization, P)

i | = oA = Voood wa o a = P i =
VINATILUINGHHAN WUTT HARAN 20 RGE WLLaﬂQaNUWLWUISﬁULaﬂW5ﬂ ey 10 NaanNan

a2 o LY P

& a wal P a O £ o r - & = =
“ﬁ@ﬂJﬁiJUWlWI‘S@LaﬂVﬁﬂ AIgUN-2.1 WﬂqﬂlqiﬂLﬂﬂﬁﬂqWﬂ’JﬂUL@\?l@ w%al,ﬂm‘tl’;@ﬂ’l’.lﬂumaﬂ LLAELIEn

U

v
= o

naNWUUTIWEANTIYY (Polar crystal) SefReinalnanlsiwdulamesiieslaglinpggaunulnii

o = A | & = i a v
Wesnnuaniiinguanuiasiazdunumyuunuiieadeliaiuisaiinauuinsuuvasisuly

I oA

wuaisanfuunuills iesvinegmeufieguiinalatevisaavinuvesunuvyuinisinFeadaly

]
wiloufi vliiilenufuudlimunsavudeuruldegromed IuhliAndunenisindravessey
laivan Bandutrlvinduun shlidansivarlsedulfios lnonsidslnatlseduresansinlsd
Envi3nastutfugamnfiamils Bendh anmlnlsdidnnin (Pyroelectricity) Fafanmunudauuy
anwzaelulasiairandn Jalalwaluwud (Dipole moment) wadusugamgdivhldiAans

wasukUaslulassasawdn wu sty wasanuandi@eslulowa (Lead Magnesium Niobate)
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gampillessumarilayiiineglusumisviaunaffindssudaseinan WaznAudnaNeslTey
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vInlazauarliogdiund ity asun 2.5 waadlassasievoindn BT Inengumngigenin
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a o ; ] o o = I a a  da 24
gaumiln3 (Curie temperature, To) e Yszua 120 C lassasnwanazfulyudadn il Ba

agiiyuresgnuird losew O eginanvegnuian uazlossu Ti* sgaagudnanwesgnuiar
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=l

fawanslugd 2.5 (n) uaziilegamgiisndtgamafied lenainanssiasusuidndoslaglonou
Ba?* uavlonau Ti* astpdevlumnduminduiidiiusiulessy o dilianduda wielsina
Fu faguil 2.5 (o) Feduoandnihusiazeueslassuuinuaraufuatioutmewinidwalid
Atwanlsiedunslumateainty leslalnamaabazdmssialuioninieaty deriidlnanlae

Fuwniulalnasentanurguiuinsg

(n) ‘
T\ &/ F

p.~ ® Ti+4
D% o
OBa+2
-
aq
cubic tetragonal

=

] = 2 o - a i
JUR 2.5 wiinvaslaseaine BT (Iassafuuuinesewalnd) (n) figamgiigenitgungiasi
v a a a a o | a o v ala a o 1
Tnssafrauuuiadn (v) Nigamalisningamgiesillassairafunnselnueaiifingdousumi

- d s 7] & o .
vpaleaau Ba? war Ti* nduwusiulessuwns 0% [1]
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2.1.2.2 gunniin3 uasn1siasuma
miAsuulasnavesiagresisdidnyvinaraonndasiumsildsunladassadrsvesmdn
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Fadunaunannisiisuntasguugiuaznisinatlsiwdunidlwiinestan daguit 2.6 e

gamglvesmadsuaiondt gumgdes WusamgiisnisdsunUadlassadrava Tned

q U

geuudl T > T.iamleslsdidnvinasudeulassadadumanisdidnnsn (Paraelectric phase)

Fefagazhivansantfarudulnanlsiwdunvuiinduiesnasliansawanangfinssuves
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=
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U
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Wuazend gaumgiiniswaguwa (Transition temperature) [1]
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= o/
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Unpolarized

Polarized by an applied electric field
E AL L ELEEEENEE.

Polarization of Dielectric

3Uit 2.7 Tnenlswedfudounslitmunuiwiluagidleliaunyifadielnan sy [1)

milnarlssuusiupssiumauglunsdniudsegini auialnanlsiwduadiniug

q
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a ca o Y a g ) i o0 ! =
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\@nvi3n (Dielectric strength) wazAnsgaAslaBIEAWEn (Dielectric loss)
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2.1.4 Tassarawasening
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2.1.8 JsiWeu (Composite Material)
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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 Palyvinyl butyral
Silk, woven Polychlarobutadiene
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
Polyethyiene
Polypropylene
Polyimide (Kapton)
Polyvinyl chloride (PVC)

annebapN

Polyvinyl alcohol Polydimethylsiloxane (PDMS)

(continued) Polytetrafluoroethylene (Teflon)

JUM 2.25 unuanuanddaninsludianminfiduuslduluednaseu (WUsyquan) uassudidnnsou
(Usggav) [13]

2.1.9.2 nalnprinsruesgunsaliniunasnulnsludidnnianuudaveu

lundnmavinenives FTEH usanatwihazdesgnlouliusngniuvetasne (Press) uaz
vanUdes (Release) tilaly FTEH awnsandnlwilldassioidos fetumaunisndaluinuos
unsalifu (Uil 2.26 (n) aduannsaiaUsealvslu davsnuuiuRtvssusas Saama e

[

IiSuussnauazdagienistagiu daussnaiansuasass UszqwardasGugndisloulud
Sidntnsnannnisinieathugelninadin (Electrostatic induction) [13-15] uaylnasenluiinan
gunsaflwihateuen Wesnndansosnisinwssduaandunarmslud Sesinanisdneleu
madﬂ‘ixﬁ;ﬂsLﬁuﬁua&mL‘TjuL*?j«ﬁuﬁ’mqmni’]waa%ui’aa ArmasEedngsliesforuda tu

) a = a v
AuaNn s SIRUINANTR9as [16] NgnoBuiesae
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v (2.9)
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WansAuaniwmdsainmstiouusina lnesseyivasiannduinagiisumiaEudu uaslouuss
nauinlu FTEH Snads usedulwihiindeldazdaranas Ssaanndosiuussqlidinfioyinalufie
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LuuWatnIzuaadu (AC pulse) 1nudnnisiaufidie uasillassadraliidudou vilw TENG 1By
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faulaeghanndmiuinidelumaiaundugunsalinfundsausialng

Releasing

Pressed

1 1 1
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‘
o1 S04 sor W
Time ()

(‘].I) ChlmeVAmounl at Metal 1 (-Q)

Metal 1

(1)

o2

Metal 2

Charge Amount at Metal 2 (Q)

U7 2.26 (n) nalnmswannstialwiiues FTEA ua (1) WUTNARMIMOEHYed FTEH JULUY
dudaladiannin-ladiinvin. (Usuuseaon [17))

nguiiaanddmivesurevdnnevinte ey FTEH gnesuteadsusnlul am. 2013
[14,15] Inglingufunveunmdeiuisanuduiusveauwssiu-ussalnidei-tesinsewineian
(Voltage V - transferred charge Q - separation distance x, V-Q-x) ndinsdnguasianlnslus
dnndn Tulaseafrefugiunes FTEH suuvuduialadidnvin-ladidnnin (Dielectric-to-
dielectric contact mode) faguil 2.26 (v) lunsdiilfagnsTudidnninfauaiigninnasadu

lnseatieves FTEH axgneButemenginssuauiiulseq (Capacitive behavior) dnfiansaiian
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aelugudaqladdnnin 11 E =- Q (2.10)

Sgﬂgrl
1 1 1 /S+ t
melugurestasinena:  E . 1t (2.11)
{;‘0
Ay melugutanlndidnmin 22 E, =- Q (2.12)
T See,

lng?l S Apvwaiuiiavesian ¢ Ao Ansialadidnnineesian waz (/) fs Aaumuwly

|
e

< Y o oa & e w
Y9eUsEgntuiunaT t uenandustiulwinmfedussuitdaninge aslau

Vi=Ed +Edy+E, x (2.13)

air

Waunsi (2.10) - (2.12) unuaslugunisi (2.13) avla

V:_i{i+£+x(,)J+ ox(t)

Bl S4%R), &,

(2.14)

S1ERsUY 9glamuFUNES V-Q-x fia

1
V_—WQW;JC (x) (2.15)

4 &, , & 1 . Y y o
Wie C(x)= Sé‘(,(—”—-i- 2 +—J Ae.A1A1UY N TaNveeniaglulaseashe TENG mugud

™

d d, x(t)

O')C(f) & = = [ P
2.26 (v) uag V. (x)= Fallmuvnginganuaunish (2.9)

&
= LY 1 i ] = dl d2 [
TuRaulvdnens (V = 0) nasldvsyalwihdsinude d, = —+—2 10y
Srl ng
Sax(t)
=C(x)V, =— (2.16)
Q.S‘C (.?C) oc ()C) d0+X(t)
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wazazlaanseualniianieasidu

I.=< (2.17)
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\Bana

INURUATWIUT 2.25 uasnguiniswdaluiiinas TENG vise Vo (@unnsil 2.9) uay fg
(aunn5?t 2.17) annsoagulditadundniugiulunisesauuulassadeitvinliussansnmaes
gun3nigedu Uszneulude 1) idongtanlnsludidnyinfiduuwalduly (viesy) Bidnnsaugs 2)
a¥udarinssnintagnsludidnninlulnsead 3) adtmmngussuiiuRadioliinusyqludh
avaugs 4) auligunsaiiiiuiiviidomn 5) Aasiladidnynuesusar Tanaasiiaiunn uas 6)

Wnaunlunstlouussnadang

2.2 MSNUMILITTUNTTA/58UA (information) Tinleadas

T. Zhou wasae [18] levinn1sAnwinisusuussandiladidnninvesiaauilupauindn
389314 BT AU PVDF LLﬁzﬁﬂﬂﬂﬁU%’uU@aﬁuﬁﬁ"sﬂ lalasiauileseonled (Hydrogen peroxide;
H,0,) lagtih BT #1vinnssnangnu H,0, %‘q%v‘iﬂﬁﬁwglamaﬂ% (OHY I AAus nMiuiives
oyn1Auly BT wdatiatiwinfluesindndyu PYDF &1 BT/PYOR uansauiidladidnndndidudiy
gumgifuanuiesninianaeuindnitlilévimsuiutssituie duanduguil 227 uas h-
BT/PVDF auansenntsgadelndidnvinishas wazamumuladidnviniigety fuanslugui
2.30 way 2.31 LlaaanndunsAseTiintuseninasiasuust BT wovnoRiuasiuving PVOF 3

1 s el a =Y 2 .4' L% d
FreusuupnuaulRindidnvanliaty duandugui 2.28

% &
H,0,
O ——3 1o
Treatment

&

{ - el oo 4 ot g = 14 = = o
SUN 2.27 MIAndunsnseues BT MUSUUTINURIAY H,0, msiinAeNlwdniu PVDF wagnis

YU 3

nofvaanusylalasiauluuiluaeulndn BT/PVDF [18]
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100
= h-BT-30vol%
¢ h-BT-20vol%
2  B80F 4 hBT-10vol% :
& o ¢-BT- 30 vol% a
£ L o oBT-20vol% g
= & ¢BT- 10 vol% o .
28 * Pure PYDF L ) o w
E 40F g B . ] « &
a " fal
§ o s 8 8 2% _ & e . A
E s = = ®m ¥ 6 © ) : & A
E 20 -2 4 o ©° 2 s * ; ; : .
® L d
§ s 3480
0 1 1 1
50 100 150
0
Temperature ( C)

JUT 2.28 Aanweendmmsiieuiugnngiisynineuiluseilwdnves c-BT/PVDF uag BT/PVDF

AULUNTUYDIANTANGAY 7100 Hz [18]

100 10
() Ll h'BT'ZOQS @) « h-BT-150°C o h-BT-20°C

g ¥ " BTy {7\ [ g ¢BI-150C o ¢-BI-20C
B
£ e e \|
E gﬂ' ;'-. C'Dr"‘?‘l:l
7] "ug B
=7 g n og
L 40 [72] T L™ UQDDD’JUD 81
g § 0.1F ..-..."...DDUD::;%?QBE“;@?.
3 LT ul
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a * e g asseaceneanea o™

0 4 A L L 001 AW o\ v AP ~ VI & PO TN
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Frequency (Hz) Frequency (Hz)

JUN 2.29 (n) Aran ngandLing v) Ansagidsladianninvesunlunelnda c-BT/PVDF uay

BT/PVDF finnandiudu 30 vol% BT fignimgiissiu tieufumiui (18]
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0.5
—— ¢-BT-30vo0l%
—o— h-BT-30vo0l%
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008} B
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5UT 2.30 Ansgadelndiaarinvasunluaeslndn c:BT/PVDFuay-BT/PVDF fimidudu 30

vol % BT 1 1 kHz [18]

05k e h-BT- 30 vol% c'w Lo b
o BBI-20vole . 5 & o &R
4 h-BT-10vol% 5 H P
0 0.0 F U TTa’ c<BT-30vol% £ 5 8
A AZAHOE o
A © ‘eBI-20vol% & & &
2 05t & c-BT- 10 vol% I 0 (_grand
ﬁ o L] O A
'JI cC O A
\C-E ] | e oA
<Q -10 \ =} a0 @ A
.
-1 5 i o o I’ A
L5 2.0 3.5
Log E

JU# 2.31 niswden Weibull vasArarumuladidnnin dmiuvuiluneulndn c-BT/PVDF uay

BT/PVDF fimnududuues BT ey [18]
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S. Siddiqui uagany [19] lvinisAnwinssurunmaiidiiliauilulaefaquilurouln
aniileledidnydniiusiaanasififiussansam uagauBaveugsdmiuifugunsaiiniiv
waseudinauasidudufiundau Tagidn 8T Au PVDF-TIFE) uvinduaguauiieledidnn
sninduusuiduune duandduguil 232 (a) Tasusurududureseyaia BT fiding q Tasdl
aududuves BT figendn 40 wide Tagluguil 2.32 (b) uamnmdnvansweaulunosindnuans
Tiiiudn BT Bnvsnsearsedaidluwming PVOF-TiFE) Ssdanaliinngluianmanaiuisals
fndluileaedia 9.8 Taad uava amuLLYeENT 13.5 mW/em? neldinisdmdursnay
Wisufudindauludagieledianvin PZT Jaquauieledidnvinfiduwiuiiduunsdanie
leidnvinigeaninilomnainaudundniigeues PVOF-TrFE) Saunandnuas PIVDF-TAFE) 145y
msBudilng XRD fuandlunand 232 (0) uenanid PIVOP=THEE) Sste iesuaudausslii
syna BT Wiiuanny dufaauaudsansnimailflunmssniundamui@ang maadeuln uwa

NNTNBAMAA TN IONINU TR TUUIA RN UNERTUTLIMER

100 nm
—

10 1.5 zo 1‘5 30
Diffraction Angle 26(deg)

g‘uﬁ 2.32 (n) uanedAUsznauvesTaanaNialyBLann3n (1) uanin WAnYI199n FE-SEM U84
wlumoulndn BT (40wt9) P(VDF TrFE) %un 6 mm () kane XRD anasuaseuaniildlunauln
dn P(VDF-TrFE) [19]
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A15199 2.2 nswSeuiisunisdsaandndlain nssualvilh wazaunuwLureInsELa AUt

voshrilaieledianviinfluuanissa [19]

Active Form Output Generation | Active
Material Voltage | Current | Current mode area
V] [uA] density [cm?]
[WA/cm?]
PMN-PT | Single-crystal film 8.2 145 X ds; 1.7X1.7
PZT Crystal film 200 1.5 150 ds; 3 5%X73.5
PZT+CNT+ Composite =5 0.06 X ds; N.A.
PDMS
PZT Thin film 0.28 0.03 X st 1% 1
PZT Hemisphere 3 0.05 dsy 1.5%1.5
PZT Nanowires 6 0.05 X dsy 20
BT Thin-film 1 0.19 dsy 0.82
BT+PVQ Composite 0.9 0.01 X ds N.A.
BT+CNT+ Composite H 0.3 X ds; 13%13
PDMS
BT+ P(VDF Composite 5 0.75 X day 4
- HFP)
Zn0O Nanowires 0.6 0.5 X dsy X
Zn0O Nanowires 2.03 : 0.1 X dsy 1
PVDF Thin.film 2 03 X ds; 2X0.4
PVDF Fibers 0.2 0.03 X ds; N.A.
P(VDF - With doped 4 0.4 ds; 7 %9
TrFE) graphene
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gﬂﬁ 2.33 A1 (a) V.. uas ()1, ndnsasiatadrnidadieleddaniaunTuneulnda fay
WYY 0-40 % BT ﬁuwaaLM@%Lw%ﬂﬁﬁﬁmwmﬁuwﬁﬂqd P(VDF="TrFE) (A) WA V.. Uag | gy
AuAududu BT dwmsudiiilaieleddnnsnuiluaaulnds fu PVDF-TIFE) (4) wananiy
deeanaAnununduvanduvesiiidafieledidanninunluneulndn AU P(VDF-TIFE) ey
fupadudues BT Q) V. kae (@) | :nAn1sdsesnvesmmullaieledianysnunlunouln

anfunediefuvindiiduedugiu P(VDF-TIFE) fienuidudy 40 wtd BT [19]

Wensiainnisadseannadauees FPEH lavinnisneaasunisliussialuasnaudugunsal
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Saa & a A e & = v
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wsanului29323:Un (Open circuit voltage, V.. WavnTzladneas (Short circuit current, I.) 8¢
aelddeulunismeasuidadu Tnsfuduinan deiivsuinvesoynia BT 40% fin1sada
ussslwituagnszualiineenunligean wanslugui 2.33 () wag (o) mudidu uazlugy 2.33
() waz (1) uandluguuuufialasfiuunames BT 40% dnnsadreuseiulniuaznsuali
oanuléigean Tnefl PIVDF-TrFE) fianmidiundings waslusud 2.33 (@) uas (a) uansiiauleldsy
wsalaeil P(VDF-TrFE) fidnwausduednig
Tumsneaeuasivinanuuansrslumsdesnusaiuliwasdiuldafieledidnninun
Tumelwdn inuidudu 40 wie BT Tnedifauus 2 flunsmadey Aeaud uasuseill ufy
a1 Tagluguil 2.34 (n) wansnisdseenusaduliinlngliussnaifisuiunamuiniiaauigs o
ansnadieussdulniiesnuligeds 1.0 v uvusilinaivdaeiualfussiiniafunydn

w5an T A LU sEun st UL SR lE fawansluning 2.34 (2)

(n) Frequency (Hz) () Applied Force (Nmm?
1.3 1.5 05 0.7 15 19 27
1.0} 1k e ‘ 1.0 +
e [ e,
05} EERIORR 11| g |
S :I|;|.j; i 2
8 !I;"‘ i - 0.0 o
> 0.0 !. “i‘ i 8
M1 1 [ [ Ad
o5 SR 1 \!!
L e "; 1.0 L
10} $il I11L)
A5 ¢
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Time(sec) Time (sec)

JUT 2.34 (n) V, Riasretiulaedafudaifialetidans nunluaoilnds inudytu 40 wid BT

FEMINLASULSINAlAEASAANAIINALURSR 0.5 N/mm? (1) Vo, n13nsiainszwinanisliisadena

P i i P Y )
PRINALNITNA AUR 2.7 Hz Ne0Ue U9 [19]

TngilevdrudnunTuneulndsmgistlfnhnmaaeuns dnfundaanulasludian
Aafu fafle feile wardowu uavmsratanisadreuseduliil fauandlusudl 2.35 uazvinnis
nadouAMuaiesnneiagleiinnsliusesieiea 5000 sou Wunawu wazasIadanig
deanusadulnin fuandluguil 235 (n) uazsyu (@) JUvereLann1sdsesnuswiulniag 5000

| = 2 v Ao = = al v v 2,
78U ‘WUT]QJﬂ']'ﬂ‘lﬂLL'NﬁulWﬁ’]ﬂﬂﬂJ']LﬁN@ ‘?NLLEW]\TE]\?ﬂ?WNLﬁﬂﬂiLﬂﬂlﬂﬁULLi\jLﬂunaqu’]u
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JU#I 2.35 psiniunaaeun1snsain vy, sdlaigledidaninuilusedinds fnnududu
40 wt% BT lngrfwiarnitiaiiigledidnninuilunsuindauulzinny (a) dadle (b) dele () de
Wu [19]
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JUT 2.36 (n) V,, Nideeanan 40 wt% fanndadfiglediannsnunluneulndnsewinanisvagey

Anuadeslagnsdinginndt 5000 seu (1) venedagufideenlusuuinuilaladuas (n) [19]
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NPs CNT or RGO
v A8 £ .
i) N Nanocomposite Generator

BaTiO,; Nanoparticle

3U#l 2.38 (n) nszurumsnandaidauilunexlnds (@) A SEM wuudmuanevesiafidnuly
aowlndn (A) AW SEM wuusmuanafivensuanisymavesunluaeulndn (1) (1w SEM v830ynA
unlu BT #idunsesidaeislalnsinewsa (Hydrothermal method) (1) anmiusauiu fildan
aun1AUILY BT (@) MWCNT fvunaduriigudnand 20 unluwnsuazaiineived 2 luaseu ju

UsgnauuansliiuisnsideunUaseasaiunasusuiures MWCNT dungu D awialug) [20]
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lunsieusaludnam Tugaeninisdn uaylufinsae uaz (v) luprsiousialuudoundu (a)
wansszeziaTlunMmegoua IR usen Wi eduduafissameesgunsaliiiniiauw

Tumsulnds [20]

K. Park uagay [20] lidnwinasiauinisaieddidauluneulndnidanguain
auMA BT fiu CNT lnerataynauily BT U CNT IARBUSIUUKNY PDMS UaaUsenuuky PDMS
sty waslaudouiudadidningn dvluguil 238 (n) Tasdatiluinisasataieg
sumeiuRIFIendasanssmisiinasounuudensia faguil 2.38 (1) uanstuvesanuauuly

s

fuwediwes lnelevinsvensuinautuianmauuilununisnseneiives BT luuming PDMS

s

Flaguit 2.38 () uazlusuit 238 (9) uas (a) uansaynia BT uay CNT augndu
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Bana n13en wazneaeuaamunusienisiliidlelduusadenadiunaiuiy 9 Smudinig
deoenvesdndlnfiasnszualniihvesgunsalfiiidaulunrenindnluninideudeludranti
Tugreitfinnsdnliussdulviwaznszualuialife 3 v uag 300 nA wazidevdesusednls
usesiulwituaznsvualndifssfuadudiessy 2.39 (n) wazsy (@) uamsdya anssuadilsannnns
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- < ) v W | | | o o 3
af1evulumsdensisuuudaundu Tae CNT ddiudaglunisdeeendndluiinldgelunasdsdely
-

N15nIE1ERIved BT wenanilivinisasiainanuadesvesdnude Saguanunlu (U 2.39
(A)) Ineiilademingrtos 2 Uade Ae seeznamlasy uarAmnudvesuss Januindiutatannay
wludianuatiesgafiesindnisaiussiulnihiadinane uananilladins@nwinisnsaie

Y a a ¥ a & » o | A o v ¥ @ o a w
FAndiieledidnnInuuNuildad I uuEtas #1ua1d LaviAsiisasafuandaaanauuily

as a

Wit uuuniinsgaeentnasifndweleBianyengenintisudwiidnisinditoy fuan

Tusudi 2.40

JUT 2.40 (n) Midnassuuuvzasnunsalianilaulupeulndn 1aTsaiams 6 9n 2a9 BT e
UUNDALDSLUNING PDMS (1) 91a89A271uaNa1901e 1 PDMS SEminmuuutasanuanat i

dananarialeBidnnsn [20]

TunmsfnwiTeuieumsadsesnusenulnives Jaspanuilungianstienszanesuasly

= 1 L s = g ) ted 1 s o 2 9/
flanstienseaned duanaguin 241 (n) 1) ifleedis Taananliliansyionssaeiagylinsadng

nszualnildadtaveidunukuilsminayniaves 8T saufiiuuinaiiuaimeduese

Y

MUUY FIUANIFUN 2.41 (n) iii wazilleldansdinszatesds CNT vilvieynaves BT dn1snszany

L =

) 4 o 0§ va | ) o & @ = % v
hau way ONT Sadudiovililimsdoanusadiulnihfigatu duandusufl 2.41 (@) i i
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nafsgunsaidudalwiiualuneylndedlifingnatiuseadsenetiie Anitundanulnely
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=l g [
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idnnseunuudesnaiiegsynineturostaguan uarldvinnisinwnalnmssdandanuues
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M Electrode
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- Min o  Piezopotential (V) o ¥&x:
unbending

JUN 2.42 (n) wnudsvesgUnsalvildauniadanilatlulawun wazinsnlunsauwas (v) nwane
WanANEnNEUYRIRUNSIUNNTEMENTINTEUBN (A) AWENY SEM Lansnandnvi1atesgunsel
(1) wwuiwansnatanasindanaduuasgunsalluannengnie uansnssuanivagnaiieain
2 | a & = o o a o = a & a

AuvULara1UeeBlaningaludeuan (1) amdnaesnisnsatemsiudedndlnihdieleddinasn

< @ 1 Nt vua o oo = v Y
melutu p-NC vasoynafaegeinszaesalan Weliisaia 0.33% aalinisdnse [21]
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JU# 2.43 (n) aandne SEM waseymmdaniladluleiwanigndsiasisniuainuisetaniuy

1 - [ s A 73 =5 & s
204Ul (v) aaniusiiuveseynindaniladlulaiuauanslassasnandniwesevialndvealy
narasElnuea (p) AW HRTEM vedeumpdamiladluleiun () namuand SEM kagnsaw XRD
Y2auyNUlUNRILAY () Amugny SEM Yevianuilulsznavsgannndanlalulaiun uazui

WIluvBANBUNEAL PDMS (2) nUanT SEM aIniadnvl1ivesidgnan [21)

nudTeldnudrgunsaldndaludauluaenlindanliaispeiauuudangu
(Nanocomposite generator, NCG) figs1slnanszuauni1salues19d418 (Simple spin-casting
method) Uszauarudnsdalumsivasnasu@naiundsnuluiite 12 Tad was 1.2 lulas

s

wond &alanageninauidedagiudalwiunludlfasneniou q dsnwi 2.44 (n)
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AR (Bar-coating method) annsalinalfiigegais 12 Taadiuay 1.2 lulasuend dewandlugy
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a ~

gunsaldidnnseindifinnuBangugadnlaiusnniouywl
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U 2.46 (n) Taseasrensa BT finanfuiduly PVC utiugnuiiidatalu SFBNG wazmafnifiu
wiurasiafeulmsanTenyudesAUszne s SFBNG (4) jUlansiafila SFBNG lu
annwiiunfvariinisda-Udes vasiiaile (a) uanslassadranindauaznalanisadraluiinuss
SFBNG iiafinisdngneia (1) way @) wansnsadraussiulwiiuagnssuaiivufunaisenis

HOUAUDIYDY SFBNG [23]

Min Zhang uagaay [23] lavihnsAnwdaiilaniiaudaveugauuiugiu Taguauann
\dualn BT dunedliflanaslss (Polyvinyl chloride, PVC) nszuiunsuanlufinvesdaniiiae
Us2NoumgaIutunaunan TudunauksnnIsIaFesusadualnuilu Inedunsieinieis

el o

topochemical a¥133aanan BT Audulewadimasloeiznsty uasiivSinanduaia BT Nildng
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nszuumsduiiliiduann BT fimsdaiFesiainaueaenndowudule waraguauduainu
Tu BT Auidulowedefgnisdouauiiufauasiedeuriudodlwidines fuanslunini 2.46
(n) Wduaan BT Adnsdndesiludulounlunedwesuuiuguiiidauly wamseuselni
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wazkAndsoaninil (5U7 2.46 (1) waz (1) laaiduaan BT Au PVC virewlulvun ds, dauansly
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U A.f. 2004 Diaz uaie Felix-Navarro [12] leiasudayavesianladidnniniifluualduls

3/
|
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U .7 2012 Wang tagenis [24) IdWanduwuuvasgunsel FTEH Wuedaisn Guit 2.47
(n) Beusvnaudelaswaiinendiganuiuiia Tagnawe fuauaou tazwedlofdumimanmian
(Polyethylene terephthalate, PET) thandagiu wioafudadalui iiedsinulseqlwiioenty
meuan vannisiudeliiv nauues Wang Idesueaidesiudinenauaguss (svduuiluy
wins) veausiazTan ndannmsdngiuidnsdiaunngmaniinsluddnvin iliiuisvesusa

[ a
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seLlunatetu (Usuusisann [19])
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3 ¥ o & @ v a a a & = LY - a &
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3n-ladidnn3n (Dielectric-to-dielectric sliding mode) wasdidninsatiss (Single-electrode

mode) wananilainisiauevauives FPEH Nllassasnuuudase (Freestanding-triboelectric-
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2
a

layer based FPEH) nsiae sddeiitoinluwnasiisnsdeiiddylunisesurendnnisiney
FPEH Tuilangwd)

U f.¢1. 2015 Ko wasany [26] 1fa¥1e FPEH Alllassadreadnadte faguil 2.50 (n) &4
Usgnauluseg Tannsludidnvinues POMS wazidulednneniiludih Ni/PET Sesnanlaluneuasd]
v1vlusiesmann lugunsal FPEH Tassadnstildrusedulnihanoonyszuna 8 V (Uil 2.50 (@)
\ioiRuyseansaimmslaiinlviuintu Feadregunsal FPEH uagiiilassairesundeusefuly
Snwnuzdutu q tufe 2 $u uas 3 du (gﬂﬁ 2,50 () Msdeudednuaisimiloutiunisi1 FPEH
wanefandeuseu Soildruseiuluiesnifugadussina 2 wh (@mdu 2 1) uas 3
Wi (F$u 3 $u) ngudl 2,50 (9) Baufhanadedlgiamnihosnlinnn witebuemd
iuamsai FPEH Tulassadieidis uazlifgaruuAnvasanudde. [24] Sndae

U A.et. 2016 Choi wagani [27) Iiandliifiuimsiiaeaemauesussuuiuiavey

¥ as

Tanlnsludianvsniianvusidanuled (Well-tailored intertocked) vinlvranas i iinyua g
1n lnensesnwutgiasnsludiannin tufe POMS way Ni Tullatnanewmiloniu uwsianunsawda
v Yy o od . Y v W o o v ca | 7
fuldned Wananmsingiu fguin 2,51 (1) Bunmndenanssatdidnaseunuudasnsiauandli

v | 4 o ad v v &
WunInanaIeaNYgeselaeg ey (3UN 2,51 (1) Lieieunsal FPEH Madweleiugiu

Tassadrafilunaaeunanialuiia (SUT 251 @) way @) wulrtulaseadts FREH flaiiinasvin

Y

amansuuiuRatanlnsludidnydn Shussiuuasnswualniivieentszina 8 Vuss 1 LA
ANAIAY aEhalsﬁmmé’dmﬂa'%"]mmam';mwuﬁuﬂa PDMS tag Ni udd nanasluiiuieen
Wutuegnaiuladn seuseiusaznssualvifinviosnifiussuin 12 9 ues 20 wh mudsu
ATeiRsnaedunilumsfsmsnlunistanadssansnwaes FPEH Tigetu Tngnnseenuuy

anaEANNYISEULNURIveYian InsluBianvanlivnsay
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Ni electrode

PDMS £ 4
4 & K & £ £ o

SEM WV 50 %V WD 885 mm LYRAJ TESCAMN|
SEM MAG. 30.0 ha Det SE 2 pm

View Nald: 923 pm  Date{midly) 080118 Performance in nancspece

(ﬂ) Mat TENG | wp-MITENG |ap-PDMSTENG]  #TENG (\’) SaENG | np-MTENG InpFDMSTENG]  LTENG
30
1001 N
b ‘ 20 b
2 s S
Z 50t Yy =
& it = 105
-, ||' e 5
3 0 FIRenE, [ AIRERERY "',:,.‘%.liwr 5 0 L
ML A |
~8v /| ~17v. |os20v S S a00 v
S50t b - ' | 1‘ =10 F l
0 E 0 2 0 2 0 2 0 2 a 2 0 2 0 2
Time (s) Time (s)

sUAl 251 (n) Tagsadnd FPEH Admsvhaanaigninuegaseidniuld (@) A SEM vesdnuae

Y

AMUYIYTE Hamslwiieneen (@) wsea wag () nsvualniues FPEH (Wiuussann [27])

U .01, 2018 Fang wazamy (28] Ifeanuunlaseaisgunsal FPEH #iissansnings s
Uil 2.52 (n) InedsgnaulymeddanlnsluBidnyn PIVOF-TIFE) wae POMS Baltdalniwdu Mo
A o q w ¢ =l = aw Ay w a aa | a
wieviligunsal FPEH Simavnslnihansanaslu swadeilimaaesilmsasasdniifidtladidnn

a = ]

3nge Uufie BT uariialaBidnaingaunn (Colossal dielectric constant) tufie upadeuaay
Waslivum (CaCusTiO,,) asliuian PDMS %qlﬁﬁwﬂ&ﬁiﬂﬁLé‘ﬂw'%mﬁai’mWﬂi’a@mauﬁﬁhﬂismm
1 e 5.0 mudndu Wethgunsal FPEH Aia¥ald unfananalwiineoen faguil 2,52 () uaz (a)
wuigunsaiitlifinisviaanaeuuit PIVDF-TIFE) way POMS Trirnussfunaznszualwihiuneen
Usgana 30 V uag 10 mA/m? sudndiy Wedinisyinaanansuuganlnsludidanin wuiilien
ussdunasnssualnivIsenUszuia 60 V uae 50 mA/m? audidiu 1unisBudunavesainy
vyvseReUsyAVEAInYes FPEH uenatntiu et BTO was CCTO mmawadlu PDMS fifinsyin
amanemNagYsy wuiiAmamsbiieeenifisdudu 2.5 wh uay 3 wh mudiy fanuid
difumsiguidstafeluniaiivaussnnmaes FPEH Tifgeiudnvmanils Tnsmsiduyssavsam
msasalszuazanuglwihvesianlvsludidnnin
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()

IO electrod

ITO electrode

(U) 200f 30CCTO (¥) e 200 30CCTO
180 30BTO f ] < 'O} 0810 || 11
e ! Fropoms| || ||| I l Em} l }i; I |
@ %[FlatPOM 4 & 9F 1 poms i
g of LA TR 2 of :
g ul!t’;'.” @ [
O 60} ’” rU ( T .50 i
> - I
120} . l l E-wo i
180 - HIN NN = T
S-150F
2‘0 e L i n i L [ y | o 1 om 2 n N 1 i i i 'l A
0 5 10 15. 20 25 30 38 40 0 § 10 16 20 26 30 35 40
Time (s) Time (s)
d’ 123 A -3 o U L7
JUT 2.52 (n) Tpsaasae FPEH fignasaiuuiiy wasnanslniiinngandmiv.(v) ussdu uag (a)

nszualni (USuwseann [28])

aw o4 v o A = o o v o A:‘t’
TngananAdpniedosidatedn YsvdvBamwues FPEH deanmnausudssliliugetu

v o

agnun Tean1stsulgaunisiientds dalvsludidnniniivmansay naiaunfagnsludiany
a 2l % ~ @ o X % a o
SnbidAEIsalunsasIUsEgTiar MINenNUSUUTINUEL uazanaigvesiannsludiiany
- | QI g dé s o 1 o _ v s a s
SNLABLRLAUNRY N1sRaun panuuulAsIadaaswnaasLdalimaasauiunas AN UNE 191U
Wana dadumativnnlasunis@nuiag19agL0enaL @i usariNyseansnInwad FPEH Lazay
(7] I3 % -1 1 [ =3 u = n}l = s s 133

anusamuiaUnsal FPEH Tianunsoiluuwmasiniiunasarunisideniiguiesuiunsiniiy

wasulunguau 9 la
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uni 3

A5A15ANTUNITIY

3.1 FBnsauilun1sidy

uATeilldvinandenTanuauves BT fu PDMS ieasradiugunsal FPEH Tneise BT
luauguuuy fie BT Aufuugsitufndaelalnsioumesoanled BT nefivaduasuieun BT lng
UFudpeantAsswimiluaifuou vonanduldiniswieutasuanoyniauaziduls BT vy
Falnfindumesadnitlaiaogly POMS uaginisinteunis@nwigunsel FTEH Tagldiaue
nszUIUMBmInaANYIEUURY Tagate ULy Welnssuluandagnlulasiadnees
FTEH s1easiBamiieiuansiadl Yaggunsel tasisdniunistunswiontasuanieairadu

aunsalinifiundenu uasdlimudduselul

3.2 3esileuazaunsaiildlunisvaaas
3.2.1 aaiefitldlunsindou BT AuuussiiuAavinnasivad (BT - coreshell)

1. wuiFsulvvtusauinayn1auilu (Barium Titanate Nano Powder; BaTiOs) A2
U3av5 99.95 % HARTAGUITEM Advanced Materials Ussinmansgaulsn

2. gsazanslalasiauiwesennlas (Hydrogen Peroxide; Hy0p) AT3LINTW 30% HERLAY
UM Carlo Erba Reagent UsyinAleosudl

3. asazanenedlaledalaufawanlmieunaalss (Poly (dialyldimethylammonium
chloride) AMNLTNTY 20%

4. whuunlulnndleulaeenles (Titanium Nano Sheet: TiO,) AMIUHTU 0.005% 0.01%

wae 0.02%

3.2.2 @siifldluntsimaeuusisuily BT (BT-nanorod)

1. wuiFeuA§uUsLLm (Barium Carbonate; BaCOs) @1MUTas 99.9% nanlaguiem
Advanced Materials Useineavigasisni

2. Inmdleulaeenles (Titanium (Anatase) Oxide; TiO,) mmu%qmé 99.9% WARLAE
UTW Advanced Materials Usginaanigaiusni

3. lgeuranlsa (Sodium Chloride; NaCl) mmu?a;wé 99.98% wANLALUSEN Fisfer
Chemical Uszineilualdeuy

4. Tnunaieuraslsd (Potassium Chloride; KCU) A13U3guis 99.8% anlnguTim Ajax

Finechem Pty Useiraaainside

)



3.2.3 ansiadliildlunisinieuYaquauuas BT fu PDMS (BT-PDMS) waznisuiuussaudidie
CNT (BT-PDMS-CNT)

1. wuSeulymuseilanesadiiviouls

2. e tubutSeulvniiue (Barium Titanate Nano Powder) nadnlaauSeyn Advanced
Materials UszinAanigeiusnn

3. wiswnlupnsuau (Carbon nanotube) wdnlay unTinendeeslm

4. Falaudaraleiues wa vse nodlawialyasnigy (CHOSH), NAnlA8USEN DOWN-
CORNING Useinmanigaissn

5. #alau danalawed 1Ae1Se 1wt (Silicone elastomer curing agent) nanlas U3 W
DOWN-CORNING Usgineanigateian

6. (Carbinol functional) Methyl-siloxane dimethylsiloxane copolymer

7. n3nlumsn (HNO,) ALlitdy 65% wanlagussy RCl Labscan Limited Uszinalne

8. Lan1uea (CH;CH,OH) Analytical Reagent A.R. WEnlaguI®uwm RCl Labscan Limited

Uszinalne

3.2.4 ssafifildluniswdemduleulu BT

1. LuienegBin (Barlum acetate) A3MUTaNS 99% waalag U Snsir-oeaniy
(Sigrna-aldrich) UsinAeasud

2. o ifleutamenled (Titanium(iv) butoxide) nsntiasUfuantg aaruuians 97%
HARLAY UTHW Bniin-eoan3w (Sigma-aldrich) Usewmelesudl

3. NADLAAN (Acetic acid) HAAlAE UTEW LuadunaTesy walinea (Mallincrkrodt
chemicals) Ussmamnigawsn

4. wedledusaniaa (Polyethylene oxide) ndnlae USHN Tnlr-aaaniy (Sigma-
aldrich) Ussinaleasudl

5. l@MUBALIANT (Absolute ethanol) winlag uFEH wese-lallaea (Merck-chemicals)

3.2.5 gunsalitliairgunsalfinifiundenulsTudidnudnuuudaneu
1. wHunMIAURBY (Kapton tape)
2. wiusrgilifley (Aluminum plate)
3. indeleifsunaslse (Sodium chloride, NaCl)
4. Wuwanann
5. ASEAWNIIY LUBS #2000

6. NSAWB3NAADLSA (Ferric chloride, FeCls)
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3.2.6 gUnsal uazinTesiiofldlutesufjifinns
1. Tnnes auie 25 50 waz 100 Hadans

. Foudnans

. Uiwaunm 5 way 10 dadans

. NTEUONTAYILING TUR 100 Haddns

- neglruneun 250 Jaddng

rgflleuwerd (Aluminum foil)

. idannen

® ~N o U R W N

. TINAUNANTUIA 500 Tadans

9. YASHANG

10. ¥aBAUTIIAITALFABYUIN 50 UARANT

11. nszvondagndnemuin 10 Hadans

12, \Ju@eeniues 24

13, ndoIwanain 12 @8 31A 3 % 3 Uy 4 x 3 M INYURLLAS

14. AFEUBNLONIULA

15, WWalmAuas

16. WylsudliminAuans

17. Tnsdupans

18. ynIWdngd

19. Halwihdumadnom

20. \nveeSanTlwiing wanlngUTEM NDI §u136 H

21, \n3estsnineanuasBen 0.0001-05u naRALUSEW Fisher Scientific

22. wsedleluadl Adnlneusem Sonics Vibra Cell

23, 11U NanlagusEv Fisher Scienctific

24. ndpsqanssridLansseulluvdasnsan (Seanning Electron Microscope, SEM) e
Zeiss 3U EVO MA 10

25.4p3e9Bunssaauninsdimed (nfrared Spectrometer, IR) n@nlagus¥v
PerkinElmer

26. 1A394M5IANTLAILULYBITAE g (X-ray diffractometer, XRD) w@nlagusen
Siemens 3 D8 Advance

27. 10304 LCZ fwef u Agilent E4980A T¥inArAa1aglui wazAINsgaideladian-
vi3n Tutaenanud 20 Hz 1 2 MHz

28. idpssanuanlngalnd (Raman Spectroscopy)
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29. \ASEUAZNARBUSHLUIR (Automatic pressing machine)
30. LAvevoatalaalaULuuAdnea (Digital oscilloscope) E3a Tektronix Ju TBS 1072-8

31. inFeufaRfinefuuuddnea (Digital Multimeter) 8vfa Rigol §u DM3058E

3.3 NSTUIUMTASEL TN BT AU PDMS Aifinnsusudgsaud@daeg CNT
3.3.1 n1sUFulgeiufinves BT demsazaelalasiouefoonles
lunsufulssitufeyniauudenlnmunliiimilensenled (-OH) sumezudmuiui
deuiuauannsalumsnsznedives BT lusmindwedwed Tnsluduneunisifisenasldng BT
insan1sAndnludannuIine 15 ndu 91ntduia BT Adelduldvindunausuduatsasany
lelasiaumesesnledmudiudu 300 USas 350 Tadans waginsIudng (Reflux) fgamadl
100 asriaidea uner 6 Talus nduisliarsesmeifusacuasinmdeBulugia e
assodnefinelfliuniuds Fulimnsesanarmduleniatsyama BT eanun 9ntutians

) 1 v v oa a a = 1 Y o o = ¢
seegalveulviuiangamgil 100 ssdnealdes ielanuvulasiilinnsnsaiinsen

3.3.2 nMsUFulseuRaas CNT fapansazanensnluain (HNO,)

Tumsusuugsiiuioves ONT Wivigasuena (COO) uimz lerumnansalunis
nsvaneiiees ONT Tnsludunauniswdanagsiinisss CNT Usunm 5 ¢ thinldadluvinfunay
auffu HNO; Aridiudy 65% wazvihnmsTngndiduan 12 Falus dlovihnasindndadauda fia
Wansiethadumasaniuilunsssanrtsuiasdnedheiinduieisnarsazars HNO,
Tngvinsvagaumenseawandalnstiieaaainefikunseaunsesamluuiazess unenas
vunsranAmiiinssavanifaey I lusavasduilunnsouvesmsdie sundnnsyauanda
vunsEanuIRMaiindindes Suseyinrasiedildimiendunarentuindumey

P v v oa a = o | & ° o a ¢ [ ¢
LWB@UIﬂLLWQquﬁ{]ﬂJ 100 a9 aLuad Lwalaﬂ']']li‘UULLﬁzuq‘LUVHﬂTﬁmi'ﬁnLﬂ'ﬂﬁ'ﬂl@ﬂaﬂwm

3.3.3 nawnen BT fivfulgenuRaviineesivad (BT-coreshel)

nsta3ey BT Aldnwazilunsfivad Tnan1sin BT fudowduunlulnnion de
nsvvaunmslatuad Taetne BT fldinnisusulgsiuinfeansezanslalnsiaumesoonlar in
wisudunefvadfuwsiuunTulnmiuslugnsidu 50:1 (BT rich), 1:1, 1:50 (TIO, rich) 1ndu
100 8843 uaz PDAC 0.1%wt uvhnsleluiidewrdedalued (et 30 wiit aandudu
weinuTulmuslusmnsiday 50:1 BT rich), 1:1, 1:50 (TiO, rich) vetuazdaage aanturiing

Telwpiisaduial 30 ui awlendnsusioonundu BT asfadiuwauululnmius 91ntui

=

ansfegniwsedlaluouiielamurusenigamgil 100 °C aumswTeulsu
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3.3.4 MIm3Buwvisully BT
Tutunaumsessuuwyiaunly BT 1nisuainnisgedsaenuluisaua1susiug (BaCO,) uag

Tmudeulaeonles (TI0,) mudadiufimuanldannaunisi 3.1
BaCOjs (s) + TiO, (s) = BaTiO; (s) + CO, (g) (3.1)

ntlnhansienundalaves BaCO; 4.4606 nsa TiO, 1.8958 n3u leienaaalsa (NaCl) 33.0583
nsu wazlnuna@ounanlsn 42.1564 n3u Wvinsuakauiumudnaiulaeluafeulnle nely

Tnsaupaaduaa 15 widl felle anduhaiskauiriunsuarasudamldlumesrgiiuingd

Jansoulerliadn udwinastafigamall 800 °C 13 dalas fMednsnmituuazaives

o

gaunndvindu 5 °C/unil sununwnsivasaIvesRuuaivasiNuuR 3.1

800°C/3 n

Rate 5'C/min Rate 5'C/min

bAE

1
= s = )

JUT 3.1 unudauanennseamall seezauasnsIn1stu-acosgamiilunisdunse

a15Usznau BT laseasraunluiduais (Nanowires) WS 849InNsY UL Ao VianNIa?

iloia%aAunsTUIUNITINY N sARARAsiRledaeuTdau (~100 °C) warnses udawinis
arndausuunaslsafivdadieaisazatedaiofluwmsm (Siver nitrate, ANOs) Tagiinvun
qmﬁwaﬁmuﬂixmwmmamﬂmwiaxﬂ%gq UMEAAIUUNSEINURNTITdTavany ANO, 8¢ Tivin
‘lué’ﬂwmzLﬁuﬁlunﬂﬁaumadﬂﬂiﬁﬂa uUNNETaYasUUNsEInuIRn 19z liifinnznaudY 99

i = = # =4 ' g o a o fa - ~
oyuu nawdndildbifiansuszneunaslsdnasndesy nduindndusinlallounigamgl

90 °C Wluan 24 4al3e warthluvinnisesiaauendnwal
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= Y a W & a o a wa

3.3.5 NSLATBUIAANENVDY BT NUSUUTIWURNINY PDMS (BT-PDMS) azn13Usulgsauun
A28 CNT (BT-PDMS-CNT)

Tudupeunanisuaauanazyinistieynauilu BT Usina 50% Tnedmiin wagnaved

CNT Usua 10% Tnetdminldludnines ietenisnssaresivesfaguan antudiluduniu

ielfdunannszaadludivhazateeniuea Wunai 30 wiil drlveufigamgldl 90 °C 1l
srEEnan 24 Falue auvesnaudilduiatin antuiunuameielaeldlnssunansidunan 5 uii
My A & a o av v ° a a 55 al a
yasnauilaziidnvanlunsaridon dmsiilauihnsiuaisazaronedmesindlawdialeasn
1 (C,Hs0S)N Usunas 10 ml uazddlau danalmued weiiuawuivuna 1 ml ivetaglvian
Nanudesn vinismudiunauimualiduidemeaduiunat 20 ui nduivesmaniniunig

1a & a fd A v & 1a o d o = o "W
nauadluudfud TnsudfuiwdsalididuniRuwdmdsudmuyidduning x 81 wiiiu 3 x 3
MTaeuRLns Inedenasselfe luseninnismuswalatuiun msynsmegag q weli
yaeraniinumuahtanefuyauin Wemvssaususifiuvud i igamgives (Uu
e 24 Falus el Taaweauwieda Sndwhnisaendunueenainuiiiu aslduauduuiy

AU INAANIIAIUNT AL ENIWNNU 3 X 3 WLALIAT LAglRNUTUIYIINU 5 JaalunT duduanu

Vausuuaziinubaveu vindudenuiu BT-coreshell wagivisunly BT

3.4 nszurumsigseadulounly BT wariaquauvaseuntauaziuleunlu BT
3.4.1 nmsmseaduleuilu BT dqedsluataa

nawBsmduleuly BT Guatnnistaanstsdunuideney@me was iflendmenles
Tusnsaulnelyawiniu 1:1 Sanvonasdng 2.5562 ¢ avarosisnsnozddnidudu 5 ml Ty
nunanliainndeui 70 °cilanudanesdng azsaiavin (30 und) Sedew q ealvndow
Jmenles 3.4034 o adunuidsnesding favaslunsassdin wioutumu waslvanudeudi 70
oC (funan 30 uril ndushmsusuUSiesiagieriusauigvdluvininyiuinsauin 10 ml
nntudawediefdusonlan 0.0733 ¢ avmglueveayiqns Juntunieulsiaudoudl 70 °C
Wunan 30 wil auldansaranela fahlunaudaduansazaienandivdes senine BT wazlvm
dendamenledtiunundelianudoud 70 °C una 30 uit wwlfasazansdivassuiield
Tun1sin Saansazansmewrdiowdnduleselniain Tnlddasnisdawiatu 0.5 mvhr 14
usauldn 10 kv uazUaneduegvinsanunulavesesdu 15 cm ntuthdulefildannissaun
wnfigaumadl 500 °C Imaé’m‘swmiﬁu‘umqmmmmﬁ’u 2 °C/min askiifwaan 2 Falus i

pamqiiidu 1050 °C dasnnsifiuiriu 5 °¢/hr adliiduian 6 4alue anlduangumgliadiag

9 U

a a

gn5IN"sangam it 10 °C/hr uaninagu 3.2
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1050°C/6 h

Rate 5°C/min

500 °C/2h Rate 10°C/h

Rate 2°C/min

> L2787

2
a o =t e

JUN 3.2 unudsuansgamgll segzinar uavdnsnisiuawesgamgiilunisduase

3.4.2 ManIENdagnaNvsaynauaziduleulu BT

thansusynau BT Aidagmineifiudulenlu uasoumamluluduluesosdansily
fin lngusudnandruseninadulewlu BT wazayniawaly BT Iag 0.01 g WU 100% Auana
Tuns1edl 3.4 udnilUldvautn duomues Yadhantmidluduiintessansiledn Wuna
15 Wit hdhlwiBumesaavivhniatedaudanmnsuuniasinmieundniimsnenansier
Turnuiawutaiidumesfdnivnsredauds 1t POMS swdeviutudaliiihdum

25AINNL BT NTLLMenanTLoanIuUnue

A19197 3.1 dpsaduseriniiileunlu BT wagauniauly BT

vddlounly BT (%) 100 | 90 | 70 |50 |30 f10 /0

ay1AUY BT (%) 0 10130 |50 |70° [90" | 100

3.5 NSYUILNSASAAAIEAMUTITULNLAY Lazadgunsalfinfiundasulnsludidnmin
3.5.1 A9E319BINANEAUVTVITAILASAARUULEY
semeAnuIsEULL T nsluBidnyinanunsognassldsenanalagnseiuie
i A8msadeaananeiiiitedn msnawuuLiu (Cold compression, CC) lunssuruns CC by
druusenauiiddy fie PDMS wanafnuaumin uazidiainde 6‘1’&31]17% 3.3 NS@TuNY POMS aw¥h
wiihAidudhfuusinaldenandn duusunatafnasduduniivasiifuusing uasidaindeasyi
wiirfidutagnaesi luenidded neludsunaslsd (Sodium chloride, Nacl) azgridanifuisin

nde esnnsfuanansagnidneenuuiuiyianliiesisdilan
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Transparent

Thick Plastic Kapton Tape
Soft Polymer
9.4, PDMS Compression
Machine

|-
Tl

o 2 EARIN a a W =
?;‘U‘Vi o4 ﬂiSU'}uﬂ']'iﬂi'Nﬂ'J'uJ‘U?ZﬁgUﬂwuNT}lﬂf’}lﬂianLgﬂﬂﬁﬂ@?HLWﬂUﬂ CC

MINNTLUIUNITASWEINABAINUTUIEABNATLA CC 1ndo NaCl TuuSinasiie 9 avgn
Tsensvanedaiusummanuuaiinesduuuieiu POMS wdeIndutuiisuwaUnoy (U7 3.4
) e Duusintag InsluBidnmdn wwgnineguudinndomdriu waznmudeusdu PDMS Lrdes
Sntugtasinistiounsenabanaasuinasuuurewlasaing iande Naclagnadluly
wHuLAURBY ﬁ'fLﬁLﬁaLﬂumﬂmamwmgﬁsm‘sanamgu%ﬁuﬁ% (gﬂ“ff’i 3.4(v)) wsannagldvun

Y9usIUsEI 1 MPa Tagvinnnsnnasuulaseaiianaieniy nainduuiuiaunauazgnaen

ponun d1adethdwianeaseauazean waztludun ey (~100°C) W tHuan 1 5u

f?f'aasj'mLmﬂmauﬁa%’wmmmaﬂummgmsxuuﬁuﬁ'sﬁwmﬂﬁﬂ CC avgniFenda (Mualnay
wenani mafa cC Sagmialuldfuudiuszgiiiiondndas Taaazdondang1aiin

(T3)orafiilvy agrslsinuuiuezaiiuyfioniainagasthuviaiuasendieieniues

U Y U

JUTITasrITIEilavsmiloutiures (MLAURDY LazAuvivssaziuildiitinndauile
=i
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Bare Kapton Tape Bare Al plate

Polished 4 times Polished 10 times

Etched 20 s Etched 80 s

()

JUT 3.4 nw SEM w84 (n) weluluRetuaUney uazwiuiUAoeasgilidus (9) uiuweunauilloaing

oo Py

AuvsEIEiewaia CC lagnaslsenge NaCl 9113w 01488 0.4 n¥u (A) wiuprgilidelle
#3I9AUYFUTEMEIMATIANITAYALNTEATENTIE T1UIU 4 uag 10 A9 () uuevgilillesuile
aseenuvsvIEmeweidanisianioulaneaiensn FeCl, Mmenal 20 wag 80 UM kag (3) Wiy

o o=l A b7 E = o L
avgiliilusiloadiruvgusememaiin CC laennslseinde NaCl 97u3u 0.1 uae 0.4 ny

3.5.2 MIATNAINALA1NYTVTANTTAGAUNTEATENTIY

at 2

nssUIuNsHilinaunsoaiaNgussuunuRaagla dude ndnianmenszaiy

q

1318 (Sandpaper polishing) AUNANISNARBIVDY Zhao kavAy [29] ammuwaaqﬂﬂifﬁ

o 14 (3

FTEH Wiutuedaillfaddny WeTangndngiienseaunieiuasazden ainaieanuvgussiila

Y
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szilidnwanliudunsaifivuassivlunsou Fmnuvuisiuanuegssanunsamulilasdediy
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NN1SUIARNNTARAUNTEATENISIBNAEAIS

9 U
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Tuaddedl Wawssuainatgauvsvhuudadu ladnssauaeundng Nuwl

Y
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azgiiilen lnenazgniSendt (Thevgliden nsza1unsiy was #2000 astudagiuud

U

ovgiliflonlufimmeiiuiuou uasuiuAsusiuaundinistng (@ fa 10 afe) uruozgiifloniivi
anaudvzgnvineuazeIamslovuea warihluaufigaumaiiussunal 60 awnwaldua 1y
e 1 9u maAsuuUasesiuiesglideuaunsadanadiuliegredaey Weiansiagiu
nIEAEMTIY (FUA 3.4(0) way (A) LﬁéLﬁuﬁmf;uﬂ%@mi%’mgmnﬁu WUIANUAUUUUYDIATY

W3usTfinduegedaiay agslsinuanunuiuduile duwalduniorduds Weiinn1sdnghv

AsEAwnelULaIUsEUN 10 ASY

3.5.3 M1TAINAINAIBAIUVTVTEAWN1INANTaUTaNEAIENIA

Tnehlundn FeCl, antnsawseaildnindsnismnndl wasmsilewfannvasnaiiilasuan
MngRAmNsTIAINEn Feiinsua Fect; luldusslomdosnsnniie Ly nisthinduds (30,31]
msnsaduitues [32)\luaiendadlueadidomds (33,34 wazdilufandoulany [35,36] 9
Avmansnlumsiansed Saiululddiasih Fecl, afumessrmmsyszuniuATiaginslus
dnavdn dedu tuauddedlfdhansasany FeCk uniansaunduaygiiion Tngazi3und
(T2)orgiidlen Tasfinssuaumsiandoudu snhsunilwowsuoygideuguadly Fect; fign
wioaliludinined sseznainsuazmuauediesinssdy etlestuntsaanudivaddany nan
mMsguazeglutag 20 e 80 Fuai inmsvpasewUIAIRaAINRgYsE s Tudnva ey
seuhaaaiuduass (U7l 3.460) vasnfuuduruozgiidenssgninluviauazendieem

uea uazthlleufigamniusyun 60 avwwadeaitian 13y

3.5.4 nMsasnsgunsalinifiundenulnsiudidnninuuutiangu

lasUnfAudgunsal FTEH sUluuduia (Contact-mode) agUsznaumignisinglaumss

szrineYagInsludidnninasseiin (37,38] luuideilldesnuuulassaiieues FTEH aghedne i

o @ 1 =

JUN 3.5 Tagazthusuangualneu (/liflaanate) dagiuuduezgiillen @/ lifladnany) a1n
lassafranudnudunaUnauaregusndIuvuredaTiaie dnisenit Jagdng 1 diuusy

a a =

svgilifloufiagdiuaeveddasaing aggnienit Jagdng 2 lnsfwiuuauneu @1/lillanane) a
ilufeduskuiaUnaudey iWaiiudsednsnimnisganiz wasanduasiludnduudy
avgliflounfieldidugiuses wasdudmalui Jandng 1 uae 2 sxlimsieanglvvauns uag

drdeusaiudiemuniy weasralud FTEH
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Real Photograph

/b

Un-/Textured Kapton Tape

voltage (V) voltage (V)

| I tme {s) ,.'

Pressed

o

I =

]

w

veltage (V) @
o

‘ T tmeds)
Un-/Textured Aluminum Plate

UM 3.5 Tasead1a FTEH fildluanuided

3.6 wallalun1siaiendnunl
3.6.1 MInsraFsUBNANEaifiemaliansFsUuvassEEng

wadaeATLsEANLIIATY (Xray diffraction, XRD) utvaiinituguyesnisitasies
vedeuan lasend wdnmaasauuessiediond WoSsdannsenuTigriosuniraziinnisn

wuedn$hd dvviausanuinguAuszwIvIaeNAAMIAULNYRIEISIEA NS ULaEiIN T InAY

|

Q) o al

Aruinueedd fiawvieuseniniiyusneg Wisuifivuiudoyauinsgruivinnasnsnnln sesrding
JCPDs (Joint Committee on Powder Diffraction Standard) \asanatsusznavupasyila
sUnuUTAssaaHBnuANENItU LasvosiessrinsyiUyesaon TimFestuagnaduszidey
Aupnenaiuldade %uag'ﬁ’wmmmxﬂizwaqazmam ansusznoulsazila-axiiguuuuianzi

wiofifie JULUU XRD (XRD pattern)

\ dsin@

e ® * oo

U7 3.6 wuudnaeanseauuTdEend
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IINANVDILUIN (Bragg’s law) ILEUTOATUIUNTTZESITENINTEUULS Ingunfue

& o d = T = [ o a a
yaudanlundnasilassaifiniueu TnendnazUsenausigornay loeau visluana Aises
dafvedruluszidsuimsdduintulufidasseglnaluyniianie dyuuasszesinesening

=

Us197kuueY Taguise

prARuLUUeY AIFUN 3.6 lneaAnuluguuuulasede (Lattice) Nl
D il

¥ ° ) - v o = a o =
Hazhwssegnnldanaiaeieuld luiin1s@inuingfingsu XRD wanWavedlasIas1eanan

(Crystal phase identification) §93za1fen15TIAUATULDNGLSEN
P

=l

AINLEIATULALIANNTENY
foEns Wiefnwdu (Layer) W3assunu (Plane) vedosnaxluninfinudng q fu thuanslinsen
\Weudugiudeyauasgiu JCPDS Wesyyigairvasasiaganisnssiwesisdiond laeiduly

AUNHUBIUUIN JAWNTaMITEBEUNTENIszUUle feaunisi 3.2
2dsin 6 =n}, (3.2)

o - \ ' =
LD d A8 T¥UYNINTEUINNTEUIVTDINGD hkl
0 Ao yuAnnIs@eIUuSEand
= o [
n fo wvdwausilag i = 1,2,3,...)

A A AndeIeauresTdlendninainitmesuasiiay 1.54056 A

[

anznldlumTaeilusnddTud fe

gaumall 25 RN L RIE I
131 26 3y - Auan 10~ 80 3¢
Step size 0.02 249717
Time step 1 )

= =Y v W g ] 7 v A& & g o
Faguuuu XRD Nifazuansrmdniussyvingg 20 uazaanudiveesdiand anduih
dayanlaunlisuiiisuiudayanmagiuJCPDS iassyigninssAUsenauresasfiog e uas

mmmﬁwmmwwmmwa"ﬂmﬂgﬁuwnmﬁmL,Luu%’qﬁﬁﬂfﬂﬁmﬂammﬁ 3.3

i D fe vunvedwan (A)
k Ao A1P9nsALvnaY 0.89

A fa AueMAauYessEBndilaa N mewnelian 1.54056 A
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o a & v = ¢

2 YUMNANITLAEIUUNELNY (Degree)
o oa -:gll @ =l < 3

2 JYUNAANTITLAEAVUTIEDNT (Radian)

b

no)s

3]
B
3.6.2 n1snTRFaUNanYaifIeATasdunusaaUnTnsalnd

Tagilusiddunsiise dauenadueglugie 0.7 - 1000 um 3ol Wave Number 7
12,500 cm! - 5 em! &alagiirlufaddursneziisanasuvessedoonidu 3 ¥ae Feileany
gTAAuLartIaiot AT Iwinng awnlnsalal (Fourier transform infrared spectrometer,
FT-IR) a¢lvinan1slinsnsvidildsnetu fie

1. Near Infrared Region Wavenumber (NIR).12,500 - 4,000 cm’™ Wuanasuiidudas
¥94 laLa3lnu (Overtone band)

2. Middle Infrared Region Wavenumber (MIR) 4,000 - 400 ¢m*™ Jurhefiienuaninga

Tun193 insviuasiidsgiivinmngalunisaiasien

3. Far Infrared Region Wavenumber (FIR) 400 - 5 cm ifugasaiunadudildainnisdu

2
as

o 7 1 I S Y} 3 a i 2 i
nunuvadlanaisluananie senitadivsuaniensnvaliawizdvesans (Fingerprint region)

o o =l = P v =~ o o v o @
“UQ?JU?BIEJ’U'&IUﬂ']?LﬂiUUW]E]Uﬁ'?'ﬁ' Luaﬂ‘iﬂﬂﬂ’]Lﬂua']'iWIH?ﬂu%giﬁﬂLﬂﬂﬂﬁﬂﬂLﬂﬁQUﬂu

173 1l
o =

IR spectroscopy \umatinfiaiunsaduunuseinnvesasdunddiazarseilunid vian
= I o B, ) viad o | v aa aa
Wuraeudy veaval wazkid lnematadldisnisiesgilaaeidenisdesssdsunisaniaqng
PIARUNANNNATYIINLNAIARAKILUEIULAIAI98 WAL AANITATEANE DaNTDITIAlUTI9AIY

P i o ¢ | = mtlsz & @ I3 ) Y @
g1anaua 9 melululassunes lnemaiueneaunldiluendnyalianiziiresian ndawn

WudsdazanasuunIawsniauazLUasdyauilandudyagialwin wdrduiindyaiu 6

wanslugui 3.7

&1 Infrared

Light Source
! g"__'_‘e,—-—b Detector
B . -
sndingﬂ--,fﬂf-‘f'i;/ Beam  Sample
Mirror | | Splitter
Fixed
Mirror ——

JU# 3.7 uansehuusenauvaaunied FT- IR

87



=

lnglunisnsraaeuaziiuainniniansiegruaraniuinwadenlusiud (KB 7

4’1’ 5 o o ! - o = 1 1a ¢ o o ar =¥ v = o

UnannANEy nntuhasiedeinaihiiedldaduwiiuiiernisdatugy wdiah

asetinanldidieedatugudin lnaueganeldanmefinnnudu 107 Alansusie-msauns
d o v =f o s 1 IJ s 1= L3 v

Junan 2 wil Wieasuimuaudidsdharsiedmanndadineanainuifiud avldidaans

shathafidlanulusawas antuihlussiasuendnvallasldiaias FT-IR

3.6.3 NM3ATIFBUAUIWINGWIENFRgansIAIBIanasauLUUdaIngIn

N&oI7anIIAUBLANATOULUVABINTIA (Scanning electron microscope, SEM) L18u

[

iwsesileffinuansalunsnsalinseidnumzdug uingl (Morphology) lassaineseauya

i
<l =

WEn (Microstructure) waguivesianfiag1dla Jalnuaedengnn wagiidsvenen1nigy
lnglasudyaruannisiiadunsizeisyndanBldnaseuainunasiniauavavnouvaian
W ' A o o v fa d Y ed & | o
megraivennldlumsasienin ndpsganssaudianaroussldsruuiaudn Uuwdman lwi
(Electromagnetic lens) lumssauuaglfaadidnasouiialdlunisasianin dagusl 3.8 uans
I o a & =i P A:ia'.’} 1 = = @
dulsznaured SEM lngdisianmsaulannueg1aauiaueInn A nueiaaulasin Loy lay
fyaninsavinlaiey 5 Uszan

=Y

a d a & ra d = P
1. dwnasouyAsqll (Secondary electrons) LJudiannssuningaeananesAel Lilasain

)
Bidnnseulguall (Primary electrons) anyusiiliiiantsugaesnainislaes dedinnsauyiegs
fAmdnui uanAnldRrusaidiauosneusaut e

2. Bdnasounszidendu (Backscattering electrons) iina1ndidnasoulgunilisuiu
ddinaseuluadlaes wiiinnsgadenawauyndlifvesnaiumaionisnsyiiindusenan Lin

s

val e
219] ‘Uﬁﬂﬁ]'ﬂiﬂﬁ'ﬂﬂ%@@ﬂq\i

—=

as

= i R a Add | a aa s
3. BdnnTeuvyaniu (Transmitted electrons) Sidnasoudsugiinlaiiasunsisenlagiu

a a

svmauuazBidnasoululeleas vinlididnaseuaunsanzarueanun L

4. F988nd (X-rays)4inaindidnasaululaleasgnuunanesninedidnasoulgugl udn
a = a & ) P I o g ¥ a L v & ¢ - '
WansunuivesdidnaseulutuadeesiginivialiiensuanUassadndeanuiriile Faduen
FumgiuriueinTae

=l

5. Binaseungnganiuluduaiudiogns (Absorbed electrons) udidnnsouigade

U ow

wasnulvinuermauluduuiaeg1mLs
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Electron Gun

Anode

. Condenser
Alignment — | — Aperature
Coils
MFE
- Condenser Lens 1

Variable Aperature i3 Condenser Lens 2

Hnlderi

EUUF—! ,./ Stigmator
Deflection Cail
Secondary
s Electran
Detectors
Specimen on "I~ Condenser Lens 3
Stage
Specimen
Chamber
Vacuum

}

d 1
UV 3.8 uansdanysznouasy SEM

TusnBdetlagimsnnseasadeudugiuiveilesly SEM lapidannisnsinindyaio 2
Uszam fle 1, Bidnasouniegil (Secondary electrons) Inedgyaamitiandiinasenyfugiae

a a

Tiamusnaunufszavulumng #969a70 2. BlinaTaunseldandu (Backscattering electrons)

v v
A A =

TnedyanildandidnaseunsyiBindy srlduinveatusudiinuinninduvunglunisg
adUsenou uasailnuassiniidnaiy MatuidlsimsAnuidnuuesUswastuaesHsiiagng
poaasesvasansiet LAy Taquaneiould thanasusauduiusitiroteulusiag Buan
Annasnagauas TannaNaUUASUBUINY uasunABARBEAYEYENsH DL NAIULINUNB ARl
audeu udhdahuduatsusunasuiumnosuasiiiasiaodieinegiulufnasuuusy
ovgiiilew (Stub) Mnduedeuimihtunuiiniodldsenasiuignd Taglimadaatinme i3

(Sputtering) Wulan 1 w1l uanhlunsiaasudugIuinesny SEM

3.6.4 NMSATVEDUANUR LABLANNSN

uATeivhnsTeaevanTRleddnvsn Tnevhnisnsaiarinsiladidnvisn (Dielectric
constant, &) veasifiniwieuldifisudunsivasunlas amuiuazdndiuasduszney waith
rmugliilsnduumarasiladidnvinlsann aunnsi 3.4
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Cpd _
g = — .
r SoA
A - | M a g a ) |
Wl &r A ANAINlABANNSNURIANTFatg
Co fip ANAURINTTIanIFaENs
d Ag AUNUYRIESFI8E4 (cm)
A fia Nudivastalnfhuedansiiegne (cm?)

g, An AAsTladlanvidnvesgaainie et 8.85 x 1012 vhin/ums

| 2 v ¥ va a o Y| =
ﬂqﬂqqﬂia'}ﬂfﬁﬂLﬂUU'ﬁﬁQ“ﬂﬂﬂﬂqiaqﬂJq'iﬂ?@I@V]ﬂ’J"]iJﬂm'Ns] LLWT@HW?lUﬁ]%?@W@TTﬂJQ 1 kHz

1 al a o = a1 1 -:4l =£ = J
Amanladiany3nasiianlumed Juiusamol (T) vauileans

9 U

wa i o & a o w
3.6.5 nMInsIvdauaNUAMINIABATE  InUTERUUNURIENWSU FPEH way FTEH
Tuthgtuasedonldlumsinaud@nelnieing 4 dmsuiaglunauvesnedwesuas Tan
wantuiideutnaies lnsewziaguanfielydidnviniauisnaineszglniilaannnisliuse
a o ' o v oa =] o at P & o 2 0 v < @ &
WenaseTaauay mamneddelaiaaiuanuddglused JadvinisaiuniesinUssalnihiy

o o i & A o o as ° aw o o % T =
Iﬂﬂﬂ"ﬂ%']ﬁ?’lﬂ']‘iaj"]ﬂLﬂﬁﬂﬁﬂau‘ﬂgﬁqu']ﬁﬂurlllﬂa’ﬂ'ﬁ']llﬂuﬂ'ﬁ’ﬂ'\ﬂ']u'JQIEJ'V]LﬂEJ"J‘U@Q\L@E)H'NQJ

=

Uszansnmiarannsonanaiiddeifinanmladnia lassnddeludauiilevingsysulessuy

[
=

veunasiiadnliiusyaviamisiulaglivdnnsiinuesssuuiiaauaudelusinsuuidalain
Aaulnsalaes (Programmable logic controller; PLC) wnunslalaauaninga (Solenoid valve)
Tunismuauiissatinadien nsld PLC dmiumugumvhauredasasinsviealnsalsing q a
fideldUzeuninsldsguuin Gududaaiuaeln dudledniuidonudoussuunanan
videddunmsiaulvi sxdesyhnsiduansluln Fadenar WewSsudsuiu PLC udins
Wasuszuuvdedduntsiulml vinldlesnisidsulusinsusiniu uenaniluds pLc Ty
Hagtuliiunldssuulednann Saindafioniszuuiiu msfunssuatesnituazazaannina
Fosnsvenedunauntsiauvesgunsal 3nv PLC Saanusaldsusauiugunsaidu 4
\n3eansaatiu Ledosiand Ludy ddlutiagiuuenain PLC sgldnunuuimeiudidsannsase PLC
vany 1 FauddetuiteauaunisvhauresssuliiussAnsamanntudndae asiiulddinis
a1y PLC fanudanguannnitssuuuuuninildifesledusssndlunseunuiilesegiafen
Tne PLC TusAdsianansomuaunulilasnisvanesssuuiiad (Relay output) Tasiosiny
Ussamilroudnaldfunuiongs iesanmisldieuasaunsnauauivansis DC uas AC lduas

gadueinmianunsadenssuaivanligeaadiofisuiuevinnisznndu
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3.6.5.1 dauvUsznaunazviinfinisvinauveeies

dmvdinusznavvenniasldfinmaifiuinguniniunsegiaiuunaniuiinda el
UsedvBamlunsvihauvenades faguil 3.9 uansesduseneuvederiowuassiumis Tnsgunsal
fddnfiiudiun fio gamuauiae PLC TnenthilmshouvestudiudssnouiineasBenmy
manoiauial

1. ey fmihillieuduaufunssuenguiiteliiAnmsideuiu/as vesnszuengu

2. Solenoid valve wilanuausialninaami dvihilumade/Ae Ndwesioay lag

L4
L] | [ ]

Nartlavgneivaulay PLC Fellvisnuaaeddnds lagnaid 1 asdeduvienssuanguauuuiia

wihfildeunssuanguas Ndiaesvsaiunssuanguavauieimhideunssuanguiy
3. DC power supply dwthnarelnwiauin 24 v TAfu-pPLC

4. Magnetic sensor fintiiasaedusiunisuetnszuengy Imumaeswi Inslguivesey

'
@ o <

dedryauludl PLCfuRdyaaniield PLC dnsliiienisUnalinnda Selenoid mulusinsy
nnaold
L2 4 : v ﬂ. v o L2 L7 s
5. nsyuengu ivthillunadoutu/awesgnimuinifielfdmsunsyunntuianmaaey
6. fanén lnegamaningfintupsyusnguiimirilunasnszunnduiagmaaay
1 ] 1 U af E v E‘ 5
7. UHUVBILAS 2 Ui slsznuusiavsudaavaaay Sndiidutaliin
' ¥ dve u s
8. WHUENIMNIATMTUTOITULIINTHUNA
P _ A Vo w a | IATNE o B a A
9. 1384 Oscilloscope dnthitinnszualni wiepiauddndaintuainiagmeaeuiile

' Qs

2V as ! A 5 1 d 1
IFuusenszunn Iaeazaeamelluniiusunewniiegsewinianvagey

9

@l L3

10. PLC vimthiimuaumsyinaueasssuulagsudyanuunainiguieesuazdinisluds

Solenoid valve Wielile/ Asvioay

11. @0
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SUN 3.9 wansdaudssnaudfnuaeiasindszglni

3.6.5.2 MANN1TINIUYBNATBIINUTEY WA

o o 4 o a 1 & | a | & 1

dmivdwussneunsinureunIssannsaluseenity 3 d@u fis dusniliudiures
wnasiuilausananedannadeu dunaes Aediuresuinaaunsaliagvagau (Sample holder)

o 1 = ) w = o A = Py e
wargAvng fie dILv0aLRERdNTIIA (Detector) wamasiglil 3.10 Fxlisieandeadwioluil

[meiaﬁ'n,ﬁmu,sanﬂ]

! ]

g
[qﬂnsmqaq‘wﬂaau]

J

[ LATDINSIAI0 ]

= | o w o o o i Y
5U# 3.10 uansduussneudidguazaiumsinnursaaiasinussglnih
3.6.5.3 WHAINNLALITING

| M v i ¥ i P = a =
waausanafilnanieasiinannsiedeunvasgnaulunuii lnensindeunvesgngu

& a o av v 4 = | A o v o
UULﬂmﬁnﬂﬂ'ﬂquﬂUﬁﬂJWlﬂﬁnﬂ{ju Iﬂﬂlaﬁ'ﬁ@ﬂ‘éuuu PLC ﬂTUﬂEJﬂ']'i‘VI'NTLJ aﬁqﬂqﬁﬂﬂQUﬂﬁJﬂ"[‘iﬂq\ﬂu
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A28ABURNILABSLA UBNIINLEIEINITORIMUATIUIUTDULAZATINDIUATSNAARULA 1aY
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ﬁ?ﬁﬂ‘i%ﬂ@Uﬁ’?ﬂmLLﬂﬂﬂ‘EU% 3.11 @msuan ‘ULLﬁS‘WEﬂﬂ’]‘iVl’N'lu‘UENQUﬂiﬂjﬂ’JUULLHﬂﬂﬂQEUVI 311

3UN 3.11 uandiudsznavddguasunasniniauging

Selinoid value

5UN 3.12 uansdwiunisinusesmaaniilausang

@

UnMsYurasvasALlnusIng (Lanatunaunaguil 3.12)

1. luanmusuiu anuduoimeaidiaanluauszlvauauvieding (wanedagui 3.12(n))
widalisnudinsyuenguiiiasaniiimn 1 (V1) wae 2 (v2) Uniuey
2.

Wal5un15%197% PLC agisuvinaumun@euluswnsuld wasuundfneuigosnianasn

A9 S1 WAy 52 YuuLRgIAu
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3. Tuanneisudu gnguazegduvisinuuuresnssuenguiili viliuunidineuesen

o

1 avaadundiminifnegiunssuanguls vinlinisdedaygyraluf PLC iedensl
Solenoid valve via¥i1n15.0A7187% 1 (V1) ¥l V1 WUa adnudueinialvanuvie
v [V v o 8 v a A a [ =
suvdngnsvuengu aavinevihlvignguisudeuadluuuife uansdsgun 3.12(n)

P A | 5 o vy a v | a v W
4, Lllaqﬂfﬂ‘ULﬁaua\‘]ﬁﬁ;ﬂﬂquﬂgmqiwﬂﬂiﬁﬁﬁwaﬂﬂ'ﬁ.la'NLﬂ@LL'ﬁﬂﬂﬂﬂ‘UQﬁﬂ‘Wﬂﬁ@UW@ﬁ LLE @

U 1

=

Faguit 3.12(0) Tuvaisifiordu wndfneuesi S2 asreduuimdniiinegfunszuen
guldwad Fsdedygyradlt PLC iilodenslot Solenoid value Llevinnnsadunisilio/de
1nmnuAdT 1 (V1) Wgimuauindad 2 (v2) vl v2 Wauas V1 Ua anwsiy
pmAlvaruviedudadignizueangu gavievilignguitudeutuluiuni

a

5. wdangnguideutuauan Lundfnisuweid ST asstuwimaniifnegiunszuenguls
wafl Sededeyaadlsl PLC FanasTi Solenoid value Litevinnasadunisnisida/ainds
INFamUARAIART 2 (v2) TugRaruatItdsdl L (v1) sl vi Batay V2 Ua Aoy
omaluasuviodusudgnisuenay aaviheyalignguSuideuasinaslunuai
anvgagiiuliingnguisiinnnsiadeudituasiduasifausanssvivio Tanies 1y
Fomziazfoussiiminaneludes 4 auniavasuseunsvunITiselUsunsuls

\ATINENLAYINY

3.6.5.4 nMsdnsinlUsunsudmuaIUALATad

n1sdan1sli PLC iauardesteulusunsalif PLC dou dsgunsalildlunistoy
Tusunsuldtu @uisautesanfu 2 9la fie datleulusinsauwuviledio (Hand held
orogrammer) WagnaiRamasausa (Personal computer; PO) luanaddeiiasld pC usdeu
Wsunsu Tnenwilddeufonuiiannes (Ladder logic, LAD) tfieaninnisld PC asdneni

N5 hRUaulusknsuLuLLEne

IBM PG/AT or
compatible

D RS-232C Cable
i CPM1A CPU Unit

SYSWIN

5UTl 3.13 wana38mssio PC fu PLC
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funounisyiauvesgunsal PLC
i, r‘iwum‘ﬁzumaumiﬁmu‘uaaqﬂ.lﬂ'mi
2. MUUABUNALALIEIANARBNITANUALDALATAYDIAINGYUNNA YIBuUNWAN (Magnetic)
Teglunonnsdle lnsaindiunaazedniidaans Terminal 1 fdefn 00

3. Wuanglwanduwnidrfivianeduduws (Input terminal) wagantasiaanesuLefne

L3

(Output terminal) Wi luaansasiad

o |
s o

4. Weulusunsuadluingues PLC audupaunsinmuueunied luguveiusunmuwanines

U

[

(Ladder diagram) mg‘dﬁ S

5. dleleunaniaes wazaeneasuda vanasanlnanlusunsunasnnasasluluy PLC uéa
ATIVADUNANITNNU

6. N15L% PLC vingrumulusinsy dagnisuadmes (Monitor) Tdsunsu nasainideu
Tusunsuaulda ds3u Run) Aelrigunsaivivumatunsuiideul Mulusunsunudasnis

© a L
HAEAFNTIZNITNINIUNUUID

ROOD ] ?iDD.l. R500
| )
I ! ,A’/r ’
START STOR Hemory 1
-4
REOO
Memory 1
«d
RS00 rOO3 Ll REOS
— | o i ]
™ § A/f’
Hemory 1 AA- go A+
" |
REOO TO £30
L | |
{1 =+ jcr H
ROO2
Memory 1
.
ROO4 R503
| )
I L
ait go A-
Cl #100
=l {10

o L) v & o o - LY d’l) =
E‘UVI 3.14 'Nil‘a'LLﬂﬂLﬂ@iﬁTVﬁUL‘UU“Z;G}F]”I?Nﬂ?UﬂM%ﬂiﬂﬂ?ﬂﬂi%ﬂUuwuw’J

3.6.5.5 gunsniuazinnagau
| & Y | 1 oae v o & W
Tnggunsalduiiazdsynoumewiulavenosuasaasunuiimiidutilwiheduaalv

A oA v W = o ) a o °o 0 v a
LWDABDLYRULYINULAIDINIINIA LLﬂﬂ\ﬁﬂ\iEU‘W 3.15 Iﬂﬂ‘ﬂmﬁ‘ﬂ?ﬁﬂmﬁﬁaUQﬂLL'ﬂﬂﬁ?ﬁ]%mﬂ'ﬂlﬂﬂﬂ'ﬁg‘q

I AuinuR TagARdwansirsiuluusasiu andudszgazsgnaremiiiuukunesunsiidu

Y

Tlnihuaglvardingdiniamsiaialuiian
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Detector

= @
U7 3.15 uansaunsaluagnisieiagmeasy

3.6.5.6 LATBINTIVIN

o [
= & &

gunseinsa Tndayapadsegiwinifstuuuituia wie admesdnd Taguauasistuuy
fuinldooatalaalay (jU3.16(n) wastaRlnesuuuiinea (U 3.16() Insannsadenld 2
Tnua Ao Tnualumttvesnszualniin waslnunvosausedng Tasssdunisineteaiias
(Real time) yhlfifunaiiafinieduginnsnssuanioausefneiminiude ueiiinnsliuse

unaAnAEey AAFUN 3.17

¥
s

3UM 3.16 (n) sendaladlay way () dadiiwesuuuidneanldluntsvaaes

5w 1:.1

i d a1 o
JUN 3.17 wamansniilelnaunu x Wunanfiiiull wnu y Aenszualwiuioanusiedndiiald
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UNN 4

NEN13INA&aY

4.1 MTANINTATBNINNIANTEABAIVDTaANEN BT/CNT/PDMS
4.1.1 NANSANBIENBAULIANIZYRITNN1ANTEAEAD BT
4.1.1.1 HaN3MTINFUNNENFIUINE1vesayn1auily BT ayntaunly BT fikuns
USuugeiufia uvisunlu BT uazaynianafivad BT dau SEM
NMINTANATIERENWUENIITUE WMWY SEM 189 BT Aduguinendnsiu Tng
NANMSANIANBAzaNIZIeIYA AU BT TmunsUsuURiuiafe HO, uasdisuiioy
dnwagnedugiuinersenioe BT nsan1sfuagaynia BT fikaumsuiudgeiuinugs fauans
Tuzudl 4.10n) - (@) 9ngUuandliiiudreyna BT Aldfinsusuusaiuds duandlugy 4.1() &
n1snszaneivesayaaiililfitn syaaianisidessefunnzndiiy Inesluuanuesngueynin
(Cluster) Ladgwinfu 428.4 + 95.4 uiluains daylivunayana (Particle) lads 80:9 + 15.1 wlu
wng devhms3suifisuitoyniauily 8T fdnsusudseiiuia wurheuaauly BT fikiuns
Usuussiiuinginisnszaresaléinn flaymeiiAnnisinznduiuiesnineynanuly BT s
rnunsUsudgaRuAa Tnefivurnnaueyntaadewinio 267.9  62.2 ualuwss asdouinvos
oyAARABT 0.9 + 15,0 uiluiuas saudaslusd 4.1@) Fadumsuanditfivinnisuiuyseiuio
vilvingueymeafiaunnanas uaztaelunisnssatefoehsainaweny
HamIRTIIRT A nuEIYdag W AIve e Ty BT fildannnsinseadeitinge
vasuwan Wedudugussasansietaiiduemsild 903U 4.1() TnewdetuFouiisudu
ounA wazeesivad BT sxwuidsiiduansvlaftdnuasnidug e duuvesesuuniy Tng
fuviaszavunly Syualdushugudnan Oiameter) wABagUSzAN 94.0 + 20.0 wiluns uas
ATIEYBILVINAAEIIIRY 12,9 + 1493 wiltun Feuwiaunlu BT Hiualaynsnsyaedadl
Aautheaiave uasiladnsdaun NN wenIINeTs (Aspect ratio)whifu 4.5 + 1.9
MNNANSNTITIRT B UNMAAD fvadues BT AlMutlulniun Figufl 4.100) - (@)
MngUIsuIigasidmees BT Auukuululymiussiieiu daalidnvusdugiine ety
Tnewuinignsndau 50:1 (BT rich) uandlviiiiufisoynianes BT fiflmsnsyanedaiidiniieynia BT
insan1sfn SadumasnannnisgiusaeiiduunessiuunTureswsiuu il dwalinisame
nauvesynA BT antfeeas lnuiilethauineynirvesnesivad BT siouiiisuiueynin BT
wuineynARABTBteYMA BT uavayniarasivad BT Wiy 80.9 + 15.0 wag 905 £ 11.1
Tuwns sy Fseziulieymansivadivuneoynmawieiiviu faduraunainnsgniy

feAauvasEuululnm e Weriudnsidiuveawkuuntulnyiumdy 1:1 wuindduvoasmeiuun
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Tulwnununmgueyniaunly BT sdraiiulddn dguil 4.13) waziilaiiudnsidruvesuniuunly

- | al . _ ) a
Tymumdu 1:50 sewutureswiuwilulnnuniiunaqueunia BT aunua (TiO, rich) fagud

= [l

? o | oA W i 1 a
4.1(a) Fannamuandbiiiuinfsnsidiuvesayniauily BT sauduuilulvniunil 50:1 (BT

9

5 aw P o ca @ o
rich) Maﬂ’lﬂm%ﬁiﬂﬁﬂﬂiqﬁﬂqﬁﬂqﬂmauﬁgmwaﬂ IﬂEJLLaﬂﬂﬂ"ﬁﬂi:’/ﬂqﬂmamﬂﬂawﬂ’]ﬂ BT vim

100" nin

JUN 4.1 Snwagnadugiuineives (M) auadtauall BT4ATANTTAT (1) oAUty BT Mil1unng
e/ Ig o 1 L3 L3 IU 1 1 1
UFuuseiuin (A) uvisunlu BT (¢ - ) syniamesiyan BT Mdnsdiu BT sowiuwilulnnium

50:1 1:1 waz 1:50 Muaiu

4.1.1.2 NAN1IATIVHIUAN VUL WA UFIWING1 VB IY BT wazaunianasiva BT
adenaila TEM
o & [ 2 1 o = [7)
NMsdeynIAReswaaves BT Auwiuululiiueiwieuldluasraeudnuaenia

e/

duguinendiag TEM fsguil 4.2 wuinfignsidu 50:1 (8T rich) Tnetdwmidn wandliiufisoynn

o4

98



- v a 1 a s A | w a
w1lu BT figniiuseiasiunsveusiuuniulmumiindueyaaeesivaiiauysalnd dagud 4.2(

..
= ) & a o | al ) | a o | .
n) WawSsuiivuiveynianesivadiionsdudu lnendnsdiu 11 uaziidnsidiu 1:50 (TiO,
rich) HUSmnaesuiuunlulnmiuaiinniuly dewaldd BT Ligniudefiduuis inidugusn
noswadiilianugal anmansAnudnuamedugineiemaia SEM wag TEM Jaaguls
@ ! i i i | A e
gnsrduveseyauily BT dauiuunlulnniunivangaufen 50:1 wsenusunaoyniauily
| a 3 a o o a | i
BT 7ixnniuwe (BT rich) Iagiinainnisinansazatuneansennid BT diumesiiniunisleluadl
@ | | v oa  w < s o L a | a [
skt lulnmindwalmAednvasluead Weswmniufivesnuululnniuedauduay
g4 Jeansaludanuaynia BT diureslalagdiunisdainiziuussqnsetnuees PDADMAC
. a <] & o a =t 3 5 = & 3
cation ialulumiunivad Aagun 4.3 uansfisuuudiaeuanidunaun1siia BT rasivad way
| I a = 5 s ) ' .
wuaEruve Ui luliawniaaeveseunnADwAdva BT 9nsndu 50:1 (BT rich)
lagdmddn Wiy 8.994'+3.056 urluwung dagannmsdawiaunle 8T awssulalunsivasu
LY o = L = a =l ¥ = ! aaw !
anugndgINgwIsmeda TEM fsgy 4.2(9) Auaadiiuiaguiamilinvasduiriues

anseede Tdurhaudnanseglussauunluwms viakunlanduuranly

Ao |

JUA 4.2 nweng TEM vedayniaresivad BT Afidasidu BT dowduuilulnniumu (n) 50:1

(¥) 1:1 waz () 1:50 Iaguuiin (1) anvaenedagIuive TEM vaeuviauly BT
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/Ao < Q N HaC CHa TI-O nanosheet 1L ‘
PDADMAC
-0 k (1] m——— —) A v
& 2 % ">

-0

JUT 4.3 wuudnassuansdunaunIsiineunAnesiva BT

]

4.1.1.3 Han1IATIAFRUBNANEAIYEIRYN1AUITY BT auatauily BT Nk1un1susulse
Nufin wisuTu BT uazaymanasiva BT davimaiia XRD

MNMsAnwIEUIgvsuaslassahednvoseyaneily BT ayniuily BT wisunly 8T
uazaynIAResilea BT Memaia XRD fiuanduguil 0.4 Tunstiaseiidasku Hinaves
sULuuMIdgIULidiend dsnanaunyhnisUTeuisuiusUuuumsdeivuiiiiandandaya
wnsg Tnglusmiadudlddayaunsyiugn JCPDS vy 31:0174 fadulsyauinsgiuaes
a1sUszneumesondlnd BT Millastadindnuuuiansylnuea (Tetragonal) wuirguuuunis
\deussiiondueseymeauly BT eymauly BT Akiun1susuugsiui uwisuily BT uas
oumeAeiled BT Al S udeandesfusdiuunisideiuuidionduesasusgnay BT Tngwy
i 20 %uﬁuu 22.261 31.645 38.886 45375 51.097 56249 66.118 70.657 75.158 uag
79.466° FadpmadBafuTIUIL (100) (110) (111) (200) (210) (211)“(220)(300) (310) way
(311) fassahadumosonaladuuuanssinuas Insgiuunadsnuuddendatayniauly
BT ayniAuly BT fikTunsusuUgeiuis uazeyninresiva BT Usngiianiadeaiuuiedians
voaandantasudu Taswuiia 26 Fuilyn 239 devhinisnsaasunudn Aensdeauusd
lndfindnasnadostuiistendnuaivessUnuunaidenoussdienditszuny (111) Fanseiy
Joyau1nsgIuY JCPDs nuneiaw.05-0378 Yeda13Ussney BaCO; nua1ninduaisusznau

a ¢ o [
LLUL?HHﬂWiU@LUWWLﬁ]@ﬂu’ﬂﬁﬂ,uauﬂqﬂ BT tnsmn15AN
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0 : BT

] = o :TiO,
o = & :BaCOy
I 2 _ = BT nanorod
g f I 2 i 8 ) = = =
= I 11 s & ¢ 4 8 F B
Y G S S S N S S
_— "
:' ‘; BT core shell
& Ao N SRR . SRS TR
N
o)
= BT eniea
z AN b A A ]
et
-
= -
= BT

L__ﬂ 1‘\ J\___/‘\ I R S

| JCPDS 741960 : BT

JCPDS 05-0378 : BaCO,

JCPDS 01-1292 : TIO,

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

20 (Degree)

] [
] -

4 1 a 1
JUN 4.4 JUWUY XRD vosaymAully BT auni1au1ly BT Araun1susuyeswuia wisulu BT

wazeunIAneitvag BT

ideduanmumaigninmesenaldnuin eyniauilu BT tnsanisAidisgniam
asevldlndoray 96.57 uasiuidsumsusiuniosay 3.43 uaswulle 26 i 24.87 laeronados
fuszuru (111)FenssRviayanissgiuya JCPDS nunsiay 01-1292 uandfunasuiina
(Anatase) vasansUsznatlymutisylasenlen (TIo,) Winsusvendansiiwmululimiuneg
Tusunaresigad uenaniwudy Jullun XRD Wes BT fifinsysuugeituin uaznsindeuiy
aynianesiva BT Lidwal#ite XRD \inntsindeu (Shift) niednamdutetiia (Intensity)
wasuuvasly usluguiuy XRD veswisunly BT ui1eyliifansindouvesiin usfimmduve
fiewuAsuudasluidumls 20 fiaar 3165 Inefiprunduieiutuiosas 83.57 Ssdiauduly
164 TassasrauvieunTy BT fduasegity dleauwavlunmsiuislulufianisvesszuty (111) us
athslsfnumanisiinsiesiiondnualfomaia XRD ey wudreyniautlu BT fikunis
UFugeiiuin dreansazanglelniumesenlust msdansigiuiuilu BT feiiindevasuvan
warmsiesousynanedlva BT saeddleluadl luiiianisiudsuudasiassadrandedina
wanuasBuiiniy

9ngULuy XRD Tnesawitldtu dewnldvhmsfinuuasiinmesitoyamalasiasiadedn
vasayn1AuTy BT syniauly BT fikunisufuugeiiuiia wisunlu BT uazeynienofived BT
ABIEATIATIBRLULINIG (Rietveld analysis method) lngnisiiguiudayauinsgiuain
§1uvyaum3g U Crystallographic Information waBLaY 96-210-0860 fiudayanialasaaing
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Aednveseyniaunly BT symauily BT fiun1sufulgsifui uaveyniaresivad BT uagms
Wguiuteyaunsgiuang udeyau1nsgu Crystallographic Information waneLay 73643 fiu
wrauly BT frewenduifde JANA iefusulassadandniild deguil 4.5 lnodufiiauans
sUuuU XRD fildniadesle Wudunansdesuuuunsdsuidienddldannmsduaadie
gonduas ulunuadadiBoananassuu (h k 0 wasiduiiiduiansdiiiufenuuandisues
jUuU XRD Aildnnmsiiesizidheiefesdiauazannisduanserendund naildmuinguuuy
XRD ¥8sayn1A BT ayniauly BT fnumsuiulseiuia wiuily BT uazeyniaredivad BT
aonAfaafusULLL XRD vasansusznaumesewalnd BT Allassaisndnuuuinnszinuea dunse
nulwddeyaninss i Crystallographic Information §4nana Sswudmendnueseyniauily BT
oynunly BT frunisufuuseiiuie ity BT LAZIYAIARBILYAT BT fanand e uandiy
W1510mes (a = b # ) ldlAss (nelddindes wuimsgiuniny. .« 0.001) furuaniie

a & v L d
W’]‘i']ﬁJLEIEJ?ﬁ]"Iﬂ‘UE]ﬂ;JJﬁﬂJ IRNTZIU N uanslun131an 4.1

A15197 4.1 HAYOIILUSNLAINNTITIATIEALATIES 198N MeATTNe

BT nanorod BT coreshell

BT )8 Tkt
}

Crystal structure | tetragonal 1 tetragonal tetragonal " tetragonal
' Space 7§r-ou'b Pdmm —_/;;lr-nr;_# i Pdrr}m’ 7 Pélmr;: |
ad 3.9902 ' 4.0054 3.9959 +4.0054

c (A) 40131 4.0285 4.0305 4.0285

c/a 1.0058 10058 ©' | 1.0087 1.0058

Ry 26.0 26.0 7.83 26.7

Rup a2.7 427 10.60 43.0

Raxp 25.23 25.23 7.79 24.45
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1.009
1.0085
1.008
1.0075
1.007
g 1.0065
1.006
1.0055
1.005
1.0045
1.004

JUN 4.4 UARIBRTIEINTEINATARITINTIEMDS C fo a

—+— Expedmental patiern BT Experimental pattern BT (104
== Cakubted patiern (Rietvekl) —— Cakulated i
(ﬂ) —«— Ref. BaTiO (”J) == “:Lun.l]_lé;-um (Rietveld)
| Difference (Rielveld) Difference (Rielveld)
- —_
- 5
. g
Py £
w2 o
= =
3 g |
i, l g
| | | | g | Y/ L | | | 1 11 f it
— 1T T ——Trr———T—rT7
10 20 30 40 50 60 70 80 (] 20 30 40 50 60 70 80
20 (Degree) 20 (Degree)
— :‘Wu:t:.:m plmr;‘l:l :;nmd ~— Experimental patiern BT core shell
Y P ety Calculated pattera (Rigty eld)
ﬂ) = Ref. BATIOy &) -
( Difference (Richekd) ( ) Rel- 5%,
Difference (Rieh eld)
- -~
= =
& =
- =
z z
S £ pe | ] '(
= | |
= = 1 |
I | I I | | I ] i |
LSS
[ | 1 | WMH“‘“M‘—\
4 ,*r, l # é 4 f
T T T T T * T i T ¥ T T 3 * T
20 30 40 50 (11} 70 80 10 20 30 40 50 60 70 80

20 (degree)

JU# 4.5 JULUY XRD naaunslaseilaeas1aiigiviares (n) ayaiaunlu BT (1) aynia

20 (Degree)

al ) ¥ a ' s s
ulu BT M mnsUTuUgeiui (A) wiawilu BT uay (1) syniaresiuad BT

103



4.1.1.4 namsnsradoulendnuaivaseyn1AuIly BT ayniaunlu BT fik1unisusuuss
#ufia uvisunlu BT wazeyniarefivad BT daewdassuaiuninsalnd

ngukuUTIuaUneieseynauily BT symauily BT fiinunisuiuussiui us
unly BT uaveymaneilead BT dwuandusuil 4.6 Tasmsinseiidednazendevdnnsiingiz
1ngNATUIINNE B T8 ULANNNT (Point group theory) YaenEn Fadwmiundn BT du Tuszuy
aunnsvaslassarauuAifn (Pm3m; Oh!) agneuauasianNIINTEAUFIBANLTIATUETY
Funssn w3eLSEndn IR-active (3Fy, (R) + F,) wildlanunsanavausssiansnsesuiigawesiu
welasmu viefiiFendt sunuduueaiiv (Raman inactive) Fafuminlassadrandnves BT 7
Fuaneldifuuuu@idn Aaslivsngiinsunuanaiile q uiluve? BT Allassaiiwdn
Juwuuasslnuea (Pdmm; Ca.) Beiinnsidausanandiumuiauanssesesaey Ti lusiumie
pannsEdnsoauesenndeu (Tio,) dmalhinnsagullamesdnatiaa (Polarization) ain
n1sMevaussalnalns1uukUsooniu 8 Tnds fe 4lETO)+ E(LO) (R & R) + 3[A,(TO)
+A,(LO)] (IR & R) + B (R) %aaamﬂé’aaﬁ’u*gﬂLLU=uﬁmuamﬂm%’maaaqmﬂuﬂu BT aymﬂm‘[u
BT #irinuntsu§uugenuiia uisunlu BT uazeuniaaedioad BT Inefiaiiusion 28-150 cm?
aoandosiuluuansdusuulindauswodnun ETO,) Rafiudins 180 cm™! @onadesiuluun
58U A,(TO;) %eﬁm'?i'cﬁ’ﬂLLwﬁaﬁLﬂuLaﬂé’ﬂ@ﬂimwwwaﬁaaﬁﬁauﬁ&ﬂaﬂsﬁLﬁﬂﬂ%ﬂnnmﬁm Fadn
INMSAULUY anti-resonance Wagtilalisuguuuusmnuaansivesayniauity BT auntAw
Tu BT Airunsusuteiuiia wiwily BT uazoymenesivag BT dmutsiiauiiom 180 cm’
wudweseyniauily BT suanauily BT filtumsufuusiiui wasauninnediwed BT iy
FAWUUTTY (Positive peak) uilustnualansuteauwiauly BT nduduiiauuwifiy (Dip) §edl
dnwaizfinadrefusinuaUaniiveseynin BT Mvwineynnlnaiadt 100 uluisms

Tneilauddeues Y. Shirator Lagp [37] Al6¥nIsAnE1N190 58189513014 (Raman
scattering) 983ayn 1l BT wudnayrina 8T flaunaidnnd 100 uilutuss asdfauuudty
wazoynia BT Adeyntavuinlngadl 100 urluiuns seilinuutsiifin Tnsesutefants
Wasuulaswasiauiina 180 cml fdsuainfinuuudswduiaiinfenadusaunanuane
a1 mavedavasinan A (TO,) SuAnandaunndewanfusininfalassadauuueels
soudniviliAnfinuiion 193 - 196 cm! womaasuulasnuiiunieslusyninazideni
Wasungiinssun1sidng (Coupling) usatnalsmulimuiinfiuiian 193-196 cm! vaslasaaiig
wwueslsseudn wazdsduduseRaendnunivedassaiauuuinnslnueaiituuiion 306 cm!
fafufinuuusiafia 7 180 cm™ vassunuaansuuieuly BT Faflanmsunainanuuandieves
sUs19 wazruavedlaneaaunluiidaaliAnnsudsuwlasenfunsluresaynia Lilesn
wiaulu BT flvwimvesmnuenlussdvlulasiuns Tnefvurnmiugaadewinty 4.13+1.494

lulasiuns wagdamufingruning (Broad peak) MU3iandae 260 cm @emAdasiunisduuuy
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transverse Yaluua A,(TO,) uarwuRiafiumue 306 515 uay 715 cm’ fidenndasfunisdu
aIluuA [B;, F(TOs+LO,)] [E(TO,), A(TOs)] uag[E(LOL) + A, (LO5)] MuaTsu Fauansienisidy
asUsznou BT Millassadanuumarlnusaiissnutaunsnsuidavsssunuaanduiiuiiia
Usza 250 520 waz 720 em! uazlnglawgiaiisumia 306 e Feitefuiirendnualianny
vaalassadrauuuimnselauea MAnsnnsdulusedvezneunuuliauuing (Asymmetric
vibration) veeuszseving Ti-0 Tusumiseenasydnsea (Tio,) Feftmmandasldusngile 8T
flassaradumdnvieiinnauasulassaieluiduwuuidndegnlfanudauauiuni
gaumniia? uarlimulmianisdunuy E(TO,) Uiinniia 487 cm™ ftulanizlassadrauuusonlug
nsoa wazeslsseudn SeBusuldireyniauilu BT aymauilu BT fiktunsufulsaiuia win
Tu BT wazeyniaresivad BT dlAssadrivuanyInuoa wenaindaiansusiny vaseyanaun
Tu BT aynawilu BT fiumisuiuusiuiia wavaynianesived BT uiwuigniaulantaoudy
Tnonuflafiuina 186 Uas 152 cm Muaniiinisliaguasaisussnouaynin. BaCo, fimadnun
MnmsUuideurasiuFeumiuaiulunssuiunsdunset BT insnn1sén uazannsodudule
Mnnnsmaendnuaiiansdaeivadn XRD wagnuiranlansuswiuteteynifesived BT tu
aamé’mﬁ’ugmmu Raman active Ysiuasnagdnseavasasusznaulnmius (TiQ) viinLal
Tolasleduuuaedia Ailassadanuusalssona Afinrsmevauassamaiasuniingn 3Ae +
B,q + Bsg) Inodusennsdnseavesarsdsznsulnmius vimatlnlasleduuvanadinniiie
londnwalitusians 270499 wag 704 e ! e aiAanisdeustuiuiiauns BT fiudtaisiandna ud
ahslsfmudanulvanavuinianiiuiion 803 em? fideardeatun1sduvasiusy Ti-O Maneglu
fuiiasevindutesmsszneuln viaatlelasleduuaesdn Seduduiansilogues
e lulvmmelusyninnesivad BT

MnHanTIRTITenanYlawIyveseynAuIly BT syntauly BT frunisuiuussiiuin
wisualu BT wazeymapesivad BT stinala XRD Uaziviadasiuay aunsoduduladneynia
BT #ifin1sufuugeiiuin mawdsteymenesivadsieislelued uagnisdunsiesiuviaunlu BT
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A15797 4.3 alsnlaannsimseilasasnanieissanantaenisidveniuas JANA 2006

aun1AuTlU BT wiuleunly BT UoYAUINTFIUVD

lasawEn
ICSD - 67520

1As9a519NEn waszlnues waszlnues wnsElnuae

nFulaqdl Pdmm P4mm P4mm

(space group)

a(A) 4.0027 + 0.0003 3.9997 + 0.0002 3.9998
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1700-1715

$10-01:

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

S5-03:

Fabrication and Characterization of Flexible Piezoelectric Composites
with Natural Rubber Matrix

Methee Promsawat, Napatporn Promsawat,
Ekwipoo Kalkornsurapranee, Soodkhet Pojprapai

1130-1145

55-020:

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

55-04:

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

Natthawadi Buatip, Napatporn Promsawat, Pattanaphong Janphuang,
Soodkhet Projprapai

1 MRS THAILAND 2017 Oral Presentation Sessions 67
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Poster Session

$5-P56

Phonons and Thermodynamic properties of Mg-IV-N,

Chaiyawat Kaewmeechai, Yongyut Laosiritaworn, Atchara Punya

Jaroenjittichai

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)03 lead-free ceramics

N. Kongthong, P. Bomlail

5$5-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-P6l

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,

Suchittra Inthong, Wuttikrai Thanomsiang, Jeerapong Faruandee, Chatchai
Kruea-In, Denis Sweatman, Sukum Eitssayeam
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2018 ISAF-FMA-AMF-AMEC-PFM

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 EAMMM
Prof. Takaaki Tsurumi,
General Chair of IFAAP,
Professor of Tokyo Institute of Technology



2018 ISAF-FMA-AMF-AMEC-PFM

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 Electrocerames (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 diclectric 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 'Effect of barium titanate fibers added into
polydimethylsiloxane matrix with interdigital electrode on the capacitive property for
flexible piezoelectric devices' is accepted as a poster 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,

jfmﬁ
Prof. Takaaki Tsurumi,
General Chair of IFAAP,
Professor of Tokyo Institute of Technology
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Abstract. Piczoelectric-based polymer composite for flexible self-powered materials have been of interest. In this
rescarch, the cffect of surface treatment on electrical properties of barium titanatc/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 cleetrical 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 clectrical 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 propertics of composites are influenced not only by relative permittivity of the components, but also
dependence on interactions between eeramics and polymers.

Keywords: Barium titanate; Polydimethylsiloxane; Carbon nanotube; Nanocomposite; Surface treatment

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 clasticity, 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, eleetrical, 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 CNTSs in water and organic solvents, opening the possibility of further
modifications and coupling of melecules through subsequent solution-based chemistry. Therefore, the
functionalisation of carbon nanotubes (CNTs) is an increasing arca 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.0: to introduce plenty of hydroxyl groups. Compared with the normal
BT/PVDF nanocomposites, the dielectric propertics 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 (H20;) 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 (H20s: 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 MAI) 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 Ha0; [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 ecard 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 em’! 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].
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FIGURE 2. FT-IR spectra of the CNT before and after surface treatment.

FIGURE 3. SEM image of Cross scctional (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 cffect of surface treatment. (a) The surface of BT nanoparticles was modified by H20:z 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 dielectrie
constant (&) 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 diclectric 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 diclectric 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. Frequeney dependence of (a) the dielectric constant (&) and (b) the diclectric loss on BT-CNT/PDMS
nanocomposites before and after surface treatment.
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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 rescarch, the effect of surface treatment on clectrical 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 barjum 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—piezoelcctric 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 clements 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 (BaTiOB; 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, piezoeleetric 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 preparcd using PDMS elastomer
as a base matrix, and BT nanoparticles as filler. PDMS has been used cxtensively as the
organic host matrix for nanocomposites, due to its excellent clasticity, 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 piezoclectric 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
MAL). 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 em™!, was recorded by a Perkin Elmer Spectrum GX FT-IR/FT-Raman
spectrometer, with 8 scans and a resolution of 4 cm™" using KBr pellets. Room temperature
Raman spectra were obtained in a spectral range from 100 to 800 cm™'. The electrode was
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 Plasma].



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 scem 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 mattix 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 BaTiOs 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 BaTiOs
(P4mm) are 4E(TO + LO) + 3AKTO + LO) +BI(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 Ai(TO) mode and E(TQ) modes [19]. The asymmetric
band around 520 cm™ is attributed to the E(TO) and A;(TO) modes [20]. The frequency band
around 720 cm ! is attributed to the A(LO) + E(LO) phonon modes [20]. The intensity of the
peak around 303 cm’ is assigned to the overlap of E(3TO)+E(2LO)+BI [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 naneparticles 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
TiO¢ 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-CHj3 was detected at 2,950cm™ [23]. The absorption band at 800, 1250 cm’

-l
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’ [14]. The Si-C bands and Si(CH3)> rocking peaks appear in
the region of 825-865 cm™ and 785-815 em™!, 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 10°-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]

En(l—vp) + sivf[ 3em ] [1 + 3vele; — Em)]
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eff =
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2. Modified Lichtnecker equation [10]

E.
log eqr = log £, + vi(1 — n) log—
Em

3. Series mixing formula [10]
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4. Maxwell-Wagner equation [5, 10]
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5. Effective medium theory (EMT) [10]
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where cefr, ¢, and ey are the permittivity of the composites, filler, and matrix,
respectively: n is the fitting parameter or the morphology factor; vy is the volume fraction of

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

p Vi
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 merphology and phase separation are important factors in
organic-inorganic hybrid.- nanocompesites. The microstructure and properties of these
nanocomposite materials are controlled mainly by the interfacial strength between organic
and inorganic components. Nevertheless, the Meodified 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 eonstant (g;) of
the BT/CNT/PDMS nanocomposites at different compositions. It was found that the
diclectric 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 noticcable 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 ¢m 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 (BaTiOs; 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 periodie 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 (c) 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 (&) 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 (BaTiOs3; BT)
nanoparticles as the core and titanate (TiOz) nanosheets as the shell, were prepared. The surface
of barium titanate (BT) nanoparticles was modified chemically by hydrogen peroxide (H.0») to
create hydroxyl groups. TiO: 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.



Keywords: Barium titanate, Titanate nanosheets, Core-shell structure, Nanocomposites

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 BaTiOjs-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, TiO2
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 (TiO>) 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@Ti0Os 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 KHCO;, -CoO, and TiO2, which corresponds to the KosCo00.4TiisO4
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 KogCoo4Ti1604 were replaced with protons by ion exchange. The
Ko.8C00.4T11604 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 HogCoo4Ti1.6O4, was obtained.

2.1.3 Exfoliation

The protonated form of the lepidocrocite titanate (0.4g) was dissolved in an aqueous
solution of tetrabutylammonium hydroxide [(CsHo)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 H202 (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;z 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 um, 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 elfective method [or 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 TiO; nanosheets have a highly negative

charge [17]. Therefore, TiO2 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 TiO2
nanosheet as the shell at different weight ratios of BT nanoparticles to TiO> 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 TiO2 nanosheets weight ratio of 1:40 (TiOz-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 TiO> 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 TiO; 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 TiO> nanosheets decreased, and the weight ratio of
BT/TiO; increased to 50:1 [Figure 2(h)], nanoparticles that had a core-shell structure with light
contrast TiOz 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. TiO; 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/TiO2 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 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),(1L1), (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 26 = 35.6° (JCPDS card n0.05-0378) 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 COs>" groups from the BaCO; 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@TiOz core-shell was
monitored by Raman spectroscopy [Figure 4(b)]. Based on crystallography, Raman-active modes
for tetragonal BaTiO; (P4mm) were 4E(TO + LO) + 3A«(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(LQO)+B; [26] at around 303 cm™, The frequency band was attributed to the
A1(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 TiOg octahedral host layers are (3A; + 3Bz + 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 (Bg 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@TiO: core-shell nanoparticles into the polydimethylsiloxane p
olymer matrix. Figure 5(a) shows a digital image of a BT core-sheti-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 TiOz shell layer. It can be seen that the dielectric constant of the BTcorc-shei-CINT-PDMS nanoc
omposites was found to be in the range of 18.53 = 19.33, 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 nanoecomposites 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 (BaTiO;; 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@TiO: core-shell at different weight ratios of BT nanoparticles to TiO> 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 5 (a) Digital image of the BTecore-shei-CNT-PDMS nanocomposite, (b) output voltage of
BTeore-shei-CNT-PDMS nanoecomposites under impulsive loading, and frequency dependence of

(c) dielectric constant and (d) dielectric loss of BTeore-shei-CNT-PDMS nanocomposites.
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Abstract

Lead-free piezoelectric nanocomposite made with barium titanate (BaTiOs: 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 (H20-) 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 BaTiO3
nanotechnologies significantly. Zagar et.al [21] tested BaTiOs 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 KCl were used as precursor materials. The
stoichiometric amount of BaCQj 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 CI" 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 maodified 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 PDADMAT 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 KCIl 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 BaTiOs 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 em™ in all samples [25]. In addition, the set of characteristic bands were
attributed to the COs* groups from the BaCOjs 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 BaTiOs 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
CO5™ groups, and also correspond to the characteristic bands of PDADMAC. Furthermore,
the spectra also show a broad peak of around 3,400 em” and peak of around 1,400 cm'l,
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 BaCQjs 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 26 = 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 erystal 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 BaTiOz (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 em™" 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 em” toa 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 c¢m™ [30], and a broad band is attributed to the A;(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,
+ 3Bz + 3B3,) [33]. Three A, symmetric modes in the D™ spectroscopic space group have
been recognized at 270, 449, and 704 cm'l, 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.
Héwever, 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 BaCO;
peaks located in a spectral range of below 200 cm ™ [31], as tevealed 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 nanocompositeé 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 éonsta.nt 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 ¢m 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, (¢) 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, (c) 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 (g;) 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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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 con-
firmed. The scanning electron microscaopy 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 = 12V and a short-circuit current of = 1 pA. The effect of dis-
persed phases inside FPENG becomes the role to improve the output performance. This FPENG device can
operate up to 5k 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.

1. Introduction

Ceramic-based piezoelectric generators have been widely developed
due to high piezoelectric properties, high stability and possible to ma-
terially 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 in-
vented, and has rapidly received a great interest for the few decades
[1].

Among various FPENG types, the decoration of piezoelectric nano-
fibers 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 perfor-
mance is generally obtained because of the material type and the un-
controllable 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
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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 the ex-
cellence electrical outputs of ~ 12V and ~ 1pA. Furthermore, the
present work also investigated the mechanical fatigue effect, which
largely affects the device performance.

2. Fxperimental procedure

BT fiber was prepared by the sol-gel method. Barium acetate (Ba
(CH5CO0),, 99%, Sigma-Aldrich) and titanium (IV) butoxide (Ti(O
(CH3)3CH3)4, 97%, Sigma-Aldrich) were weighted in their stoichio-
metric proportion. A 2.554 g of barium acetate was dissolved with 5ml
of acetic acid (Mallinckrodt Chemicals). The mixed solution was stirred
at 70°C for 30 min. After barium acetate was completely dissolved, a

Please cite this article as: Sriphan, S., Ceramics International (2018), https:/)doi.org/lo.1016/j.ceramint.2018.08.264
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Fig. 1. (a) Room temperature XRD patterns of BT fiber, BT powder and un-
calcined BT fiber, The enlarged XRD patterns are in the range 20 of (b)
44.0-46.4°, (c) 55.2-57.6°, (d) 64-68" and (e) 72-78". (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article).

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, = 300,000, Sigma-Aldrich) was dissolved
(5wt%) in absolute ethanol (C;HgO, 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 2h 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 2.5cm?® 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
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Uncalcined BT Fiber

Fig. 2. FE-SEM images of the (a) uncalcined BT fiber and (b) BT fiber with the
magnifications of 10000 x and 50000 x.

diffraction (XRD, Bruker — AXS D8 Advance). The XRD patterns were
recorded in the 20 range of 10-120°. The lattice parameters were ex-
tracted by Rietveld refinement method via Jana2006 software [7]. The
fiber morphology were conducted using field-emission scanning elec-
tron 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

Fig. 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 [iber was
higher than BT powder, which implies a high crystallization of the BT
fiber.

The recorded diffraction patterns of BT fiber and BT powder mat-
ched 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,
therefore, the magnified XRD patterns of BT fiber, BT powder and un-
calcined 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=239997 A, ¢ = 4.0212 A, respectively (Fig. $3 and Table S1),
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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 ratios: (b) 0%, (c) 30%, (d) 50%, (e) 70%

and (f) 100%.
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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 L. of FPENG in the conditions of fiber 0%,
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which are close to the result from 100 nm size of BT powder reported
from another group [7].

Fig. 2 shows the surface morphology observed via FE-SEM for the
uncaleined BT fiber and the BT fiber. Generally, the formation of fiber
has three stages, ie., 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 dra-
matically 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.

Fig. 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
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polymer plate decorated on the top surface with comb-shaped arrays of
copper electrodes. Because 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 ac-
tive area size of IDEs (0.5 x 1 em?). 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 supporter and a flexibility
aid. Fig. 4(a) shows the FPENG structure used in this work. To max-
imize the output performance of the device, the generated output open-
circuit voltage (V,.) and the short-circuit current (I;.) for FPENG at
various fiber ratios are recorded, as shown in Fig. 4(b). The occurrence
of output signals implies the effect of piezoelectricity from the
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tetragonal BT fiber and BT powder. It has been found that the electrical
output was low, < 3V and 0.5uA, 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 important
role to enhance the device performance. The maximum electrical out-
puts, i.e., V. = 12V and I, = 1 A, was found by adding the fiber 50%
into FPENG. The obtained values of the device are in the same trend as
[K,Na]NbO4-LiNbO3/Cu nanorods-based [4] and [Ba,Ca]TiOs-Ba(Zr,Ti)
03/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 fa-
tigue 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 de-
crease (S3 and S4) of voltage, comparing to the beginning. Due to ag-
glomerated particles (fibers/powders) (Fig. 3(b)-(f)), the pressing will
more improve the phase dispersion inside PDMS. The position rea-
lignment 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 ~ 20V 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 un-
pressed 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

Ceramics International xxx (XxXx) XXX-XXX

maximum electrical outputs of = 12V 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 pro-
posed results can be expected to further design a high-performance and
a robust flexible piezoelectric nanogenerator.
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Abstract
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This study introduced a new facile roughness fabrication method for the triboelectric

nanogenerator (TENG). Solid salt was applied to induce the macroscopic triangle-like roughness
on material surface in which the density could be controlled. Additionally, the roughness effect
on the electrical property of TENG was investigated. Three roughness fabrication techniques
were designed to make textures for TENG materials by producing certain roughness formations.
The highest electrical outputs (voltage and current) were found in the device designed for
matching the roughness textures. Both output voltage and current 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. This work
presented a new feasible fabrication technique and suggested a scheme to engineer the roughness

for enhancing the TENG performance, which is crucial for TENG-based device development

and practical use in the future.

Supplementary material for this article is available online

Keywords: TENG, cold compressing, sandpaper polishing, FeCls etching, surface roughness

engineering

(Some figures may appear in colour only in the online journal)

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 electrostatic induction
[5-7]. Two tribo-materials, which are commonly insulators,
rub together repeatedly and separate from each other during
the application of external compressive force, in order to

0964-1726/18/105026+14$33.00

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

© 2018 10P Publishing Ltd © Printed in the UK
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Figure 1. Schematic diagram of the cold compression (CC) technique for fabricating the 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.

polymer fiber deposition [14, 17], nano/micro particle dec-
oration [15], and polymer foam [16]. However, these pro-
cesses are rather difficult, highly expensive and time-
consuming. These issues became a drawback for development
and industrial fabrication.

This study proposed a facile procedure to fabricale 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-mat-
erial surface for the CC technique was optimized. This
technique produced a triangle-like shape of roughness. Fur-
thermore, 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 [abricated. 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 triboelectric series [18, 19]. The
textures of roughness were produced on the Al plate surface
using various roughness fabrication techniques, while the
Kapton tape surface was fixed in only one roughness texture.
Three texturing processes were used to fabricate certain tex-
tures on the Al plate surface. Four TENG devices were pre-
pared at various surface roughness. The output voltage and
current results for each TENG were measured and analyzed.
Lastly, the optimum TENG was used to test practically by
charging and driving commercial capacitors and light-

emitting diodes (LEDs), respectively. This work presented the
facile 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 of
d4em x 3em x 250 pm for making the rubbing material and
metal electrode. The Kapton tape (12 mm x 33 m x 50 gm)
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.

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
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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 figure 1. NaCl
powder was chosen as solid salt because it can be removed
easily with water from the material surface. This study found
that NaCl salt had an octahedron-like shape with averaged
particle size of around 200 um (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 increasing amount of spread NaCl salts, from Og
(bare Kapton tape) to 0.4 g, the density of the roughness
increased systematically (figures 2(a) and (b)). The density of
roughness could saturate if the quantity of salt reached a
certain level [I1], 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.

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
(e)). The (T3)Al plate was flipped in 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
[1I], 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 to prepare a micro-
structure 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 electric 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 (c)). The linear-like roughness of
the texture was seen clearly as the polishing time increased.
However, the density of roughness tended to saturate 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).

2.1.8. Surface texturing by dipping into a metal corrosive
agent. Ferric chloride (FeCls) solution was used as a metal
corrosive agent to treat the Al plate surface. In general, FeCly
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 FeCl; 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 FeCl;-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 from 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 ethanol, cleaned with ultrasonic cleaner,
and dried in an electric oven (~60 °C) for 24 h.

2.2. Fabrication of the TENG device

Contact-mode TENG normally consists 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 located 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
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
current waveforms were recorded using a digital oscilloscope
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Bare Kapton Tape Bare Al plate

Figure 2. SEM images of (a) bare Kapton tape and bare Al plate surfaces, (b) Kapton tape surfaces spread with 0.1 and 0.4 g of NaCl, (c) Al
plate surfaces polished with sandpaper 4 and 10 times, (d) Al plate surfaces etched with FeCls agent for 20 and 80 s, and (e) Al plate surfaces
spread with 0.1 and 0.4 g of NaCl. SEM was used to observe Kapton tape and Al plate surfaces spread with NaCl salts at 20 magnification,
while others were at 50,
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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.

(TBS 1072B-EDU, Tektronix) and -a digital multimeter
(DM3058E, Rigol), respectively. This setup was installed
with a home-made automatic pressing machine (figure S1
(measurement setup) is available online at stacks.iop.org/
SMS/27/105026/mmedia).

3. Basic mechanism of the TENG

Figure 3(b) describes the mechanism of AC cycle generation
of the TENG used in this experiment. The device had a gap
(~1.5 mm of maximum width) between two rubbing materi-
als. When an external compressive force was applied (o 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 mechanism of the
TENG is based on the coupling of electrification contact and
electrostatic induction. The triboelectric effect relates to the
generation of electrostatic charges after two different mate-
rials 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 alter two tribo-materials are sepa-
rated. As described previously, the first rubbing material is the
Kapton tape and the second one is the 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 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-mate-
rials tend to maintain the equipoise. The electrostatic induc-
tion 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. I one probes the electrical meter
associated with the current direction, the positive current and
voltage values are collected, Transfer of the positive and
negative triboelectric charges generated may stop at equili-
brium, 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, ie., linear-, linear mixed 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

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
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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 surfaces. (b) Output voltage and (c) output current waveforms of
the TENGs with varied amounts of NaCl from 0 to 0.4 g on the Kapton film. (¢) The averdgcd maximum positive output voltage (V), ,q.). the
dveraged positive output voltage (V), .,,), the averaged maximum positive output current (1, ,,.¢) and the averaged positive output current
(,.avg) 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.

in section 2.1.1. Figures 4(b) and (c) show the results of
output voltage and current with varied amounts of spread
NaCl 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 to obtain 100
cycles of both AC voltage and current. The output voltage
(figure 4(b)) tended to increase 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 a device size of
3 x 4cm?, the averaged maximum of positive output voltage
(Vpuax) was observed from the AC waveforms in each

condition, and it increased from approximately 21-27 V. A
linear-like trend was found for the averaged positive output
voltage (V.ave)- The V,, . can be calculated from the average
of the V., and the averaged minimum positive output
voltage (V) ,uin). The obtained V,,, increased from
approximately 17-19 V. In addition, the averaged maximum
of positive output current (/,,,,,) and the averaged positive
output current (/, ,,,) were recorded. The I, ,,, can be cal-
culated in the same manner as V), ,,,. The obtained 7, ,,,, and
I, 4y were found that they increased approximately 2 times
when comparing in the same values with their first spread
NaCl conditions (0 g of NaCl). Therefore, the optimum con-
dition 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
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calculated from the average ol the positive output voltage
fluctuation (POVF) and the negative output voltage fluctua-
tion (NOVF) in the percentage unit, as OVF(%) = (POVF
(%) + NOVF(%))/2. The POVF and NOVF values are
described as:

Vo, max = V. mir
POVF(%) = 100f 22 o | )
P. max
NOVF(%) = 100 I/;i.nm\' B V;x. min (2)
n, max i
where V. and V,,,;, are the averaged negative output

voltage for the maximum and minimum values, respectively.
The calculated OVF factors for all conditions in device 1 were
almost stable at approximately 45%. From the obtained out-
put current waveform (figure 4(c)), we can effectively use
equations (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 (NOIF) -in  the
percentage unit. This achieves by replacing [ into V, and then
the I, e the averaged minimum positive output current
(Ipmin), the averaged maximum negative output - current
(I may) and the averaged minimum negative oufput current
(£, min) are occurred through the equation. The calculated OIF
(~50%) was a little higher than the obtained OVF with the
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 not generated by much if a small
degree of friction existed. Therefore, the produced roughness
texture acted as the key factor to increase the degree of fric-
tion and, hence, improve the TENG performance [[1, 31=33].

4.2. Device 2: the rubbing between the (T)Kapton tape and
(T1)Al plate

The Al plate also was textured in order to increase the tri-
boelectric 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 |
and device 2, in that the second rubbing material of device 2
treated the surface roughness to linear shape. The experiment
of this study was set by the Al plate being 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 (figures 5(b) and (c)).
The summary of figure 5(d) indicated that the highest V), .,
and V), 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 I, 0.
and /I, ., from the condition 5 were higher than the condition
1 of about 2 and 2.5 times, repectively. Of interest, the output
voltage and current waveforms (figures 5(b) and (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 1. The enhancement of
electrical outputs from this device were due to the effect of
additional roughness on the second rubbing material, which
can increase the triboelectric charges after rubbing.

4.3. Device 3: rubbing between the (T)Kapton lape 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. FeCl;
solution has been utilized widely in industry and laboratory
work for a long time. FeCls agent is used mostly in the
laboratory to eliminate copper surfaces in making circuit
diagrams on printing boards, due to its corrosive property.
Furthermore, etching with FeCly 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 correspon-
dence 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 dis-
solved when the etching time reached more than 80s. The
reduction of output voltage and current patterns were seen
clearly after etching for 40s (figures 6(b) and (c)). Even
though a higher density of roughness was obtained during
increase of etching time, over etching might cause simulta-
neous damage to the metal surface. In this case, the property
of metal would be degraded. This implies that the metal
property largely influences on the electrical outputs of TENG,
apart from the roughness on the material surface. When
etching with FeCly and other corrosive agents, etching con-
ditions 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 it showed the largest output waveforms for both
voltage and current. The obtained V), and V.., were
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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), ,...), the
averaged positive output voltage (Vp,avg)s the averaged maximum positive output current (4, nay) and the averaged positive output current
(/.avg) 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.

approximately 50 and 42 V. Moreover, the obtained J,, . and
I, avg Were approximately 1.25 and I 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 ol roughness area by incor-
porating 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 were produced. Thus, the possible assumption for
increasing TENG performance is matching the roughness
texture. To prove this assumption, another TENG device was
designed as shown in device 4.

4.4, Device 4: rubbing between the (T)Kapton iape and (T3)Al
plate

Device 4 is shown schematically in figure 7(a), with its ske-
leton associated with rubbing between the (T)Kapton tape and
(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
(figures 2(b) and (e)). The design in this study was for
increasing the triboelectric charges by matching the rough-
ness 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 untextured Kapton tape
(condition 1), the V), ., and V), .., were approximately 50
and 40 V, respectively. Both values increased by about 15V
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 I, 4, and 1,, 4., increased about 2 times
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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 FeCl; at various
etching times. The insets show the shape of roughness generated on the material surfaces. (b) Output voltage and (¢) output current
waveforms of the TENGs at various etching times from 20 to 80 s. (d) The averaged maximum positive output voltage (V,, ...), the averaged
positive output voltage (V,, ay,), the averaged maximum positive output current (1., and the averaged positive output current (/,, ) 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.

at the condition 5 when comparing with the condition 1
(figure 7(c)). 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 1 and
2. Condition 5 is the optimum condition for this TENG. In
comparison with device 1, 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 1). 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 (~30%) as the com-
parison with other devices. From the result of this study,
matching the roughness texture can increase the area of sur-
face roughness. This also increases the surface charge density
(SCD) of TENG alfter friction [36, 37]. The more the tribo-
electric 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 conclusion of 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 the first 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. Rub-
bing without roughness on the Al plate generated V), ., and
Vip.ave that were about 27 and 19 V, respectively. These values
increased by about 2 times when the roughness texture was
added on the Al plate surface, as seen in device 2 and 3. The
increase by 2 times was also seen for the output current result
(lower side of figure), which I,,, data enhanced from
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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 spreads of
NaCl content. The insets show the shape of roughness generated on the material surfaces. (b) Output voltage and (¢) output current
waveforms of the TENGs with varied amounts of NaCl from 0 to 0.4 g on the Al plate. (d) The averaged maximum positive output voltage
(Vp,max), the averaged positive output voltage (V), .y,), the averaged maximum positive output current (/) and the averaged positive
output current (/,, ,,,,) in each condition (left-hand side figure). The graph on the right-hand side shows the calculated output voltage
fluctuation (OVF) and the caleulated output current fluctuation (OIF) of the TENGs.

~0.5 pA in device 1 to ~1 pA in device 2 and 3. It 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 ym, as shown in
figure 2(b), and equal to the real size of NaCl particles. The
roughness that occurred on the Al plate surfaces in device 2
and 3 (figures 2(c) and (d)) was smaller in size than the
knobby roughness on the Kapton film. The roughness texture
was a mismatch, and the triboelectric charges did not generate
much. When the roughness of the Al plate was changed 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]. Figures 8(b) and (c)
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show the cross-sectional SEM images of device 4 at 50x and
100 magnifications. The size of the Kapton 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 7, have the relationship with the specific
time T:

)

=
dT

(3)

By carefully integrating to equation (3), the amount of electric
charge can be calculated. Hence, the current waveforms
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obtained from the optimum TENGs of each roughness con-
dition (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(a). The
maximum amount of averaged charge (~0.034 uC) was
observed in device 4, which was higher than that device 1 by
about 0.016 ;C. As the TENG having a size of 4 x 3cm?,
the estimated SCD in the ;2C m™? unit is able to calculate by
easily 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 uCm™> was found in device 4. This
value was approximately 192% higher than the first device.
Based on Zi et al [38], the SCD factor is 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 TENG in device 4 was investigated
for real-life applications. In general, the TENG generates the
AC signals of voltage and current. Direct current (DC) inputs
are needed for driving semiconductor devices, e.g., a diode,

photovoltaic cell, LED, etc. An: AC to DC converter is
essential for the TENG. The DBR is a well-known converter,
as shown in inset of figure 9(b). The main part of the circuit
basically consists of four diodes connected in a bridge for-
mation [39]. The TENG device is connected to the Diode
Bridge and load. The working mechanism of the DBR cor-
responds. to the incoming positive and negative AC cycles
from the TENG. After the positive half cycle is applied to the
circuit, the positive output current (red arrow) flows through
diode DI, 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 resistor loads for
investigating the capability of the device. The output power
can be calculated easily by multiplying the DC current pas-
sing through a load by the DC voltage across a load. The
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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 M(2. 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 power
transfer theory [40]. Figure 9(c) shows the charging char-
acteristics of device 4 with three commercial capacitors to
investigate the potential for self-powered system. The TENG
was able to charge a 0.22 pF capacitor to 30V within 10 s,
while 2.2 and 10 uF capacitors were able to store the energy
less than 15 V. This indicates the capability of device 4 to be
applied in the energy storage application. We also used the
TENG in device 4 for driving commercial blue LEDs
(figure 9(d)). The TENG was able to lead five LEDs to
brightness (video S1). This demonstrated the original poten-
tial of the TENG design, which drives other electronic com-
ponents and small electronic devices, as well as charges
portable batteries.

6. Conclusion

In summary, the facile roughness fabrication technique,
which can be used for not 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 corro-
sive agent. In using these techniques, this study could produce
various roughness forms that are linear-, linear-mixing with
dotted-, and triangular-shapes. Herein, the TENG device was
fabricated 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 into four devices 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 times for 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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