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Abstract

Dielectric enad emtimpls nordnrtesl ectronic devices an
syst €mnseqguenhhkey desi gn anmew ematl erpimelng wift h
di el ectrire meoéspgornesaet TMmMper da sesxeanmiantedd Mt fhe reent
appr oaahnehsa ntchdnigel ectri(cipeerespbasievegipgdmpmeites
bl en,diafrgdi hignduorrof i ceadtp p i i s&endo viceol g aond e&r a mi ¢
system.

I'n 1 ight of eco| pagliyxmdr smaspt ari iniatbdg [lartlyy t hos
cel |l lhlaowgezi, ;e ni &df cam@Rieont ol e« kieelrectri c per mit
compositeigympricaadily used to devehap tpaehicbil at
di vergent response nealrntthlei pewecmok att iomanihums
werues ead a ifnisltéeflardgr aphene oxi de wiMehaisnurae meealtlsu
acrbsefadequency and temperature t hmrgesarratviean
met hod htegygpe of nanofibrils matrix on the over
not adbflfedctabsor hdd dwataed ed i nvestftiilgtadeiladul ok e v
nanof MKeeatlognwp gs ivihei ¢ he dc lofeetwaeisrp ur, ¢ @ m feisr nehde itrh at
dielectric response foll ows, thesptlprdongau mcnead o
enhancement of diwiltemtreaspegmitltigitgontent

Anot her d oo loyamenr syst eansh ifebwciguhsgers elnectr i c
densbiyt yyperating at IDighectelecbreakdoewhidby pc
initiated by wharceh ahaeglgersat ed by an external
vol ume of Ther asfysttemdi mg eappd gpreirs t o increas
density and reduce the hmwmtyphongf ebpateosharige
bet ween oppositely charged polymer chains, i s
str enmgtcho.r di mpelly (et/theelry iimmiddeex)tbil aiptpesdo X i mat el y
times higher dielectritchphbisakdewmos$ yimewmert h co
spachasagred absewdbttddue tochamaghepacking density.

Despite comuiarn mn magnt alll ega dh-b alageeadd ucse e @i O s
domi nantt hdegiarp efoui mectprommd Aphgsi cal approach to
maxi mum di el eatraccriespobagsreccchidxepd p init on al func
properties in ferroellencttrhii,cs haanode kri eslt aexnacre VY s ttea
end pios negfsownt he ifni rasntt itfiemmer oel ectri c ceramics
Pla.BNd. o oZ878. Yoz Th. s s Mor eover, enhanced energy
di el ectriwerbdnabielihtegsrei teinda lp @ ochegtser mi ne t he o
of henhanced di el ea@tprriox i3niest af)ivtl @ thyte noaft dt ihes| d
i nducplde point, mi ni mization o&s domai mespaes
mechmand confir memebdyuRamipreieglor esponse .force

The r esul ti st hoebstea i nnoevde | systemsnpooviheecoewel
bet ween adt rewodlnudt i prno panigmat eri al s dceivfefl eorpeerdt v
appcbaswhich is i mportant bot h fduenvdeal mepnint nagl | vy
mat erials for advanced dielectric application






Povzetek

Dielektric¢ni materi al.] so kljucni sestavni d
Sistemesvwnaa¢cgrmat ovanj e in razvoj novih material ov
se vedno i zjamWVo tepgmambBrertaciji so preuceni t
di el ektric¢nega odziva: (i) perkolativni kompo.
kritic¢nostesakriprésmemp i zveden na novem organ
Z zarom na ekolosko trajnost so polimerni m a
celulozi, v zadnjem Casu pridobili vel i ko po:
celuloznih polimerov je za doseganmnjpel gbsokih

kompozitns avjprbilsitzo pn,i p e r kdoi | ed ceikjtdstzld eédgnae r g Vja ¢ &
razi sskoamamest o grafenovkpevXeikisa dai tupmowdga Kka

Di eflieCknter imt ké bi |l evigivedleem fr ekvenemenazipno ntue mj
so pokazédlne,prdgprmaae ter i zbira nvrashtseo rcbeilrua noaz r
pomembnoj onptelvadiesml ektri Bomdr oddghiawparakiu u ms k o

filtirmMdiommoxiiztz cel ul oz nii MMXneanpoov\kli a kseon apmboy al i
necCi stpod adjdta nji hov dielektri cni odziv sl edi
izrazitem narascanju dielektri¢ne konstante z
Drugi pristop na podroc€¢ju polimernih sistemo
energije z delovanjem pri visjih elektrid¢nih
sprozijo prosti naboj i, K i jvi hp rzaupmaernsjteo r erl evk t
mat erZalmesanjem dveh polimerov je preko mo¢n
nasprotno nabiti mi veri gami mogoce povecat.i g

prostih nabojev ter posledi¢noZpesivepati eteekbk
i mida (PHEWi)da s(owlodkl adu zpokardeai pkri atl i Zinoj] &

~

dielektric¢no prebojno trdnost wsErbiommr geatniiahng |

naboijelvddmr al « omM&njzar adi gestigj.se ureditve v
Kl jub okol ju skoadlnjai vois nsoevsg & aswid dnkcear pmie g ¢ ia d u |
svojih izjemnih f nkdikad ali nkph idsacgmpnédaes tdosego
di el ektri tvrkega i&ddzi wkaondcni toCki ,orjsekivh fsdrsaelm
privedel do i zj emsit.no\k uthkjcidinmadrtiahci ji je prvi
kritic¢nih konc¢nih t o€k % antiferoelektricni
Ph N oA 02878 Yoz Tah be@s. V bl i Zi ni teh toc¢k sgtoasthoitlai 0
shranjene nenveercgjig edi el ektri ¢na nastavljivost.
di el ektri ¢ne( prrashd d®In%)vopsrtii temperaturi trojn
el ektri&nimokhotj gmavpe mehadir »pbind @emgrd,l algamos c
potrdile Rayl eisdh&kwej mersi tpeezior |l ektri ¢nim mo

atomsko silo

Dobl jeni rezultawudi vo tebv ksemelgdeedth) st r ukt ur n
evol mat po,i arlaozvvi t i h z rianz Inijd rhionvii nk a rllsdigetpd ot mi
za razvoj novi h materialov za napredne di el e
praktic¢ni ravni .
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.spontaneous polarizati on
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Chapter 1

Int roduction

Dielectric materials, which are used to contr
a key role in modern electronics and electric
high dielectric permittivity and higheelmagtori
scientific and [tdkThreo lmoglieaanl eilsescuasoni ¢ i ndust
with high dielectrddcvanecremetmti evri gy dtoar aghee dev
el ectronics, embeddaddcagalslorers, actuators

Due to their | ightomdatphit e afleeifbiplribtaye,s dli mw ,
composites have at torvaadtee do amsar ed eactatdeerst itohman i no

despite diiheelierctlrowCpeseaquemavagly-bpsbegmeyst ems w
an enhanced di dlaebedesriuc c e sglefveeigp edonsi der i ng

physical and chemical phenomena. One such exa
conductive particlaads edreec tdii&dp aivdash ggd @didtlehcitni vel y
i ncr edaiseelsectri c dpernia taviltagwageneMaxpell dr i zat i c
simul t amnlessausdiojeb e st.r iAcn laolstseersnati ve approach t
energrysidty is operation under higher electric
appropriately matched polymers, which reduces
bl end $yhetremy ¢mkRranmciehgctric [b@8hkdown streng
I n recesnat gyedfrfe@mmtt cedi dadeasdi gmi ng green el ec
a counter méaes greo wti ood periekcitemni ¢ wasifegnmenmar
frienddiggr adabl eccosandelleeawr omec bperaodushisnighped
natur al [nmak6dBi oplossyurcelc sdd ul ose havde ameleneprap a:
aspromilsaammt erfioarl sfl exi b[ &1786dneec t mmtnd lxlse exampl
percol ative biopol ymer mad e by inconmar ating
cell-hhoesd mMaowih che dielectric pleyomiet toir dietry ofif
magnitude egenpladonnet ewt Datti gnoapisengeood el ectri
properties and high aspect r & tfiua ,tehrehralindete o f e
dielectric progerticeas cloIpbtdgHioavemtaene | ack ao f e

scal e aenfdf ecadtve snyentthhoedsi Zpihgesed systtehmsi rl i mi

applicat ipeeglf or mancdg 2é6lJectroni cs

As an altgraphewveocowvrli d@D transition met al C ¢
carbon nitridres grMXponaesd i | | er-basneda madlrli xl. o sTe
syst,emsnerally repreMeKi«uwheedrye tMei §F oamuéear | y
met al , X is Cepmueduwrrf aNc,e T ersnu embthtyadss o xwynhi,t oxyg
or fl,uoamdu nhalv e attracted mu c h attention d
el ectrochemical properties, hy §d 2dpnh ipgarctiitceyu | aa

TiCTx(t he most commonl ¢xhbtdeavdmdhiMKlreeare)el ectri ca
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than s-plrotessed YFJlapdhanestr ongt hiencdrieealseect ri ¢ r esy
due to a | avager eMa x wd lelr f aicd ad x.peodtaed zati on

The recent focus hadeéla¢ sior ibos el cowwneask e owisrsg bl e
enhancing dielectri d@orhe akkreéoqguuni rsé¢ dsednagnehtr gy g e

storage -eif i dii grhcy pojwkp2 ,2ttEP AT i Rloermsy | groups ar
fundamental <chai n c otnepnopneernattsu rpafn groatngymehnidgihng on t
pol ysymemol ecul ar structure, delocalized el ectrons

positive or rBedadodtl(gpy biencihdaerdy epol yi mitdeanparat ir g¢h

ol ymeéeiséh midli &1 @etr mi tatnidv idiomtopposi tely charged ph
herefore, bl endi ng tnlodas e ktpveax kpalegmer s ¢ per mi tti
r Ioslsreattetardactlve electrostatic formay bet ween
ncrease chain pag&e nnguhnebeefrs wlenkampadi ned and accu
pac charges. These charges in weak points gair
pplled electric field and, consequerntlLi2y, i ni ti
hang [el1dtmhansttrhatt gad dhiegpni)/p@ | yvibmMiadedsn wit hstand
gni fhiicgahretrl yel telcgpm i st fnel gainyepbéyi mide. Howeverl
i@gfi mi s enhanced di el ectriyelibereena k chosvers td tgrad regdt. h
Anti ferroel exrme ilknown etr dhadgdhe sbti tditehleeicrt ri ¢ r esp ¢
a phase ,twhdrdhi tiisoml ways accompfami mat bygn at sitgaiert e
by ampleileedct ri c f i eviadr,i aotemopng dabeatati ctpeiessur e.
extremely high diel esbtarsied meo mimii ciswiidteyl,yb BubsZerdO
andudcitddspite toxti ai hiegbgh.s®&RbZFf ©r raoreel eac tgrriocusp o f

i mportant el ectwi o mi cpr matpdii icaplts orserigly Iitg@h age
apacmi cam®t,uat or s, pyroelectric security sensor ¢
ner,anchos®Bheir remarkable functional tpooperties
e el ecitnrdiucp bdseil dcthée mgvi or thenmweé érer ramal ectri c
rroel exc[t3BI2¢ Tsot arteedu c ee ltencdtird tettuii cablé fobhmras e
ansantdomti matepiaperti ehsasambZdf @r raoreelf ¢ @thr i ¢ s
emicall wiimbdidbipad$isTis uNdir, L S8BS8A representative
mp o s Plyibedanp 2 oZ88 o3 Th bs@ ( PNZSTEmonstar areser si bl e
tifertodelreotediectri c phase transi 8.7 bhe sapti tae sust
enti maetteati on bet ween functiondlndpcedgderpthiase a

p
T
0
[

S
a
z
S
0

i
r

ansi tai odret ailed investigationfioél dhandetlt aéei mat U
the phabamsadlirecaennsplt o roemd yet . I n paadrictuilaal, t he
iwitt hihent i fer sgetemt mind its relation to functi
|l ari zation, dianldecenteecygastgapeea biyleitt yt o be t hor ol

TTO T O T TOYQ OO0 T QO
5SSO0 "= I35 OIS D®DTO0

vestigated
n thishtwerfkk appnbd  odheeldimrmgre nhadmddee|l ectric respon

are demonsdéaah eckemphagsyemirshe composite appro
demons usafnlgelxda dfdréa endly composites composed of <ce
conduc tCiTyfei INieextt.hlel endipmdg ymers with oppositely <c¢h
groups as aat tnaetainigrhgod!| ectri c energy density wit he
| osisess howmno(ayshiemg)/peo | yibniiedied snaflfdry t he finrst ti me
antiferroel actprhiysi spaét eamdpurco aemhaowmced response i
proximity of a critical end pointsbgemanspuatedn
i PNZScTer a.mAi ctshorough dielectric i nvepsrtoiwjadtei on of
deeper instghiptr ope oty evolution,fowbitbh the i mpc
fundament al aspediresy etl iopalng novel materi al s with

response.



Chapter 2

Materials with Enhanced Dielec tric
Response

The devel opment of materials with high dielect
scientific aodatl kemgdsmmgharal compaaetosand ylseé w ms

designed to control and st crud sdlaedtiraild al. Shuarh
are highly desirable not onl yoasbrcoagpda crii dmg e
el ectromechanical applicationfregquehcgastanansd

The input electric enrtrgysttrhaiitenl ceaomeribapay ccoi nvwee rnae
is directly prrogpalrtpantal ofdd &b eceotnisitigainglxect r i ¢
permitfi @i tRiE, . Ther ef ddrye i ncreasing the dielect
desired straiwmndaderm gine friecdbuncteddy e |Ae @trroimd nfeind |l c.l
of materials that exfhiiebroeheghripes mi whi ght po

pol arization and strong electromechanical Co
occur naturally, manyontesscbhohegieald gzareobeaadaae
tail ored t hr outglhgicmdnpmisdnt ¢ othralct ur al optimi za
functional properties.

Parts of this chapter wereebrabi naKRIO2MEbET s
12(11): 111102 ,eta,ddhcirro mb.l( QOWIBa & iIGHETLD)4:.

2.1 Ferroelectric Materials

rroesreptesent a distinct subgroup of diel ect
|l ari zation in the absence of an applied el e
und in ferroel ectghiomdetihs at lgee ndeir satl o w hoer theud el @A
| encsei ¢t ireamdfiesm +lLanbhaB-sBeati ons from +3 t
t y pmiecaolvstkri uet ure i FiigldreSpoatadeowms pol ari z
om the displacement exfhiibb@smaygamaln @y mmattr y
sitive or negative ions are displaced from
guires a tdTpbebder onoanemi ¢ spontaneous pol ari z
I
r
r
I
v

® O O O

|l ective alignment of these adjacent dipol e
roelectric materials where spontaneous po
roedtmazitms c while the interfaces separating
[I390] By applying an external electric fiel
er sed: b & @ti ad ormead rnise n t in the direction of
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pol arization saturation and aelcehcatrraigct ebrignegltd ¢ hys
depi cFéedda.e

v A =
e B P
o0

— O

J

T>T. T<Te

FigwrSehematic il lperntawdkiotne ogcuthcecumseéer 2
paraelectric phase (left) and tetragona

(b) ¢

Figwre(a) Schematic illustration of a
mat eri al s. r &peetshead tibriintei al p o wahid =zhaltu e ns
i ndi adeahteesr ecoverabl dersiet{(py Stepmesieat E
dielectricapeamfutimcireymsoihg (red 1 ine)
el ect riinc ffeirerlodeT heec Waiagt@wmpd e f§ 4L 1 om

The dielectric response consinsstisc offnonht neas)
contributions. Theifierrioedecsednbtoimet ded or mat i
under applied subswitching electriix d3eddisat ewhi
with t he fmatniteen € lapchaass,e boamd ad o ma| A4402WwRA | s
schematic di agr amplodc ttrhiadg)pfoll eard zfaacri oan f erroel ect

i s shbiwwggarlkpon initial exposurie tfo edrd,apgplei @bl &AC |
begins t &Asi tntereadectric field increases further,
the direction of the fsiaetludr,atWiwendi hbet el pot airc z &
removed, the polaridatei bo fascwiktackhei bnags koifg hdtolnyai n s
a certain amount of pol arization remains. Thi s
remanent p@harlizat henelectric field is subseque
direction, t hé npoltar idzeactriecans ebeagnd eventually c¢hea
transition mar ksswtihe hinaign edemain and the electri
pol arization is reduced to zero is termed the co
in médegatiirveectd on, the polarization again approac
direction), araemmdamsemt | mallar,i zati on r ena3i9ns wupon r
Once ftelme o eplheacster iics ful €y, ipdueéd most domai n waé

into alignment andhebebymenagtiinmedigiependeanrtge, f
contribaoathieordi pee e ot t[t 451 t At the same ti me, the a
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hardens the soft ,wihao ntome uplayddhdsd fvea r ¢crheed wd e L nt h e
intrinsic | at[tdiéc]®op br mietcthiaweisttydse Ida rsen weelrlr oel e
andrreesponsi bl e 1arnetllketdecr @&seni ttivity with
( sEegad)e.

Mo s t f eiramae lee ¢ tal s undergo a structural p he
temperature ferroeleempéecatphrassepdroaed ebtghc |
transition tdmpkeat ur ef, plelhoaw g WWdviestsyulr a we:

£

i . (1)

whefEes the Curid censhanCuand temperature, i

which the phase [t39@uwrsiing obhhioxcuransition, f e
gradually vanish as the wunalt tcoela sc utbriaenrssftboyrunt ti
redut hsaygsksskemee energy. I n this transitional re
susceptible to external influences, and ferroece
and el ectr omec haonwecvaelr , rceashpiosrpdssssvedr H oe xi st ence
typically exists within a inarwhiwe it eilfrga eg einreormzel |

room tempeFay Gar,ep 405 ¢ e

1 kHz
10 kHz
100 kHz

Temperature

FigwreSchematic temperature dependdihaea
spont aneous (3pd loa@aadf z-o 6 idemd aske)comder phas

in ferroelectrics, and (cwag etlakieo®9 Ffream
I n general, free energy is a thermodynamic
system to perform work underbeplmtcierinal cemeirtgiy
entrbpyferroel ecurancdsa u ae x@ antizébiaworigr ee (Bmer gy d
often used to desscreinbeer ghyo w htahneg esgycsiticetnth zap é mtna m
a phase fda@hsition

o , 1. i .

= — — VY — 2
e@.M)=5Y3 + %3+ Y3 L E3 2

where pol(®iiszdthieorr de&r, ¥%,p aadaaree etremigepandrea t
coeffi ciEermthe, exnder na.l el ectric field
Figdsbdowbkfer ee energy density aswacadbéheriean
temperature mi angesforfddidener gy correspond to s

pol ari zation states. Depending onpalhar iszhaatpieo r
behavior, two types of phase -adnrdeendi tstecrdss dc an
phase transotdemspha@aséitrsansition is character

in polarization at the€d&gdane iDiuira m gt esnupcehr aat utr re
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|l atent heatiitsiexdbhbabhphdd whbe system transfor ms

phase with higher enthalpy, and released upon c
enthal py phase. l-nr dceorn tc(roamg ti nu@auspecpPphdse transit
gradual, continuous decrease of pol aFigatéon to
3b) , and no | ateead. heatboshioavses, the dielectri
sharp increase near t he phase transition tempe
fluct Jatlilons
a T>T1: b
() FA T>Tc () FA T>Tc

T=Tg T=Tc

N

T<Th \  T<Te

>

P P

R +R

R +R

Fi gdreFree energy density acsrasbtuneéetper
randges a ferroel ecdnrdardwigsbcomadlen phas
Figures werledQ@Qlaken from

By appl yxitnegr naanl ee Ibedtthrd cndtiwerled,and temperatur e
transiini bar r ¢ alnenddatii,fcisieadfei.-os der phase transition
c hanigtreads e com dloerr eas@m er ctrriatniscidt8i]ohe critical el ect
and the temperature of t-daedcseedpdephbseweeanshe
define the critical poi-otderrutrtt hps@pir @me ptbs nth e
i ngular point that t efomidreat epsh atstkee tilriames i ¢ ohbhe
eferretletorasi cadowendwipiodmta supercridbtal beha
nm heupercritical regi me, the dielectri-c permitt
riticaar aodowhtiel tehe cr i t ibcoatlh epnrdd ppeceitmgte,s | eadi ng
0 an anomal ous enhancement of functional prop
l ectrocal oric response, as W&ah0l Havee vielre dner gy
erroelectric materials, only a |limited portion
ignificant | osses associated with polThari zati on
l ue shadEdg @areegpriesent s t he gtecrdacgnes@®hblye ener gy

i cthefiibryed he €§a@a&ti on

& = 3

T
<
(N}

wheEés amel ied elzecisi ¢ hiei enlack,iy mum pgoilsartitzemt i on,
remanent p©I| arsi ztaetmpoenr.a t ubroett Hilreapxei nnduenmit + e manent
pol aridedrieoanse with incarmasivagi s mper-aohwer ef er r oe
paraelectric phase it)ydhsepbaonappmpambh@gifnge (
hyst droebspicsomrecgr eslisii mveagddy c o mpd ritledhiyesr e transitioni
i naloi near (paraelect[b8) dielectric response
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Fi gbbashowbhe influence of various biaso el ect
paraelectric phasieumr BrasTan@ioteh iinncr easing el e
t hter anstieempoenrraitsaense, t he phase transi toiradteatr ans
supercriti-oatneartTohfee t h e ti famdciloteirfoinr med bof t he r
|l atenduhitehg -ifmneébded temturbpibcaval transition. Fur
hi ghelsdctdriiec per mirtebit @i ngpdvalkaesthe critical
from the el empgeriaat drieelphas &i dgidajgd&8m shown in

(@) 5000 (b)
0 kV/em 4kV/em 10 kV/em 16 kV/em 04 . 04t
First order First order Near critical | Supercritical 20F 03 1~ 1503
—~ 1 =
3 022 =02
6000 o 16 W& 1 g,
° L . —o- -

0.0 ! 0.0
380 400 420 440 1 0 4 8 121620

T (K) b E (kV/cm)

- 3 [

“ 4000 i : %

2000 e J ferroelectric paraelectric
J J J 4r  phase phase

0360 200 360 400 360 400 360 400 07360 390 420 450 480

T (K) T (K)

E (kV/cm)
o

Fi gbr(alfemper ature dependence of aBhdidir
crysatnaler various biibas Eedleeagtermpce rféitedtdd s pt
BaTi Ohesolliidne represerndtiggsihdlue et éétrrsitda
bet weefnertrhoeel ectri cplaamsieesp,ani acetd € ogietnigdo adn
W 412 KEandH0 &W.The isis@uwhse temperature
dpendeordcd he | &t g weetbeelae n[ 4.8 p m

Di el ectr i @)itsurdaeltihneettlyada $ viedichlaemgter i ¢ per mi t ti

an applied electric field:

:_ (0. f(E)

=————"P10%, 4

n ) (4)
wherf@®ani@(E)artehe di el ectireasz ep e & mip teil iecdditta H,
respec[thidvielfyer r geldea cetlreicctsriicr etamsirgastb i il m¢yeasi ng ¢

fieldbe applied field drives the mathemriedbly t o
reducidigeltehcet ri ¢ Barsniototnitviiutny SiTiafdaite dmBa of t
mo st extensively studied ferroelectric mater.

Ba/ Sr rati o, its Curie temperature can be shi
dielectric | onsgs etsunaarbd | a gtyi minzdié¢i g oo eelowdi alse
evolutdioaml eocft ri c permittivity underFiagnb applie
shows the diel a@dtfrfiBaSatiu goadmp o sdayt iodrosn t emper at
The highest dielectric tunabil i tySe¢(:a@phriocxki mat

film under a DC dmas5{field of 5.5 kV

Ferroel ectric matrearnigael so fi nccol mupdoeu nag swti witereadm p e
oxides such as baegifbbjpl]teaanat e BadidO PpoTiaB® s i
ni obates ( KNbOoXxiildeesniwiet hstrucd ur ¢esingesten, brioNI
Aurivillius phases, as wel | as relaxor ferroe
and polymer ferro@liengtiriideeshePWVOR)oaan@goli y¥s copoc
[ 5]
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(a)

1700

1500 (b)

1300 Bay ;Srg3TiO
BaggSrg4TiO

1100

n
o

N
o

Permittivity
o

©
=1
(=]
—y
o

Tunability, %

—0—0—0—0—0—[3 7 |BaysSrsTi0
G—0—C0—C0—0—C—C0—0— | Bag,SryeTiO

500 T 0
-600 -400 -200 0 200 400 600 0.4 0.5 0.6 0.7

DC Bias Field, Vimm

700

o

Barium Content, 1-x

Fi g r(ea) Dielectric permittivity as a
tunaboBa3fyi® hi ck EDIuhs6 ) xmeasured at ro
were taleéb]from

To enhance the fobthisBamiad gV e pimmipdwhakies

been devel oped,ianndd w ¢nevmmisd d |g anmtadddti ddiagdd] tbi@ojne
preparodt isoon i dnesgoth @it momphotropic pHaee]i beundary
fabriodaticompeédijheppl i cati on of external and inte
[ 6,2 ]atnhde ex pb@irti atificAdol ] t vy

ead zircof(Pabt(gZif iQPZliag eone of the most widely wu
ferroelectric and. pitzioel bgtmhersmaebeand szirconi
titanium oxi des, resulting itnhMP Bf eiaresqleedtarli ¢ s
compositional region where two or more distinct
symmetries and near |y Aletquahle HiMPeBerbetmgegy gire b et avexins
pol arization directaildowi mgc ®eraesd evemrytlaawon of p
under appliednde eclttriimcg fiimlamhanced dielectric pt
permittivity and pieadjsk ¢ oafhn/t hiecroatfifo ciiemnPAT, Btyh
with coexisting tetragonalatamn@. f @&&4mbohedr al phas
Sodium bi sm{NalBiTsi Damant ¢ he owihckel Wantdydiiesd as a
free alternative to PZT for environmentiatlsl y fri
piezoelectric response remains moderate compared

2.1.1 Relaxor ferroelectrics

Rel axoerroebdeet freguently synthesized by doping

materi al wi t h s. UTihtea bd ter vicmpuurailt i kesh @aeil erct roif c sr, el
commonly referred to asphadaxoomsgdisders reards ersv e dh ei
ferroelectrics but extendsrawgroagmoch bebarder st
typically compositionally diysocar dernedd np edri osvt stk ibtud s

di fferent cations occupying the same crystallog
namad zed pol ar regions within a nonpolar matri x,
range. Consequently, -nmage rfaemrsi @ eloectirnitco sat altcen go
temperature in the absence of anrheexbtreoranda|lp eealke cotf

dielectricepbrimibobouvuntygd freqaedcyhidispert i ohni gt
temperatures with(iseEegda®ehgxbreqdenaypyty foll ow t
Wei sst heamwdfhoekwye eahiadir op of pol ar it hié mper aobuzer o .
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ofmaxi mum dpet mcttilmisttypaod,art zeati on gradually
i ncreasing amempertatinrse finite values ttoher at hei
persi spehae oAphB8kgi ons

At high temperatur es 3uErleoloapx,orcsh aerxahcitbeirti sa i <l
state with dynami(Ccs @eod @rfRonandrzeagiiooms conti nue
gradualilnyc rwdedtis@ ontgr,a ¢ f het @ i s no nclr eshyasxt®eamsur a t
Once the fieldpiod arema@snaded gunithoesiatnodom or,i ent at i
resul tai nsgmail n reman eHhawepvorldeerri waa ts winf.i ci entl y s
fielhder godi c state can undergeon adueeeér Eebt eel

phaseaesulting i n an seirbgl oeduireerl raaxaopr ewit tr h ca crr eovsesro
temper,@otruruedder prol onged field exposur e, t hi s
and the material enters a nonergodic state, d
[ 5635 ]
(a) P (b) P
PR\_,_.{PS

FigumPe!l ar iuglagdtorni ¢ field hysteresis in
systTehme. f i gaud aep ftweadbB. 3 ]

Rekars are «khehwng hf cesnteargayge ebdémparedcyo ty
ferroelectriasl BuEhheystelxdedsiesb | ow remanent po
andl ow coer,cirvees uflitelndg in | ow energy dissipat:i

el e

p
I

storage (denag3tgy Mor eoverc,awi ¢haxamsl highés
|l eadi ng maxigmpeoataerri zati onentwdcdedrs further

A representative example is PdaZdopmged ami th,
| ant hanum. Jan®PeEBR®BNnsLare r andomlhisditesdtsrti lbaut e d
perovskite iuwmist occeclulpy Q@ he fawceé i£Zemg earse rwand e
| ocactneHBsi t eAs a resul t, PLZT exhi badmsashhs gh ¢
broad temperature range.

Modi fication of | e@b8( Mdlgpre@fPMUN wietabdatte t anat
(PbTi®T) resultstrandirtgimard edlaxor to nor mal fer
at a «roimpiosaltOi.oBnh ke sol i dPMM) BPT) olnhe system wi
X<0.33 remains a cl|l assidualedr dleaxorel erftbrdijJcat fria
Alt hough the dielectric radtstpeonklRB,i swhiltolheeasgp an
rhombohedr al and tetr atglbpenadi dlea atoreilkeca cghaeesmi tpthia
higher val wedisddndeaedt bei fi ¢alg Ba)e.d gBwsendaiwises e e
el ectryf emgdgdredtdur e phase dpiTagsryasm efno rn etalre tFMN M
0. 2,9m)i ctate nlgocati on of the aecicescablelnédl poit ni
k Vem'*[ 4.9 ]
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(a) okvem™ [05kvem™ [1.2kvem™ |2.0kvem™ [4.0kvem™ (b) L PMN-PTx =02 o
100,000 -PT x = 0.295 :
First First i Near Supercritical | Supercritical
order order critical 6
80,000 :
L N o)
= Critical
. T .
60,000 | 3 ! §4T end polnt 0
T . : z | 6
40,000 | - H w
2 kel
Ferroelectric, .0
20,000 /\ - tetragonal Cubic
O -
1 1 1 1 1 1 1
400 420 400 420 400 420 400 420 400 420 440 390 394 398 402

T(K) TK)

FigB(alemper ature dependence afeatshuatedud at
PT system wiumder =v &r.i20wbs HibBkeet auicemp €1
phase di adRMMPTosystem wi tRhedx c3 r@.| 2%dbr.d

f ergmterli ¢ phase whtiearhnsiiantai toenrsiemigo a&tE  =1. & \
cn', p@n <circles above the <critical emwmd
anomalies that gradually di sappearPhaatshee

corresponidei elkdofpihgamreedssea k en|[ .8 p m

Furthermore, an exceptionally high dielectric t
di sper si on ,awad blsyantearde stihse cr i t PbAd/Nbe)np@y point of
9%PT cerbBmhosaghAtnigee noppeer(dabti wamuc h hi gher than ro
temper,atnhesmudnfst hant operation in the proximity o
a promi si nfgora peprrotmecchif ngcti onal plréopler ti es of r el

2.2 Antiferroelectric M aterials

Antiferroelectric materi al s ar e a subgroup of

pol arization in which adjacent dipoles are arran
the material ¢btapieczpolbamazabison in the absence o
However, an externally applied electric field o

transition to a ferroelectric phase with a pola
moment siltd @&@amon macroscofdi4eliyad If artihzast itornansi ti ol
reversibl e, t he mat emitdlf ey wibtacslreedvhlieanc k hteo etlheec t r |
i's rewalces the critical el ectric fi-ehducdde rev
phase t rraenssuiltaisbnu ml e hysteclkali actldoroigsetripar i nt of
anti f er r(oseElegd@rrei c s

I n anti f & AfFd@glteatirgliesl,oapheexhi bits a distinctly
than in feEFEpematceAnni alosw el ectric fields, the ma

net pol ari tatitdhe awmti parall el alignment of adjac
antiferr aslfecEdgdRe pWhieea el ectric fithdeehkalededs a
(E ), t he system unidnedrugcoeeds pah afsieeltdr ansi ti on to a
with ali gned di porlpesi,ncrreesauslet iAfng mpitofinear esahaae i on. t he
el ectric field | =aatdwsr, att @ iompioll aarr i z ad btoheerivie d havi or
ferr oadadcetrriiad s . Upon reducing the electric fiel

t he fieldwdro:ps'tthtreehsbﬁo;ld), t he materi al reverts
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antiferroelectric dtextre,asreed wnl tpion@riirread i omar pA

is subsequently applied in the oppbstcak Ohr es
mate al agai ntuwandeirgioes @o the ferroelectric s
in the opposite direction. As the field is red
state, completing the characteristic doubl e h
(a) P b) .y
E

Fi g@r e( a) il lustratiomndfi faryp
The blue shaded area correstpomage( W\cthheer
represemftathendi el ecas if wnpéerimictrteifvsii tnyg
decreasing (gredm lainnd)f eelrledoet! réicctg nfiri eesl dat.

Schemati c

FE-to-AFE transition (IV)
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Figume Schematic
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pol ar.
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afhentiaguoae

NS
X
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DL

Virgin AFE

change

trans(titthyg | ari zati on
reversal
induced

AFE (1)

f,r(olm htehed v iurc @ dnE A AE
rati dymkebkypFEBE hee
,F eadnvth PAnFgE tshtea tfei eMdid h

satu

i | | ustayaclieo no foif iz ldghliee aftlir
@ hadmi i

wals7.lhldapt ed
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Thdoubl e hystelrewirsemamentanmglol ari zation provi d:¢
and synguEtreisponse, all owiop@rftorona olfarndier stor ed
released during discharge. This makes -antiferro
ef fici ensctygeeanep mlyTbaet bbme. shaded area in Figure
recoverabl e Bdoeegedgnsitrpyngl y3deapnein d evinte r ®n
Eis |imited by the dielectric breakdown strengt!t
(E-  ,E ) and switchiBgEhyst &resi.s Thus, a
good antiferroelectricEma_telii_aI,33h,oudsd weolsls eas
l oy, to ensure a large recdqeser@BflgeA eniealgly st or ag
al so deoi raacbhlieeve high ef fi ci ediiceyl.ecNeaddl ebsrse atkod o
strength is necessary to guarantee u@E hphgehseappl i e
trangfiSt2ijon

Fi gubreex h%arn ti ntcnedbel ectric permittivity with i
to a critical vahdekFBEtEpwaseht nahsietidon occur s.
transition, the dielectric response resembles th
decreasing due to the reduced domai p44d5]nami c and

I n order for switching between phases to occur,
ferroelectric states need to be -isndnicded .p hlahsee p
transition is oftenapensl!l darle @234 btelr dort,ddAdinmd o f
mechafhi3@dlopeafti &amstif er rsauueclheeagsaitcheee el ectrocal or i
[ Wp74dn i ncuone &decttrtiicviptey mii t h i ndr7e3@Qihnghel ectri
strain [r&s]hogheener gy] s2landgeedanmnsiviey]tilapaei t ance
the appli@aatbibfed egrtammifgcess f-pomepubkap&Z]iBtGnmls
capacitors for [ 88]Jelre cetlreocmercohrpi8ciistcaa p aaccittuoart ommesmo r
cel[B®G] voltage signadt atmep | ¢ &, lpaansd d4noo rseo. | i d

In antiferroelectrich; ushdieedi ned( as:

i B A0, o -

i ()

wheile(E)is the maxi mum dielectric permittivity of
NO)is the dielectric permittivity at zé&yo electri
di ffers from the conventional e(gsueact(dfoerfeor tunab
i (E) andj(0) are switched, which satisfies the col
permittivity increases with electric field and g
Thanti fersoeluecturiec i s oft etny pfeo umxdi diens . p elrno vtseri r

=5}

structumege twer eypes of AFEsio) oandotrdtombdd aen aAIF EAT
( ARE. Due to their ditfeape ndet penngosleandset rt o catnwsri e s ,0 n ¢
of the two AFEs faB&]Wiutiht ei ndcirfefaesrienngtu ¢ weanipley at ur e
experiences a phase switdhi PE7f B&HBOAKE ttha ofulg hand
a phase transition from FE to AFE anpg8®hea]to PE
The most common approach to investigate the f
anti f er rsoterluecctturriec and i ts propertiesical chemic

antiferrosluedtt mnisc $(Rady) 23, r]coh avte@ g Nb)POalt]and
sodi um (Niadt)aDt9%e2 ]

AgNBbiOarenvironmentally frmatnariyalantth dtereaxrleil lkeictty i
high dielectric permittivity, making it suitabl e
is expensive and can be volatile during sinteri
i mbal ance or t he fwhimahi € mplk i cdetfeesct s o0cessi ng
reprodulc9. D]iTloi teynhance iIAigNbPesr fodrt emaan cdeo,ped wi th el
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such asTama, wkarelhe menltmoldd AgRBOer amiceayvemablee
energy densi'tlyasocfbele® alchcineved over a wide te
2.6 times higheAgNH@Rg8bat ngf:ApNbhONdId and Ta fu

stabil iameas f ehe@dhalsect rtihcer eby i ncreasing both
requi rteldeifédrduced phase transition and the di
Further mor e, a recoverabl e’ édaer ghyeede nrseiptoyr t e

Ag Na Tia N @at an appliedcliaelviaal aife T onplayY abl e |
| eladsed clexlalmi cs

NaNbDa pr omi sfirnege laelatder nat i ve; hpwerxeel edttr i
properties duei bREE AFEa S ¢ efive. 4 JNseinteitoenss, a r eve
phase tramsi acoeari zed by a doubl e pol ari zat|
successfully atblaisededyisnh efas NBaODZshO&3d NHMNBDO
Sr S ®.6 ]

Therefore, the number of known antiferroel e
in whiogREApPpEase transition can be reversibly
Al t houghsb®d&@d Omaterials xhansi beky mbudeed th
antiferroelectrics, the origin of antiferroel
the functionality of antiferroelectrics and t
could enabl e alrcer esd,i |ds peowirdlyl yexipn compari son
uni que and attractive properties ofdianteicfterirco
permittivity with increasing electrizbafsieal d,
mat esr.i allhe underlying reason for this strong f
be rel ated t o t he proximity of a triple po
antiferroelectr(iPchhasdspthén@€ ec28F i c

Various strategies have been employed to tai
antiferroelectric materials to endataincel yt hleo w
dielectric breakdowhastdeongthormomtbi BRbAFE@ cer
down before a critical switching field can be
modi fied, typSr,alTiy,obaynldadNlbe@gceitth cal fi el d a
t hepirrope[rad]Asnong t he most pr oasbianseendt snyosdtiefmse dk n
to exhibit a reversible phase ({Rbnsa)( dmn, S, T
(PLZST) and ( Pbs(NPNZSZ9)4]Sn, Ti ) O

PNZST i s zha®ddtriOf erroel awct hi cubstamiuced 2zir

sitesSnwi tTh ,. &S hBmces i ncommensurate modul at i
antiferpbabkecandci nopFEaswesttchB8ahFErlse abii |l i zes
the ferroelectric phase, increasgBEIi sasdiuceldi po
fiegprA@., 8AMt] the s@aet $si me,a Ndbonor, reducingg oXxyg
|l eakage currents and dielfectroied teatlbislsietsy), atnhde
reduci ngyFfREheswWAREK HNBOOg field

Further more, modi fying the chleeai pabhseompass
t emper at urfersactei.ogn ,i NTIiPNZ$HE | torwaenmsi tt ihgn8AMH&EmMp er
On the other hand, i ncreiamsg nghe hleatpriecsur et 4 lo

order and pugFhEsortysEFEEAREBNnsiIi ti on to [hliQh]er t
Moreover, applying a DC el ect rnjiP&E fpihalsdke danm atnise
temper atur e andjAiFEc rpehaases ttrlnaehnsFEBEi as t empet act
stabilizes the ferroelectric st dt8ed.,dOBiemeg by ,h
both phase boehdat eemp eepihttaiesree di agram are t il
each other and tsrhigpadlieht nifeth @Rt a@and PE phases ¢
exi stence of aa PINNZaSpH ief @rorn mé¢ | et ri ¢ ceramics,
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ferroedleasgar) CFEetragonal anti frerr aelde cptarriace | plca s
mul ticedHasab@RE) st, was @&ldenttniifd rpde aphidausr leee

di agram sFiogwhrlpi98 ] The di agram was constructed b
t emp e rdaetpuerned e nt dielectric permittivity measuren
study focused on tdardeltsctcorcrad¢loatiicorftfectthe tri

investigation into the nature of the phase trans:t

still Mossowngr , identifying a critical poi nt or

enhanced puopei bnas, as demonstrated in ferroele
4

—o— FE,=AFE,
—o— AFE,=PE

[F8]

1

1
|
I
1
\

E (kVmm™")
r2

o
T

0 L | I I I
300 320 340 360 380 400 420
T(K)

Fi gudrles ofeileelcd nt e mp e ephldausgee dficargrRMZ ST an
ceramieveal s theatprn od en e i oft around *"3BID
shadowed area mar ks the estimated el ect
around t he Tthrei pffweguprdciake 28 F r om

2.3 Composite s

Anot her commonly wused method to enhance the di

approach, in which conductive particles are di :
effectively increase the dielectric peéercmittivit:
particles in a composite act as additional di pol
contributing to the total polarization of t he ¢
dielectric permittivity. Howevercgondtec tcioma rfiiblulté
is used.

The effect in which electric charge accumul at e
with didfifedreerntri ¢ permittivity and eleatrical C O
Wagner interfacial pol ari zation. |t occurs in e
il lustFiag@&eirn a spheri camapairxichdewi ahi axternal
field. Chargpbhewetmigrahne to the i stdrafwmacaendaccor
attract opposite charges froem stpeheessmurfraciendibyg
increasing the number of particles, their over al
contribution is heavily amplified when conduct i
permittivity of the coi mstiheonyheas ftohd omsmiper co
particl es, i e. , the filler volume rati o, i ncr ea
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+ 4 aF
— +_
-+ . ok —
+ _
+ +—|—_
T+
FiguaRPeSchematic il | wtgrnetri o mt cefr f Macx vad | Ip

parti claemawirtilrxi nunderl eacnt reixct efrinealld e( | ef t )
(riohbamaope bl ue regions represent condu
respettively

The theory of percolation in general explain
magniitsadetrongly modified due to smalldlPmer osc
such process is the anomaliossul e bayvicoanpodd ¢ r6

percol ativéeigdBeponsiareds ,heir percochaiisochthaneslke
by an abrupt discontinuity in thlel2&Mhepart o
theory further predicts that the dielectric

conductive filler embedded in a dieledtric m
wher e t hemdtnasliul tart @ms[i @.2 JoThh eo cfcauats t hat the eff
permittivity of the mixture is much | arger th
camé ntuitiveltyhmuoadgdnisnipdoed geomenearcaheapeprcath
threshol d, nume r pairst icolnedsucarie i sol ated only by
An excellent revi ew of a system composed o

dielectric regionsyeEifs ogi aeand [ISDiIR]] 0@ sEBdpevm t hat
static doesttantidi verges atuatthéda hpefrwoomduaited o no ft

met al | i ¢F)wheari eo ntsh et anetsalll at mansi ti on occur s, [
el ectri cal (i)uonnddeurcgtoievsi tay t ransi tion from
. F.F-
=1 = 6
F (6)
which is valid bel owftimdga opercol ation threshol
. Ff. F
[ =1 R (7)
F
which holfi>sf . ir maemidf omare conductivities loifcthe ¢
phases, respeaatnickvaerley , c rwhtiilcea l exponents that
conductivity of the composite materi allhebel ow
t heoretical dependence of the eff ercdiisvtei neg eccft
randomly distributed metallic FagaddiAe |Isentotortihc
transition between the @eadhm@)ioocrcsurde swirtihbend ab:
i nt ermevaarl t he percolation threshol d.
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0
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(@)
o
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vol% p

FigaBeTheoretical dependence of (i)dhre telid
fraction of ¢t afk | iac sryesgieannswi t h randoi
dielectriB1rBgi ond A( smooth transition
describe@®@(byabBge | i(Hépl avrdl Ege) occur s,
near the percdgfl)ati on threshol d

The composite approach, in which conductive |
insulating dielectrhae berehesuocekestful tymaenl kzel
and inorganic systems.

2.3.1 Ceramic composites

A divergent evolution of the dicelraamt rciNBageé Omi tt i
composite, in which conductive nickslt hpar tai cl es
ferroel egmaiteci BaTiT@e first percol ative capacito
ex hi lming>tdr aor di nar icl gp tii tgthi_ w8ideyodOt)r,i whi ch was n
i ndependent of boéeimp d rmaelqubéar d wcarmposi t e approach
effectively increases dilalrget rifdaxgueednr mi ntevfiagi a
pol ari zatsonboosts ¢iagh g £fjt).rAicc olrie s&ghamer s

Kronig relations, t he recadngtaant ofi tédre, chimpll ext dii
1), and t he i maginary part of Mihe ncoemas ex di
simultaneousl vy, ultimately inflating the dielect

2311 Al -ceramic percolative composites

An i demeéhawiher obsed-verdaminc adercol ative composite
conducting and insulating grains. The constitue
chemical r eatch édmms nhyectmipepdrnat ur e si rdtiertirngp.utA ounni f
of the conductitvet Ha | fl @err delreatgrifoitR ugagmrd x i n th
KoNaNb@RuUO( KNUIRUEY composite sysfFemqdrdée d nshhowrm i n

systems, the dielectrbiyt wpeomidertrisviobfe atmhasgenri e ausdeed
percol ation thwietholed PZdm@maarde KNN cer atiecs. The

di el ectirtitd vpdrymwi th increasing conductive conte
Fi gafgel,06.7]
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(b)

10pm

Figudhe Mi croetr od tuf BRuOsPsZoTmposi t e wi t BRuDsE
and (bMuKOBNmMposite with ,215Livgohlt% aofe aRuC
conductive grains in the grey ferroel ec
structur ea.) Ringur(edyg WEL GANHAKWEF efsipemt i ve

(8) 50000— . . — (b) s000
10000k 10000
5000
o 5000 )]
1000
1000 .
500 1 1 1 1 1 300 1 1 1 1 1
0.00 0.05 0.10 0.15 p, 0.20 0.00 0.05 010 0.15 0.20
vol. conc. PBRU,O; - vol. conc. RuQ

Figube Evol ution of the dielwédthriicncp eram
content WpbhRU@)anPZ T( b)RuKNOmMposi t es. Figu
taken[ilidl07Fespectivel y.

KNN wlaesvel oped in an effort to minimize | ead
replace PZT. -bAalsteldo unpht elrée aad s hasegnhbds chat!l gxh
dielectric response, selecting grains with a
conductiivinctrye aasmimrogt ntt he f ¢ o n dcuacnt invien ipnair& a ctl heiss
a result, the dielectric peommi compiarRibyel € eg e
15 confirming that the composite approach i s
friendfyeel maderials for various applications

2.3.2 Polymer percolative composites

The devedfipgheet petrmi ¢t i vity materials is part.
of el ectroactive materials. ,tDue i agqqoemntecdf ormé
energy that can be converted into strain ener
pemittivity

1, .- 1.
ErIrIE Equ (8
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Ther eif oc mretalse ndi el ect ralcl opheser nd & gii tvebce y s tnrdauicre d
undasi gni friecdanccddy el ectric field. Here is an exa
pol ymEelrsectroacti ve pol ymer s basterdi fdruopoeyhbyli agt
copol ymerT,r FFE()V,Bblaiviei t ed a giant el ectrestrictive
energy irradiation, which is two orders of magni
piezoe[ @06Byritctser mor e, i t hsausb skt emehre icshlr covert rtilcati on
al so be achieved by f li mcroa ep@hRd&E)d mags (cah | tolmior d bul
monomer to fTarREFFE)V DOFer prodtymenr st hamrradyyabhgononn
This modification transf o imk et bBgesctaguisderyimalr si nt o
typically exhibit relativeblyyl biwgthi ekeetnat pkem

are required to induce this otherwise giant el e
el ectri 80 fMWIiwhseftded to ithhduekeeassd shlrrahEh i n P( VI
CTFE) ter pollOyonteavee v er , di spersing conductive pol

i nto thelrPEWFER terpaolcy mehtiesd ect ri ¢ bpewmi tti vity
orders of nmagnitthedeper coR®tviod 86 tcliPAdBdd dibe (

[ 11 01]Embeddi ng c¢cPANI partisclges f ¢ ecuasdtegrs éemuadihn e n a
| ower externsgl8]electric field

6000 ————T——— T T

5000 I v=1kHz

 p.=25.9%
4000 P °

w 3000

2000

1000

0.00 0.05 0.10 015 0.20 0.25 0.30
vol% cPANI

Fi gume Evol utidirel efcttheat@dé&Hmioor P AWPI(tWBTH F
CTFE) compasi tae famANIl owmolodme dbec éwduadd
frdqmiO0)]

2321 Cellulose composites

Bi opol ymers such as cellul ose have been proposed
el ectronics due to theiflFowBgtoiste amadodi odlelgu lada
converted into i 3ugnnviwdiudael annadn osfeivberrialls mg cr ons i n

a high as[pkkZlarhhtglo el astic|[ mb3jahds a(1®8 GRa&)Y me
expansi vity)[ocdmpapme& t o ot her polymers. Cell ul
are isolated from wood pulp either by physical 0
involves applying high shear forcesptessumpeapar:t
homogemilzerass,oni ¢ homogeni zer s madgil ingddrhs,s amet iod
very emarsgymi ng. Therefore, e Azyemaa tmecnt er amd c ht ahn
introduction of charged groups, e. g.-, througl
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ramet hjd-yp) peyl dinBEMBROERd oxi dation, are com
ni ficantly reduce energy consumpti on. Fur
ults in a high density of carboxyl ate gro
blhiomg genievmuar sdi on in composites and furth
pelrifilda§S[i nce the high dielectric permittiyv
l'ications, the main stratesgéyad ead trhaet draibali <

anced dielectric perf or maandcdei tfiovceuss essu cohn aisn
ot ubes amasgd apdhrecaeheet shi glhues peoc itfhied rs wrlfta

ell ent el e[cy8]i cal properties

th tde mewsi o-hakessdeeucture with covalent]
ing various functional groups on the edge:
el l ent dippleymdarbiid | nk8 Hiowes ee, faAbridati on
ctronic devices, i tcsa ulsoevd eblye ctthrei chailg hc odnednusc
ctional groups attabysdd utcd ua a¢ ardledre cplsa mwe t
] mits its eoppelriccoantei Itihtiys. | Hfamintca ti igon @ lp ihaerergo n i
dle®@] reduaplenjel Hb®Bji dleemlsed as a filler for t
hif I exi bl eéoaceldl Ulidames, which substantially i
n at | ow fidllaerrg ec ofidaxgwnetlriduet eof aci al pol ari
or por at iHnugn ca mrognredl mhzeende noa@i de CNF -ooxi dTi EEMRIO
l ulose matrix results in composites that z
bl ®9]

2.4 High Dielectric Breakdown Systems

On
de
[ 1
di
i n
w h
el
ma
re
di

e
X
I

e
e

of the major challenges in developing di
sity while maioctlagensiensg ulnalve rdiveelreg/cthriigh appl
OThe composiin ea ddiptrivcadtd dercg rdic ,pesmi bobgt 65
l ectric | osaepr d#&omh aolpteanrtact iieg her el ectr i
reasing the dielectric breakdown strength =

o htahker amegKrrsoni g omeedlvaaty s i nfl ates dielectric
ctric energy density is only |linearly prop
i mum value dependdi guddteakdoawhlfet bewtiyimg t h
abi o . Classical model s suggest t hat t he
l ectric pol ymeduwe etxoc eteldesi rl IGvr gne ener gy ba
e path forf lBAdiHiolwe velhar gxperi mentally obt ai
ngt h val uesed rmonhaynmye rwsi daerley suisgni fi cantl y |
ing, such as coiled and entangled pol ymer
e and st rlulopll?@rhle rdeifscorredernew approaches t
ng density and reduce the number of weak
mlyancing breakdown stgr ecigdlhe cwirtihcoupge rimi c |
y desirabl e.
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Chapter 3

Aims and Hypotheses

Designing and developing new matercabugiowl t h e
technolomgovcatiembhider s tameld onlgosguisct aali .Arahbei Imati yn

aionf dhssersttaoticomdidet ai | ed i nvestigation of n
to mprove their diTéliesctimiveesgr g@adn toine sw.i | | eval
di ffaepenbdahessi gni ng novel organic and inorga
di el gcetsrpiobrthsee srul t s wi | I'i npsriaguhittdsee nceow r el at i on &
strucamud eproperty evolution i n di ffboeht sy

f und a theamtda pr afcarhckeav édlyopment of new materials
applaorsa.t i

This dissertation aims to achieve th foll owi
- Providing information on how diel ctric pr
by changing the composition of the polymer
- Enhancing dielectring rMXemaawsea hbuy oesnmeb endadnio f
matri x.
- Successfull ypodwrteh endgpirazli yniginid@® d s pdlry(met her
i mi gde) |l epsl pipabiwvddeer by the solution casti ng
- Determining the origin of enhanaead ditdleeac
possible contributions pgol yt(heet hipiod |yenuitidrei gc
bl ends.

e
e

The goals for tRig Nk rpiiZ88 yTohehl:@ERNAFTer ami cs
ar e:
- Determinéeéhegcttrodee mfarepihdus e di agram of t he
antiferroelectric system.
- ldentifying the peomrsddiimtn eitrie ctthhégeerof d red tdar e
phase diagr am.
- Elucidating t he i mpadgtoi of bhe fencticadl
(pol ari zatriiocn ,t uchiaeblidd ty, energy storage) ¢

The following hypotheses are f or medaisredi windu a
fundamemyxilcal and chemical phenomena:
- The dielectric permittinviatpyprwiaclhiinngc rtehaes ep ¢
threshoeldl ulnos eTiBanNMXfeinbeo mpoe slueepr @nounced
Maxwyagner polarization.



22

Chapter 3. Aims and Hypotheses

Bl endiodg/ (et hevi tphonhiyd enji Idle si gni ficantly enhan
breakdown strengthpobmmarseddtue pombejnefreduc
space chaf¢igiek iamdhirag ans empla c k.i Bgc aduesres i diyel ect r i

breakdown is initiated by chargeatwaakel erat e
points,bovtoh d(si)) and (i i) udree teox ptehcitse de nthoa nccceenry
Lowr equency di electric measur ementaosf wil | re

accumul ated spadeed ecxibarpqaexedi n o pristine polyr
comparison of annealed (dry) andhkengheeral ed (
chain packing density.

Th e presenceel ett-rahducfeidetlédtdloi nt PNiZIST
antiferroelectric ceramics will enhance pol ar
storage capability.
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Chapter 4

Materials Preparation

Sevepally mer sampl eswvi whrad mgr eipnavreesdhieg datnifngence
composition on the dielectric /IMXgepense®empbsi he
werynt hebsyi zad col | aboratiate trlese&achl tgy oop M
Engi neleriivngr dartiyborft,hppothiyl( @t her i il cE)diwes ley i mi d
prepatethe Jozef bSmefan I nstitute

The cerami wi tshamphemi calo NdF. o oBBid Y T 2Pl ©s
(abbreviatedawaasoBNdZEmed from the Technical ur
fabriwsitmygxaexi de route, as[dedsidqri bed el sewher

4.1 Cellulose / M X ene Composites

Mu I-taind -Ifeeywer e diC,T2 MXdme powdaecesoHrvdikden mor phol og
consisti-pgclodd wah#i@& m gmmkeidn nanosheet s, wer e
Nanochemazone (Canada)l m gl uslTe de eghsheysaercoex wle,d .
oxygen, oorurfflacer itreeg nili mea tnlveipt dgreadu MXenel@owder s
20Hn t hick, whayer ¢ethepdwdavet 8alchhnes sadafiti on, tit
alumi num cAlrdbi pewdern ( MAXiBPHnaseldi afmet er was o
to -peépare theée hwKXemef lbyoric acid etching meth
[ 125Herge, ol Mowder was dikbper3@d%i hydoOoofml uvuor i
magnetic stirring at 20 rpm for 24 hwi fThhen,

deionized water via centrifugati &nlhuen®Til t he
sedisnewere rewashed with deaisosniszteedd wWatletrr avii @
pol yvinyl di fluoride fHhl pere membeamef wi €h col
remaining MKXbheesamhkna was intercalated/ del ami
20 rMfom 24 h in di met hylosbud fioxd tdiegn faotl | 200ne% abnyp
aVi bra Cel soXCX &H&mo c s, USA) . Finally, the obt
vacudirmaetd 375 K[ T2Dd6] 24 h

Figulrishows -s@ercd $socraanini ng el ectBEMIi migeosobdpy
pur c hnawlétdiy drigdni um carbide MXereapapodwddXemads. s
i magesnft hem ac+<t o knbirgprhol ovgeyp b o kaerdd aligned MX e
nanos,AHdigehset hi ck.
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Fi guur7fe Crsegsd i onal SEM i mMaagywer eodf t(iat)anmu
powder purchased from NameghredzMXenand

Ce lalsuel nanofibril s -tdtCiN&Emet dry-1-yulidpokrii&denO )
oxi dized CNH t(hT G¢NmRptnth @ naf di alnlf themwse roef deri ved
from bleached softwood pulp at the University of

OITCNBas®X¥ene composite films were prepared eith
vacuum filtsatViaon omet adkb,Ispowederofver ke hdimogene ol
di spemseldd mL of di met hyl sul foxide by an ultras
apperro ate amo@niwadvksmMended CNF/ TCNF, and stirred
homogeneous <cellul ose/ MXene dispersions. The di
polystyrene Petri di shes samldwdarstf edma} vaoommt empe
fikedet hrough a cell ul osb@'Hh, |treansvfiemhr e@d piom ea sw e te
Petri di shes of 6 cm in diameter, left to dry at
bar for 5 h witHh ha hhdodkudedswse |powpedstls Hh i il mst he

case of pristine cellul osen whi Isea miptl eisnh avii ¢ das 9Qd

MXerel 26 ]

4.2 Poly (ether imide)/Polyimide Blends

Poly(ether i mi de) (prpdulaentdsnpmé yUmit den ¢ MAaO) i mi d
powdweerrsauppl i ed by PolyK Technologies. The schema
compounds aFiegg&gaBewn in

FiguBe Schemat isct raurceg mirceasl of poly(ether
(Pl', bottom). The relatively strong neg
charged phenyl groups in Pl are marked
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Bl end sol uti onsdiwsesroel vpirnegp a2r0e0d nbgy of pol yi mi de
i mide) pellets with a desimgndlplyweioghtdi mamnieo (i
®9. B%g-mhdrich) and stirring°at whO@hr ymef ared?2
and homogeneohes sollwttiimmswasd drnaopically 2 mL

50 mm surface) onto a glass substrate (Cornin
with Kemex A c¢cleaning solution (Kemika) and o
(I'skra PI O, n@ml iiyn )ronzacedeU\d| eaner (Ossil a, 3 mi
solvent, the solutdirgm ngato v8elnr°s@ fkoerptl 3 nh aand |
for 5 h, foll owed by annealing at 150 °C wund:
residual scoa svte nfti.| nT heas peeled off from the ¢
deionized water for up to-sdandnimg fainldm,t hwi trhe
thickness linf avlboeut hed dried in a v@at2Tdhe oven
preparati on pporloyc(eedtunfpeo | fyonbnidegrdd f i | ms i s il 1l ust
stepiigiBe
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(a)

(b)

(©)

(d)

Fi gaORr eparation off i #HEHlhPsedhpl:eap®EBRI pel ke
powd(®r ;stirring of Pl powder and;(EHrl ogpesl
the soltuat i ®lneam gl ;dd dr ys inlgs tartat8ed t @aftorl .
for ;(® ahneal ing under vacuu(fi soaatk itlibgda st C f
dei oni z;,dgddrwatnegee suf t-emegnding films undéd
h; (h)t hfei iP&ll / PI bl end fil m
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Chapter 5

Experimental Techniques and
Methods

I'n this chapeaesur dméehttbhgdemettbedsto itnhveest i g:
di el ectric r e$TpiG.hice mefo spood by lelindhetee ) / ploll ¢ n dng d e
and PNZSTsacreer apmiecsent ed.

Theonmpl ex linear d(fi€llie i §c) iconast am@ngdency
t emp e rdaetpuerned e nt physicals pTheerewads e@dandaragtveerri al
broad frequencye amahhgeegwpaelruaetsu o f t hceo mrpd aelx p a|
di el ectric,ddcersetcamnti,c(fip.eaamidt ttihwi tvyal ues of t he
compeéleaectrical,icehdatti val y ¢ onndeurcet icvailtcyul at ed
act maelasur ed :qcuagpmatcii (Baenscde el & etarniced, lus i myg
AyfiWanid=y/anll whyesr et he sampMesthhekebsesffrode ar e
88M10 AsV''mi'is the permittivity of free space
di el ectr i(fic= ico nsdrmme ct e da ktoon d uhcet iievii efldilriy viica

5.1 Frequency -Dependent Measurements

Capamciet aand el d athneifec alher essaingp| es swear ef umed d wme
freqguency at a caoamssnhagndeiNahvepea mttHiagld ARepshoal ut i «
Di el eActarliyczeA g iolrermt E 49 80 AMePtreencd esri ozne rLaCIiRei as f i
amplitude ofACehecprbbbitypg talVI] wsakshmgt leeamper at ur e
was stabilized within -iz®. Bdi Kgebyt eucsh migqg uteh ewi It
resistor Pt1l100 Measaurtehmeernmiosmeweerre per for med i n
from 1 Hz to 1 MHz.

5.2 Temperature -Dependent Measurements

€ebhaH@BHzd)ur i ng heating ocaNowvwomaloinn gHodghAd pwia
uti omAnkil gTzleartamE!l i tude of the probing AC
The pematur eoidrecremseatt e of T THhBakKpkerwpwer atur e
wasontr rwiltlreidn 0. 01 K by Obsidgethechocgue wi:
resistor Pt100 as a thepmomeirmetdh Metasmpemamntt s
bet w&dann di0 4 K.

polnypnheers esnap b e altepreaeadent measur ements were c
u
I

o =™
® =~ o
w o -
o Qo
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For the ceramic sample, the dielectric response
the probingflAC/.siTghnealc ompl ex dineelaescuwiretdn aonst ant
Agil ent E4980A Pr exilsd atni nngC Rr Bvide s fu @® m€ nmisn under
various external DC bias electric fields were co
circuit with(A=wlH)caanpda eisti(Brn=silrki )( sEeg@Pe The
capacitors served as bltdekihnghc ®fFaviol cmaget anplr v
damagtihfeg eci si on .LOReMdtCervol tage was applied to
610C Hi gh Amplffiadgi eir d any p edsespiebnldee nhti setfofreyct s, t he
was heated to 430 K for 15 min and then cooled u
K. The tempeorat woiltlhevdas Lake 5Bh&€rgobedélc Femperat
Contlresgl that puaebBnum resistor .PtMelalsuasmant e wmo
per f oirmetdhe temperature range between 240 and 43

Agilent LCR meter

T F T

|

|

|

TREK }
voltage source :
|

|

|

|

|

|

Lake Shore

Fi g®rbe Schematic representatiomependdedmt
di el eonsit@ant meTalsaursammlites .ibsyaneegeseat e
|l eaky capacitor.

Pol ari zati on meadsswr epreanftoarmeeda ei ous external DC
fi edppgluiseidiT]gREEK 61 0C Hi gh Vol tage Ampli fier. Pric
t hfkampl e was heated to 430 tko fT4®0débr mam antdert halr
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bi ®¢ ectr.iPol &rekdtion dabymewesuvuei ndptabeaeadsl tag
referenceducianpgaca tloeat i nog2 r K nihdasti nag raatkei t hl ey
El ectr &mattheer .r ef erence capacitor was connected
(sEegr)e d¢cMharge on the reference capacitor w
sampCeenseq,uenet Isypmphei zati on was meals ccuhleagrtgeed f r
on the referenceelceacptarcoidieo rs uvarnfda ctelf eampeear actfurteh
contwamlchi eveal wakegShoe CMgdgkniBc Temperat ur e
Measurements were conducted in the temperatur

Keithley electrometer

Lake Shore /\
V

TREK voltage source

Fi g2t e Schemati c r epsetswem e fmpre pdaet poefnedteme
measursAestdaeprpaci tance of t he Aiesf drhenca
the sampl e.

The third harmonic of otbh e i dhiedlnerdttehlor€atlb ;ma p on s
fiebdang20 V AC signal during a heating™un fro
AnHP35665A Dynami cw8sgumedAnakeyveel t argeef earca mese
capacandmaliyze frequencyusd migE@askonursTreansf orm
algorThehmr eal part of the third harmMovaisc of
deter mi rEqdl f r imme.e,l at i onfsrhoinp ad®Eadevkemansi on of t
pol ar ugzlaetcitordi ecp ef nideel ndc e

3h,_E)=(ﬁL1)E+ﬁE+r’iaE&+CI 9

_4ﬁEK y
T E (6. 06)

KO 1y

wherfg i, fkbare the firsthatimomnidcdiaalde dfthréitch per mi
respec#iivel yhe capacitance offE tilke tthef ecraelnccuel e
capaciotfantchee basmpl e@amo maytsrsy ¢ amplhad cke ss,t he
amplitude of thearmpdamd ageACheitdhihalkli haamldtoang e
ampl i,t urdeesp.ecti vely
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5.3 Electric Field -Dependent Measurements

The complex dielectric constant as a dawtnrcitd on of

tunability, was measured at variouslupfO/xiem temper
5 V steps, and at fr equenmcAigesl eonft 1E 4k9Hz0 Aa nRdr elcOi skiH
Meter. A standard external el eicntgr iccaaA& eciitrocrusi t ,

l1"HF)and a (nesil &it)pwas used to prevent damage to the
by the high DC véosteagerRpanidhec ami entsampl e was hea
430 K, then cooled and stabilized at the desired
by a Lake Shore Model 350 Cryogenic Temperatur e
possi bl-@depéestdeny effects fitem Puevihguesambamensme
the electric field was | ithaetaral yf rceygcul eendc iyim eptfw ele nm Ht
an Agilent 33220A 20 MHz Function/ Arbitrary Wave
voltage was amBEKf6&dCuHBi gl idfoildara.ge Amp

Agilent LCR meter

T T ot T

TREK
voltage amplifier

Agilent
function generator

‘ Keithley

digital multimeter

Lake Shore

Fi gw®r2e Schematic representati onrde@pfentbnat
dielectric constant measur ement s. The s
a |l eaky capacitor.
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To determine the sampl entefmpakkr®NATWr ehet mMest es

attached to the sample using diluted GE varni
Keithl ey 2002 Hi gh Perfofsnda ge2rdi ghealsahkpl e
temperiiawaus et hen cal cul ated using the foll owincg
loses1 0% +31008 +310g" 1
W %006 "' °91000 97000 (13

whed®,,3, anare thermistom teefhecmeasaraddth
resistance.

Pol arization was measured as a function of t
using a Keithley PoaSfo&B chB|l enectarsametmem.t ,attelde san
to 430 K and then cooled to the measurement |
Shore Model 350 Cryogenic Temperature Contr ol
+40 kNatma frequemsdyngofanl AgHzl ent 3322 0A a0y MH:
Waveform Generator. The generated voltage was
Ampl iFiigeMrsdhows a schematic representation of t
the function generator that preceded the volt

5.4 Rayleigh Measurements

Rayl ei gh measur ements are typically perfor me
increasi ngbeanopw itthuedec o(er ci ve field of the samp
measuring the dielectric response. By plottin
t he electric field amplitude, t he intrinsic
conutibns to the dielectric response can be s

=1 +nE (1}

whemeis the intrinsic (revipirsitbhe)i Rag\V @i gihblc
coeffickearst,thendamplitude of the AC electric f
I

Due to experimental i mitations, t he maxi mun
orresponding to an elldhteried offieel d oofi N e85 i g
ontribution, theadcdertanoincal daympelxep ovsaesd t o di f f e

c
c

onto which the AC field wasOsHe&Fi habseaevanadl s
temperatures. The AC voltage was applied at a
steps, fromd am ARPi IVentusEn980A Precision LCR
electric fidlydawdREKup@dloiCeddi gh Vol tage-Ampl i f
dependent hef tectasmjc sample was heated to 430
cooled undebi as ekéeerniat field to the measure
stabilized using a Lake Shore Modd&l s835h@ mé@t yag
representation of the eKipg@benental setup i s s

5.5 Time -Dependent Measurements

The dielectric permittivity was monitored ove
probing signal at a meas,wurse mgnvao d o retqruceceln cAl pHa
Resolution Dielectric Analyzer
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5.6 DC Conductivity Measurements

DC conductivity measurements were conducted by ¢

in steps of 1 V, from 1 to 30 V, and measuring
using a KeiEtl Rlcey o6nERletsB /sHiagilc & hMde tsampl e was pl ace
a metal box that served as both a safety and noi
pl ateg@&dBehows a schematic representation of the
setup. The el ecaxlircafl tclhhen duammine ewas dMetawmi ned
from the dWecme vef itnhd he | i near regi me. The el ecH

calcul ated based on the sample di mensions and th
with the F@ylation

@ 1 metalbox (b)

sample
holder

Fig@2aBe(a) Schematic representation ofnit
the resistivigtlh) olPogihtei srampfl et he sampl ¢
box of t-beittusD€mconductivity measur eme

5.7 Dielectric Breakdown Strength Measurements

Dielectric breakdown strengt hhmaaschuusie¢emennhisghver e

voltage setup. The DC voltage was - pHigeh to s
Vol tage Ampli fier witt,wht he tamet eobasddd i gsnal

generated with a National | nst rlulmeedn tbsy daa tLaa bavcl geUW
progr am. Each sampl e, which was geometrically i

characterizati on, was fi xeds phedrwe ent & éhbee e logc tarnodd
FigeMe The breakdown ewleathhewacsurirdeennt itfhireodugh t he
reached 20 mA. The dielectric breakdown strength
E=061/y, wheis the breakdpwhn tvhhétsaagmplaemdt hi ckness.
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FigadrRl acement of a pol y mers pshaempel es thbeeettw
custbhaum | tv ohlitgahg.e s et up

5.8 Piezoresponse Force Microscopy

Theerami cwaeampéeti gated with an atomic force
Force Probe 3D, Asyl um Resear ch, Santa Barba
piezoresponse force mi lmea g & 6 0 pvweqg WiPrkevidd u anb d LAICe .
resonranacceki ng ( DARUe.vB8efiocal smannhimgpedt he <&
"M t o ensure good t her malt eemgpueirlaitburrieu nP FAMI rnienags ut
After that, the sample was polished on fabri
decrease in the ashrzaes iovfe tditdw hdhifaovpo@ld2k Shed wit h
coll oi, dabpgneéindnal egned with. dFett it hedPWBHt®ca

Ptcoated silicon tips ~twDt hma (-AGEA0AEM, o fOIcyumpvuast, u
Japan) were usedenPBEMwmeasperf or med cauts t303nB K ¢
buihlit¢ mmperature setup with a commerci al heat

Santa Barbar a, Beaflddeh nmeags urSeAment , t he sampl e
K for 10 minofmPR2OHhwwasascanmnead using a DC tip
V. After b3 3Has cama Wéds performed with a drive ar
of 300 kHz, and a DC tip vohHnt hgegef sf0als ©6DI
regions wdl tsagm .l ar

5.9 Scanning Electron Microscopy

SEM i madgi ntghe cel |l ul osewavsXemer fcoornmpeoes ac ®ismg a
scanning el ectFrEdn Qmiaatt @ished@@eo3 i s hen,c SS A)n,t i i
equi pped ewietdly pprrrsawes Xerc(tlIrroaneet 850, Oxford I n
Nanoanal ysis, UK) f orOnmitchreo ch dinirecrana nndai psghi enrg .V e
4 G HP scanning el ectron mi cr odceper-seagyuei p e c
spectrometer (Oxford I nstruméntmsn UKYtwasLused
analyze the morphol ogy ardNZSdampplseti on of t he
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Chapter 6

Dielectric Investigations of
Cellulose / M X ene Composites

A compositasappmedadhclhd to enhasgengereofdi & mat
presented in this chapter.aCosdlatiwg pPdaelieclk ¢
significantly increaseoft htehedimdéerrtirdle per cmolk
threshdédé!| ul os e( NIt @ butdshdeds ed £ ct min@i Mani uxn
car i@&)s heet beeamrsdufct iAvedri el ectri c investigatic
nanofi £Ti¢tesmgosi te films was conducet eadf ttohede
preparation method and the type of nanofi bril
to veheflger t hree sdpbedkekcdi@sircc ol at jdoers ptihecortyhe uni
s hapthowofnduc {CiTyseh eTeit s .

A | arge psesrthaptef whi origi neaeltl yalp ublAPsLh evia t
(2024) 12(11): 111102.

6.1 Overview

With thoé diessiugsnianggneak he el e giodrdercatal aécohcdu s e
on cellul ose as a base maX8rAlatlhofuagrh fal epxeirbcloé

bi opol ymer made by incorporatitng €¢ehbcatdeodal i z
mat r[il@howed promisingcakseulagnfdf, ecat § tvaer gneet hod
synt hesi s -mdsegdr aphetnems i s stitlHedméesgdinnghi gwh
performancd 2&6lJlectroni cs

Titani umTgKdayrtbaldengs to a c¢cl ass of novel 2D
nitri des, and carbon nitrides Known,:XaTs, MXene
where M is an early transition metal, X i s C &
surfacatienmiumiup) aavred antadroancstiedder abl e amount o
due t o t heir outstanding el ectrochemical pr

conducRiZVYiRwrt her maw &r, t i MXugCrbaggleyno st r at e even
el ectrical conduetriocietsys etd h 8 aPp dlgheried o r e, a
increase in the dielectriuwagaeeponstetaeerdiizactiiadm p
i s expected near the percolation threshol d.



36 Chapter 6. Dielectric Investigations of Cellulose/MXene Composites

6.2 General Dielectric Response

For dielectric measurements,al90mf abeskospttt mee
gol d elwictalrdidemet eFi gisdhonms. t he frequency depend
dielectric permittivityneasdatetrecdmi tamp eroantdwrcd i
pristine uGNEBgNbhmcontr ol . AlTphhea afbnsaolrybzeedr wat er s

enhandheal botniband at | ow frequeneipasednsamel as(no
the | ogascahm)c While free absorbed water requi
water mol ecules can el soepwddk eppupend itro tthe fhiydr
grps on the surface of cellulose. Trapped and bo
drying conditions t o aonwe roctohmeer cianptiédrlaacrtyi ofnosr.c efsf t
sampfe&nidval ues at | ow fbwqguerci o damgnd @ usle but
again when the sample is exposed to air moi stur e

composite sampli®&T,MKé he 5( daesfo@ENMNK i g2bBe bot h

sampl es were prepared by vacut imledfvrl &quien coyn) . It
val uehaepfrepared samples are si gn.iMXiemmean tslhye eltaswer
not only reduce the space for tr apdpeecdr teaasteer wi t h
amount of bourCANBEWELTeirntdeureacttoi ons. To minimize t hi

moi st utrhedicen ect rtilte rfeislums swe rKke fori @d ihatur3 55 al |
foll dwieh@ctric measur ements.

500}
. CNF CNF-5MX
100 . -
) E .'. .0. ..°o.. E
T ':0-- ... - M
—tt ]
10—5 L :gy!_ ot ]
0'.. |
g 107 ¢
5 ....~'° . ceee® o® e as prepared |
w 10%e° R —+ ) o dried at 375K
vee”* Rl e 1 h after drying
:-'.' ".“o“ e 24 hlater 7
10—11 | | | | | | | | | |
¢ 100 1¢¢ 100 100 100 10° 100 10* 10 10° 100 10°
n (Hz) n (Hz)
Figa@beFrequency dependence of the diele
ot hperi stine CNF stah@NIFeMX | ced mp o saimeéea s(uart egd

temper@it)nr®#fpeepar ed
(Tovut ft4e rh

and

fil m,

(i)

ad uad rt edr
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6.2.1 Influence of the preparation method  on the dielectric response
To compare t ieTkiMXd uet naiececbtfr i ¢ properties of d

ms , the di

measur ed
150 K at a

i gnbemta of
se charges
| ds, t he

oOom™mm®=m®Om®

e replaced

nd
werstt ed-ba€HMHE composhitgelatfeieltnesnt(ian abil ity
vehtr®mi waicndnm efrfende) .t e mpdeer paet nudreen t di el ectr

electric response dfiClcwanfpiorsstt e s

I

vest Figg®lseh.owst gmpeer at ure dependence of the
and el ectri caflacwofnidutcetritewis te3N,F-caasit welmdGNeR , a

I

e

S

[
at several frequencies from 1 Hz

rMatse nogf at N.oAD cko nmiwb | | Al pha Anatl j

a at tkguringhest are al mosnbo theamtdiactall,ow he
guencies and high temperat ur esc aisst emdu cthh amo ri
vaddumr-2MdX CNadampl e. Thi s scuagsgteesdt ss atnmpalte ss ocl

free space char gesfidrt eortehde ro niensp. u
increase dielectric | osses and
di el ectfriilct @M [E/d@Ta coenp o § i tweasc U u Imms

horoughly &heal pyonemder of space <char gbeass eids t h
ampilhe s i s nata stuirghr irsimiger of hydr oxyl group
r

by highly hydrophil i c -neendddagcel ar

xi dation [dfl5cdlll7d] os e

20——1——7—

15

1 kHz
e 10Hz 10 kHz
100 kHz

10°

Lo

rIE 10—8

=

_\/ 10
5 10

10—12

7(K)

FigaéeDiel ect

150 200 250 300

L L L | L
350 200 250 300 350 200 250 300 350
7T(K) 7(K)

detcectesgpodsrei ng cooling ru

with bTiwk«%ere heated t lmea3c7ubuinKt e (-alMX ,CNH
sol warstt e 6 MXNFt (hed | wearstt e d-5 MENF

The dielectFi gk®¢ sot rrae viera | a relaxation beh
300 K, parti cutlbaarsleyd icro mpotsh t@NdE |1t is known t
s e ctomsl@ a lyy anddr) raexlaa X atnisg n s , at tern
bel ow its glass transition teé¢mpeebaxamilohlyge ¢
wi tclo mpastisstomer pol ylseazdahatro deke concl usion th

exhibits t wo

the noncooper

at:OM elraatd ¢ gltr Iow0p>o ft ICH qt dleaxhandn
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characterized by high values of the activati o
cess originates from cooperative batnlocali z:¢
1The dielectrringthaobékxath@onosti s typically muc
t ofr et aghbiwenmer , it is difficult twogdistingt
axati amosgihgmalcur in thelbBubtPerature range of

= +r—mg5 -
O L - W0
- ® WO

6.2.2 Influence of absorbed water
To investigate the TipMXenefs mwmoi $ther ¢ echifmck at i on |

cel l,ulwesehave perf odenpeedn deentp em erapsuuer seermet negds ri en
27The main frame shows theprdéemdreed ri Eh@MSed)n sE@NIP
composite, detected at several frequencies durin
125 K, a subsequent heating run Ko 3da75aKyraaerdoé
+0. 75 Kl miman be seen that the relaxation intensi
cooling run, after the sample has been heated t
suggests that, similar t{digBlyeoe¢e hmol oylyare r matyis
particul arly t hiprsel aajsioicalravtee dvawietrh mol ecul es t ha
into the free volume of the system and attached
or stronger hydrogen bonds.
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o 100 kHz
10°
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| L
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7(K)
Fig2i7e Di el ectric r esfpiolntsédiFeddfMXt hceo mpacsu u
several frequencies during (1) a cool i
subsequent heating run to 375 K, and (3
The inset shows a compainmitsowiofy tohetdi e

the pristinktemaedu@NF sample at the | o
during tHheddY&tondd( 3IH{RVEY temperature ru
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The ionsieg@iceo mpares the red@®dMXs & oonfpotsh & te C MWK t

ofthe pristine CNF sample at the | owest measur ¢
and third temperature r unsC,Txh & snceagnl eibgeif dsleemc & h
onhe cellulose rehawavemnaslhbeddyi@dret he i nfl uer
of moisture is much more pronounced in the pr

6.3 Percolative Behavior

The frequency depdamecdmpreceataufr et Wée et e@@CiLaMr esp
fil tCANIFFEIC.Txcomposite filTGTxwbhhewar iFsiugshBoewn i n
While the electricalht condbertri ihrhegluedxi @eavee s
frequéeéereaidesds owrQch ntdhue t i viTihyibsphavieamu. correspon
equival ent cir c Rufc icrocmupiotsse dc oenkn efcitee dr eisni sste rvii t
| ofwr equency phattne@uanid atrleem esifstiiviamni e@sn car bi

CNF, respectivel y), while at higmMHdrawhrndquenci
n[102phs is evidently the case in a percolati
frequency plateau is just the resistivity of

depenncdee of the effective capacity of sluicke an e
behavi of af rbovatt ohi gh f rA&'quen disésdei ffrom model
spectra by an equival einntdepiemdeint wiltemeht € gu
delectric response can ailns op hbyes igcuadh iititeartnasy el g v

frequencies the Té@Mpidueltuviidrys oifs tdnfef ecti vely |
high frequencies their ,misgohsetr ocfo ntdhuec td hva rtgye i cs:
no time to feel t hBh éorl eofocri er,f) fACcoimda@a c{ § ¥i t y

i ncreases wand Waoehtdieinwegrie@ase uP rtequteme yhipd lat
corresponding to tdedamt uei by . t Aér diiegn Eir eelmaetr is«
must be esvaetni sffoiredan i nh,omolye nicivpme Bighsape mt r a
contribute to the stathiroadibereagr idé epercmiri ci \
should be stressed fihamts owomhoTiG.T«a8 @, eandef Ol
above the p er c;otl autsihen r t thri g@shhoelldect ri cal condu
determination of the dielectric permittivity
electrical rceéesicesii anwetantdheeventually, t he I nc
resulting -inka beBawaot of the detected respor
at frequencies far beydInG@HZMhewenears,uriemesna mp laens
thecpékation,tthrer eatpalcd t ance is so high that it
at the hiegmedqtt emaranerl es.

CNF/Q,7xcomposite films do not represent an i
randomly dissciabet enetamalilc regi onsFiwi®hei n a
showssercad i onal SEM i nfaigletseroefd aprvasauwmm cel | ul

and a-1CNMK composite fil m.h@NikéTinacropntpmlsagye dofi |
di ffers significantly from t haFti golffl ea nHeirdee a It hpe
high el ectrical CeToingd uicrt itvh e yf ofrinh loefr rTeil ati vely
in addition to electrostaxjcaisadbefacmi agsr wpgte

hydroxyl and carboxyl surface groups on the CI
strongly increaseGlxwohhé&nmeBe axipn gt \&a | tuhees ,

measured at the highest frequency (1 MHz), wh
or extrinsic effects, such as 1t[hle3 DJfhtke einrcxee tof1

Fig@2Behowso@mm n vVvitehwp doaft a Firg@n8e f or sampl es wi
| owe sG,Tx dont ent s2,( 5, and 10 fweuenay trhegihoing
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experiment al Flg8esmh®ivheiched at the | owest measu
of 1 Hz, siheaeesthetyoatrlere intrinsic DC conductivi
data already appear to followbahe)), taeadi ¢t ooal p
measurements were performed to determine the DC
yet reached the DC conductthiowiet yw plhat@eouweast Ti H:
contents (1, 2, 5, and 10 wt %) .
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getsttt® 1 = [ i
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11 F" I I I I I 10°+ -
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n (HZ) 10—12 1 1 1

L L L | L L
0 20 40 60 80 10C
wt% Ti,C,T,
i gu2rBe ( a) Frequency dependence of t he di el ect
onductivity, detected at-frdanrteedaTgtdNoFdpTaigiet é n t h
il ms witbkidvasnteamntbli Room temperatur et hdd el ectri
omposite films at the highest measurCment fr eqlt
ont Eméo.lsi di 4« igei de t o the eyen dlahtea ifnrscem (zap)o nfso I
ampl ese widawmEItbohitseght 2, 5, and L0 ewtud)n ciyn rtameg eh i
c) El ectricat hehoRm/ddice o mpa yi tod fil ms ;Gals a functi
ontent . Data were collected from (a) at the | ow

O—~mw OO 0O T
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Fi gwr9e Crsexcd i onal SEM idmageéeertehdpr (Va) uune
nanofibril g h@NFmMMXede(bdPmposite &Hli.l m wi

FigdAe shows data collected on dry and wet s
measurements. The wet samples were inserted di
were placed in a drying oven VJYioousll yh daits c3u7s5s e
influence of absorbed water is evident: t he n
five orders of magnitude higher than in the p
t he amoutlisxi otre€ases the measured current thro
sl ope @ffcurhwee indicates the electrical condu
determined from EihegwBBeol Tthel ehestiincal conduc

calcul ated based on theaeebepmenad meosdoosaman
conductivity values obt ai n@&it«cfoont enampl(ds WRi,t D
wt %) ussi ngx ptehrii ment al technique arentwoserder
showmFi gwrBeFi g urbe therefore, presents the el
CNFTViC.Txkcomposite films aGlsaohtteationnocfudhaegTi
data for sampl esCiwcoht ¢ehte ( bweBt 5] and 10 wt
well follow the predictions of the percolatio
As is typical for[ adb,igheset ¢c @lnagt icw e dayndetiaaring y i
the percolation point al @afi nWhiclaseisnthampl e3
to 10 ®{,% oTitteampt e mai ns nea(@d.y0i7d)o,n sntcaretases t o
2.1 in composites WiT{thra2sparcdi yel wt %DEBpite t

composites still show application potential,

mat er iedllsul oGe nanofi bril fil ms, namel y, ex hi
[ 13Mdrepveince the (G®+eidiEr)t baéenengybe converteod
ener gy during el ectromechanical operation i s

permitanvriemgs® can enhance the piezoelectric r
indotbe desi r edanmsutcrhairre dwrcckeedr el ectric field.
Broadband diel eat soabspect hessepgration of d
from individuabotclhonen gdmuieant a mi ossynsbteegniisva s
thorodgmbygstrAEesit byi n her do[clt3ovHalrteldéssfsect st
of thisomamplkri ment alalne/n hoabrtdcaeedch & etprpioads & f er en't
novnealt erSianlcse t heappmpoedtieably | eadactordnaogea
t @« hler amkKr ®ni g rtehlfemtl il @ws ng chapter introduces
ai mednaantchelgctric ewiet gigruddreenassiitnyg di el ectri c
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to &Peurveéssampgl aeprewontiadilnnthe |bien eo:
V.(c) ElectricaNRK & Tduacmp ovd ittye offi | ms TaGT«
content . Data for sBip.dceosn tveintth (tlhe 21, 0w
Fig2Beweoner eéoatseedd on t hg br)eBhud tisndatoms h:
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Chapter 7

Poly (ether imide )/ Polyimide Blend
Systems

I n thisaohapternati ephatplpeg odicdhl d ot ri c respons
Unl t ke composiwhei galprpurl o aacnhe o ubsd ttylhréenaclr eaansde s ma g i n
pasaf the complex dihelseatppiroacadnsftexmnsgshiogh e
energy density by operatlitnghasdalilrdeamays tedasoetdr
t hat blpeonldysmeafs t hat c¢corctaani nwiphhesnyaln dg rmouwcphs hi g
fields thymstepindpwener, the origin of this enh:
strength has not yet been investigated.

Thaiof this cihnavpetsetrih ¢ asdé ibgen haofced di el ectri c
streniggt bdaixgthe ns i v emedai seul reeonpeonitgs( et hWp o | y inbiM ideengd
systems. The contweernrtes poufbltihsihseedt hidddVeos mbu ree diil &
(2023) 5@(13D)4:. 1097

7.1 Overview

Pol y-imerm capacitors are tvemperaatturaepioved hog
applications because they are inexpensive, C ¢
exhiboth high dielectric breakdown strength an
t he major chall enges in developieilgecdirdlcecemdar
density while maintaieverng atowveaiwyl Bcghi appbbke
[ 120]

The el ecetnergy density is only Ilinearly proj
while its maximum value depends quadr@&tically
foll dwimk . Classical model s suggest thabfthe
di el ectriexcpeteldBieébecause of their |l arge enerc
mean free path fael1pmolweler ¢hayx gneesaEsnueanttdaels i n
many widely wusedgpbflyooveenrs | talraen t heoretically
valuesi thperfect chain packing (usually coil ed
in weak points such as frdel®dvibd]jJume and struct

Phenyl groups are fundament atle mphari ant wroemppaomleyn
and, dependi ngs ommo Itehceu Ipaorl ysmerruct ur e, del ocal i z
may exhi bit a partially positiroerpoat enleygamave
pol ymers can thus result in strong interchain
di fferent pol ymer s, |l eading to systems with h
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ot only wealk,sppustsadbut npoamawnrtl yof iamcdhmul at ed
harge. Thaeweakhpoigess gain higher energies when
l ectric field and, consequently, Blienmndiimg eofbr ea
olymers is thus a hatghhags sazlatadbdye bBeemteggdt ho
ielectric, mechani chl@g&dand ther mal properties
Poly (et h@E)anpmiod ey)i Bliadree {thé mpmer at urvwei tphomiyimanr s
ielectriiceagar miotnt iavint oppositelTheckdonged pPphemyl r
hese two pol ymer s srhecaull damdoti nmangcirnesarsyp | ppairet s o f
electricHaowase atmeée proetswocetrong positively cha
oups in PI and three relatively strong negat.i
gadBe space charges may accumul ate in both syst
teractions between phenyl groups of different
ain packing density and, fceacaomil uamt layn,d tsda r ue
sobdéehey absbdreduce the number of accumul at e
steand thus enhance the dielectrilThebreablbdbown s
di el ectric measur emenldet ie mwii dnteth lddosldlucwii ogh s ect
orrect

Qe o —+ o O T ® O S
—_— -

—ToO nwaoo T
N "< T3 O

7.2 General Dielectric Ch aracterization

Thgenediaell ectric r espfoosreercinh &p e ptnielr ed: pristine
PEI , pri stfiinkecEIXF| , b haddxsde nwttbeese wei ght percentage
For dielectric measurements,al90mf abeskosphttt mse
gol d el ectrodes havFnga®@éasehbinwsme equentyéadfemmendenc
the dielectr{(itameér @i eci vi t Wil) od onRdRilc,t itkhiet y and
PEI/ 50PI blend, detected upnOltHre bfyr eaqu éArgd y ermna n gcet 9
Precisi on.AldR smeempelres were first hedéepedndenB 60 K,
respoasee as ua fetder the temperature wasalseabpilize
decreasing inbhdbteepasnotfh@2a0 Khe dielectric respons.
of t empeeriant ut h26uff Gkhfgoer t daftséaemp | e s

Simil arwerreds tuad it sael dl ot herahdietnddi el ectri c respon:
K are coFig@g8@8edThe intrinsic responses of all s a
are summaFriigziBde ilnt can be seen that booich t he el
dielectricofpeembtendi sgmpltelso sagreiodltoiweer PtEhWanand P
particdulhe | REI / 50PI and PEI/ 80PI bl ends. An i dei

contwandtet ected at all measuredFitg@Pe&r aNarabl ysee
changes in the diel ectab5i % percmietatsieviitny tahree Pnkiln/ o8
comparedprtiosttimee pol ymersyndwhitlieitlyei el @ diter is@aanle
al most 40 % | ower than in PEI and PI.

The observed changes in the i RtgBB&icadnhetectr |
accofumt the enhancement of the dielectric breakd
of space charges in various samples, additional
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dependence on the Pl content is 368Kt i c

dielezndi el petr mi ¢
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7.3 Low-Frequency Dielectric Response

To determine the presence and infldéfiepgaentyspac
di el ectri c wreeraes upreeuntebonntgge d Novocont,r;sdalnckl plpacknal
charges predominantly dictatFé gB38Behpwespansgpatal o
measuremedietenotofc permittivity and electrical
per foatmesdeveralnftkedealogtzd 00 kHz dhreiang n@i )
run from room t emperastulbrse qtue n4 0 & ok | a mdgi (riuin) down
the rate miffhlIxt0. oKl d be stressedFiogB8@menalgai n t ha
Fig@were collected ,duit.hagmglo®sd i wgr @ pfrdsrEsS@0 heat e
K,adt hffrequency spectra wer d sttheepns roefc 020d eKl. ohhe rceo,
measur enmehreta mpi e s, previously exposed to nor mal
started at rodn etce B@Besradaceunt e di el ectric permitt
bemni ng of the htlaeéi ngcfifmmeeevh33® K is mainly du
¢ h aragcecsu muil rattelde, swhmipdte i nf |l uence,ptahret idciuellaercltyr iact
| ow frequenci es.

(@) 3.9 . . , :
| % ¢ 1Hz e 1kHz
2% ¢ 10Hz 10 kHz
3.8+ PI ’-..o 100 Hz ¢ 100 kHz
Y
% (b) T T T T
o 3.7 3.6 i
W
3.6
3.4
, | . ) ) [ L e 1Hz e PEI/10PI ¢ PEI/80PI |
3.5 ' I ' J ' o 100kHz e PEI/50P] e PI

250 300 350 400

L | | L
250 300 350 400
T(K)
Fi BeaDi el ectric permittivity and el ect
f uencies duroomg hempengObmn#Emaneqoeht
t 50 K (indg ch}YeDi blyeat rniccga spurrentd. t Hz v a
in various PElI/Btoboliendsrdorfngm 400 to
toward higher muemp dii thielre spi isst hielee iPd ¢

FigBBsummari zes the dielectric permittivity of

hi ghest measur ement frequenci es, coll ected durin
foll owed heating runs from room tempetrtag ure to
PEI/ 50PI and PEI/80PI bl emdle paemaeallt modthetrempear sttt
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increase toward higher temperatures in the ptr
hand, data at 1 Hz, where spaceedhairgereasteri b
hi gher temperatures in all samples; yet the i

and, particulaPlyThesethesptistitheaes already i
accumul at ed stphded e ndlsarn gietcdompparsitsomme pol ymer s.

7.4 Aging ofthe Dielectric Permittivity

To determine whether an aging medhdinelsenc tcronct
permittivity ptfhePEsldnPpl ebsl ewsegrseo be xnpgo sfeCl etloect r i
of T o¥ seveThée themwmwmsagi ng -dietfdenlefd;i § tnadts weslula
describe the changes in properties occurrincg
conditions, but i,ntthedmncsdtiepastdensemange of
and/ or eplreocptefritd 2e]s

Fi gB8menhoavsd ecirre ackcieel ectric permittivi A€ with

ctric field (frequency of 100 kHYar iiosusappl
hanexsimdtat expl aiami dgel oatrtiicul arly in f el
2., 1lddirBe]l ectr j chpuaotklyememoesst pl ausi bl e mechani s
rge eemmidesnaACel ectri loecdheaelgde,s are forced

ard sample surfaces, where they screen the
di el ectraowdripme mi Neverthel esBi gl@8de aghngpe

C & sPsEd s PPEI /afld arlee nsdtsochasti¢c and change t|
<%H.Ther ef or e, ithhhee ddeactrae aaste t he begi nning of
igBBe(heating the Pl samplneodfureadmed eacmrtiempea
mai nly the result. oTehfeve s sgiuageo,r awatoenr ab s
d evapon aghypeai cal propehtaisesl ofyspa&mgpiwvar de we
uwsahdi I | lses eddi sdceu ai | in the next section.
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7.5 Influence of Absorbed Water

Mo s t aromatic polymers exhibit relaxation proce
dielectrifclipZAhygrelt axati on process, attributed t

camor mal |y biePlabsércmper es above 570na&nig The two ¢
aressoci atedawizédd motions ofPlbagkthosegmdhey aflr e
however, usually not parreedarctedi byt watdkery motl etcal | ke
absorbed intootfhe hfer p@l ywameumeand attached to sid

physical or stromgerl alkyadri omqnemcltaunds.in a tempera
350 K and is characterized by high values of th
this di ssepatomwmingipmatces from cooperative relaxat
hand, the |l ocation and-taaomipievaXudoeK¥haxgti oh &ahe
characoéristht molf[elcdud alrd4 7moltdi 8]n s

FigBdashows the dielBrctdetectsgonseseferal freq
(iaxooling run from roomatsaempeerathueraet itnog 1r5u0n Kt,o (4
and 4fiiinal cool i nwi trhunt teo clbddl iIKng/ hmiadh Thng r ate of

relaxation, which is detected during the first c
to nor mal air at mospbemepl etoenldyy t diosappadmosdur in
cooling run, after the sample has been heated (d
a. T T T T T b 3-5 T T T T
()4.2_ T T T .1IHZ _() T T T T
Pl r e 1Hz
'igoH:' 34 e 10Hz
° z e 100 Hz
4.0r * lkHz 7 o 1kHz
° igokt'; 1 o 33 10kHz -
z
k
38 100 kHz |
3.2
3.6
L]
g

0.00 rl . .
150 200 250 300 350 400 150 200 250 300 350 400
T(K) T(K)

Fi g8b(eaDi el ectric response of Pl , deaceocot
run from room tempasatbsrederaariurgyOt &, 4 0 &
final cooling run to 10 Ki(eilreccitadtce d el
bl end, det acbeldi dgrrag from r oomddsunpsea
heating run to 400 K (indicated by arro
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Mor eoFieggB B8dhows t he rel aaxsatai dnuinitck e phemd g mper
(daweardeet er mi nedif (f)pemkt ral ues), wiephesdeaftistabi
to the ArarlheHeix(p®/i ). The determined @c%iW®.a44 on
eYal most agrees with the theoretigaklpxatednc
procesisl148] PI

a
d

12 sexp(- Uy /KT) |

Up= OeV44 |

| o PI
O PEI/50PI

O+

4

5
1000m (K™ §

FigB86eDependemrceel axfattihcen fr eq
PEI / 50PIf rbd redmadt afiigm@be Fits to
t hathaecti vati on energies in bo

uency on i
t he Arrhe
h

t systems

The activation energy is alemodt ali he@t=vfal i n
0.46 eV in Ohe OPHI5/ 40PIli,n t Oe MWEI4/68 ®R/I j nande P
bl end. The dielectr,detres pdrcda o fagtulbes clqgautetnd r
heati nigs rsushnBiwg 8B, whi | ehelenitltalrd trysepomnmkse ot her
t wo baéaewds shown. This result reveals that int
chai ndiei ends nearly do not affect the motion
to frhel axation process.

7.6 Space Charge Contribution

Whil e at higher measurement frequencies the di
response of dipdlee spamentch,armels strongly infl
freqguenci es, with their contribution being mc
reveal the amount of space char ge gi@ripeda Sdretrent
the nor maflrigeuencoyw (1 Hz) dfi e l(e)ctifi)/g(hper mi t t i
25K)of wvarious blends and pristine PIl. |t shou
on completely dryi. annhedalridngampdleisng runs aft

heated toF4Q@@BK nYseper esence of wat eri nmdoul ceec ual e s
similar dielectric responBle aisniant & aaial | haitgehde rs p
temperatures i s muc P I mdtrheiehpernadnso u nwchd cc hi undoubt
a significant amount of wigadhd drldars@anp |l iers. PIT he
influence of space charges has been detected
t he | owest ianlt rcionnsd uccReilg@dYer i(cs e e
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1.03Ffe © T-400k {104 >

% 10 1?8  10° /- PEI/10PI
s |

. n(Hz) e PEI/50PI ]

o o e PEI/80PI
1.01 . Pl 7
1.00

250 300 350 400
T(K)

Fi gB8B7e Lforwequency space charge contribut
bl ends. Maii nnc r feratshmes -flnobewgu éHr ¢ ¥ ( nor mal i z
permi t(@i l)Eyy(MN)/A(M=25K))at hi gher i empaédroat:
compawietdhur e Pli.ndrnesshee: ihre mmer at ure (T =
dielectric@lipe(mif{inaiH 1tQlOH2Iat | ower fregq
t hREI / 80P bl end. Data were detectehadu
heated to 400 K.

Finally, FhgQieadett itomal |y confirms higher spac
in PI than in the PEI/80PI -tbhdmmar attithree i(nNTcr=ea40 O
normalized diel(®ct(BF g(hpre(iHmi @A H)aitt y ower frequenci
i s more pirmnobhhecpdhetrich@elr Pl bl ends indeed accur
space charge than pristine PEI and PI.

7.7 Dielectric Breakdown Strength

An extensi ve review of t he H®Hifellenst,r i ka sherde akmd o w
experiment al dat pubtomattiBons f fwhieah were analyz
Wei bull statistical model and partially explaine
dependeEnceepobdrted val Wap 1t dkKGeOfornome x8pler i ment al

conditions,s,fiamdtseuckaed¢ 1440 Fhter ohdiegharsea val ues
obt aifroregdmpWwiesh extresmeld yacsemaéll ectrodes. (di amet e
Mor eover, a strong thicknesshnveapen deonweaas ifruntche o
repofEted! , [ 150AI t hough theffifnhhmhgtpiyehtessol uti o
castingcamenbdodbe pr eaindelryeladrntvredInweddr gsedl eat r c
di el ectric iennvheasntcimeg atshuened sbgnal due to | ow diel
E measurements werepcosoigeepdsfiione bmlt.ddnd syst ems
Dielectric breakdown stE emg/ty,h wiaisried e ttehremi ne d
breakdown debh$aglde voltage at which the current

20 mAMdYi s the sampHieg &i@eioovksn edsast.af rosmaamphed t hat

are geometritcahdyeideeadifcald di el ectNndi ammeasur eme
of 6 Due) .t o the notable influence of absorbed wat
t he 1 mpadte mpferaitghm e amneadldicnegaikadmo winhest r engt h wa s
investltgatcan. be seen that unandetdil mels FHEIl d Pér bl er
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val ues t hRBapRIli s@®n ntehe ot her hand, oaubred alrieng
the measur ement si gndifalcemteraikcd o wer sasengt heo
pol ymers, while values obtained in ebslteamiatseyst
experi menam@prlex0r &ktVi € mpr i sti ne *ainnd kI0eOn dk Vs ycsm e
mai ity ritbautseldi ghvat haitnk odasfsf er ent sampl es). Th
the result of a highetrhied Raidn sgynadt,leinusagn cdoenmisti at nyt
| ower amount of absorbed water. Neverthel ess,
charEgeal ues of bl ends ase magighho sad mofstar weé aleed PE
Having in mind the | arge ePébcatlrucedse carpebad donf t

qguality, as they are compldatfiel 49 Fcionmaplalrya,b liet wsih
stressed t ha&ti g#Bl8¥e rree soudttasi nend on i ntact sampl e
that the breakdown strengthtihsitagirgenii bresdaryt | y
dielectrically investigated, possibly due to
during tedmprepemdante i nvestigations.
5000 1 - 1 1 1T °* 1
4000} ° ° .
ot °° °
.E o
o 3000f o
S |
Ko} - -
w 2000 @ unannealed °
° @ annealed
1000 .
| IS I TR I S N S S T
0 20 40 60 80 100

wt% PI

Fi gB8Be Diretebreakdown strength of (i) u
and (ii) samples that wemeandnhbahedoat
t emperbaetfuorree t he .measur ement

Bl endi ng PEI andscPhlaiinn dpeaecdk iilmngo reldeapssdi it mi, t i ng |
amount of water mol ecules that <can be absor be
charge wistysit @ @ibmhmeeeakdown s initiated by char
applied electric field within voids$nnicmiemlse sy
E,ad ewer space charardv ar es harcted rie eldeébreddamg e s f
appropriaeel polmameths t hustonbe agaied fprovee
i mproving the dielectric properties of polyme
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Chapter 8

Antiferroelectric PNZST Ceramics

I n this chapter, far phygbhieenshiamgepan odd ccHienctan ¢ r
antiferroeliesctpii eussemitgd &PMNZ STT oc ed eatmd rhmmi nsepeci f i
experimental conditions under whicheaml airalh &nc
t heir i mpfaucntc toinonal hpea ospgempliheect rifecmtpfeirealtdur e p he

di agwasemo nst raunck etdhe nature of wahbeipheseigaaedi

A | arge portion of this chapteet Walsy so.r i Rgeivn.a |
Mat.er(2023) 7(11): l1440Advanduhnot Y2026 e 85¢ 2
2412739.

8.1 Overview

Antiferroelectric ceramics are considered hig

of novleilnkDC snubber, and filpewe ang-amiétgdr s u
el ectronics for electromotive and renewabl e e
weapons platfor ms. | n mpiaerltei ccturliacr , p & rhneia ta tmil cvriestday s
bias electric field, i .lee masteliercttern es ttiuma ba n c

under $uococtdproonppdrti es of antiferroelectric mat e
Despite their promi si ngnekitelrenatlr ibci alse hfai veil odr,
studies on the dielectric tunabl 77335 50/f] ant i
Moreovewprhesf nvestigate the relationship bet
i nduced phasoe tchamsgictalomodi fi cati on.

|l has beebhhahowhe temperatufernmnodl eat uire, off e
@par ael[edcBtlaind -rd®& Eaxoegldepchtarsiec transitions chan

t
influence of an external el ectri c -ofrideelrd.p hWwhseen
transition can be twoamefroromed iTrhteo caisecand el
cospending temperature at which this Crosso\
Furthermore,oliden hter amr<giotnidon point represents
the | ineradodr fphadade transitions, it i sSabeferre
which supercriticall[ 4®gHavitolre issupebceaervedal
per mi tandihegat capacity | ose their critical c
the <critical end poi nper riotwaivdeirh,ggali otcha pdiice It ¢
|l eading Itoousaneomaancements in functional pr ope
el ectrocal oric responses,[ 26, k] I as energy s
It i's known thatxlaitbhidfiiegheoset edit el estric res

phastramshiitcithon s al ways ac ccohreppagna se da dryepdsulirtiu gotf u
amlectric fieldtarmdst deper ateumrosn.st rated t hat
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enpgoint in ferroelectric and relaedopobgasiemsi baa
di electric permittiV| y, pi ez cedlfeattrsi,c wrhda scpho na& n
attributed to the di ergent behavior of the die
criteincpaolint.aTbUmiIar enhancement should also a
Ssyst eany iitdin@aicname i ndnded egptai mental condition

8.2 Sample Characteristics

The investiegaempbar wlay a(ofbd,udit)e(dZsrenSESn ,eThi,) Qvhi ¢ h
reresents one of t he most wiwidteH yemieghggi esd oaangief ¢
properRB BB pAoZ88 Yozl he@ ( PNZSW) t h a fdroroel ectri
antifer+4+ @alractrice ri ¢ phabtaisegdebyge gwiplaag Pb Zr (
suitabl e Samo uTit,sThoafdgWNéd!l ity of the PNZST ceramic
by per forranyi nggi fXfraction ( XRD) and scanning el ec
roetmemperatur e XRD pattern and SEM micrograph o
samp FbsgBRPResugges the presence of a pure perovs
secondary phases, Which wasdifpetrsanpecdkrrroclcorpayt e d
analysis of diffiewkeat EEMcmi oredr apleasThe XRD pa
the previously report®d, dadld i hstpeakstaratwekl
tetragonal perovskite system with space group P/
mi crograph confirms the high densitynioffonme pre
grain distribution.

(110)

Intensity (a.u.)

(100) é‘%

20 30 40 50 60 70 80

p——
]

Fi gBMeRDpattern of the antiferroelectr.i
according to a pseudocubanc8EpMar ove i aphs
PNZST samplDe f({fitir@ghtad.eish nd HFEMYMI crogr ap
gr aoirni ent ati ons.

The investigated composition of PNZST ceramics
(Fp)hase at | ow temperatures, which transfor ms, |
a t et raangtoinfaelr rAoFepdatsréd @dt,( a paraelectric (PE) mul
phas &4 lak, and -aelsli ngubi @& 5BHa8sle. 1&tBh]le t emper atur e
evolution of tthlee ripthiacamst empler at ures are highly ¢
and electrical treat menrHnt hissaknopwyet hThpuet ered wgloé
el ectrodes of avaeamedet ol 4A830emKed eln méa sni me ment
to avoi d -dapdeehnits teofrfyect s.
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8.3 Isofield Dielectric Measurements

The t empdeepaetnudreent compl ex dielectric cdCnstant
bi @t ectric fieldddFEocanmekipBRFmhase FEransition t
Fi guf@es howst drhper cad pe reddn cteb al and i maginary p.
compl ex diel bet wke&ncd3nOsdtkarntng heating at a rat
for all babppbedtdreD@pi.cally, the resistance of

drops at the phase transition, which manifest
of the compl ex dij)el eTh e thekF BifdaEs taannduP A(F Eh a s e

transiteont ureemp wer e deter mined f rsoonifi,t he fi
respectively. The sequence of phase transiti ol
(FE“AFEGHPBii;n good agreement|[ &i.tAQ®t hiend i amer
exteb@Gallect rd tritffiticsaflHeEE andiPRFEr ansi ti on temper g
FEAFE trangdietmper ature i ncruPdE&s etsr,anghitlient e mA
decreases with i nAktrearsiealge cetl reicd'rth i€ctlpdF Ed @n2l kV
AFEHPEt ransition tempgamabikBPespelitfitvetlay .3 By furt
t hectediec field, the transiti ontaanndo nBa8l8 eks. f i nal

Figdbe(a) Real pamhtfs mahgei maompl ex di el ect
temperature measured D&bi &9 k efzireddedds . v { rbi
evolution of macroscopic polarizati onttin
steps of*™2.5 kV cm













































