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AUTORA IEGULDIJUMS

Zinatniskie raksti, kas veido $1 promocijas darba pamatu, ir kop&ja darba rezultats,
apvienojot batisku visu Iidzautoru ieguldijumu un zinasanas dazadas jomas. Autora ieguldijums
rakstu sagatavoSana apkopots 1. tabula.

1. tabula

Autora ieguldijums, sagatavojot katru promocijas darba ieklauto zinatnisko rakstu

1. publikacija | Poliméra kontaktgjamo kartinu izgatavoSana, izmantojot uzklasanu
ar rotaciju un pres€Sanu paaugstinatd temperatiira. Poliméru
triboelektrisko ipasibu mérijumi. PDMS cietibas mé&rijumi un
SkerssaistiSanas pakapes aprékini. Datu vizualais att€lojums.
Procentualais ieguldijums — 50 %.

2. publikacija | Polim@ra kartinu izgatavoSana, izmantojot uzklaSanu ar rotaciju un
triboelektrisko Ipasibu test€Sana. Datu vizualais att€lojums. TEG
efektivitates aprékini un ieguldijums manuskripta rakstiSana.
Procentualais ieguldijums — 75 %.

3. publikacija | Paraugu izgatavoSana un triboelektrisko 1paSibu test€Sana.
Triboelektriska efekta un ladina noturibas paaugstinata temperatiira
ilgtermina stabilitates meérijumi. Procentualais ieguldijums — 50 %.
4. publikacija | Paraugu izgatavoSana un triboelektrisko Tpasibu test€Sana.
Skengjosas Kelvina zondes (SKZ) mérijumu analize. Ieguldijums
manuskripta rakstiSana un datu vizualizacija. Procentualais
ieguldijums — 60 %.

5. publikacija | Paraugu izgatavoSana, izmantojot pres€Sanu  paaugstinata
temperattra. Triboelektrisko 1paSibu izpéte. Skengjosas Kelvina
zondes (SKZ) mérfjumu analize. Datu vizualais att€lojums.
Manuskripta  sakotn€jas  versijas rakstiSana. Procentualais
ieguldijums — 80 %.

6. publikacija | Poliméru  nanokompozitu  izgatavoSana un  polarizacija.
Triboelektrisko un pjezoelektrisko Tpasibu testéSana. Ieguldijums
manuskripta rakstiSana. Procentualais ieguldijums — 75 %.

7. publikacija | Poliméru  nanokompozitu  izgatavoSana un  polarizacija.
Triboelektrisko un pjezoelektrisko pasibu testésana. SKZ mérijjumu
analize. leguldijjums manuskripta rakstiSana. Procentualais
ieguldijums — 70 %.
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DARBA VISPAREJS RAKSTUROJUMS

levads

Mehaniskas energijas savakSana

Energijas savakSana nozimé apkartgja videé esosas energijas parveidi elektroenergija. Parasti
savak$anu uzskata par neliela energijas daudzuma parveidoSanu autonomai mazjaudas iekartu
nodro$inasanai ar energiju (WW-mW).! Mehaniskas energijas ieguve $adu ieri¢u darbinasanai
ir bitiska to plasakai pieejamibai un lauj samazinat ieri¢u ietekmi uz vidi. Attiecigi energijas
ieguve ir lietderiga, ja savakta energija sniedz ieguvumu, kas citadi nav sasniedzams ar
baterijam vai elektrotiklu, pieméram, novér§ nogurdinoSu akumulatoru nomainu vai dargu
savienojumu ar elektrotiklu. 1. att€la redzams dazu elektrisko ieri¢u energijas patrina
uzskaittjums;? ' energijas savaksana varétu biit lietderiga iericém ar energijas patérinu, zemaku
par 30—40 mW.

@ O o CF

Bezvadu sensors Viedpulkstenis Stacionarais dators

Sirds Dzirdes aparats Klépjdators

stimulators Mobilais telefons

1. att. Ikdiena sastopamas elektriskas ierices un to aptuvenais jaudas paterins.

Mehaniska energija (kinétiska energija) ir bagatigi pieejama no tadiem avotiem ka v&js,
tdens vilni, vibracijas un cilvéku kustibas. Vibracijas nodrosina daudz energijas, tomér savakta
energija biezi vien ir nieciga, salidzinot ar vibraciju energiju. Neskatoties uz relativi zemo
efektivitati, ped¢ja laika vibraciju energijas savaksana, izmantojot TEG, ir aktualizgjusies, jo
samazinas elektroiericu izm@rs un energijas patérins. Izmantojot TEG, var darbinat
mikroierices, piem&ram, sensorus, detektorus un bezvadu tikla parraiditajus, tadejadi aizvietojot
baterijas vai izvairoties no nepiecieSamibas pievienot nepartrauktas stravas avotu. Ar cilvéku
kustibas var izmantot ka mehaniskas energijas avotu, iestradajot energijas savacgjus apgerba,
apavos un aksesuaros (rokasspradz€s u. c.) vai ar1 izveidojot infrastruktiru (trotuari, gridas
segumi), kura iestradati energijas savacgji. Valkajami energijas savacgji kltst aizvien aktualaki,
pateicoties parnésajamas elektronikas popularitatei, tom&r savacgjam nevajadzEtu ierobezot
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valkasanas értumu, tapec loti svarigs aspekts ir ierices dizains. Min&to mehaniskas energijas

avotu savaksanai izmanto dazadus tehnologiskus risinajumus (2. tab.).

2. tabula

Mehaniskas energijas savaksanas tehnologiju, izmantoto materialu, ieglistama jaudas blivuma

un darbibas principu kopsavilkums

Tehnologija Materiali Jauda Darbibas principi
Elektro- Vadosa vada 11000 Mehaniska energija rada kustibu starp ierices
magnétiskais spole un W em:3 dalam, un starp abiem spoles galiem tiek
generators magnéts H ierosinata potencialu starpiba.
) o Dipolu blivums tilpuma izpauzas ka
Dielektriki ar g e P_ . P o
e 1 polarizétiba uz materiala virsmas. Dipoli
ieksgju dipola ) . _. - .
Piezo momentu: inducé vienadus pret€jas zimes ladinus
J L o 10-1000 elektrodos. = Mehaniska energija rada
elektriskais kristali, 3 . o
. . uWcem™ deformaciju, kas maina dipola momentu un
generators keramika, e . . e
.. tadgjadi polarizetibu. Izmainu rezultata notiek
polimeri un _ . — “ _
815 ladina pardale, nodros$inot elektronu plismu
kompoziti ) . e 4.
starp elektrodiem, kas savienoti ar argjo k&di.
Elastigs Generatoriem nepiecieSams sprieguma avots,
dielektriskais lai nodro$inatu  sakotngjo ladinu uz
Kapacitivais materials ar 0,01-100 elektrodiem. Mehaniskais sp€ks maina
generators kustigiem mW cm™ attalumu starp elektrodiem (vai elektrodu
elektrodiem?6- laukumu), tadgjadi kondensatora uzkrata
20 energija palielinas un péc tam tiek izladata.
o Augstsprieguma elektriskais lauks uzlade
Uzladetas ) @ laritates ladini
. oru sienas ar pret&jas polaritates ladiniem,
Ferroelektretu  poliméru putas  0,001-1 P i P J_ .p ) .
. , radot dipolus. Mehaniskais speks izraisa
materiali ar mW cm e . _ . i
T polarizacijas izmainu un ladina pardali starp
elektrodiem . T
elektrodiem, kas savienoti ar argjo k&di.
Elektrodi ir parklati ar poliméru slaniem, kas
savstarpgji saskaras. Ladins veidojas uz
Tribo Poliméra polim@ra virsmas p&c saskares un atdaliSanas,
. izolatora 0,001-50 un ladin§ tiek inducéts pievienotajos
elektriskais . S . L .
. parklati mW cm™ elektrodos. Elektrodi ir savienoti ar argjo
generators .99 _ - - - -
elektrodi kédi, taja novéro elektronu plasmu, kas

lidzsvaro potenciala starpibu, ko rada

inducetie ladini.

Starp piedavatajam tehnologijam triboelektriskie generatori (TEG) ir kluvusi par

daudzsolosiem mehaniskas energijas savacgjiem. Profesors Zhong Lin Wang 2012. gada tos

pirmo reizi izmantoja, lai aprakstitu energijas ieguves ierices, kas paredzgtas, lai parveidotu

berzes radito statisko ladinu elektroenergija, izmantojot elektrostatisko indukciju.?? Biezak tiek

lictots termins “triboelektriskie nanogeneratori” (TENG), lai akcent&tu nepiecieSamibu péc
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virsmas strukturéSanas nano izméra méroga, kas uzlabo veiktsp&ju, un noraditu, ka generatora
funkcionalitati nodroSina procesi nano izméra méroga. Scopus datubaze indekséto dokumentu
analize, kas saistiti ar “triboelectric nanogenerator”, liecina, ka dokumentu skaits katru gadu
pastavigi pieaug, 2021. gada sasniedzot 865 dokumentus (2. att.).

9004

800

700+

Dokumenti
B [4)] [e2]
o o o
e .2 9

w
S
b

2004

100

O-
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Gads

2. att. Dati par Scopus datubazé indeksétiem dokumentiem, kas nosaukuma, apraksta vai
atslégas vardos satur “triboelectric nanogenerator”.

TEG var veidot no l&tiem, viegliem, elastigiem, plasi pieejamiem polim&ru materialiem.
Salidzinot ar pjezoelektriskajiem un ferroelektretu materialiem, TEG nav vajadziga
polarizéSana, lai nodro$inatu energijas savaksanas funkciju. TEG ierices var darboties dazados
reZimos — atrau$anas rexima,?® berzes,?* rotacij as?® vai viena elektroda.

TEG ir nodemonstréts plass lietojuma klasts. Triboelektriskie in vivo energijas savacgji
izmantoti, lai savaktu biomehanisko energiju, izmantojot zurku un ctku sirdspukstus un
elposanu.?®?" Ir paradits, ka implantgjams triboelektriskais sensors, kas piestiprinats pie ciikas
perikarda, sp&j novérot sirdsdarbibu un elposanu, ka arT konstatét dzivibai bistamu aritmiju.?®
Turklat TEG var izmantot dzivo Stnu, audu un organu stimulacijai, tad€jadi nodroSinot
iespgjamu lietojumu cilmes $tnu diferenciacijas veicinasana, neironu audu regeneracijas
veicinasana un sirds stimulégana.?®3°

Galvenie TEG iericu veiktsp&jas raksturlielumi ir atvértas kédes spriegums (Voc) un
1ssléguma strava (Isc). Voc ir atkarigs no slodzes pretestibas R un pieaug, palielinot R. Isc biezi
ir nanoamp@ru méroga, tacu augstakas literatiird minétas vértibas sasniedz 350 uA no 1 cm?
liela parauga.®! Precizs poliméru triboelektrifikacijas spgjas raksturlielums ir 1adina blivums Q,

ko aprékina no issléguma stravas, izmantojot 1. vienadojumu:

Q=15 @

kur:
Isc — Issléguma strava,

12



dt — laika diferencialis;
A — kontakta virsmas laukumes.

Lai novértétu TEG energijas savakSanas potencialu, ir noderigi aprékinat energijas un
jaudas blivumu (uz TEG laukuma vienibu). Momentano jaudas blivumu Pj aprékina no Voc pie
izveleta R, izmantojot 2. vienadojumu:

p. = Yo )
! Rxa’

kur:

Voc — atvertas kédes spriegums;

R — slodzes pretestiba.

P&éc tam ar 2. vienadojumu iegiito Pj vértibu, att€lotu grafika ka laika t funkciju, var
izmantot, lai aprékinatu energiju E péc 3. vienadojuma:

Kondensatora uzkrata energija ari ir butiska TEG raksturipa$iba; dazos gadijumos ta,
salidzinot ar energiju, kas aprékinata tiesi kontaktatdalisanas eksperimentos, var biit mazaka
par 3—4 kartam.®! Zudumus galvenokart rada taisngrieza slégums, kas radito mainstravu parvers
lidzstrava.* Sis ir viens no aspektiem, kas ierobeZo lietojuma iespgjas.

Tris galvenie panémieni, ko izmanto, lai uzlabotu TEG iericu veiktsp&ju, ir: 1) virsmas
topografijas un morfologijas modifikacija; ii) poliméra virsmas kimiska apstrade un
funkcionalizacija; iii) segnetoelektrisko materialu izmantoSana.

Triboelektriska slana virsmas rakstam un geometrijai ir butiska nozime TEG darbiba. Ir
pieradits, ka lielaks Tpatngjais virsmas laukums veicina augstaka Q veidosanos. Petijumi liecina,
ka asimetriska saskare (atSkirigs katras kartinas saskares laukums) starp diviem identiskiem
materidliem rada augstu virsmas potencialu.®® Turklat, jo vairak abu virsmu topografija un
morfologija atskiras, jo augstaka ir TEG veiktspgja.

Poliméru triboelektriskas Tpasibas var uzlabot, izmantojot kimisku virsmas modifikaciju.*
Virsmas modifikacija paaugstina poliméru adh&ziju pret kontakteto virsmu, jo pastav saistiba
starp virsmas adhéziju un triboelektrisko ladinu. Process parasti ietver virsmas aktivaciju,
izmantojot plazmas apstradi, kam seko izveletas kimiskas vielas uzklasana. Pieméram, p&tnieki
ir ierosinajusi kimiskus parveidojumus, izmantojot apstradi ar fluorogleklu plazmu, lai uzlabotu
triboelektriskas Tpasibas.®® Viens no visbiezak izmantotajiem polimériem kimiskajam
modifikacijam ir polidimetilsiloksans (PDMS);® ta triboelektrisko virsmas ladinu var palielinat
ar dazadam virsmas apstrades metodém, pieméram, apstaroSanu ar ultravioleto gaismu péc
apstrades ar NaOH,*' kimisku halogenizaciju®® vai secigu kodinasanu un kimisko modifikaciju,
izmantojot O un SFs plazmu.®®

Viena no pieejam, lai panaktu augstaku TEG veiktspéju, ir
segnetoelektriska/pjezoelektriska efekta izmantosana. So efektu ietvero$os TEG parasti déve
par hibridiericeém, jo pjezoelektriskais efekts ir arT pjezoelektrisko generatoru stiirakmens.
Attiecigi visi segnetoelektriskie materiali varétu biit pjezoelektriski, tomér ne visiem
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pjezoelektriskajiem materialiem piemit segnetoelektriskais efekts (pieméram, ZnO un kvarcs).
Segnetoelektrisko efektu parasti novéro materialos ar perovskita struktiiru (BaTiO3, PbTiO3)
un dazos poliméru materidlos (polivinilidénfluorids (PVDF), poliamids-11 (PA-11)).%
Segnetoelektriskie materiali tilpuma satur spontani orientetu dipolu momentu doménus, kas
savukart orientéti haotiski, uzradot kop&jo polarizétibu P = 0. Argjais elektriskais lauks E spg;
orient€t dipolus noteikta virziena, tadgjadi izveidojot kop&ju polarizétibas vektoru. Mehaniskais
speks izraisa P izmainas, kas savukart induce virsmas ladinu elektroda. Hibridas TEG ierices ir
uzradijusas vienus no labakajiem rezultatiem, sasniedzot visaugstako jaudas blivumu —
50 mwW c¢m23!

Ka redzams, TEG piemit augsts potencials veicinat energijas savakSanas jomu. Promocijas
darba zinots par energijas savakSanas rezultatiem, izmantojot poliméru materialos balstitus
TEG. Energijas savakSanas uzlabosana tiks panakta, izveidojot TEG ierices, kuras iestradati
segnetoelektriskie materiali. Jaunas zinaSanas, kas ir atklatas promocijas darba par ladinu
veidosanos, iesp&jams izmantot, lai uzlabotu TEG iericu energijas savakSanas potencialu.

Triboelektrifikacija un materiali TEG iericém

Triboelektrifikacija (saukta arT par kontaktelektrifikaciju) ir elektriska 1adina veidoSanas uz
divu materialu virsmam pé&c to savstarp&jas saskares. Triboelektrifikacijas fenomens ir TEG
darbibas pamata. Procesa abi materiali iegiist elektriskos ladinus — vienadus p&c lieluma, bet ar
pretgjam zim&m. Triboelektrifikaciju novéro dazadiem materialu veidiem, tomér ladina lielums
un noverojuma laika skala ieverojami atskiras. Divu atSkirigu metalu triboelektrifikacija rada
saméra nelielu 1adinu (0,1-10 pC uz cm?), kas atri paziid (mazak par sekundi), ta¢u poliméru
gadijuma iegiitais 1adins ir lielaks (0,1-100 nC uz cm?) un stabilaks (Iidz pat 24 stundam).

Dazos gadijumos triboelektriskajam efektam ir batisks lietojums, savukart ir gadijumi, kad
tas ir trauc€joSs. Pieméram, elektrostatiskaja krasoSana krasas dalinu berze pret krasoSanas
pistoles stobru pieskir dalinam virsmas ladinu.*! Uzladetas krasas dalinas nosedz virsmu
vienmérigak, piepildot spraugas un tukSumus. Triboelektriskais efekts tiek izmantots ari
kserografija — tehnikd, ko izmanto fotokopiju radi$anai bez $kidram kimikalijam.*? Dazu
printeru toneros Sis efekts nodrosina tonera poliméra dalinu piesaisti dzelzs nes€jdalinam, lai
magnétiskais lauks tas varetu sakartot. Elektrostatisko 1adinu, ko rada triboelektriskais efekts,
var izmantot ari filtracijas sisteémas. Par triboelektriskas iedarbibas graujoso dabu — nejausa
virsmas ladinu izlade var aizdegt viegli uzliesmojosus materialus vai puteklu makonus.*3*
Izlade var sabojat ari mikroelektronikas sastavdalas.*®“® Triboelektrifikacija spgj radit ari

problémas razo$ana — ta var traucét vielu plismu un samaisisanos,*’ >

52,53

un ta rezultata palielinas
berze un rodas energijas zudumi.

Metalu un pusvaditaju gadijuma (kontakts starp metalu un metalu, metalu un pusvaditaju
vai pusvaditaju un pusvaditaju) ir panakta zinatnieku vienpratiba, ka par kop&a ladina
veidoSanos atbildiga ir elektronu parnese starp iesaistitajiem materialiem, jo Sie materiali var
saturét delokalizétus elektronus. Elektronu parnese starp diviem metaliem ir saméra vienkarsa:
tas pamata ir izejas darba @ atSkiribas. Péc kontakta elektroni pliist no metala ar zemako @ uz
metalu ar augstako @. Lidzsvars tiek sasniegts, kad metala ar augstako @ uzkratie elektroni
kompensé sakotn&jo @ starpibu un abos metalos izlidzinas Fermi limeni. Talak materialu
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atdaliSana izraisa elektronu pliismu atpakal uz sakotngjo materialu, jo tie cenSas atgriezties
sakotngja stavokli, tomér, palielinoties attalumam starp virsmam lidz punktam, kad nav
iespgjama elektronu tuneléSanas starp virsmam, Sis process tiek iev€rojami ierobeZots.
Rezultata uz metala ar augstako @ paliek atlikuSie parnestie elektroni.

Vispiemérotakos materialus (metalus, pusvaditajus vai polimerus) izmantoS$anai virsmu
kontaktesanai TEG ieric€s var izvEleties, izmantojot triboelektriskas rindas. Tas ir empiriski
sastadits saraksts, kas sarindo materialus p&c to ticksmes uzladeties pozitivi vai negativi. Biezi
tas parada ar1 paredzamo triboelektrifikacijas lielumu, izteiktu ka ladina blivumu. lerasti ir
pienemts materialus uzskaitit noteikta seciba, ka paradits 3. att€la, pec to tendences uzladeties
pozitivi vai negativi, saskaroties citam ar citu vai arT péc kontakta ar kadu konkr&tu materialu.>

Tom@r ir atrodamas variacijas materialu seciba, dazkart — ar pretrunigiem rezultatiem.>

lzolatora nosaukums Ladina lzolatora nosaukums Ladina
afinitaie afinitaie
(nCJ) (nCJ)
Poliuretana putas +60 Sorbotans +58
Mati, taukaina ada +45 + Ciets poliuretins +40
Magnija fluorids +35 Neilons, sausa dda +30
Masine|ja +29 Nylatron +28
Stikls +25 Papirs +10
Koks (priede) +7 Kokvilna +5
Nitrilagumija +3 Vilna 0
Polikarbonats 5 Akrils 10
Epoksidsveki -32 Stirola-butadigna gumija -35
PET (Mylar) -40 EVA gumija -55
Kos|ajama gumija -60 Polistirols -70
Poliimids —70 Silikoni —72
Vinils, lokans ~75 LDPE -90
Polipropiléns 90 HDPE 90
Celulozes nitrats =93 UHMWPE —95
Polihloropréns —98 PVC, stingrs vinils -100
Lateksa gumija —-105 Viton gumija, pildits -117
Epihlorhidina gumija -118 Santoprene gumif -120
Hypalon gumija, pildita -130 — Butilgumija, pildita —135
EPDM gumija, pildita —140 PTFE, (Teflons) -190

3. att. Kvantific@tas triboelektriskas rindas piemérs.>*

Noverotas atskiribas triboelektriskajas serijas ir viens no iemesliem ilgstosam diskusijam
par mehanismiem, kas nosaka ladinu veidoSanos un parnesi poliméru triboelektrifikacija.
Galvenie mehanismi, kas tiek piedavati poliméru triboelektrifikacijas skaidrojumam, ir
elektronu parnese, makromolekulu ladétu fragmentu parnese vai jonu parnese. Mehanisma
noteikSana ir sarezgita, jo pastav vairaki faktori, kas ietekmé& ladina veido$anos polim&ru
triboelektrifikacijas laika: (i) vide (temperatiira un mitrums);**°2 (ii) saskares laiks un spéks;
(iii) morfologija (virsmas raupjums, raksts); (iv) tilpuma ipasibas (makromolekulu sakartotiba,
Skérssaistisanas pakape);% (v) virsmas kimiskais sastavs (funkcionalas grupas).®®

Elektronu parnese pienacigi raksturo ladina parnesi starp metaliem,® tapéc to pasu logiku
sakotngji pieméroja ari izolatoriem — gan neorganiskiem, gan organiskiem. lIzolatoram
raksturiga ar elektroniem pildita valences zona un tuksa vaditsp&jas zona, kas atdalitas ar platu
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aizliegto zonu, tapéc, lai nodro$inatu elektronu parnesi, japievada ieverojams energijas
daudzums. Sads endotermisks process energétiski patéré aptuveni 10 eV, nemot véra elektrona
atrauSanu no pirma poliméra materiala, ta parvietoSanu noteikta attaluma un pievienoSanu
otrajam polim@ru materialam.®” Acimredzams, ka elektronu parnese starp izolatoriem ir
energétiski mazak iesp&jama neka starp metaliem, tomér poliméri uzladgjas spécigak neka
metali. Vairakos veidos ir méginats izskaidrot elektronu parneses modela nepilnibas izolatoru
triboelektriskas uzlades gadijuma. Viens no ierosinajumiem ir tads, ka aizliegtaja zona pastav
elektronu aizpilditi starpstavokli, kurus izraisa dazadi defekti, piem&ram, nospriegotas kimiskas
saites vai virsmas Tpasibas.®® Termoluminiscences eksperimenti ir pieradijusi $adu
starpstavoklu esamibu, tomér So elektronu daudzums nav pietickams, lai raditu novéroto
triboelektrisko 1adinu.®® Ka virzitajspeks elektronu parnesei ir ieteikta ari elektronu vilpu
funkciju delokalizacija, ko izraisa materiala deformacija kontakta laika.’®"® Attiecigi abu
virsmu kontakts lauj to elektronu orbitalem savstarpgji parklaties tada veida, ka dazi elektroni
tiek delokalizeti un klust pieejami parnesei.

Pateicoties tadam virsmas analizes metodém ka rentgenstaru fotoelektronu spektroskopija
(X-ray photoelectron spectroscopy — XPS), atomspéku mikroskopija (atomic force
microscopy — AFM) un Raman spektroskopija, ir savakti pieradijumi, kas atbalsta jonu parneses
mehanisma skaidrojumu.’*"® Bez $aubam, jonu parnese ir galvenais mehanisms, kad tiek
kontakt&ti jonoméri, jo “mobilus” jonus var viegli parnest.””~’® Tomér rodas jautajums, vai joni
var but atbildigi par spécigo triboelektrifikaciju, ko novero ierasto poliméru kontakteSana.
Tradicionalajos poliméru izolatoros nav “mobilu” jonu, tap&c ir ticksme uzskatit, ka centrala
nozime varétu bt hidroksidjoni (OH"), jo pat hidrofobi polimé&ri satur planu tidens slani uz to
virsmas apkart&jas vides apstaklos.® Saskaroties divu poliméru virsmam, starp virsmam
veidojas Gidens “tilts”, kas lauj OH™ joniem pariet uz poliméru, kas uzrada spécigaku noteikta
jona adsorbcijas sp&ju. Kad materiali tiek atdaliti, Iidzsvara trikums jonu daudzuma tidens
adorbata slanos uz atseviskam virsmam veido nekompensétu 1adinu. Hidroksidjonu adsorbcijas
ticksme ir saistita ar poliméru zeta potencialu (elektrisko potencialu stacionaraja tidens
s1an1).8482 Tom@r jonu parneses skaidrojumam ir triikumi: poliméru triboelektrifikacija ir
novérota ari videé bez tidens klatbiitnes®® un ar vakuuma starp virsmam, kas nav tikusas
paklautas atmosféras iedarbibai.®*®® Turklat jonu parnese neizskaidro poliméru
triboelektrifikaciju, kad tiek kontakt&ti kimiski identiski materiali, jo abiem piemit vienada OH™
jonu adsorbcijas tieksme. %2

Makromolekulu ladéto fragmentu parnese ka triboelektrifikacijas mehanisms izriet no
fakta, ka polim&ru kovalentas saites var tikt heterolitiski Skeltas mehaniskas ietekmes rezultata,
ko pierada plasi p&tfjumi mehanokimija un tribologija.8”8 Kovalento sai$u energija poliméros
svarstas robezas 3,7-4,5 eV atkariba no heteroatomu (N, Si, O, S, F utt.) klatbiitnes galvenaja
virkng un sanu k&des.®® Kovalentas saites disociacija var biit homolitiska (homolize) vai
heterolitiska $kelSana (heterolize).’® P&c homolitiskas $kelSanas katras parrautas
makromolekulas virknes gala izveidojas identiski radikali.®® Tomér par ladina veidosanos
atbildiga ir tikai heterolitiska SkelSanas, jo iznakums ir katjona un anjona paris (mehanojoni,
organojoni). Ka novérojams Kelvina spéka mikroskopija (Kelvin force microscopy — KFM),
kontaktatdalitas virsmas p&c nejausibas principa veido pozitivi un negativi ladétus nano méroga
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izméra doménus (4. att.).”

Attiecigi kopgjais 1adina blivums, ko noméra uz katras kontaktetas
virsmas, ir $0 nano méroga izméra doménu ieguldijumu summa, un virsmas polaritati nosaka
domingjosie mehanojoni. Kad virsmas tiek atdalitas, materiala parnesé starp virsmam tiek

parnesti ar elektriski 1adétie jonu fragmenti.”’®

[E . contact m separate

pIeCE -) piece
potentlal
] ( ) potential

4. att. Ladina veido$anas attélojums materiala parneses gadijuma.’®

Parpublicéts ar AAAS atlauju no “Baytekin, H. T.; Patashinski, A. Z.; Branicki, M.; Baytekin, B.; Soh, S.;
Grzybowski, B. A. Science 2011, 333, 308”.

Materialu parnesi rada virsmu adh@zija, jo veidojas lokali koncentrétas adh@zijas saites,
kuru iedarbibas speku summa ir lielaka par poliméra molekulu kovalento saisu speku.®%
Virsmas adh@zija palielinas, kad poliméru virknes sp& brivi mijiedarboties un savities ar
pretgjam virsmam. Papildus tam elastoméri nodroSina pilnigaku saskares laukumu, un
kontaktéSanas laika palielinas starpmolekularo adh@zijas saiSu blivums. Berze veicina
kovalento saiSu SkelSanos, veidojot bides spriegumus kontakteSanas laika, tadgjadi lielaki
berzes speki rada lielaku saiSu SkelSanas varbutibu. Parasti berze ir atkariga no polimé&ra
molekulmasas un $kérssaistiSanas blivuma, piem&ram, ir pieradits, ka Skerssaistitu polimeru
virsmu berze ir par vairakam kartam mazaka neka neskérssaistitu. %

Lai gan homolize nerada ladinu saturoSus fragmentus, ta tom@r ir noderiga polimé&ru
kontaktelektrifikacijai. Ir paradits, ka radikalu fragmenti sp& lokalizéties kopa ar jonu
fragmentiem un stabiliz€t tos uz kontaktetajam poliméru virsmam. Radikalu keraju
pievienosana (pieméram, E vitamins) strauji samazina sakotngji stabilo ladinu.*® Saskana ar
teorétiskajiem p&tijumiem radikala-1adina stabilizacijas mehanisms balstas uz starpmolekularas
nepara elektronu (viens vai tris) saites izveidosanos.%

No tris literatiira apspriestajiem ladina parneses mehanismiem visvarbutigaka skiet
materiala parnese. Promocijas darba pétita 1adina veidoSanas un mekl&tas iesp€jas apstiprinat
materiala parneses lomu poliméru triboelektrifikacija, izmantojot parnesta materiala noteikSanu
ar XPS, AFM un kontaktatdaliSanas eksperimentiem. Liela nozime ladina veidoSanas procesa
starp virsmam ir adh&zijai, tap€c tiks izstradati un petiti materiali ar paaugstinatu adheziju.
Darba tiks apskatita ar1 fizikali ktmisko 1pasibu ietekme uz triboelektrisko efektu, tapec tiks
pétita tadu parametru ka kohé&zijas energijas blivums, kompozita cietiba vai virsmas
morfologija, pielagosana augstaka virsmas ladina iegi$anai. Promocijas darbs ari veicinas
izpratni par aspektiem, kas ietekmé ladina veidoSanos, p&tot kimiski identisku materialu
triboelektrifikaciju.
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Promocijas darba merki

1. Noteikt polimeru fizikali kimisko 1paSibu ietekmi uz virsmas ladina veidoSanos.

2. Pieradit, ka heterolitiska kovalento saiSu $kelSana ar tai sekojoSu materiala parnesi ir
noteicosais poliméru triboelektrifikacijas mehanisms.

3. Izpétit veidus, ka paaugstinat polimeru tiecksmi triboelektrificéties.

Aizstavamas tézes

1. Ladina blivums poliméru triboelektrifikacija koreleé ar materiala mehaniskajam ipasibam
(pieméram, elastibas modulis, cietiba) un virsmas raupjumu, kas lauj paredz&t poliméra
triboelektriskas Tpasibas.

2. Kovalento saiSu heterolitiska skelSana un tai sekojosa materialu parnese ir apstiprinats ka
poliméru triboelektrifikacijas mehanisms.

3. Hibridas segnetoelektriskas-triboelektriskas generatoru ierices uzrada lielaku veiktsp&ju,
ja triboelektriskie dipoli (dipola moments, kas radits triboelektrifikacijas laika) sakrit ar
segnetoelektrisko dipolu virzienu (dipols, kas eksiste segnetoelektriskaja fazg).

Zinatniska novitate

Ir radits bitisks ieguldijums poliméru materialu triboelektrifikacijas mehanismu
skaidroSana, paradot dazadu parametru ietekmi: cietiba; elastibas modulis; virsmas raupjums;
makromolekulara sakartotiba un Ské&rssaistiSanas pakape. leskic@ta jauna pieeja augstas
veiktspgjas TEG ieri€u konstru€Sanai, izmantojot segnetoelektriska/pjezoelektriska efekta
sinergiju ar triboelektrisko efektu.

Praktiska nozime

Izmantojot zinasanas par poliméru fizikali kimisko Tpasibu ietekmi uz triboelektrifikaciju,
izveidotas hibridas triboelektrisko generatoru ierices, kas sp&j parvérst mehanisko energiju
elektriskaja ar wuzlabotu efektivitati. Triboelektriskie generatori nodroS§ina energiju
mikroiericém vai bezvadu sensoriem, tadgjadi laujot izvairities no bateriju izmantoSanas.

Darba struktiira un apjoms

Promocijas darbs ir zinatnisko rakstu kopa, kas veltita kontaktelektrifikacijas efekta izpetei
un triboelektrisko nanogeneratoru izstradei. Darba kopsavilkums ir uzrakstits latvieSu un anglu
valoda. Promocijas darba rezultati ir public@ti septinas zinatniskajas publikacijas, kas ir
indeksétas gan Scopus, gan Web of Science (WOS) datubazés. Promocijas darba kopsavilkuma
ir 25 atteli un divas tabulas. Promocijas darba ieklauto publikaciju kopgjais ietekmes faktors
2020. gadam ir 84,055, to kopgjais apjoms, ieklaujot elektroniski pieejamo papildu informaciju,
ir 132 lapaspuses. Rezultati ir prezenteti devinas starptautiskajas konferences.
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Publikacijas un darba aprobacija

Publikacijas, kuras publiceti promocijas darba rezultati

1. A. Sutka, K. Malnieks, L. Lapcinskis, P. Kaufelde, A. Linarts, A. Berzina, R. Zabels,
V. Jurkans, 1. Gorpevs, J. Blums, M. Knite, The role of intermolecular forces in contact
electrification on polymer surfaces and triboelectric nanogenerators, Energy Environ. Sci.
2019, 12 (8), 2417-2421. (Scopus, WOS, 1F(2020)=38.532).

2. L. Lap¢inskis, K. Malnieks, J. Blums, M. Knite, S. Oras, T. Kddambre, S. Vlassov,
M. Antsov, M. Timusk, A. Sutka, The Adhesion-Enhanced Contact Electrification and
Efficiency of Triboelectric Nanogenerators, Macromol. Mater. Eng. 2020, 305 (1), 1900638.
(Scopus, WOS, 1F(2020)=4.367).

3. A. Sutka, A. Linarts, K. Malnieks, K. Stiprais, L. Lap&inskis, Dramatic increase in polymer
triboelectrification by transition from a glassy to rubbery state, Mater. Horiz. 2020, 7 (2),
520-523. (Scopus, WOS, 1F(2020)=13.266).

4. A. Sutka, K. Malnieks, L. Lap¢inskis, M. Timusk, K. Kalnin§, A. Kovalovs, J. Bitenieks,
M. Knite, D. Stevens, J. Grunlan, Contact electrification between identical polymers as the
basis for triboelectric/flexoelectric materials, Phys. Chem. Chem. Phys. 2020, 22 (23),
13299-13305. (Scopus, WOS, 1F(2020)=3.676).

5. L. Lapcinskis, A. Linarts, K. Malnieks, H. Kim, K. Rubenis, K. Pudzs, K. Smits, A.
Kovalovs, K. Kalnin§, A. Tamm, C.K. Jeong, and A. Sutka, Triboelectrification of
nanocomposites using identical polymer matrixes with different concentrations of
nanoparticle fillers, J. Mater. Chem. A 2021, 9 (14), 8984-8990. (Scopus, WOS,
IF(2020)=12.732).

6. L. Lapcinskis, K. Malnieks, A. Linarts, J. Blims, K. Smits, M. Jarvekiilg, M. Knite,
A. Sutka, Hybrid Tribo-Piezo-Electric Nanogenerator with Unprecedented Performance
Based on Ferroelectric Composite Contacting Layers, ACS Appl. Energy Mater. 2019, 2 (6),
4027-4032. (Scopus, WOS, 1F(2020)=6.024).

7. A. Sutka, K. Malnieks, L. Lap¢inskis, M. Timusk, K. Pudzs, M. Rutkis, Matching the
Directions of Electric Fields from Triboelectric and Ferroelectric Charges in Nanogenerator
Devices for Boosted Performance, iScience 2020, 23 (4), 101011. (Scopus, WOS,
IF(2020)=5.458).

Citas promocijas darba izstrades laika publicétas zinatniskas publikacijas

1. M. Knite, A. Linarts, K. Ozols, V. Tupureina, I. Stalte, L. Lapcinskis, A study of electric
field-induced conductive aligned network formation in high structure carbon black/silicone
oil fluids, Colloids Surf., A 2017, 526, 8-13. (Scopus, WOS, IF(2020)=4.539).

2. L. Lap¢inskis, A. Linarts, M. Knite, I. Gornevs, J. Bliims, A. Sutka. Solid-state
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PROMOCIJAS DARBA GALVENIE REZULTATI

Starpmolekularo spéku loma kontaktelektrifikacija (1. publikacija)

1. publikacija izcel fizikali kimisko ipasibu korelaciju ar virsmas ladina lielumu, kas
veidojas péc kontaktatdaliSanas. Poliméru virsmu triboelektrifikacija nodroSina energijas
ieguves  funkciju (TEG). Elektronu starp
kontaktatdalitajam virsmam biezi uzskata par galveno poliméru elektrifikacijas mehanismu.

triboelektriskajos  generatoros parnesi
Saskana ar elektronu parneses mehanismu nepiecieSams kontakts starp kimiski atSkirigiem
polimé&ru materialiem, ka arT kontakta Tpatné&ja virsmas laukuma palielinaSana, ko parasti paveic
ar nanostrukturéSanas palidzibu. Tomér 1. publikacija més paradijam, ka kontaktelektrifikaciju
var kontrolét, modific€jot poliméra starpmolekularos spe€kus un adh&zijas spekus
kontaktatdaliSana.

Galvenais 1. publikacija noteiktais mérkis bija izpétit polimeru fizikali kimisko 1pasibu
izmainu ietekmi uz ladina veido$anos kontakta atdali$anas laika. Ss ietekmes izpétei noteiktie
uzdevumi bija:

e DEtit saistibu starp poliméra elastibas moduli un triboelektriska 1adina blivumu, kontaktgjot
ar vadosu metala oksidu materialu;

e noteikt, ka divu savstarpgji kontaktatdalitu poliméru cietibu atSkiriba ietekmé generéto Q);

e parbaudit poliméra termiskas apstrades parametru (termiskas véstures) ietekmi uz generéto

Q pec identiska kimiska sastava polimeru kontaktatdaliSanas;

e noteikt korelaciju starp elastoméra PDMS S$kérssaistiSanas pakapi, generéto Q un ari
atrauSanai nepiecieSamo (adhézijas) speku.

Triboelektrisko mérijumu galvenie rezultati redzami 5.—7. attéla.

(a) Q0 (b)g,'\o.m 0.25
g - Tsms g /(_‘?
&) ‘ ) 0.08 0.20 o
- PVC pl =
S
> 0.3 EO 8400 - St
2 T <. 0.06 015 ¢
» . = 0
c 0.2 EO 8200 8 o
(o) EVA23 & 0.04 0105
01 © 5
@ 0.1 evate ’
o . L - 7 @ ] T
‘(6 [ﬁp"vi’.”rl PAG ¢ PVA e 0,09 <

PE— \6,6 c
S 0.01 Pl Tr Ps PMMA! _‘C“
RERERERERE e = 000
Modulus (GPa) P A

&®
Q
N

P

)
&

&

5. att. Termoplastisku polimeéru triboelektrifikacijas ladina saistiba ar to mehaniskajam

ipasibam: (a) Korelacija starp poliméra materialu elastibas moduli un virsmas ladinu 20

dazadiem polimé@riem, tos kontaktgjot ar ITO; (b) kontaktelektrifikacijas ladina blivums un

cietibas starpiba dazadam poliméru kombinacijam.
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6. att. Issleguma stravas maksimumi, kas veidojas, kontakt&jot un atdalot divus PP ar lidzigu
un atskirigu termisko vésturi. Zilas figiiras atveido originalas poliméra pléves, sarkanas
figiiras — izotermiskai kristalizacijai paklautas poliméra kartinas (130 °C, 60 min).%
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7. att. (a) Virsmas ladina blivums un atdaliSanas spriegums atkariba no molekulmasas
posmam starp PDMS skérssaistisanas punktiem Mc; (b) sakariba starp PDMS ladinu un
nepiecie$amo atdalianas spriegumu.®*

1. publikacijas galvenie rezultati un secinajumi

e Polimériem ar zemaku elastibas moduli ir augstakas virsmas 1adina blivuma vértibas neka
tiem, kuru modulis ir augstaks, ka redzams 5. (a) attéla. Poliméri ar augstako moduli:
polimetilmetakrilats (PMMA), poliamids 6,6 (PA-66) un polivinilacetats (PVAc) péc
saskares ar ITO uzrada ladina blivumu ar kartu 10 pC cm 2, savukart mikstiem elastoméru
polimériem, tadiem ka stirola-etiléna-butiléna-stirola bloka kopolimérs (SEBS), virsmas
ladins ir divas kartas augstaks (0,92 nC cm2). Modulis ir proporcionals materidla koh&zijas
energijas blivumam (KEB),*® tatad 5. (a) attéls liecina arT par korelaciju starp virsmas ladinu
un poliméra KEB. Triboelektrifikacijas pastiprinasanos dazadu kontakta Ipatng&jo virsmas
laukumu del var izslégt, jo visi paraugi ir plakani (sagatavoti ar vienadu preséSanas pieeju
paaugstinata temperattira) un tiem ir [idzigas virsmas raupjuma vértibas, ka paradits AFM
augstuma merijumos (59,76 + 21,78 nm). Salidzinajumam, paraugiem, kuriem ar noliku tika
paaugstinats virsmas raupjums, RMS virsmas raupjums sasniedza 654 nm.

e Savstarpgja kontaktatdaliSana tika veikta, izmantojot kimiski atSkirigus polimérus ar
lidzigam vai at$kirigam cietibas veértibam (5. (b) att.). Poliméru cietiba tika noteikta,
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izmantojot nanoindentatora adatu — Berkovica trisstira piramidu. Lai gan tie bija kimiski
atSkirigi, divi cietie polimeri, piem&ram, poliimids (PI, 230 MPa) un polistirols (PS, 210
MPa), radija niecigu virsmas ladina blivuma vértibu (0,011 nC cm™2). Zems ladina blivums
tika noverots ari, savstarpg€ji kontaktgjot divus salidzinos$i mikstus polimérus ar lidzigam
cietibas vertibam: LDPE (15 MPa) un PTFE (33 MPa). Cieta un miksta polim@ra savstarpgja
kontaktatdali$ana sniedza par kartu augstakus virsmas ladina vértibas. Sis eksperiments
skaidri norada, ka elektronu parnese, visticamak, nenosaka ladina veidoSanos poliméru
triboelektrifikacijas laika.

Pretgji visparéji pienemtajai izpratnei®* més nodemonstr&jam, ka nav nepiecie$ams kontaktet
kimiski atSkirigus polimérus, lai notiktu triboelektrifikacija, par ko liecina no kimiski
identiskam PP pléviteém izgatavotas TEG ierices Isc (6. att.). Kontakt&jot un atdalot PP
plévites, ar identisku termisko v@sturi netika novérota Tssleguma strava. Tomeér, kad tika
kontaktatdalitas PP plévites ar atSkirigam termiskajam v&sturém, tika nomérita 35 nA licla
Isc un 0,071 nC cm2 liels Q. Dazada termiska vésture maina makromolekularo sakartotibu,
ko apstiprina zemaka fazu parejas temperatiira un virsmas cietibas izmaina no 107,6 MPa uz
96,2 MPa.

PDMS triboelektrifikaciju pret ITO pétija, mainot PDMS SkérssaistiSanas pakapi; ta tika
izmainita, mainot attiecibu starp bazes prepoliméru un $kérssaistisanas agentu.”® Virsmas
lading, kontaktgjot ar ITO, pieauga no 0,31 nC cm2 Iidz 3,39 nC cm™, palielinot
molekulmasu starp skérssaitém (Mc) PDMS parauga no 1800 g mol? Iidz 13 300 g mol™
(7. (a) att.).

Divu kimiski identisku PDMS savstarpgja triboelektrifikacija tika pétita, kontaktgjot un
atdalot divus PDMS gan ar identiskam, gan atskirigam Mc vértibam. Kad kontaktéto PDMS
kartinu Mc bija identisks, kontaktelektrifikaciju gandriz nenovéroja. Péc divu vienadu slanu,
kuru Mc bija 7600 g mol™, kontaktatdalisanas Q bija 0,00143 nC cm™, savukart,
kontaktatdalot divus slanus, kuru Mc bija 1800 g mol?, tas bija 0,00161 nC cm™,
Kontakt&jot PDMS kartinas ar dazadiem Mc (7600 vs. 1800 g mol™), tika iegiits vismaz par
kartu augstaks virsmas ladina blivums (0,0168 nC cm™), Voc (20 V) un lIsc (120 nA).
Augstaks ladina blivums, samazinoties SkérssaistiSanas pakapei, ir saistits ne tikai ar mazaku
Skérssaisu daudzumu un mazaku kohézijas energiju, bet ari ar augstaku adh&ziju starp PDMS
un ITO. Ka redzams 7. (a) attcla, atdaliSanas spriegums, kas nepiecieSsams, lai atdalitu abas
kontakt&tas kartinas, ir lielaks, ja $k&rssaistiSanas pakape samazinas (pieaug Mc). Novérota
sakariba starp atdaliSanas mehanisko spriegumu un ladina blivumu saglabajas art tad, ja
atdali$anas spriegumu palielina PDMS kartinai ar konkrétu Mc (3840 g mol™) — augstaks
atdaliSanas spriegums korelé ar paaugstinatu ladina blivumu (7. (b) att.). Atdalisanas
spriegums ir palielinats, pakapeniski paaugstinot kontakt€Sanai izmantoto speku no 1 N uz
50 N ar 5 N soli. Sie rezultati apstiprina, ka poliméra var iegit augstu virsmas ladina
blivumu, ja poliméram piemit spéciga virsmas adh&zija un zema kohézijas energija. Sada
gadijuma blakus esoSo adh&zijas (fizikalo) saiSu, kas veidojas starp saskares virsmam,
kopgja energija ir lielaka neka kimisko vai/un fizikalo saiSu energija tilpuma. Tas izraisa

kovalento saisu $kel3an0s un materiala parnesi starp abam kontakt&tajam virsmam.5
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Adhézijas uzlabota kontaktelektrifikacija un TEG efektivitate
(2. publikacija)

2. publikacija tika zinots par poliméru, kam atSkiras virsmas adhézija,
kontaktelektrifikaciju. TEG ierices tika izgatavotas, izmantojot polidimetilsiloksanu (PDMS),
etiléna-okténa kopoliméru (EOK), stirola—etiléna—butiléna—stirola kopoliméru (SEBS) un
etiléna-vinilacetata kopoliméru (EVA). Papildus Siem izv€letajiem polim&riem tika sintez&ts
heksandiola-citronskabes kopolimérs (PHC), Kas literatiira zinams ka elastoméra veida Iime.%’
Elektriskie mérijumi tika veikti kopa ar adh&zijas mérjjumiem makro izmé&ra kontaktatdaliSanas
eksperimentos. Papildus tam lokala adh@zija un virsmas raupjums tika pétits ar AFM, lai iegiitu
dzilaku ieskatu sakaribas starp virsmas Tpasibam un elektrifikaciju. Rezultati rada, ka lielaks
virsmas ladins veidojas uz poliméru kartinam ar specigaku adhéziju. Kopa ar XPS mérijjumiem
tas apstiprina, ka par polim&ru kontaktelektrifikaciju atbildigs ir kovalentas saites SkelSanas
mehanisms. P&titajiem materialiem piemit uzlabota kontaktelektrifikacija, kas padara tos
pievilcigus izmantoSanai triboelektrisko nanogeneratoru ierices, lai parveidotu mehanisko
energiju elektriskaja.

2. publikacija noteiktie merki bija sadi:

o talak izpétit korelaciju starp virsmas 1adina blivumu un adhéziju,

e parbaudit materiala parnesi PDMS poliméra gadijuma;

e icrosinat metodi, ka aprékinat triboelektrisko generatoru efektivitati, ieklaujot ieprieks véra
nenemtos adhézijas spekus.

Meérijumu galvenie rezultati redzami 8.-10. att&la.
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8. att. (a) AtdaliSanas spriegums abam kontaktétajam TEG kartinam dazadiem poliméru
materialiem; (b) atbilstosais ladin$ §tm TEG iericém; (C) Voc maksimumi dazadu poliméru
TEG; (d) Isc maksimumi dazadu poliméru TEG.%
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9. att. Materiala masas parnese: (a) ITO virsma pirms (pa kreisi) un péc (pa labi) 10 000
kontakteSanas cikliem ar PDMS (masas attieciba starp prepoliméru un Sk&rssaistiSanas
agentu — 10 : 1); (b) XPS rezultati, salidzinot neizmantota ITO virsmu un ITO virsmu péc
10 000 kontakteSanas cikliem ar PDMS (masas attieciba starp prepolimeru un SkérssaistiSanas
agentu — 10 : 1), kas parada Si 2p maksimumus uz ITO virsmas.*
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10. att. PHC poliméra TEG ierices raksturlielumi: (a) energijas blivums un jaudas blivums ka
funkcija no slodzes pretestibas; (b) efektivitate.%

2. publikacijas galvenie rezultati un secinajumi

o Testeto materialu atdaliSanas speks palielinajas $ada seciba: EVA < EOK < PDMS < SEBS
< PHC (8. (a) att.). Poliméri, kas uzrada lielaku atdaliSanas spriegumu pret kontaktéto ITO
virsmu, uzrada augstaku ladina blivumu, Voc un Isc (8. (b—d) att€ls). Vislielakais atdaliSanas
spriegums vérojams TEG iericei, kas veidota no PHC (7,32 N cm™), un Q sasniedz
8,853 nC cm2. Novérota korelacija starp atdaliSanas speku un virsmas ladinu saskan ar
ieprieks veiktiem pétijumiem,”’® kuros ladina veidosanas ir skaidrota ar heterolitisku
kovalento saiSu SkelSanu un materiala parnesi. Augstaks atdaliSanas speks varétu veicinat
materiala parnesi un kovalentu saiSu SkelSanas varbitibu.

e Janem veéra, ka var izslégt poliméru kontaktam pieejama Ipatngja virsmas laukuma izmainas
ietekmi uz ladina blivumu, jo polimériem AFM m&rijumos bija Iidzigas virsmas raupjuma
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vertibas (gan 3 x 3 um, gan 50 x 50 um izm@ros). [zm&ram 3 x 3 um RMS virsmas raupjuma
vertibas bija diapazona 9-59 nm, savukart 50 x 50 pm izméram tas bija 9—209 nm. PHC
virsma bija parak lipiga virsmas raupjuma noteiksanai.

AFM koloidalas zondes metode sniedza dzilaku ieskatu sakariba starp virsmas 1pasibam un
TEG veiktsp@ju, jo ta lauj veikt adh&zijas meérijumus nano izméra meroga. Videjas adhezijas
vértibas bija 13,4 mJ m™ EVA poliméram, 37,9 mJ m? PDMS poliméram, 49,1 mJ m™
SEBS poliméram un 66,9 mJ m? EOK. Tiesi tapat ka raupjuma mérijumos, PHC bija arpus
izm&ramajam robezam.

Izmeritas nano izmé&ra méroga adhézijas vertibas galvenokart sakrit ar makro izméra méroga
atdaliSanas spéka merjjumiem ar EOK ka izn@émumu, jo makro izmé&ra méroga tas uzradija
salidzinos$i nelielu atdaliSanas spéku. Tas skaidrojams ar dazadam raupjuma vertibam
dazados mérogos. Izmeéra 50 x 50 pum, kas attiecas uz makro izm&ra méroga adh@zijas
testiem, EOK ir relativi liels raupjums (175 nm), savukart 3 x 3 pum izmera, kas ir
salidzinams ar sfériskds AFM zondes radiusu, EOK raupjums ir mazaks (17 nm).
Nelidzenam makroskopiskam virsmam pilns kontakts visas virsmas laukuma ir gritak
sasniedzams, jo virsmas tukSumi noveér§ pilnu abu virsmu kontaktéSanos pretstata
mérfjumiem ar mazo AFM zondi, kas var sasniegt pilnu kontaktu ar gandriz visu virsmu.
Heterolitisko saisu skelSanas mehanisms ieprieks ir paradits materialu parneses me&rjjumos,
izmantojot AFM, XPS un Raman spektroskopiju.547>7® Saja publikacija materialu parnese
tika noteikta, izmantojot AFM un XPS. ITO virsmas raupjums p&c 10 000 kontaktatdaliSanas
cikliem pret PDMS palielingjas no 5,15 nm uz 21,51 nm un saturgja poliméra dalas, ka
redzams AFM attélos (9. (a) att.). XPS apstiprinaja PDMS klatbtitni uz kontaktatdalita ITO
virsmas, kad fotoelektronu spektra (9. (b) att.) tika novéroti Si 2s (153,9 eV) un Si 2p
(102,7 eV) signala maksimumi. Tadus paSus signala maksimumus novéroja PDMS spektra
pirms kontaktatdaliSanas, savukart uz ITO virsmas pirms kontaktatdaliSanas netika maniti
iepriek§ minétie signali.

TEG, kas balstits uz PHC, tika pétits detalizetak, jo iepriek§ aprakstitajos mérijumos tika
novérots augstaks 1adina blivums. Augstaka energija (24,36 mJ m2) tika novérota pie R
1 GQ, visaugstakais vidgjais jaudas blivums (439,86 mW m2) kontaktatdali$ana tika
sashiegts pie 100 MQ (10. (a) att.). Skatoties perspektiva, aprékinata energija norada, ka
TEG iericei ar 1 m? lielu laukumu biitu nepiecieSamas aptuveni 9,3 dienas (223,7 h) pie 1 Hz
kontaktatdaliSanas frekvences, lai pilniba uzladétu tipiska mobila talruna akumulatoru
(5,45 Wh). TEG ierice, kuras virsmas laukums ir 20 cm? un kas darbojas ar
kontaktatdalisanas frekvenci 1 Hz, tom&r varétu darbinat bezvadu sensoru mezglu ar jaudas
patérinu 100 uW,% tadgjadi apstiprinot TEG iesp&jamo izmanto$anu sensoros.

Tika pétita PHC TEG ierices efektivitate. Aprékinam mes dalijjam sarazoto energiju ar
darbu, kas tika veikts kontakt€Sanas un atdaliSanas laika. Parasti, aprékinot darbu, nem véra
tikai saspieSanas speku, parvietojumu vai kustibu kinétisko energiju, bet nenem véra
atdaliSanas speku.l®1% Ja §is zinotas metodologijas izmanto PHC balstitam TEG, tad
efektivitate parsniegtu 300 %, tadgjadi liecinot par iespgjamiem trikumiem metodologija. Ja
aprékina tiek ieklauts saspieSanas spéks, kustibas kingtiska energija un atdaliSanas spéks,
efektivitate samazinas zem 1 % (10. (b) att.), paradot, ka ir pietickami daudz brivas vietas
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uzlabojumiem attieciba uz TEG dizainu. Rezumgjot — adhé&zija veicina ladina veidosanos,
tacu ierobezo TEG praktisko lietojamibu.

Fazu parejas ietekme uz triboelektrisko ladinu (3. publikacija)

Iedvesmojoties no 1. publikacija izdaritajiem atklajumiem, ka mikstaki materiali uzrada
lielaku triboelektrifikaciju, mes paredzejam, ka ar stiklveida stavokli esoSu polim&ru
uzsildiSanai virs stikloSanas temperatiiras (Tg) vajadz&tu palielinat virsmas ladinu, neskatoties
uz to, ka kimiskais sastavs paliek nemainigs. 3. publikacija parada, ka, parejot no stiklveida
stavokla superelastigaja stavokli, virs Tgq polimériem PS, PC un PMMA triboelektriska ladina
blivums pieaug par kartu. Poliméri pariet superelastigaja stavokli, tapéc palielinas ari
atdaliSanai nepiecieSamais adhézijas speks.

3. publikacijas meérkis bija parbaudit poliméra struktiiras stavokla (stiklveida vai
superelastigais) ietekmi uz ladina blivumu, tapéc tika veikti kontaktatdaliSanas eksperimenti
temperatiiras diapazona no istabas temperatiiras lidz temperatiirai, kas parsniedz poliméru Ty.
Veikto mérfjumu galvenie rezultati redzami 11. un 12. attéla.
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11. att. (a) Ladina blivuma strauja paaugstinasanas, TEG ierices temperatirai sasniedzot
poliméra Tg; (b) ladina blivums uz poliméra virsmas pie temperatiiras, kas parsniedz Tg, Un
istabas temperatiira; (C) Voc maksimumi poliméram istabas temperattira un temperatiira virs

Tg; (d) Isc maksimumi polim&ram istabas temperatiira un temperatiira virs Tg.1%
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12. att. (a) PMMA balstitas TEG ierices stravas mérijumi 5000 kontaktésanas ciklu laika;

(b) PS balstitas TEG ierices virsmas ladina blivums kustibas bez kontaktéSanas temperatiira,

kas parsniedz T.1%

. publikacijas galvenie rezultati un secinajumi

Tris stiklveida stavokli esoSu poliméru ar atskirigu kimisko struktiru (PMMA, PC un PS)
temperatiiras palielinaSana no istabas temperatiiras lidz punktam, kas ir tieSi zem Tg, radija
nelielu virsmas ladina blivuma pieaugumu. Tomér, kad temperatiiru palielinaja virs Ty,
virsmas ladina blivums, Voc un Isc strauji palielinajas par vairak neka kartu visiem pétitajiem
polimériem (11. att. (a)—(d)).

Virs Tg, superelastigaja stavokli poliméri uzvedas ka elastoméri — tiem piemit liela
atgriezeniska deformacija, tade] tika noverota ar1 adhézijas 1pasibu palielinasanas. Attiecigi
tika noverots, ka, poliméru karsgjot virs Ty, atdaliSanas spéks kontaktatdaliSana strauji
pieaug. PS atdalisanas sp&ks palielinajas no 0,25 N lidz 31 N, savukart PC un PMMA tas
mainijas no 0,15 N Iidz 3 N un no 0,2 N [idz 4,8 N.

Nemot véra 1. un 2. publikacija uzraditos rezultatus, ka iesp€jamais ladina veidoSanas
mehanisms ir saistits ar poliméra kovalento saiSu heterolizi, tika secinats, ka noverotais
ladina blivuma pieaugums ir saistits ar uzlabotu materialu parnesi, kas notiek vienlaikus ar
heterolitisku saites $kelSanu, kad polimers ir pargajis superelastigaja stavokli. Elastomeru
polimeri vairak tiek paklauti mehaniskiem bojajumiem, un deformacija lauj izveidot lielaku
saskares laukumu, savukart adh€zija uzlabo materiala parnesi. Materialu parnese ir
nepartraukts divvirzienu process,” tap&c tika novérota arf ilgtermina darbiba. PMMA TEG
ierices, kas darbojas temperatiira virs poliméra Ty, raditaji bija stabili vairak neka 5000 ciklu
garuma (12. (a) att.).

Netika atrasti pieradijumi, kas liecinatu par saistibu starp RMS virsmas raupjumu (mérits ar
AFM) un virsmas ladina blivumu kontaktatdalianas eksperimentos zem un virs Tg. Viskozi
tekoSaja stavokli materiala parnese ir pastiprinata, tapec tika sagaidamas virsmas raupjuma
izmainas. Attieciba uz PC RMS virsmas raupjums saglabajas gandriz vienads — pirms
testéSanas tas bija 38,4 nm, pec kontaktatdaliSanas temperatiira virs Tg — 33,9 nm. PS
raupjums palielingjas no 9,9 nm uz 59,6 nm, PMMA tas samazinajas no 162,0 nm uz
78,1 nm. Lai pieraditu, ka virsmas raupjums ladina blivumu ietekm& mazak neka poliméra
uzsildiSana virs Tg, PMMA virsmas raupjums tika palielinats virs 1000 nm, to iegremdgjot
Skidinataja un péc tam iegremd&jot izgulsnétaja. Ladina blivuma pieaugums
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kontaktatdali$anas testos temperatiira zem Tg bija niecigs — no 0,008 nC cm=2 uz
0,037 nC cm™2,

e Virsmas ladinu stabilitati petija, oscilg§jot TEG ierici bezkontakta rezima, kad PS tika
uzsildits virs Tq. Bezkontakta rezZima iepriek§ kontaktatdalitas kartinas tika kustinatas bez
fiziskas kontakt€Sanas. Virsmas ladin$ ir salidzinoSi stabils, uzradot mazak neka 15 %
samazinajumu pirmo 15 minasu laika (12. (b) att.), tadgjadi apliecinot, ka elektronu parnese
nevar biit par iemeslu paaugstinatam ladina blivumam, jo, ka paradits literatiira,>® $ada
temperatiira biitu janotiek intensivai termoelektronu emisijai no poliméra virsmas. Léno
izladi var skaidrot ar poliméra virsmas mijiedarbibu ar molekulam, joniem un dalinam no
apkartgjas atmosferas.’®

Kontaktelektrifikacija starp identiskiem polimériem (4. publikacija)

1. publikacija tika paradits, ka ir iesp&jama kontaktelektrifikacija starp kimiski identiskiem
polimériem, ja tiem ir atikiriga makromolekulara sakartotiba vai $kérssaistisanas pakape. Seit,
4. publikacija, mes izpetijam, ka mainas triboelektrifikacija, kontakt&jot péc kimiska sastava
identiskus polimérus ar atskirigu virsmas morfologiju. Attiecigi m&s ierosinajam, ka virsmas
ladina veidoSanas iemesls, kontakt&jot divus identiskus polim@rus, ir atSkiribas virsmas
nelidzenumos. Turklat, ja kontaktetajiem materialiem ir lielaka porainibas vai virsmas
nelidzenuma starpiba, rezultata tiks ieguts lielaks virsmas ladinS. To apstiprindja gan
eksperimentalie rezultati, gan galigo elementu analizes (GEA) simulacijas. Porainiba un
virsmas raupjums uz virsmas rada nospriegotus un saspiestus apgabalus, tadgjadi ietekméjot
savstarpgjo materiala parnesi starp abam virsmam. Jaunais ieskats padzilindja polim&ru
kontaktelektrifikacijas izpratni un ieskic€ja nakotnes virzienus virsmu inzenierija, lai
paaugstinatu triboelektrifikaciju.

Galvenais 4. publikacijas mérkis bija izpétit poliméra virsmas morfologijas ietekmi uz
ladina veidoSanos kimiski identisku poliméru kontaktatdaliSanas laika.

Triboelektrisko mérijumu galvenie rezultati redzami 13.-16. attéla.
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13. att. (a) Voc, ko genere gluds—gluds, gluds—raupj$ un raupjs—raupjs EOC kartinu
kombinacijas kontaktatdali$ana (no kreisas uz labo pusi); (b) virsmas ladina blivums, ko
veido divu identisku poliméru plévju ar atskirigu virsmas raupjumu kontaktatdaliSana;
(c) sakariba starp virsmas ladina blivumu, kas rodas kontaktatdaliSana, un starpibu virsmas
raupjumos izmantotajam PVDF kartinam.'%’
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14, att. Izmeritas Voc un Isc vertibas, kad elastomérs SEBS tiek kontakt&ts ar raupju (pa
kreisi) un salidzinosi gludaku (pa labi) PMMA plévi TEG iericg.}?’
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15. att. Virsmas garuma procentualas izmainas (Ay) katrai virsmai: kontaktgjot raupju un
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16. att. Dipolu un fleksoelektrisko ladinu veidoSanas daudzslanu membranu paraugos ar

dazadu membranu secibu.?’

4. publikacijas galvenie rezultati un secinajumi

e TEG ierices tika izgatavotas no diviem identiskiem polimériem, kam bija vienads (gluds—
gluds vai raupj$—raupjs) vai atskirigs (gluds—raupjs) virsmas raupjums. Izraudzitie poliméri
bija: polietilena-okténa kopolimérs (EOK), polistirols (PS), etilceluloze (EC), polikarbonats
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(PK), poli(metilmetakrilats) (PMMA), stirola—etiléna—butiléna—stirola kopolimérs (SEBS)
un poli(vinilidénfluorids) (PVDF). TEG ierices, kas tika izgatavotas no slaniem ar atskirigu
raupjumu (13. (a), (b) att.), paradija augstaku Q, Voc un Isc ka ierices, kas tika pagatavotas
no divam vienadam kartinam.

e Noverotas at$kiribas Q lieluma starp izmantotajiem polimériem ir izskaidrojamas ar to, ka
starp kontakt&to kartinu virsmas raupjuma vértibam ir dazadas starpibas. Virsmas raupjuma
veidoSanas un viendabigums tika noteikts: i) vizuali; ii) mérot Gdens piliena kontaktlenki;
iii) veicot AFM virsmas topografijas merijumus. legiitajam kartinam bija vizuali novérojama
izkliedgjoSa gaismas atstaro$anas, kas liecina par raupjas virsmas veidoSanos. Raupjajai
poliméra kartinai bija noverojams lielaks tidens piliena kontaklenkis neka salidzinosi
gludajai kartinai, kas liecina par virsmas hidrofobitati. Kartinam ar raupju virsmu ierasti
piemit hidrofobas ipasibas. AFM topografijas mérijumus izmantoja, lai noteiktu RMS
virsmas raupjumu, un lielakajai dalai poliméru bija ievérojamas atSkiribas gludo un raupjo
kartinu virsmas raupjuma. PMMA un SEBS ir novérojamas lidzigas RMS raupjuma veértibas
raupjajiem un gludajiem paraugiem, savukart dazadas virsmas morfologijas liecina, ka ta var
ietekmét virsmas ladina veidoSanos.

e PVDF Kkartinas ar atSkirigu virsmas raupjumu tika sagatavotas, izgulsn&jot polim&ru
metanola izgulsnétaja no dimetilformamida (DMF) skidumiem dazadas koncentracijas.
Kontakt&to PVDF polimera kartinu Q tika merits ka funkcija no virsmas raupjuma starpibas
(13. (c) att.). Paraugu virsmas raupjums bija robezas 0,2—1 pm. Ka tika paredzgets, Q pieauga,
palielinoties raupjumu starpibai.

e Skengjosa Kelvina zonde (SKZ) tika izmantota, lai noteiktu gluda PVDF virsmas potencialu
pirms un p&c kontakteSanas ar citu gludu vai raupju PVDF. KontaktatdaliSana pret citu gludu
paraugu palielinaja vidéjo virsmas potencialu par 20 mV. P&c kontakta ar raupju PVDF
virsmas potencials palielinajas par 243 mV.

e Virsmas raupjuma ietekme uz Q tika novérota ari tad, kad raupjo un gludo kontaktgjamo
slanu izgatavoSanai tika izmantoti poliméri ar atSkirigam fizikali ktmiskajam 1paSibam. Tika
salidzinatas divas TEG ierices: gluds elastoméra SEBS slanis pret salidzinosi cietako
PMMA gan ka gludo, gan raupjo slani. Augstakas vértibas (240 V Voc; 0,85 mA Isc;
9,6 nC cm™2 Q un 2,5 mJ m2 E) tika iegitas, kad relativi gludie SEBS tika kontakt&ti ar
raupjo PMMA (14. att.). Salidzinajumam, gludais SEBS kopa ar gludu PMMA sasniedza
100 V Voc; 0,05 mA Isc; 1,2nC cm2 Q un 0,6 mI m—2 E.

e Noverota triboelektrifikacija, atdalot vienadus polimérus ar atSkirigiem raupjumiem, ir
saistita ar katra slana nevienmeérigu deformaciju saskares laukuma. Relaksacijas laika tas
izmaina ladina blivumu uz virsmas.!® Nevienmériga deformacija tika apstiprinata ar 2D
plaknes GEA modeli makro méroga simulacijai. Raupjo paraugu virsmas konfiguracijas 2D
modelis ir nemts no PVDF virsmas AFM mérjjumiem. Kad raupjais modelis tika piespiests
pie gludas virsmas, abam virsmam virsmas garuma procentualas izmainas (4f) sanu virziena
bija atSkirigas (pie 140 N atskiras 7,4 reizes). Turpretim, kad tika kontakteti divi raupjie
modeli ar lidzigiem raupjumiem, noverotais A¢ abam virsmam bija gandriz vienads (pie

140 N atskiras tikai 1,2 reizes) (15. att.). Novérotas nevienmérigas deformacijas rezultata
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noris heterolitiska saiSu SkelSanas, kas rada mehanojonus saturo$us poliméru virknes
fragmentus, kas palielina kopg&jo virsmas ladinu.

e Q veidosanas tika noverota, arT noslogojot un atslogojot bez atdaliSanas divas sakontaktetas
poliméru plévites. Tika izgatavotas slanainas struktiiras, izmantojot komerciali pieejamas
PVDF membranas ar atSkirigam porainibam (0,10 um, 0,22 um un 0,45 um poras). Abas
plévites tika noslogotas un atslogotas bez atdaliSanas ar speku, kas mainijas no 5 N uz 100 N.
Ka tika paredzets, Isc un Q palielinajas, picaugot porainibas starpibai starp membranam.

o FElektromehaniska atbildes reakcija vél vairak palielindjas, izgatavojot daudzslanu paraugus
no visam trim iepriek§mingtajam PVDF membranam. Lielakais Q (26 pC cm?) tika nomérits
daudzslanu paraugam ar 0,45 um poru izm&ra membranu vidii (membranas ar poru izmériem
0,10 um un 0,22 pum attiecigi katra pus€). Kad membrana ar poru izmé&ru 0,10 pm tika
novietota vidd, tika nom@rits ievérojami zemaks Q (16. att). To var izskaidrot ar
triboelektrisku dipolu veidoSanos divu membranu saskares virsma. Membrana ar 0,45 pm
poru izméru uzladgjas pozitivi pret 10 um poru izm&ra membranu, negativi pret 0,22 um
poru izm&ra membranu. Sakombingjot tas daudzslanaina struktira, tiek izveidotas divas
saskares virsmas; katrai no tam ir raksturigs dipola virziens. Pirmaja gadijuma abi dipolu
virzieni bija salagoti, un tie pastiprinaja viens otru, tadéjadi palielinot nomérito Q. Tomér,
kad vida tika ievietota membrana ar 0,1 um poru izméru, saskares virsmas izveidotajiem
dipoliem bija pret€ji virzieni, un ta rezultata Q bija daudz mazaks.

Triboelektrifikacija starp poliméru kompozitiem ar identiskam poliméru
matricam (5. publikacija)

1. un 4. publikacija tika paradits, ka kontaktelektrifikacija starp kimiski identiskiem
polimériem var radit ievérojamu Q, ja pastav atSkiribas tadas ipasibas ka makromolekulu
sakartotiba, SkerssaistiSanas pakape vai virsmas raupjums. Lidzigi, triboelektriskais 1adins
picauga ari tad, kad palielinajas nanodalinu (ND) pildvielas koncentracijas starpiba starp
diviem slaniem ar identiskam poliméru matricam. So ietekmi novéroja eksperimentos,
izmantojot dazadus polimérus (etiléna un vinilacetata kopoliméru (EVA), polidimetilsiloksanu
(PDMS), polivinilacetatu (PVAc) un poliuretanu (PU)) un dazadas ND pildvielas (TiOg,
FeO(OH), WOz un MnO>). GEA simulacijas apstipringja, ka poliméru triboelektrifikacija ir
saistita ar virsmas viskoelastigo deformaciju, kas rodas mehaniskas saskares un atdaliSanas
laika. Tas liecina par iesp&jamibu, ka kovalentu saiSu heterolitiska $kelSanas poliméru virkngs
ir skaidrojums triboelektriskajam efektam.

Galvenais 5. publikacijas mérkis bija izpétit triboelektrifikaciju starp kimiski identiskiem
poliméru kompozitiem ar dazadu ND saturu. Sa mérka sasniegianai tika izvirziti $adi
uzdevumi:

e izpétit poliméru kompozitmaterialu kontaktelektrifikaciju, izmantojot TiO2 ka pildvielu
dazadas koncentracijas;

o izpétit EVA kompozitmaterialu kontaktelektrifikaciju, izmantojot dazadu veidu pildvielas;

e izpétit mehaniskos procesus kontaktatdaliSanas procesa, izmantojot GEA.

Triboelektrisko mérijumu galvenie rezultati redzami 17.-19. attéla.

34



(a) (d) -
0.5
&~ 0.44
E
[&]
Q ]
£
= 0.34 .
[}
(b) — ©, s . ..
° ' , 25 E’ 0.2 [ ] | |
& ! ' 20" 2
g, : : g, 5 . )
2 i i 2 L]
g I o} b L Eo 011 . .
" | | o n
' | L
o \/—'JK/‘N\ f\I J\l ﬂ/ 5 I = ]
2 : " l K ° ood_*® . .
4 ! ! §i ' ' 0 5 10 15 20
VA EVATO,  EVATO, EVA EVATIO,  EVATTIO, Discrepancy of TiO, content (vol%)

vs ve v vs vs vs
EVA EVA EVATIO, EVA EVA EVAITIO,

17. att. (a) Tris veidu TEG iericu shémas, kuras izmanto tiru EVA poliméru un/vai EVA
kompozitmaterialus; (b) tris TEG iericu generétie Voc maksimumi; (c) tris TEG iericu
generétie Isc maksimumi; (d) palielinot starpibu TiO2 satura EVA slaniem, ko izmantoja TEG

ieric@s, iegilist paaugstinatu triboelektrisko virsmas ladina bltvumu.1%°
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18. att. (a) TiO2 ND SEM atteli; (b) WOs ND SEM attéli; (c) FeO(OH) ND SEM attéli;
(d) MnO2 ND SEM attgli; (e) tris veidu TEG ieri¢u, kuru pamata ir tirs EVA polimérs un
EVA komporziti ar 5 tilp. % ND, generétais virsmas ladina blivums, ka pildvielas izmantojot
dazadas ND.1%°
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19. att. (a) AFM noteikta virsmas topologija kompozitmaterialam, kas satur 15 tilp. % TiO-
ND; (b) 2D tikla simulaciju modelis aprékinu veikSanai; (c) 15 tilp.% (augs€jais) un 0 tilp.%
(apaksgjais) kompozitu deformacijas simulacijas modelis; (d) 15 tilp.% un 2,5 tilp.%
kompozitu deformacijas simulacijas modelis; (e) 15 tilp.% un 5 tilp.% kompozitu
deformacijas simulacijas modelis; (f) 15 tilp.% un 10 tilp.% kompozitu deformacijas
simulacijas modelis; (g) abi 15 tilp.% kompozitu deformacijas simulacijas modeli; (h) D ka
funkcija no starpibas TiO2 koncentracija modelos maksimalas slogosanas laika; (i) D ka
funkcija no starpibas TiO2 koncentracija modelos péc atslogoSanas. Krasu joslai izmantota
pm skala.1®

5. publikacijas galvenie rezultati un secinajumi

o Kontaktgjot identiskus triboelektriskos slanus ar vienadam dalinam vienada koncentracija,
ieguva nelielus Isc un Voc maksimumos (17. (a) att. kreisas un labas puses paneli). Turpretim
daudz augstaki Isc un Voc maksimumi tika raditi, ja poliméra matricas bija vienadas, bet
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abiem triboelektriskajiem slaniem bija atSkiriga pildvielu nanodalinu (ND) koncentracija
(17. (a) att. vidgjais panelis). STtendence Tpasi skaidri izpauzas EVA poliméra un ta matricas
kompozitiem ar TiO2> ND pildvielu 5 tilp.% sastava (17. (b), (c) att.). Triboelektriskais Q
palielinajas no 0,007 nC cm™2 uz 0,093 nC cm2. Si paradiba tika novérota arf citu poliméru
un to matricas kompozitu, tostarp PVAc, PU un PDMS, testos ar TiO2 ND ka pildvielu.
Rezultati parada, ka augstakus virsmas ladinus visu veidu poliméri vienmer uzrada, kad tirs
polimérs kontakt&jas ar kompozitmateriala slani.

Virsmas ladin$ palielingjas, kad palielinajas TiO2 ND koncentracijas starpiba kompozitos.
17. (d) attela paradits, kadu triboelektrisko Q generé TEG, kas sastav no EVA/TiO2
kompozitiem ar dazadam TiO2 ND koncentracijam triboelektriskajos slanos. Rezultati
liecina, ka poliméru kompozitu triboelektrisko ladinu nosaka kontakteto kompozitu ND
koncentracijas starpiba, nevis koncentracijas absoliitas vértibas. Tas norada, ka kompozita
mehaniskas 1pasibas, kas saistitas ar masas parneses mehanismu, ir svarigakas par
dielektriskajam 1paSibam, kas tiek saistitas ar elektronu vai jonu parneses mehanismiem.
Lai gan triboelektrifikacija ir atkariga no pildvielas dalinu koncentracijas, ta nav atkariga no
dalinu sastava vai formas. EVA kompoziti, kuru pamata ir dazadu veidu ND pildvielas
(TiO2, FeO(OH), WOz un MnO) (18. (a) — (d) att.), tika izgatavoti, lai pieraditu, ka
pildvielas kimiska struktira neietekmé triboelektriska ladina veidoSanos. SEM atteli
apstiprina, ka WOs ND ir salidzinosi lielakas par TiO2 ND, savukart FeO(OH) ND piemit
adatveida forma, nevis lodveida ka pargjam ND. Iepriek§ minéto kompozitu tdens
kontaktlenkis (KL) tika noteikts, lai novértétu ND ietekmi uz kompozitu virsmas energiju.
Tika noteikts, ka kompozitiem ar TiOz2, MnO2, WO3 un FeO(OH) pildvielam KL ir attiecigi
96,9 + 0,4°; 92,9 + 1,6°; 89,2 + 2,4° un 98,1 + 1,0°. Ka bija paredzams, ietekme ir nieciga,
kas liecina, ka pildviela galvenokart ietekmé mehaniskas ipaSibas. Lai gan generéta
triboelektriska Q absoliitas vertibas var atSkirties atkariba no pildvielas dispersijas
viendabiguma un citu sekundaro efektu dgl, tendence visos gadijumos bija nemainiga;
triboelektriskie 1adini vienmer bija visaugstakie starp dazada sastava kompozitmaterialiem
(18. (e) att.). Noverota korelacija velreiz apstiprina, ka elektronu parnese nav atbildiga par
poliméru triboelektrifikaciju.

Iemesls sp&cigakai triboelektrifikacijai mehaniska kontakta laika starp identiskam poliméru
matricam ar dazadam pildvielas dalinu koncentracijam ir saistits ar atSkiritbam virsmas
deformacija un saistitajam at$kiribam mehaniskajas Tpasibas, ka aprakstits 4. publikacija.'%’
Lielaka dala no ND ir ickapsulétas poliméra matrica, tadéjadi neietekm&jot virsmas
morfologiju, tomer tas ietekm& kompozitmateriala Junga moduli. Junga modulis pieaug no
2,20 MPa kompozitam ar 0 tilp.% TiO2 ND lidz 7,10 MPa kompozitam ar 15 tilp.% TiO2
ND. Mehaniski kontaktgjot kompozitu slanus ar dazadu pildvielas saturu, katra slant rodas
atskiriga deformacija. Tas rada dazadus spriegumus uz katras no triboelektriskajam virsmam
un izraisa atskiribas masas parnesé katrai no virsmam. Toties gadijumos, ja polimé&ru virsmas
ir paklautas vienadam deformacijam, masas parnese starp virsmam notiek ar vienadu
varbitibu, kas ir noveérojams ka neliels kopgjais triboelektriskais ladins.

Nevienmerigu triboelektrisko virsmu deformaciju apstiprindja ar tira EVA poliméra
(0 tilp.%) un EVA kompozitu (TiO2 ND pildvielu koncentracija 2,5; 5; 10 un 15 tilp.%)
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GEA simulacijam, izmantojot programmatiiru ANSYS R17.1. 2D modelu virsmas
konfiguracija tika nemta no atomspéku mikroskopijas (AFM) merfjumiem (19. (a), (b) att.).
Ka redzams 19. (c)—(f) att€los, viena virsma tika noteikta ka 15 tilp.% kompozita virsma,
savukart pretgjas virsmas sastavs tika mainitas robezas 0-15 tilp.%. Makro méroga
simulacijas raksturo virsmas deformaciju mehaniskas slogosanas laika un p&c atslogosanas.
Gadijuma, kad divu deform&amu kermenu ar identiskdm mehaniskajam 1pasibam saskare
izraisTja identiskas virsmas deformacijas, virsmas deformacijas atSkiriba D bija 1 (19. (h) un
(1) att.). Ja aprekinos saskaras virsmas ar atskirigu TiO2 saturu (15 tilp.% atskiriba), tad D
maksimalas slogosSanas laika palielingjas no 1 lidz ~ 1,07 (19. (h) att.). Tomér péc
triboelektrisko virsmu mehaniskas atslogosanas virsmas deformacijas atskiritba D
palielinajas lidz ~ 14 (19. (i) att.). Turpretim triboelektriskas virsmas ar nelielam
koncentracijas starpibam paradija nelielu deformacijas atSkiribu. Simulacijas rezultati
liecina par tendenci, ka augstaka TiO> ND saturu starpiba rada lieclakas nevienméribas
virsmu deformacija un relaksacija. Sie rezultati atbilst miisu kontaktelektrifikacijas
mérfjumiem un pamato miisu secindjumu, ka nevienmériga deformacija un tam sekojosa
virsmas relaksacija ir atbildiga par masas parneses mehanisma vadttu virsmas triboelektriska
ladina veidoSanos.

Hibridais tribo-pjezo-elektriskais nanogenerators (6. publikacija)

Hibridas TEG ierices, kas izmanto segnetooelektriskos materialus ka triboelektriskos
kontaktéSanas materialus, ievada tika min€tas saistiba ar vienu no pieejam, lai panaktu augstu
energijas savakSanas veiktsp&ju. 6. publikacija $1 strateégija tika lictota, lai izveidotu
triboelektriskos slanus no segnetoelektriskajiem PVDF/BaTiO3 kompozitiem. Abas kompozitu
kartinas bija identiskas un polarizetas, izmantojot elektrisko lauku, bet apgrieztos virzienos, ta,
lai kontaktatdaliSanas laika polarizacijas virziens sakristu. Tika demonstréta neparprotama
korelacija starp PVDF/BaTiO3 nanokompozitu kartinu pjezoelektrisko atbildes reakciju un no
Sim kartinam izveidoto TEG iericu veiktsp&ju. Noveérojums tika skaidrots ar palielinatu
elektrostatisko indukciju, ko izraisa So kartinu segnetoelektriskas ipasibas. Tika piedavats
dubulta kondensatora modelis, lai att€lotu mijiedarbibu starp segnetoelektriskajiem slaniem
kontaktatdaliSanas laika un sekojoSo ladina pardali argja keéde. Tas lava sasniegt visaugstako
zinoto TEG Voc ar 2,7 kV.

6. publikacijas galvenais mérkis bija izp&tit segnetoelektriska efekta ietekmi uz TEG ierices
veikstspeju.

Triboelektrisko m&rijumu galvenie rezultati redzami 20. un 21. attéla.
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20. att. (a) Pjezo un (b) TEG testesanas rezZimu shematisks att€lojums. Atvertas kédes
spriegums, ko méra pie 1 x 10 Q slodzes pretestibas (c) pjezo un (d) TEG rezimiem. Grafiki
apaksgja rinda parada (e) jaudu un (f) energiju dazadam kompozicijam, kas testétas TEG
rezima. Kondensatora uzkrata energija (g) tika noteikta nanokompozitam, kas uzradija
augstako veiktsp&ju (PVDF/BaTiO3 25 tilp.%).11
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21. att. Dubulta kondensatora modelis un atbilstos$as kontaktatdaliSanas stadijas. Shematiska

attéla dipoli apzZimé gan PVDF, gan BaTiO3 dipolus segnetoelektriskajos slanos.*'
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6. publikacijas galvenie rezultati un secinajumi

e Sagatavotas segnetoelektriskas PVDF/BaTiOs kartinas testéja pjezoelektriskaja rezima
(20. (a) att.), ka arT tas izmantoja ka kontaktslanus TEG ieric€ (20. (b) att.). Ka novérojams
20. (c) un (d) attelos, PVDF komporzits, kas satur 25 tilp.% BaTiOs, uzrada augstako Voc
gan piezoelektriskaja, gan kontaktatdaliSanas rezima, liecinot par korelaciju starp
pjezoelektrisko signalu un atbilstoSo nanokompozita kartinu TEG ierices darbibu. TEG no
polarizétiem, PVDF poliméra slaniem radija 250 V Voc vértibu, generators no
PVDF/BaTiOsz (25 tilp.%) nanokompozitiem gener&ja 2700 V. Novérota Voc vértiba bija
viena no augstakajam zinotajam vertibam TEG iericeém. Segnetoelektrisko nanokompozitu
TEG iericu uzlabota veiktspgja, salidzinot ar tam, ko izmanto tiru PVDF poliméru, ir saistita
ar augstaku segnetoelektrisko kontaktslanu polarizaciju, kas izpauzas ka paaugstinats
piezoelektriskais signals.

e TEQG ierices, kuras pamata ir PVDF/BaTiOzs (25 tilp.%) nanokompozits, jaudas blivums
sasniedza 1,157 W m2 pie 10° Q optimalas slodzes pretestibas (20. (€) att.), energijas
blivums sasniedza 65,95 mJ m2 (20. (f) att.). Ta pati TEG ierice tika izmantota, lai uzladétu
mainigu kondensatoru slégumu. 20. (g) attéla paradita energija, kas tiek glabata
kondensatora (un attiecigais spriegums uzladeta stavokli) katrai kondensatora vertibai p&c
kontakta starp abiem segnetoelektriskajiem slaniem. Liclaka energija, kas tika uzkrata
kondensatora pec viena kontaktatdaliSanas sola (2,27 wJ), tika sasniegta, kad kondensatora
kapacitate tika iestatita uz 50 pF.

e Pjezoelektriskais signals lava aprékinat pjezoelektrisko koeficientu ds3, kas 25 tilp.%
BaTiOs kompozitiem sasniedza 47,9 pC N1. Lidzigu nanokompozitu vértibas ir robezas
2,7-25 pC N 11112 [ielaks dss var biit saistits ar ievérojami augstaku deform&jamibu
paraugu augstas porainibas pakapes dél (ap 70 %). Porainiba nodroSina deformacijas
materiala tilpuma, kas ir svarigas piezoelektriska ladina radiSanai, un veicina
segnetoelektriskas B-PVDF  fazes veidoSanos izgatavosanas laika.!'®*  Blivam
kompozitmaterialam ds3 tika noteikts tikai 9,11 pC N2,

e Lai izskaidrotu uzlaboto TEG ierices veiktsp&ju un potenciala starpibas izmainu elektrodos,
tika piedavats dubulta kondensatora modelis (21. att.). Attiecigi katrs segnetoelektriskais
slanis tika uzskatits par individualu kondensatoru ar Q, ko izveido polarizacijas laika. Kad
slani saskaras, tie izveido divu vienadu kondensatoru k&di virkng, abu slanu kopgja
kapacitate samazinas, savukart spriegums palielinas. P& tam saspieSana izraisa
pjezoelektrisko ladinu veidoSanos, jo dipoli deform&jas un slana kopg&ja polarizacija
samazinas. Rezultata samazinas Q, bet, nemot véra to, ka seko strauja saspiesto
segnetoelektrisko slanu atdaliSana, kop&ja polarizacija strauji pieaug, savukart Q atgriezas
sakotngja vertiba. AtdaliSanas laika potenciala starpiba samazinas, kas izraisa papildu
inducgto ladinu pardali starp elektrodiem argja virkné.
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Triboelektrisko un segnetoelektrisko ladinu dipolu salagoSana TEG
(7. publikacija)

6. publikacija pieradija, ka segnetoelektrisko dipolu iestrade kontakt&jamo poliméru slanos
uzlabo TEG iericu darbibu, tomér, ka minéts 4. publikacija, kontaktatdaliSanas laika starp abam
kontaktvirsmam veidojas ari triboelektriskais dipols. Visos saistoSajos pétijumos dipolu, ko
veido triboelektriskie virsmas ladini starp atSkirigajiem triboelektriskajiem materialiem, un
dipolu, kas atrodas abas kontakt&tajas segnetoelektriskajas kartinas, kombinéta ietekme ir tikusi
ignoréta. Tap&c 7. publikacija més nodemonstréjam, ka pienaciga uzmaniba abu dipolu veidu
salagosanai var radit Cetras reizes lielaku energijas un jaudas blivumu, salidzinot ar nesalagotu
dipolu izkartojumu. Piedavata strat€gija un izpratne par spécigaku elektrostatisko indukciju
kontakt&jamajos slanos lauj attistit TEG ierices ar ievérojami uzlabotam tpasibam.

Galvenais 7. publikacijas merkis bija izpétit triboelektrisko un segnetooelektrisko dipolu
salagoSanas ietekmi, ja TEG ieriu izgatavosSanai izmanto divus dazadus segnetoelektriskos
polim&ru kompozitus.

Triboelektrisko m&rijumu galvenie rezultati redzami 22.-25. attéla.
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22. att. (a) Shematiskais att€lojums iesp&jamajam mijiedarbibam starp virsmas ladina
dipoliem gaisa sprauga un segnetoelektriskajiem dipoliem TEG ieric€; (b) aprékinatais

virsmas ladina blivums polimériem bez segnetoelektriskajam Tpasibam. 114
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23. att. Tr1s iesp&jamo dipolu salagosanas konfiguraciju (nepolarizets, nesalagots un salagots)
salidzinajums, paradot Voc, Isc, energijas un jaudas blivumu katram BaTiOs/poliméra
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24. att. (a) Apgriezti polarizétu BaTiO3/PDMS (augsgja slani) un BaTiOs/PMMA (apakséja
slanT) TEG ierice, kas konstrugta ta, lai segnetoelektriskais polarizacijas virziens butu salagots
(kreisaja pus€) un nesalagots (labaja pus€) ar kontaktelektrifikacijas generéta virsmas ladina
dipola virzienu; (b) Voc (pie 1 GQ slodzes pretestibas) salagotai un nesalagotai TEG iericei;
(c) energijas un jaudas blivumu salidzinajums salagotai un nesalagotai TEG iericei viena
kontaktatdaliSanas cikla laika; (d) spriegums 4,4 uF kondensatora uzlades laika no salagotas

un nesalagotas TEG ierices kopa ar attiecigo uzkrato energiju.t!*
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25. att. Virsmas potenciala kartes trim BaTiO3/PDMS kompozitiem (nepolarizéts, pozitivi un
negativi polarizeti), potencialu mérot pirms (augs&ja rinda) un péc (apakseja rinda)
kontaktésanas ar PMMA 114

7. publikacijas galvenie rezultati un secinajumi

e Lai panaktu augstu TEG ierices energijas savakSanas darbibu, segnetoelektrisko dipolu
virzienam ir jasakrit ar dipolu virzienu, kas veidojas starp triboelektriskajiem ladiniem uz
pretgjam kontaktvirsmam, ka paradits 22. (a) att€la. Triboelektriska ladina polaritate, kas
veidojas uz tiriem polim&riem pé&c saskares ar ITO, tika noteikta, merot stravu starp elektrodu
un zemi Faradeja kausa rezZima. Poliméri PDMS, PVAc un EVA uz virsmas ieguva negativu
ladinu, savukart PMMA gadijuma tika novérots pozitivs ladins (22. (b) att.). Polaritate
nemainijas, ja poliméros tika iejauktas nepolarizétas BaTiO3 nanodalinas.

e P&c polarizacijas visiem BaTiOs/poliméru kompozitiem piemita pjezoelektriskas 1pasibas,
un 2,9 pC cm2; 10,9 pC cm=; 3,7 pC cm~2 un 2,4 pC cm2 lieli pjezoelektriskie 1adini tika
nomériti attiecigi BaTiOs/EVA, BaTiO3/PDMS, BaTiO3z/PVAc un BaTiOs/PMMA
kompozitiem.

e 23. attels parada Isc un Voc pie 1 GQ slodzes pretestibas TEG iericém, kas veidotas,
izmantojot kompozitmateriala un ITO slanus. Kompozitmateriala slanis katra TEG ierice
tika testéts ne tikai ka nepolariz€ts, bet arT pozitivi un negativi polarizets, ta, lai
segnetoelektriskais dipols biitu salagots un nesalagots ar ieprieks noteikto triboelektrisko Q.
Neatkarigi no izmantota poliméra TEG ierices augstakas vertibas paradija salagota stavokli.
Kopgjo dipola virzienu starp triboelektriskajiem Q apstipringja art COMSOL GEA
simulacija. Eksperimenti rada, ka augstaka veiktsp&ja (Isc, Voc, energijas un jaudas blivums)
TEG iericei piemtt, ja ir salagots triboelektrisko un segnetoelektrisko dipolu virziens.

e Talaka darba gaita tika izgatavotas TEG ierices ar divam BaTiOzs/poliméru kompozitu
kartinam, ko izmantot ka kontaktgSanas slanus. Augstakajai veiktsp&jai abas kartinas tika
polarizétas pretgji,’° savukart poliméru matricas materials katrai pusei tika izvéléts ta, lai
triboelektriska un segnetoelektriska ladina dipolu momenta virzieni biitu salagoti vai
nesalagoti. Attiecigi TEG ierice tika veidota no PMMA un PDMS, jo PMMA uzladgjas
pozitivi, PDMS — negativi. lericu shematiskais att€lojums redzams 24. (a) attéla. lerices ar
salagotiem dipoliem Voc sasniedza 460 V, ka redzams 24. (b) attéla, un §is TEG ierices
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energijas un jaudas blivums sasniedza attiecigi 9,7 mJ m~2 un 143,2 mW m2 (melnie stabini
un peleka Iinija 24. (c) att.). Nesalagota TEG ierice uzradija ievérojami mazakas vertibas —
Voc 300 V (sarkana Imija 24. (b) att.) un energijas un jaudas blivumu 4,0 mJ m=2 un
91,6 mW m~2 (sarkanie stabini un sarkana Iinija 24. (C) att.). Salidzinajumam, TEG ierice no
tiem paSiem polim&riem, kuriem nav BaTiOs ND, uzradija 16 V Voc un tris kartas mazaku
energijas un jaudas blivumu 0,012 mJ m~2 un 0,104 mW m,

Ar SKZ tika noteikts, ka nepolarizéta BaTiO3/PDMS vidgjais virsmas potencials ir 0,06 V.
Péc kontakta ar PMMA vidg&jais potencials palielinajas lidz 146,4 V (25. att.). Virsmas
potenciala skenéSana tika veikta arT gan pozitivi, gan negativi polarizétiem BaTiO3z/PDMS
paraugiem pirms un péc kontaktéSanas ar PMMA. Pozitivi polarizéta BaTiOz/PDMS vidgja
potenciala vértiba picauga no 24,3 V uz 107,2 V un negativi polarizéta BaTiO3z/PDMS
gadijuma no —70,5 V uz -1,1 V. Visam virsmam ir tendence uzladeties pozitivi pec saskares
ar PMMA, par ko liecina pozitivaks virsmas potencials. Ir novérojama pakapeniska
potenciala samazinaSanas virziena no kreisas uz labo pusi, jo, virsmu skengjot $aja virziena,
triboelektriskais ladin§ samazinas laika. Eksperimentalie rezultati apstiprina piedavato
mehanismu augstakai TEG iericu veiktspgjai, kura ir divi elektriska lauka avoti —
triboelektriskie ladini un segnetoelektriskie dipoli.

4,4 uF kondensatora uzladéSanai tika izmantota gan salagota, gan nesalagota TEG ierice,
kas veidota no polarizétam BaTiOs/PDMS un BaTiOs/PMMA kompozitu kartinam.
Salagotajam TEG pe&c 1000 kontaktatdaliSanas cikliem spriegums kondensatora palielinajas
par 6,0 V, kas atbilst 79 pJ uzkratajai energijai (24. (d) att.). Tikmér TEG ierice ar
nesalagotiem dipoliem kondensatora spriegumu palielingja tikai par 5,2 V un uzkraja 60 pJ
energijas tados pasos darbibas apstaklos. Seit paradito konceptu var izmantot turpmak, lai
izveidotu TEG ierices ar rekordaugstu veiktsp&ju, jo literatiira ir zinots par polimeriem ar
daudz augstaku triboelektrifikaciju® un poliméru kompozitmaterialiem ar augstu
pjezoelektrisko efektu.!* 115 116 Metodologija, kas paradita $aja publikacija, apvienojuma ar
augstas veiktspgjas segnetoelektriskajiem materialiem varétu tuvinat TEG pé&tnieku kopienu
jauniem, progresiviem atklajumiem.
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SECINAJUMI

. Poliméri ar zemaku elastibas moduli un kohé&zijas energiju iegist lielaku triboelektriska
ladina blivumu, ja kontakte ar cietu materialu. Gadijumos, kad tiek kontakt&ti divi poliméri,
lielaks triboelektriskais 1adin$ veidojas, ja polim&riem ir p&c iesp€jas atskirigaks elastibas
modulis un cietiba. Eksperimenti liecina, ka poliméru triboelektrifikaciju nosaka to
mehaniskas, nevis kimiskas vai dielektriskas 1pasibas.

. Triboelektrifikaciju var noverot art gadijumos, kad kontakté kimiski identiskus polim&rus,
ja tiem ir atSkirigas T1pasibas, pieme&ram, makromolekulara sakartotibas pakape,
Skerssaistisanas pakape vai virsmas raupjums. Jo intensivaka ir konkréta parametra atskiriba
starp kontaktg&jamiem polim&riem, jo lielaks bis triboelektriska ladina blivums.

. Lielaka virsmas adh&zija var uzlabot materiala parnesi un tadgjadi palielinat triboelektrisko
ladinu uz poliméra virsmas. Tom&r augsta adh&zija samazina TEG iericu efektivitati, jo ir
nepieciesams lielaks mehaniskas energijas ieguldijums virsmu atdaliSanai.

. Virsmu, kas kontaktatdalitas ar heteroatomu saturoSiem polimériem (piemé&ram, Si, F vai
Cl), analize ar AFM un XPS lauj secinat, ka poliméru triboelektrifikacija notiek lidztekus
poliméru makromolekulu fragmentu parnesei.

. Segnetoelektrisko materialu izmantosana TEG kontaktslanos ir efektiva metode energijas
savakSanas veiktspgjas paaugstinasanai. Nozimigi, ka to var papildus uzlabot, ja
segnetoelektriska dipola virzienu salago ar triboelektriska dipola, kas veidojas starp
kontakt&to polim&ru negativajiem un pozitivajiem ladiniem, virzienu.
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AUTHOR’S CONTRIBUTION

The papers that form the basis of this Thesis are the result of collective work with important
input and contribution from all of the co-authors with complementary expertise in different
fields. The author’s contribution to the papers is described in Table 1.

Table 1

Author’s Contribution to Preparation of Each Paper Included in the Thesis

Paper | Polymer contact film preparation by spin-coating and hot-pressing.
Measurements of polymer triboelectric properties. Measurements of
polydimethylsiloxane (PDMS) hardness and calculation of
crosslinking degree. Visualization of data. Contribution percentage —
50 %.

Paper Il Polymer film preparation using spin-coating method and testing of
triboelectric properties. Visualization of data. Calculations of
triboelectric generator (TEG) efficiency and contribution in writing
of the manuscript. Contribution percentage — 75 %.

Paper IlI Sample preparation and testing of triboelectric properties. The long-
term stability measurements of triboelectric effect and charge
durability at elevated temperatures. Contribution percentage — 50 %.
Paper IV Sample preparation and testing of triboelectric properties. Analysis
of Scanning Kelvin probe (SKP) measurements. Contribution to
writing of the manuscript and data visualization. Contribution
percentage — 60 %.

Paper V Sample preparation using hot pressing approach. Investigation of
triboelectric properties. Analysis of Scanning Kelvin probe (SKP)
measurements. Visualization of data. Writing of the original draft.
Contribution percentage — 80 %.

Paper VI Polymer nanocomposite preparation and polarization. Measurements
of triboelectric and piezoelectric properties. Contribution to writing
of the manuscript. Contribution percentage — 75 %.

Paper VII Polymer nanocomposite preparation and polarization. Measurements
of triboelectric and piezoelectric properties. Analysis of Scanning
Kelvin probe (SKP) measurements. Contribution to writing of the
manuscript. Contribution percentage — 70 %.
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ABBREVIATIONS

A contact area

AFM atomic force microscopy

CA contact angle

CED cohesive energy density

Cel. Tr. cellulose triacetate

ds3 piezoelectric coefficient

D surface length change disparity factor
DMF dimethylformamide

DSC differential scanning calorimetry
EPDM ethylene propylene diene monomer rubber
EOC ethylene-octene copolymer

EVA ethylene-vinyl acetate copolymer
FEA finite element analysis

HDPE high density polyethylene

loT Internet of Things

Isc short-circuit current

ITO lidium-tin oxide

KFM Kelvin force microscopy

LDPE low density polyethylene

Mc molecular weight between crosslinks
NP nanoparticles

PA 66 polyamide 6,6

PC polycarbonate

PDMS polydimethylsiloxane

PET polyethylene terephthalate

PHC poly(hexanediol—-co-citric acid)

Pi instantaneous power density

Pl polyimide

PMMA polymethyl methacrylate

PP polypropylene

PS polystyrene

PTFE polytetrafluoroethylene

PU polyurethane

PVAC polyvinyl acetate

PVC polyvinyl chloride

PVDF polyvinylidene fluoride

Q charge density

R load resistance

RMS root mean square

SEBS styrene-ethylene-butylene-styrene block copolymer
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SEM
SKP
TEG
TEM
TENG
Tg
UHMWPE
Voc
XPS
As

()

scanning electron microscopy
scanning Kelvin probe
tiboelectric generator
transmission electron microscopy
triboelectric nanogenerator

glass transition temperature
ultra-high molecular weight polyethylene
open-circuit voltage

X-ray photoelectron spectroscopy
surface length change

work function
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GENERAL OVERWIEV OF THE THESIS

Introduction

Mechanical energy harvesting

Energy harvesting means the conversion of ambient energy into electrical energy.
Generally, harvesting is regarded as conversion of small amounts of energy to autonomously
power low-energy devices (WW—-mW).! Harvesting of mechanical energy for powering of such
devices is essential to their wider accessibility and allows to lower the impact of devices on
environment. Accordingly, energy harvesting is useful when the harvested energy matches the
necessary energy and when it provides a benefit otherwise not achievable by batteries or grid
electricity, e.g., due to tedious battery replacement and costly connection to grid. Figure 1 lists
energy consumption of some electrical devices;?’ the energy harvesting might be useful for
devices with power consumption below 30-40 mW.

W o9 o

Wireless sensor Smartwatch GPS Desktop Computer
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6 ©

Pacemaker Hearing aid

Mobile phone

Fig. 1. Common electrical devices and their approximate power consumption.

Mechanical energy is abundantly accessible from sources like wind, water waves, vibrations
and human motions. Vibrations provide plenty of energy, however, the harvested energy is
often negligible in comparison to vibration energy. Despite the relatively low efficiency,
recently vibration energy harvesting has seen a rise in popularity, since the size and energy
consumption of electric devices reduces. Microdevices, for example, sensors, detectors and
wireless transmitters can be powered by TEG, therefore replacing batteries or avoiding the need
for connection of permanent power source. Human motions can be used as a source of
mechanical energy by incorporating energy harvesters in clothes, shoes and other wearables
(bracelets etc.) or creating infrastructure that incorporate energy harvesters. Wearable energy
harvesters are on the rise due to popularity of portable electronics; however, harvester should
not impair the wearing comfortability, therefore, design is a crucial aspect. A variety of
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technological solutions (Table 2) are employed to harvest the aforementioned sources of
mechanical energy.
Table 2
Summary of Mechanical Energy Harvesting Technologies, Employed Materials, and Range of
Power Density that can be Harvested and Working Principles

Technology Materials Power Working principle
Electro- Conductive 11000 Mechanical forces create a relative motion
magnetic wire coil and 5 between parts, and potential difference is
uW cm . .
generator magnet induced between both ends of the coil.
The density of dipoles in the volume
Dielectrics manifests as polarization density on the
with intrinsic surface of material. Polarization induces
dipole opposite sign equal charge in the electrodes.
Piezoelectric moment: 10-1000 Mechanical forces create a strain that changes
generators crystals, pW cm=  the magnitude of the dipole moment and thus
ceramics, the polarization density. Changes result in
polymers and charge redistribution providing an electron
composites® 1 flow between electrodes connected by outer
circuit.
Generators require a voltage source to provide
Elastic the initial charge on electrodes. Mechanical
Capacitive dielectric with  0.01-100 force changes the distance between electrodes
generators moveable mW cm= (or changes electrode area) so the energy
electrodest®2° stored in the capacitor increases and can be
discharged.
High voltage electric field charges pore walls
Charged with opposite polarities to create internal
Ferroelectret ~ polymer foams 0.001-1 polarization. Mechanical force causes
materials with mW cm2 changes in polarization and charge
electrodes?®! redistribution  between  the electrodes
connected by outer circuit.
Electrodes are coated with polymer layers that
are mutually contacted. Charge forms on the
Electrodes polymer surface after contact separation and
Triboelectric covered with  0.001-50 charge is induced in the underlying
generator polymer mW cm2 electrodes. Electrodes are connected by outer
insulator?2 circuit, and upon movement electrons flow to

balance the potential difference created by
induced charges.

Triboelectric generators (TEGs) have emerged as promising kinetic energy harvesters
among the proposed technologies. They were first coined in 2012 by Professor Zhong Lin Wang
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to describe energy harvesting devices for conversion of friction generated static charge into
electrical energy through electrostatic induction.?? More frequently the term “triboelectric
nanogenerators” (TENG) is used, to imply the necessity for surface nanostructuring that
enhances the performance and to point out that functionality of generator is provided by
processes at nanoscale. Analysis of documents associated with “triboelectric nanogenerators”
indexed in the SCOPUS database reveal that number of documents steadily increases each year,
in 2021 reaching 865 (Fig. 2).
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Fig. 2. Data on documents indexed in SCOPUS database containing “triboelectric
nanogenerator” in the title, abstract or keywords.

TEG can be produced from cheap, lightweight, flexible, abundantly available polymer
materials. In comparison to piezoelectric and ferroelectret materials, TEGs do not require costly
poling procedures to enable the harvesting function. TEG devices can be operated in different
modes — vertical separation mode,? sliding,?* rotation,?® or single electrode.

TEGs have been demonstrated for a wide range of applications. Triboelectric in vivo energy
harvesters have been used to collect biomechanical energy from the heartbeat and respiration
of rats and pigs.?%%” Implantable triboelectric sensor fixed to the pericardium of a pig has been
demonstrated for monitoring of heart and respiratory rates as well as detection of life-
threatening arrhythmia.?® Furthermore, TEG can be used for stimulation of living cell, tissue
and organs, therefore providing potential applications in promotion of stem cell neuronal
differentiation, facilitation of neuronal tissue regeneration, and heart stimulation.?®3°

Main performance characteristics of TEG devices are the open-circuit voltage (Voc) and
short-circuit current (Isc). Voc depends on load resistance R and grows as R is increased. Isc
often is on the scale of nanoamperes with state-of-the-art values reaching 350 pA from 1 cm?
sample.3! An accurate characteristic of the polymers triboelectrification capability is charge
density Q, calculated from the short-circuit current by Equation (1):
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A
where Isc is short-circuit current; dt is time differential; and A is contact surface area.

To evaluate the energy harvesting potential of TEGs, it is useful to calculate energy and power
density (per area of TEG). Instantaneous power density Pj is calculated from Voc at the chosen
R by Equation (2):

P = e @

RxA’
where Voc is open circuit voltage and R is load resistance.

Next, plot of the P; values obtained by Equation (2) as a function of time t allows the calculation
of energy E by Equation (3):

The energy stored in the capacitor also is a crucial characteristic of TEG; it can be lower by 3—
4 orders of magnitude than the energy calculated directly from the contact-separation
experiments.3! Losses are mostly caused by rectification circuit that converts the generated
alternating current to direct current. This is one of the aspects that limits the range of
applications.

Three main routes used to enhance the performance of TEG devices are: i) modification of
surface topography and morphology; ii) chemical treatment and functionalization of polymer
surface; and iii) incorporation of ferroelectric materials.

Pattern and geometry of the triboelectric layer play a vital role in the performance of TEG.
Greater specific surface area has been shown to contribute to enhanced Q generation. Research
has shown that asymmetric contact (differences in contact area of films) between two identical
materials results in high surface potential.>* Accordingly, the more both surfaces differ in their
topography and morphology, the higher the performance of TEG can be expected.

Triboelectric properties of polymers can be enhanced through chemical surface
modification.3* Surface modification increases the adhesion of polymer against the contacted
surface, since there is a relationship between the surface adhesion and triboelectric charge. The
process usually involves surface activation by plasma treatment followed by coating of the
chosen chemical. For example, chemical modification by fluorocarbon plasma treatment has
been proposed by researchers to enhance triboelectric properties.®® One of the most commonly
used polymers for chemical modification is polydimethylsiloxane (PDMS);* its triboelectric
surface charge can be increased by various surface treatment methods, like ultraviolet light
illumination after NaOH treatment,®” chemical halogenation® or sequential etching and
chemical modification by O, and SFs plasma.®

One of the approaches to achieve greater TEG performance involves the use of
ferroelectric/piezoelectric effect. TEGs incorporating this effect are commonly referred as
hybrid devices, since piezoelectricity is the cornerstone of piezoelectric generators.
Accordingly, all ferroelectric materials could be piezoelectric, however, not all piezoelectric
materials exhibit ferroelectricity (e.g., ZnO and quartz). Ferroelectricity is commonly observed
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in perovskites (BaTiOs, PbTiO3) and some polymer materials (polyvinylidene fluoride (PVDF),
polyamide-11 (PA-11)).*° Ferroelectric materials in the volume possess dipole moments that
are oriented randomly to give net polarization density P = 0. Electrical field E aligns dipoles in
a specific direction, thus creating a net polarization vector. Applied stress causes change in P,
which induces surface charge in electrode. Hybrid TEG devices have shown the greatest output
performance among all, reaching state-of-the-art power density — 50 mW cm2.31

In summary, TEGs possess a great potential to boost the field of energy harvesting. The
Thesis will report on energy harvesting results using polymer based TEG. Enhancement of
energy harvesting will be achieved by creating TEG devices incorporating ferroelectric
materials. The new insights discovered regarding charge formation will be utilized to improve
the energy harvesting potential of TEG devices.

Triboelectrification and materials for TEG devices

Triboelectrification (also known as contact electrification) is the formation of electric
charge on the surface of one material after contact-separation with another material and
provides the basis for functionality of TEG. In the process both materials gain electric charge;
equal in magnitude but opposite in polarity. Triboelectrification is observed for different types
of materials, however, the magnitude of charge and the temporal resolution differ significantly.
Accordingly, triboelectrification of two metals yields a rather small charge (0.1-10 pC per cm?)
that is quickly dissipated (less than a second), while for polymers the obtained charge is higher
(0.1-100 nC per cm?) and more stable (up to 24 hours).

Triboelectric effect can be crucial for some applications or totally disruptive for other. For
example, in electrostatic spray-painting the friction of paint particles against the paint gun’s
barrel grants them the surface charge.*! The charged paint particles cover the surface more
evenly by filling crevices and voids. Triboelectric effect is also used in xerography —a technique
used to create photocopies without liquid chemicals.*? In some printer toners this effect provides
the attraction of toner’s polymer particles to iron carrier particles so that magnetic field can
arrange them. Electrostatic charge generated by triboelectric effect can also be used in filtration
systems. Regarding the disruptive side of triboelectric effect — accidental discharge of surface
charges can ignite flammable materials or dust clouds.**** Discharge can also destroy
microelectronics components.*>*® Triboelectrification can also cause a handful of problems in
production — it can disrupt flow and blending,*’->* which leads to increased friction and loss of
energy.5253

In the case of metals and semiconductors (contact between metal and metal, metal and
semiconductor or semiconductor and semiconductor) a consensus has been reached that
electron transfer between the involved materials is responsible for net charge formation,
because these materials possess delocalized electrons. Electron transfer between two metals is
relatively straightforward: it is based on differences in work function @. Upon contact, electrons
flow from the metal with the lowest @ to the metal with the highest @. Equilibrium is reached
when the accumulated electrons in the metal with higher @ cancel out the initial @ difference.
Next, separation induces electron backflow as they tend to return to the original state, however,
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a sharp increase in distance limits this process to the point when tunnelling between surfaces is
improbable. As a result, residual electrons remain on the high @ metal.

The most suitable materials (metals, semiconductors or polymers) for contacting surfaces
in TEG devices can be chosen by triboelectric series. It is a guide, that shows which material
will gain a positive and which a negative charge in the mutual contact of these materials. Often,
they also show the expected magnitude of the triboelectrification as charge density. Commonly
materials are listed in the order shown in Fig. 3, according to their tendency to charge positively
or negatively after the contact with each other or after a contact with one specific material >
However, variations in the order of materials can be found, sometimes with contradictory
results.>>>8

Insulator Name Charge Insulator Name Charge
Affinity Affinity
(nC/J) (nC/J)
Polyurethane foam +60 Sorbothane +58
Hair, oily skin +45 + solid polyurethane +40
Magnesium fluoride +35 nylon, dry skin +30
Machine oil +29 Nylatron +28
Glass (soda) +25 paper +10
Wood (pine) +7 cotton +5
Nitrile rubber +3 wool 0
Polycarbonate -5 acrylic -10
Epoxy -32 styrene-butadiene rubber -35
PET (mylar) solid —-40 EVA rubber -55
Gum rubber —60 polystyrene -70
Polyimide —70 silicones -72
Vinyl: flexible -75 LDPE —90
Polypropylene —90 HDPE —90
Cellulose nitrate —93 UHMWPE —-95
Polychloroprene —98 PVC (rigid vinyl) —100
Latex (natural) rubber —105 Viton, filled — ki
Epichlorohydrin rubber -118 Santoprene rubber -120
Hypalon rubber, filled —130 — butyl rubber, filled —135
EDPM rubber, filled —140 PTFE (Teflon) —-190

Fig. 3. Example of quantified triboelectric series.>*

The observed variations in triboelectric series is one of the causes for a long-standing
discussion about the mechanisms governing the charge formation and transfer in
triboelectrification of polymers. Main mechanisms that are proposed for polymer
triboelectrification are electron transfer, transfer of charged fragments from macromolecules or
transfer of ions. Determination of mechanism is complex due to a range of factors that influence
the charge formation in polymer triboelectrification: (i) environment (temperature and
humidity);%%-2 (ii) contact time and force;%2 (iii) morphology (surface roughness, pattern); (iv)
bulk properties (macromolecule ordering, crosslinking degree);®* and (v) chemical composition
of surface (functional groups).®

Electron transfer adequately describes the charge transfer between metals,% therefore, the
same logic was initially applied to insulators, both inorganic and organic. Insulator is
characterized by a filled valence band and an empty conduction band separated by a large band
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gap; therefore, a significant amount of energy must be supplied to allow electron transfer. The
cost of this endothermic process is close to 10 eV, when considering electron removal from the
first polymer material, charge separation over distance and addition to the second polymer
material.®’ Evidently, direct electron transfer between insulators is energetically more
improbable than between metals, however, polymers charge more strongly than metals. Several
attempts have been made to address the flaws of electron transfer model for insulator
triboelectric charging. One proposes existence of intermediate states for electrons in the
bandgap, which are provided by defects like highly strained bonds or surface states.®
Thermoluminescence experiments have shown the existence of such states, however, the
amount of these electrons is insufficient to account for the developed charge.®® Delocalization
of electron-wave functions due to material strain during contact also has been suggested as the
driving force for electron transfer.”%”® Accordingly, the contact of both surfaces allows
hybridization of their electron states so that some electrons are delocalized and become
available for transfer.

Thanks to surface analysis methods like X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM) and Raman spectroscopy, evidence has been collected to support ion
exchange mechanism.’#"® Without doubt, ion transfer is the main mechanism when ionomers
are contacted, since the “mobile” ions can be easily transferred.””’® However, can ions be
responsible for the strong triboelectrification when conventional polymers are contacted? As
there are no “mobile” ions in conventional polymer insulators, the hydroxide ions (OH") are
thought to play the central role, because even hydrophobic polymers adsorb a thin layer of water
on their surface in ambient conditions.®’ When polymer surfaces are contacted, a water “bridge”
forms on the surfaces enabling the transfer of OH" ions to the polymer, which exhibits the
strongest affinity. When materials are separated, a net charge is formed on the surface due to
ion imbalance in the layers of adsorbed water. The affinity to attract OH" ions is linked to the
zeta potentials of polymers (electrical potential on the stationary water layer).8-%2 However, ion
transfer explanation has its flaws: polymer triboelectrification has been observed in the absence
of water® and also in vacuum between surfaces that have not been exposed to the
atmosphere.®*® Furthermore, it does not explain the polymer triboelectrification when
chemically identical materials are contacted where both exhibit the same affinity towards OH"
ions.59'86

The triboelectrification mechanism from transfer of charged fragments of macromolecules
arises from the fact that the polymer covalent bonds undergo scission due to mechanical impact,
as evident from extensive studies in mechanochemistry and tribology.8”# The energy of
covalent bonds in polymers are in range 3.7-4.5 eV depending on the presence of heteroatoms
(N, Si, O, S, F, etc.) in the main chain and side moieties.®® Dissociation of covalent bond can
be either a homolytic (homolysis) or heterolytic scission (heterolysis).?® After homolytic
scission, identical radicals are formed on the ends of each chain of the ruptured
macromolecule.® However, only heterolytic scission is responsible for the charge formation,
since the outcome is a pair of cation and anion (mechano-ions). As observed by Kelvin force
microscopy (KFM), after contact-separation surfaces develop random patterns of positively and
negatively charged nanoscale domains (Fig. 4).”® Accordingly, the net charge density measured
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on each contacted surface is the sum of contributions from these nanoscale domains, with the
dominant mechano-ions determining the polarity. As surfaces are separated, a material transfer
happens along with the charged ionic fragments.”™7®

[. + ﬂl
contact [|l separate

pnece -) piece
(+) potentlal
( ) potential

Fig. 4. Demonstration of charge generation in the case of material transfer.”® From “Baytekin, H.
T.; Patashinski, A. Z.; Branicki, M.; Baytekin, B.; Soh, S.; Grzybowski, B. A. The Mosaic of Surface Charge in
Contact Electrification. Science 2011, 333 (6040), 308-312”. Reprinted with permission from AAAS.

Material transfer is caused by adhesion between surfaces due to formation of locally
concentrated adhesive bonds for which the sum of interaction forces overcomes the strength of
covalent bond.®%2 Adhesiveness increases when polymer chains are free to interact and
entangle with the opposed surfaces. Additionally, elastomers provide a fuller contact area and
increase the density of intermolecular adhesion bonds during contact. Friction contributes to
bond scission by creating shear force during contact, thus higher friction forces lead to higher
bond scission probability. Generally, friction depends on the molecular weight and crosslinking
density; for example, it has been shown that crosslinked polymer surfaces exhibit a several
orders of magnitude lower friction than non-crosslinked.%*

While homolysis does not yield charge species, it is still beneficial to contact-electrification
of polymers. It has been shown that radicals colocalize with the ions and stabilize them on the
contacted polymer surfaces. Addition of radical-scavenging molecules (e.g., E-vitamin) rapidly
decreases the previously stable charge density.*> According to theoretical studies, the radical-
charge stabilization mechanism is based on the formation of intermolecular odd-electron (one
or three) bond.*

Material transfer among the three charge transfer mechanism discussed in literature seems
the most probable. The Thesis will investigate the charge formation and search to verify the
role of material transfer in polymer triboelectrification through detection of transferred material
by XPS and AFM and contact-separation tests. Since adhesion between surfaces plays an
important role in charge formation, TEG devices with increased adhesion will be developed
and investigated. The impact of physico-chemical properties on the triboelectric effect will also
be investigated in the Thesis, that is why tuning of parameters such as cohesive energy density,
composite hardness or surface morphology for higher surface charge generation will be studied.
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The Thesis will also contribute to understanding of aspects that influence the charge formation
by investigating triboelectrification of chemically identical materials.

Aims of the Thesis

1. To determine the influence of physico-chemical characteristics of polymer on the surface
charge formation.

2. To prove that heterolytic covalent bond scission with material transfer is the principal
mechanism responsible for polymer triboelectrification.

3. To investigate the ways to increase polymer triboelectrification tendency.

Statements to be defended

1. Charge density generated in polymer triboelectrification corelates with the mechanical
properties (e.g., elastic modulus, hardness) and surface roughness of the material allowing
the prediction of polymer’s triboelectric properties.

2. Heterolytic scission of covalent bonds is confirmed as a mechanism to explain charge
formation in polymer insulator materials.

3. Hybrid ferroelectric-triboelectric nanogenerator devices achieve greater performance when
triboelectric dipoles (dipole moment created during triboelectrification) match the direction
of the ferroelectric dipoles (dipole present in the ferroelectric phase).

Scientific novelty

An essential contribution to explanation of polymer material triboelectrification
mechanisms has been made by showing the influence of parameters like hardness, elastic
modulus, surface roughness, macromolecular ordering, and crosslinking degree. A novel
approach to construct high-performance TEG devices utilizing ferroelectric effect synergy with
triboelectricity is outlined.

Practical significance

Using knowledge about the effects of the polymer’s physicochemical properties on
triboelectrification, hybrid triboelectric generator devices capable to transform mechanical
energy into electrical with improved efficiency are developed. Triboelectric generators provide
energy for microdevices or wireless sensors, therefore avoiding the use of batteries.

Structure of the Thesis

The Doctoral Thesis is a collection of scientific articles dedicated to examination of contact-
electrification effect and development of triboelectric nanogenerator devices. Summary of the
Thesis is written in Latvian and English. The results of the Thesis have been published in 7
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original research papers indexed in Scopus and in Web of Science (WOS). Summary of the
Thesis contains 25 figures and 2 tables. The papers included in the Thesis have a cumulative
impact factor of 84.055 for year 2020, and their total volume is 132 pages, including
electronically available supplementary information. The results have been presented in 9
international conferences.

Publications and approbation of the Thesis

Original papers in which Thesis results are published

1. A. Sutka, K. Malnieks, L. Lapé&inskis, P. Kaufelde, A. Linarts, A. Berzina, R. Zabels, V.
Jurkans, 1. Gorpevs, J. Blums, M. Knite. The role of intermolecular forces in contact
electrification on polymer surfaces and triboelectric nanogenerators, Energy Environ. Sci.
2019, 12(8), 2417-2421. (Scopus, WOS, 1F(2020) = 38.532).

2. L. Lapcinskis, K. Malnieks, J. Blums, M. Knite, S. Oras, T. Kédambre, S. Vlassov, M.
Antsov, M. Timusk, A. Sutka. The Adhesion-Enhanced Contact Electrification and
Efficiency of Triboelectric Nanogenerators, Macromol. Mater. Eng. 2020, 305(1), 1900638.
(Scopus, WOS, 1F(2020) = 4.367).

3. A. Sutka, A. Linarts, K. Malnieks, K. Stiprais, L. Lapcinskis. Dramatic increase in polymer
triboelectrification by transition from a glassy to rubbery state, Mater. Horiz. 2020, 7(2),
520-523. (Scopus, WOS, 1F(2020) = 13.266).

4. A. Sutka, K. Malnieks, L. Lapdinskis, M. Timusk, K. Kalnins, A. Kovalovs, J. Bitenieks,
M. Knite, D. Stevens, J. Grunlan, Contact electrification between identical polymers as the
basis for triboelectric/flexoelectric materials, Phys. Chem. Chem. Phys. 2020, 22(23),
13299-13305. (Scopus, WOS, 1F(2020) = 3.676).

5. L. Lapcinskis, A. Linarts, K. Malnieks, H. Kim, K. Rubenis, K. Pudzs, K. Smits, A.
Kovalovs, K. Kalnins, A. Tamm, C.K. Jeong, and A. Sutka. Triboelectrification of
nanocomposites using identical polymer matrixes with different concentrations of
nanoparticle fillers, J. Mater. Chem. A 2021, 9(14), 8984-8990. (Scopus, WOS,
IF(2020) = 12.732).

6. L. Lap¢inskis, K. Malnieks, A. Linarts, J. Blims, K. Smits, M. Jarvekiilg, M. Knite, A.
Sutka. Hybrid Tribo-Piezo-Electric Nanogenerator with Unprecedented Performance Based
on Ferroelectric Composite Contacting Layers, ACS Appl. Energy Mater. 2019, 2(6), 4027—
4032. (Scopus, WOS, 1F(2020) = 6.024).

7. A. Sutka, K. Malnieks, L. Lap¢inskis, M. Timusk, K. Pudzs, M. Rutkis. Matching the
Directions of Electric Fields from Triboelectric and Ferroelectric Charges in Nanogenerator
Devices for Boosted Performance, iScience 2020, 23(4), 101011. (Scopus, WOS,
IF(2020) = 5.458).

Other papers published during development of the Thesis

1. M. Knite, A. Linarts, K. Ozols, V. Tupureina, I. Stalte, L. Lapcinskis. A study of electric
field-induced conductive aligned network formation in high structure carbon black/silicone
oil fluids, Colloids Surf., A 2017, 526, 8-13. (Scopus, WOS, 1F(2020) = 4.539).
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supercapacitor application for pressure sensing. Appl. Surf. Sci. 2019, 474, 91-96. (Scopus,
WOS, 1F(2020) = 6.707).

L. Lapé&inskis, I. Cirulis, P. Lesni¢enoks, A. Abele, A. Sutka, M. Knite. PVA hydrogel
electrolyte and porous polyisoprene carbon nanostructure composite based pressure
sensitive supercapacitor. IOP Conf. Ser.: Mater. Sci. Eng., 2019, 500(1), 012018. (Scopus,
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MAIN RESULTS OF THE THESIS

The role of intermolecular forces in contact electrification (Paper I)

Paper | showcases the correlation of intrinsic physico-chemical properties with the
magnitude of surface charge formed after contact-separation. The contact electrification of
polymer interfaces provides an energy harvesting function of triboelectric generators (TEGS).
Often electron transfer between contact-separated surfaces is considered as the main
electrification mechanism for polymers. The electron transfer mechanism requires a contact
between chemically different polymer materials, as well as subsequent increase of the specific
contact area, which is commonly accomplished via nanostructuring. However, in Paper | we
showed that contact electrification can be controlled by modifying the intermolecular forces in
the polymer and adhesive forces at the contact interface.

The main goal set by Paper | was to investigate the influence of changes in physico-chemical
properties of polymers on the charge formation during contact-separation. Accordingly, the
tasks established for studying this influence were:

e To study triboelectrification of polymers with different cohesive energy. Since experimental
determination of cohesive energy is challenging, to establish a relationship between the
elastic modulus of the polymer and the charge density after contact-separation against
indium-tin oxide (ITO) electrode.

e To determine how the hardness difference of two mutually contact-separated polymers
influence the generated Q.

e To examine the influence of polymer’s macromolecular ordering on the generated Q upon
contact-separation of identical polymers.

e to determine the correlation between the crosslinking density of elastomer PDMS, the
generated Q, and also the adhesive forces upon contact-separation.

Main results of the triboelectric measurements are demonstrated in Figs. 5-7.

(@) g0 (B)~o.10 0.25
E = .
d O .08 0.20 ©
0 o g
| }
S = <)
> — 0.06 0.15 ¢
£ 2 @
co. L 8
(] 0.04 0.10
° - ©
[0} © ©
2 ) 0.02- 0.05 L
[ PVAC — Q
5 PMMA _g
0 3 4 5 s Qoo L0.00

%
$
4'5

e Q@

&
L
e\’o
&

&
&
eql\
<

&

1 2
Modulus (GPa)

P
)

£
N

Fig. 5. Contact-electrification charge of thermoplastic polymers related to their mechanical
properties: (a) correlation between the modulus of polymer material and surface charge; (b)
contact-electrification charge density and hardness gap for different polymer combinations.
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The main results and conclusions of Paper I:

e Polymers having a lower elastic modulus exhibit higher surface charge density values than
those with higher modulus, as shown in Fig. 5 (a). Polymers with the highest modulus:
polymethyl methacrylate (PMMA); polyamide 6,6 (PA-66); and polyvinyl acetate (PVAC)
after contact-separation with ITO show charge density on the order of 10 pC cm=, while for
soft elastomeric polymers like styrene-ethylene-butylene-styrene block copolymer (SEBS)
the surface charge is two orders of magnitude higher (0.92 nC cm~2). Modulus is proportional
to the cohesive energy density (CED) of the material®, thus Fig. 5 () also hints at correlation
between the surface charge and polymers CED. Enhanced triboelectrification due to
different specific surface contact areas can be excluded because all samples are flat (prepared
with the same hot-pressing approach) and have similar surface roughness values, as shown
by AFM height measurements (59.76 + 21.78 nm). In comparison, for the samples with
intentionally increased surface roughness, the RMS surface roughness reached 654 nm.

e Mutual contact-separation was performed with chemically different polymers with similar
or different hardness values (Fig. 5(b)). Polymer hardness was determined using
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nanoindenter tip — Berkovich three-sided pyramid. Although being chemically different, two
hard polymers like polyimide (PI, 230 MPa) and polystyrene (PS, 210 MPa) produced a
surface charge density of only 0.011 nC cm™2. Low charge density was observed also when
contacting two soft polymers with similar hardness values: contact-separating low-density
polyethylene (LDPE, 15 MPa) and polytetrafluoroethylene (PTFE, 33 MPa). However,
contact-separation between hard and soft polymers yielded surface charges higher by an
order of magnitude. This experiment clearly indicates that the electron transfer is not likely
to govern the charge formation in polymer triboelectrification.

Contrary to general understanding,®* we demonstrated that there is no need to contact
chemically different polymers for triboelectrification to occur, as shown by Isc generated by
the TEG device constructed from chemically identical polypropylene (PP) films (Fig. 6). For
PP films with identical thermal histories no current was observed; however, when PP films
with different thermal histories were contact-separated, the Isc of 35 nA and Q of
0.071 nC cm~2 were generated. Different thermal histories change macromolecular ordering,
as confirmed by lower phase transition temperature and surface hardness change from
107.6 MPa to 96.2 MPa, respectively.

Triboelectrification of PDMS against ITO was studied by changing the cross-linking degree
of PDMS; it was varied by changing the ratio between pre-polymer and the curing agent.*
The surface charge after contact with ITO increased from 0.31 nC cm™ to 3.39 nC cm™,
with an increase in the molecular weight between crosslinks (Mc) of PDMS from
1800 g mol* to 13300 g mol™ (Fig. 7 (a)).

Triboelectrification of two chemically identical PDMS was studied by contact-separating
two PDMS with identical and different Mc values. When the Mc of the contacting PDMS
films was identical, almost no contact electrification was observed. The Q upon contact-
separation of two identical layers with Mc of 7600 g mol~ was 0.00143 nC cm~2, while for
two layers with Mc of 1800 g mol™ it was 0.00161 nC cm2. When PDMS films with
different Mc were contacted (7600 vs. 1800 g mol?), surface charge density of
0.0168 nC cm2, Voc of 20 V, and Isc of 120 nA higher by at least an order of magnitude
were obtained.

The higher charge density upon the decrease of crosslinking degree is connected not only to
less crosslinks and smaller cohesive energy but also to higher adhesion between PDMS and
the ITO. As shown in Fig. 7 (a), the separation stress necessary to separate both contacted
films is higher when the cross-linking degree reduces (Mc increases). The observed
relationship between the separation stress and charge density stands also when the separation
stress is increased for a PDMS with a specific Mc (3840 g mol™) — higher separation stress
correlates with increased charge density (Fig. 7 (b)). Separation stress is increased by
gradually raising the contacting force from 1 N to 50 N with 5 N step. These results confirm
that high surface charge density on the polymer can be obtained if the polymer shows a
strong surface adhesion and low cohesion energy in the bulk. In such a case, the net energy
of the neighbouring adhesive (physical) bonds formed between contacting surfaces is larger
than the energy of the chemical or/and physical bonds in bulk. This results in covalent bond
scission and material transfer between two contacting surfaces.®*
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The adhesion-enhanced contact electrification and efficiency of TEG (Paper

)

In Paper Il, the contact electrification of polymers that differ in surface adhesion was
reported. TEG devices were prepared from polydimethylsiloxane (PDMS), ethylene-octene
copolymer (EOC), styrene-ethylene-butylene-styrene copolymer (SEBS) and polyethylene-co-
vinyl acetate copolymer (EVA). In addition, poly(hexanediol-co-citric acid) (PHC), known in
the literature as an elastomeric adhesive, was synthesized.®” Electrical measurements were
conducted along the adhesion measurements in macroscale contact-separation experiments.
Additionally, local adhesion and roughness were studied with AFM to get a deeper insight into
relationship between the surface properties and electrification. Results show that a higher
surface charge is formed on more adhesive surfaces, and in combination with XPS
measurements they confirm that covalent bond scission is the mechanism responsible for
contact electrification of polymers. The investigated materials possess an enhanced contact
electrification, making them attractive candidates for the conversion of mechanical energy to
electrical in triboelectric nanogenerator devices.

The goals set in Paper Il were:

o to further investigate the correlation between the surface charge density and adhesiveness;

¢ to examine the material transfer of PDMS polymer;

e to propose a method for calculation of triboelectric generator efficiency that considers the
previously neglected adhesive forces.

Main results of measurements are demonstrated in Figs. 8-10.
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The main results and conclusions of Paper II:

e The separation force of tested materials increased in the following order: EVA < EOC <
PDMS < SEBS < PHC (Fig. 8 (a)). Accordingly, polymers exhibiting higher separation
stress against the contacted ITO surface show higher charge density, Voc and Isc (Fig. 8 (b)-
(d)). The highest separation stress is observed for the TEG device constructed of PHC
(7.32 N cm) with Q reaching 8.853 nC cm. The observed correlation between separation
force and surface charge is in agreement with previous studies’’®, where heterolysis and
material transfer is presented as an explanation for charge formation. Greater separation
force might contribute to a higher probability of material transfer and covalent bond scission.

¢ Notably, influence of changes in polymer specific surface area on charge density can be
excluded, since polymers showed comparable surface roughness values in AFM
measurements (both on areas of 3 X 3 pm and 50 x 50 um). For an area of 3 x 3 um the RMS

72



surface roughness values were in the range 9-59 nm, while for 50 x 50 um area the range
was 9-209 nm. Exclusion is PHC, which was found to be too adhesive for surface roughness
determination.

AFM colloidal probe technique offered a deeper insight into relationship between the surface
properties and TEG performance as it allows to perform the adhesion measurements at the
nanoscale. Median adhesion values were 13.4 mJ m=2 for EVA, 37.9 mJ m~ for PDMS,
49.1 mJ m2 for SEBS, and 66.9 mJ m~ for EOC. Just like in roughness measurements the
PHC was outside measurable limits.

The measured nanoscale adhesion values mostly coincide with the macroscale separation
force measurements with EOC as exception because in macroscale it showed a relatively
small separation force. It is due to different roughness values at different scales. On the scale
of 50 x 50 um, relevant for macroscale adhesion tests, EOC has a relatively high roughness
(175 nm), while on 3 x 3 pum scale, that is comparable to spherical AFM probe radius, EOC
roughness is lower (17 nm). For rougher macroscopic surfaces full contact over the entire
surface is harder achievable, as surface asperities prevent full contact of both surfaces in
contrast to the small AFM probe that can achieve almost full contact with the whole surface.
The heterolytic bond scission mechanism has been previously shown by material transfer
measurements using AFM, XPS, and Raman spectroscopy.®*">7® Similarly, in this paper
material transfer was determined using AFM and XPS. The surface roughness of 1TO after
10 000 contact-separation cycles against PDMS increased from 5.15 to 21.51 nm and
contained polymer pieces as demonstrated by AFM images in Fig. 9 (a). XPS confirmed the
presence of PDMS on the contact-separated ITO surface after Si 2s (153.9 eV) and Si 2p
(102.7 eV) signal peaks were observed in the photoelectron spectrum of ITO (Fig. 9 (b)).
The same signal peaks were observed in the spectrum of PDMS before contact-separation,
and no presence of aforementioned signals was seen on the surface of ITO before contact-
separation.

TEG based on PHC was investigated in detail due to the high charge density demonstrated
in the above described tests. The highest energy (24.36 mJ m~2) was observed at R of 1 GQ,
while the highest average power density (439.86 mW m2) for a contact-separation was
reached at 100 MQ (Fig. 10 (a)). In perspective, the calculated energy indicates that 1 m?
large TEG device would require approximately 9.3 days (223.7 h) at 1 Hz contact-separation
frequency to fully charge a typical mobile phone battery (5.45 Wh). However, a TEG device
with a surface area of 20 cm? operating at 1 Hz contact-separation frequency could power a
wireless sensor node with power consumption of 100 uW,*® thus confirming the potential
use of TEG in sensor applications.

The efficiency of the PHC TEG device was investigated. For calculation we divided the
generated energy with the work done during contact-separation. Typically, the work
calculations consider only the pressing force, displacement or the kinetic energy of motions
but neglect the separation force.'%-1% When applied for PHC based TEG, these reported
methodologies demonstrate that efficiency can surpass 300 %, therefore, indicating potential
flaws. When compression force, kinetic energy of motions, and separation force is included
in the calculation, the efficiency drops below 1 % (Fig. 10 (b)), showing that there is ample
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room for improvements regarding the TEG design. In conclusion, adhesiveness promotes
charge formation but limits the practical application of TEG.

Effects of phase transition on triboelectric charge (Paper I11)

Inspired by discoveries made in Paper I, where softer materials exhibit higher
triboelectrification, we envisioned that heating of glassy polymers above glass transition
temperature (Tg) should also yield increase in surface charge. Paper Il reports an order of
magnitude increase in triboelectric charge density of polymers PS, PC, and PMMA when they
transition from glassy to rubbery state above Tg. Since polymers transition to rubbery state, the
adhesive force required for separation is also increased.

The goal of Paper III was to examine the influence of individual polymer’s structural state
(glassy or rubbery) on charge density, therefore, contact separation tests were performed in a
range of temperature from room temperature to temperatures exceeding Tq of polymers.

Main results of the conducted measurements are demonstrated in Figs. 11 and 12.
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The main results and conclusions of Paper 11 are:

e Increasing the temperature of three glassy polymers with different chemical structure
(PMMA, PC and PS) from the room temperature to the point just below Tg yielded a small
increase in surface charge density. However, when these polymers were heated above Ty,
the surface charge density, Voc and Isc rapidly increased by more than an order of magnitude
for all polymers under study (Fig. 11 (a)—(d)).

e Above Ty, in the rubbery state, polymers behave like elastomers — they can undergo high
reversible deformations, therefore, increase in the adhesive properties was also observed.
Correspondingly, it was observed that separation force in contact-separation suddenly
increases when polymer is heated above Tg. For PS the separation force increased from
0.25 N to 31 N, while for PC and PMMA it changed from 0.15 N to 3 N and from 0.2 N to
4.8 N, respectively.

e Considering the results shown in Papers | and Il that the possible mechanism for charge
formation is connected to heterolysis of polymer covalent bonds, it was concluded that the
observed increase in charge density is due to enhanced covalent bond scission when polymer
has entered the “rubbery” state. Elastomeric polymers are more prone to mechanical damage,
and deformation will allow to achieve a larger contact area, while adhesion will enhance the
material transfer. As material transfer is continuously bidirectional,”® the long-term
performance was also observed. The output of a PMMA TEG device operating at a
temperature above the polymer T4 was stable for over 5000 cycles (Fig. 12 (a)).

e There was found no evidence for relationship between the RMS surface roughness
(measured by AFM) and the surface charge density in contact-separation tests below and
above Ty. In the rubbery state material, transfer is enhanced, therefore, changes in surface
roughness were expected. However, for PC the RMS surface roughness remained almost the
same — before testing it was 38.4 nm while after contact-separation, above Tq— 33.9 nm. For
PS the roughness increased from 9.9 nm to 59.6 nm, but for PMMA it decreased from
162.0 nm to 78.1 nm. To demonstrate that surface roughness has less impact on the charge
density than the polymer crossing Ty the RMS surface roughness of PMMA was increased
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above 1000 nm by immersion in solvent and subsequent immersion in antisolvent for
precipitation. The increase in charge density from contact-separation tests below T4 was
negligible — from 0.008 nC cm~2to 0.037 nC cm™2.

e The stability of surface charges was studied by running the vertical separation TEG device
in the non-contact regime heating PS above Tg. In non-contact regime the previously contact-
separated films were oscillated without physical contact. The surface charges were relatively
stable showing less than a 15 % decrease during the first 15 minutes of oscillation (Fig. 12
(b)), thus suggesting that the electron transfer and thermionic emission must not be the cause
of increased charge density, as shown in literature.>® The slow discharge can be attributed to
the interaction of the polymer surface with the molecules, ions, and particles from the
surrounding atmosphere.”®

Contact electrification between identical polymers (Paper 1V)

In Paper | it was shown that contact electrification between chemically identical polymers
is possible if they have different degree of macromolecular ordering or crosslinking density.
Here, in Paper IV, we explored how the contact electrification changes if there is difference in
surface morphology keeping all other relevant parameters unchanged. Accordingly, we
proposed that the reason for the formation of surface charge by contacting two identical
polymers is a result of fluctuations in the surface irregularities. Additionally, if contacted
materials have a greater porosity or surface roughness difference, the result will be a greater
surface charge. It was confirmed by both experimental and finite element analysis (FEA)
simulations. Porosity and surface roughness produce strained and compressed regions on the
surface, thus affecting the extent of mutual material transfer between two surfaces. The new
insight and deepened understanding of polymer contact electrification highlights the future
directions in engineering pathways for surfaces with increased triboelectrification.

The main goal of Paper IV was to investigate the influence of polymer’s surface
morphology on the charge formation during contact-separation of chemically identical
polymers.

Main results of the triboelectric measurements are demonstrated in Figs. 13-16.
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Fig. 16. Dipole and flexoelectric charge formation in multi-layered membrane samples with
different membrane order.'%

The main results and conclusions presented in Paper 1V:

e TEG devices were prepared from two identical polymers that had the same (smooth-smooth
or rough-rough) or different (smooth-rough) surface roughness. The selected polymers were:
polyethylene-octene copolymer (EOC), polystyrene (PS), ethyl cellulose (EC),
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polycarbonate (PC), poly(methyl methacrylate) (PMMA), styrene-ethylene-butylene-
styrene copolymer (SEBS) and poly(vinylidene fluoride) (PVDF). TEGs with differing
roughness generated greater Voc, Isc, and Q than the devices prepared from two alike films
(Fig. 13 (a) and (b)).

The differences in Q magnitude among polymers are due to the varying differences in
surface roughness between the contacted films. The formation and uniformity of a rough
polymer surface was observed: i) visually; ii) by measuring water droplet contact angle; and
iii) by AFM surface topography measurements. A diffusive light reflection behaviour was
visually observable for the obtained polymer films, which indicates the formation of rough
surface. The contact angle of water droplet for the rough polymer film was observed higher
than for the relatively smooth film, which points to hydrophobicity. Films with rough surface
often possess hydrophobic properties. AFM topography measurements were used to
determine the RMS surface roughness, and most of the polymers have notable differences
in surface roughness of the smooth and rough films. PMMA and SEBS show similar RMS
roughness values for the rough and smooth samples but different surface morphologies
suggesting that the different morphology may affect surface charge formation.

PVDF films with different surface roughness were prepared by precipitation from solutions
in dimethylformamide (DMF) at different concentrations, using methanol as the non-solvent.
The Q of contacted PVDF polymer films was measured as a function of the difference in
surface roughness (Fig. 13 (c)). Surface roughness of samples was in a range 0.2—1 um. As
expected, the Q increased with higher difference in roughness.

Scanning Kelvin Probe (SKP) was used to determine surface potential on smooth PVDF
before and after contacting with another smooth or rough PVDF. Contact-separation against
another smooth sample increased the average surface potential by 20 mV. However, after
contact with rough PVDF, the surface potential increased by 243 mV.

The influence of surface roughness on Q was also observed when polymers with distinctive
physicochemical properties were used as the rough and smooth contact layers. Two TEG
devices were compared: smooth elastomer SEBS layer against the relatively more rigid
PMMA as smooth and rough layer. Higher values (Voc of 240 V, Isc of 0.85 mA, Q of
9.6 nC cm~2 and E of 2.5 mJ m2) were obtained when the relatively smooth SEBS was
contacted against the rough PMMA (Fig. 14). In comparison, smooth SEBS combined with
smooth PMMA vyielded Voc of 100 V, lIsc of 0.05 mA, Q of 1.2 nC cm? and
E of 0.6 mIm=

The observed triboelectrification from contact-separation of the same polymer but with
different roughness is due to uneven deformation of each layer at the contacted area. It
changes the charge density across the surface during relaxation.'®® The uneven deformation
was confirmed by the 2D plane FEA model for a macro-scale simulation. The 2D model of
surface configuration of rough samples was taken from PVDF surface AFM measurements.
When the rough model was pressed against a smooth surface, the surface length percentage
change (Ar) in lateral direction for two surfaces was different (at 140 N — 7.4 times). In
contrast, when two rough models with similar roughness were contacted, the observed Ar on
both was almost the same (at 140 N it differed only 1.2 times) (Fig. 15). The observed uneven
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deformations result in heterolytic bond scission that creates mechano-ion polymer chain
fragments, which contribute to net surface charge.

e The charge formation was also observed when loading and unloading two contacted polymer
films without separation. Layered structures were prepared from commercially available
PVDF membranes with different porosity (0.10 um, 0.22 pm, and 0.45 um). Both samples
were loaded and unloaded without separation with forces ranging 5-100 N. As expected, Isc
and Q increased with higher difference in porosity between the membranes.

e Electromechanical response was further increased by constructing multi-layered films from
all three aforementioned PVDF membranes. The largest Q of 26 pC cm2 was measured from
the multilayer film with a 0.45 pm pore size membrane in the middle (membranes with a
pore size of 0.10 um and 0.22 um on each side, respectively). When the membrane with a
pore size of 0.10 um was placed in the middle, the measured order of magnitude Q was lower
(Fig. 16). It can be explained by triboelectric dipole formation at the interface of two
membranes. The membrane with a 0.45 um pore size charged positively against the 10 um
pore size membrane but negatively charged against a 0.22 um pore size membrane.
Combined in a multi-layered structure they created two interfaces; each having a
characteristic dipole direction. In this case both dipole directions matched and they
intensified each other, thus magnifying the measured Q. However, when the membrane with
a 0.1 um pore size was placed in the middle, the dipoles formed at interface had opposite
direction resulting in a much smaller Q.

Triboelectrification between polymer composites with identical polymer
matrixes (Paper V)

It was previously shown in Papers | and IV that contact electrification between chemically
identical polymers can vyield a significant Q if there are differences in properties like
macromolecule ordering, crosslinking degree or surface roughness. Similarly, triboelectric
charge grew when difference in nanoparticle (NP) filler concentration between the two identical
polymer matrix layers increased. This effect was observed in tests using different polymers
(ethylene-vinyl acetate copolymer (EVA), polydimethylsiloxane (PDMS), polyvinyl acetate
(PVAC) and polyurethane (PU)) and different filler NPs (TiO2, FeO(OH), WOs and MnO).
FEA simulations confirmed that polymer triboelectrification is related to the surface
viscoelastic deformation that occurs during mechanical contact and separation. This points to
the probability that heterolytic scission of covalent bonds in polymer chains is the explanation
for the triboelectricity.

The main goal of Paper V was to explore triboelectrification between chemically identical
polymer composites with different NP contents. The tasks set to achieve this goal were:

e to explore contact-electrification between polymer composites using TiO- as the filler

in different concentrations;

¢ toexplore contact-electrification between EVA polymer composites with different types

of fillers;

e to investigate the mechanical processes during contact-separation process using FEA.
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The main results of triboelectric measurements are demonstrated in Figs. 17-19.
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Fig. 17. (a) Schematics of three types of TEG devices using pristine EVA polymer and/or

EVA-based composites; (b) Voc peaks generated by the three TEG devices; (c) Isc peaks

generated by the three TEG devices; (d) increased difference between the TiO, content in
EVA layers used for TEG devices leads to increased triboelectric surface charge density.'%°
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(d) MnO2 NP SEM images; (e) the generated surface charge density of three types of TEG
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Fig. 19. (a) AFM surface topology of 15 vol% TiO2 NPs-containing composite; (b) 2D-mesh
simulation model for calculations; (c) 15 vol% (upper) and 0 vol% (lower) composite
deformation simulation model, (d) 15 vol% and 2.5 vol% composite deformation simulation
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simulations after release. Colour bar uses um-scale.1

The main results and conclusions presented in Paper V:

e Contact between identical triboelectric layers with the same particles in the same
concentrations resulted in small Isc and Voc peaks (Fig. 17 (a), leftmost and rightmost
panels). In contrast, much higher Isc and Voc peaks were produced when the polymer matrix
was the same but both triboelectric layers had different concentrations of filler particles (Fig.
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17 (a), middle panel). This tendency particularly clearly manifested in the case of pristine
EVA polymer and its matrix-based composites with 5 vol% TiO2 NP filler (Figs. 17 (b) and
(c)). Triboelectric Q increased by an order of magnitude from 0.007 nC cm2t0 0.093 nC cm~
2, This phenomenon was consistently observed during the tests of other pristine polymers
and their matrix-based composites, including PVAc, PU, and PDMS matrixes with the TiO>
NPs filler. The results illustrate that higher surface charges are consistently induced across
all types of polymers when a pristine polymer contacts a composite layer.

Surface charge increased as the difference in concentration of TiO2 NPs in the composite
increased. Figure 17 (d) shows the triboelectric Q generated on the TEGs comprised of
EVA/TIO, composites with different concentrations of TiO2 NPs in triboelectric layers. The
results strongly suggest that the difference in composite NP concentration determines the
triboelectric charges of polymer-based composites and not the absolute value of
concentration. This points out that the mechanical properties of a composite related to the
mass transfer mechanism are more important for triboelectricity than the dielectric properties
associated with the electronic or ionic transfer mechanisms.

While triboelectrification is dependent on the particle filler concentration, it is not a function
of particle composition or shape. EVA composites based on different NPs filler types (TiO2,
FeO(OH), WO3 and MnQO3) (Figs. 18 (a)—(d)) were created to demonstrate that the chemical
structure of filler does not influence the triboelectric charge generation. SEM images confirm
that WO3 NPs are larger than TiO2 NPs, while FeO(OH) NPs are needle-shaped rather than
sphere-shaped. The water contact angle (CA) of the aforementioned composites was
determined to evaluate their impact on the surface energy of composites. For the composites
with TiO2, MnO2, WOs3, and FeO(OH) fillers, CA was determined to be 96.9 + 0.4°, 92.9 +
1.6°, 89.2 £ 2.4°, and 98.1 £ 1.0°, respectively. As expected, the impact is negligible,
indicating that the filler mainly influences the mechanical properties. Although the absolute
values of generated triboelectric Q may vary according to the filler type due to dispersion
homogeneity and other secondary effects, the trend was consistent across all cases;
triboelectric charges between different composition composites were always the highest
(Fig. 18 (e)). The observed correlations once more confirm that electron transfer is not
responsible for polymer triboelectrification.

The reason for stronger triboelectrification during mechanical contact between identical
polymer matrixes with different filler particle concentrations relates to the differences in the
surface deformation and the associated differences in mechanical properties as described in
Paper V.17 Majority of NPs is encapsulated inside the polymer matrix, thus not influencing
surface morphology, however, it affects the Young’s modulus of the composite. The
Young’s modulus of 2.20 MPa for 0 vol% TiO2 NPs rises to 7.10 MPa for 15 vol% TiO>
NPs. Mechanical contact-separation of composite layers with different filler contents causes
unequal deformation of each layer. This induces different stress on each of the triboelectric
surfaces and yields differences in mass transfer for each surface. But when polymer surfaces
are under equal deformation, the bi-directional mass transfer between surfaces occurs with
the same probability, resulting in a small net triboelectric charge.
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e Uneven deformation at the triboelectric surfaces was also confirmed by the FEA simulations
of the pristine EVA (0 vol%) and the EVA composites (TiO2> NPs filler concentrations of
2.5, 5, 10, and 15 vol%) using ANSYS R17.1 software. The surface configuration of the 2D
models was taken from atomic force microscopy (AFM) measurements (Figs. 19 (a) and
(b)). As presented in Figs. 19 (c)—(f), one surface was fixed as a 15 vol% composite surface,
while the counterpart surfaces were changed from 0 vol% to 15 vol%. Macroscale
simulations describe the surface deformation during mechanical loading and after unloading.
In the situation where mechanical contact between two deformable bodies with identical
mechanical properties resulted in equal surface deformation D was 1 (Figs. 19 (h) and (i)).
When surfaces with different TiO2 contents (difference of 15 vol%) contacted each other,
the surface deformation disparity ratio increased from 1 to ~1.07 during the maximum
contact loading (Fig. 19 (h)). However, after the mechanical release of the triboelectric
surfaces, the surface deformation disparity increased to as high as ~14 (Fig. 19 (i)). In
contrast, the triboelectric surfaces of small concentration differences continued to show low
deformation disparity. The simulation results illustrate a trend of higher differences in TiO>
NPs content leading to elevated levels of uneven deformation and relaxation of surfaces.
These results are consistent with the contact electrification measurements and support the
conclusion that uneven deformation and subsequent surface relaxation are responsible for
mass transfer mechanism-based surface triboelectric charge generation, as they encourage
heterolytic bond scission of polymer chains.

Hybrid tribo-piezo-electric nanogenerator (Paper VI)

Hybrid TEG devices utilizing ferroelectric materials as triboelectric contacting materials
were mentioned in Introduction as one of approaches to achieve high energy harvesting
performance. In Paper VI, this strategy was applied by creating triboelectric layers from
ferroelectric PVDF/BaTiOs composites. Both composite films were identical and polarized
using electric field but in inverse directions, so that during contact-separation polarization
would coincide. A clear correlation between the piezoelectric response of PVDF/BaTiO3
nanocomposite films and the performance of the TEG devices based on these films was
demonstrated. The observation is explained by magnified electrostatic induction driven by the
ferroelectric properties of these films. A double capacitor model was proposed to portray the
interactions between ferroelectric layers during contact-separation and subsequent charge
redistributions in the external circuit. This allowed to reach state-of-the-art TEG Voc of 2.7 kV.

The main goal of Paper VI was to investigate the influence of ferroelectricity on the
performance of TEG device.

The main results of the triboelectric measurements are demonstrated in Figs. 20 and 21.
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The main results and conclusions presented in Paper VI:

e Prepared ferroelectric PVDF/BaTiOz films were tested in piezoelectric mode (Fig. 20 (a))
and also used as contacting layers in a TENG device (Fig. 20 (b)). As observed in Figs. 20
(c) and (d), the PVDF containing 25 vol% of BaTiOs shows the highest Voc both in
piezoelectric and contact-separation mode, indicating a correlation between piezoelectric
response and the corresponding performance of a nanocomposite film TEG device. The TEG
from polarized pure PVDF layers produced a Voc value of 250 V, while the generator from
the PVDF/BaTiO3 (25 vol%) nanocomposite generated 2700 V. The observed Voc was state-
of-the-art value for TEG devices. Boosted performance of ferroelectric nanocomposite TEG
devices in comparison to the ones using pure PVDF relates to a higher ferroelectric
polarization of contact layers, evident as improved piezoelectric response.

e The power density of PVDF/BaTiOs (25 vol% content) based TEG reached 1.157 W m2
under an optimized load resistance of 10° Q (Fig. 20 (e)), whereas energy density reached
65.95 mJ m2 (Fig. 20 (f)). The same TEG device was used to charge a variable capacitor
circuit. Figure 20 (g) depicts energy stored in the capacitor (and the corresponding voltage
of the charged state) for each capacitor value after contact between the two ferroelectric
layers. The highest energy stored in a capacitor after a single contact-separation step
(2.27 pJ) was reached when the capacitance of the capacitor circuit was set to 50 pF.

e The piezoelectric response allowed calculation of the piezoelectric coefficient dss, which for
the 25 vol% BaTiOs; composites reached 47.9 pC N1 The reported values of similar
nanocomposites are in the range from 2.7 to 25 pC N~1.111112 A greater ds3 can be related to
a significantly larger deformability due to high porosity (around 70 %) of the samples.
Porosity provides space for local deformations in the material that are important for
piezoelectric charge generation and boost the formation of ferroelectric B-PVDF during
fabrication.!*® The ds3 of a dense composite was determined to be only 9.11 pC N2,

e A double capacitor model was proposed to explain the enhanced TEG device output and
change of potential difference between electrodes (Fig. 21). Accordingly, each ferroelectric
layer was considered as an individual capacitor with a Q, which is induced during
polarization. As layers come together and contact, they form a circuit of two identical
capacitors in series, and the total capacitance of two layers decreases; however, the voltage
increases. Next, compression of both layers induces piezoelectric charge formation as
intrinsic dipoles deform and the net polarization of layers drops. As a result, Q decreases but
since it is followed by fast separation of the compressed ferroelectric layers the net
polarization quickly rises and Q returns to the initial value. During separation, the potential
difference decreases, which induces additional redistribution of induced charges between
electrodes in the external circuit.
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Matching dipoles from the triboelectric and ferroelectric charges in TEG
(Paper VII)

Paper VI demonstrated that incorporation of ferroelectric dipoles in the contacting polymer
layers enhances the performance of TEG devices, however, as mentioned in Paper 1V, a
triboelectric dipole is also formed between the two contacting surfaces during contact-
separation. The combined influence of dipoles formed by the triboelectric surface charges
between the distinct triboelectric materials and the dipoles in the two contacting ferroelectric
films previously had been ignored in all relevant studies. Therefore, in Paper VII we
demonstrated that proper attention to the alignment of both dipole types can lead to four times
higher energy and power density output in comparison to mismatched dipole arrangement. The
presented strategy and understanding of stronger electrostatic induction in the contacting layers
enable the development of TEG devices with greatly enhanced properties.

The main goal set forward by Paper VIl was to investigate the influence of triboelectric and
ferroelectric dipole matching when two distinct ferroelectric polymer composites are used to
prepare TEG devices.

The main results of the triboelectric measurements are demonstrated in Figs. 22-25.
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of non-ferroelectric polymers.!'4
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The main results and conclusions presented in Paper VII:

e To achieve a high energy harvesting performance of TEG device, the alignment direction of
ferroelectric dipoles has to coincide with the direction of dipoles forming between the
triboelectric charges on opposite contacting surfaces as demonstrated in Fig. 22 (a). The
polarity of triboelectric charge formed on pure polymers after the contact against ITO was
determined by measuring the current between the underlying electrode and the ground in
Faraday cup mode. Polymers PDMS, PVAc and EVA obtained a negative charge on their
surface, while for PMMA a positive charge was observed (Fig. 22 (b)). The polarity did not
change when nonpolarized BaTiO3z nanoparticles were incorporated into the polymers.

e After polarization all BaTiOs/polymer composites exhibited piezoelectric properties and
piezoelectric charges of 2.9 pC cm™2, 10.9 pC cm™, 3.7 pC cm?, and 2.4 pC cm™ were
measured for BaTiOs/EVA, BaTiO3/PDMS, BaTiO:/PVAc and BaTiO:/PMMA
composites, respectively.

e Figure 23 shows Isc and Voc at 1 GQ load resistance for TEG devices based on composite
and ITO layers. The composite layer in each TEG device was tested not only as non-poled
but also positively and negatively poled, so that ferroelectric dipole is matched and
mismatched with the previously determined triboelectric Q. Regardless of the polymer, TEG
devices showed higher values at matched condition. Net dipole direction between
triboelectric Q was also confirmed by COMSOL finite element simulation. The experiments
show that the TEG device has higher performance (Isc, Voc, energy and power density) when
the direction of triboelectric dipoles and ferroelectric dipoles are matched.

e Further, we constructed TEG devices with two BaTiOs/polymer composite films used as
contact layers. For the highest performance, both films were polarized inversely,*'® while
the polymer matrix material for each side was chosen so that the dipole moment direction of
triboelectric and ferroelectric charges are matched or mismatched. Accordingly, a TEG
device was constructed from PMMA and PDMS since PMMA charges positively and PDMS
negatively. A schematic representation of devices is shown in Fig. 24 (a). The Voc of device

89



with matched dipoles reached 460 V as shown in Fig. 24 (b), but the energy and power
densities of this TEG device reached 9.7 mJ m~2 and 143.2 mW m~2, respectively (black bars
and grey line in Fig. 24 (c)). The mismatched TEG device exhibited a significantly lower
output — Voc of 300 V (red line in Fig. 24 (b)) and instant energy and power densities of
4.0 mJ m2and 91.6 mW m2 (red bars and red line in Figure 24 (c)). For comparison, a TEG
device from the same polymers without BaTiO3 NPs showed Voc as small as 16 V and three
orders of magnitude smaller energy and power densities of 0.012 mJ m~2 and 0.104 mW m~
2

The average surface potential for non-polarized BaTiOz/PDMS was determined to be 0.06 V
by SKP. After contact with PMMA, the average potential had increased to 146.4 V (Fig. 25).
Surface potential scanning was also performed on both positively and negatively polarized
BaTiOz/PDMS samples before and after contacting with PMMA. For the positively
polarized BaTiO3/PDMS the average potential value grew from 24.3 V to 107.2 V and from
—70.5V to -1.1 V in the case of the negatively polarized BaTiOs/PDMS. All surfaces show
tendency to charge positively after contact with PMMA, as evidenced by more positive
surface potential. A gradual decrease of potential in the direction from left to right is
observed because the triboelectric charge decreases as the surface is being scanned in this
direction. Experimental results confirm the proposed mechanism for higher output of TEG
devices where two sources of the electric field are present — triboelectric charges and
ferroelectric dipoles.

Both matched and mismatched TEG device constructed from inversely polarized
BaTiOs/PDMS and BaTiOs/PMMA composite films were used to charge a 4.4 uF capacitor.
For the matched TEG, after 1000 contact-separation cycles the voltage across the capacitor
increased by 6.0 V corresponding to stored energy of 79 uJ (Fig. 24 (d)). In the meantime,
the TEG device with mismatched dipoles increased the voltage across the capacitor only by
5.2 V and accumulated 60 pJ energy under the same operating conditions. The proof-of-
concept demonstrated here can be further used to construct TEG devices with record-high
performance, since polymers with far more superior tendency for triboelectrification®® and
polymer composite materials with high intrinsic piezoelectric responses have been reported
in literature widely.}41>11% A combination of methodology shown in this paper with high-
performance ferroelectric materials could bring the TENG research community closer to
new cutting-edge discoveries.
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CONCLUSIONS

Polymers with lower elastic modulus and cohesive energy density obtain higher
triboelectric charge density if contacted with hard material. In cases when two polymers
are contacted, higher triboelectric charge is created when polymers show the most
distinct elastic modulus and hardness. It is evident from tests that polymer
triboelectrification is governed by its mechanical properties not chemical or dielectric
properties.

. Triboelectrification can be also observed in contact-separation of chemically identical
polymers when contacted polymers have differences in properties such as
macromolecular ordering degree, crosslinking degree or surface roughness. The more
intense is the difference in particular parameter between contacted polymers, the higher
is the generated triboelectric charge density.

Higher surface adhesiveness can improve the material transfer and, therefore, enhance
the surface charge on polymer. However, high adhesiveness is detrimental to efficiency
of TEG devices, since it demands higher mechanical energy input for separation.

. AFM and XPS analysis of surfaces contact-separated with polymers containing a
heteroatom (e.g., Si, F or Cl) allows to conclude that polymer triboelectrification occurs
alongside the transfer of polymer macromolecule fragments.

Incorporation of ferroelectric materials in TEG contact layers is an efficient method to
raise the energy harvesting performance. More importantly, it can be further enhanced
if the direction of ferroelectric dipole is matched with the direction of the triboelectric
dipole that forms between the negative and positive charges on contacted polymers.
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The contact electrification of polymer interfaces provides an energy
harvesting function to triboelectric (nano)generators (TEG). The
electron transfer between contacted-separated surfaces has been
considered as the main electrification mechanism for polymers in
TEG. The electron transfer mechanism widely proposed in literature
requires a contact between chemically different polymer materials,
as well as subsequent increase of the specific contact area, which is
commonly accomplished via nanostructuring. Herein, we showed
that contact electrification could be controlled by intramolecular
forces in the polymer bulk and adhesive forces at the contact
interface, and the chemical contact between different polymers
was not needed for contact electrification. The results also confirm
the breaking of the covalent bond as a mechanism of the contact
electrification of polymer insulators.

TEG devices have the potential to satisfy the increasing energy
needs in portable electronics and sensors, providing a clean
alternative to conventional batteries." The TEG devices are
produced from cheap, lightweight, flexible, widely used polymer
materials and offer promise to capture the neglected and
unutilized forms of mechanical energy. These devices consist
of two conductive electrodes, where at least one electrode is
covered with a polymer insulator film." The two electrodes in
TEG are connected by an outer circuit, and upon electrode
oscillation, a surface charge on polymer layers and an electric
potential are created that drive the electrons to flow between
two electrodes to balance this electric potential difference;
the TEG devices can be operated in different modes: vertical
separation, sliding, rotating, single electrode etc.;*> however, the
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Broader context

Triboelectric nanogenerators (TEG) that harvest ambient mechanical
energy through contact electrification can be used as a power source in
autonomous devices. The same phenomenon could also be applied to
create local electric fields in applications such as electroactive filters. The
polymeric TEG devices are currently designed based on the understanding
that charging occurs through electron transfer. However, several recent
studies have demonstrated that triboelectrification is instead caused by a
heterolytic covalent bond breakage. In the present study, we provided a
substantial proof of the occurrence of covalent bond scission to further
establish the understanding of its underlying role in polymer contact
electrification. We also showed, by example, how the proposed new princi-
ples could be followed in the design of superior TEG devices.

key feature for high TEG efficiency is the generation of surface
charge from contact electrification.’

Different mechanisms are responsible for contact electrifi-
cation and depend on the material used. It is well demonstrated
that upon metal-metal, metal-semiconductor or semiconductor—
semiconductor contact, electron transfer occurs;*” however, this
is not very obvious for polymer insulators.® Moreover, three
mechanisms for polymer insulator contact electrification are
considered: electron transfer,” ionic transfer,’ and covalent
bond cleavage.® The electron transfer between polymers is
doubtful because there are no available free electrons in
insulators. The usage of the term “effective work function” in
connection to the driving force for charge exchange between
polymer insulators is also questionable even if the polymer is in
contact with the metal.® Therefore, ion exchange between
contacted polymer insulators has been considered because water
under ambient conditions is adsorbed even on hydrophobic
polymers.’ The water layers on contacted surfaces fuse together
upon contact, and as different polymer materials may have
different affinities towards cations and anions in water, an
imbalance between ions is formed during separation, thus
creating the surface charge.’® However, contact electrification
is known to occur if the same polymer material is used on both
sides.’® The same material, however, should also exhibit the
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Communication

same affinity towards different ions in water, and should not
lead to contact charging. In addition, it has been shown that
contact electrification of polymer insulators occurs in the
complete absence of water.!*

Baytekin et al. have observed that nanoscopic mosaic-like
structures carrying positive and negative charges are formed
on polymer insulators after contacting-separating.® The non-
equality between the positive and negative species adds up to
the net surface charge. The fact that different charges may be
observed on the same surface has not been reported earlier.
The formation of charged species was attributed to heterolytic
covalent bond cleavage. The covalent bond breaking on polymer
surfaces is accompanied by reversible material transfer from one
surface to another."

If covalent bond cleavage is the mechanism for contact
electrification, it must be higher for soft polymers with smaller
cohesion energy or higher molecular weight between crosslinks
because they are more prone to mechanical damage and bond
breaking. In the present study, we investigated contact electri-
fication of a large variety of polymer materials with different
physicochemical properties.

Fig. 1(a) shows surface charge for various thermoplastic polymers
with different elastic moduli. Polymer full names, surface charge
and nanoindentation measurements are described in the (ESIY)
and listed in the ESIf Table S1. Polymers with lower moduli
exhibit higher surface charge values than those with higher
moduli, and modulus is directly proportional to the cohesive
energy of the material. The specific surface contact area-enhanced
electrification can be excluded because all samples are flat
(prepared with the same hot-pressing approach) and have
similar surface roughness values, which have been measured
by atomic force microscopy (ESI,f Table S2). The average
surface roughness for the polymers shown in Fig. 1(a) was
59.76 nm with the standard deviation of 21.78 nm. Moreover,
we examined the influence of roughness on the surface charge
for different polymers in contact with ITO, as shown in the
ESI,f Fig. S3 and Table S3. As expected, polymers with larger
roughness produced over an order of magnitude higher surface
charge values than their smooth counterparts. For example,
upon increasing the surface roughness of polycarbonate (PC)
from 70 nm to 654 nm, the surface charge value increases from
0.052 to 0.152 nC cm %, whereas the soft styrene-ethylene-
butylene-styrene copolymer (SEBS) with the surface roughness
of 79.40 nm exhibits the surface charge value 0.92 nC cm™>
after contacting ITO. SEBS, in accordance with nanoindenta-
tion measurements (Fig. 1(a) and ESI,} Table S1), shows lowest
modulus. Thus, the polymer cohesion energy has a significantly
stronger influence on contact electrification than the surface
roughness.

We also contacted and separated chemically different poly-
mers with the same or different hardness values (Fig. 1(b)).
Although chemically different, a hard polymer (PI, polyimide)
in combination with other hard polymers (PS, polystyrene)
produces a small surface charge. The same was observed for
soft polymers by contacting-separating low-density polyethylene
(LDPE) and polytetrafluoroethylene (PTFE), which have similar

2418 | Energy Environ. Sci, 2019, 12, 2417-2421
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Fig. 1 Contact-electrification charge of thermoplastic polymers related
to their mechanical properties. (a) Correlation between the modulus of
polymer material and surface charge. (b) Contact-electrification charge
density and hardness gap for different polymer combinations.

hardness values. When hard polymers were contacted with soft
polymers, surface charges higher by an order of magnitude
were obtained. Interestingly, the mutual contact of chemically
different soft and hard polymers with the same difference
between hardness produces very similar surface charge values.
Open circuit voltage (Voc) and short circuit current (Isc) mea-
surements for TEG devices based on polymers shown in Fig. 1
are presented in ESIL{ Fig. S4-S20.

To date, there is a general understanding that to observe
surface charge, the contacted materials must have different
chemical compositions;'? polymers are even empirically ordered
into a so-called “triboelectric series” based on their “electron
affinity”’-a tendency to acquire a positive or negative charge when
in contact with a distinct material."> These electron affinity
values are commonly used to select materials for TEG. Herein,
we showed that there is no need to contact chemically different
polymers for electrification to occur. Fig. 2 shows the current
generated by the TEG device constructed from the same poly-
propylene (PP) films. If the thermal history of the PP films was
same, no current was observed; however, when PP films with
different thermal histories were contacted-separated, the current
of 35 nA and surface charge of 0.071 nC cm > were generated.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Short-circuit current peaks generated by the contact-electrification
of PP with similar and different thermal histories. Blue figures represent
original polymer films and red figures represent polymer films subjected to
thermal treatment (130 °C, 60 min).

Different thermal histories change macromolecular ordering
and cohesion energy, as indicated by lower phase transition
temperatures (ESL Fig. S21) and hardness change from 107.6 MPa
to 96.2 MPa, respectively. This is in sharp contrast with the recently
reported theory of contact electrification.”'?

Further, we studied contact electrification of polydimethyl-
siloxane (PDMS) with a different cross-linking degree, which
was varied by changing the ratio between pre-polymer and
the curing agent."* The surface charge increased from 0.31 to
3.39 nC em ™ ? with an increase in the molecular weight between
crosslinks (Mc, g mol ') (Fig. 3(a)). The method and measure-
ments for the determination of M are described in ESIL,{ and
the M values are shown in Table S4 (ESIt). The TEG device
constructed from flat PDMS with the curing agent to prepolymer
ratio 1:30 in contact with ITO generate Voc 400 V (80 V cm ?)
(voltage and current for all PDMS based TEG devices are shown in
ESI,t Fig. S22 and S23).

Further, we contacted and separated chemically identical
PDMS and studied contact electrification. When the cross-linking
degree between contacting PDMS films was same, almost no
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contact electrification was observed. The surface charge values
for TEG when PDMS films in the ratio of 3:1 vs. 3:1 and 20:1 vs.
20:1 were contacted were 0.00143 nC cm ™2 and 0.00161 nC cm ™2,
respectively. When PDMS films with different cross-linking degrees
were contacted (3:1 vs. 20:1), surface charge (0.0168 nC cm™?),
voltage, and current higher by an order of magnitude were
obtained (ESLt Fig. S24 and S25), thus confirming the above-
mentioned results obtained from TEG based on thermoplastic
polymers.

The increased surface charge for PDMS with a smaller cross-
linking degree can also be related to higher adhesion at the
contact interface. The force necessary for the separation of the
two contacted films increased when the cross-linking degree
was reduced. Based on our understanding, to provide high net
surface charge density on the polymer, the polymer should
show strong surface adhesion and low cohesion energy in bulk,
such that the energy of the adhesive (physical) bonds formed
between contacting surfaces is larger than the energy of the
chemical or/and physical bonds in bulk. This could potentially
allow enhanced covalent bond scission and material transfer
between two contacting surfaces.'®

To observe higher adhesion, we increased the contacting
force as described in ESI.T With the increasing contacting force,
the adhesion between contacted surfaces and force to separate
them increases, and as shown in Fig. 3(b), when separation
stress between two films is larger, the surface charge increases
drastically.

If the reason for contact electrification is a heterolytic
covalent bond break, the mass transfer should occur alongside
with surface charging.'> The mass transfer was confirmed
by atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS) studies. As demonstrated in the ESLt
Fig. S26, the ITO surface viewed by AFM contains polymer
pieces after being contacted with PDMS. The mass transfer of
PDMS was also confirmed by the XPS studies, where the Si 2s
(153.9 eV) and Si 2p (102.7 eV) signal peaks were observed in
the photoelectron spectrum from the ITO surface after contact
with PDMS (ESL,t Fig. $27).
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Fig. 3 Contact-electrification charge of PDMS: (a) surface charge density and adhesion force increase as we increase the molecular weight between
PDMS crosslinking points. (b) Relationship between the charge and separation stress required when the contacting force before separation step is

gradually increased for PDMS (10: 1 ratio).
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TEG. (b) Energy density stored in the capacitor after contact-electrification of hydrogen peroxide-treated SEBS TEG. The corresponding voltages are

shown besides the energy.

Although material transfer occurred, the TEG devices were
stable because material transport could also occur in both
ways. The covalent bonds could restore during contacting due
to frictional heat,'® and thus, the long-term performance had a
relatively simple explanation. The long-term stability is demon-
strated in the ESI,{ Fig. S28 for TEG devices from three different
polymers: hard (PMMA), soft (SEBS) and soft-crosslinked
(PDMS). In the beginning, all the TEG devices showed smaller
voltage; however, it became saturated at about 2000 cycles and
did not change in the further 10000 cycles.

Finally, we produced a TEG device using the soft thermo-
plastic SEBS block copolymer (ESIL,{ Fig. S10), which showed
highest surface charging, as depicted in Fig. 1(a). We modified
the surface of SEBS to make it more adhesive by treatment with
a hydrogen peroxide solution, as described in ESI.} Via this, we
observed an increase in the separation stress by 38% from
2.97 N cm™? to 4.11 N cm > The increased adhesion of
the peroxide-treated SEBS surfaces can be attributed to the
formation of quasi-free ends of macromolecular chains."”
As expected, for modified SEBS, the surface charge increased
3.14 times from 0.92 nC cm ™2 to 2.89 nC cm ™2, Isc increased
2.4 times from 0.14 pA cm ™2 to 0.33 pA cm™ 2 and Vo increased
from 60 V cm™2 to 156 V c¢cm 2. Further, our 5 cm® TEG
device generated 780 V, as demonstrated in the ESI,{ Fig. S29.
Moreover, the hydrogen peroxide-treated SEBS reached
375.27 mW m 2> power density under the optimized load
resistance of 1 x 10° Q (Fig. 4(a)). The energy density was
obtained by integral E = [Pds, which yielded 15.32 mJ m™>
under load resistance of 1 x 10" Q (Fig. 4(a)). The hydrogen
peroxide-treated SEBS was also used to charge a variable
capacitor circuit. The energy density stored in the capacitor
after one contact-separation cycle and the corresponding
voltage are shown in Fig. 4(b) for each capacitor value. The
highest energy stored in the capacitor (1.58 mJ m~?), calcu-
lated by E = 0.5CU?, was reached when the capacitance of the
capacitor circuit was set to approximately 40 pF. Note that the

2420 | Energy Environ. Sci,, 2019, 12, 2417-2421

TEG device based on SEBS was produced for simple readily
industrializable hot pressing approach. Thus, the expensive
and complex nanostructuring approaches that have been con-
sidered essential for high-performance TEG devices can be
excluded.

Conclusions

The surface charge for polymers can be controlled by varying
their physicochemical properties, such as the strength of
macromolecular interactions in bulk and the surface adhesion,
and thus, our experiments confirm the covalent bond cleavage
as the mechanism for the contact electrification. Higher surface
charge can be expected from the polymers that show strong
surface adhesion and low cohesion energy in bulk. Thus, our
strategy enables the improvement in the performance of
TEG, leaving aside the expensive and complex nanostructuring
approaches.
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The Adhesion-Enhanced Contact Electrification and
Efficiency of Triboelectric Nanogenerators

Linards Lapcinskis, Kaspars Malnieks, Juris Bliims, Madris Knite, Sven Oras,
Tanel Kéicmbre, Sergei Vlassov, Mikk Antsov, Martin Timusk, and Andris Sutka*

In the present work, the contact electrification of polymers that differ in
adhesion strength is studied. Electrical current is measured along with adhe-
sion in macroscale contacting-separation experiments. Additionally, local
adhesion and roughness are studied with atomic force microscopy to get
deeper insight into relations between surface properties and electrification.
Measurements reveal that higher surface charge is formed on more adhesive
surfaces, thus confirming covalent bond cleavage as a mechanism for contact
electrification of polymers. Investigated materials possess enhanced con-

tact electrification making them attractive candidates for the conversion of
mechanical energy to electrical in triboelectric nanogenerator devices.

Energy from the motions can be converted and stored in a bat-
tery directly by using the triboelectric nanogenerator (TENG)!!-2!
and piezoelectric nanogenerator (PENG) devices.>* The power
consumption of portable electronic devices and detectors is
constantly decreasing and motion-driven charging becomes
increasingly more relevant. TENG can be integrated into weara-
bles,P! fabricsl® and even implanted in vivo to harvest energy
from the mechanical movement of breathing to directly drive
a medical device.”l Massive TENG device networks have been
also reported to harvest mechanical energy on a large scale.[®-1%

TENG consists of two connected conductive planar elec-
trodes from which at least one is covered with polymer.l'] By
vertical contacting and separating two sides, the opposite net
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charges are created on each surface, which
then induce charges on two underlying
conductive electrodes. Upon the move-
ment of the electrode (during separation)
the electric potential is varied and, in order
to balance the electric potential difference,
electrons are driven to flow between the
two electrodes.[!]

The electron transfer is a generally
accepted mechanism for contact electrifi-
cation of polymer insulators in the TENG
community, thus materials for devices
are selected by considering their effec-
tive electron affinity in accordance with
the experimentally defined triboelectric
series.'?] Larger contact electrification of polymers is expected
when material with high electron affinity is contacted with a
material having low electron affinity. However, polymer insula-
tors widely used in TENG devices do not contain electron-rich
or electron-poor functional groups, thus the electron transfer is
unlikely as there are no available free electrons. Moreover, elec-
trons cannot be transferred from the conductive material to the
insulator unless polymer has a high density of acceptors.!3!

The heterolytic covalent bond cleavage (heterolysis or hetero-
lytic fission) alongside with material transfer has been proposed
as an alternative mechanism for polymer electrification.+-1¢l
However, this knowledge is scarcely taken into account in the
design of the TENG devices. It has been demonstrated that the
performance of TENG can be enhanced by chemical surface
modification, but the observed enhancement has commonly
been attributed to modified electron affinity.'’-*) Here we show
that materials exhibiting stronger adhesion against contacting
surface also exhibit stronger contact electrification, which is
direct evidence of heterolytic bond cleavage as a mechanism for
contact electrification. On sticky surfaces the energy of formed
adhesive (physical) bonds between contacting surfaces may be
larger than the energy of chemical or/and physical bonding in
the bulk. This could potentially enhance the probability of cova-
lent bond scission and material transfer between the two con-
tacting surfaces.

In the present study, TENG devices were constructed from
polymer elastomers in combination with polyethylene tereph-
thalate (PET) coated with indium tin oxide (ITO) as demon-
strated in Figure S1, Supporting Information. Polymer elasto-
mers were deposited on ITO-coated PET and connected with
the other by an external circuit. Elastomeric materials have
been widely used in TENG devices to provide flexible mechan-
ical energy harvesters for wearables.[?-22l Upon pressing, the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) The separation stress for two contacted sides in TENG based on different polymer materials and b) corresponding charge densities for
these TENG devices. c¢) Open-circuit voltage and d) short-circuit current peaks for TENG based on different polymers.

elastomeric polymers adapt the shape of the opposite surface
more easily, thus increasing both the contact area and chance
of adhesive bond formation.?)! We prepared TENG devices
from polydimethylsiloxane (PDMS), ethylene-octene copol-
ymer (EOC), styrene-ethylene-butylene—styrene copolymer
(SEBS) and polyethylene—covinyl acetate copolymer (EVA).
In addition, we synthesized poly(hexanediol-cocitric acid)
(PHC), which is known as an elastomeric adhesive.?Y The
current and voltage were measured between the two conduc-
tive plates upon separation. The surface charge was calculated
as integral of current pulses measured between the two con-
ductive plates. The force necessary for separation of contacted
films was measured simultaneously with electrical measure-
ments using Instron Test Instrument as described in Experi-
mental Section.

Separation force values for the different elastomers are
demonstrated in Figure la. The adhesion of tested mate-
rials to ITO in the TENG device increased in the order:
PHC > SEBS > PDMS > EOC > EVA. Polymers that exhibit
stronger adhesion against the contacted surface also show
higher open-circuit voltage (Voc) and short-circuit current
(Isc) (Figure 1c,d). The TENG device based on PHC which
requires the greatest force for separation of two contacted
sides (7.32 N cm™) also shows the highest V¢ up to 800 V
from 5 cm? area. The surface charge density for PHC is
8.853 nC cm™2 (Figure 1b), which is over an order of magnitude
higher than SEBS (0.241 nC cm™2) and almost three orders
of magnitude higher than observed for EOC (0.013 nC cm™).
Note that the drastic difference observed in surface charge

Macromol. Mater. Eng. 2019, 1900638
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and adhesion cannot be directly related to different specific
surface area, since most samples had comparable surface
roughness as measured by atomic force microscopy (AFM) on
50 x 50 um (Table S1, Supporting Information, last row). The
single exception is PDMS, which had an order of magnitude
lower surface roughness. At the same time, PDMS shows a
higher surface charge than the rougher surface polymers. Cur-
rently, the nanostructured contacting surfaces in TENG devices
have been considered essential for high performance.>=3% Our
work shows that these expensive and complex nanostructuring
approaches can be left aside.

The observed correlation between separation force and sur-
face charge indicates heterolysis as a potential mechanism
for surface charge formation. Greater adhesion force contrib-
utes to a higher amount of covalent bond cleavage and in turn
may trigger surface charge formation. To get a deeper insight
into relations between surface properties and performance of
the TENG device, the adhesion measurements have been per-
formed also at the nanoscale by AFM colloidal probe technique.
The results show a correlation similar to macroscopic contact-
separation. Most polymers that exhibit large adhesion force at
the macroscale also show large adhesion force in nanoscale.
Median adhesion values for the samples are 13.4 m] m™
for EVA, 37.9 m] m~2 for PDMS, 49.1 m] m~2 for SEBS, and
66.9 m] m~2 for EOC. The single exception here is the EOC that
reveals a relatively low adhesion in the macroscopic experiment
but demonstrates the highest adhesion in the AFM test. This
difference between the macroscopic and the nanoscale adhe-
sion can be explained by considering roughness at different

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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scales. From Table S1, Supporting Information, it is seen
that on larger scale (50 x 50 um), which is more relevant for
macroscale adhesion tests, EOC has higher roughness than
SEBS, while on smaller scale (3 x 3 um), which is comparable
to spherical AFM probe radius, EOC is considerably flatter
than SEBS. For rough macroscopic bodies it is generally more
difficult to achieve full contact over the entire surface area even
in case of elastomers as the air between asperities prevents full
area atomic-scale contact of two surfaces in contrast to the small
AFM probe that can achieve full contact. Therefore, the mac-
roscale adhesion correlates with the macroscopic roughness,
while the results of the AFM test correlate with the local micro-
scale roughness. Though, from the application standpoint the
macroscopic values are more relevant, while the nanoscale case
may require a separate study. The nanoscale adhesion value for
PHC was not obtained, due to very high adhesion (impossible
to get the probe out of contact within the available AFM piezo
scanner range).

The heterolytic bond cleavage is further confirmed by mate-
rial transfer.'*1 The material transfer in our work was meas-
ured by AFM and X-ray photoelectron spectroscopy (XPS). The
surface roughness of the ITO after 10 000 contacting-separating
cycles against PDMS increases from 5.15 to 21.51 nm and
contains polymer pieces as demonstrated by AFM images in
Figure 2a. Mass transfer of PDMS is confirmed also by XPS
studies where the Si 2s (153.9 eV) and Si 2p (102.7 eV) signal

(a)

0.0um 2.0 4.0 6.0 8.0

www.mme-journal.de

peaks were observed in the photoelectron spectrum from the
ITO surface after contacting with PDMS (Figure 2b; Figure
S2, Supporting Information). We believe that material transfer
occurs with every contacting-separation event, but since the
transfer happens both ways,?!l materials can be contacted
repeatedly without the loss of performance.

Since PHC had shown the greatest surface charge density,
the TENG device based on PHC polymer was investigated in
more detail. We studied the influence of load resistance on
energy and power density (Figure 3a). The highest energy
(24.36 m] m~?) was observed at load resistance 1 GQ, while
the highest average power density (439.86 mW m™) for a
contact-separation was reached when the load resistance was
100 MQ. For comparison, charging of a typical mobile phone
requires 5.45 Wh of energy. This means that for a 1 m? large
TENG device charging of the phone would take approximately
9.3 days (223.7 h) at 1 Hz contact-separation frequency. How-
ever, the power consumption of electronic devices is tending
to be reduced, thus TENG devices may take a significant role
in charging or even powering of personal electronic devices
in the future. For instance, TENG with a surface area of
20 cm? operating at 1 Hz will provide sufficient energy to a
power wireless sensor node with power consumption about
100 uw.B2]

Further, we investigated the efficiency of the PHC-based
TENG device by comparing the generated energy against
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Figure 2. Material mass transfer: a) ITO surface before (left) and after (right) contacting with PDMS 10:1 for 10 000 cycles and b) XPS results comparing
pristine ITO and ITO surface after contacting against PDMS 10:1 for 10 000 cycles showing Si 2p on the surface of ITO. The XPS overview spectra are
demonstrated in Figure S2, Supporting Information.
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Figure 3. Characteristics of TENG device based on PHC polymer: a) energy density and power density as a function of load resistance and b) efficiency.

the mechanical work done during TENG contact-separation.
Efficiency of TENGs is typically calculated by considering
only the pressing force, displacement or kinetic motion
energy®>>-38l neglecting the influence of adhesion (separation
force). Reported efficiency values are astonishing and paint
an appealing picture of TENG device efficiency. However,
when, for example, methodology (based on kinetic energy of
motions) reported by Chun et al.33 is applied to our PHC-
based TENG, its efficiency surpasses 300%. This clearly indi-
cates that some of the aspects have been overlooked since
the law of conservation of energy still stands. When pressing
force (and the corresponding polymer strain) is included in
efficiency calculations, TENG based on PHC reaches 5% effi-
ciency. However, we insist that energy required for separation
also must be taken into consideration. The energy required
for separation is an order of magnitude higher than energy
necessary to compress, therefore the actual efficiency of the
TENG device based on PHC is only 0.16% (Figure 3b) at
1 GQ load resistance. Since load resistance does not affect
the amount of spent mechanical energy, efficiency shows the
same trend as energy density. Separation of the two contact
sides in TENG device can be provided also by the construction
elements (e.g., springs), thus there is no external work input
required. Although this means that additional force must be
overcome in order to contact materials. However, perhaps to
achieve higher efficiency, TENG devices based on inversely
polarized ferroelectric contacting layers should be considered,
as they provide the energy density as high as 66 m] m~2 at low
separation forces. 394!

In conclusion, simultaneous separation force and current
measurements performed for the first time on the several
different TENG devices confirmed heterolysis as the mech-
anism for the contact electrification—polymers with higher
adhesion achieve larger net surface charge upon separation.
The electric energy harvested by the TENG device increases
drastically when polymers with high adhesion are used as
a triboelectric contacting material. Measurements did not
reveal any positive correlation between surface roughness
and efficiency thus we conclude that nanostructuring is
not necessary for achieving high performance of the TENG
device. By considering adhesion-related energy losses we
have concluded that TENG devices may have smaller efficien-
cies than estimated previously and reported efficiency values
should be reevaluated.
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Experimental Section

Polymer films were prepared by hot pressing (Engage 8200 ethylene—
octene copolymer—EOC, Lifoflex UV 30 GA 1030 styrene—ethylene—
butylene—styrene copolymer—SEBS and Sigma-Aldrich, 12 wt% vinyl
acetate containing poly(ethylene—covinyl acetate) copolymer—EVA)
or spin-coating (polydimethylsiloxane—PDMS and poly(hexanediol—
cocitric acid)—PHC). PDMS film (Dow Corning, Sylgard 184) was
prepared by mixing base polymer and curing agent in weight ratio 10:1.
After spin-coating at 3000 rpm PDMS film was cured at 70 °C for 1 h.
PHC pre-polymer was synthesized similarly as described by Yang et al.24l
Briefly, 20 g of 1,6-hexanediol (99%, Aldrich) and 32.515 g of citric acid
(99%, Sigma-Aldrich) were mixed and melted in a 250 mL double-neck
flask under N, gas flow at 156 °C by using a temperature-controlled oil
bath and a magnetic stirrer. Citric acid and 1,6-hexanediol melted within
10 min and subsequently temperature was decreased to 140 °C for
45 min with continued stirring under N, gas flow. After that, the viscous
polymer mixture was left to cool at room temperature. During cooling,
50 mL of 1,4-dioxane (299.5%, Sigma-Aldrich) was added under mixing
to dissolve the partially crosslinked polymer. PHC film was obtained by
spin coating at 3000 rpm and then cured at 130 °C for 45 min.

The short circuit current and voltage pulses generated by TENG
devices were measured by using a custom-made voltage divider in
combination with a Keithley 6514 electrometer connected to a Picoscope
5444B PC oscilloscope to provide high time resolution. Contacting area
(sample size) was 5 cm?. Power was calculated by applying Joule’s Law
(P = V2 R-1) to gain instantaneous power, while energy was obtained
as an integral of power E = JPdt over the duration of the pulse. The
surface charge was calculated from the measured current by equation
O = Jidt (where i is instantaneous current). Pressing force (10 N) and
frequency (1 Hz), as well as separation speed (100 mm s'), and the gap
between TENG sides (5 mm) were controlled using INSTRON E1000 All-
Electric Dynamic Test Instrument, which also allows measuring the force
necessary for separation of the contacted films in TENG device.

Total mechanical energy (work) was taken as a sum of kinetic energy
(E\), compression (E.) and separation (Es) energy. Kinetic energy of
motions has been calculated using equation E, = 0.5 mv2 where m is the
mass of the moving sample holder together with the sample (28 g) and
v is the speed used to contact both surfaces (0.017 m s7'). Separation
energy to overcome the adhesive forces was obtained as integral of the
mechanical power peak over time. Mechanical power was calculated
as the multiplication of force measurements with the first derivative of
position measurements (speed). Compression energy to compress the
PHC sample was obtained as compression force multiplied by strain
exerted on the PHC sample. The strain of the sample was found from
the force-strain curve (INSTRON ET000 measurements) shown in
Figure S3, Supporting Information. Efficiency then is determined as the
percentage of generated electrical energy versus total mechanical energy.

The mean square (RMS) surface roughness among the five
independently prepared samples was measured by AFM (Smena,
NT-MDT) in the semi-contact mode. RMS surface roughness expresses
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the square root of the mean square of height deviations of the surface,
measured from the mean height of the data plane. The adhesion for
the samples was measured by the AFM colloidal probe technique.
A probe with a radius of 5 um and a spring constant of 4.95 N um~'
was determined with the thermal tune method.*!! Typical measurement
curves are demonstrated in Figure S4, Supporting Information. The
sensitivity and deflection of the cantilever were measured, and the
adhesion was calculated according to Equation (1):142

2-F,
AY:3.77;.dR (M

Where Fy is the force applied during the cantilever deflection, R is
the radius of the colloidal probe. The XPS data were measured using
the electron energy hemispherical analyzer Scienta SES100 and a VG
Scientific XPS/1 X-ray gun.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Here we report an order of magnitude increase of triboelectric
charge density of glassy polymers such as polystyrene (PS), poly-
carbonate (PC) and poly(methyl methacrylate) (PMMA) when heated
above the glass transition temperature. Transition is accompanied
by the larger force required for separation. Undeniably, surface
roughness plays a great role in contact electrification, however as
we see in this work its impact is overrated when compared to the
influence of physical properties.

The mechanisms of triboelectrification in polymers have been
under strong debate in the last few years as this phenomenon
has a critical role in mechanical energy harvesting by tribo-
electric nanogenerator (TENG) devices," preventing electric
discharge from accumulated surface charge and protecting
electric devices,” and to enhancing the separation in particle
filters.> The three main mechanisms considered for polymer
electrification are: (i) electron transfer,"® (ii) heterolytic covalent
bond break and material transfer,’® and (iii) ion transfer.*
From the aforementioned, ion transfer, where ions are separated
between water adsorbate layers on contacted polymers, seems not
the dominating mechanism as proven by several studies from
independent groups.>'®'? The polymer contact electrification
has been observed in the complete absence of water'” and
between identical materials'® which should exhibit the same
affinity between cationic and ionic species in water. Thus, in
the past few years, the debate has concentrated on electron
transfer and covalent bond breaking as possible dominating
polymer triboelectrification mechanisms.

The latter, heterolytic covalent bond cleavage (heterolysis or
heterolytic fission) has been gaining acceptance as a credible
mechanism for polymer triboelectrification. According to
this interpretation, scission and material transfer occur on

“Research Laboratory of Functional Materials Technologies, Riga Technical
University, Paula Valdena 3/7, Riga LV-1048, Latvia. E-mail: andris.sutka@rtu.lv
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Fig. S1-S8 and Table S1. See DOI: 10.1039/c9mh01425j
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Dramatic increase in polymer triboelectrification
by transition from a glassy to rubbery statef
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New concepts

The triboelectrification mechanisms of polymers have been studied in
different ways to find out if the mechanism is electron transfer or hetero-
Iytic covalent bond breakage. Although the experimental and theoretical
observations contradict the electron transfer as a mechanism for polymer
triboelectrification, several studies published recently by Zhong Lin Wang
et al. have assumed the transfer of electrons (Adv. Mater., 2018, 1706790;
ACS Nano, 2019, 13, 2034). The electron transfer was considered after
observing faster decay of the surface charge upon heating or decreasing
of triboelectrification after contacting identical materials (from which one is
curved) at evaluated temperatures. In the present work, we are executing a
solid experimental work and demonstrating the contact electrification of
glassy polymers at different temperatures and observing a dramatic three
orders of magnitude increase in surface charge when passing the transition
temperature to a rubbery state. This is a first-time demonstration of such an
effect, which indicates with no doubt that the triboelectrification
mechanism must be a covalent bond break. Our experimental setup
allows us to measure the separation force simultaneously with electric
measurements and we have found that the adhesion for polymers also
changes significantly when crossing the glass transition temperature. The
increased adhesion, softening and deformation, with no doubt, will
enhance covalent bond cleavage, material transfer, and surface charge
formation. All experimental aspects are discussed in the manuscript in
detail and an alternative interpretation of the experimental observations
published by Wang et al. has been included. The results are highly
important for designing triboelectric nanogenerator devices and to
identify correct materials for better performance.

contacted-separated polymers thus providing cationic and ionic
species, as well as mechanoradicals on the same surface.”” The
charge measured in TENG devices is the net surface charge."’ It
was also demonstrated in a recent study that the surface charge
increases with decreasing polymer cohesion or increasing
surface adhesion. More extensive covalent bond scission and
triboelectrification was recorded in case of soft and sticky
polymers.*®

Electron transfer between two contacted polymer insulators
is also opposed by theoretical considerations. This process is
endothermic and relocating an electron from one polymer to
another would require 5-10 eV."" This is much higher than the

This journal is © The Royal Society of Chemistry 2020
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thermal energy at room temperature (0.026 eV). Although local
frictional heating can occur during the material contacting-
separating process and the polymer surface can heat up above
the melting point,"? the energy is still an order of magnitude too
small to serve the electron transfer between contacted-separated
polymer insulators. Polymer insulators do not contain electron-
rich or electron-poor functional groups and thus the electron
transfer is impossible.’"'* In the same manner we do not expect
the electron transfer between dispersed polymer species and
organic solvents in suspensions. This kind of electron transfer
does, however, occur in conductor-semiconductor contact
where it is induced by electronic excitation under friction due
to contact potential difference.*™*®

Despite the experimental observations and theoretical con-
siderations that appear to contradict the electron transfer as a
mechanism for polymer triboelectrification, several studies
published recently have assumed the transfer of electrons.*”
The electron transfer was considered after observing the con-
tact electrification between two identical polymers from which
one is curved and the phenomenon was attributed to the
proposed charge transfer model by introducing the curvature-
induced energy shift of the surface states.” However, this can be
easily attributed to internal stresses which act in favor of
covalent bond breaking and contact electrification upon contacting
as it was reported already before.’®*° Although the electron
exchange is energetically costly the electron cloud overlapping
the electron-cloud-potential-well model has been proposed to
support electron transfer between polymer insulators.* To prove
this experimentally, a dielectric semiconductor (SiO,) surface
was electrified by rubbing against polymer and the surface
charge was measured after heating at a certain temperature.
The authors observed that the surface charge decays faster at
higher temperatures (especially fast at temperatures above 300 °C)
and attributed this observation to electron thermionic emission.*
However, this can be easily attributed also to thermal decomposi-
tion of transferred polymer pieces, which carry the charge.

In the present work, we are clarifying the polymer contact
electrification mechanisms by testing the surface charge formation
on amorphous polymers at different temperatures starting from
room temperature and crossing the glass transition temperature
(Ty). The experiments show with full certainty that the surface
charge is drastically increased when transferring from glassy to
rubbery state, thus confirming heterolytic covalent bond breakage
as a mechanism for polymer triboelectrification.

Our material choice was amorphous polymers because their
macromolecular structure is much simpler in comparison with
crystalline polymers with the clearly observable transition from
a glassy to a rubbery state. Polystyrene (PS), polycarbonate (PC)
and poly(methyl methacrylate) (PMMA) films were hot-pressed
on a perforated Cu electrode to ensure adherence. The film
thickness was kept constant by using a 100 pm thick spacer.
The processing parameters for each polymer are described in
the Experimental section, ESI.f Materials were contacted with the
copper counter electrode in a vertical separation TENG device as
described in the Experimental section, ESL{ The pressing force,
the gap between the two sides and the separation speed were

This journal is © The Royal Society of Chemistry 2020
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controlled by an INSTRON E1000 All-Electric Dynamic Test
Instrument. A specific custom-made heatable sample holder
was used for the experiments (Fig. S1, ESIf). The net surface
charge was calculated from the current (Q = [/ds) measured
between two electrodes upon contacting-separating.

The net surface charge for all polymers increases slightly
when the temperature is raised from room temperature to a
temperature below the polymer glass transition point. For
example, by increasing the temperature from 25 °C to 110 °C
in the case of PC, the surface charge increases only from 0.006
to 0.011 nC cm 2. When the temperature reaches the glass
transition the surface charge increases drastically by more than
an order of magnitude for all polymers under study (Fig. 1(a)
and (b)). The qualitative measures of performance for TENG
devices such as V¢ and Igc are also increased as demonstrated
in Fig. 1(c) and (d). The glass transition temperature for each
polymer was found from differential scanning calorimetry
measurements (Fig. S2-S4 and Table S1, ESIT) and corresponds
well to temperatures above which a drastic Q increase is
observed. Also, the surface temperature was monitored by a
thermal camera at each measurement temperature (Fig. S5,
ESIT) to ensure the correct experiment.

Rubbery state polymers behave like elastomers - they are
soft and undergo large reversible deformations. The adhesion
for polymers also changes significantly when crossing T, as
observed experimentally (Fig. S6, ESIt). For example, the
separation force for PS increases from 0.25 N at room temperature
to 31 N at a temperature above the transition point. Our
experimental setup allows us to measure the separation force
simultaneously with electric measurements upon contacting-
separating. All these factors i.e., adhesion, softening and defor-
mation, with no doubt, will enhance covalent bond cleavage,
material transfer, and surface charge formation. Softer materi-
als are more prone to mechanical damage, and deformation will
allow achieving a larger contacting area, but adhesion will
enhance the material transfer. At every step of contacting-
separating, some material is transferred from one surface to
another, but as the transport can occur both ways® a long-term
performance is observed. The outputs of a PMMA TENG device
operating at a temperature above the polymer T are stable over
5000 cycles (Fig. 2(a)). The same behaviour was observed also for
other polymers.

The experimental results contradict the work by C. Xu et al.,
where the authors measured the decrease of Q upon heating by
contacting flat Kapton against chemically identical curved
Kapton.® However, the conditions were very different in their
case. First, Kapton has high temperature durability and glass
transition temperature in the range of 360-400 °C, but the tests
were performed at lower temperatures. Second, the contact-
electrification between identical Kapton materials with differ-
ent curvature may not be due to curvature-induced energy shifts
of the surface states as the authors are claiming,” as the
curvature increases the difference in cohesion energy between
contacted films which, as presented in our previous work,
triggers triboelectrification.”® The strain is relaxed in polymer
films by heating thus decreasing the difference in E..,, between

Mater. Horiz., 2020, 7, 520-523 | 521
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Fig. 2 (a) Current measurements of a PMMA based TENG device over 5000 contacting cycles and (b) surface charge density of a PS based TENG device
in hon-contact motions at temperature exceeding Tg.

flat and curved films. This is the most probable reason why was measured by atomic force microscopy as described in the
charge decrease upon heating is observed by Xu et al.’ Experimental section, ESI.f For PC the surface roughness

The increase in Q above T, cannot be related to a change in  remains almost the same - before: 38.4 nm, after: 33.9 nm.
surface roughness. The root mean square surface roughness For PS the roughness is increased from 9.9 nm to 59.6 nm, but
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for PMMA it is decreased from 162.0 nm to 78.1 nm. Although
the surface roughness is changing for PS and PMMA, it does
not influence the Q value significantly. For example, when we
increase the roughness of PMMA from 0.08 um to >1 um, the Q
changes only by a little, from 0.008 nC cm™? to 0.037 nC cm >
(see the ESIt experimental section for the approach to obtain
rough surface, SEM images (Fig. S7, ESIt) and TENG device V¢
and Isc measurements (Fig. S8, ESIt)), but by crossing the glass
transition temperature, we observed an increase of surface
charge from 0.008 nC cm™? to 0.273 nC cm ™~ in the case of
PMMA. The experiments show that the role of intermolecular
forces is more significant than nanostructuring, thus the
expensive nanostructuring approaches for producing TENG
devices can be considered unnecessary.

The stability of surface charges was studied by running the
vertical separation TENG device in the non-contact regime
above T, where contacted-separated films are further oscillated
without physical contact. The potential between two electrodes is
changed by the oscillation and in order to balance the variable
potential, the electrons are transferred between two electrodes. As
can be seen from Fig. 2(b), the surface charges are relatively
stable and decrease only by a little (less than 15%) in 15 minutes,
thus showing that the electron transfer and thermionic emission
should not be the case. The slow discharge can be attributed to
the interaction of the polymer surface with the molecules, ions,
and particles from the surrounding atmosphere.”

Conclusions

In conclusion, we have demonstrated that the polymer tribo-
electrification increases by more than an order of magnitude
when crossing the transition temperature from glassy to rub-
bery state. The increase in surface charge can be attributed to
material softening and an increase in stickiness. This should
enhance the material transfer, thus indicating covalent bond
breaking as the mechanism for polymer triboelectrification.
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Polymer contact electrification offers the possibility to harvest mechanical energy using lightweight,
flexible and low-cost materials, but the mechanism itself is still unresolved. Several recent studies
confirm heterolytic covalent bond breaking as the mechanism for surface charge formation. Here it is
shown that the reason for the formation of surface charge by contacting two identical polymers results
from the fluctuation in the surface irregularities, and that contacted materials with a greater porosity or
surface roughness differential result in a greater generation of surface charge. Porosity and surface
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Introduction

Triboelectric nanogenerator (TENG) mechanical energy harvesters,
sensors, actuators, self-powered biomedical devices and flexo-
electrets can be made from low-cost, flexible and soft
polymers." ™ Most TENG devices have been designed by
considering electron transfer as the primary mechanism for
polymer contact electrification. The triboelectric materials in
these devices are chosen by selecting two polymers with a large
difference in polymer “electron affinity”.'® Despite this method
for choosing materials for a TENG, it has been reported that
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highlights better ways to prepare triboelectric or flexoelectric nanogenerator devices.

polymer contact electrification comes from heterolytic bond
cleavage that is accompanied by material transfer.'®>' The
surface charge was found to increase with decreasing polymer
cohesion energy (and crosslinking degree) or increasing surface
adhesion.”® Bond scission is enhanced for soft and sticky
polymers due to easier material transfer.

In the present study, the contact electrification mechanism
between identical polymer materials is better clarified. The
electrification between interfaces of the same material is shown
to increase with larger differences in surface roughness or
porosity. Surface irregularities cause uneven deformation upon
contacting-separating and result in an unbalanced surface
charge. Uneven deformation is a potential reason for surface
charge formation on contacted-separated polymers with different
cohesion energy.>* Polymer surfaces that have different cohesion
energies that undergo different extents of deformation under a
fixed load results in unbalanced charges, which is a key aspect for
improving the performance of TENG devices. There are several
studies that report higher surface charge is generated in TENG
devices where both surfaces are nanostructured,’?>* but here it is
shown that this may not be necessary to achieve high surface
charge and performance.

This new insight in the contact electrification mechanism is
important for the design of flexoelectric materials that could be
made from neat (unfilled) polymers, but also exhibit piezo-
electric-like behavior similar to ferroelectric ceramics. To observe
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flexoelectric behavior, the material should have a multilayered or
porous structure, with opposite charges at the multilayer interface
or on the void surface.”® Upon deformation, the pre-existing
polarization in these materials is changed and, in order to balance
the potential change, current flows between conductive electrodes.
To create charged interfaces, porous polymers are subjected to a
high electric field that generate many tiny microplasma discharges
in the voids,**® or by depositing a secondary material on one side
of pores,* resulting in positive and negative electric charges on
opposite internal pore surfaces. It should be noted that the long-
term stability of flexoelectric polymer foam is limited due to the
discharge of the produced internal charges.” In this work, flexo-
electric materials are produced from identical multilayered poly-
mer films with different porosity. In this case, there is no need to
apply an external electric field to generate charge. In addition,
the piezoelectric-like behavior does not disappear over time.
Researchers have recently demonstrated flexoelectricity for pure
bone mineral with no embedded charges or piezoelectric collagen
components.”” The flexoelectricity in bone is attributed to its
gradient porous structure. The literature is scarce regarding the
intrinsic electrification of polymers upon deformation.

Results and discussion

Polymer films were deposited with different surface rough-
nesses on conductive electrodes, which were connected by an
external circuit, as is common for TENG devices." The sche-
matic image of the triboelectric nanogenerator is shown in
ESLt Fig. S1. The polymer films were mutually contacted-
separated with controlled force and electric current (or voltage)
was measured between the conductive plates. The surface
charge forms on contacted surfaces upon separation, which
in turn induce the electrostatic charge on the conductive
electrode in the TENG device. So as plates are separated, the
potential between conductive plates is changed. To account for
the change in electrical potential, electrons flow between the
two plates in the external electrical circuit. When device is fully
separated, equilibrium is reached. During another contact, the
potential changes again and electron flow in the external circuit
is induced. Fully contacting and compressing both plates
allows electrostatic equilibrium to be reached once again (see
ESI, Fig. S2 for a schematic representation of the working
principle). The surface charge was estimated from the current
measured between the TENG electrodes under operation by
using Q = [idz, where i is the instantaneous current. The
separation of two surfaces in the TENG device (5 mm) is much
larger than the film thickness (100 pm), so the surface charge
density is very close to the charge density calculated from
the current.”® More measurement details are described in the
Experimental section.

Triboelectric devices prepared with the films of the same
polymer with different roughness, can generate an order of
magnitude larger peak voltage than devices prepared from two
smooth and two porous (rough) films (Fig. 1(a)). The surface
charge at smooth-smooth, porous-smooth and porous-porous
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contacts was measured for different polymers: polyethylene-
octene copolymer (EOC), polystyrene (PS), ethyl cellulose (EC),
polycarbonate (PC), poly(methyl methacrylate) (PMMA), styrene—
ethylene-butylene-styrene copolymer (SEBS) and poly(vinylidene
fluoride) (PVDF). PVDF did not exhibit any intrinsic piezoelectric
response (ESLT Fig. S3 and S4). For all tested devices, a signifi-
cantly higher voltage, current, and charge were observed when the
smooth polymer film was contacted with porous one (Fig. 1(b) and
ESIt Fig. S5-S11, Table S1). The observed values are stable for at
least 10 000 contact-separation cycles, as shown in ESL{ Fig. S12.
The magnitude of charge density among polymers changes due to
the varying differences in surface roughness between contacted
films. For SEBS, there is increased adhesion between contacting
layers, which contributes to charge formation.*" The formation of
a rough uniform polymer surface can be observed visually by
diffusive light reflection behavior (ESL1 Fig. S13) or by increased
water contact angle (ESIL,1 Table S2 and Fig. S14-S27). Surface
roughness (RMS) of all polymer samples (both porous and
smooth) is determined from atomic force microscopy (AFM)
surface topography measurements (ESL T Table S3). In addition
to surface topography, tapping amplitude and tapping phase
images are recorded for these samples (ESI,i Fig. S28-S41).
Most of the polymers have notable differences in surface
roughness when comparing smooth and rough samples. In
case of PMMA and SEBS, the rough and smooth samples have
the same roughness values, but the surface morphology is
completely different, suggesting that the different morphology
may affect surface charge formation. For example, the relatively
high roughness values for smooth PMMA obviously comes from
deep craters appearing in otherwise flat morphology. Tapping
phase images reveal no contrast beyond obvious influences
from surface topography, which can be expected in single-
polymer films with no additives. In addition, no crystalline
phases are also detected in these samples. For more detailed
information see Discussion S1 (ESIT).

The surface charge on contacted-separated polymer films
was measured as a function of the difference in surface rough-
ness. For this purpose, PVDF films with different porosity were
prepared by precipitation from solutions in dimethylform-
amide at different concentrations, using methanol as the
non-solvent. The rationale for choosing PVDF is based on our
previous experience that this methodology allows full control
over PVDF film porosity. Surface roughness between samples
varies from 0.2 to 1 pm (ESI,} Table S4 and Fig. S42). Electrodes
made from these PVDF films were contacted-separated in a
TENG device for these measurements. As expected, the surface
charge density increases with increasing difference in rough-
ness (Fig. 1(c)). Results clearly show that charges form on the
interface between films of the same polymer with different
porosity. Contact electrification of polymer films can be vastly
improved by contacting a smooth surface with a rough one.

Surface potential studies were done using Scanning Kelvin
Probe on smooth PVDF before and after contacting with
another smooth or rough PVDF (ESL7 Fig. S43). By contacting—
separating against another smooth sample the surface potential
changed from —172 mV to —192 mV. However, after contacting

This journal is © the Owner Societies 2020
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Fig. 1 (a) Open-circuit voltage (Voc) generated by contacting—separating smooth—smooth, smooth—porous and porous—porous EOC film combina-

tions (from left to right). (b) Surface charge density formed in contact-separation of two identical polymer films with different surface roughness and
(c) relationship between surface charge density generated in contact-separation and surface roughness disparity of employed PVDF films.

with rough PVDF, the surface potential increased to —415 mV.
Scanning Kelvin Probe measurements supports our hypothesis
that contacting-separating dissimilar surfaces results in a higher
charge density.

The similar trend was observed when polymers with clearly
distinctive physicochemical properties are used as porous and
smooth contacting materials. Higher contact-electrification is
expected when hard polymer is tested in combination with
a soft one.”" For this reason, in order to obtain high perfor-
mance and confirm our hypothesis, we constructed TENG
device where the elastomer SEBS is contacted against the rigid
PMMA - two polymers that exhibit the greatest difference in
hardness among the polymers used in this study. As expected,
different amounts of surface charge were dependent on
surface roughness of PMMA (Fig. 2). Higher values (Voc of
240 V, Isc of 0.85 pA, Q of 9.6 nC cm ™ * and E of 2.5 mJ m™ %) are
obtained when the relatively smooth SEBS is contacted against
porous PMMA. In the TENG device where smooth SEBS is
combined with smooth PMMA, much smaller V¢ of 100 V,
Isc of 0.05 pA, Q of 1.2 nC ecm ™2 and E of 0.6 m] m™? values
were achieved.

This journal is © the Owner Societies 2020

The observed contact electrification from contacting films
containing the same polymer but with different porosity is
due to uneven deformation at the contacted area, which in
turn changes the charge density across the surface during
relaxation.” Triboelectrification between interfaces induces a
charge on the conductive electrodes and generates a current
flow between them. This uneven deformation at the interface
was confirmed by developing a 2D plane finite element model
for a macro-scale simulation (described in Experimental section).
The configuration of the 2D model for the rough sample was
taken from AFM measurements of the PVDF surface (ESLT
Fig. 544). When the deformable rough body is pressed against a
smooth deformable surface, a different surface length percentage
change (4y) in lateral direction for two surfaces is observed.
In contrast, when two surfaces with similar roughness are
contacted, the observed 4¢ on both is almost the same (Fig. 3).
The difference of A; between two surfaces at 140 N load is 7.4 and
1.2 times greater when rough vs. planar or rough vs. rough
surfaces are contacted, respectively. These simulations are in
good agreement with contact electrification measurements,
supporting the assertion that uneven deformation and relaxation
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of each surface are responsible for net surface charge generation.
These uneven deformations result in heterolytic bond scission
that create cationic and anionic polymer chain fragments that
contribute to net surface charge.

The influence of molecularly thin water adsorbate layers
should also be considered as during the separation of con-
tacted materials, ion transfer between these layers contributes
to overall charge transfer.® This mechanism stems from the
fact that different materials have different affinity towards ion
adsorption from water adsorbate layers on their surface. When
different polymers are contacted, the water layers fuse together,
allowing ions of each layer to migrate to the opposite surface.
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The extent of ion migration is determined by the afore-
mentioned adsorption affinity of different materials. When
separated, a disbalance of cations and ions form in the water
layers, thus providing a surface charge. However, this mechanism
is improbable if chemically identical materials are contacted as
both films exhibit equal adsorption affinities towards cations and
anions in water adsorbate layers. Electron affinity is influenced
by chemical surface properties of the polymer (crystallinity,
functional groups) but it is considered to be a constant of the
material. However, one may consider that the different surface
roughness result in different amount of adsorbed water
thus further dominating triboelectrification phenomenon.
ATR-FTIR results of polymers used in this study does not show
any significant changes in vibrations related to surface adsorbed
water (a broad peak in wavenumber region from 3000 to
3600 cm ', ESL{ Fig. S45-S51) when smooth and porous
samples are compared indicating that surface roughness has
a negligible influence on the amount of the adsorbed water.
All triboelectrification tests were made under constant
humidity, so this effect is probably insignificant. Additionally,
polymer contact electrification occurs in the absence of water.**

The charge transfer between two connected conductive plates
can be also observed when loading and unloading contacted
polymer films without separation. Layered structures prepared
from commercial PVDF membranes with different porosity (0.10,
0.22 and 0.45 pm) were adhered to an electrode with double-sided
carbon adhesive tape to prevent friction between film and
electrode. Before testing, the films were pressed together by
applying a 500 N load for 1 min. The samples were then loaded
and unloaded without separation (tested in piezo-regime)
with forces ranging from 5 to 100 N. As expected, the current
and charge measured between two electrodes increases with
increasing difference in porosity between the membranes
(ESI,t Fig. S52 and S53). A charge density of 5.5 pC cm ™ > was
measured at a load of 100 N by pressing a membrane with a
pore size of 0.10 pm against a membrane with 0.45 um pores,
which is an order of magnitude higher than pressing identical
0.10 um membranes (ESI,f Fig. S53). The observed current is
attributed to the flexoelectricity from the friction and uneven
deformation at the interface of the two membranes with
different porosity. Uneven deformation leads to unequal
surface charge density at the interface of the two membranes
and forms a dipole moment. Upon loading and unloading,
the polarization in the membranes is changed, causing the
potential change and current flow between the two electrodes.

This flexoelectric response can be further increased with
multilayer films. For this purpose, three commercial PVDF
membranes with different porosity were pressed together in
varying order by applying a 500 N load for 1 min. The largest
charge density of 26 pC cm > was measured from the multi-
layer with a pore size of 0.45 um in the middle (membranes
with a pore size of 0.10 and 0.22 um on each side, respectively).
The observed performance is stable for at least 10 000 compres-
sion cycles as demonstrated in ESI,i Fig. S54. This charge
density is five times higher than that measured in the piezo
regime at the same 100 N load from the best two-membrane

This journal is © the Owner Societies 2020
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Fig. 4 Dipole and flexoelectric charge formation in multi-layered
membrane samples with different membrane order. Membranes with three
different pore sizes (0.10, 0.22 and 0.45 um) were used for experiments and
layered in different order as indicated on the bar graph (middle right). Higher
current is measured from the layered sample with 0.45 um pores in the
middle, which is related to dipole alignment in the same direction and
formation of larger intrinsic polarization. The sign of the charge formed on
each membrane surface at the interface was also measured experimentally
(Fig. S17 in ESIT).

sample. When the membrane with a pore size of 0.10 um is in
the middle, an order of magnitude smaller charge is measured
(Fig. 4). Charge density increases with increasing pressing force
(ESLf Fig. S55). The higher performance for this three-
membrane sample was also confirmed by COMSOL simulations
(ESLt Fig. S56). In the case of the three-layer sample (with a
pore size of 0.45 pm in the middle), the potential difference
between conductive electrodes is 7.30 mV. For the two-layer
sample from membranes with pore size 0.10 pm and 0.45 um
(or 0.22 pm and 0.45 pm), the potential difference is 6.29 mV or
1.02 mV, respectively.

The formation of dipoles with opposite polarity at the
interfaces explains the lower performance for the multilayered
sample with a membrane pore size of 0.10 pm in the middle.
For further investigation, the sign of surface charge forming on
membrane films was measured after contacting with other
membranes having different pore sizes (ESLt Fig. S57). The
membrane with 0.45 pm pores gains positive charge against the
membrane with 0.10 um pores, but negative charge when
contacting against the membrane with 0.22 pm pores. The
membranes with a pore size of 0.10 pm and 0.22 pm gain a

This journal is © the Owner Societies 2020
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negative and positive charge, respectively, when contacting
the other membrane. This observation solidifies the better
performance for the three-layer membrane film with 0.45 pm
pores in the middle. In this case, dipoles are aligned in one
direction, as shown in the top of Fig. 4, while in the other two
cases the inverse dipoles are formed in the layered structure.
As a result, electric fields are formed with an opposite direction
that compensate each other and limit the charge induction on
conductive plates. For the same reason, smaller electric fields
are formed when making structures with more than three
layers. This result is expected because every next layer will
produce dipoles with the opposite polarization direction, as
demonstrated in ESL, Fig. S58.

Experimental
Materials and preparation of films

Thermoplastic polymer films were prepared by hot pressing
and precipitation. Hot pressing was used to obtain smooth
films of poly(methyl methacrylate) (PMMA, Sigma Aldrich),
ethylene-octene copolymer (EOC; Engage 8200), styrene-
ethylene-butylene-styrene copolymer (SEBS; Lifoflex UV 306A
1030) and polycarbonate (PC, recycled). These polymers were
received as pellets or powders. An appropriate amount of
polymer was weighed to prepare 70 x 100 mm films. Metal
frames ensured that all films had a uniform thickness of
100 um. After one minute of heating with minimal pressure,
the polymer was pressed with 4-5 MPa pressure. After 3 minutes
the sample was removed from the press and cooled to room
temperature. To obtain porous (rough) surfaces, the pressed
polymer films were immersed in solvent for 30 seconds,
followed by non-solvent (i.e. does not dissolve the polymer
phase but is miscible with the solvent). This procedure generates
a porous polymer surface layer. Polymer films were studied for
contact electrification and used to create triboelectric nanogen-
erators (TENG) by adhering to Sn-doped In,O; (ITO) coated
PET (sheet resistance 60 Q sq ', Kintec) by using conductive
double-sided adhesive carbon tape (Science Services).
Polyvinylidene fluoride (PVDF, Sigma Aldrich), ethyl cellu-
lose (EC, Sigma Aldrich) and polystyrene (PS, recycled) films
were prepared by spin-coating and precipitation. To prepare
porous EC films, 10 wt% EC was added to ethanol (Sigma
Aldrich, 99.8%) and toluene (Sigma Aldrich, 99.8%), mixed in a
1:4 weight ratio. This mixture was heated at 60 °C in a closed
glass vial under constant stirring until its appearance became
transparent. The EC solution was cooled to room temperature
and then spin-coated at 3000 rpm on an ITO-coated PET
substrate. The coated substrate was immediately immersed in
hexane (Sigma Aldrich, 95%) non-solvent for 30 seconds to
cause precipitation of EC on the substrate. These films were
then removed from hexane and dried in ambient conditions.
Smooth EC films were prepared by the same procedure, but
without the immersion-precipitation step. The PVDF and PS
films were precipitated by using a 15 wt% solution in dimethyl-
formamide and methanol as the non-solvent. In the case of
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PVDF, films were prepared from solutions with concentration
ranging from 5 to 25 wt% to control the surface roughness.

Multilayer membrane samples were prepared from commer-
cial membranes (Milipore filter, China) with pore sizes of 0.1,
0.22, and 0.45 pm. Conductive double-sided adhesive carbon
tape was used between the multilayer membrane samples and
ITO to prevent friction against the electrode, which provides a
cleaner signal. The separate membrane layers were compressed
together with a force of 500 N before testing.

Triboelectric measurements

Environmental conditions were monitored during all TENG
measurements by Vernier Temperature Probe and Vernier
Relative Humidity Probe connected to Vernier logger - relative
humidity (RH) was in the range from 40% to 45%, while the
temperature was 25 + 1 °C. The contact area in the TENG device
is 5 cm®. The pressing force (10 N), frequency (1 Hz), separation
speed (10 mm s~ ') and distance (5 mm) between sides were
kept constant with an INSTRON E1000 All-Electric Dynamic
Test Instrument (USA). To measure the flexoelectric response,
the samples were tested in the piezo-regime without separating
the two sides of the device and loading from 5 to 100 N. The
short-circuit current (Isc) and open-circuit voltage (Vo) at a
load resistance of 1 x 10° Q was measured for all TENG devices
by using a custom-made voltage divider in combination with a
Keithley 6514 electrometer connected to a Picoscope 5444B PC
oscilloscope to provide high time resolution. The surface charge
was calculated from the current measured between oscillating
TENG electrodes using Q = [id#, where i is the instantaneous
current.

Finite element modelling

A section was selected for 2D finite element modelling using
ANSYS 16.2. The model was made by PLANE182 elements.
Contact between adjacent surfaces by target elements (TARGE169)
was placed along the top surface of the PVDF and the contact
elements (CONTA172) were used along the bottom surface of the
plate. The pressure was simulated by applying displacement
boundary conditions in the y-direction to the nodes along the
upper surface of the plate. All nodes at the bottom of the material
were constrained to prevent them from moving. The interaction
between surfaces was defined using node-to-node contact pairs
without a node penetration option. The contact algorithm was
governed by Augmented Lagrangian contact. The contact problem
was solved by accounting for both the geometric nonlinearity
(large-displacement formulation) and the elastic-plastic material
behavior. For mechanical properties, the Poisson’s ratio of
PVDF was held constant at 0.3 and elastic modulus at 1.428 GPa.
The stress-strain curve, shown in ESIL,{ Fig. S59, provided the
necessary information about plasticity. The smooth plate was
considered rigid.

Smooth vs. rough and rough vs. rough PVDF cases were
studied. The configuration of the 2D section cut through the
rough sample was taken from a real PVDF 3D surface measured
by AFM (ESL, Fig. S44). The resulting surface length percentage
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change was calculated using the ratio between length before
and after the contact (eqn (S1), ESIT):

fo—fi
fo

where f; is the length of deformable surface before contact (1m)
and f; is the length of deformable surface after contact (Lm).

Ap = x 100 (1)

Atomic force microscopy

Atomic force microscopy was performed using Smena, NT-MDT
AFM in the semi-contact mode. For each sample height sensor
(surface topography), tapping amplitude and tapping phase
images were recorded (ESI,t Fig. S28-S41, from left to right -
surface topography, tapping amplitude, tapping phase). Set-point
amplitude as well as PID parameters were extensively and
meticulously varied to determine whether tapping phase
images reveal features beyond direct correlation with surface
topography images. The scan area for correct surface rough-
ness measurement was chosen depending on the sample. For
smooth and homogeneous samples with small surface rough-
ness, small scan areas (5 x 5 or 10 x 10 pm) provide sufficient
information for correct surface roughness evaluation. In general,
surface roughness value increases as the scan area is increased
and approaches plateau at a specific scan range. For most
samples surface roughness value reaches a constant in the scan
area range between 20 x 20 and 50 x 50 pm, thus requiring a
scan area of 50 x 50 um. The root mean squared (RMS) surface
roughness was measured from at least three different areas on
every film, and the RMS surface roughness uncertainty was
calculated statistically at a 95% confidence level. RMS surface
roughness expresses the square root of the mean square of height
deviations of the surface, measured from the mean height of
the data plane. Additionally, for some samples, small scan area
(3 x 3 0or5 x 5 um) was used to obtain images that would exhibit
surface features at a suitable scale for tapping phase and surface
topography analysis. For 50 x 50 um images scan rate of 0.1 Hz
was used in case of rough samples and 0.2 Hz for some smooth
samples. For smaller scan areas scan rate of 0.3 Hz was used.

Scanning Kelvin probe measurements

Kelvin probe measurements were performed using a Scanning
Kelvin Probe system SKP5050. The surface potential of the
sample was scanned by oscillating a 2 mm gold tip in a
5-by-5 point area (total 25 points) to obtain surface potential
maps. Distance between two scanned points was approximately
500 um, therefore almost the whole area of the sample was
scanned. The contact with the opposite smooth or porous PVDF
sample was accomplished by placing this sample on the PVDF
sample in the device and applying a load of 10 N for 1 minute.
The second scan was performed right after the removal of the
opposite sample.

ATR-FTIR measurements

Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
measurements were recorded on a Bruker Vertex 70 FTIR spectro-

meter in the range of 4000 to 700 cm™" at a resolution of 2 cm ™.
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Measurements were done in constant environmental condi-
tions at room temperature.

Conclusions

Triboelectrification by pressing together chemically identical
polymers was shown to occur due to different porosity (or
surface roughness), which causes uneven deformation at the
contacting-separating interface that results in unequal surface
charge density. An increasing disparity in porosity or roughness
between the two contacting surfaces increases the magnitude of
the net surface charge. The greatest triboelectric performance
results when smooth and rough (nanostructured) polymer
surfaces are used. The triboelectrification of the interfaces from
the same material with different porosity was also observed
without separation of the contacted surfaces, which caused a
flexoelectric response. Multilayered membranes were shown to
further increase the flexoelectric response, indicating a path-
way to create multilayered polymer films with flexoelectric
(piezoelectric-like) response (1.3 pC N~ ') comparable to solid-
state piezoelectric materials, such as hydroxyapatite (2 pC N~ 1),
poly-b-hydroxybutyrate (1.3 pC N ') and quartz (2.3 pC N~ *).%?
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In this study, we investigate triboelectrification in polymer-based
nanocomposites using identical polymer matrixes containing
different concentrations of nanoparticles (NPs). The triboelectric
surface charge density on polymer layers increased as the difference in
nanoparticle filler concentration between the two triboelectric layers
escalated, despite the fact that the polymer matrix was the same in
both layers. This effect was observed in tests of various polymer types
and filler NPs. Our mechanical experiments and finite element analysis
simulations confirmed that polymeric triboelectrification is related to
the surface viscoelastic deformation that occurs during mechanical
contact and separation, and is not dependent on electronic or
chemical properties, but rather physicochemical and mechanical
properties. This supports the heterolytic scission of covalent bonds in
polymer chains as an explanation for the triboelectricity. Accordingly,
this study marks a significant contribution to the fundamental
understanding of the mechanism of polymeric triboelectrification and
will be relevant to the development of triboelectric sensors and energy
harvesters.
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Introduction

Achieving an improved understanding of polymeric contact
electrification (i.e., triboelectrification) is critical to the devel-
opment of dielectric materials, high-voltage insulators, surface
patterning, and triboelectric energy harvesters, as well as anti-
static surfaces that improve safety.® Although several devices
for triboelectric applications have recently been developed,**
the principles of triboelectrification remain poorly understood.
Polymeric triboelectrification is considered a particularly
complex phenomenon due to the relatively complicated
mechanical behaviors.”* While a number of mechanisms have
been proposed to explain polymer contact electrification,"
including electron transfer," bi-directional mass (material)
transfer paired with heterolytic scission of bonds,”***¢ and ion
transfer between water adsorbate layers.'”'* Material transfer
(i.e., the transfer of minuscule pieces of polymer matter) seems
to be the most likely, as a strong electron acceptor or donor
groups that facilitate electron transfer are generally not present
in dielectric and insulating polymers. Moreover, tribo-
electrification has been observed even in the complete absence
of humidity and between chemically identical polymers;”*
accordingly, there is no obvious reason presenting imbalance
between different ion species (i.e., ion transfers) when the same
material surfaces go through contact electrification.

Mass transfer occurs concurrently with the heterolytic scis-
sion of covalent bonds, which is a dominant contributor to
polymer triboelectrification.”® This mechanism has been
confirmed through observation, by both X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM), of
transferred polymeric pieces,''® as well as by detection of very
strong electrification in extremely soft and adhesive polymers.*®
Moreover, strong contact electrification is observed between
polymer materials with a significant difference in mechanical
hardness or porosity, regardless of their chemical composi-
tion,”*® as a result of the uneven surface deformation and
relaxation during contact-separation.”® Even two samples of
a chemically identical polymer with a wuniform surface

This journal is © The Royal Society of Chemistry 2021
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roughness can gain triboelectric surface charges after contact-
separation if the thermal history of one of the polymers is
altered to change its surface mechanical cohesive energy.” The
thermally-enhanced mass transfer triboelectrification is maxi-
mized after glassy polymers transition to a rubbery state,
undergoing a significant deformation and becoming softer and
more adhesive.® These factors intensify and accelerate covalent
bond breakage, mass transfer, and the resulting changes in the
surface. Note that softer polymers are more prone to damage, as
mechanical deformation in these polymers results in a larger
contact area, while mass transfer increases as a result of the
higher adhesion force.

Despite clear evidence of material mass transfer and cova-
lent bond breakage as the mechanism of polymer tribo-
electrification, electron transfer is still considered a potential
cause of polymer triboelectrification.?>* Moreover, devices that
rely on polymer dielectrics have been developed based on
polymer-inorganic composite materials, not pristine poly-
mers.>*?® There is, therefore, a need to investigate tribo-
electrification in more complex polymer-based composite
systems to improve our understanding of how it operates and
open the door to engineered triboelectric devices with enhanced
performance.

In this paper, we confirm that mass transfer provides a better
explanation for polymeric triboelectrification than electron
transfer. To illustrate this, we used polymer-based composite
structures with inorganic nanoparticle fillers. Identical polymer
materials comprised of varying as well as identical amounts of
inorganic particles were utilized to investigate the contact
electrification of various polymer types. We determined that
electrical output by triboelectrification increased as the differ-
ence in inorganic particle amounts increased between
otherwise-identical polymer matrix-based composites. This
trend was observed in numerous polymers, regardless of their
chemical composition or the filler particle type of composites.
The differences in the concentrations of filler particles of the
composites caused uneven surface deformation during
mechanical contact-separation cycles and resulted in unbal-
anced surface triboelectric charges even where the polymer
matrix between two contacting layers was identical. These
results were confirmed by our mechanical analyses and simu-
lations. Accordingly, this study contributes to the development
of improved triboelectrification mechanisms in insulating
polymer-based materials.

Experimental procedure
Triboelectric device fabrication and measurement

Ethylene-vinyl acetate copolymer (EVA, vinyl acetate 40 wt%,
Sigma Aldrich), polyvinyl acetate (PVAc, average M,, — 100 000,
Sigma Aldrich), two-component polyurethane (PU 3544A and
PU 3544B, Alchemie), and polydimethylsiloxane (PDMS, Sylgard
184 silicone elastomer, Dow) were purchased. Nanoparticles
utilized for EVA-based nanocomposites were prepared as TiO,
(Degussa P25), WO; (Sigma Aldrich), FeO(OH) (Sigma Aldrich),
and MnO, (Sigma Aldrich) NPs. First, the polymer matrixes were
prepared as solution status; EVA or PVAc were dissolved in

This journal is © The Royal Society of Chemistry 2021
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CHCl;, while PDMS base prepolymer was dissolved in hexane
and PU-amine-containing part in acetone. NPs were dispersed
in polymer solutions by ultrasonication. EVA- or PVAc-based
nanocomposite slurry solution was cast in a Petri dish, dried,
and cut into smaller pieces with hot pressing. The final films for
testing were produced by hot pressing. PDMS- (or PU)-based
nanocomposite slurry solutions were mixed until the solvent
evaporated, and then the curing agent (or isocyanate-contained
component) was blended for solidification, respectively, fol-
lowed by casting in a Petri dish for preparing films. The thick-
ness of each film was set as 500 um by a separator. Next, the
polymer-based film was adhered to an indium tin oxide (ITO)-
coated polyethylene terephthalate (PET) substrate (PET/ITO,
Sigma Aldrich) by a conductive double adhesive tape for each
triboelectric generator (TEG) device with the size of 2.5 cm X
2.5 cm. The TEG testing was done at the controlled conditions -
the separation distance of 5 mm, the pressing force of 10 N and
the contact-separation frequency of 1 Hz. Generated voltage and
current signals were measured by Keithley 6514 electrometer
connected to a Picoscope 5444B PC oscilloscope system in open-
circuit and short-circuit conditions, respectively. The relative
humidity (RH) was maintained as 40% at the ambient atmo-
sphere, which was known as a stable condition.** Surface charge
was calculated from the current peak as measured from TEG
devices using equation Q = [id¢, where i is the instantaneous
current. Contact and separation were done using Instron E1000
material testing machine to ensure repeatability.

Scanning Kelvin probe measurements

Kelvin probe measurements were performed by a Scanning
Kelvin Probe system (SKP5050, KP Technology). A sample's
surface potential was scanned by oscillating a 2 mm gold tip in
a5 x 5 points area (total 25 points) to obtain surface potential
maps. As the distance between scanned points was about 500
um, almost the entirety of the sample was scanned. SKP
measurements of EVA/TiO, NPs composite were taken before
and after contact with a pristine EVA layer and an identical
counterpart composite layer by applying a load of 10 N for
1 min.

Finite element analysis simulation

Atomic force microscopy was used to randomly select a two-
dimensional (2D) line model for finite element analysis (FEA)
simulations using ANSYS R17.1 software. Five types of elastic
moduli were utilized for EVA-based composite models, corre-
sponding to different TiO, NP concentrations, i.e., 0, 2.5, 5, 10,
and 15 vol%. The Poisson's ratio of the EVA matrix was set as
0.3, and the elastic moduli of each case were set as 2.20, 3.06,
4.95, 5.92, and 7.10 MPa, respectively, as measured mechan-
ically. The behavior of the surface roughness was considered as
the reason for large surface deformation, therefore elastoplastic
theory was applied for FEA and the stress-strain behavior curves
of the EVA-based materials were added to the FEA models. The
change in surface deformation length (4; expressed as
a percentage) was calculated as the ratio of original surface
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height before contact (f;) and deformed surface height during
or after contact (f;) using the following equation:

s
""on

In ANSYS, the PLANE182 element was used in the finite
element model of deformable bodies. Target elements
(TARGE169) were placed along the top and bottom surfaces of
the EVA-based layers and the mechanical contact elements
(CONTA172) were used along the bottom and top surfaces. The
pressure was simulated by applying displacement boundary
conditions in the y-direction to the nodes along the upper
surface. All bottom layer nodes were prevented from moving in
the x and z directions. Interaction between surfaces was defined
using the node-to-node contact pairs without penetrations. The
contact algorithm was governed by the Lagrange contact. The
calculation was solved, thereby accounting for the geometric
nonlinearity (large-displacement formulation) and the elastic-
plastic material behavior.

x 100

Results and discussion

The triboelectric polymer composite films were prepared from
different polymers, i.e., polyvinyl acetate (PVAc), ethylene-vinyl
acetate copolymer (EVA), two-component polyurethane (PU),
and polydimethylsiloxane (PDMS). Note that we did not select
fluorinated polymers to exclude any artifacts of seriously
different chemical components or electronegativity. To investi-
gate the triboelectrification of various composites, we selected
diverse inorganic filler particles, including TiO,, FeO(OH), WO3,
and MnO, nanoparticles (NPs). Composite films were adhered
to indium tin oxide (ITO) coated plastic substrates by conduc-
tive tape to fabricate a triboelectric energy generator (TEG), as
illustrated in Fig. 1a.

When identical triboelectric layers contained the same
particles in the same concentrations, very small current and
voltage peaks were generated from the TEG (Fig. 1a, leftmost
and rightmost panels). In contrast, much higher current and
voltage peaks were produced where the polymer matrix was the
same but the two triboelectric layers had different concentra-
tions of filler particles (Fig. 1a, middle panel). This tendency is
particularly clearly manifested in the case of pristine EVA
polymer and its matrix-based composites with TiO, NPs filler
(Fig. 1b and c). When the pristine EVA layer contacted the EVA-
based composite containing 5 vol% of TiO, NPs filler, 24x
higher current and 4 x-5x higher voltage peaks were produced
than the TEG resulting from two identical pristine EVA layers.
The triboelectric charge density increased by an order of
magnitude from 0.007 nC cm > to 0.093 nC cm ™ >. We note that
this phenomenon was consistently observed during tests of
other pristine polymers and their matrix-based composites,
including PVAc, PU, and PDMS matrixes with TiO, NPs filler
(Fig. S1-S31). The generated triboelectric charge densities of
TEGs based on various polymer matrixes are presented in
Fig. S4.7 These results illustrate that higher surface charges are
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Fig. 1 (a) Schematics of three types of TEG devices using pristine EVA
polymer and/or EVA-based composites. (b) Generated voltage and (c)
current peaks by the three TEG devices. (d) Increasing the difference
between the TiO, content in EVA layers used for TEG devices leads to
increasing triboelectric surface charge density.

consistently induced across all types of polymers when a pris-
tine polymer contacts a composite layer.

Even more interesting is the fact that surface charge
increased as the difference in concentration of TiO, NPs in the
composite increased. Fig. 1d shows the triboelectric surface
charge density generated on the TEGs comprised of EVA/TiO,
composites at different concentrations of TiO, NPs. Note that
this data is related to only the difference in concentration, not
the absolute concentration value. For example, very similar
surface charges were observed from two different EVA/TiO,
composite-based TEGs, one with TiO, NPs filler concentrations
of 0 vol% and 5 vol%, and one with filler concentrations of
15 vol% and 20 vol%. These results strongly suggest that the
difference in composite concentration determines the tribo-
electric charges of polymer-based composites, and not the
absolute value of concentration. This in turn suggests that the
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mechanical property related to the mass transfer mechanism is
more important for triboelectricity than the dielectric property
associated with the electronic or ionic transfer mechanisms.

In the hope of achieving deeper insights into the behavior of
contact electrification, surface potential measurements of the
EVA/TiO, composite films were taken using the scanning Kelvin
probe (SKP). The area of the EVA/TiO, composite film with the
TiO, NPs of 5 vol% was scanned at 25 points, resulting in
a surface potential map with an average potential of 426.5 mV
(Fig. 2a-c). This composite film was then contact-electrified
with either another EVA/TiO, composite film or a pristine EVA
film. The former process resulted in a slight increase in surface
potential (666.0 mV, a mere 239.5 mV larger than the original
surface potential). In contrast, the latter process induced
a much higher surface potential (1154.7 mV), a significant
amplification of 728.2 mV. In other words, triboelectric charges
will vary significantly even where the same polymer matrixes
undergo contact electrification, sometimes yielding strong and
sometimes yielding weak triboelectric charges, depending on
the quantity of filler particles.

We also determined that triboelectrification, while it is
dependent on the particle filler concentration, is not a function
of particle composition or shape. EVA composites based on
other NPs filler types (e.g., FeO(OH), WO3, and MnO, NPs) were
fabricated to measure triboelectric charge generation. As shown
in Fig. 3a-d, particle shape, size, and composition were also
different from the TiO, NPs. For example, WO; NPs are larger
than TiO, NPs, and FeO(OH) NPs are needle-shaped rather than
sphere-shaped. Water contact angle (CA) measurements for EVA
composites incorporating various filler particles were deter-
mined to evaluate the effect of composites surface energy on
triboelectrification (Fig. S51). For the composites with TiO,,
MnO,, WO; and FeO(OH) fillers, the CA values were measured
as 96.9 + 0.4°, 92.9 + 1.6°, 89.2 + 2.4° and 98.1 + 1.0°,
respectively. They are very similar. Therefore, the influence of
surface energy is negligible, indicating that the filler type mainly
influences the mechanical properties, not physico-chemical
events. Fig. 3e shows the generated charge density of each
TEG composed of different inorganic particles. Different inor-
ganic particles-based TEG devices with the same concentration
in the same polymer matrix present similar output, particularly
in the case of pristine EVA polymer versus EVA composite with
each particle type. Although the absolute values of generated
triboelectric charge density may vary slightly according to filler
type due to dispersion homogeneity (Fig. S61) and other
secondary effects, the trend is consistent across all cases;
triboelectric charges between different composition composites
were always highest.

The reason that stronger triboelectrification may be
observed during mechanical contact between identical polymer
matrixes containing different concentrations of filler particles
might relate to the differences in the surface deformation, and
the associated differences in mechanical properties.” The
amount of filler particles affects the Young's modulus of the
composite. As shown in Fig. 4, the Young's modulus of 2.20 MPa
for 0 vol% TiO, NPs rises to 7.10 MPa for 15 vol% TiO, NPs. Put
differently, increasing the TiO, content in the EVA composite
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Fig.2 Surface potentials, measured by SKP, of an EVA/TiO, composite
sample (a) before and after contact electrification with (b) another
EVA/TIO, composite layer and (c) a pristine EVA polymer layer.

layers results in stiffer triboelectric layers, with the mechanical
contact and separation of the two polymer layers with different
filler contents causing the unequal deformation of each layer.
This, in turn, induces the variable stress on the triboelectric
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MnO, NPs. (e) The generated surface charge density of three types of
TEG devices based on pristine EVA polymer and EVA/5 vol% NPs
composites using various NPs as fillers.

surfaces and ultimately the different mass transfer. Where the
polymers exhibit the same deformation, the bi-directional mass
transfer between two surfaces would be expected to occur with
the same probability, which would result in only a very small net
triboelectric charge.

Raman spectroscopy was conducted to test the triboelectric
principle at the identical polymer matrixes (EVA versus EVA/
TiO,), as shown in Fig. S7.1 There is no band shift, which
indicates any electrochemical events (electron or ion transfers
without mass transfers) are not involved in the tribo-
electrification. In addition, the slight increment of intensity of
TiO, bands after contacts is presumably due to some mass
transfers of EVA matrix after mechanical contacts. Note that
electron transfers are hard to occur in dielectric-dielectric
structures due to high potential barriers, and the mass transfer
mechanism has been also a strong candidate for the triboelec-
tric charging of soft insulators.***%*7:1831
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Fig.4 Young's modulus (E) of pristine EVA polymer and EVA/TiO, NPs
composite, each containing different concentrations of the TiO, NPs
filler.

The change of dielectric property by the change of filler
concentrations may also induce the change of tribo-
electrification.®* However, it is mainly related to the triboelectric
charging of metal-dielectrics structures because it is based on
electron transfers. More importantly, the effect of dielectric
property on triboelectrification is based on ferroelectric polari-
zations. Note that our experimental system has been estab-
lished by dielectrics-dielectrics structures without ferroelectric
materials.

Uneven deformation at the triboelectric surfaces was also
confirmed by the finite element analysis (FEA) simulations of the
pristine EVA (0 vol%) and the EVA composites (TiO, NPs filler
concentrations of 2.5, 5, 10, and 15 vol%) using ANSYS R17.1
software (details in Experimental section). The surface configu-
ration of the 2D models was taken from atomic force microscopy
(AFM) measurements (Fig. 5a and b). Note that the pristine EVA
layer and the composites were similar in terms of roughness
(Fig. S8T) because all samples were finally prepared by a hot-
pressing machine. The FEA simulations were performed during
the process of mechanical contact and separation between the
two surfaces and their mechanical properties were used to
investigate the level of deformation. As presented in Fig. 5c-g,
one surface was fixed as a 15 vol% composite surface while the
counterpart surfaces were changed from 0 vol% to 15 vol%.
Enlarged versions of Fig. 5c-g are presented in Fig. S9.1 Macro-
scale simulations describe surface deformation during
mechanical loading and after unloading. When the two surfaces
contact each other (with a default average distance of 2.5 pm
between the surfaces due to the maximum pressing) surface
deformations appear on both surfaces. The surface deformation
4¢ of the top 15 vol% layer was smallest in the case of contact
with the pristine EVA layer (Fig. 5¢c, top panel) and largest in the
case of contact with the identical layer (Fig. 5f, top panel). This is
because the pristine polymer, due to its low Young's modulus
(compared to composites) was capable of absorbing the most

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) AFM surface topology of 15 vol% TiO, NPs-contained
composite. (b) 2D-mesh simulation model derived from the AFM
measurement for mechanical calculation of contact and separation
between various TiO,-contained EVA composites. Simulation results
of deformation displacement (um-scale, in the colour bar) of various
nanocomposite counterparts: (c) the 15 vol% (upper) and 0 vol%
(lower) model, (d) 15 vol% and 2.5 vol% model, (e) 15 vol% and 5 vol%
model, (f) 15 vol% and 10 vol% model and (g) both 15 vol% models,
during external mechanical loading (contact) and after release (sepa-
ration). Surface deformation disparity factor (D) ratio as a function of
differences in TiO, concentration in the simulations (h) during
maximum loading (indentation of 2.5 pm) and (i) after release.

external mechanical stress caused by deformations. After the
separation (mechanically released state), some deformations
remained as a result of the viscoelastic nature of the EVA polymer
matrix. These remaining deformations were particularly
apparent in the pristine EVA layer and the low-concentrated
composite (Fig. 5¢ and d, bottom panels). Even when identical
polymer matrixes are being contacted and separated, a substan-
tial difference in mechanical properties produced the large mass
transfer for triboelectrification.

We assigned ‘1’ as the surface deformation disparity in the
situation where mechanical contact between two deformable
bodies having the same mechanical properties resulting in the
same surface deformation during contact electrification (Fig. 5h
and i, respectively). When model surfaces with very different
TiO, contents (differences of 15 vol%) contacted each other, the
surface deformation disparity ratio was ~1.07 during the
maximum contact loading. After the mechanical release of the
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triboelectric surfaces, surface deformation disparity increased
as high as ~14 in the case of high concentration differences of
fillers. In contrast, the triboelectric surfaces of small concen-
tration differences continued to show low deformation
disparity. Detailed results are provided in Tables S1 and S2.7

The simulation results illustrate a trend of higher differences
in TiO, NPs content leading to elevated levels of uneven
deformation and relaxation of surfaces. These results are
consistent with our contact electrification measurements, and
support our conclusion that uneven deformation and subse-
quent surface relaxation are responsible for mass transfer
mechanism-based surface triboelectric charge generation, as
they encourage heterolytic bond scission of polymer chains.
These all results, including that the identical triboelectric layers
containing the same particles with same concentrations
generate a very small output, consistently present the mass
(materials) transfer mechanisms of triboelectrification in the
case of insulating polymers. The mass transfer mechanism of
triboelectrification by heterolytic scission of polymers is
simplified by the schematics in Fig. S10.T Our study can firmly
support the basically reported mass and material transfer
mechanism."**3*

Conclusions

In this paper, we demonstrated triboelectrification between
identical polymers with different concentrations of filler NPs in
their composite feature. As the difference in the filler concen-
trations between two triboelectric polymer layers increased, the
contact triboelectrification output and generated surface charge
density also increased. We experimentally and computationally
determined that triboelectricity increased in strength as
differences in mechanical and viscoelastic characteristics grew
more extreme between the two identical polymer matrixes. This
phenomenon was consistently observed in tests of numerous
polymer matrixes and filler NPs, suggesting that polymer tri-
boelectrification is mainly unrelated to chemical composition,
but rather is largely a consequence of physicochemical prop-
erties. Accordingly, this study offers confirmation that the tri-
boelectrification of polymeric materials is inextricably linked to
the mass transfer mechanism. This result is reasonable and
consistent with previous research into polymeric triboelec-
tricity.” Our findings will assist in the development of efficient
triboelectric devices or protective structures that rely on poly-
mer materials.
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ABSTRACT: It was recently reported that more efficient tribo-
electric nanogenerator (TENG)-like devices can be prepared using
inversely polarized ferroelectric films made of same material as the
contacting layers. In the present work, a clear correlation between
the piezoelectric response of inversely polarized ferroelectric PVDF/
BaTiO; nanocomposite films and the performance of the TENG-like
device based on these films is demonstrated. This observation is
explained by magnified electrostatic induction that is driven by
piezoelectric charges and ferroelectric properties of these films. A

double capacitor model is proposed that effectively portrays the
interactions between ferroelectric layers during contact—separation
and subsequent charge redistributions in the external circuit. The

2
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new understanding has allowed the result of 3-fold higher open circuit voltages (2.7 kV from S cm?) as compared to that of a
state of the art TENG. Furthermore, findings uncover the potential for vast improvement in the field of nanogenerators for
mechanical energy harvesting as a significantly better piezoelectric performance of flexible nanogenerators has been reported

elsewhere.

KEYWORDS: nanogenerators, triboelectricity, piezoelectricity, ferroelectricity, poly(vinylidene fluoride)

Triboelectric nanogenerators (TENGs) are intriguing
mechanical energy-harvesting devices that could power
small portable devices' and detectors” or charge batteries.’
TENGs can also act as self-powered sensor elements for
mechanical displacement, chemical or acoustic sensors, and
biomedical monitors. The working principles of TENG are
based on friction-related contact electrification. Most com-
monly, a TENG consists of two connected conductive
electrode layers from which at least one is covered with a
polymer insulator.* These two surfaces from distinct materials
are then contacted and separated, creating opposite sign net
charges on the surfaces, which in turn induce charges on
underlying conductive electrodes. During separation the
electric potential difference is established, and electrons are
driven to flow between the two electrodes in order to balance
the electric potential difference.” For surface charge formation
a variety of mechanisms have been proposed. One of the
widely accepted mechanisms is electron transfer between
contacted materials.”®> However, this theory has some flaws;
e.g., polymer materials generally do not contain free electrons,
and therefore, other mechanisms have been put forward. Mass

v ACS Publications  © 2019 American Chemical Society 4027

or ion transfer from the polymer in this context seems more
credible than electron transfer.’ "% This working mechanism
involves formation of positively and negatively charged mosaic-
type fragments on each surface that result in net surface
charge.”""

Recently, several research groups have demonstrated that
the performance of TENG can be enhanced using ferroelectric
films as contacting surfaces.'' ~'® Polarized ferroelectric layers
have been considered to have a more appropriate work
function for electron transfer between polymer layers.'""”
However, recently it has been proposed that the enhancement
actually comes from piezoelectric charges, and performance
can be significantly improved by contacting inversely polarized
ferroelectric films from the same material due to magnified
electrostatic induction.'® It appears that the piezoelectric
charges created on the ferroelectric layers during contacting
(pressing) drive electrostatic induction and enhance the overall
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performance of TENG.'® It is also noteworthy that in case of
inversely polarized ferroelectric contacting surfaces there is no
need to combine distinct materials according to their position
in triboelectric series, because even moderate piezoelectric
charges can be sufficient for high performance.'®

However, the complete working mechanism of TENG based
on inversely polarized ferroelectric layers is not clear.
Piezoelectric charges which form during contacting two
ferroelectric films in a TENG device are too small to observe
high current and voltage upon separation. The same situation
includes a surface charge forming by contacting—separating
two films from the identical material and electrostatic
induction from an electric field arising from permanent
dipoles. At the same time, in the present work we demonstrate
an obvious correlation between the magnitude of piezoelectric
charges and the performance of TENG. We are building our
device from a well-established PVDF/BaTiO; nanocomposite
that has been reported for usage in both piezoelectric
nanogenerators (PENGs) and TENGs. PVDF is a well-
known ferroelectric polymer in which the piezoelectric char%e
density can be increased by adding BaTiO; nanoparticles.'' "
In the TENG setup, ferroelectric PVDF/BaTiO; nano-
composites have been contacted with other materials
according to established knowledge of the triboelectric effect,
but here we use identical two PVDF/BaTiO; contacting layers
that are inversely polarized. As a result, we present a 3-fold
higher output voltage than that from a state of the art TENG
device."” We show that the observed high performance can be
explained by introducing a double capacitor model where
capacitance of the device changes twice upon contacting and
separating, thus varying potential and causing current flow
between two conductive plates in the TENG device.

Ferroelectric contacting electrodes for a TENG device were
prepared from a PVDF solution in dimethylformamide (DMF)
by spin-coating in combination with immersion—precipitation
schematically demonstrated in Figure la. BaTiO; nanoparticles
in a wide compositional range (0—35 vol %) were ultrasoni-
cally dispersed in PVDEF solution and spin-coated on an
indium—tin oxide (ITO) substrate. In the next step, the freshly
spin-coated films were immersed in antisolvent (methanol),
thus triggering the polymer precipitation and formation of
porous structures. The porous PVDF structures formed in less
than 1 min. All prepared sample compositions presented
porous nanostructures as seen in the scanning electron
microscopy (SEM) image in Figure 1b. The precipitation
method is well-adopted by industry to manufacture nano-
porous polymer membranes® and should easily facilitate large-
scale production of highly porous contacting layers for TENG-
like devices. This approach is apparently highly competitive
with the other methods such as templating or molding,'”*"**
electrospinning,”® and reactive ion or chemical etching,
methods that have been applied for preparation of high specific
surface area polymeric layers for TENG devices. A more
detailed description of the preparation of samples, character-
ization, and measurement methods is presented in Supporting
Information in the experimental methods details.

The homogeneity of the distribution of BaTiO; nano-
particles into the polymer matrix was studied by transmission
electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis. As can be seen from images in
Figure 1c,d, BaTiO; nanoparticles are well-dispersed through-
out the PVDF matrix. It is important to achieve a higher
dispersion quality, because a higher homogeneity yields a

24,25
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Figure 1. Schematic representation of sample film preparation by
immersion—precipitation (a). Image b shows an SEM micrograph for
a BaTiO;/PVDF nanocomposite with BaTiO; at 25 vol % content.
The same sample was analyzed by EDX (c) and TEM (d) to
demonstrate homogeneous BaTiO; nanoparticle dispersion through-
out the PVDF matrix. Graph e demonstrates depolarization current
curves for inversely polarized (red and gray) and nonpolarized (blue)
layers of the same material showing the charge stored by ferroelectric
material.

higher piezoelectric response.”® Particles in agglomerates are
not free to move, limiting the change in dipole moments.*®

Samples were prepared from both BaTiO;/PVDF and neat
PVDF, and identical electrical measurements were conducted
on poled as well as nonpoled samples. The occurrence of
ferroelectric phases of PVDF before and after poling was
confirmed by attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) measurements, which also
revealed low crystallinity of as-prepared nonpolarized PVDF
(see Supporting Information Figure S1). After heating or
poling (heating in electric field) at 100 °C, the @, §, and y
phases were dominantly presented in the sample films
(Supporting Information Figures S2 and S3).

Thermally stimulated depolarization current (TSDC)
measurements of polarized PVDF/BaTiO; show that in the
temperature range 130—180 °C ferroelectric composites
undergo dipole relaxation within the crystalline phase (Figure
le). For positively (+) and negatively (—) polarized layers,
induced charge density is, respectively, 6.14 and 5.91 nC cm™
For nonpolarized PVDF/BaTiO; (0), the TSDC technique did
not show charge release during heating.
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Figure 2. Schematic representation of piezo (a) and TENG (b) testing regimes. The open circuit output voltage measured at load resistance 1 X
10" Q in piezo (c) and TENG (d) regimes. Graphs at the bottom show power (e) and energy (f) for different compositions tested in the TENG
regime. Energy stored in the capacitor (g) was determined for the nanocomposite showing the highest performance (PVDF/BaTiO; 25 vol %).

Immersion—precipitation derived poled PVDF and their
composites were tested in compression mode (Figure 2a) to
assess their piezoelectric response. As expected, the reference
samples that were not poled generated no detectable voltage.
Compositions with BaTiO; exhibited higher open circuit
voltage (V) than bare PVDF when force was applied. The
higher piezoelectric response of BaTiO;/PVDF nanocompo-
sites in comparison to bare PVDF is well-described in the
literature and explained by an increased number of piezo-
electric dipoles in the film.”’~*’ For bare polarized PVDF, a
piezoelectric V¢ value of 0.5 V was measured. Vi was found
to gradually increase with BaTiO; content until saturation,
followed by a decline in voltages at higher concentrations
(Figure 2c). The latter can be attributed to degrading
electromechanical coupling effects (i.e., deformability).”® 25
vol % was found to be the optimal concentration of BaTiOj; in
PVDF, resulting in the highest Vo of 4.0 V in the negative
direction (Figure 2c).

Prepared inversely polarized ferroelectric films were
subsequently used as contacting layers in a TENG device
(Figure 2b). Identical nanocomposite films were deposited on
the contacting surfaces, followed by poling to establish inverse
polarization. As can be seen from Figure 2d, just like in
piezoelectric measurements, compositions containing BaTiOj;,
until certain loading, show a higher open circuit voltage in the
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TENG regime, clearly indicating a correlation between
piezoelectric response and the corresponding performance of
a nanocomposite film TENG device. For example, the
generator where inversely polarized bare PVDF was used as
contacting layers produced a V¢ value of 250 V, while the
generator from the BaTiO;/PVDF nanocomposite with a
nanoparticle content of 25 vol % generated a V¢ value of
2700 V from S cm?® Boosted performance of nanocomposite
TENG devices relates to a higher ferroelectric polarization of
layers, which is evident not only in piezoelectricity but also as
an increased charge density transferred between two electrodes
in a TENG device. As BaTiOj; content increases to the optimal
content, the net polarization of the ferroelectric layer grows.
The instant power density, calculated by Joule’s law (P =
V2R™Y), reached 1.157 W m™ for the TENG device with the
highest Vi under an optimized load resistance of 1 X 10° Q
(Figure 2e), whereas the integral E = [P dt yielded 65.95 mJ

~2. The dependence of the calculated power density and
energy density on load resistance for different compositions
under the TENG regime is depicted in Figure 2e,f, respectively.
The results of the corresponding voltage measurements for
different nanocomposites in the TENG regime under different
loads are demonstrated in Supporting Information Figures S4—
S9.
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The composition exhibiting the best performance (25 vol %
BaTiO;) was used to charge a variable capacitor circuit. Figure
2g depicts energy stored in the capacitor (and the
corresponding voltage of the charged state) for each capacitor
value after contact between two ferroelectric layers with 5 cm?
contact area. The highest energy stored in a capacitor after a
single contact—separation step (2.27 uJ calculated by E =
0.5CV?) was reached when the capacitance of the capacitor
circuit was set to approximately SO pF.

Due to their intrinsic properties, the piezoelectric perform-
ances of the ferroelectric materials applied here are rather poor
compared to state of art piezoelectric nanogenerators.””*”*°
The achieved TENG performance of the device based on the
same inversely polarized ferroelectric films, however, matches
the best reported values for TENGs. We also provide proof of
clear correlation between the performances of the same
material in these two regimes. Therefore, as state of the art
PENG devices presented in the literature generate up to Vo =
209 V,*>*! significant improvement in the performance of
TENG-like devices should be possible if the corresponding
materials are used as inversely polarized films in the TENG
regime. However, this prediction assumes that the voltage and
current observed in these PENG devices have been correctly
attributed to piezoelectric charges and are not exaggerated due
to unaccounted friction.

However, the question arises regarding how a large voltage
can be generated by a piezoelectric charge, because when we
compare charges (calculated as q = f isc dt) generated by the
PVDE/BaTiO; composite based on a TENG device with
optimal BaTiO; content (25 vol %) in the piezoelectric and
TENG regimes in a wide applied pressure range, we see that
the piezoelectric charge is 2 orders of magnitude smaller than
the charge observed in the TENG regime (measured charge
values in different regimes for PVDF 2S5 vol % BaTiOj; are
presented in Tables S1—S3). The increase in charge upon
separation cannot be related to electrostatic effects, because
charges (2.83 nC cm™) observed between oscillating electro-
des in the noncontact mode (ferroelectric layers are moved
toward each other similarly as in TENG measurements, but
without physical contact) only partially explain the high TENG
values.

The piezoelectric response allows calculation of the
piezoelectric coefficient effective value ds; which for the 25%
BaTiO; composite reaches 47.9 pC N™! (calculation shown in
Figure S10 and eq S1) while values reported in the literature
for similar ferroelectric PVDF/BaTiO; composites range from
2.7 to 25 pC N71>>** A greater piezoelectric coefficient can be
related to a significantly larger deformability due to high
porosity (with consideration of bulk density, weight, and
thickness, the porosity was estimated to be around 70%) of the
samples. Porosity provides space for local deformations in the
material that are important for piezoelectric charge generation
and boosts the formation of B-PVDE.** The piezoelectric
coefficient of a dense PVDF 25% BaTiO; composite was
determined to be 9.11 pC N™" which is S times smaller than
that for the porous material used in TENG devices (Figure S10
and eq S2).

For the explanation of the potential difference change
between electrodes, a double capacitor model is proposed in
Figure 3. Each ferroelectric layer can be considered as an
individual capacitor with surface charge density ¢ induced
during polarization. The potential difference between opposite
surfaces of each layer can be described as
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Figure 3. Double capacitor model and corresponding contact—
separation stages. Dipoles in the schematic here represent both PVDF
and BaTiO; dipoles in ferroelectric layers. At first, ferroelectric layers
contact and form a connected capacitor, and then layers are
compressed which results in a negative piezoelectric response. Next,
at a much faster rate the compressed deformation is released resulting
in a positive piezoelectric response which is immediately followed by
separation of both surfaces, thus disconnecting the capacitors that had
formed the connected circuit.
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By considering two inversely polarized layers as two
capacitors we can conclude that the total capacitance (and
correspondingly potential difference) depends on the air gap
between them. As layers come together and contact, they form
a circuit of two identical capacitors in series, and the total
capacitance of two layers is decreasing; however, the voltage is
increasing twice in accordance with eq 2:

9 _C_4a
2w

Corore =
TOT )

)

Next, compression induces piezocharge formation as dipoles
deform and the net polarization of layers drops. As a result, the
surface charge density decreases to 0. This is followed by fast
separation of compressed ferroelectric layers where net
polarization quickly rises and charge density returns to o.
When ferroelectric layers are separated, the potential difference
decreases in accordance with eq 2; this in turn induces
additional redistribution of induced charges between electro-
des in the external circuit. The charge redistributed between
electrodes is registered as current peak / isc dt = 0.5(q; + q,),
where g, and g, are charge densities on polarized layer
surfaces, and this allows a comparison of experimental data
with the model. TENG measurement data of the PVDF 25%
BaTiO; composite were used where positively and negatively
polarized layers are contacted with each other and with the
nonpolarized layer.

Induced charge density in the external circuit ( f isc dt) for
positively and negatively polarized layers was determined by
contacting them with the nonpolarized layer in the TENG
mode. For positively and negatively polarized layers, [ic dt
was determined to be 4.19 and 2.41 nC cm™> while contact
between two nonpolarized layers resulted in only 0.03 nC
cm™2, so we can assume that there is no surface charge on the
nonpolarized layer. Therefore, [isc dt = 0.5(q; + q,) gives us

VTOT
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that charge density g, on the surface of the positively polarized
layer is 8.38 nC cm ™ while g, on the negatively polarized layer
surface is 4.82 nC cm™

When two capacitors with equal capacitances but with
different charge density states are connected in series then the
charge density on connected surfaces is q; — ¢,, but on outer
surfaces it is 0.5(q; — ¢,) and 0.5(¢, — q;). In our case we
obtain that charge density on each of the inner surfaces of two
connected capacitors is 3.56 nC cm™ while it is 1.78 nC cm™>
on outer surfaces. This means that redistributed charge density
in accordance with the double capacitor model presented in
Figure 3 is 8.38—1.78 = —(4.82—1.78) = 6.60 nC cm™% The
induced charge density in the TENG measurement (6.55 nC
cm™2) when negatively and positively polarized layers are
contacted is very similar to one obtained from model
calculations.

In conclusion, highly porous piezoelectric nanocomposites
based on BaTiO;/PVDF were successfully prepared by
immersion—precipitation. It was observed that the piezo-
electric response rises with increasing BaTiO; loading until 25
vol % content is reached. Sample films were further used in
TENG devices as contacting layers on electrodes, and a clear
correlation was observed between piezoelectric response and
TENG performance. The PVDF/BaTiO; nanocomposite with
optimal composition shows 47.9 pC N~ as the piezoelectric
coefficient, higher than that usually reported for such
composites, and in TENG mode a record high 2.7 kV V¢
value is achieved. However, our results also indicate that
piezoelectric charges cannot be solely responsible for great
TENG performance; thus, a “double capacitor model” has
been introduced. The mechanism involves interaction between
two charged ferroelectric layers during contact—separation,
and contacted inversely polarized layers can be considered as
capacitors connected in series. Air gap formation during
separation rapidly decreases the total capacitance while the
potential difference increases. The induced charge redistrib-
ution in the external circuit is registered as a current.
Predictions of our model also hold true when experimentally
obtained charge density (6.55 nC cm™2) values are compared
with ones obtained from model calculations (6.60 nC cm™2).
As triboelectric research continues to thrive and expand, we
anticipate that our work will help the TENG community to
further improve the performance of ferroelectric-based tribo-
electric devices.
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SUMMARY

Embedding additional ferroelectric dipoles in contacting polymer layers is known
to enhance the performance of triboelectricnanogenerator (TENG) devices. How-
ever, the influence of dipoles formed between the triboelectric surface charges
on two contacting ferroelectric films has been ignored in all relevant studies.
We demonstrate that proper attention to the alignment of the distinct dipoles
present between two contacting surfaces and in composite polymer/BaTiO3
ferroelectric films can lead to up to four times higher energy and power density
output compared with cases when dipole arrangement is mismatched. For
example, TENG device based on PVAc/BaTiO; shows energy density increase
from 32.4 1J m 2 to 132.9 pJ m 2 when comparing devices with matched and mis-
matched dipoles. The presented strategy and understanding of resulting stron-
ger electrostatic induction in the contacting layers enable the development of
TENG devices with greatly enhanced properties.

INTRODUCTION

The field related to triboelectricnanogenerator (TENG) devices is emerging rapidly. Many original and
creative TENG concepts have been presented in the literature for harvesting mechanical energy and con-
verting it into electricity (Lee et al., 2019). The working principle of TENG devices is straightforward. The
triboelectric materials (most commonly polymer insulators) are deposited on two conductive electrodes
connected by an external circuit. Upon contacting-separating or sliding, surface charges are formed on
the triboelectric materials, which induce an electrostatic charge on the conductive electrodes. Due to elec-
trode oscillation or movement, a potential difference is created, which causes a current flow in the external
electric circuit. TENG devices can be integrated into fabrics (Zhou et al., 2014), wearables (Kanik et al.,
2015), interior objects (Dhakar et al., 2016), membranes (to harvest energy from sound) (Fan et al., 2015),
and even implantable devices (Yao et al., 2018).

To enhance the performance of TENG, different approaches have been used. The most obvious way is to
increase the specific contact area via nanostructuring (Zhang et al., 2015; Dudem et al., 2015; Zheng et al.,
20714). Another possibility is the modification of surface or physicochemical properties of the triboelectric
material (Sutka et al., 2019; Sutka et al., 2019; Lapcinskis et al., 2019; Fan et al., 2014; Yun et al., 2015; Wang
et al., 2016). The performance can be also enhanced by using ferroelectric polymer or composite films as
the contacting surfaces (Bai et al., 2014; Seung et al., 2017; Suo et al., 2016; Chun et al., 2015; Yang and
Daoud, 2017; Choi et al., 2017; Lee et al., 2016; Sutka et al., 2018; Lapcinskis et al., 2019; Kim et al.,
2019; Huang et al., 2020). State-of-the-art performance of ferroelectric material-based TENG devices
can be expected when the ferroelectric material layers on contacting sides of the device are inversely polar-
ized (Sutka et al., 2018; Lapcinskis et al., 2019). The contacted inversely polarized layers then act similarly to
a series of connected capacitors (Lapcinskis et al., 2019). The total capacitance of the system decreases
dramatically, whereas the potential difference increases as the air gap is created during separation. The
induced charge redistribution in the external circuit manifests itself as current.

However, previous works related to TENG devices based on ferroelectric materials overlook the dipole that
forms between the triboelectric surface charges on contacting surfaces. As soon as we consider this addi-
tional factor, it follows that the electric field direction from ferroelectric dipoles should match the direction
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Figure 1. Dipole Formed between Polymer and ITO Can Be Matched with Ferroelectric Dipole

Schematic representation of possible interactions between surface charge dipoles in the air gap and ferroelectric dipoles
in TENG device (A). The calculated surface charge density of non-ferroelectric polymers indicates the magnitude and
direction of the formed dipole in contact-separation cycle (B) (See also Figures S7 and S8).

electrostatic induction. In other words, the alignment direction of ferroelectric dipoles has to coincide with
the dipoles forming between the opposite charges on contacting surfaces as demonstrated in Figure 1A. In
the present paper, we examine the performance of TENG devices when the electric field direction from sur-
face charges and ferroelectric dipoles are matched or mismatched. To impart the ferroelectric properties
for non-ferroelectric polymers used as triboelectric contacting layers, we added BaTiO3 nanoparticles. Ba-
TiO3 were chosen as a feasible filler to allow preparation of ferroelectric polymer composite films so that
contributions from contact-charging and ferroelectric dipoles could be compared. We demonstrate that
matching the distinct kinds of dipoles present in TENG device leads to a significant increase in the power
and energy density.

RESULTS AND DISCUSSION

Polydimethylsiloxane (PDMS), ethylene-vinyl acetate copolymer (EVA), poly(vinyl acetate) (PVAc), and pol-
y(methyl methacrylate) (PMMA) were used in our studies to prepare TENG devices. The polymer films were
spin coated on indium tin oxide (ITO) conductive electrode and contacted against another ITO (see Fig-
ure S1 for schematic TENG device representation). The polymer films were given ferroelectric properties
by adding 7.5 vol% BaTiO3 nanoparticles <100 nm in size (see Figure S2 for scanning electron microscopy
(SEM) image). Particles were well dispersed throughout the polymer matrix in the prepared composites
(the SEM images of cross-sections for different composites are demonstrated inFigures S3-S6). The exper-
imental details for sample preparation are provided in SI.

The sign of triboelectric surface charges formed on pure polymers after contacting against ITO was deter-
mined by measuring the current between the underlying electrode and the ground in Faraday cup mode
Figure 1B (see also Figure S7). Polymers PDMS, PVAc, and EVA obtain a negative charge on their surface,
whereas for PMMA a positive charge is observed when contacted ITO. The sign of the net triboelectric
charge did not change when BaTiO3 nanoparticles were incorporated into the polymers (Figure S8).

All poled BaTiO3z/polymer composites exhibit piezoelectric properties (Figure S9). The poling procedure is
described in Supplemental Information. The piezoelectric charges of 2.9 pC cm™2, 10.9 pC cm™2, 3.7 pC
cm?, and 2.4 pC cm~? were measured for BaTiOs/EVA, BaTiO3/PDMS, BaTiOs/PVAc, and BaTiOs/
PMMA composites, respectively. The higher piezoelectric response of BaTiO3/PDMS could be attributed
to its larger deformability under the constant loading force. The elastic modulus values of the four polymers
are 5.48 GPa for PMMA, 5.24 GPa for PVAc, 44.3 MPa for EVA, and 2.9 MPa for PDMS (Sutka et al., 2019).

Figure 2 shows time-resolved current (Isc) and voltage measurements (Voc at 1 GQ) for TENG devices

based on polymer composite layers and ITO. Composite layer in each of these TENG devices was tested
as non-poled and also positively and negatively poled, so that ferroelectric dipole is matched and
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Figure 2. Comparison of Three Possible Dipole Alignment Configurations

Ferroelectric dipoles are not present (non-poled), they are mismatched to dipoles formed by contact electrification (mismatched), and they are matched in
the same direction as contact-electrification generated dipoles (matched). These states are shown to influence open-circuit voltage, short-circuit current,
energy density, and power density for each BaTiOz/polymer composite studied in this work.

mismatched with the previously determined surface charge. The performance of a TENG device is very
different depending on whether a positive or negative voltage is applied for poling (Figure 2), regardless
of the polymer used. This phenomenon of one polarization direction resulting in a larger impact than the
other is widely reported before (Bai et al., 2014; Suo et al., 2016; Lee et al., 201¢; Sutka et al., 2018;
Lapcinskis et al., 2019; Kim et al., 2019; Huang et al., 2020); however, the explanation provided for that
has been inaccurate. We argue that the observed difference can be explained by elementary match and
mismatch between the directions of the electric field from the ferroelectric dipole moment and the dipole
moment created by triboelectric charges. As we can see from Figure 2, for PVAc, EVA, and PDMS, which
obtain a negative triboelectric surface charge after contacting ITO, better performance is observed
when the positive pole of the ferroelectric dipole is facing away from the underlying ITO electrode. In
the case of PMMA, which has a positive triboelectric surface charge after contacting ITO, better perfor-
mance is observed when the negative pole of the ferroelectric dipole is facing away from the substrate
ITO electrode. Net dipole direction between surface triboelectric charges was confirmed by COMSOL
finite element simulation (Figure S10). The experiments show that the TENG device has higher perfor-
mance when the direction of dipole between triboelectric surface charge and ferroelectric dipoles are
matching.

To provide even more evidence, we constructed a TENG device where both ITO electrodes are covered
with a BaTiOs/polymer composite film. For the highest performance, the dipoles in the two films are polar-
ized inversely (Sutka et al., 2018; Lapcinskis et al., 2019), whereas the polymer matrix material for each side is
chosen so that the dipole moment direction of triboelectric and ferroelectric charges are matched. The sur-
face charges on the contacted polymers used in the study were determined experimentally by measuring
current in Faraday cup mode (Figure S11). A TENG device was constructed from PMMA and PDMS as
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Figure 3. Comparison of TENG Devices Using Matched and Mismatched Dipole Configurations

Inversely polarized BaTiO3/PDMS (top layer) and BaTiO3/PMMA (bottom layer) TENG device constructed in a way that
ferroelectric polarization direction is matched (left) and mismatched (right) with contact-electrification-generated surface
charge dipole direction (A). Graphs for matched and mismatched configuration show Voc (at 1 GQ) (B), energy, and power
density during one contact-separation cycle (C) and the voltage across 4.4 pF capacitor during charging with the
corresponding stored energy (D) (see also Figures S11-513).

PMMA charges positively and PDMS negatively. The poling direction in composite BaTiO3/PMMA was cho-
sen so that the negative pole of the ferroelectric dipole was facing away from the substrate, whereas
BaTiO3/PDMS was polarized so that the positive pole of ferroelectric dipole is facing away from the sub-
strate. A schematic representation of the device is shown in Figure 3A. As expected, this particular
TENG device performed excellently, and the output was superior to any other presented in this study.
The peak open-circuit voltage (Voc) of device with matched dipoles reached 460 V as shown in voltage-
time plot in Figure 3B. The instant energy and power densities of this TENG device reached 9.7 mJ m~2
and 143.2 mW m~2, respectively (black bars and gray line in Figure 3C). For comparison, a TENG device
from the same polymers without BaTiO3; NPs shows Voc as small as 16 V and three orders of magnitude
smaller energy and power densities 0f0.012 mJ m~2 and 0.104 mW m~2 (Figure 512). Also, the TENG device
from the same inversely polarized composite films but with mismatched dipoles exhibited significantly
lower output—Voe of 300 V (red line in Figure 3B) and instant energy and power densities of 4.0 mJ m~2
and 91.6 mW m~2 from the same contacting area (red bars and red line in Figure 3C).

We also performed a macroscale scanning Kelvin Probe measurements (detailed description given in
Transparent Methodssection). The average surface potential for nonpolarized BaTiO3/PDMS was deter-
mined to be 0.06 V. The average potential after contacting with PMMA was measured to be 146.4 V (surface
potential maps of a nonpolarized sample before and after contacting PMMA are shown in Figure 4). Surface
potential scanning was also performed on both positively and negatively polarized BaTiO3/PDMS samples
before and after contacting with PMMA. Average potential values at first were measured to be 24.3 V
and —70.5 V, respectively. A quasi-permanent surface potential is created by ferroelectric dipoles in
PDMS/BaTiO3 composite layer. Just like in the case of a nonpolarized sample, contacting PMMA caused
both samples to obtain an additional positive charge. Therefore, the average potential value grew to
107.2V for the positively polarized sample and to —1.1Vin the case of the negatively polarized sample after
they were contact separated. Full-surface potential maps for both polarized samples before and after the
contact with PMMA are shown in Figure 4. Experimental results confirm the proposed mechanism for better
performance of TENG devices where two sources of the electric field are present—triboelectric charges
and ferroelectric dipoles. In the case of the matched direction of electric fields arising from triboelectric
and ferroelectric dipoles, the electric field strength summarizes and amplifies the electrostatic induction
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Figure 4. Surface Potential Maps of Three BaTiO3/PDMS Composites (Nonpolarized, Positively and Negatively Polarized)

Top maps show respectively neutral, positive, and negative surface potential at initial scan. All surfaces show tendency to charge positively after contact with
PMMA as evidenced by more positive surface potential (bottom). A gradual decrease of potential in the direction from left to right is observed because the
triboelectric charge decreases as the surface is being scanned in this direction.

on TENG electrodes. Due to the potential difference between positive and negative induced charge, the
stronger current flow between two TENG electrodes is measured. As shown in Figure S11B, a PDMS con-
tact layer induces a positive current peak on the underlying electrode when contacted against PMMA.
Therefore, surface potential of positively polarized PDMS layer (positive pole of ferroelectric dipole facing
away from underlying electrode) after contact with PMMA corresponds to a matched dipole case, whereas
the negatively polarized corresponds to mismatched dipoles.

The TENG device that was constructed from inversely polarized BaTiO3/PDMS and BaTiO3/PMMA com-
posite films with matched dipoles was used to charge a 4.4 pF capacitor (Figure S13). This experiment is
beneficial to understanding the practicality of the developed device because charged capacitors can be
further used to charge batteries or power small sensors, and voltage across the capacitor also conveniently
shows the amount of stored energy. By performing 1,000 contact-separation cycles the voltage across the
capacitor increased by 6.0 V that corresponds to the stored energy of 79 nJ, as demonstrated in Figure 3D.
In the meantime, TENG device constructed from equivalent contact layers, but with intentionally mis-
matched dipoles, increased the voltage across the capacitor only by 5.2 V and accumulated 60 pJ energy
under the same operating conditions and number of contact-separating cycles.

The proof-of-concept demonstrated here can be further used to construct TENG devices with record per-
formance. Polymers with a superior tendency for triboelectrification (Lapcinskis et al., 2019) and polymer
composite materials with high intrinsic piezoelectric responses have been reported in literature widely
(Zhangetal.,, 2018; Jeong et al., 2019; Han et al., 2019). A combination of methodology shown in this paper
with high-performance ferroelectric materials could bring the TENG research community closer to new cut-
ting-edge discoveries.

Conclusions

Results presented here shine a light upon the path to improvements in the construction of advanced TENG
devices. The energy and power density of a TENG device can be increased up to four times by matching the
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directions of electric fields arising from ferroelectric dipoles and triboelectric surface charges when
compared with mismatched case. Matching of the dipoles magnifies the electric field strength and electro-
static induction on a conductive electrode that in turn leads to a higher voltage output.

Limitations of the Study

Performance values (Voc, Isc, Energy, and power density) in this work do not reach state-of-the-art level
reported in the latest works. However, this study shows proof of concept that would allow to supersede
all reported TENG devices. This could be done by more elaborate choice of polymer materials with supe-
rior contact-charging capabilities and by choosing ferroelectric materials with much higher piezoelectric
constant dsa.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

Supplemental Information can be found online.
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