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GIYILEBILIR ELEKTRONIKLER ICIN NANOLIF ESASLI ESNEK VE
HIiBRIT NANOJENERATORLERIN GELISTIRILMESI

GENIS OZET

Nanojeneratorler, 1s1l veya mekanik uyarim ile ortaya c¢ikan -elektriksel yiik
polarizasyonunu kullanarak elektrik enerjisi iireten sistemlerdir. PNG ve TNG
cihazlar, atik mekanik enerjiyi uyarici olarak kullanarak pW ile W aras1 mertebede
elektriksel giic lireten nanojeneratorlerdir. Nanojeneraorler, elektronik cihazlarin
yayginlagmasi ile artan enerji ihtiyacini karsilamak amaciyla atik durumdaki basma,
¢ekme, blikme kuvvetlerini kullanarak enerji devinimini saglamak iizere dogal veya
yapay cevrelere (yollar, agaglar, denizler vb.), cihaz ve makinelere (otomobiller,
endiistriyel makineler vb.) veya insan bedeninin farkli bolgelerine entegre
edilebilmektedir. Bununla beraber tekstil esasli nanojeneratorler, nanojeneratorler ana
basliginin altinda oldukga genis bir aragtirma alanidir. Tekstil esasli nanojeneratorler,
biyomekanik enerjinin elektrik enerjisine dondstiiriilip kullanilmasini saglayan
cihazlar veya direkt olarak biyomekanik sensor cihazlar olarak kullanilabilmektedir.
Bu cihazlarin genel olarak enerji doniisiim verimliliklerinde iki ana etken olarak cihaz
tasarim1  (aktif katman-elektrot konfigiirasyonu) ve aktif katman ile elektrot
malzemelerinin intensif 6zellikleri (diisiik piezoelektrik katsay1, diisiik veya uyumsuz
yiizey yiik yogunlugu, diisiik iletkenlik, kirilganlik vb.) gbze carpmaktadir. Fakat PNG
ve TNG cihazlarin malzeme ve tasarimsorunlarinin 6tesinde kronik olarak sirasiyla
diisiik voltaj ve diisik akim problemleri mevcuttur. Piezoelektrik ve triboelektrik
enerji donilisim mekanizmalarini tek bir cihaz biinyesinde barindirarak her iki
prensibin de dezavantajlarinin elimine edildigi HNG cihazlar son yillarda oldukga
poplilarite kazanmaktadir. Bu tez c¢alismasit kapsaminda hibrit ve {i¢ boyutlu
tasarlanmis nanolifli yapt esasli piezoelektrik-triboelektrik HNG cihazlar
gelistirilmistir.

Calisma kapsaminda elde edilen HNG cihazlarin enerji iireten katmani olarak
kullanilan HNF’ler, PVDF ve TPU polimerlerinden iiretilmistir. Bu baglamda bu iki
polimere ait nanoliflerin elektro-egirme metoduyla iiretim siiregleri, hibrit tiretim
oncesinde ayr1 ayr1 optimize edilmistir [1]. Optimizasyon islemi, proses kosullari
(voltaj, mesafe, besleme hiz1) ve ¢evresel kosullar (sicaklik, nem vb.) sabit tutularak
polimer ¢ozeltilerini olusturan ¢oziici sistemlerin nanolif morfolojisine etkisinin
incelenmesi ile gergeklestirilmistir. Literatiire gore elektro-egirme metodundaki
cozelti parametreleri (derisim, viskozite, uguculuk vb.), olusan nanoliflerin
morfolojilerini proses kosullar1 ve ¢evresel parametrelere kiyasla ¢ok daha etkin bir
sekilde kontrol etmektedir. Bu noktada, ¢ozelti parametrelerinin ¢ogu polimer
¢ozeltisinin viskozitesinin kontrolii ile iliskilendirilmektedir. Ornegin; ¢dzeltideki
polimer derisimi ile ¢ozelti viskozitesi dogru orantilidir. Bunun yani sira kullanilan
polimerin yiiksek molekiiler agirliga sahip olmast da viskoziteyi etkin bir sekilde
artirmaktadir. Cevresel kosullarin, proses kosullarinin, ¢o6zelti derisiminin ve
kullanilan polimerin molekiiler agirliginin sabit tutuldugu bir senaryoda, ¢oziicii
sistemin degistirilmesi, yani bahsedilen polimerin farkli ¢6zme giicline sahip ¢oziicii
sistemlerde ¢Oziilmesi de viskoziteyi degistirmektedir. Bununla birlikte ¢oziicii
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sistemin nanolif morfolojisine bir diger etkisi ise, ¢oziiciilerin uguculuk 6zellikleri ile
ilgilidir. Elektro-egirme yonteminde polimer ¢ozeltisi, elektrik alanin dogurdugu
elektrostatik kuvvetlerin etkisiyle ¢ozelti besleme ucundan toplayict yiizeye dogru
hareketi esnasinda polimer jetleri olusturur. Dolayistyla bu hareket esnasinda polimer
jetinin ¢oziiciisiinii kaybederek katilagsmasi, nanolif olusumu i¢in elzemdir. Toplayici
yiizeye ¢oziiclislinli kaybetmeden ulasan bir polimer jeti, ¢ozelti formunda yilizeye
yayilarak kendisinden sonra gelen polimer jetlerini de ¢dzerek nanolif formunda
katilagmasini engellemekte ve filmsi bir yap1 olusturmaktadir. Daha &6tesinde, PVDF
gibi bazi polimerlerde ¢ozeltinin yapidan uzaklasip katilagsma siiresi, farkli kristal
fazlar arasinda gegise sebep olur ki PVDF ve tiirevi elektroaktif polimerlerde kristal
yap1 elektriksel, mekanik ve hatta kimyasal baz1 6zellikleri degistirebilmektedir. DMF
ve ucuculugu DMF’e kiyasla oldukga yiiksek olan aseton her iki polimer i¢in de ortak
coziicliler oldugundan c¢ozeltiler DMF-aseton karisiminda hazirlanmistir. Coziicii
karigimlardaki DMF misktar kiitlece %35,0, %37,5, %40,0, %42,5, %45,0 ve %50,0
olarak belirlenmistir. Tez c¢alismasinin bu kisminda, ¢ozeltiyi olusturan ¢oziicli
sistemin uguculugundaki artisin hem nanolif morfolojisine, hem de nanolifi olusturan
polimer zincirlerinin morfolojisine, yani kristal fazlar aras1 gegislere -etkisi
incelenmistir. Bu baglamda, iiretilen nanolifli yapilardaki liflerin morfolojisi SEM
metodu ile goriintiilenirken kristal faz analizleri i¢in ise FT-IR spektrumlari esas
alimmustir. Nanolif tiretimi, belirlenen ¢oziicii karisimlarinda %10 derisimdeki TPU ve
PVDF ¢ozeltileri ile 26 kV voltaj uygulanarak, 175 mm mesafedem, 1mL/sa besleme
hiziyla gergeklestirilmistir. Yapilan SEM analizleri sonucunda, artan DMF oraninin
TPU nanolifli yapilarda, literatiire goére hatali iiretim olarak goriilen boncuk
olusumunu tetikledigi goriilmiistiir. TPU nanoliflere ait ortalama yarigap degerlerinin
ise artan DMF orani ile kiigiildiigii tespit edilmistir. PVDF nanolifli yapilar i¢in ise
¢oziicii sistemin boncuk olusumunu ¢ok yiiksek DMF oranlarina kadar (%45-50)
etkilemedigi ve nanolif c¢aplarinda anlamli bir korelasyon ortaya koymadigi
gorilmiistiir. Bunun yani sira %45 ve %50 DMF igeren ¢oziicii sistemi kullanilan
cozeltilerle tiretilmis hem TPU hem PVDF nanolifli yapilarda ¢oziiciiniin diisiik
ucuculuguna bagl olarak alt yiizeyi filmsi, iist yiizeyi lifsi bir yapinin ortaya ¢iktig
gozlenmistir. Diger yandan FT-IR analizlerine gore ¢oziicii sistemin TPU polimerinin
makro-molekiiler morfolojisi iizerinde belirgin bir etkisi olmadigi, ancak PVDF
polimerinde kristal faz gegislerini 6nemli oranda etkiledigini ortaya koymustur. Sonug
olarak, kiitlece %37,5 DMF-%62,5 aseton i¢eren ¢oziicii sistemi, her iki polimer i¢in
de ideal ¢oziicli sistemi olarak belirlenmis ve calismanin devaminda bu c¢oziicii
karisimi kullanilmastir.

PVDF ve TPU polimerlerinin ¢oziicli sistem optimizasyonu gergeklestirildikten sonra,
bu ¢oziicli karisimi kullanilarak HNF numuneler iiretilmis ve nanolif morfolojisinde
nanojenerator cihazlara uygun olarak ileri bir optimizasyon siireci uygulanmustir [2].
Burada HNF yapilar, tek bir nanolifli yapida iki farkli polimere (PVDF ve TPU) ait ve
ayr1 ayr1 olusmus hibrit nanolifleri ifade etmektedir. HNF yapilarin tiretimi, iki farkli
polimer ¢ozeltisinin iki farkli besleme ucundan es zamanli olarak elektro-egirme
stirecine tabi tutulmasi ve tek bir toplayict yilizeyde lif formunda toplanmasi ile
gerceklesmektedir. HNF yapilarin nanojeneratdrlerde kullanimi ise yeni ortaya ¢ikmis
ve heniiz sadece birka¢ yayinda rapor edilmis bir HNG cihaz konseptidir. Bu konsept,
iki farkli polimerin nanoliflerinden olusan bir HNF yapiya basma veya egme kuvveti
etki ettiginde, farkli polimerlere ait nanoliflerin birbirine temas edip ayrilmasi ile tek
bir uyaric1 kuvvet sayesinde iki farkli polimerin binlerce farkli noktadan temas ederek
elektron transferi gergeklestirmesi prensibine dayanmaktadir. Burada nanojeneratoriin
triboelektrik-piezoelektrik hibrit olarak tanimlanabilmesi i¢in ise iki polimerden
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birinin bir piezoelektrik polimerden seg¢ilerek mekanik uyaranin piezoelektrik polimer
tizerinde makro-molekiiler polarizasyondan kaynaklanan ilave bir elektriksel yiik
olusmasini  saglamak durumundadir. Diger bir yandan, triboelektrik enerji
dontigiimiiniin temel gereksinimi olan iki farkli dielektrik malzemenin birbirine temas
edip ayrilmasi siirecinin geleneksel TNG cihazlarda mekanik deformasyona sebep
oldugu goz Oniine alindiginda, dokunma-ayrilma hareketinin nanolifler arasinda
gerceklesmesi ve cihazin tek bir kompakt yapidan olusmast HNG cihaza ayrica
mekanik stabilite saglamaktadir. Tez c¢aligmasinin bu kisminda, TPU/PVDF
HNF’lerin iiretilmesi i¢in bir 6nceki adimda ideal olarak belirlenen ¢oziicti karigimi
korunarak (kiitlece %37,5 DMF:%62,5 aseton), farkli polimer konsantrasyonlarinda
(kiitlece %5, %7, %9, %11, %13, %15) TPU ve PVDF c¢ozeltileri ayr1 ayri
hazirlanmistir. Ayn1 konsantrasyondaki her iki polimer ¢ozelti ciftleri es zamanh
olarak sisteme 1,75 mL/sa hizla beslenmis, tiretim 36 KV voltaj uygulanarak 175 mm
mesafede devam ettirilmistir. Elde edilen nanolifli yapilarin iist ve alt ylizeyleri 2 cm
% 4 cm ebatlarinda, manyetik sputtering teknigi kullanilarak alt ve {ist elektrot olarak
altin  kaplanmigtir. Altin kaplanmis numuneler iki aliiminyum bant arasina
yerlestirilmis, izolasyon amaciyla silikon recine ile kaplanmis ve HNG cihazlar elde
edilmistir. HNG cihazlar, bu ¢alisma kapsaminda tasarlanan bir periyodik basma
cihazi ile elektro-mekanik olarak karakterize edilmis, ¢ikis voltaj sinyalleri agik devre
voltaj1 olarak bir osiloskop yardimiyla 6lgiiliip kaydedilmistir. HNG cihazlara ait ¢ikis
akim degerleri ise nanojeneratdriin iki elektrotunun 100 kQ biiyiikliigiinde bir direng
ile kisa devre yapilarak Ol¢iilmesi ve Ohm Kanunu esas alinarak ¢ikis akim
sinyallerinin hesaplanmasi ile elde edilmistir. Ayrica HNF yapilar, morfolojik
degerlendirme amaciyla SEM analizine, elektro-aktif B-kristalin PVDF fazinin tespiti
icin FT-IR analizine ve HNF yapidaki polimerlerin termal 6zelliklerinin gozlenmesi
icin ise DSC analizine tabi tutulmustur. Oncelikle, SEM analizleri sonucunda
HNF’lerdeki ortalama nanolif yarigapiin polimer konsantrasyonu ile dogrusal olarak
artarak 120,32 nm’den 337,57 nm’ye yikseldigi gozlenmistir. Ayrica HNF
numunelerdeki PVDF ve TPU nanoliflerin ayr1 ayri goriintiilenebilmesi amaciyla
PVDF polimerine ait F atomlarina ve TPU polimerine ait N atomlarina SEM-EDX
metodu ile haritalama yapilmig, HNF mat icerisinde ayri ayr1 olumus PVDF ve TPU
nanolifler goriintiilenebilmistir. TPU nanolifli yapiya, PVDF nanolifli yapiya ve HNF
yaptya uygulanan FT-IR analizleri sonucunda ise HNF numunenin TPU polimerine ait
karakteristik pikleri (3326 cm?, 1725 cm?, 1629 cm?, 1133 cm?) ile PVDF
polimerine ait karakteristik pikleri (1229 cm™, 839 cm™, 509 cm?, 441 cm?)
barindirdig1 goriilmiistiir. Ayrica PVDF nanolifli yapi, HNF ve toz PVDF numunelere
uygulanan FT-IR analizlerinde, elde edilen pik siddetleri esas alinarak elektro-aktif -
kristalin faz fraksiyonlar1 hesaplanmis ve bu ii¢ numunede B-kristalin faz oranlar
sirasiyla %55, %45 ve %28 olarak hesaplanmistir. DSC analizlerinde ise TPU nanolifli
yapiya ait 160-170 °C araliginda, literatiirle de ortiisen belirli belirsiz bir erime piki
gozlenirken PVDF nanolifli yapida ise 159 °C’de 49,78 J/g entalpiye sahip keskin bir
erime piki tespit edilmistir. HNF numunede ise TPU’nun termo-kalorimetrik
Ozelliklerinden dolay1 net bir sinyal gézlenmezken, 159 °C’de 24,11 J/g entalpide bir
erime piki gozlenmistir, ki bu sinyal PVDF polimerinin erimesinden
kaynaklanmaktadir. Bu noktada, HNF numunedeki PVDF polimerine ait erime
entalpisinin saf PVDF nanolife ait erime entalpisine kiyasla yaklasik %50 daha disiik
olmasinin sebebi, HNF numunede kiitlece %50 civarinda TPU polimerinin
bulunmasidir. Elektromekanik analizlerde ise Oncelikle HNF yapinin avantajinin
gosterilmesi amaciyla, saf PVDF nanolif esasli bir nanojenerator ile HNF esash bir
nanojenerator, yukarida anlatilan metotla iiretilmis ve periyodik basma testi (4,2 Hz
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basma frekansi) yapilarak ¢ikis voltaj ve akim sinyalleri 6l¢iilmiistiir. Elektromekanik
karakterizasyon sonucunda PVDF-nanojenerator 0,82 V ve 0,72 pA akim {iretirken
HNF esasli nanojenerator yaklasik ti¢ kat daha gii¢lii sinyaller iireterek 2,32 V ve 2,55
LA akim iretmistir. Farkli polimer konsantrasyonlarinda hazirlanmig c¢ozeltiler ile
tiretilmis HNG esasli nanojeneratorler, %13 TPU ve %13 PVDF konsantrasyonuna
kadar hem akim hem de voltaj degerlerinde (tepeden tepeye) yiikselis sergilemis, %15
konsantrasyonda ise her iki degerde de diisiis gozlenmistir. Boylece %13 TPU ve %13
PVDF ¢ézeltilerinden elde edilmis HNF esasli nanojeneratdr, 2,9 kV/m? voltaj
yogunlugu ve 3,182 mA/m? akim yogunlugu ile ideal mofrolojide oldugunu
gostermistir.

Tez c¢alismasinin bir sonraki asamasinda da elektromekanik olarak optimum
morfolojide oldugu belirlenen %13-HNF nanolifli yapilar kullanilmistir. Bu boliimde,
nanolifler arasi yiik transferinin iletken katkist yapilarak artirilmasi ile cihaz
verimliliginin gelistirilmesi hedeflenmistir [2]. Yiik transferini kolaylastirmak i¢in ise
TPU ve PVDF nanoliflerin yiizeyinin GO ile kaplanarak kimyasal indirgeme islemi ile
elektriksel olarak daha iletken olan rGO formuna donistiiriilmesi yoluna gidilmistir.
GO, grafen levhalarin yiizeyine oksitli gruplarin (-COOH, -OH, =0O) kovalent olarak
baglanmasiyla elde edilen ve elektriksel iletkenligi rGO veya grafen ile
kiyaslandiginda nispeten diisiik bir nano-malzemedir. GO, suda olduk¢a homojen bir
sekilde dagilabildiginden c¢ozelti esasli iletken kaplama islemlerinde kaplama
homojenitesini iyilestirmek amaciyla sik¢a kullanilmaktadir. Bir yiizeye homojen
olarak kaplanmig GO levhalarin kimyasal indirgenme islemi gergeklestirilerek bu
oksitli gruplar yapidan uzaklastirilir ve kaplanan yiizeye elektriksel iletkenlik
kazandirilmig olur. Ancak, nanolifli yapida hem yiizeydeki nanoliflerin hem de
nanolifli yapinin i¢ kisimlarinda kalan nanoliflerin homojen bir sekilde GO ile
kaplanmas1 geleneksel kaplama metotlar1 ile (daldirma, piiskiirtme vb.) miimkiin
olmamaktadir. Bu metotlarda kaplama malzemesinin biiyilk kismi ylizeydeki ve
yiizeye konumlarda bulunan nanoliflerde birikmekte, i¢ kisimlarda kalan nanoliflere
kaplama gerceklestirilememektedir. Bu sebeple tez g¢alismasinin bu boliimiinde
elektro-egirme prosesine es zamanli olarak elektro-piiskiirtme islemi ile GO
kaplanmasi, ylizeydeki veya i¢ kisimlardaki nanoliflerin esit miktarda GO ile
kaplanmasini saglamistir. TPU ve PVDF c¢ozeltileri, onceki kisimda belirlenen
kosullarda hazirlanmig ve iki ayr1 besleme ucundan baglanmislardir. Sisteme tigiincii
bir besleme ucundan ise farkli GO konsantrasyonundaki kaplama c¢ozeltileri
baglanmistir. Oncelikle TPU, PVDF ve GO ¢ozeltilerinin es zamanli elektro-
tiretiminin gerceklesebilmesi i¢in deneme iiretimleri yapilmig, Onceki adimda
belirlenmis bazi parametrelerin degistirilmesi gerekliligi dogmustur. Bu baglamda
polimer ¢ozeltilerine ait besleme uclart 130 mm mesafede tutulurken GO ¢ozeltisine
ait besleme ucu 80 mm mesafeye alinmis; voltaj ise sabit tutulmustur. Polimer besleme
hizlar1 bir 6nceki adimda oldugu gibi 1,75 mL/sa olarak sabit tutulmus, GO ¢ozeltisi
besleme hizi ise 7 mL/sa olarak belirlenmistir. Bu parametreler esas alinarak GO
dispersiyonlari, tiim nanolifli yapida kiitlece sirastyla %0,08, %0,24, %0,40, %0,56 ve
%0,72 orana tekabiil edecek konsantrasyonlarda hazirlanmistir. GO dispersiyonlari,
belirlenen miktarda kuru GO’nun oncelikle belirli miktar saf suda ultrasonik
homojenizator ile dagitilmasi ve ardindan buna suyun hacminin iki kat1 hacimde IPA
ilave edilmesi ile elde edilmistir. Uretim sonucu elde edilen nanolifli yapilar, bir gece
acik havada kurutulduktan sonra kimyasal indirgeme islemine gegilmistir. indirgeme
islemi i¢in 0,5 M derisimde hidrazin hidrat ¢ézeltileri hazirlanmis, nanolifli yapilar bu
cozeltilere daldirilarak 75 °C’de gece boyu karistirilarak stirdiiriilmiistiir. Elde edilen
nanolifli yapilar (rGO-HNF), calismanin bir onceki kisminda anlatilan teknikler
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kullanilarak nanojeneratoér (rGO-HNG) cihaz haline getirilmistir. Oncelikle nanolifli
yapilardaki PVDF’e ait B kristalin faz oram1 FT-IR spektrumu yardimiyla
hesaplanmistir. Ancak grafen ve tiirevlerinin kiziltesi spektrumdaki 15181 sogurmasi
nedeniyle sinyal siddetleri artan rGO miktar1 ile diismiis, bu da P kristalin faz
fraksiyonunun beklenenden diisiik degerlerde hesaplanmasina yol agmustir. HNF
numunelerde nanoliflere kaplanmis rGO levhalar, SEM yo6ntemi ile goriintiilenmis ve
rGO levhalarin polimer nanolifleri sikica sardig1r gorilmiistiir. Diger yandan farkli
oranlarda rGO iceren HNF numunelerin elektriksel direngleri ol¢iilmis ve rGO
miktarindaki artisin beklenildigi tizere elektriksel direnci diisiirdiigii, diger bir degisle
HNF numuneleri daha iletken kildig1 gozlenmistir. Burada nanolifli yapilarin
elektriksel iletkenligi iki sebepten 6nem arz etmektedir. Birincisi; nanojeneratordeki
enerji Ureten aktif katmanin kalinlikliginin yliksek olmasi durumunda iiretilen
elektriksel yiikiin bir kismi elektrotlara iletilemeden malzemenin elektriksel
direncinde yok olabilmektedir. Bu sebeple 6zellikle aktif katmanin sadece ylizeyinin
degil, i¢ kisimlarinin da elektriksel yiikii tasiyacak iletken malzemeler ile kaplanmis
olmasi, elektriksel enerjinin elektrotlara tasinmasina yardimci olacak ve cihaz
verimliligini artiracaktir. Aktif malzemenin iletkenlik seviyesini 6nemli kilan bir diger
sebeb ise, yapiya ilave edilen iletken miktarmin ¢ok yiiksek olmasi halinde aktif
katmanin iletkenligi artmasi ve iki elektrot arasinda kisa devre olusturma riskidir. Kisa
devre halinde elektrotlarda yiik toplanamadigindan cihazin tirettigi elektriksel enerjiye
ait ¢ikig sinyali gozlenemeyecektir. rGO-HNG numunelerin elektro-mekanik
karakterizasyonu, bir onceki adimda oldugu gibi periyodik basma testi ile
gergeklestirilmistir. Elektro-mekanik analiz sonucuna gore en yiiksek GO katkisi
yapilmis HNF ile iiretilmis nanojeneratoriin 5,35 kV/m? voltaj yogunlugu ve 5,454
mMA/m? akim yogunlugu iireterek en yiiksek enerji doniisiim performansini sergiledigi
belirlenmistir. Bu degerler, kiitlece %0,72 GO takviyesinin, katkisiz HNF esash
nanojeneratore kiyasla c¢ikis voltaj ve akimini sirasiyla %84,5 ve %71,4 artirdig
anlamina gelmektedir. Elde edilen HNG cihazin ¢ikis sinyali esasli elektromekanik
karakterizasyonu haricinde depolama ve direkt kullanom denemeleri de
gerceklestirilmistir. Bu sebeple Oncelikle nanojeneratoriin elektrotlar1t AC/DC
doniistimiiniin gerceklesmesi i¢in bir dogrultucu devreye baglanmis, dogrultucu
devreden ¢ikan pozitif ve negatif kutuplar ise 119 adet LED ampul den olusan “SMR
BTU” yazilmis (Smart Materials Research Group kisaltmasi ve Bursa Technical
University kisaltmasi) bir devreye baglanmigtir. Nanojeneratore el ile basing
uygulanarak iiretilen enerjinin bu 119 LED ampulii yakabildigi goriilmiistiir. Bunun
yani sira bir depolama testi de gerceklestirilmistir. Depolama bileseni olarak 4,7 puF
kapasitansa sahip bir ticari kondansator kullanilmistir. HNG cihaz, periyodik basma
cihazinin mekanik uyarmmi ile kondansatoriin gerilimini 10 saniyede 0,9 volta
ulastirabilmistir.

Tez ¢aligmasinin bu boliimiine kadar nanolif morfolojisi ve ylik transferini gelistirecek
rGO kaplama prosesi basariyla optimize edilmistir. Bu tez ¢alismasinin devaminda
nanolifli yapinin ii¢ boyutlu tasarimi iizerine yogunlagilarak yiizey miihendisligi
tekniklerinin kullanilmasi ile enerji doniisiim veriminin gelistirilmesi hedeflenmistir
[3]. Bu sebeple HNF yap1 icerisindeki hem TPU hem de PVDF nanoliflerin
yiizeylerinin piiriizlendirilerek temas esnasinda polimerler arasi transfer edilen yiik
yogunlugunun ve dolayisiyla ¢ikis sinyal siddetinin artiritlmast hedeflenmistir. Nanolif
yiizeylerinin piiriizlendirilmesi igslemi, kurban malzeme metodu ile gerceklestirilmistir.
Kurban malzeme teknigi basit olarak, iki farkli malzemenin birlikte islenerek kati bir
karisim elde edilmesi, ardindan bu karisimda bulunan ve miktarca daha az bulunan
malzemenin, ana malzemeye zarar vermeyecek fiziksel veya kimyasal metotlar
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kullanilmasi kosuluyla yapidan uzaklastirilmasi esasina dayanmaktadir. Bdylece
kurban malzemenin terk ettigi bolgelerde bosluklar olusacagindan piriizlilik
meydana gelmektedir. Nanolif yiizeylerinin piiriizlendirilmesi amaciyla TPU ve PVDF
polimerleri ana malzeme olararak kullanilirken suda ¢oziinen bir polimer olan PVP
kurban malzeme olarak kullanilmistir. Polimer ¢6zeltileri, toplam polimer miktarinin
kiitlece %6, %8, %10, %15 ve %30’u kurban malzeme igerecek sekilde hazirlanmig
ve Oonceki adimlarda belirlenen elektro-egirme parametreleri ile hibrit-blend nanolifler
elde edilmistir. Burada katki olarak ilave edilen PVP polimeri yapidan uzaklasacagi
icin artan PVP katk1 orani, elde edilecek PHNF numunelerde piiriizliiliiglin artmasi
anlamina gelecektir. Elde edilen blend HNF numunelerdeki PVP polimerinin yapidan
uzaklastirilmas1 amaciyla ise nanolifli yapilar, saf IPA igerisine daldirilmis ve 70
°C’de gece boyu bekletilerek PHNF yapilar elde edilmistir. PVP polimerinin yapidan
uzaklastigini dogrulamak amaciyla FT-IR ve DSC analizleri ger¢eklestirilmis, nanolif
yiizeylerinde olusturulan piiriizliilik ise SEM goriintiileri gosterilmistir. Nanolifli
yapilar, onceki adimlarda oldugu gibi manyetik sputter teknigi ile {ist ve alt elektrot
olarak metal kaplanmus, iki aliiminyum bant arasina alinip izolasyon amaciyla silikon
ile kaplanmistir ve boylece PHNG cihazlar elde edilmistir. Piirlizlendirilmis PHNG
cihazlarin elektro-mekanik karakterizasyonlari da periyodik basma cihazi ile
gerceklestirilmistir. Oncelikle PVP igeren blend HNF, PHNF ve saf PVP’ye ait FT-IR
spektrumlarina goz atildiginda PVP polimerine ait iki karakteristik titresim sinyalinin
(3350 cm™ ve 1644 cm™) blend HNF numunede gozlenirken kimyasal asindirma
islemi sonrasi elde edilen PHNF numuneye ait FT-IR spektrumunda yok oldugu,
bdylece PVP polimerinin yapidan uzaklastirildigi goriilmiistiir. Daha 6tesi, DSC
analizleri sonucu elde edilen sonuglara gore PVP polimerinin yaklasik 73 °C’de erime
piki gozlenirken ayni erime pikinin PVP iceren blend HNF numunede 60 °C’de
gozlendigi, ancak kimyasal asindirma islemi uygulanmis PHNF numunede
kayboldugu goriilmektedir. Diger yandan nanolif yiizeylerinde olusturulan piiriizliiliik,
SEM goriintiileri ile gozlenebilmistir. Elektromekanik testlerden elde edilen ¢ikis
voltaj degeri, piiriizlendirme islemi yapilmamis HNF esasli HNG cihaz i¢in 1,28 V
iken yapiya belirlenen oranlarda ilave edilip daha sonra agindirilan kurban malzeme
orani ile dogrusal olarak artmis ve PHNF30 i¢in 2,24 V ile en yiiksek ¢ikis voltajina
ulagmistir. Diger yandan c¢ikis akim degerlerindeki artis PVP katkisi ile dogrusal
olmamakla birlikte, en yiiksek ¢ikis akim degerinin yine PHNF30 numuneye ait
oldugu tespit edilmistir (5,60 pA). Buna ilaveten, PVP miktarinin artirilmasi ve nanolif
tiretiminden sonra yapidan uzaklastirilmasi, elde edilen PHNF yapidaki aktif malzeme
(PVDF ve TPU) miktarinin artan PVP katkist ile diisiireceginden yenilik¢i bir
yaklasim ile numunelere ait ¢ikis sinyalleri, aktif katmandaki malzeme miktarin1 da
dikkate alarak degerlendirilmistir. Bu baglamda spesifik voltaj ve spesifik akim
kavramlari, birim kiitle PHNF basina sirasiyla V ve pA olarak ortaya ¢ikmistir. Bu
yaklasima gore, direkt ¢ikis sinyallerinde oldugu gibi PHNF30 esasli nanolifli yapinin
13,02 V/g ve 16,47 nA/g degerlere ulasarak en yiiksek performansi gosterdigi tespit
edilmistir.

Bir 6nceki boliimde nanolifli yapilarin yiizeylerinin fiziksel olarak modifiye edilmesi
ile HNG cihazin triboelektrik enerji doniisim mekanizmasi giliglendirilmis, bu
boliimde ise piezoelektrik enerji doniisiimiiniin gii¢lendirilmesi amaglanmistir [3].
Piezoelek olarak {iiretilen elektrik enerjisi yogunlugunu gii¢lendirmek amaciyla PHNF
yapimin yiizeyinde piezoelektrik bir malzeme olan ZnO nanoteller dikey olarak
yonlenmis sekilde biiyiitilmiistiir. Biiylitme islemi i¢in Oncelikle hacimce 1:1
su:etanol karisimi igerisinde ZnO nanopartikiil dispersiyonu hazirlanmis ve PHNF30
numune, bu dispersiyona daldirilarak ZnO nanopartikiillerle kaplanmig, 70 °C’de
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kurutulmustur. Burada, nanolif yiizeyine tutunan ZnO nanopartikiiller, biiyiitiilecek
ZnO nanoteller igin g¢ekirdek gorevi gormektedir. Nanotel biiylitme reaksiyonunun
gergeklestirilecegi biiylitme ¢ozeltisi ise 0.02 M ¢inko nitrat ve 0.02 M HMTA
icerecek sekilde saf su ile hazirlanmig, ZnO dispersiyonuna daldirilip kurutulmus
PHNF30 numune biiylitme ¢ozeltisi ile birlikte 250 mL hacmindeki bir hidrotermal
reaktore alinmistir. Reaksiyon 95 °C sicaklikta 12 saat boyunca devam etmistir ve
PHNF30-Z nanolifli yap1 elde edilmistir. Buna ilaveten, oOnceki bdoliimlerde
nanoliflerin yiizeyine kaplanan rGO levhalarin performansa olan olumlu etkisi goz
Oniine alimarak PHNF30 numune, 6nceki boliimlerdeki gibi es zamanli elektro-
puskiirtme/elektro-egirme teknigi kullanilarak rGO katkili olarak da tiretilmistir. GO
levhalardaki oksitli gruplarin giderilmesi ile elde edilen PHNF30-G yap1 elde edilmis
ve ardindan tizerinde yine hidrotermal metot kullanilarak ZnO nanoteller biiyiitiilerek
PHNF30-ZG numuneler elde edilmistir. Hem PHNF30-Z hem de PHNF30-ZG, tez
caligmasinin onceki kisimlarinda belirtilen yontem ve teknikler ile nanojenerator
haline getirilmis ve elektromekanik olarak karakterize edilmistir. Bunun yani sira
PHNF30-z ve PHNF30-ZG numunelere ait temel malzeme karakterizasyonu, FT-IR,
DSC, XRD ve TGA metotlar ile gerceklestirilmistir. Oncelikle, nanolifli yapilara
yapilan XRD testleri sonucunda, spektrumlarda ZnO ve rGO malzemelerin varligi, bu
malzemelere ait karakteristik piklerin gozlemlenmesi ile kanitlanmistir. Bunun yani
sira PHNF30, PHNF30-Z ve PHNF30-ZG nanolifli yapilarda bulunan ZnO ve rGO
miktarlarinin tayini igin TGA metodu kullanilmistir. TGA sonuglarina gére, inorganik
bir katki icermeyen PHNF30 numunede PVDF ve TPU polimerleri igerisindeki
safsizliklardan kaynakli kiitlece %3 kati kalint1 tespit edilmistir. Bu bilgi géz 6niine
alinarak PHNF30-Z ve PHNF30-ZG numunelerde %7,75 ZnO ve PHNF30-ZG
numunede %2,13 rGO bulundugu hesaplanmistir. Elektromekanik karakterizasyonlar
sonucunda ise PHNG30, PHNG30-Z ve PHNG30-ZG nanojeneratorlere ait voltaj
degerleri sirastyla 2.24 V, 3.52 V ve 4.76 V, akim degerleri sirasiyla 5.60 pA, 4.64 pA
ve 6.88 nA olarak ol¢iilmiistiir. Boylece tez ¢alismasinin bu béliimiinde elde edilen en
verimli HNG cihaz olarak PHNG30-ZG olarak belirlenmistir. Bu numuneye ait
spesifik ¢ikis voltaj ve akim degerleri ise sirasiyla 33,59 V/g ve 48,55 nA/g olarak
hesaplanmigtir. Tim bu veriler 1s18inda, ylizey modifikasyonu islemleri ile
fonksiyonellestirilmis HNF numuneler, nanojeneratér formunda herhangi bir islem
uygulanmamis HNF ile kiyaslandiginda ¢ikis voltaji, ¢cikis akimi, spesifik voltaj ¢ikisi
ve spesifik ¢ikis akimi degerlerinde sirastyla %271,88, %230,77, %201,44 ve %168,12
artts anlamina gelmektedir. Bunun haricinde PHNG30-ZG cihaz i¢in baz1 kullanici
denemeleri gergeklestirilmistir. Oncelikle bir énceki kisimda oldugu gibi enerji
depolama testi i¢in farkli kapasitans degerlerine sahip (0,22 pF, 2,2 uF, 4,7 uF, 10 uF
ve 22 uF) ticari kondansatorler periyodik basma cihazinin mekanik uyarimi altinda
nanojenerator ile sarj edilmistir. Denemeler sonucunda diisiik kapasitansa sahip
kondansatorlerdeki voltajin 1-5 saniye gibi kisa bir siirede 20 ile 25 V araligina
ulagabildigi  goriilmistiir. Bir diger denemede direkt kullanom amaciyla
nanojeneratoriin elektrotlar1 bir dogrultucu devreye baglanmis, fakat bu sefer
dogrultucu devrenin ¢ikislart 0,22 pF’lik kondansatére baglanmistir. Bu islemin
amaci, kullanilacak elektrik enerjisinin direkt nanojeneratdr cikisindan c¢ekilecek
elektriksel akima nazaran daha homojen bir siddette, enerjiyi kullanacak
komponentlere aktarilmasidir ki kondansatorler elektronik devrelerde dalgali olarak
enerji saglayan gii¢ kaynaklarinin sinyallerini homojenize etmek amaciyla filtre olarak
kullanilmaktadir. Kondansatoriin kutuplari bir dijital sicaklik ve nemdlcere baglanmas,
nanojeneratore uygulanan periyodik basma uyarimi ile bu cihazin galistirilabildigi
goriilmiistiir. Giyilebilir nanojenerator denemesi olarak ise bir tekstile entegre sensor
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uygulamasi prensibi ile, PHNF30-ZG numune kullanilarak gerceklestirilmistir. Iki
yiizeyine manyetik sputter teknigi ile metal elektrotlar kaplanan nanolifli yapi, bir
insanin koluna giyebilecegi bir tekstil {liriinliniin dirsek kismina silikon regine ile
entegre edilmistir. Kola giyilen bu tekstil tirtiniiniin dirsek biikiilmesi ile elde edilen
cikis sinyalleri kaydedilmis ve analiz edilmistir. Kolun dirsekten 125° biikiilmesi ile
0,6 V gerilim iiretildigi saptanmis, bir diger deyisle nanolifli yap1 4,8 mV/° biikiilme
hassasiyeti gostermistir.

Tez c¢aligmasinin iki 6nemli asamasinda kullanilan GO dispersiyonunun elektro-
puskiirtme yoluyla nanoliflere kaplanmasi yonteminin, HNF esasli nanojeneratorlerde
cikis  performansim1  yiikselttiginden Onceki  boliimlerde  detayli  olarak
bahsedilmektedir. Bu sebeple, saf PVDF nanolifli yapilarin sadece yiizeylerine GO
levhalarin elektro-piiskiirtme yoluyla kaplanmasi ve manyetik sputter teknigi ile metal
elektrot kaplanmasi islemini ortadan kaldirarak rGO esasli esnek elektrotlarin
performansa etkisini incelemek amaciyla ilave bir calisma yapilmistir [4]. Oncelikle
PVDF nanolifli yapilar, kiitlece %10’luk PVDF ¢6zeltilerinden elektro-egirme yoluyla
elde edilmistir. Uretilen nanolifli yapilar, 2,5 cm x 8,0 cm ebatlarda aciklik kalacak
sekilde iki polimerik maske arasina alinarak farkli kalinliklarda GO ile kaplanmustir.
Kaplanan GO katmanin kalinligi, sabit konsantrasyondaki GO dispersiyonunun
elektro-piiskiirtme proses siiresinin degistirilmesiyle kontrol edilmistir. Her bir
kalinlik i¢in tiim nanolifli yapinin tek bir yilizeyine sirasiyla 2,5 mg, 5,0 mg, 7,5 mg,
10 mg ve 12,5 mg GO kaplanacak siirelerde elektro-piiskiirtme islemi tamamlandiktan
sonra nanolifli yapilar agik havada kurutulmustur. Yiizeye kaplanan GO levhalarin
kimyasal indirgeme isleminin yapilmasi amaciyla numuneler, 0,1 M derisimde
hidrazin ¢6zeltisinin igerisine alinmis ve indirgeme islemi 95 °C sicaklikta 3 saat
boyunca siirdiiriilmiistiir. Elde edilen nanolifli yapilar, bu tez ¢aligmasinda daha 6nce
belirtilen teknikler kullanilarak nanojenerator haline getirilmistir. Bu bdliimde rGO
katmanlarm esnek elektrot olarak degerlendirilmesi hedeflendiginden, elektromekanik
karakterizasyonda diger bolimlerden farkli olarak periyodik basma testi degil,
periyodik egme testi yapilmistir. Nanolifli yapilardan alinan SEM goriintiileri, PVDF
nanoliflerin rGO tarafindan bir 6rtii gibi sarildigin1 gostermistir, Ki bu durum polimer
yiizeyindeki yiik transferini iyilestirmek agisindan 6nemlidir. Elektromekanik testler
sonucunda, ¢ikis voltajinin kaplama islemi uygulanmamis nanolifli yapinin rGO ile
kaplanmasi ile 0,688 V’dan 0,488 V’a diistligli gozlense de, 7,5 mg’lik kaplamaya
kadar dogrusal olarak artarak 1,0 V’a kadar ulastig1, ancak daha kalin kaplamalarda
tekrar diislise gegtigi goriilmiistiir. Bu tez ¢alismasindaki bir dnceki boliimde oldugu
gibi, spesifik voltaj analizi bu kisimda da gerceklestirilmistir ve 7,5 mg kaplama
yapilmis nanojeneratoriin bu kiyasla da en i1yi sonucu verdigi sonucuna ulasilmistir.
Bunun yani sira, elektrot kaplama kalinli§inin artisi ile ¢ikis voltajinin 6nce yiikselip
belli bir kalinligin {izerinde diismesinin sebebi olarak da karbon esasli rGO levhalarin
direncinin oldugu ongorilmektedir. Diger bir deyisle, PVDF nanoliflerle ara yiizey
olusturan rGO levhalar yiik transferini saglarken, bu rGO levhalarla iist iiste binen ve
PVDF ile temasi olmayan {iist katmandaki rGO levhalarin direncinden dolay1
elektriksel sinyaller elektrotlara ulasamamakta ve ¢ikis sinyal siddeti diismektedir.

Anahtar Kelimeler: Hibrit nanojenerator, nanolif, grafen, piezoelektrik, triboelektrik,
yiizey miithendisligi.
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DEVELOPMENT OF NANOFIBER-BASED FLEXIBLE AND HYBRID
NANOGENERATORS FOR WEARABLE ELECTRONICS

COMPHERENSIVE SUMMARY

Nanogenerators are systems that generate electrical energy by utilizing electrical
charge polarization arising from thermal or mechanical stimulation. PNG and TNG
devices are nanogenerators that produce electrical power in the range of uW to W by
utilizing waste mechanical energy as a stimulus. Nanogenerators, with the aim of
meeting the increasing energy demand associated with the widespread use of
electronic devices, can be integrated into natural or artificial environments (roads,
trees, seas, etc.), devices and machines (automobiles, industrial machinery, etc.), or
different regions of the human body, using waste compression, tension, and bending
forces. Textile-based nanogenerators constitute a significant research area, under the
category of nanogenerators. They can be employed as devices that convert
biomechanical energy into electrical energy or directly as biomechanical sensor
devices. The energy harvesting efficiency of these devices is influenced by two main
factors: device design (active layer-electrode configuration) and the intensive
properties of the active layer and electrode materials (such as low piezoelectric
coefficient, low or imcompatible surface charge density, low conductivity, brittleness,
etc.). However, beyond the material and design issues of PNG and TNG devices,
chronic problems include low voltage and low current. HNG devices, which
incorporate both piezoelectric and triboelectric energy conversion mechanisms in a
single device, have gained popularity in recent years as they eliminate the
disadvantages of both principles. In the context of this thesis study, hybrid and three-
dimensionally designed nanofibrous structure-based piezoelectric-triboelectric HNG
devices have been developed.

HNF mats used as the energy-generating layer in the developed HNG devices within
the scope of this thesis study were produced from PVDF and TPU polymers. The
fabrication processes of nanofibers for these two polymers through the electrospinning
method were separately optimized before the hybrid fabrication [1]. The optimization
process was carried out by examining the effect of solvent systems of polymer
solutions on the nanofiber morphology while keeping process conditions (applied
voltage, spinning distance, solution feed rate) and environmental conditions
(temperature, humidity, etc.) constant. According to the literature, solution parameters
(concentration, viscosity, volatility, etc.) are much more effectively controlled the
morphologies of the resulting nanofibers compared to process conditions and
environmental parameters. Further, most of the solution parameters are correlated with
the control of polymer solution viscosity. For instance, the solution concentration is
directly proportional to solution viscosity. Additionally, using a polymer with a high
molecular weight effectively increases viscosity. In a scenario where environmental
conditions, process conditions, polymer solution concentration, and the molecular
weight of the used polymer are kept constant, changing the solvent system also alters
the viscosity, since dissolving the polymer in solvent systems with different dissolving
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powers. Moreover, another effect of the solvent system on nanofiber morphology is
related to the volatility properties of the solvents. In the electrospinning method, the
polymer solution, under the influence of the electrostatic forces generated by the
electric field, forms polymer jets as it moves from the solution feed tip to the collector
surface. Therefore, it is essential for the polymer jet to solidify in nanofiber form by
losing its solvent during this movement. A polymer jet reaching the collector surface
without losing its solvent spreads on the surface in the form of a solution, preventing
subsequent polymer jets from solidifying into nanofibers by dissolving them and
forming a film-like structure. Furthermore, in some polymers like PVDF, the time for
the solution to move away and solidify may lead to a transition between different
crystal phases. In electroactive polymers such as PVDF and its derivatives, the crystal
structure can alter electrical, mechanical, and even some chemical properties. Since
DMF and acetone are common solvents for both polymers, solutions were prepared in
DMF-acetone mixture. The amount of DMF in the solvent mixtures was determined
as 35.0%, 37.5%, 40.0%, 42.5%, 45.0%, and 50.0% by mass. In this part of the thesis
study, the effect of the increase in volatility of the solvent system on both the nanofiber
morphology and the morphology of the polymer chains forming the nanofiber, i.e., the
transitions between crystal phases, was investigated. In this regard, the morphology of
the fibers in the nanofibrous mats was investigated by using SEM imaging, and FT-IR
spectra were used for crystal phase analysesof polymer chains. Electrospinning
process was carried out TPU and PVDF solutions with a concentration of 10% in the
determined solvent mixtures, under 26 kV applied voltage, 175 mm of spinning
distance, and 1 mL/h feeding rate. According to the SEM image based analyses, it was
observed that the increasing DMF ratio triggered the bead formation in TPU
nanofibrous structures, which is considered as fault in the literature. The mean
diameter values of TPU nanofibers were found to decrease with the increasing DMF
ratio in solvent mixture . On the other hand, it was observed that the solvent system
did not significantly affect bead formation even at very high DMF ratios (45-50%) and
did not show a meaningful correlation with nanofiber diameters for PVDF nanofibrous
mats. Additionally, in both TPU and PVDF nanofibrous mats fabricated with solutions
containing 45% and 50% DMF, a film-like structure on the lower surface and a fibrous
structure on the upper surface were observed due to the low volatility of the solvent
mixture. Besides, according to FT-IR spectrums, the solvent system had a significant
effect on the crystal phase transitions in P\VDF polymer but did not significantly affect
the macro-molecular morphology of the TPU polymer. In conclusion, the solvent
system containing 37.5% DMF and 62.5% acetone by mass was determined as the
ideal solvent system for both polymers, and this solvent mixture was used in the
continuation of the study.

In next chapter of the thesis study, HNF mats were fabricated, an advanced
optimization process suitable for nanogenerator devices was applied by using
determined ideal solvent mixture [2]. Here, the HNF mat represent a nanofibrous mat
which made by two different polymers (PVDF and TPU) in a single nanofibrous mat,
which are formed separately. The HNF fabrication consist of feeding two different
polymer solutions simultaneously to the electrospinning system through two different
feeding tips and collecting them in fiber form on a single collector surface. The use of
HNF mats in nanogenerators is a newly emerging HNG device concept and has been
reported in only a few publications. This concept is based on the principle that when a
mechanical force applied on a HNF mat consisting of nanofibers of two different
polymers, the nanofibers contact and separate from each other, allowing electron
transfer to occur at thousands of different points due to a single stimulating force. On
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the other hand, one of the two polymers must be piezoelectric polymer to ensure the
generation of additional electrical charge due to macro-molecular polarization on the
piezoelectric polymer under mechanical stimulation, in the HNF mat to define as
“piezoelectric-triboelectric hybrid” nanogenerator. Moreover, considering that the
traditional TNG devices cause mechanical deformation due to the touch-separation
process between two different dielectric materials, achieving touch-separation
movement between nanofibers and forming the device from a single compact structure
additionally provides mechanical stability to the HNG device. In this part of thesis
study, TPU/PVDF HNFs were fabricated by TPU and PVDF solutions separately at
different polymer concentrations (5%, 7%, 9%, 11%, 13%, 15% by mass), which are
prepared by “the ideal solvent mixture”. Solution pairs at the same concentration for
each polymer were simultaneously fed into the electrospinning system at a feeding rate
of 1.75 mL/h, with a voltage of 36 kV from 175 mm of spinning distance. The upper
and lower surfaces of the obtained nanofibrous structures were coated with gold as top
and bottom electrodes, respectively, using the magnetic sputtering technigque, with
dimensions of 2 cm x 4 cm. The HNG devices were obtained by sandwiching the gold-
coated HNF samples between two aluminum tapes and covering with silicone resin
for insulation and mechanical stability. HNG devices were characterized
electromechanically with a periodical compression device, which is designed within
the scope of this study. The output voltage signals of HNG devices were measured and
recorded as open-circuit voltage by using an oscilloscope. The output current values
of HNG devices were obtained by short-circuiting the two electrodes of the
nanogenerator with a 100 k< resistor and calculating the output current signals based
on Ohm's Law. Additionally, HNF structures were subjected to SEM analysis for
morphological evaluation, FT-IR analysis for the detection of the electroactive f3-
crystal PVDF phase, and DSC analysis to observe the thermal properties of the
polymers in the HNF structure. Firstly, based on SEM analyses, it was observed that
the average nanofiber diameter in HNFs linearly increased from 120.32 nm to 337.57
nm with increasing polymer concentration. Additionally, SEM-EDX mapping was
conducted on HNF samples to visualize PVDF and TPU nanofibers separately.
Mapping was based on F atoms for PVDF and N atoms for TPU, revealing distinct
PVDF and TPU nanofibers in HNF matrix. FT-IR analyses applied to TPU
nanofibrous mat, PVDF nanofibrous mat, and HNF mat revealed characteristic peaks
corresponding to TPU (3326 cm™, 1725 cmt, 1629 cm™, 1133 cm™) and PVDF (1229
cm?, 839 cm?, 509 cm?, 441 cm™) polymers in HNF sample. Moreover, FT-IR
analyses on PVDF nanofibrous mat, HNF mat, and PVDF powder samples allowed
calculation of the electroactive B-crystal phase fractions, resulting in B-crystal phase
ratios of 55%, 45%, and 28%, respectively. In DSC analyses, a indistinct melting peak
was observed for TPU nanofibrous mat in the range of 160-170 °C, coinciding with
literature, while a sharp melting peak with an enthalpy of 49.78 J/g at 159 °C was
identified for PVDF nanofibrous mat. However, in the HNF sample, any signal can
not be observed due to TPU's thermocalorimetric properties, while a melting peak with
an enthalpy of 24.11 J/g at 159 °C was evident, attributed to the melting of PVDF
polymer. The lower enthalpy of the melting peak for the PVDF polymer in the HNF
sample compared to the pure PVDF nanofiber is due to the presence of approximately
50% TPU polymer in the HNF sample. At the first step of electromechanical
characterization, test were conducted to demonstrate the advantage of the HNF
structure. A pure PVDF nanofiber-based nanogenerator and an HNF-based
nanogenerator, produced using the method described above, were subjected to a
periodic compression test (4.2 Hz compression frequency), and output voltage and
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current signals were measured. In the electromechanical characterization, the PVDF
nanogenerator generated 0.82 V and 0.72 pA, while the HNF-based nanogenerator
produced signals approximately three times stronger, with 2.32 V and 2.55 pA. HNF-
based nanogenerators which fabricated by solutions with different polymer
concentrations showed an increase in both current and voltage values (peak to peak)
up to 13% TPU and 13% PVDF concentration. However, at 15% concentration, a
decrease was observed for both voltage and current. Thus, the HNF-based
nanogenerator obtained from 13% TPU and 13% PVDF solutions demonstrated
electromechanically ideal morphology with a voltage density of 2.9 kV/m? and a
current density of 3.182 mA/m?,

In the next stage of the thesis study, HNF nanofiber mat with an optimal morphology
determined electromechanically were utilized, focusing on enhancing device
efficiency by facilitating inter-nanofiber charge transfer through the conductive
coating doping [2]. To enhance the charge transfer, surfaces of TPU and PVDF
nanofibers were coated with GO and chemically reduced to enhance electrical
conductivity. GO is a relatively low-nanomaterial in terms of electrical conductivity
compared to rGO or graphene, obtained by covalently bonded oxide groups (-COOH,
-OH, =0) on the surface of graphene sheets. Thanks to its homogeneous dispersing
character in water, GO is frequently used to improve coating homogeneity in solution-
based conductive coating processes. However, achieving homogeneous coating of
both the surface and inner parts of nanofibers in nanofibrous structures simultaneously
with traditional coating methods (immersion, spraying, etc.) is a challenging issue. In
these methods, the coating material tends to accumulate on the surface nanofibers,
making it difficult to achieve uniform coating on nanofibers inside the mat. Therefore,
in this part of the thesis, simultaneous electrospinning and electro-spraying processes
were employed to coat nanofibers uniformly with GO. TPU and PVVDF solutions were
prepared under the conditions determined in the previous section and connected to two
separate feeding nozzles. The GO solutions with different concentrations were
connected to a third feeding nozzle. Initially, trial productions were conducted to
enable simultaneous electrospinning/electrospraying of TPU, PVDF, and GO
solutions. Some parameters identified in previous step needed to be modified. Firstly,
spinning distance for TPU and PVDF nozzles was revised as 130 mm, while it was
175 mm for previous step. The GO feeding nozzle was placed to a distance of 80 mm.
Polymer feed rates were kept constant at 1.75 mL/h, while the GO solution feeding
rate was set at 7 mL/h. GO dispersions were prepared at concentrations corresponding
to 0.08%, 0.24%, 0.40%, 0.56%, and 0.72% by mass throughout the nanofibrous mat.
GO dispersions were obtained by first dispersing a certain amount of dry GO in pure
water using an ultrasonic homogenizer and then adding IPA in a volume twice that of
the water. The resulted nanofiber mats were subjected to a chemical reduction process
after being air-dried overnight. For the reduction process, 0.5 M hydrazine hydrate
solution were prepared. Nanofiber mats were immersed in the reduction solution and
reduction reaction maintained at 75 °C. The resulting rGO-HNFs were then
transformed into nanogenerator devices (rGO-HNG) using the techniques described in
the previous part of the study. Similar to previous stage of study, FT-IR analysis
performed to determine the B-crystal phase fraction of PVDF in HNF mats. However,
due to the absorption of infrared light by graphene and its derivatives, the signal
intensities decreased with increasing rGO content, leading to lower than expected
values for the B-crystal phase fractionin samples. SEM imaging was used to show the
rGO-coated nanofibers in nanofibers, showing that rGO sheets tightly enveloped the
polymer nanofibers. Furthermore, the electrical resistance values of rGO-HNF
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samples containing different amounts of rGO were measured, revealing that an
increase in rGO content indeed reduced electrical resistance, making the HNF samples
more conductive. The electrical conductivity of nanofiber structures is important for
two reasons. Firstly, if the generated electrical charge in active layer with a high
thickness in the nanogenerator cannot be conducted to the electrodes due to the high
electrical resistance of the material, the generated electrical energy may be lost before
reaching the electrodes. Therefore, it is essential for not only the surface but also the
inner parts of the active layer to be coated with conductive materials to facilitate the
conduction of electrical current to the electrodes, thus enhancing device efficiency.
Another reason that makes the electrical conductivity of nanofiber structures important
is the risk of short-circuiting between the electrodes when a high amount of conductive
material is added to the structure. In the case of a short circuit, charge cannot
accumulate on the electrodes, and the output signal of the device's generated cannot be
observed. The electro-mechanical characterization of rGO-HNG samples was carried
out through periodic compression tests, similar to the previous step. According to the
electro-mechanical analysis, the 0.72 GO% coated HNF-based nanogenerator, which
is the highest GO addition in this study, exhibited the highest energy conversion
performance, generating a voltage density of 5.35 kV/m? and a current density of 5.454
mA/m?. These values indicate that a 0.72% GO addition increased the output voltage
and current of the nanogenerator based on neat HNF by 84.5% and 71.4%,
respectively. In addition to the electromechanical characterization of the generated
output signals of HNG device, energy storage and direct-use experiments were also
conducted. In this regard, the electrodes of the nanogenerator were connected to a
rectifier circuit for AC/DC conversion. The positive and negative poles from the
rectifier circuit were connected to a circuit consisting of 119 LED bulbs, forming the
acronym "SMR BTU" (Smart Materials Research Group abbreviation and Bursa
Technical University abbreviation). By manually apply hand-tapping pressure to the
nanogenerator, it was observed that the energy produced could light up all 119 LED
bulbs. Additionally, a storage test was conducted using a commercial capacitor with a
capacitance of 4.7 uF. The HNG device was able to charge the capacitor to 0.9 volts
in 10 seconds through the mechanical stimuli of the periodic compression device.

Up to this section of the thesis, optimizing nanofiber morphology and charge transfer
to improve the energy-scavenging efficiency have been optimized successfully. In this
chapter of the thesis study, it has focused that the improvement energy conversion
efficiency by manipulating three-dimensional design of the nanofiber structure via
surface engineering techniques [3]. It was primarily aimed to increase the amount of
charge transfer during contact-separation process by roughening the surfaces of both
TPU and PVDF nanofibers. The nanofiber surface roughening process was carried out
by the sacrificial material method. According to this method, a solidified mixture is
necessary, which made by at least two different materials. Then, the material with
lesser amount in volume or mass in this composite structure is removed from the
composite by physical or chemical method. The key point for sacrificial material
method, materials removing process must be harmless for the “main” material.
Consequently, the roughness is formed in the areas left by the sacrificial material. In
order to roughen the nanofiber surfaces, TPU and PVDF solutions were prepared with
6%, 8%, 10%, 15% and 30% PVP addition by mass compared to the main polymer.
Hybrid-blend nanofibers were obtained via electrospinning parameters determined in
the previous steps. Then, PVVP blended HNF mats were immersed in pure IPA and kept
at 70 °C overnight to remove the PVP polymer from the TPU and PVDF nanofibers.
Thus, PHNF mats were obtained and characterized via FT-IR and DSC analyzes to
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confirm removal of PVP polymer from the PHNF mats. Further, SEM images were
conducted to show the formed roughness visually on the nanofiber surfaces. PHNF
based PHNG devices were fabricated by same methods (magnetic sputtering, silicone
coating, etc.). Electromechanical characterization of PHNG devices was carried out
with the periodical compression device. The FT-IR spectrums of blend HNF, PHNF
and pure PVP were examined and it was seen that two characteristic vibration signals
of the PVP polymer (at 3350 cm™ and at 1644 cm™) were observed in the blend HNF
mat. The PVP vibration signals disappeared after the chemical etching process, thus it
is proved that the PVP polymer was removed from the structure successfully. In DSC
results, while the melting peak of the neat P\VVP polymer was observed at approximately
73 °C, same peak has observed at 60 °C in the blended HNF mat. Similar to FT-IR
results, the PVP melting peak in DSC thermogram of PHNF mat disappeared by
chemical etching process. Further, removal of PVP from HNF mat has been proven by
SEM images by the cavity formation onto nanofibers. According to electromechanical
characterization results, output voltage of PHNG devices increased linearly from 1.28
V to 2.24 V by increasing PVP addition. On the other hand, though the increase in
output current values show no linearity by PVP addition, the highest output current
value belongs to the sample with 30% PVP added/removed PHNF30 (5.60 pA), as in
voltage output results. In addition, since increasing the amount of sacrificial material
addition and removing it from nanofibrous mat after electrospinning will reduce the
amount of active materials (PVDF and TPU) in resulting PHNF mat, the direct output
signals of samples and mass of the active layers were considered together with an
innovative and original approach for nanogenerators. Specific voltage and specific
current values were determined as V and pA per unit mass of PHNF, respectively.
According to this approach, it was observed that the PHNF30 nanofiber mat based
nanogenerator showed the highest performance, reaching 13.02 V/g and 16.47 pA/g.

In the previous section, the triboelectric energy conversion mechanism of the HNG
device was improved by physically modifying the surfaces of nanofiber structures. In
this section, the aim is to enhance the piezoelectric energy conversion [3]. To increase
the piezoelectrically generated electrical energy density, vertically aligned
piezoelectric ZnO nanowires were grown on surface of the PHNF mat. ZnO seeding
process were performed as a pre-process of nanowire grown reaction, which includes
the dip coating of PHNF30 sample with a ZnO nanoparticle dispersion. The seed
dispersion was prepared in a mixture that contains 1:1 volume ratio of water to ethanol.
Dip coated PHNF30 sample was dried at 70 °C in an oven. Here, ZnO nanoparticles
adhering to the nanofiber surface serve as seeds for the growth of ZnO nanowires. The
growth solution for the nanowires was prepared with 0.02 M zinc nitrate and 0.02 M
HMTA in water, seeded PHNF30 sample was placed in a 250 mL hydrothermal reactor
with the growth solution. The reaction maintained at 95 °C for 12 hours and PHNF30-
Z nanofiber mat was obtained. Additionally, considering the charge transfer enhancing
effect of rGO sheet coating on nanofiber surfaces in previous stages of this thesis, the
PHNF30 sample was produced with simultaneous electrospraying/electrospinning
techniques with rGO addition. The obtained PHNF30-G structure, which was achieved
by removing the oxidized groups on the GO sheets via chemical reduction, was further
processed by growing ZnO nanowires using the hydrothermal method to obtain
PHNF30-ZG samples. Both PHNF30-Z and PHNF30-ZG based nanogenerator
devices were fabricated by using the methods and techniques mentioned in previous
parts of the thesis and were electromechanically characterized. Basic material
characterizations of PHNF30-Z and PHNF30-ZG samples were also carried out using
FT-IR, DSC, XRD, and TGA methods. XRD tests on nanofiber structures confirmed
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the presence of ZnO and rGO materials, as evidenced by the characteristic peaks of
these materials observed in the spectra. TGA was used to determine the amounts of
ZnO and rGO in PHNF30, PHNF30-Z, and PHNF30-ZG nanofiber structures.
According to TGA results, PHNF30 contained 3% solid residue due to impurities in
PVDF and TPU polymers. Further, it was calculated that PHNF30-Z and PHNF30-ZG
contained 7.75% ZnO, and PHNF30-ZG contained 2.13% rGO. Electromechanical
characterizations resulted in voltage values of 2.24 V for PHNG30, 3.52 V for
PHNG30-Z, and 4.76 V for PHNG30-ZG, with current values of 5.60 pA, 4.64 pA,
and 6.88 uA, respectively. Thus, the most efficient HNG device of this section of the
thesis was identified as PHNG30-ZG. The specific output voltage and specific output
current values for this sample were calculated as 33.59 V/g and 48.55 pAl/g,
respectively. In light of all this data, surface modification processes with
functionalized HNF samples resulted in a significant increase in output voltage,
current, specific voltage output, and specific current values compared to HNF without
any treatment, with increases of 271.88%, 230.77%, 201.44%, and 168.12%,
respectively. Additionally, some user experiments were conducted for the PHNf30-
ZG based nanogenerator device. Firstly, for an energy storage test, commercial
capacitors with different capacitance values (0.22 pF, 2.2 pF, 4.7 pF, 10 pF, and 22
uF) were charged with this nanogenerator device under the mechanical stimulation of
the periodical compression device. The tests revealed that the voltage in capacitors
with low capacitance could reach between 20 and 25 V in a short time of 1-5 seconds.
In another experiment for direct use, the electrodes of nanogenerator were connected
to a rectifier circuit, and the outputs of the rectifier circuit were connected to a 0.22 uF
capacitor. The purpose of this process is to transfer the electrical energy to be used to
components in a more homogeneous manner, with a more consistent intensity than the
electrical current drawn directly from the nano-generator output. Capacitors are used
as filters to homogenize the signals of power sources that provide energy in a
fluctuating manner in electronic circuits. The capacitor poles were connected to a
digital temperature and humidity meter, and it was observed that the periodic pressing
stimulation applied to the nano-generator could operate this device. As a wearable
nanogenerator test, the nanofiber structure, with electrodes coated using the magnetic
sputtering technique, was integrated into a textile product that could be worn on a
human's arm and was integrated with silicone resin on the elbow part of a textile
product. The output signals obtained by bending the elbow of the arm wearing this
textile product were recorded and analyzed. It was determined that bending the elbow
of the arm by 125° produced a voltage of 0.6 V, meaning that the nanofiber structure
showed a bending sensitivity of 4.8 mV/° in this case.

The rGO coating of nanofibers with via electrospraying method, extensively discussed
in previous sections, has proven to enhance the output performance of HNF-based
nanogenerators. Therefore, an additional study was conducted to investigate the effect
of rGO-based flexible electrodes on performance by eliminating the metal coating
process via magnetic sputtering for pure PVDF nanofibrous mats [4]. PVDF
nanofibrous mats were obtained by electrospinning process. PVDF solutions were
prepared at the concentration 10% by mass in DMF:Acetone mixture. Electrospun
nanofiber mats were placed between two polymeric masks, leaving an opening of 2.5
cm x 8.0 cm, and were coated with GO at different thicknesses. GO coating thickness
control was achieved by regulating the electrospraying process time with a constant
concentration of GO dispersion. Electrospraying time were determined corresponding
to 2.5 mg, 5.0 mg, 7.5 mg, 10 mg and 12.5 mg GO were coated on both top and bottom
surfaces of PVDF nanofiber mats. The coated samples were dried at room conditions
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overnight and chemical reduction process was carried out by hydrazine hydrate
treatment as mentioned previous chapters. Finally, the nanogenerators with rGO
electrodes were fabricated using the techniques mentioned previously in this thesis
study. In this part of the study, electromechanical characterization was performed by
periodical bending test, unlike the other sections, since the rGO layers employed as
flexible electrodes. SEM images of nanofibrous mats showed that the rGO sheets
wrapped the PVDF nanofibers tightly, which is important for improving charge
transfer from nanofiber surface. As a result of electromechanical tests, although it was
observed that the output voltage decreased from 0.688 V to 0.488 V by 2.5 mg of
electrode material coating, it increased linearly until the 7.5 mg of coating and reached
1.0 V. However, it decreased again in 10.0mg and 12.5 mg GO coating. As in the
previous section of this thesis, specific voltage analysis was carried out in as well; it
was concluded that the 7.5 mg coated nanogenerator gave the best result in this
comparison. In addition, the resistance of carbon-based rGO sheets can be shown as
the reason why the output voltage first increases with the increase in GO coating
thickness and decreases above the threshold thickness. In other words, while rGO
sheets that interface with PVDF nanofibers provide charge transfer, electrical signals
could not be observed due to the resistance of the rGO sheets in the upper layer, which
overlap these rGO sheets and have no contact with PVDF.

Keywords: Hybrid nanogenerator, nanofiber, graphene, piezoelectric, triboelectric,
surface engineering.

XXVi



1. GIRIS

Giyilebilir elektroniklerdeki ilerleme ile birlikte akilli tekstiller, malzeme, elektronik,
tekstil, kimya, fizik gibi pek ¢ok miihendislik alaninin ortaklasa olusturdugu bir
calisma alan1 haline gelmistir. Medikal sensorler, enerji depolama iiniteleri, elektrik
veya 1s1 esasli terapi cihazlari gibi sistemler tekstil irlinlerine basariyla entegre
edilebilmektedir (Sekil 1.1). Bununla birlikte akilli tekstillerde yikama dayanikliligi,
maliyet, uzun iretim siireleri, esneklik veya mekanik kararlilik, fonksiyon stabilitesi
gibi ortaya ¢ikan bazi problemler, optimize edilmek iizere arastirma yapilan baslica
konulardir [5]. Diger yandan giyilebilir elektronik sistemlerdeki enerji talebini akilli
malzemeler yardimiyla ve kullanicinin konforunu engellemeden saglayabilmek de
diger bir sorundur. Tekstil esash elektronik sistemlere adapte edilebilecek gii¢ iiretim
teknolojileri arasinda enerji iireten tekstiller 6nemli bir yere sahiptir. Enerji iireten
tekstil kavrami, giines 15181, hareket, titresim, 1s1 gibi ¢esitli enerji kaynaklarmin tekstil
yiizeyindeki fonksiyonel ve akilli malzemelerden olusan katmanlar tarafindan
yakalanarak elektrik enerjisine doniistiiriilmesi olarak tanimlanmaktadir [6,7]. Bu
baglamda, literatiirde enerji iireten tekstiller icin ise en dikkat ¢eken Ornekler
fotovoltaik, piezoelektrik, triboelektrik ve termoelektrik prensipler iizerine insa
edilmistir [8].

Tekstil esasli enerji malzemelerindeki en biiyiik handikap, kullanici konforunun
saglanabilirligidir. Metal ve seramik esasli geleneksel elektronikler, yiiksek modiil,
kirtllganlik, plastik deformasyona karsi dayaniksizlik ve yiiksek ozkiitleleri nedeniyle
tekstil uygulamalari i¢in kullanigsizlardir [9]. Elektroniklerin iki 6nemli bileseninden
birisi olan elektrotlar, giyilebilir elektroniklerde metal veya ametal esasli elektriksel
iletken malzemelerin farkli metotlarla tekstil yiizeyine entegre edilmis formlari
olabilmektedir. Bahsedilen elektrot malzemelerin tekstil yiizeyine entegrasyonu igin
kullanilacak yontemler de tekstil malzemelerine uygulanabilir teknikler olmalidir. Bu
baglamda elektro-kaplama metotlari, buhar biriktirme yontemleri, ¢ozelti esash
geleneksel kaplama metotlar1 gibi diisiik sicaklikta gergeklestirilen islemler tekstil

yiizeylerine elektrot entegrasyonu i¢in kullanilabilmektedir. Daha Gtesi, elektronik
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tekstillerdeki hem elektrotlar hem de aktif malzemeler direkt olarak tekstil yiizeyini

olusturan malzemelerden de olusabilmektedir.

GIYILEBILIiR ELEKTRONIKLER

4

Tansiyon Olcer A1l Kol
Saatleri

l

s
Fotoelektrik Sensorler
Gerilim Sensorii

<
-
Sicaklik Sensorii . Basing Sensorii

Akilli Ayakkabilar ) Elektronik Eldivenler

Sekil 1.1 : Bilimsel aragtirmalarda gelistirilmis veya ticari olarka satisa sunulmus bazi
giyilebilir elektronik 6rnekleri [10].

1.1 Nanojeneratorler

Son 10 yilda, fotovoltaik veya termoelektrik prensiple calisan enerji doniisiim
mekanizmalariin yani sira piezoelektrik, triboelektrik veya piroelektrik prensiplerle
mekanik veya 1s1l enerji donilisiimiinii saglayan nanojenerator adi verilen cihazlarin
tekstil uygulamalar1 iizerinde olduk¢a fazla arastirma yapilmistir. Nanojeneratorler,
rliizgar enerjisi, insan hareketi, tasit hareketi veya endiistride atik 1s1 gibi bilinen en
yaygin atik enerji kaynaklarina entegre edilebilerek enerji doniisiimii imkan1 saglayan
cihazlardir [11]. Nanojeneratorler, kullandiklar1 atik enerjinin tiiriine ve atik enerjinin
elektrik enerjisine doniisiim prensiplerine gore siniflandirilabilir. Bu baglamda atik
mekanik enerjinin elektrik enerjisine doniisiimiinii saglayan sistemlerde piezoelektrik

veya triboelektrik prensipler one ¢ikarken, atik termal enerjinin elektrik enerjisine
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doniistimii piroelektrik prensip sayesinde ger¢eklesmektedir [12]. Tekstil esash
nanojeneratér uygulamalarinda, bu {i¢ prensibin de uygulanabilirliginin yiiksek
olmasinin yani sira, giyilebilir iirtinlerde kullanicinin fiziksel aktiviteleri sonucu agiga
¢ikan atik biyomekanik enerjinin atik biyotermal enerjiden ¢ok daha fazla olmasi
sebebi ile PNG ve TNG cihazlarin tekstil uygulamalar1 olduk¢a yaygindir [13-15].
Nanojeneratorlerin geleneksel tekstil tiriinlerinde eklem noktalarina (biikiilme etkisi)
[16], dis yiizeylerine (siirtinme etkisi) [17], hacmen daha fazla kas barindiran
bolgelere (gerilme etkisi) [18], ayakkabi tabanlarina (basing etkisi) [19] entegre
edilerek kullanilmasi, literatiirde en sik rastlanan 6rneklerdir [20] (Sekil 1.2).
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Sekil 1.2 : Nanojeneratorlerin farkli tekstil tiriinlerindeki uygulamalari a) st giyim
[21], b) ayakkabi [22], c) corap [23] ve d) alt giyim [24].
Nanojeneratdrler, kullanilan enerji doniisiim prensibi veya kullanilan atik enerji tiiri
fark etmeksizin “yer degistirme akimi” mekanizmasina uygun olarak enerji
doniisimiine imkan saglamaktadir [25]. Yer degistirme akimi, "Maxwell'in

Diizenlemesi ile Ampere Kanunu’nda” ikinci terimdir ve asagidaki gibi tanimlanir:

6D 6E 6P

_ob_ ok oF 1.1
Jp 5t 05t Tt (1)

Burada D yer degistirme alani, t zaman, & vakumlu ortamin dielektrik gegirgenligi ve

P polarizasyon alanini sembolize etmektedir. Bu denkleme gore, yer degistirme akimi,
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dielektrik ortamda elektron akisinin  Olgiilebilir  formudur ve dielektrik
polarizasyonunun bir sonucu olarak yiiklerin kismi transferinden kaynaklanir. Bu
mekanizma i¢inde zamanla degisen bir elektrik alan ortaya c¢ikar [25]. Daha
anlagilabilir bir tamimlama yapilacak olursa, Yer degistirme akimi temel olarak bir
dielektrik malzemede zamana bagl elektriksel yiik yogunlugu olarak tanimlanabilir;
malzeme igerisindeki elektriksel yiik yogunlugunun artmasi, elektrik akimin
olusmasina neden olur ve malzeme bir devreye baglandiginda bir akim gézlemlenir
[26,27]. Burada elektriksel yiik yogunlugunun olusumu, diger bir deyisle dielektrik
polarizasyon, her {i¢ nanojeneratdr tipi i¢in de farkli mekanizmalar ile ortaya
cikmaktadir. PNG’lerde, piezoelektrik malzeme mekanik olarak uyarildiginda
malzemeye ait kristal yap1 da bozulmaya zorlanir. Diger bir deyisle kristal yapiy
olusturan ve farkli elektronegatifliklere sahip atomlar yer degistirmeye zorlanarak
kristal yapinin farkli ylizeylerde farkli elektriksel yiiklerin polarize olmasi saglanir. Bu
durumdaki bir malzeme, bir elektrik devresine baglandiginda ise elektrik akimi
gozlenir [28]. Piroelektrik etkiye bakildiginda, piezoelektrik etkinin benzeri bir sekilde
kristal kafes deformasyonuna dayali olarak elektriksel polarizasyonun séz konusu
oldugu goriilmektedir. Ancak piroelektrik mekanizmaya gore, kafes deformasyonu,
piezoelektrik etkideki gibi mekanik uyarim ile degil, termal etki sayesinde
gerceklesmektedir [29]. Ilaveten, piroelektrik malzemelerin g¢ogunlugu ayrica
piezoelektrik etkiye de sahiptirler. TNG’lerde ise elektriksel polarizasyon,
malzemenin kristal yapisi ile degil, statik elektrifikasyon prensibi ile saglanmaktadir.
Farkli dielektrik 6zelliklere sahip iki farkli malzeme birbirine temas ettirildiginde,
yiizeyler arasinda ¢ok kiiclik miktarlarda elektron transferi gerceklesir. Bu iki malzeme
arasindaki temas ortadan kaldirildiginda ise yiizeyler zit yiiklerle yiiklenmis olur. Yine
benzer sekilde bu iki malzeme devre haline getirildiginde zit yiiklenmis yiizeyler

arasinda elektrik akimi g6zlenir [30].

Ote yandan piezoelektrik, triboelektrik ve piroelektrik etkilerin birlikte kullanilarak
tiretildigi hibrit nanojeneratorler ayr1 bir nanojeneratdr sinifi olarak ele alinmaktadir.
Hibrit nanojeneratdrler, tek bir sistem icerisinde birden fazla doniisiim prensibi
kullanilarak enerji doniislimiiniin saglanabildigi yapilar olduklar1 i¢in enerji doniisiim
verimliliginde biiyiik avantajlar saglamaktadir. Ornegin bir TNG’de siirekli temastan
dolayi atik 1s1l enerji meydana gelirken, bir nanojeneratoriin tasarimi triboelektrik ve

piroelektrik  prensiblerin  hibirdizasyonu ile  gergeklestirildiginde,  tribo-
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elektrifikasyonun yani sira ortaya ¢ikan atik termal enerjinin de elektrik enerjisine
dontistiiriilmesi ile tiretilen elektriksel giiciin siddeti artirilabilmektedir [31]. Tekstil
esaslt nanojenerator uygulamalarinda atik mekanik enerjinin elektrik enerjisine
dontisiimiine odaklanildigindan, piezoelektrik etki ile triboelektrik prensiplerin birlikte
kullanilmasi ile piezoelektrik-triboelektrik HNG uygulamalari oldukga popiilerdir
[32]. Tesktil esasli PNG yahut tekstil esasli TNG’lerin {iretim metotlar1 birbirinden
¢ok farkli olmamasindan dolayi, bu iki prensibin birlikte c¢alisngt HNG
nanojeneratorlerin tiretimi i¢in ek bir iiretim prosesi gerektirmemesi, HNG cihazlarin
tekstil uygulamalarinda tercih edilmesi noktasinda 6nemli motivasyon kaynagidir
[33]. TNG cihazlarda yiiksek ¢ikis voltajinin yani sira oldukga diisiik akim sorunu goze
carparken PNG’ler bunun aksine diisiik voltajin ile birlikte nispeten yiiksek akim
tiretebilmektedirler. Bu iki mekanizmanin hibridizasyonu, her iki mekanizmanin sahip
oldugu dezavantajlarin ¢6ziimii i¢in bir alternatif olusturabilmektedir [34-37]. Ayrica
PNG ve TNG’lerin kisith enerji liretim kapasiteleri dolayisiyla, bu cihazlarin ayr1 ayri
tiretilip paralel ve seri olarak baglanmasiyla elde edilen giiclin arttirilmasi yoluna
gidilmektedir. Ancak, nanojenerator hibridizasyonu yoluyla elde edilen kompakt bi-
fonksiyonel yapilar, bu ilave islemi de ortadan kaldirarak {iretim kolaylig1 saglayabilen

yapilar sunmaktadir [29].

1.1.1 Piezoelektrik nanojeneratorler

Piezoelektrik etki temel olarak, bir mekanik uyaranin etkisi ile homojen ve monolit
yapida bir malzemeden elektrik enerjisi tretilmesini ifade eden kavramdir. Bu
baglamda PNG cihazlarda elektrik akimini ortaya ¢ikaran elektriksel polarizasyon, bu
cihazlarda enerji ireten katman olarak kullanilan piezoelektrik malzemelere
uygulanan mekanik gerilme ile saglanir. Geleneksel piezoelektrik malzemeler
genellikle seramik esasli (perovskitler, wiirtzite kristaller) olmasina karsin son yillarda
polimer esasl piezoelektrik malzemeler de yaygin olarak kullanilmaktadir (Sekil 1.3).
Piezoelektrik seramiklerde kristaller, merkezi simetrik atom i¢ermez. Bu sebeple,
mekanik gerilmelerin atomlar1 birbirine yaklagtirmaya veya uzaklagtirmaya zorlamasi
nedeniyle elektriksel polarizasyona neden olur [38]. Ancak polarizasyon mekanizmasi
polimerlerde seramik kristallerden farklidir. Polimer omurgasina bagli ve farkl
elektronegatif karakterlerdeki yan atomlara/gruplara sahip bir polimer zinciri, zincirin
konformasyonuna gére piezoelektrik etki gdsterebilir veya gdstermeyebilir. Ornegin,

B-kristal faz poliviniliden floriir (PVDF), piezoelektrik/ferroelektrik o6zelliklere
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sahipken, a-kristal faz PVDF piezoelektrik 6zellige sahip degildir [39]. Diger yandan,
PNG’lerin verimliligi i¢in en dnemli noktalardan biri, piezoelektrik malzemenin yilizey
alamidir. Nanojeneratordeki piezoelektrik katmandaki malzemenin yiizey alanindaki

artis, cihazin ¢ikis giiclinii artirmaktadir.
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Sekil 1.3 : Piezoelektrik a) wiirtzite kristal yapisi, b) perovskit kristal yapisi ve ¢) B-
faz PVDF makromolekiilii [40].

PNG’lerde enerji doniisiim verimliligini birincil olarak etkileyen unsurlar,
piezoelektrik malzemeyi olusturan atomlar, polarizasyon derecesi, uygulanan kuvvet,
piezoelektrik malzemenin yiizey alani (Sekil 1.4a) ve elektrot konfigiirasyonu (Sekil
1.4b) olarak sayilabilir. Bunlarin arasinda elektrot tasarimi, nanojeneratoriin
kullanilacagi mekanik sistem ve malzemedeki polarizasyon dogrultusu goz Oniine
alinarak tasarlanmalidir. Ornegin; ds1 moduna uygun olarak tasarlanmis bir
nanojeneratorde elektrotlar ve uygulanan kuvvet yonii polarizasyon yoniine paraleldir.
Buna karsilik, dss tasariminda uygulanan elektrotlarin yerlestirildigi yiizeyler ve

uygulanan kuvvet, polarizasyon yoniine dik olarak konumlanir [12].
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Sekil 1.4 : a) Piezoelektrik malzemelerde ylizey alaninin ¢ikis sinyal siddetine
etkisinin ve b) dss-ds1 konfigiirasyon modlarinin [41] sematik gésterimi.
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Geleneksel olarak elektronikte kullanilan seramik esasli piezoelektrik malzemelerin
sert ve kirilgan mekanik 6zelliklere sahip olmasindan dolayi, piezoelektriklerin tekstil
uygulamalarinda alternatif metotlar ve malzemeler 6ne ¢ikmaktadir. Bu sebeple,
PVDF ve tiirevleri (P(VDF-TrFE), P(VDF-HFP) vb.), hem polimerik karakterinden
kaynakli esneklik ozellikleri hem de sahip olduklar1 piezoelektrik/ferroelektrik
ozelliklerden dolay1 PNG’lerde yaygin olarak kullanilmaktadir. Ayrica seramik esasli
piezoelektrik malzemeler ile PVDF ve tiirevlerin birlikte kullanilmasi ile farkli
formlardaki (film, blok, lif, nanolif vb.) tiretilen kompozitler de PNG cihazlarda enerji

tireten katman olarak kullanilabilmektedir [42].

Tekstil esasli PNG’lerin iiretimi, yeni teknolojileri esas alan tiretim metotlarinin yani
sira geleneksel tekstil teknolojilerinin de kullanimmi miimkiin kilmaktadir.
Piezoelektrik polimer esasli veya piezoelektrik seramik katkili polimerlerden olusan
malzemeler, piezoelektrik 6zellige sahip tekstil yiizeyleri elde etmek noktasinda direkt
olarak kullanilabilir malzemelerdir. Bu malzemelerden direkt olarak iplik tretilip
dokuma, 6rme, dokusuz yiizey liretme gibi konvansiyonel metotlarla bir tekstil yiizeyi
elde edilebilecegi gibi; piezoelektrik fonksiyonu olmayan dokunmus, oriilmiis veya
dokusuz geleneksel tekstil yiizeylerine de farkli kaplama metotlar1 ile de
uygulanabilmektedir [43] (Sekil 1.5). Bunun 6tesinde, seramik esasli piezoelektrik
malzemeler, agagidan-yukar1 nanomalzeme {iretim prensibiyle nano boyutlarda tekstil
ylizeylerine farkli geometrilerde kaplanabilmektedir [44,45]. Diger yandan tekstil
esasli PNG cihazlarda tekstil yiizeyinin iiretim metodu ve parametreleri kaynakl
ozellikleri (lif boyutu, dokuma/drme sikligi, dokuma/6rme agis1 vb), nanojeneratoriin
verimliliginde dogrudan pay sahibidir [46]. Ancak, tekstil esasli bir PNG cihazda
sadece enerji iireten katmanin degil, nanojeneratoriin elektrotlarinin da esneklik,
dayaniklilik, kimyasal kararlilik gibi 0Ozelliklere sahip olmas1 gerekmektedir.
Dolayisiyla esnek elektrot teknolojisinin de yardimiyla, tekstillerde gerekli kullanict
konforunu saglayarak iletken katmanlarin yapiya dahil edilebilmesi maksadiyla farkli
metotlar kullanilabilmektedir. Bu baglamda metal nanopartikiillerin, karbon esaslh
nanomalzemelerin, iletken polimerlerin tekstil yiizeylerine entegre edilmesi igin
¢ozelti esasli kaplama metotlar1 (daldirma, piiskiirtme), ¢6zelti esash in-Situ metotlar
(iletken polimer polimerizasyonu, metal-yiikseltgeme), fiziksel buhar biriktirme esasl
metotlar hem tekstil yiizeylerine uyumlu, hem de elektrot esnekligini saglamak

noktasinda yeterli en sik kullanilan yontem ve malzemelerdir.
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Sekil 1.5 : Farkli tekstil tiretim siiregleri kullanilarak olusturulmus tekstil esasli PNG
cihazlar: a) Piezoelektrik ¢ekirdek-iletken kabuk yapisinda tek lif esash
PNG [43], b) Piezoelektrik seramik katkil lif ile dokunmus kumas esash
PNG [21], c) Geleneksel tekstil yilizeyine piezoelektrik malzeme
entegrasyonu ile liretilmis kumas esasli PNG [44].

1.1.2 Triboelektrik nanojeneratorler

Triboelektrik etki basit olarak, statik elektriklenme prensibiyle polarize olmus
yiizeylerin arasinda elektrik akimi olusmasi prensibine dayanan bir kavramdir.
Dielektrik malzemelerin yiizey atomlarmin elektronlarr, malzemeler birbirine
dokundugunda ydriingelerinden ayrilabilir ve karsit malzemenin ylizey atomunun
yoriingesine gegebilir. Bu gegis, her iki malzemede de elektronik dengeyi
bozacagindan temas halindeki malzemeler bir elektrik devresini tamamlayarak
ayrildiginda, kismi negatif yiizey yiikii daha yiiksek olan malzemeden (tribo-negatif
malzeme) kismi pozitif yiizey yiikii daha yiiksek olan malzemeye (tribo-pozitif
malzeme) dogru bir elektrik akimi1 gézlenir [47]. TNG cihazlar, bu bahsedilen elektrik
devresine baglanmis farkli iki dielektrik malzemeyi igeren yapilardir. TNG’ler,
dielektrik katmanlar arasindaki mekanik etkilesime gore dort farkli sinifa ayrilabilir

(Sekil 1.6), ancak bu dort mekanizmanin tiimii dielektrik katmanlarin birbirine temas
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edip ayrilmast veya birbiri iizerinde siirtlinmesi esasina dayanmaktadir [18].
Dokunma-ayrilma ve tek elektrot tasarimlit TNG’lerin her ikisi de temas edip ayrilma
etkilesimini esas alarak c¢alismaktadir. Dokunma-ayrilma modu, iki dielektrik
katmanin temasiyla olusan yiik transferi sayesinde bir elektrik akimi1 dogurmaktadir ve
en basit TNG tasarimidir. Tek elektrot TNG tasariminda ise sadece bir iletken elektrot
malzemesi ile bir dielektrik malzeme kullanilir ve elektrot katmani tribo-pozitif
katman olarak kullanilir. Diger yandan, yatay kayma ve serbest kayma modlarda
tasarlanmis TNG’lerde yiik transferi, iki dielektrik malzemenin siirtiinmesi yoluyla ile

ger¢eklesmektedir.

Dokunma-Ayrilma Modu Yatay Kayma Modu

Tek Elektrot Modu Serbest Kayma Modu

Sekil 1.6 : TNG'lerdeki dort farkli galisma modunun sematik gésterimi [48].

TNG’lerde kullanilan dielektrik malzemeler, cihazin enerji doniisiim verimliliginde
onemli bir pay sahibidir. Bahsedilen dielektrik malzemeler siklikla polimer esasl
oldugundan, igerdigi atomlar veya kimyasal gruplar bakimindan olduk¢a g¢esitli
dielektrik dzellikler sunabilmektedirler [49]. Bu noktada tribo-pozitif ve tribo-negatif
kavramlar1 ortaya ¢ikmaktadir. Dielektrik katmanlar icerdikleri atom/gruplara gore
yiizey atomlarindaki elektronlarmin az bir kismint kuvvetle tutabilmekte (tribo-
negatif) veya kolayca elektronlarini kaybedebilmektedirler (tribo-pozitif). Tekstillerde

kullanilabilen bazi malzemelere ait tribo-elektriksel ozellikler, Sekil 1.7 tribo-seri
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tablosunda verilmistir. Dolayisiyla, iki dielektrik katmanda kullanilacak malzemeler
secilirken Dbirbirinden olabildigince uzak tribo-elektriksel karakterlerde olmasi,
olusacak polarizasyonun biyiikligiinii belirlemektedir [48,50]. Bunun yani sira,
yiiksek dielektrik 6zelliklere (yiliksek dielektrik katsayi, diisiik dielektrik kayip) sahip
malzemelerin triboelektrik enerji doniislim verimliligini artirdigr da literatiirde
bahsedilen bir gergekliktir [51]. Tiim bunlardan anlasilabilecegi lizere, TNG’lerde
kullanilabilecek malzeme yelpazesi PNG’lerde kullanilabilir malzemeler ile
kiyaslandiginda oldukca genistir. Bu yiizden ¢ok cesitli polimerler, metaller ve
inorganik kaplamalar TNG’lerde enerji tireten katman olarak kullanilabilmektedir.
TNG’lerde aktif katman olarak kullanilacak dielektrik malzemelerin se¢iminin
haricinde en 6nemli parametre, dielektrik malzemelerin mikro-nano yapisi ve iiretim

hassasiyetidir. TNG cihazi olusturan dielektrik yiizeylerin yiiksek piiriizliliige sahip

olusunun iretilen elektriksel giliclin siddetini artirdigr literatiirde sabittir [52,53].
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Tekstil esasli TNG cihazlarda kullanilabilir baz1 malzemelere ait tribo-

elektriksel siralama.
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Piezoelektrik tekstil uygulamalarinda oldugu gibi, tekstil esasli TNG’lerde de
polimerik malzemelerin kolay islenebilir olusu, esneklikleri ve esnek elektrot
teknolojisinin  son  avantajlarindan  olabildigince faydalanilmaktadir.  Yine
piezoelektrik tekstillerin tiretim siire¢lerinde oldugu gibi, geleneksel tekstil {iretim
stiregleri ve/veya yenilik¢i iiretim metotlar1 triboelektrik tekstillerin {iretiminde
kullanilabilmektedir (Sekil 1.8). Ornegin; dokuma veya &rme proseslerinde farkli
dielektrik ozelliklerdeki malzemelerden firetilmis liflerin birlikte kullanilarak tek bir
tekstil yiizeyi elde edilmesi, sik kullanilan bir tekstil esaslt TNG iiretim metodudur
[54,55]. Tekstil tiriiniine insan hareketinin uyarimi ile uygulanan basma, biikkme veya
¢cekme kuvveti, farkli malzemelerden mamul liflerin temas edip ayrilmasini veya
siirtiinmesini, bdylece ylik transferi gerceklesmesini saglamaktadir. Bu yapilarda
elektrot entegrasyonu farkli kaplama metotlar1 ile gerceklestirilecegi gibi iletken
liflerin tekstil yiizeyi liretiminde dielektrik katmanlarla birlikte yer almasi ile de
iletkenlik saglanabilmektedir. Bunun yani sira geleneksel polimerlerden iiretilmis
tekstil yiizeylerine elektrot entegrasyonu ile de triboelektrik enerji doniisiim

mekanizmasi tekstil tiriiniine kazandirilabilmektedir [56].
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Sekil 1.8 : Farkli tekstil iiretim siirecleri kullanilarak olusturulmus tekstil esasli TNG
cihazlar: a) Iletken ¢ekirdek-dielektrik kabuk yapisinda tek lif esasli TNG,
b) Tek lif esasli dielektrik katmanin geleneksel tekstil yiizeyine entegre
edilmesi ile olusturulmus TNG, c¢) Farkli dielektrik O6zelliklere sahip
liflerle olusturulmus TNG ve dokunma-ayrilma prensibi ile caligmasini
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gosterir sema, d) farkli dielektrik ve iletken malzemelerle dokunmus TNG
[57].

1.1.3 Piezoelektrik-Triboelektrik hibrit nanojeneratorler

Hibrit nanojenerator konsepti, nanojeneratér cihazin ¢ikis giliclinii  artirma
motivasyonu ile ortaya ¢ikmis bir kavramdir [58]. Her ne kadar piezoelektrik ve
triboelektrik prensipler birbirinden farkli enerji doniisiim mekanizmalari olsalar da,
her ikisinin de mekanik enerjinin elektrik enerjisine doniisiimii esas ¢ikt1 oldugundan
birlikte kullanimlart kabul gérmiis bir olgudur [59]. Bunun da 6tesinde PNG ve
TNG’lerin her ikisinin de alternatif akim cinsinden ¢ikis sinyali liretmeleri, benzer
elektriksel direng ve ¢alisma frekans araliklarina sahip olmalart da PNG ve TNG esash
hibrit nanojeneratorlere olan ilgiyi artirmaktadir [60]. Piezoelektrik-triboelektrik HNG
cihazlarda nispeten yiikksek akim  c¢ikisint  piezoelektrik  malzemedeki
kristaller/makromolekiiller saglarken nispeten yiiksek voltaj ¢ikigini karsit dielektrik
bilesenin yilizeyi saglamaktadir [59]. Piezoelektrik-triboelektrik HNG cihazlarin
tiretim asamasinda PNG veya TNG cihaz iiretim siireglerinde de yer alan elektrot
entegrasyonu, uygun malzeme se¢imi, secgilen malzemelerin uygun metotlarla
islenmesi gibi adimlar izlenmektedir. Yani piezoelektrik-triboelektrik HNG bir
cihazda piezoelektrik bilesen, piezoelektrik malzeme katkili kompozitten yahut direkt
olarak piezoelektrik malzemenin kendisinden imal edilmis olabilmektedir (Sekil 1.9).
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Sekil 1.9 : a) Piezoelektrik-triboelektrik liflerle dokunmus HNG kumas [61], b) HNG
tasarimli lif ve caligma prensibini gosterir sema [62], c) geleneksel tekstil
yiizeylerinde piezoelektrik malzeme dekorasyonu ile olusturulmus tekstil
esaslit HNG cihaz [43].
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Diger yandan HNG cihazlardaki triboelektrik bilesenin, piezoelektrik bilesene karsi-
dielektrik katman olarak ¢alisacagindan, uygun elektrik/dielektrik 6zelliklere sahip bir
malzemeden segilmesi onem arz etmektedir. Diger bir deyisle, TNG cihazlarda
dielektrik katman sec¢iminde oldugu gibi, hem triboelektrik katmanda hem
piezoelektrik katmanda, malzemelerin tribo-negatif ve tribo-pozitif 6zelliklerinin
degerlendirilerek tercih edilmesi gerekmektedir [63]. Buradan anlasilacag: iizere,
HNG cihazlar, TNG cihaz konseptinde tasarlanirlar; farkli olarak sadece TNG cihazda
kullanilabilecek iki dielektrik katmandan birisi piezoelektrik 6zelliklere sahip bir
malzemeden secilir. Malzeme se¢iminin yani sira enerji iretecek dielektrik
malzemelerin yiizey morfolojisinin manipiile edilmesi de piezoelektrik-triboelektrik
HNG cihazlar i¢in 6nemlidir [31]. Triboelektrik etki, dielektrik yiizeylerin birbirine
temas ettigi noktalarda tribo-pozitif katmanin elektron kaybedip tribo-negatif
katmanin elektron kazanmasi esasina dayandigindan temas yiizey alani, ¢ikis sinyal
siddetini belirleyen en énemli unsurlardandir. Oyle ki TNG cihazlardaki dielektrik
katmanlarin yiizey morfolojisi, dielektrik katmanlart olusturan malzemelerin

seciminden sonraki en 6nemli parametre olarak goze ¢arpmaktadir [63].

Giyilebilir HNG cihazlar, direkt olarak piezoelektrik-triboelektrik etki gosterecek
malzemelerden mamiil ve enerji donlisiimiine uygun tasarimlara sahip tekstil
yiizeylerinden olusabilecegi gibi, harici olarak iiretilmis HNG cihazlarin geleneksel
tekstil ylizeylerine dikis, yapistirma, kaplama gibi metotlarla entegre edilmeleri ile de
elde edilebilmektedirler [58]. Daha da 6nemlisi, HNG cihazlarin giyilebilir olmalari
sadece enerji elde edilmesi amaciyla degil, biyomekanik sensorler olarak da
kullanilabilirliklerini saglamaktadir. HNG esasli biyomekanik sensor uygulamalarinda
triboelektrik bilesen, uyariciya karsi yliksek sinyal ciktisi saglarken piezoelektrik
bilesen sinyal i¢in uyarici esigini diislirerek nispeten kiiclik mekanik uyarilarda dahi
cikis sinyallerinin elde edilmesini saglamaktadir, ki bu sensoriin isabetliligini

artirmaktadir.

HNG cihazlarin tiim bu avantajlarin yani sira giderilmesi gereken bazi eksiklikleri de
mevcuttur. Mekanik stabilite, sicaklik ve nem gibi ¢evresel kosullarin elektromekanik
performansi etkilememesi ve uyaran birim siddetine kars1 esdeger sinyaller liretilmesi
olarak ozetlenebilir [20]. HNG’nin sinyal stabilitesi ve ¢evresel kosulalra karsi
dayanikliligi, enerji iireten katman ve elektrot katmanin birlestirilmesinin ardindan

izolasyon prosesleri ile saglanabilmektedir. Diger yandan, HNG cihazin mekanik
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kararliligt hem HNG cihazlar i¢in hem de TNG cihazlar i¢in 6nemli bir sorundur. Her
iki nanojeneratdr konseptinde de bir siirtiinme veya dokunma-ayrilma hareketi gerekli
oldugundan belli sayida cevrim tamamlandiktan sonra katmanlarda mekanik
deformasyon ihtimali bas gostermektedir. Mekanik kararlilik sorunu, hem
nanojeneratorii olusturan katmanlarin hem de uygulama yapilacak tekstil yilizeyinin

tasarimi ile giderilebilen bir miithendislik konusudur [58].

1.2 Elektro-Uretim

Elektro-iiretim, bir tiir sivi piiskiirtme teknolojisi olarak 1747 yilinda Abbé Nollet
tarafindan gergeklestirilmis, 1900 yilinin baglarinda John Cooley ve William Morton
tarafindan patent altina alinmistir. Polimerlerin ¢esitli bilimsel arastirma alanlarinda
kendini gostermesi ile birlikte, 1934 yilinda Anton Formhals tarafindan polimer
¢ozeltisinin elektro-liretime tabi tutularak nanolifli yapilarin iiretimi gerceklestirilmis
ve patentlenmistir [64]. Takip eden yillarda ise elektro-liretim metodu gelistirilerek
elde edilen yapilarin morfolojileri daha sofistike hale getirilmis ve farkli fonksiyonel

ozelliklerin kazandirilmasi saglanmustir.

Elektro-iiretim temel olarak, bir akiskanin ortamdaki elektrik alandan kaynaklanan
elektrostatik kuvvetler yardimiyla elektrik alanmi olusturan kutuplar arasinda hareket
etmesini ifade etmektedir. Basit bir elektro-iiretim sisteminde akigkan besleme tinitesi,
yiiksek voltaj kaynag: (1-40 kV) ve toplayict yiizey olmak iizere {i¢ temel bileseni
bulunmaktadir [65]. Uretimin gerceklesebilmesi icin yiiksek voltaj kaynagmn diisiik
ve yiiksek kutuplarmin (pozitif-negatif veya pozitif-nétr) birinin ¢6zelti besleme
linitesine, digerinin ise toplayici yiizeye baglanmasi1 gerekir; dolayisiyla besleme
ucunun ve toplayici yiizeyin iletken olmasi gerekmektedir. Bu iki kutup arasina yiiksek
voltaj kaynagindan akigkanin reolojik 6zelliklerine uygun bir gerilim uygulandiginda,
kutuplar arasinda kalan alanda bir elektrik alan olusmaktadir. Bu esnada akiskan
besleme {initesi ¢ozeltiyi belirlenen hizda elektro-iiretim alanina beslerken elektrik
alandan kaynaklanan elektrostatik kuvvetler ¢6zeltiyi bir diger elektrotun bagli oldugu
toplayici yiizeye dogru harekete gecirmektedir [64]. Bir ugtan digerine hareketlenen
¢ozelti, aradaki mesafeyi kat ederken ¢oziicliniin buharlagsmasi ile ¢6zeltiyi olusturan
malzeme kati halde toplayict yiizeyde birikmektedir. Yiiksek voltaj ¢ozeltiye
uygulandiginda, besleyici ucta yarim kiire seklinde biriken ¢ozelti elektriksel olarak

yiiklenir. Etkin olan elektriksel yiik, yarim kiire seklindeki ¢ozelti damlacigindaki
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yiizey gerilimi kaynakli kuvvetleri dengeleyerek kiiresel sekilden konik sekle
dontistiiriir. Elektrik alanin artirilmasiyla elektrostatik kuvvetler baskin gelerek sivi

fazin koninin ucundan toplayiciya dogru jetler halinde piiskiirmesini saglamaktadir
[66].

Elektro-tiretim teknolojisi kullanilarak “kardes teknoloji” olarak bilinen ve literatiirde
“elektro-egirme” ile “elektro-piiskiirtme” olarak bilinen iki farkli nano malzeme
tiretim metodu tiretilmistir (Sekil 1.10). Elektro-piiskiirtme metodunda, itiretimde
kullanilacak ¢ozelti olarak siv1 i¢erisinde fiziksel olarak dagitilmis (dispersiyon) kati
partikiiller kullanilmaktadir. Burada bahsedilen partikiiller, farkli geometrilerde ve
nano-mikro ebatlarda, elektro-piiskiirtme islemi 6ncesinde sentezlenmis ve ¢ozelti
icerisinde geometrisini kaybetmeyen malzemelerdir. Yukarida bahsedilen jet olusumu
ve ¢Ozeltinin ¢dziiciisiiniin buharlagsmasi ile kat1 fazin toplayicida toplanmasi siirecleri
sonucunda bu partikiiller istenilen yiizeyde toplanabilmektedir; dolayistyla bu metot
bir kaplama metodudur. Diger yandan, elektro-egirme metodunda ¢ozelti olarak
polimer ¢ozeltileri kullanilmaktadir. Polimer ¢ozeltisi, silindirik geometride besleme
ucundan toplayici yiizeye hareket ederken c¢oziiclisii buharlagarak nano-mikro
mertebesinde ¢apa sahip silindirler, yani nanolifler seklinde toplayici yiizeyde
birikmektedir [67].

Elektro-Egirme |[Elektro-Puskirtme

Sekil 1.10 : Elektro-Egirme ve Elektro-iiretim metotlarinin sematik gésterimi.

41



1.2.1 Nanolifler

Elektro-iiretim yoluyla iretilmis nanolifli yapilar yiiksek yiizey alanina sahip,
gozenekli, disik yogunluklu ve dokusuz tekstil yiizeyleridir. Nanolifli yapilarda
gozeneklilik, yiizey alani, nanolif ¢ap1 gibi tekstil yiizeyine ait fiziksel ozellikler,
elektro-iiretim siirecindeki bazi parametrelerin degistirilmesi ile kontrol altina
alinabilmektedir. Nanolifli yapmin morfolojisini  belirleyen elektro-iiretim
parametreleri, proses parametreleri, gevresel parametreler ve ¢ozelti parametreleri,
olarak {i¢ ana baslikta degerlendirilmektedir [68]. Proses parametrelerinin basinda
elektrik alan biiyiikliigii gelmektedir. Elektrik alanin biiyikligi, birim mesafeye
tekabiil eden voltaj (V/m) olarak tanimlandigindan, uygulanan voltaj ve besleme ucu
ile toplayict ylizey arast mesafe, ¢Ozeltiye uygulanan elektriksel kuvveti
belirlemektedir. Bunun yani sira, ¢ozelti besleme hizi da elektro-iiretim sistemindeki
¢Ozilici buhar derigimini degistireceginden nanolif morfolojisini etkilemektedir [69].
Diger yandan ortam sicakligt ve bagil nem, polimer jetinin ¢oziiclisiiniin
buharlagsmasini etkileyeceginden nanolif olusumunu engelleyebilecek kadar 6nemli
parametrelerdir. Ancak, literatiirde de ¢ok sik ¢alisilan ¢6zelti parametreleri, en kolay
manipiile edilebilen ve nanolif morfolojisinde oldukga etkili degiskenlerdir. Cozelti
viskozitesi, ¢oziicii sistemi, polimerin molekiiler agirlig1 ve ¢ozelti iletkenligi, elektro-
tiretim prosesindeki baslica ¢ozelti parametreleri olarak siralanmaktadir [66]. Elektro-
tiretimde kullanilan polimerin molekiiler agirli§1 ¢ozelti viskozitesini dogrusal olarak
artiracagindan elde edilecek nanoliflerin morfolojileri izerinde oldukga belirleyicidir.
Diger yandan, molekiil agirligi yliksek polimerler, ayn1 zamanda zincir uzunlugu
yiiksek polimerler olacagindan lif olusturmak igin uygun malzemelerdir ve elde
edilecek nanolifli yapinin mekanik 6zelliklerini de artirmaktadir. Cozelti viskozitesini
molekiiler agirligin haricinde etkileyen bir diger faktor ise ¢ozelti konsantrasyonudur.
Diisiik konsantrasyonlar, viskozitesi diistik ¢cozeltilere sebep olur. Diisiik viskozitedeki
polimer ¢ozeltileri ise ylizey gerilim kuvvetlerinin baskin gelerek polimerin toplayici
yiizeye lif degil kiire seklinde birikmesi ile sonuglanir, ki literatiirde nanolifli yapidaki
boncuk olusumu hatali tiretim olarak kabul edilmektedir [68,70]. Dolayisiyla diigiik
molekiill agirhikli  polimerlerin  de diistik viskoziteli polimer ¢ozeltileri
olusturacagindan lif olusumunu engelleyip boncuk olusumunu artiracagi soylenebilir.
Cozeltiyi olusturan ¢ozelti sistemi ise ortam sicakligi ve bagil nem gibi polimer jetinin

elektro-egirme sirasinda ¢oziiciisiinii kaybedip lif formunda katilasmasi igin kilit
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parametrelerden birisidir. Diisiik ucuculuktaki ¢oziiciiler kullanilarak hazirlanmig
polimer ¢ozeltileri elektro-egirme prosesinde polimer jetinin besleme ucundan
toplayici yilizeye olan mesafesini Kat edene kadar ¢6ziiciistinii kaybedebez ve sivi halde
toplayici yiizeyde toplanir: Diger bir deyisle toplayici yilizeyde dokusuz nanolifli yap1
degil, film olusumu ger¢eklesmektedir [71]. Buna ilaveten, polimer g¢o6zeltisinin
iletkenligi de nanolif morfolojisini manipiile etmenin bir diger yoludur. Polimer
coOzeltisinin elektriksel iletkenliginin yiiksek olmasi, ¢ozelti igerisindeki yiik
hareketliligini artiracaktir. Artan yiikk hareketliligi ise elektrik alan kaynakh
elektrostatik kuvvetlerin ¢ozelti lizerinde daha etkin olmasi anlamina gelmektedir.
Literatiirde polimer ¢ozeltisinin iletkenliginin artis1 ile daha ince nanoliflerin elde

edildigi belirtilmektedir [72,73].

1.3 Nanolif Esash Nanojeneratorler

Nanolifli yapilarin yiiksek gozeneklilik, yliksek yiizey alani ve esneklik 6zelliklerinin
tekstile uyumlulugundan 1.2.1 Nanolifler bolimiinde bahsedilmisti. TNG ve PNG
cihazlarda yiizey alaninin ¢ikis voltajina olan olumlu etkisi ise 1.1 Nanojeneratorler
bolimiinde 6zetlenmisti. Bu iki olgu birlikte ele alindiginda, nanolifli yapilarin hem
PNG, hem TNG, hem de HNG cihazlar i¢in oldukga ideal malzemeler oldugu

sonucuna varilmaktadir.

TNG cihazlarda performansi etkileyen baslica faktorler olan yiiksek temas yiizey alani
ve tabaka kalinligi elektro-egirme prosesinde manipiile edilebilen parametrelerle
oldukga etkin bir sekilde kontrol altina alinabilmektedir [74]. Elektro-egirme
sirecinde kullanilacak polimerlerin tribo-elektriksel seride uygun o6zelliklerde
polimerlerden se¢ilmesi ile oldukga genis yiizey alanina sahip ve verimli TNG cihazlar
edilebilmektedir. PNG cihazlarda ise inorganik ve organik piezoelektrik malzemelerin
elektro-iiretim metodu ile islenip nanojeneratdor olarak kullanimi ayri ayri ele
alinmaktadir. Perovskit ve wiirtzite kristal yapidaki inorganiklerin nanolif formunda
iretimi iki asamada gergeklesmektedir: Onciil nanolif liretimi ve kalsinasyon. Bu
metotla inorganik nanolifli yap1 lretimin de Oncelikle hedeflenen piezoelektrik
seramik malzemenin oncill tuzlari ve bir baglayici polimeri igeren elektro-egirme
¢dzeltisi hazirlanarak onciil nanolifli yapilar iiretilir. ikinci adimda ise hem piezo-
seramik Onciilii olan ve nanoliflerin igerisinde mevcut bulunan tuzun kalsinasyonu,

hem de baglayici olarak kullanilan ve elde edilen yiizeyin nanolifli yap1 6zelligine
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sahip olmasini saglayan baglayict polimerin 1s1l bozulmaya ugrayarak yapiy1 terk
etmesi amaciyla yiiksek sicaklik uygulanarak piezoelektrik seramik esasli nanolifli
yapi elde edilmektedir [75,76]. Elde edilen nanolifli yapi, elektrotlarin entegrasyonu
ve uygun izolasyon islemleri sonucunda nanojenerator formunda elde
edilebilmektedir. Ancak, inorganik nanolifli yapilarin sert ve kirilgan yapilarindan
dolayr mekanik stabiliteleri diisiiktiir ki mekanik deformasyona ugramalar1 halinde
sinyal stabilitesi de bozulacak ve enerji donilisiimiis aglanamayacaktir. Bu sebeple
piezoelektrik 6zelliklere sahip polimerik malzemelerin (PVDF ve kopolimer tlirevleri)
nanolif formunda PNG cihaz iiretiminde kullanilmalar1 oldukga popiiler bir yontemdir
[77]. PVDF, viniliden floriir esash piezoelektrik polimer ailesinin en basit tiyesidir ve
-(CH2-CFy)- tekrarlayan biriminden olusan termoplastik bir polimerdir. PVDF
polimerinin o, B ve y olarak adlandirilan ti¢ baskin kristal faz1 olmakla birlikte en stabil
kristal faz, yari-heliksel konformasyona sahip a-kristal fazdir. Ancak bu kristal fazda
molekiiler polarizasyon olmadigindan piezoelektrik, piroelektrik veya ferroelektrik
ozellikler gozlenememektedir [78]. B ve vy kristal fazlar ise kutuplanmis ve
piezoelektrik, piroelektrik ve ferroelektrik gosteren kristal fazlar olmakla birlikte,
elektro-aktiflik bakimindan en ideal kristal faz olarak zig-zag konformasyondaki 8
kristal faz gosterilmektedir [79]. Bu sebeple PVDF esasli PNG cihazlarda polimerin
isleme siirecleri, gerekli makro-morfolojik 6zellikleri saglamanin Gtesinde B-kristal
fazda bir PVDF yiizeyi elde etmek iizere secilmektedir. Bu noktada elektro-egirme
metodu nanoliflere, polimer zincirlerinde elektriksel yiik yogunlugunun yiikselmesi ve
buna es zamanli mekanik ¢ekme kuvvetinin etkileriyle iiretim sonrasi proseslere gerek

duyulmadan kendiliginden polarize olmus bir zincir morfolojisi sunmaktadir [80,81].

Literatiirde, ¢esitli polimer nanolifleri kullanilarak yapilmis PNG calismalarina goz
atildiginda, PVDF nanolif esasli PNG uygulamalarinin sik¢a ¢alisildigi goze
carpmaktadir. Ornegin, yapilan bir ¢calismada [29] PVDF film ve PVDF nanolif/PDMS
yapist kullanilarak bir hibrit nanojeneratdr iiretilmistir. Oncelikle PVDF filmin iki
yiizeyi elektrot olarak ITO kaplanmistir. Diger yandan PVDF nanolifli yap1 elektro-
egirme ile iiretilmis ve bu yapt PDMS recine igerisine daldirilmis ve kiirlenmistir.
PVDF nanolif/PDMS kompozit, ITO kapli PVDF filmin {izerine yerlestirilmistir. Bir
akrilik borunun tabanina naylon bir film gerilmis ve ITO/PVDF/ITO/PVDF
nanolif/PDMS yap1 bu filme yakin bir sekilde yerlestirilmistir. Riizgar etkisine maruz
birakilarak temas edip ayrilan katmanlar, piezoelektrik ve triboelektrik olarak 5,12 uW
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gii¢ tiretebilmistir. Yine PVDF nanolifl esasli PNG {izerine bir diger calismada ise
seliiloz bir yiizey tizerinde hidrotermal metotla MoS> nanoteller biiyiitiilmiis, ardindan
MoS,/seliiloz katmanin iki yiizeyine PVDF nanolifli yap1 elektro-egirme yoluyla
kaplanmustir [82]. Uretilen HNG, alternatif akim iirettiginden bir dogrultucu devreye
baglanmis ve farkli ebatlarda numunelerden maksimum 50 V gerilim elde edilmistir.
Benzer bir ¢aligmada [83], bir HNG cihaz tasarlanmis, cihazin piezoelektrik bileseni
olarak PVDF nanolifli yapr segilirken ona karsit dielektrik bilesen olarak ¢ok duvarli
karbon nanotiip katkili PDMS film kullanilmistir. Triboelektrik etkide yiizey
morfolojisinin ¢ikis giiciine onemli etkisinden dolayr, PDMS film {izerinde
fotolitografi metoduyla 50 pm c¢apta dikey silindirler olusturulmustur. Giimiis
katmanlardan olusan elektriksel kontaklar bir dogrultucu devreden gegirilerek DC
olarak 6l¢iilmiis ve 5 N basing altinda maksimum 17 V gerilim {iretildigi rapor

edilmistir.

Biyomekanik enerji doniistimii i¢in giyilebilir bir 6rnek olarak, PVDF nanolif esasl
bir ayakkabi tabani tiretilmistir [84]. Yiiriiyilis esnasinda tabana uygulanan basing ile
tiretilen voltaj maksimum 210 V olarak 6l¢iilmiistiir. Ayrica cihazin ¢ikis baglantilar:
bir dogrultucu devreden gegcirildikten sonra aymi anda 219 adet LED ampulii
yakabilmigtir. Farkli yaklasimlar kullanilarak 1ki farkli polimerik nanolifin
kullanilmasi [15] ve PVDF’in gozenekli hale getirilmesi [85] ile HNG cihazlarin
iretildigi goriilmistiir. Bu prensiple ¢alisan bir HNG cihazin iiretildigi bir ¢aligmada,
nanojeneratoriin piezoelektrik bileseni PVDF nanolifler olarak belirlenmis ve karsit
triboelektrik katman olarak ipek/PEO karisimindan iiretilen nanolifli yap1 olmustur.
HNG cihaz 25,7 N basingta maksimum 500 V ve 12 pA c¢ikis sinyali tiretmistir [15].
Song ve arkadaslarinin yaptig1 calismada ise, PVDF (icerisinde BaTiOz ve karbon
nanotiip katkisi ile, nanolif formunda) ile PDMS arasindaki triboelektrik etkilesimi
kullanarak hibrit bir nanojeneratdr iiretilmistir. Elde edilen HNG, 162 V ve 2,22 W/m
gii¢ tretebilmistir [86]. Singh ve arkadaslarinin ¢alismasinda [87] ise PVDF nanolifler
tiretilmis ve karsit polimer olarak hardal tohumu kullanilmigtir. PVDF nanolif ile
hardal tohumundan olusan katman arasina ortast bosluk kalacak sekilde bir ayirici
katman yerlestirilmis ve elektrotlarin da eklenmesi ile piezoelektrik-triboelektrik HNG
tiretilmistir. 3 cm X 3 cm ebatlardaki HNG cihazdan 40 N basing altinda 92 V ve 334
mW/m gii¢ elde edilmistir.
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1.4 Tezin Amaci

Bu tez ¢alismasinda, nanolif esasli triboelektrik-piezoelektrik hibrit nanojeneratorlerin
gelistirilmesi ve tekstil uygulamalar1 hedeflenmistir. Biri piezoelektrik polimer olmak
tizere farkli polimer nanolifleri biinyesinde barindiran hibrit nanolifli yapilarda enerji
doniisiim verimliliginin saf piezoelektrik polimer (PVDF) nanolif esasl1 yapiya kiyasla
artirllmas1  amaglanmistir.  Ilerleyen asamalarda ise elektro-egirme prosesinde
kullanilan hem polimer ¢6zelti konsantrasyonunun, hem de elde edilen nanoliflerin
yiizey piriizliiliklerinin kontrolii ile elde edilen elektriksel giiclin artirilmasi
amaglanmistir. Polimer nanoliflerin optimize edilmesinden sonra ise elektriksel iletken
katkilar ve piezoelektrik nanomalzemelerin yapiya farkli tekniklerle ilave edilerek
hem yiik transferi, hem de piezoelektrik polarizasyon kaynakli elektrik enerjisi
tiretiminin artirilmasi amaglanmistir. Son kisimda ise nanolif esasli bir nanojeneratore
elektro-piiskiirtme yoluyla elde edilmis grafen elektrot uygulamasi optimize edilerek

kullanilabilirliginin ortaya konmasi amaclanmistir.

1.5 Hipotez

Tek bir nanolifli yapida bulunan farkli polimerlere ait liflerin, birbirine temas edip
ayrilmasi ile triboelektrik temas noktasi sayisinin artirilmasi, ¢ikis sinyallerinin
siddetini artiracaktir. Bunun o6tesinde, nanolifli yapiyr olusturan nanoliflerin
morfolojik ozelliklerinin (lif ¢api, piriizlilik, gozeneklilik, yiizey alani, vb.)
elektriksel ¢ikisa etkisi ile ideal morfolojinin bulunmasi, ardindan bu ideal
morfolojideki nanoliflerin yiizey pirizliliginiin  degistirilmesi ile tribo-

elektrifikasyonun ve dolayisiyla ¢ikis sinyal siddetinin yiikselecegi ongorilmiistiir.
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2. PVDF VE TPU NANOLIFLERININ GELISTIiRILMESI iCIN STRATEJIK
SOLVENT SISTEMI OPTIMiZASYONU

Tez ¢alismasinin bu boliimii, “Journal of Innovative Engineering and Natural Science”
dergisinin 4. cilt ve 1. sayisinda, 138. ile 150. sayfalar arasinda, 2024 y1l1 Ocak ayinda,
“Strategic Solvent System Tuning for the Development of PVDF and TPU
Nanofibers” bashigi ile yayinlanacaktir (bkz. EK A) [1]. Tez ¢alismasi kapsaminda
kullanilacak PVDF/TPU HNF yapilarin iiretiminde kullanilmak tizere, PVDF ve TPU
polimer ¢ozeltilerinin ¢oziicti sistemi optimizasyonu her iki polimer igin de ayr1 ayri
gerceklestirilmistir. PVDF ve TPU c¢ozeltilerinin solvent sistemi optimizasyonu,
elektro-egirme prosesindeki voltaj, tiretim mesafesi, ¢ozelti besleme hizi, nem ve
sicaklik parametreleri sabit tutularak gergeklestirilmistir. Solvent sisteminin nanolif
morfolojisi lizerindeki etkisi, hem kullanilan polimerin kullanilan ¢6ziicii sistemindeki
¢ozinlrlik ozelliginden kaynaklanan ¢ozelti viskozite degisimi, hem de ¢oziicii
sistemin uguculugunun ¢oziicii bilesenlerle degismesi ile agiklanmaktadir. Elektro-
egirme prosesinde uygulanan elektrik alan, polimer ¢ozeltisinin besleme ucundan
toplayict yiizeye dogru harekete gegirirken, hareket halindeki ve jet formundaki
polimer ¢ozeltisinin ¢6ziiciisiinii biiylik Olgiide kaybetmesi ve toplayict yiizeyde
katilagsmis olarka birikmesi beklenmektedir. Diisiik uguculuktaki bir solvent sistemi,
polimer jetinin kutuplar arasi hareketi siiresince solventini kaybedip katilasmasini
zorlastirmaktadir. Coziiciisiinii kaybetmeden toplama yiizeyine ulasan bir polimer jeti,
heniiz ¢ozelti formunda oldugindan toplayici yiizeye yayilarak ve toplayici yiizeye
ulagsmaya devam eden polimer jetlerinin nanolifler halinde katilasmasin1 da engeller.
Ilave olarak PVDF gibi baz1 polimerlerde polimer jetinin katilasma siiresi, polimer
zincirlerinin olusturdugu kristal fazlari etkileyebilmektedir. PVDF gibi elektroaktif
polimerlerde zincir morfolojisinde gergeklesecek bu denli degisimler bazi elektriksel,
mekanik ve hatta kimyasal 6zellikleri etkileyebilmektedir. Tiim bu bilgiler 1s18inda
DMF (diisiik ugucu) ve asetonun (yiiksek ugucu) hem PVDF hem de TPU polimerleri
igin ortak ¢oziiciiler olmasi nedeniyle DMF-aseton karisiminda bu polimerlerin ayri
ayr1 ¢ozeltileri hazirlanmistir. Cozeltilerin hazirlandigi ¢oziicli sistemler kiitlece

%35,0, %37,5, %40,0, %42,5, %45,0 ve %50,0 DMF igerecek sekilde hazirlanmastir.
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Tez caligsmasinin bu bdliimiinde solvent sisteminin uguculugundaki artisin hem nanolif
morfolojisi hem de polimer zincir morfolojisi iizerine etkisi aragtirtlmistir. Bu sebeple
iretilen nanolifli yapilarda degisen lif morfolojisi SEM goriintileme teknigi
kullanilarak, nanolifleri olusturan polimer zincirlerinin morfolojik degisimi ise FT-IR
spektroskopisi kullanilarak incelenmistir. TPU ve PVDF nanolifler, belirlenen solvent
sistemlerinde 26 kV voltaj uygulanarak, %210 polimer konsantrasyonunda, 175 mm
mesafeden ve 1 mL/saat ¢6zelti besleme hiziyla tiretilmistir. TPU nanoliflere ait SEM
goriintiileri analiz edildiginde, ¢6ziicli sistemde artan DMF oraninin elektro-egirme
yonteminde hatali {iretim olarak boncuk olusumunu tetikledigi, nanolif ¢aplarinin ise
azaldig1 gozlemlenmistir. Diger yandan PVDF polimeri igin nanolif ¢aplart ile ¢oziicii
sistem arasinda anlamli bir korelasyon bulunmadigi goriilmiistiir. Ayrica hem TPU
hem de PVDF polimerlerinde %45 ve %50 DMF ile hazirlanmis numunelere ait
goriintiiler, yapmin alt yiizeyl filmsi st yiizeyi ise lifli bir yapt elde edildigini
gostermistir. Bu noktada, ¢ziiciiniin egirme mesafesinde ugmamis olmasi ve toplayici
yiizeyde ¢ozelti halinde biriken polimer ¢ozeltisi, filmsi bir yapiya sebep olmustur.
FT-IR analizleri sonucunda ise ¢6ziicii sistemin TPU polimerinin makromolekiiler
yapist lizerinde 6nemli bir etki gdzlemlenememistir. Ancak PVDF polimerinin Kristal
fazlar1 arasi gegislerin ¢oziicii sistemdeki DMF oranmi ile iligkili oldugu tespit
edilmistir. Sonug olarak kiitlece %37,5 DMF-%62,5 aseton i¢eren solvent sisteminin

her iki polimer i¢in de ideal solvent sistemi oldugu belirlendi.
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3. NANOLIFLI YAPI ESASLI KOMPAKT PiEZOELEKTRIK-
TRIBOELEKTRIK NANOJENERATORLER

Tez galismasinin bu bolimi, “Express Polymer Letters” dergisinin 17. Cilt ve 6.
sayisinda, 564. ile 579. sayfalar arasinda, 2023 yil1 Haziran ayinda, “Nanofiber mat-
based highly compact piezoelectric-triboelectric hybrid nanogenerators” basligiyla
yaymlanmustir (bkz. EK B) [2]. Bu béliimde, “2. PVDF VE TPU NANOLIFLERININ
GELISTIRILMESI ICIN STRATEJIK SOLVENT SISTEMI OPTIMiZASYONU”
bolimiinde belirlenen elektro-egirme parametreleri kullanilarak HNF numuneler, TPU
ve PVDF c¢ozeltilerin es zamanli olarak beslenmesiyle tiretilmistir. Burada HNF yapi,
tek bir nanolifli yapida bulunan ve ayri ayri olusmus TPU ve PVDF nanolifleri ifade
etmektedir. HNF esasli HNG cihaz konseptine gore, HNF yapi iizerine bir mekanik
kuvvet uygulandiginda PVDF ve TPU polimerlerine ait nanoliflerin birbiriyle temas
edip ardindan ayrilmasi, farkli dielektrik ozelliklerdeki yiizeyler arasi elektron
transferinin tek bir uyariyla binlerce farkli noktadan gergeklesmesi temeline
dayanmaktadir. Bu tez calismasinda da goriildiigii tizere, HNF yapiyr olusturan
polimerlerden birinin piezoelektrik bir polimerden se¢ilmesi, tribo-elektrifikasyonun
yani sira piezoelektrik polarizasyon kaynakli bir enerji doniisiim mekanizmasinin da
nanojeneratoriin ¢alisma siirecine dahil olmasini1 saglamaktadir. Bu sebeple tez
caligmas1 kapsaminda iretilen HNG cihazlarin ¢alisma prensibi piezoelektrik-
triboelektrik hibrit mekanizma olarak adlandirilmaktadir. Triboelektrik enerji
donlistimiintin temel gereksinimi olan iki farkli dielektrik malzemenin temas
ettirilmesi ve ayrilmasi siirecinin geleneksel TNG cihazlarda mekanik deformasyona
neden oldugu diistiniildiigiinde, enerji lireten katmanin tek bir kompakt HNF yapidan
olugsmast HNG cihazina mekanik stabilite de saglamaktadir. Bu boliimde, bir dnceki
adimda belirlenen DMF:aseton oranina sahip ¢oziicii karisimi kullanilarak (kiitlece
%37,5 DMF:%62,5 aseton), farkli polimer konsantrasyonlarina sahip TPU ve PVDF
cozeltileri (kiitlece %5, %7, %9, %11, %13, %15) ayr1 ayri hazirlanmigtir. Ayni
konsantrasyondaki her iki polimer ¢ozelti giftleri (%11 TPU ile %11 PVDF gibi) es
zamanli olarak 1,75 mL/saat hizla sisteme beslenmis ve 175 mm elektro-egirme
mesafesinden 36 kV voltaj uygulanarak HNF yapilarin iiretimi gergeklestirilmistir.
Elde edilen nanolifli yapilarin {ist ve alt yilizeyleri, manyetik sputtering teknigi
kullanilarak 2 cm x 4 cm boyutlarinda altin ile kaplanmus, iki aliiminyum bant arasina

yerlestirilmis, yalitm ve mekanik dayaniklilik saglamasi amaciyla silikon regine ile
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kaplanmistir. Elde edilen HNG cihazlarinin elektromekanik karakterizasyonu bu
calisma kapsaminda tasarlanan ve periyodik olarak basma hareketi gergeklestiren bir
cihaz ile gergeklestirilmistir. Periyodik basma hareketi ile uyarilan nanojeneratoriin
cikis uclar1 agik devre baglantisiyla bir osiloskopa baglanarak agik devre voltaj
sinyalleri Ol¢iiliip kaydedilmistir. Akim c¢ikislarin1 6lgmek icin nanojeneratoriin iki
cikist 100 kQ biiyiikliigiinde bir direng¢ kullanilarak kisa devre yapilmis, olusturulan
kisa devrenin iki ucu osiloskopa baglanarak degerler ol¢iilerek kaydedilmistir. Bu
Olctilen degerler ise Ohm Kanunu’nda direng¢ ve voltaj degerleri yerine konarak ¢ikis
akim degerleri hesaplanmistir. HNF numunelerin  morfolojik analizlerinin
gerceklestirilmesi igin SEM goriintilleme, elektro-aktif B-kristalin PVDF fazinin
nicel/nitel tespiti i¢in FT-IR spektroskopisi ve HNF yapiy1 olusturan polimerlere ait
(TPU ve PVDF) termal ozelliklerin ortaya konmasi maksadiyla DSC analizi
gerceklestirilmistir. SEM  goriintiilerinde nanolif caplart IMAGEJ yazilimi ile
Olgiilerek analiz edilmistir. Yapilan inceleme sonucunda HNF yapilardaki ortalama
nanolif ¢ap1 degerlerinin, artan polimer konsantrasyonuyla dogrusal olarak 120,32
nm'den 337,57 nm'ye yiikseldigi goriilmiistiir. Bunun 6tesinde, HNF numunelere ait
SEM gortintiilerinde PVDF ve TPU nanoliflerin ayr1 ayri olustugunun gosterilmesi
amaciyla F ve N atomlar1 EDS-haritalama teknigi kullanilarak gorsellestirilmistir.
PVDF polimerinden gelen F atomlarinin ve TPU polimerinden gelen N atomlarinin
sinyallerinin yogunlastig1 noktalar SEM goriintiisii ile karsilastirildiginda her iki
polimere ait nanoliflerin birbirinden ayri ve homojen bir sekilde olustugu tespit
edilmistir. Saf TPU nanolifli yapiya, saf PVDF nanolifli yapiya ve HNF yapiya
uygulanan FT-IR analizleri sonucunda, hem TPU polimerinin karakteristik pikleri
(3326 cmt, 1725 cm?, 1629 cmt, 1133 cm™) hem de PVDF polimerinin karakteristik
pikleri (1229 cm™, 839 cm?, 509 cm?, 441 cm™?), HNF numuneye ait FT-IR
spektrumunda gozlenmistir. Ek olarak FTIR analizlerinde elde edilen sinyal siddetleri
esas alinarak yapilan B-kristalin fazdaki PVDF zincirlerinin numunedeki orani
hesaplanmistir. Saf PVDF nanolifli yapiya, HNF numuneye ve toz PVDF polimerine
ait pB-kristalin faz oranlar sirastyla %55, %45 ve %28 olarak hesaplanmistir. DSC
analizlerinin sonucu olarak ise TPU nanolifli yapiya ait DSC termograminda literatiire
uygun olarak 160-170 °C araliginda olduk¢a zayif bir sinyal gozlenmistir. PVDF
nanolifli yap1 i¢in ise 159 °C'de entalpisi 49,78 J/g olan giiglii bir erime sinyali
goriilmiistir. HNF numuneye ait DSC termograminda ise PVDF polimerinden

kaynaklanan erime piki 154 °C'de ve 24,11 J/g entalpide gozlenmistir. Diger yandan
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HNF numunede, TPUmun termokalorimetrik 0Ozelliklerinden dolayr TPU
polimerinden kaynaklanan net bir sinyal gozlenememistir. Bu noktada, hem FT-IR
analizlerinde HNF numunenin saf PVDF nanolifli numuneye kiyasla daha diisiik -
kristalin faz igermesinin, hem de PVDF nanolifli numune ile karsilastirildiginda HNF
nu erime entalpisindeki diisiisiin sebebi olarak HNF numunesinin kiitlece %50 kada
TPU polimeri igermesi olarak degerlendirilmektedir. HNG cihazlarin elektromekanik
karakterizasyonunda ise oncelikle HNF matin avantajlarini ortaya koymak amaciyla
saf PVDF nanolif ve HNF kullanilarak ayr1 ayr1 nanojeneratorler, yukarida anlatilan
teknikler kullanilarak iiretilmis ve periyodik basma cihazi ile ¢ikis voltaj ve akim
sinyalleri 6l¢iilmiistiir. PVDF nanolif ve HNF nanolifli yap1 esasli nanojeneratorler
sirasiyla 0,82 V ve 2,32 V gerilim lretirken 0,72 pA ve 2,55 pA akim tiretmistir. Bu
veriler 1s5138inda HNF esasli nanojeneratoriin PVDF nanolif esasli nanojeneratore
kiyasla yaklasik ii¢c kat daha giiclii sinyaller iiretebildigi ortaya konmaktadir. Farkli
polimer konsantrasyonlarinda hazirlanan ¢ozeltilerle iiretilen HNF  esash
nanojeneratorler, kiitlece %13 polimer konsantrasyonuna kadar hem ¢ikis akimi hem
de ¢ikis voltaji degerlerinde artis gdsterse de bu konsantrasyonun iizerinde diisiis
egilimine girmistir. Boylece %13 TPU ve %13 PVDF cozeltilerinden elde edilen
nanolifli yap1 kullanilarak iiretilen HNG cihaz1 2,9 kV/m? gerilim yogunlugu ve 3,182

mMA/m? akim yogunlugu ile ideal yap1 oldugunu kanitlamstir,

Bir sonraki asamada, ideal morfolojide nanoliflerin olustugu konsantrasyon olarak
belirlenen kiitlece %13 polimer igeren ¢ozeltiler kullanilarak elde edilecek HNF
yapilarda, nanolifler arasindaki yiikk transferinin giiclendirilerek triboelektrik
etkilesimle elde edilen elektriksel giiclin artirilmasi amaglanmistir. Bu baglamda
oncelikle TPU ve PVDF nanolif ytizeyleri GO ile kaplanmis ve daha sonra kimyasal
olarak indirgenerek elektriksel olarak iletken rGO formuna doniistiiriilmiis, boylece
nanolif yilizeylerinin iletken malzemeyle kaplanmasi saglanmistir. PVDF ve TPU
nanoliflerin GO ile kaplanmasi, kaplamanin homojen olarak gergeklelstirilmesi
amaciyla elektro-egirme ile es zamanli olarak uygulanan elektro-piiskiirtme islemi ile
gerceklestirilmistir. Oncelikle belirlenen derisimlerde TPU ve PVDF c¢ozeltileri bir
onceki asamada oldugu gibi elektro-iiretim sisteminde ayr1 besleme {initelerine
baglanmistir. GO dispersiyonu ise tigiincii bir besleme tinitesinden sisteme baglanarak
lic besleme uglu bir elektro-iiretim sistemi ortaya ¢tkmistir. Ug beslemeli iiretimde GO

¢ozeltisi (hacmen 1:2 su:IPA karisiminda), elde edilecek HNF yapida kiitlece %0,08,
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%0,24, %0,40, %0,56 ve %0,72 GO ihtiva edecek konsantrasyonlarda hazirlanmas,
GO ¢ozeltisi besleme hizi ise her bir numune tiretiminde sabit tutulmustur. Ancak iig
beslemeli tiretim sistemi ile GO katkili HNF {iretiminde bir 6nceki adimda belirlenen
baz1 parametrelerin revize edilmesi gerekliligi dogmustur. Bu sebeple polimer
cozeltilerinin besleme uglar1 ile toplayict yiizey arasindaki mesafe 130 mm’e
indirilirken, GO ¢0zeltisinin besleme ucu 80 mm mesafede tutulmustur. Polimer
¢ozeltilerinin besleme hiz1 bir dnceki adimda oldugu gibi 1,75 mL/saat olarak sabit
kalmis, GO dispersiyonu ise sisteme 7mL/saat hizla beslenmistir. GO-HNF
numuneler, bu parametreler kullanilarak 36 kV voltaj uygulanmasiyla elde edilmistir.
Elde edilen GO-HNF yapilar gece boyu oda kosullarinda kurutulmustur. Kuruyan GO-
HNF numuneler, 0,5 M konsantrasyondaki hidrazin hidrat ¢6zeltisi igerisine alinarak
75°C'de indirgeme iglemine tabi tutularak rGO-HNF yapilar elde edilmistir. rtGO-HNF
yapilar, tez ¢aligmasinin bu boliimiiniin son asamasi i¢in enerji lireten katman olarak
kullanilmis, bir 6nceki asamada uygulanan tekniklerle nanojenerator cihaz haline
getirilmistir. rGO-HNF numunelere ait temel karakterizasyon kapsaminda ise ilk
olarak rGO-HNF numunelerde PVDF'e ait B-kristalin faz oran1 FT-IR spektrumunda
elde edilen sinyal siddetleri esas alinarak hesaplanmistir. Ancak kizilotesi 15181n grafen
ve tiirevleri tarafindan absorbe edilmesinden dolayr rGO miktarinin artmasiyla sinyal
siddetlerinde diisiis meydana geldigi goriilmiis, bu sebeple de rGO-HNF numunelere
ait saglikli bir B-kristalin faz oran1 hesaplanamamistir. Diger yandan PVDF ve TPU
polimerlerine ait nanolifleri kaplamis rGO levhalar, SEM goriintiilleme teknigi
kullanilarak goriintiilenmis ve rGO levhalarin polimer nanolifleri sikica sardig
gozlenmistir. Elde edilen rGO-HNF numunelerin elektriksel direngleri dl¢iilmiis ve
artan rGO miktart ile azalan elektriksel direnglere sahip oldugu, diger bir deyisle artan
rGO miktarinin nanolifli yapilar1 daha iletken hale getirdigi kanitlanmistir. rGO-HNG
cihazlar, bir 6ncekli asamada kullanilan periyodik basma testi ile ve bir osiloskop
yardimiyla elektromekanik  olarak  karakterize edilmistir.  Elektromekanik
karakterizasyon sonucunda kiitlece en fazla rGO i¢eren HNF numune kullanilarak elde
edilen nanojeneratériin 5,35 kV/m? voltaj yogunlugu ve 5,454 mA/m? akim yogunlugu
iireterek en yiiksek performansi sergiledigi goriilmiistiir. Bu degerler katkisiz HNF
yapiya kiitlece %0,72 GO katkisinin ¢ikis gerilimini ve akimini sirasiyla %84,5 ve
%71,4 artirdif1 anlamina gelmektedir. Standart elektromekanik karakterizasyonun
yani sira rGO-HNG-072 nanojeneratére kullanici denemeleri de yapilmistir. Bu

adimda nanojenerator, AC/DC doniisiimiiniin saglanmasi igin bir dogrultucu devreye,
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dogrultucu devrenin pozitif ve negatif kutuplart ise 119 adet LED ampuliin seri
baglanmasiyla olusturulmus bir bagka devreye baglanmistir. Nanojeneratore el ile
basing uygulanmasi sonucu 119 adet LED ampuliin yandig1 goriilmiistiir. Ayrica 4,7
uF kapasitansh ticari bir kapasitor kullanilarak bir denerji depolama testi yapilmais,
rGO-HNG cihazin periyodik basma cihazinin mekanik uyarimi altinda depolama

bileseninin gerilimini 10 saniyede 0,9 V’a yiikseltmeyi basardig1 gortilmiistiir.
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4. MEKANIK ENERJININ GERI KAZANIMI iCiN UC BOYUTLU
PIEZOELEKTRIK-TRIiBOELEKTRIK HiBRiT NANOJENERATORLER

Tez galismasinin bu bélimii, “ACS Applied Nano Materials” dergisinin 6. cilt ve 16.
sayisinda, 14656. ile 14668. sayfalar arasinda 2023 yili Agustos ayinda, “Three-
Dimensional Piezoelectric—Triboelectric Hybrid Nanogenerators for Mechanical
Energy Harvesting” basligiyla yaymlanmistir (bkz. EK C). Nanolifli yapidaki lif
morfolojisinin ve bu nanolifler aras1 yiik transferini iyilestirmeye yonelik

optimizasyon ¢alismalarinin (bkz. 0

NANOLIFLI YAPI ESASLI KOMPAKT PIEZOELEKTRIK-TRIBOELEKTRIK
NANOJENERATORLER) ardindan, tez ¢alismasinin bu kisminda HNG cihazlarn
performansinin gelistirilmesi i¢in nanolifli yapilardaki nanoliflerin {i¢ boyutlu
tasarimlarinin manipiile edilmesi ile HNG cihazlarin verimliliginin gelistirilmesine
calistlmistir [3]. Triboelektrik nanojeneratorlerde dielektrik katmanlarin yiizey
purtizliliigiiniin ¢ikis voltaj ve akimima olumlu etkisi goz Oniline alindiginda,
caligmanin bu bolimiinde hem TPU hem de PVDF nanoliflerin yiizeyleri nano
boyutlarda piiriizlendirilerek elektrostatik etkilesimin gii¢lendirilmesi yoluna
gidilmistir. Nanolif yiizeylerinin piiriizlendirilmesi, kurban malzeme yo6ntemi
kullanilarak gergeklestirilmistir. Kurban malzeme metodunda o6ncelikle fiziksel
ve/veya kimyasal 6zellikleri birbirinden farkli iki malzemeden kat1 fazda kompozit bir
yapt elde edilir. Elde edilen kompozit yapida miktarca daha az bulunan malzeme,
fiziksel veya kimyasal yontemlerle yapidan uzaklastirilir. Sonug itibariyle kurban
malzemenin yapiy1 terkettigi alanlarda bosluklar olusur. Burada kilit nokta, yapidan
uzaklastirilan malzemenin uzaklastirilmasi islemi, miktarca fazla olan ana bilesene
zarar vermeyecek bir teknik olmalidir. Nanolif yiizeylerinin piiriizlendirmesi amaciyla
ana polimer olarak kullanilan TPU’ya veya PVDF’e kiyasla kiitlece %6, %8, %10,
%15 ve %30 oraninda kurban malzeme olarak PVP ilavesi ile TPU ve PVDF
¢Ozeltileri hazirlanmis ve bu c¢ozeltiler ile Onceki asamalarda belirlenen tiretim
parametreleri kullanilarak onciil HNF numuneler iretilmistir. Yapidaki PVP
polimerinin uzaklastirilmas1 amaciyla HNF numuneler saf IPA icerisine daldirilarak

70 °C'de gece boyunca tutularak PHNF numuneler elde edilmistir. Elde edilen PHNF
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numuneler, PVP polimerinin yapidan uzaklastirildigini géstermek amaciyla FT-IR ve
DSC analizlerine tabi tutulmustur. Ayrica nanolif yiizeylerindeki piiriizlilik, SEM
gorintiileme metoduyla gorsel olarak da kanitlanmistir. PHNF esasli nanojeneratérler,
onceki bolimde kullanilan teknikler yardimiyla nanojeneratér cihaz formuna
getirilmis ve karakterize edilmistir. Temel malzeme karakterizasyonu agsamasinda elde
edilen FT-IR sonuglarina bakildiginda, 6nciill HNF numuneye ait spektrumda PVP
polimerine ait iki karakteristik pik (3350 cm™ ve 1644 cm™) gozlenmistir. Ancak bu
iki sinyalin, kimyasal asindirma isleminden sonra elde edilen PHNF numuneye ait FT-
IR spektrumunda kayboldugu, bdylece PVP polimerinin yapidan basarili bir sekilde
uzaklastirildign gortilmistiir. Benzer sekilde DSC termogramlarinda da 73 °C'de
gozlenen PVP polimerine ait erime piki, 6nciil HNF numuneye ait termogramda 60
°C'de gozlenirken yine kimyasal agindirma isleminin uygulanmasiyla bu erime piki
kaybolmustur. Ayrica, PVP'nin 6nciill HNF numuneden uzaklastirildigi, PHNF
numunelerdeki PVDF ve TPU nanoliflerin yiizeylerine ait SEM goriintiileri ile de
goriilmistiir. Elektromekanik karakterizasyon sonuglarina gore PHNG cihazlarin ¢ikis
voltaji, 6nciil HNF numunelere katki olarak eklenen ve ardindan yapidan uzaklastirilan
PVP miktarinin artmasiyla 1,28 V'tan %30 PVP ilave edilip yapidan uzaklastirilan
PHNF numunede 2,24 V'a kadar yiikselmistir. Ote yandan ¢ikis akimi degerlerindeki
artigta voltaj degerlerinde oldugu gibi PVP katki miktar ile korelasyon kurulabilecek
bir artis veya diislis gozlenememistir. Ancak buna ragmen en yiiksek ¢ikis akimi
degeri, en yiiksek ¢ikis voltaj degerinde oldugu gibi %30 PVP ilave edilip ardindan
yapidan uzaklastirilan PHNF30 numuneye aittir (5,60 pA). Bu noktada, PVP’nin
giderilmesi islemi sonucunda elde edilen PHNF numunelerdeki aktif malzeme (PVDF
ve TPU) miktarinin (hacimce veya kiitlece), PVP katki miktar1 arttik¢a diisecegi
malumdur. Yani diger bir deyisle farkli pordzitelere sahip PHNF numuneler birbirine
denk miktarlarda aktif malzeme (PVDF ve TPU) igermemektedir ki
nanojeneratorlerdeki enerji {ireten katmandaki malzeme miktar1 (hacimce veya
kiitlece) c¢ikis sinyallerinin siddetini direkt olarak etkilemektedir. Bu baglamda
numunelerin ¢ikis sinyalleri, PHNF yapimin kiitlesi ile iliskilendirerek birim PHNF
kiitlesi basina voltaj (spesifik voltaj) ve akim (spesifik akim) kavramlar1 tanimlanmis
ve elektriksel ¢ikis sinyalleri bu baglamda degerlendirilmistir. Bu yaklasim,
literatlirdeki nanojeneratdr esasl bilimsel arastirmalarda heniiz kullanilmamis 6zgiin

bir yaklasimdir. Sonug olarak PHNF30 nanolifli yap1 esasli nanojeneratdr spesifik
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voltaj olarak 16,94 V/g ve spesifik akim olarak 42,36 nA/g degerlerine ulasarak en

yiiksek performansi gosterdigi belirlenmistir.

Yiizey miihendisligi alaninda, fiziksel fonksiyonellestirme metotlar1 temel olarak
“malzeme eksiltme” ve “malzeme ekleme” prensiplerini igeren siireglerden
olusmaktadir. “Malzeme eksiltme” yoluyla yiizeyi fonksiyonellestirilen PHNF
numuneler, “malzeme ekleme” kullanilarak da ilave bir fonksiyonellestirme siirecine
de tabi tutulmustur. Bu baglamda Oncelikle HNG cihazdaki piezoelektrik
mekanizmanin gelistirilmesi amaciyla da ZnO nanoteller, PHNF30 numunelerdeki
PVDF ve TPU nanolifler {izerine hidrotermal metotla biyiitiilmiistiir. Buna ilaveten
OBoliim’de kullanilan ve elektromekanik performans iizerindeki etkinligi kanitlanan
“rGO elektro-piiskiirtme” islemi, PHNF numunelerin tiretim siirecinde de kullanilarak
piriizlendirilmis nanolifler aras1 yiik transferi giiglendirilmistir [3]. ZnO nanotel
biiylitme islemi i¢in Oncelikle ZnO nanopargaciklart PHNF30 numune {izerine
daldirma yoluyla kaplanmistir. Burada, nanolif yiizeyine fiziksel olarak baglanan ZnO
nanopartikiiller, biiyiime reaksiyonu siiresince ZnO nanotelleri i¢in ¢ekirdek gorevi
gormektedir. Elde edilen PHNF30 numune, 0,02 M Zn(NOz3), ve 0,02 M HMTA igeren
bliylime ¢ozeltisi igerisine daldirilmistir. Biiyiitme ¢ozeltisi ve PHNF30 numune,
hidrotermal reaktor igerisine alinarak 12 saat boyunca 95°C'de tutularak ZnO nanoetel
biiylitme reaksiyonu tamamlanmis ve PHNF30-Z numune elde edilmistir. Bunun yani
sira piriizlendirilmis ve ZnO igeren yapilarda rGO etkisinin gozlenmesi amaci ile
farkli bir numune daha tasarlanip iiretilmistir. Bu amagla, 0Boliim’de uygulandigi gibi
GO dispersiyonu, PVP katkili 6nciil HNF iiretim siirecinde es zamanli olarak elektro-
iretim sistemine beslenmis ve GO’nun kimyasal indirgeme islemi ger¢eklestirilmistir.
rGO kaplanmis PHNF30 numune iizerinde de hidrotermal metot ile ZnO nanoteller
biiyiitiilerek PHNF30-ZG numuneler iiretilmistir. Hem PHNF30-Z hem de PHNF30-
ZG numuneler, 6nceki asamalarda kullanilan teknikler yardimiyla nanojeneratér cihaz
haline getirilmistir (PHNG30-Z ve PHNG30-ZG). PHNF30-Z ve PHNF30-ZG
numunelere uygulanan XRD analizleri sonucunda bu yapilarda bulunan ZnO ve rGO
malzemelerine ait karakteristik sinyallerini gozlenmistir. PHNF30, PHNF30-Z ve
PHNF30-ZG numuneler, nanolifli yapilarda bulunan ZnO ve rGO miktarlarinin
kantitatif olarak belirlenmesi amaciyla TGA testine tabi tutulmustur. Elde edilen TGA
sonuglarina goére PHNF30 o6rneginde PVDF ve TPU polimerlerinde bulunan
safsizliklardan dolay1 kiitlece %3 kat1 madde kaldigr goriilmiistiir. Boylece safsizlik
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kaynakl1 %3 kalinti madde miktari1 g6z oniine alinarak PHNF30-Z numunenin kiitlece
%7,75 ZnO nanotel, PHNF30-ZG numunesinin ise %7,75 ZnO nanotel ve %2,13 rGO
igerdigi  gortilmustir. PHNF30 esasli nanojeneratorlere elektromekanik test
sonuglarina gore ise PHNG30, PHNG30-Z ve PHNG30-ZG nanojeneratorlerinin ¢ikis
voltaj degerleri sirasiyla 2,24 V, 3,52 V ve 4,76 V olarak 6lglilmiistiir. Bu cihazlara ait
cikis akim degerleri ise sirasiyla 5,60 pA, 4,64 pA ve 6,88 uA olarak dlgiilmiistiir.
Boylece PHNG30-ZG, bu tez calismasinin bu boliimiinde iiretilen en verimli
nanojenerator numune olarak belirlenmistir. PHNG30-ZG numunesinin spesifik ¢ikis
voltaj1 ve akim degerleri de géz oniine alindiginda (33,59 V/g ve 48,55 nA/g) donceki
boliimlerde uygulanmig tiim islemlerin, higbir islem uygulanmamis nanolifli yap1
kullanilarak iiretilen HNG cihaza kiyasla ¢ikis voltajini, ¢ikis akimini, spesifik ¢ikis
voltajin1 ve spesifik ¢ikis akimini sirastyla %271,88, %230,77, %201,44 ve %168,18
oraninda yiikselttigi sonucuna varilmaktadir. Bunlara ilaveten PHNF30-ZG esaslh
nanojeneratdr cihaz kullanilarak bazi kullanim denemeleri yapilmustir. Ik etapta, farkl
kapasitans degerlerine sahip ticari kapasitorler periyodik basma kuvvetine maruz kalan
PHNG30-ZG nanojeneratér ile sarj edilmistir. Kapasitorlere ait sarj egrileri
incelendiginde diisiik kapasitans degerine sahip kapasitorlerde ortaya ¢ikan potansiyel
farkin birkag¢ saniyelik kisa bir siirede 20 ila 25 V araligina ulasabildigi goriilmistiir.
Diger bir denemede ise nanojenerator dijital bir sicaklik ve nemélgere baglanmis ve
yine periyodik basma kuvveti ile uyarilmistir. Basma hareketinin etkisi ile PHNG30-
ZG numunenin dijital nemdlgeri ¢alistirabildigi goriilmistiir. Giyilebilir elektronik
uygulamasi olarak ise tekstile entegre edilmis bir hareket sensori {iiretilmistir.
PHNF30-ZG numune, iki ylizeyi metal ile kaplanmig, ardindan insan koluna
giyilebilecek bir tekstil iiriiniiniin dirsek bolgesine silikon regine ile yapistirilmistir.
Kullanicinin dirsegini biikkmesi ile elde edilen voltaj sinyalleri kaydedilip analiz
edilmis ve her 1°’lik biikiilme hareketinde nanolifli yapinin 4,8 mV gerilim irettigi

tespit edilmistir.
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5. ELEKTROSPREY ILE BIRIKTIiRILMiIS GRAFEN ELEKTROTLU
ESNEK PVDF NANOLIFLi PIEZOELEKTRIK NANOJENERATORLER

Tez ¢alismasinin bu boliimi, “Journal of Electronic Materials” dergisinin 52. cilt ve 3.
sayisinda, 2053. ile 2061. sayfalar arasinda, 2023 yili Ocak ayinda, “Flexible
Electrospun PVDF Piezoelectric Nanogenerators with Electrospray-Deposited
Graphene Electrodes” bashigiyla yayilanmistir (bkz. EK D). Indirgenmis grafen oksit,
bu tez ¢alismasinin iki 6nemli asamasinda nanolif yiizeylerinin kaplanmasinda
kullanilmis ve nanojenerator cihazlarin elektromekanik performansinda dikkate deger
bir gelistirmeye olanak saglamistir. Diger yandan rGO’nun akilli tekstil
uygulamalarinda en gii¢lii iki avantaji olan esneklik ve elektriksel iletkenlik, rGO
esasli esnek elektrotlarin nanojeneratorlerde kullanimi i¢in 6nemli bir motivasyon
kaynagi olmustur. Tez ¢alismasinin bu boliimiinde, saf PVDF nanolifli yapilara
elektro-piiskiirtme teknigi kullanilarak uygulanan rGO levhalar esnek elektrot olarak
kullanilmis ve ideal rGO katman kalinlig1 optimize edilmistir [4]. Oncelikle PVDF
nanolifli yapilar elektro- egirme prosesi ile kiitlece %10’luk PVDF c¢ozeltileri ile elde
edilmistir. Nanolifli yapilar, 2,5 cm x 8,0 cm ebatlarda GO ile kaplanmistir. rGO
elektrot kalinligi, GO dispersiyonunun elektro-piiskiirtme siiresi degistirilerek kontrol
edilmistir. Kaplama ¢ozeltisindeki GO konsantrasyonu ise sabit tutulmustur. Elektro-
puiskiirtme siireleri, PVDF nanolifli yapilarin {ist ve alt yiizeylerine sirasiyla 2,5 mg,
5,0 mg, 7,5 mg, 10 mg ve 12,5 mg GO kaplanacak sekilde ayarlanmistir. Elde edilen
nanolifli yapilarda yiizeye kaplanmis GO, hidrazin hidrat ¢ozeltisi igerisinde kimyasal
olarak indirgenerek rGO formuna doOniistliriilmiis, ardindan bu yapilardan
nanojeneratorler iiretilmistir. Tez ¢alismasinin bu boliimiinde, rGO esash elektrotlarin
esnek elektrot olarak performanslarmin degerlendirilmesi hedeflendiginden, diger
boliimlerden farkli olarak periyodik basma testi yerine periyodik egme testi ile
elektromekanik karakterizasyon gergeklestirilmistir. Nanolifli yapilara ait SEM
goriintiileri, PVDF nanoliflerin rGO tarafindan sikica sarildigini gostermistir Ki
bdylece polimer yiizeyinden yiik transferinin iyilestirildigini sdylemek miimkiindiir.
Elektromekanik testler sonucunda ¢ikis voltajinin, PVDF nanolifli yap1 yiizeyine 2,5

mg elektrot malzemesi kaplanmasiyla 0,688 V'tan 0,488 V'a diistiigii gbzlenmis olsa
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da 7,5 mg kaplamaya kadar dogrusal olarak artarak 1,0 V'a ulagsmis ve daha kalin
kaplamalarda diismeye baslamistir. Bir 6nceki boliimde literatiirde ilk kez 6ne siiriilen
“spesifik voltaj” kavrami bu kisimda da ele alinmis ve 7,5 mg kaplamal
nanojeneratoriin nanolif kiitlesi basina en yiiksek voltaj1 verdigi belirlenmistir. rGO
kaplama kalinliginin artmasiyla birlikte ¢ikis voltajinin 6ncelikle artmasinin ve esik
kalinliginin tizerinde ise azalmasinin nedeninin karbon esasli rGO levhalarin direnci
oldugu ongoriilmektedir. Yani PVDF nanolifleriyle arayiiz olusturan rGO levhalar yiik
aktarimimi saglarken, bu rGO levhalarin iizerine binen ve PVDF ile temas1 olmayan
ist katmandaki rGO levhalarin direnci nedeniyle elektrik sinyallerinin gozlenemedigi

sonucuna varilmistir.
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6. SONUC VE ONERILER

Bu tez galigmasi, yiiksek enerji doniisiim verimliligi sunan giyilebilir piezoelektrik-
triboelektrik hibrit nanojeneratorlerin {iretim ve karakterizasyonunu kapsamaktadir.
Calisma kapsaminda nanolif esasli yapilar, nanojeneratorlerde enerji iireten aktif
katmanlar olarak kullanilmislardir. Nanolifli yapilarda 3 temel adimda gergeklestirilen
morfolojik modifikasyonlar ile nanojenerator cihazlara ait enerji doniisiim verimliligi
gelistirilmistir. Bahsedilen morfolojik modifikasyonlar sirasiyla elektro-egirme
parametrelerinin kontrolii ve malzeme ekleme/malzeme eksiltme yaklagimlar ile
nanolif yiizeylerinin manipiile edilmesi siireclerini icermektedir. Bunlarin 6tesinde, iki
ayr1 polimere ait ayr1 ayr1 olusmus nanoliflerin tek bir nanolifli yapida bulunarak tribo-
elektrifikasyon ile ftretilen yiik yogunlugunun artirilmasi yaklasimi, bu tez

calismasinin birincil 6zgiin yanidir.

Oncelikle, piezoelektrik PVDF ve ona karsit dielektrik malzeme olarak secilen TPU
polimerlerinin elektro-egirme metoduyla nanolif halinde iiretilmesi i¢in solvent Sistem
optimizasyonu yapilmistir. PVDF/TPU hibrit nanolifli yapilar, belirlenen proses
parametreleri ve solvent sistemi kullanilarak farkli polimer konsantrasyonlarindaki
(kiitlece %5-7-9-11-13-15) c¢ozeltiler ile tretilmistir. Elde edilen hibrit nanolifli
yapilarin temel malzeme karakterizasyonu, mikroskopik veya spektroskopik teknikler
ile gerceklestirilmistir. Fakat her bir adimda, bir sonraki adim i¢in kullanilacak
numunenin se¢ilmesi amaciyla bu nanolifli yapilardan elde edilen hibrit
nanojeneratorlerin elektromekanik ¢ikis performanslari esas alinmistir. Bu baglamda
hibrit nanolifli yapinin elektromekanik verimliligini gostermek {izere bir hibrit
nanolifli yap1 esasli nanojeneratdr ile sadece PVDF nanolif esasli bir diger
nanojenerator, basma testi uygulanarak kiyaslanmislardir. Bu analiz sonucunda hibrit
nanolifli yap1 kullanilarak iiretilen nanojeneratdr, PVDF esasli olana kiyasla 3 kat daha
yiiksek elektromekanik performans sergilemistir. Boylece hibrit nanolifli yapida
triboelektrik mekanizma ile elde edilen yiik yogunlugunun artirilsdigi teorisi de
dogrulanmistir. Farkli konsantrasyonlarda polimer ¢ozeltileri kullanilarak elde edilmis
hibrit nanolifli yapilar, nanojeneratdr cihaz haline getirildikten sonra periyodik basma

hareketi altinda c¢ikis sinyalleri incelenmistir. Bu nanojeneratér cihazlarin
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elektromekanik testleri sonucunda %13 konsantrasyondaki TPU ve PVDF ¢ozeltileri
ile iiretilmis HNF esasli nanojeneratdrden, 2,9 kV/m? voltaj yogunlugu ve 3,182
mA/m? akim yogunlugu elde edildigi goriilmiistiir. Bunun yani sira, TPU ve PVDF
nanoliflerin birbirine temasi esnasinda gergeklesen elektriksel yiik transferini artirmak
amaciyla polimer nanoliflerin ylizeylerinin iletken malzeme kaplanmasi yaklagimi
benimsenmistir. Bu islem igin elektro-iiretim sistemine %13 konsantrasyondaki TPU
ve PVDF ¢ozeltilerinin yani sira, iigiincii bir besleme iinitesi ile GO ¢ozeltisi de
beslenmistir. Bu sayede, sisteme elektrik alan uygulandiginda es zamanli olarak hem
PVDF ve TPU nanolifler olugsmakta, hem de olusan nanolifler GO levhalar ile homojen
olarak kaplanmaktadir. Bir sonraki asamada, nanolif yiizeylerine tutunan GO
levhalarin iletkenligini artirmak amaciyla kimyasal indirgeme islemi gergeklestirilmis
ve elde edilen nanolifli yapilar nanojenerator haline getirilerek elektromekanik testler
gerceklestirilmistir. Elektromekanik testler sonucunda kiitlece %0,72 GO ilavesi
iceren nanolifli yapinin 5,35 kV/m? voltaj yogunlugu ve 5,454 mA/m? akim yogunlugu
ettigi tespit edilmistir. Boylece nanolifli yapiya yapilan kiitlece %0,72 GO ilavesinin

voltaj ve akim yogunlugunu sirasiyla %84 ve %71 artirdig1 sonucuna ulagilmaktadir.

Tez caligmasinin sonraki asamasinda ise nanolif yiizeylerinin piiriizlendirilerek tribo-
elektrifikasyon siirecinde olusan elektriksel yiik miktarinin artirilmasi hedeflenmistir.
%13 konsantrasyondaki TPU ve PVDF c¢ozeltileri igerisine farkli oranlarda (kiitlece
%6-8-10-15-30) PVP polimeri ilave edilmis ve blend hibrit nanolifli yapilar
uretilmistir. Yapidaki PVP, kimyasal asindirma yoluyla nanolif yilizeylerinden
uzaklastirilarak piriizlii nanolif yiizeyleri olusturulmustur. Elde edilen nanolifli
yapilardan lretilen nanojeneratorlere ait elektromekanik test sonuclarina gore, %30
PVP ilave edilip ardindan kimyasal olarak asindirilan nanolifli yapi, basma testi
sonucunda elektromekanik olarak en yiiksek performansi gostermistir. Calismanin bu
asamasinda, bir 6zglin bir yaklagim olarak “spesifik voltaj ve spesifik akim”
kavramlar1 one siiriilmiistiir. Bu kavramlar, nanojeneratorlerde enerji tireten katmanda
kullanilan malzeme miktarinin ¢ikis sinyalleri ile iligkisini ortaya koymaktadir. Farkli
oranlarda PVP katkist yapilmis nanolifli yapilarda PVP miktar1 arttikga, PVP
asindirma islemi sonrasi elde edilen numunenin kiitlesi, yani enerji tireten katmanin
kiitlesi azalmaktadir. Elektromekanik testler sonucunda nanolifli yapidaki
plrtizliilligiin artmas1 ile tepeden tepeye voltaj ve akim verileri, %30 katkili

numunenin en yikksek sonucu verdigini gostermisti. Ancak piriizliliigin
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elektromekanik sonuglara etkisi, bu numune grubuna ait spesifik voltaj ve spesifik
akim yaklagimlari ile ele alindiginda da benzer sonuglara ulasilmasi, aktif katmandaki
malzeme miktarinin nanojeneratdr ¢ikis sinyalleri lizerindeki etkisini de kanitlamistir.
Tiim bu veriler 15181nda, %30 piirlizlendirilmis nanolifli yapinin, hi¢ piiriizlendirme
islemi yapilmamis numuneye kiyasla 1,5 kat daha yiiksek spesifik voltaj ve 2,3 kat
daha yiiksek spesifik akim tirettigi goriilmiistiir (16,94 V/g ve 42,36 nA/g). Elde edilen
piiriizlendirilmis hibrit nanolifli yapilarda, polimer yiizeyinde PVDF polimerine
kiyasla daha yiiksek piezoelektrik 6zelliklere sahip ZnO nanoteller biiyiitiilerek
piezoelektrik yiik iiretimi artirilmig, yapiya GO ilavesi yapilarak yiik transferi de
giiclendirilerek ¢ikis sinyalleri artirilmistir. Boylece indirgenmis grafen oksit ve ZnO
nanotellerin de nanolifli yapiya ilave edilerek olusturulan {i¢ boyutlu tasarima sahip
numuneler, 33,59 V/g spesifik voltaj ve 48,55 nA/g ile tez ¢alismasinin bu boliimiiniin
en yiiksek performansini sergilemistir. Elde edilen nanojeneratdrler enerji depolama
performansi, elektronik cihazlarda direkt kullanim ve tekstil uygulamali mekanik
sensoOr olarak kullanilabilirlik testlerine de tabi tutulmus, bu testler sonucunda da
basarili enerji {iretim sistemleri veya sensorler olarak kullanilabilecekleri

kanitlanmastir.

Tez ¢alismasinin 6nceki iki kisminda basariyla uygulanan nanolifli yapiya elektro-
puskiirtme yoluyla rGO katkilama islemi, rGO esash elektrot iiretilmesi maksadiyla
da kullanilmistir. Caligma kapsaminda PVDF nanolifli yapilarin ylizeyine elektro-
piiskiirtme yoluyla farkli kalinliklarda grafen oksit biriktirilmis ve kimyasal indirgeme
islemi ile iletkenligi iyilestirilmistir. Elektromekanik testler, rGO levhalarin esnek
elektrot olarak kullaniminin basarili sonuglar verdigi goriismistiir. Elektromekanik
testler sonucunda rGO katmaninin kalinlagtikga nanojeneratoriin ¢ikis performansinin
belli bir kalinliga kadar arttig1, bu esik kalinligin tizerindeki kalinliklarda ise diistiigii

gozlenmistir.

Bu tez ¢alismasinin her bir asamasindan elde edilen veriler degerlendirildiginde,
nanojeneratorlerdeki enerji iireten malzemelerin yilizey 6zelliklerinin nanojenerator
performansi lizerinde biiyiik etkisi oldugu goriilmiistiir. Bunun yani sira, polimer esasl
enerji malzemelerinin tekstil uygulamalarina olan uyumluluklarinin yani sira
elektromekanik olarak inorganik enerji malzemeleri (perovskitler ve wurtzite kristaller

gibi) kadar yliksek performans gosteremedigi de bir gercekliktir. Bu baglamda,
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gelecek calismalarda enerji  ireten katmanlarda kullanilan malzemelerin

cesitlendirilmesi hedeflenmektedir.
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Abstract

In this study, we have achieved the successful fabrication of polyvinylidene fluoride
(PVDF) and thermoplastic polyurethane (TPU) nanofiber samples. The key element
of our investigation revolved around the manipulation of solvent systems, specifically
by varying the dimethyl formamide (DMF) to acetone ratio. Our primary objective
was to explore the intricate interplay between the chosen solvent system and the
resultant fiber morphology. To accomplish this, we employed a multifaceted approach,
which encompassed the utilization of scanning electron microscopy (SEM) to provide
a comprehensive visual representation of the nanofiber structures and dimensional
measurements to quantify their physical attributes. Furthermore, fourier-transform
infrared (FT-IR) spectroscopy was employed to delve into the molecular-level
alterations induced by the solvent systems on the macromolecular morphology of the
polymer nanofibers. This systematic examination not only contributes to a deeper
understanding of the nanofiber fabrication process but also holds significant potential
for various applications in the realm of materials science and nanotechnology.

Keywords: Electrospinning, Poly(vinylidene fluoride), Thermoplastic polyurethane,
Nanofibers, Morphological analysis.

1. Introduction

Polymer nanofibers stand out as a prominent category of polymeric nanomaterials,
primarily due to their inherent advantages, notably simplicity and cost-effectiveness.
These materials, characterized by their straightforward production processes and
economical nature, also exhibit exceptional characteristics attributed to their nano-
scale web-like structure, encompassing attributes such as a high surface area, porosity,
and low density [1,2]. These inherent features render nanofibers as highly viable

72



candidates for a diverse range of research endeavors. Furthermore, polymeric
nanofibers lend themselves to functionalization through appropriate physical and/or
chemical techniques, allowing for the customization of their properties to meet specific
requirements [3-5]. Researchers have harnessed these attributes in various domains,
with prevalent applications encompassing gas and liquid phase filtration [6-8], drug-
delivery systems [9-11], tissue engineering [12,13], sensors [14-16], and energy-

related applications (e.g., nanogenerators, capacitors) [17,18].

While a wide array of fabrication methods is employed for nanofiber production,
including techniques such as centrifugal spinning, melt blowing, phase separation,
template synthesis, and self-assembly, electrospinning reigns as the most prevalent
approach [19]. Electrospinning can be fundamentally described as the process through
which a polymer, in either a molten or solution state, moves from a feeding nozzle to
a collector substrate under the influence of an electrical field. The application of a
specific voltage magnitude (typically up to 100 kV) between the nozzle and the
collector generates the requisite electrical field [20]. In essence, the polymer is
propelled from the nozzle to the collector by electrostatic forces. Initially, the fluidic
polymer forms a conical droplet. In the subsequent step, this conical droplet transforms
into an elongated and thin jet [21]. Beyond the foundational electrospinning process,
adjustments to the fabrication setup can be made to manipulate the resulting fiber
morphology. These modifications can involve alterations to the geometry of various
components, such as the nozzle or collector, as well as the introduction of additional
physical forces, such as magnetic fields or gas pressure [22]. Furthermore, fine-tuning
fabrication parameters, which represents a simpler approach than modifying the device
itself, can also be considered as a means to achieve nanofibers with the desired

morphology.

The electrospinning process involves several key parameters that play pivotal roles in
obtaining nanofibers with the desired morphology. These critical factors include
spinning distance, applied voltage, solution parameters (comprising viscosity,
concentration, polymer molecular weight, and conductivity), feeding rate, and the
solvent system [23]. Spinning distance assumes importance for two primary reasons.
Firstly, it directly determines the magnitude of the electrical field, as it represents the
applied voltage per unit distance. In other words, increasing the spinning distance
reduces the electrical field magnitude, which in turn influences the formation of the
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polymer jet. Secondly, the spinning distance influences the vaporization of the solvent,
a crucial step in solidifying the polymer into a fibrous geometry. Increasing the
spinning distance allows for more extended solvent vaporization time as the polymer
jet traverses the gap between the two electrodes [24]. Applied voltage, being directly
linked to the magnitude of electrical field, represents another key parameter. The
applied voltage profoundly impacts the magnitude of the electrical field, thereby
affecting the formation of the polymer jet [23]. Solution parameters, including
viscosity, concentration, and polymer molecular weight, are interconnected factors.
Concentration and molecular weight significantly affect solution viscosity, with higher
polymer concentrations or larger macromolecules resulting in elevated solution
viscosity [23,25]. Excessively high or low solution viscosities are undesirable, as very
low viscosity can lead to bead formation in the nanofibrous structure, while highly
viscous solutions tend to produce thicker fibers during electrospinning [21]. Solution
conductivity is another property which alters the resulting nanofiber morphology.
Increased electrical conductivity in a polymer solution amplifies charge transfer,
making the effect of the electrical field force more pronounced during fiber formation
[26]. As another key parameter, feeding an excessive amount of polymer solution,
implying a higher load of solvent and polymer onto the collector, can lead to an
increase in nanofiber diameter or, in extreme cases, hinder fiber formation due to

inadequate solvent vaporization [27].

The solvent system, which is defined as a single solvent or mixture of different
solvents, in the solution holds substantial significance for nanofiber production.
Indeed, the solvent system employed in the electrospinning process exerts a
comprehensive influence on all the solution properties previously discussed.
Typically, polymer solutions in electrospinning are formulated using at least two
solvents, with one of them being highly volatile to help in the rapid solidification of
the polymer jet. On the other hand, the solubility of polymers can vary from one
solvent to another, which in turn alters the viscosity of the polymer solution. Different
solvents may have varying degrees of affinity for a particular polymer, resulting in
differences in solubility and ultimately affecting the solution’s viscosity. Moreover,
the electrical conductivity of the polymer solution can be modulated by the selection
of different solvent systems. This variability in electrical conductivity is an important
parameter in the electrospinning process, as it directly influences the response of the
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solution to the applied electrical field. The judicious selection of solvents is, therefore,
a fundamental aspect of optimizing the electrospinning process for specific

applications [28-30].

Dimethylformamide (DMF), dimethylsulfoxide (DMSO), dimethylacetamide
(DMAC), and N-methyl-2-pyrrolidone (NMP) are petroleum-derived, polar, and low-
volatile solvents. These solvents exhibit high dissolving power owing to their polarity,
making them effective for dissolving most traditional synthetic polymers, including
polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), thermoplastic polyurethane
(TPU), acrylonitrile-butadiene-styrene (ABS), polystyrene (PS), among others [31—
35]. As discussed in the preceding paragraph, the electrospinning process employing
a solvent mixture is a well-established method for producing high-quality nanofibers.
In this context, this group of solvents serves as a common low-volatile component in
electrospinning processes. Notably, they are frequently identified as primary solvents
for synthetic polymers in the literature. Essentially, the low-volatile constituents of
solvent systems possess the capability to fully dissolve polymers. Conversely, a group
of high-volatile solvents, such as tetrahydrofuran (THF), acetone, methyl-ethyl ketone
(MEK), and dichloromethane (DCM), are commonly used as volatile components in
electrospinning solutions [36—41]. Within this classification of high-volatile and low-
volatile solvents, the DMF-acetone mixture stands out as one of the most commonly
employed solvent systems for the fabrication of TPU and PVDF nanofibers. This
preference is attributed to its low cost and excellent solvability properties [42—47].

In a study focused on solvent system optimization [32], the influence of the
DMF/acetone ratio on nanofiber morphology was investigated. The findings indicate
that an increasing acetone ratio leads to lower viscosity, a factor primarily contributing
to bead formation. While this may be considered a defect, the rapid solidification of
polymer jets during the electrospinning process at a high acetone ratio enhances the 3-
crystalline phase fraction. A similar work [48], employed a formic acid/chloroform
mixture to explore its impact on the morphology of nanofibrous mats. Due to the low
molecular weight of the polymer (26 kDa), electrospun nanofibers could not achieve
a polymer concentration below 30% by weight in pure chloroform. The addition of the
low-volatile component (formic acid) into the solvent system facilitated the production
of nanofibers at concentrations below 30% polymer, with an observed trend of thinner
fibers as the formic acid amount increased. Notably, a study in 2007 by Tang et al.
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[49], revealed a relationship between fiber thickness and solidification time. The study
elucidated that polymer jets are stretched between the tip and collector until they lose
their solvent completely during electrospinning. The presence of a high-volatile
solvent reduces the solidification time, preventing further thinning of the jets through
stretching. Conversely, an increased ratio of low-volatile solvent results in fused fibers
due to prolonged evaporation time on the collector surface [50]. In summary, during
the solution optimization phase, achieving a balance between high-volatile and low-
volatile solvents is crucial for each polymer, even for different grades of a specific

polymer.

PVDF and TPU are commonly paired polymers in advanced materials research due to
their complementary characteristics. For instance, PVDF is a ferroelectric material in
its beta crystalline phase but possesses limited mechanical properties, such as low
elongation at the breaking point. In contrast, TPU exhibits unique elastomeric
properties attributed to the presence of hard and soft segments in its molecular
backbone. Therefore, the hybridization of PVDF and TPU polymers through various
methods, such as blending [51-54] or hybrid electrospinning [55,56], presents a viable
solution to address the mechanical limitations associated with PVDF. In this regard,
the concept of nanofibrous mats based on PVDF and TPU has gained popularity.
Hybridizing these two polymers in solution form can be achieved through the blending
of TPU and PVDF solutions or by employing a simultaneous electrospinning process
where TPU and PVDF polymers. Consequently, solvent system optimization of these
PVDF and TPU polymers for electrospinning process plays a critical role to achieve
the desired material properties in hybridized nanofibrous mats. In this work, effect of
the solvent system on nanofiber morphology have been investigated in detail.
Specifically, the effect of the mixture ratio of acetone and dimethylformamide (DMF)
mixture based solvent system, which serves as a mutual solvent for both PVDF and

TPU, has been demonstrated.

2. Experimental Method

The polymers and solvents used in this study were procured as follows: TPU (130 kDa,
Ravathane®, Ravago, Turkey), PVDF (350 kDa, Alfa Aesar, Germany), DMF (Merck,
Saudi Arabia), and acetone (Sigma-Aldrich). The electrospinning process was carried

out separately for TPU and PVDF solutions, with the following parameters: an applied
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voltage of 26 kV, a spinning distance of 175 mm, a solution feeding rate of 1 mL/h,
and a solution concentration of 10.0% by weight. To demonstrate the influence of the
solvent system on the electrospinning process, the DMF:Acetone ratio was varied.
Specifically, solvent systems with different compositions were prepared, containing
35.0%, 37.5%, 40.0%, 42.5%, 45.0%, and 50.0% by weight of DMF, as outlined in
Table 1.

Table 1 : Solvent system description of PVDF and TPU nanofiber samples.

Polymer  DMF% (by weight)  Acetone% (by weight) ~ Sample Name

PVDF 35.0 65.0 P1
PVDF 37.5 62.5 P2
PVDF 40.0 60.0 P3
PVDF 42.5 57.5 P4
PVDF 45.0 55.0 PS
PVDF 50.0 50.0 P6
TPU 35.0 65.0 T1
TPU 37.5 62.5 T2
TPU 40.0 60.0 T3
TPU 42.5 57.5 T4
TPU 45.0 55.0 15
TPU 50.0 50.0 16

Nanofibrous mats were imaged by scanning electron microscopy (SEM, Carl Zeiss
Gemini 300) and both nanofiber diameters and number of formed beads were
measured by IMAGEJ software. Fourier-Transform Infrared Spectroscopy (FT-IR)
measurements were performed to show the change in macromolecular conformation

of nanofibers by varying solvent systems.

3. Results and Discussion
3.1. SEM results

Scanning Electron Microscopy (SEM) was employed to analyze TPU and PVDF
nanofibers, focusing on the quantification of bead occurrences within the nanofibrous
mats and the diameters of the nanofibers. The summary of these results is presented in
Figure 1. Figures la depicts the mean diameters of samples T1-T6 and P1-P6. It is
evident that TPU nanofibers, under constant electrospinning parameters and solvent
systems, exhibited notably thinner characteristics compared to PVDF nanofibers.
Furthermore, the error bars displayed a higher degree of diameter uniformity in TPU
nanofibers, as they remained confined within a narrower range. Additionally, both
mean diameter and error bars exhibited a decreasing trend as the DMF
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(Dimethylformamide) concentration in the solvent system increased, up to T5.
Examining Figure 1b, it becomes apparent that the diameter sizes and standard
deviation ranges of PVDF nanofibers remained independent of the solvent system. On
the other hand, bead formation emerged as another critical parameter for assessing the
quality of nanofiber mats. Figures 1b presents the quantified number of beads in TPU
and PVDF nanofibrous mats. Notably, while the number of bead formation in PVDF
based nanofiber samples ranged from 2 to 34, this range expanded to 46 to 89 for TPU
nanofibrous mats. This significant difference in bead formation can be directly
attributed to the polymer's molecular weight and the formation of polymer atoms.
Furthermore, it was observed that an increased DMF ratio led to a substantial
enhancement in bead formation, a consequence of its direct influence on both viscosity
and solvent volatility. Moreover, an inversely proportional relationship between fiber
diameter and bead formation was particularly notable in T5, T6, P3, and P6 samples.
These four samples exhibited the highest bead counts, along with thinner diameters
compared to other samples within their respective polymer groups. Conversely, P2
sample in Figure 1b appeared to be the least uniform, as it displayed only seven beads,

as per SEM images.

The bead area ratio in the samples was determined to demonstrate the bead formation
characteristics of TPU and PVDF polymers (Figure 1c). Total bead area in SEM
images was measured using IMAGEJ software. Analysis of bead ratios in nanofibrous
samples revealed that beads occupied an area ranging from 16% to 21% along TPU
nanofibrous samples. In contrast, the area covered by formed beads in PVDF samples
ranged from 2% to 10%. Moreover, consistent with the observation that the fiber
diameter of PVDF nanofibers was bigger than that of TPU nanofibers, the average area
of beads was significantly higher in PVDF samples compared to TPU samples. Besides
that, average area of single beads ranged from 5 p? to 30 u? for PVDF mats, whereas
it was between 0.14 u? and 0.24 p? for TPU samples. In summary, although TPU beads
were smaller than PVDF beads, the presence of bead formation defects was a more
pronounced issue for TPU nanofibrous mats due to a higher number of beads.
Additionally, both molecular weight effect and increased DMF ratio effect on bead
formation as mentioned in relevant literature [32,48] clearly seen as the result of SEM
image based measurements. Similarly, reduction on fiber diameter by increasing low-

volatile solvent ratio is a phenomena that matching the relevant literature [48,49].
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Figure 2 and Figure 3 depict SEM images and the fiber diameter distribution graphs
of TPU and PVDF-based nanofibers, respectively. The SEM images revealed that an
increase in DMF concentration within the system resulted in the formation of a
structure comprising half film and half fiber on the collector, impeding solvent
vaporization. According to this theory, due to insufficient solvent loss during the jet's
trajectory towards the collector, a buildup of the polymer solution layer occurred on
the collector. Consequently, the jets reaching the collector lost their cylindrical shape,
resulting in the formation of a filmic bottom side and fibrous top side structure (Figure
3f). This failed structure can also be seen as the “fused fiber problem” in the literature
[50].
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Figure 1 : SEM study summarization of TPU and PVDF nanofibers; a) nanofiber
diameter measurements of T1-T6 and P1-P6samples, b) bead numbers results of T1-
T6 and P1-P6 samples, c) bead area percentage of T1-T6 and P1-P6 samples, and d)
average bead area results of T1-T6 and P1-P6 samples.
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Flgure 3 : SEM images and diameter distribution graphs of a) P1, b) P2, c) P3, d) P4,
e) P5, and f) P6.

3.2. FT-IR studies

The electrospinning process serves not only as a method for the production of
nanomaterials, offering advantages of innovation, simplicity, and cost-effectiveness,
but it also exerts a direct influence on macromolecular morphology, including
crystallinity and crystalline phases [55,57-59]. Figure 4 presents the FT-IR results of
TPU-based nanofibers. Characteristic vibrational peaks associated with TPU polymer
were observed at 1219 cm™ (C-N stretching), 1130-1190 cm™ (C-O-C stretching),
1527 cm™ (N-H bending), 1595 cm™ (C=C aromatic vibration), and 1705 cm™ (C=0
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stretching), in accordance with previous literature [60—62]. Interestingly, our findings
indicate that neither the electrospinning process nor the solvent system induced
significant changes in the chain morphology of TPU, a result consistent with the
findings of Li's study [60].

In contrast, extensive results have been observed on the macromolecular conformation
of PVDF polymer. The influence of the electrical field on PVDF chains is a well-
documented phenomenon. For example, the spontaneous formation of the 3-crystalline
phase of PVDF during the electrospinning process enables the fabrication of
electroactive nanofibrous mats. This phenomenon accounts for the prevalence of
PVDF nanofiber-based piezoelectric nanogenerators [18,55]. Characteristic peaks
associated with the a-crystalline phase of PVDF were observed at 612 cm™, 762 cm™,
796 cm™, 974 cm™, 1148 cm, and 1382 cm™ (Figure 5a). Relationship between the
solvent system and a-crystalline phase formation were demonstrated by zooming in
on these points in Figure 5b-f. The peak intensities at these points decreased due to the
electrospinning process, as the B-crystalline phase peaks increased. On the other hand,
However, the intensity of the a-crystalline phase peak increased with an elevated DMF
ratio in the solvent system. Similarly, the peaks associated with the formation of the
B-crystalline phase (840 cm™ and 1272 cm™ [63,64]) during the electrospinning
process at lower DMF ratios exhibited a decrease in peak intensity with increasing
DMF ratio (Figure 5g-h). In other words, reducing the volatility of the solvent system
results in the predominance of the a-crystalline phase in the nanofiber samples, in

agreement with existing literature [65].
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Figure 4 : FT-IR spectra of TPU samples.
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Figure 5 : a) FT-IR spectra of PVDF samples; b), ¢), d), e), and f) Zoomed-in spectras
focusing on specific points associated with the a-crystalline phase; g) and h) Zoomed-
in spectra highlighting points related to the B-crystalline phase

4. Conclusions

Our findings reveal a direct correlation between the solvent system and fiber diameter

for TPU, whereby an increased DMF ratio resulted in thinner nanofibers. Intriguingly,

an increase in DMF content also led to increased bead formation in the nanofibrous
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mats. In contrast, the diameter values of PVVDF nanofibers, which were thicker than
those of TPU nanofibers, showed no significant dependence on the solvent system.
Similar to TPU nanofibers, the elevation of DMF ratio resulted in increased bead
formation. Furthermore, this increase in DMF ratio led to reduced solvent volatility,
resulting in a half-filmic, half-fibrous structure observed in T5, T6, P5, and P6
samples. FT-IR analysis revealed that while the solvent system had no discernible
influence on the macromolecular conformation of TPU polymer during the
electrospinning process, it played a pivotal role in inducing crystalline phase
transitions in PVDF polymer. This study provides valuable insights into the intricate
interplay between solvent systems and the resulting morphological and structural
characteristics of nanofibers, enhancing our understanding of the electrospinning

process and its applications.
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NANOFIBER MAT-BASED HIGHLY COMPACT PIEZOELECTRIC-
TRIBOELECTRIC HYBRID NANOGENERATORS

Omer Faruk UNSAL, Ayse CELIK BEDELOGLU*
Abstract

Studies on energy generation devices for necessary energy needs have been an
increasing trend all over the world as the kinds and quantities of consumer gadgets
have increased. Researchers have been studying nanogenerators for the last 15 years
in response to this demand. The three main reasons for these studies are increased
output power, application to consumer items, and mechanical stability. Hybrid
nanogenerators, on the other hand, are a method of combining at least two energy
conversion mechanisms, hence reducing the need for a single conversion mechanism.
In this context, while triboelectric-piezoelectric combination hybrid nanogenerators
are the most popular hybrid nanogenerator class, they have several drawbacks such as
non-compact and unstable structure. As a result, for the first time, a small hybrid
polymer-nanofiber-based hybrid nanogenerator concept with high output voltage and
current is disclosed in this study. A hybrid nanofibrous structure was created using an
electrospinning apparatus with double and triple nozzles. As a result of the periodic-
compression test, the resulting nanogenerators produced a maximum voltage density
of 5350 V/m? and a current density of 5.454 pA/m?. By hand tapping, the resulting
master unit was able to light up 119 LEDs and charge a commercial capacitor up to
09V.

Keywords: Nanomaterials; smart polymers; hybrid nanogenerator; material testing;
nanofiber.
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1. Introduction

Nanofibers are fine fibers with diameters ranging from a few nanometers to several
micrometers that have been used in a variety of applications such as filtration [1],
biomedical applications [2—4], energy storage [5,6], energy harvesting [7], and sensor
applications [8], thanks to their large surface area [9]. Electrospinning is a commonly
used, acknowledged, and innovative mechanism for producing nanofibers, besides
conventional methods such as drawing, extrusion, melt-blown, and centrifugal
spinning [10]. The electrospinning mechanism is based on guiding a fluidic polymer
(molten or dissolved) through a way from the feeding nozzle to the collector surface
by the effect of a high electric field and collecting in fiber form by solidification.
Fluidic polymer generates polymer jets under influence of an electric field, which form
nano-scale fibers on the collector surface [11]. Besides, electrospun nanofiber
morphology is directly related to environmental conditions (humidity and
temperature), applied voltage, spinning distance, solution concentration, feeding rate,

and solvent system [12].

The use of nanofibers as energy materials has grown in importance and popularity over
the last two decades. Nanofibers' unique qualifications, such as large surface area,
suitability of various organic and inorganic materials to be electrospun, and
convenience for surface functionalization of electrospun nanofibers, make them an

excellent candidate for energy materials studies [13]. Nanofibrous materials, such as
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carbon nanofibers, can provide a high surface area requirement for supercapacitor
electrodes [14]. Similarly, the gas sensing capability of specified metal oxides (SnO,
Zn0O, In203, TiO2, NIiO, Co0304, e.g.) dramatically increases in nanofiber form,

compared to bulk form, thanks to increasing active surface area [15].

Nanogenerators are another key application for nanofibers. Nanogenerators are
devices that can transform mechanical and thermal energy into electricity with
piezoelectric, triboelectric, and/or pyroelectric mechanisms[16]. Piezoelectric and
pyroelectric systems operate in a similar manner; in both, dipoles are produced in
response to a stimulus, and current flow is occurred [17]. This similarity is because
pyroelectric materials are a subset of piezoelectric materials. On the other hand, the
triboelectric effect is basically based on the conjunction of triboelectrification and
static electrification [18]. When two different materials contact each other, charge
transfer is happened according to the triboelectrification mechanism from one to
another; the separation of these materials, electrical flow occurs according to the
electrostatic induction principle [19]. Furthermore, piezoelectric and triboelectric
nanogenerators transform waste mechanical energy into electricity, whereas
pyroelectric nanogenerators convert waste thermal energy [20]. The use of nanofibers
in nanogenerators is a popular method for increasing energy conversion efficiency and
improving the mechanical behavior of energy-generating devices. Even if the large
surface area of nanofibers is the first of the advantages for the output performance of
nanogenerators, such as energy storage and gas sensing applications, the rough surface
of nanofibrous mats in nanoscale also makes nanofibers good candidates for energy
harvesting applications [21]. Furthermore, while rougher surfaces boost the output
power of triboelectric nanogenerators [22,23], piezoelectric output power directly

related to the material's surface area [24].

The atomic polarization of macromolecular structures is another key factor for
piezoelectric nanofibers. The most well-known piezoelectric polymer is
polyvinylidene fluoride (PVDF). PVDF also has several derivatives with different
piezoelectric-ferroelectric capabilities (different copolymers such as PVDF-TrFE).
According to the conformation of macromolecules, vinylidene fluoride-based
polymers mainly have three crystalline phases: non-piezoelectric a-crystalline phase,
piezoelectric B-crystalline phase, and piezoelectric y—crystalline phase [25]. This also

implies that the p and vy crystalline phases have a direct and beneficial influence on the
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output performance of nanogenerators. Both the quick drying of polymer jets and the
influence of the electrical field in the electrospinning process provide high
piezoelectric B-crystalline phase ratio to PVDF and its derivatives [26,27]. Aside from
these characteristics, one of the most frequent approaches for developing piezoelectric
materials or piezoelectric nanogenerators is various nanoparticle loadings in polymer
nanofiber or distinct surface modifications such as coatings on nanofibers [28].
Graphene, carbon nanotube, conductive polymers, and metal nanoparticles, are the
most prevalent conductive materials that carry produced electricity from polymer
chains to contact electrodes [29-32]. Piezoelectric nanoparticles (wurtzite crystals or
perovskite crystals) are another materials group that frequently employed in the
creation of energy-generating nanocomposite triboelectric or piezoelectric

nanogenerators [33-35].

Although triboelectric and piezoelectric nanogenerators are intriguing superior energy
technologies for the future, they have some drawbacks such as low-scale current or
voltage output [36], fatigue strength [37], and issues caused by incompact architectures
such low durability, contamination, etc. [38]. Triboelectric nanogenerators, on the
other hand, generate relatively large voltages in reverse with ultra-low current levels.
In this regard, this kind of complementary shortcomings of different energy harvesting
principles can be overcome by hybridization methods [39]. Piezoelectric-triboelectric
hybrid nanogenerators (HNG) are devices that use static electrification and
piezoelectricity principles to convert energy and boost output power values by a
synergistic effect [40]. The combination of these two methods addresses two major
flaws: low current problem of triboelectric devices and the low voltage problem of
piezoelectric devices [41-43]. Furthermore, because all nanogenerators are layered
structures (energy-generating layers, top and bottom electrodes, circuit components,
nanofillers, protective layer, etc.) may become mechanically unstable with time [44—

46]. These issues must be explored and resolved, even using hybrid systems.

As a result of these all drawbacks and opportunities, the compact structure of a
piezoelectric-triboelectric hybrid nanogenerator based on the all-hybrid nanofiber
(HNF) concept was developed and its properties were investigated in this study. The
friction zone between two polymers was enhanced by utilizing the nanofibrous nature
of nanofiber mats, as the increased friction area would improve the device's output

voltage. In the case of non-functional polymer preference in the HNF mat, an HNF-
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based nanogenerator would be a triboelectric nanogenerator with low current output.
Due to its piezoelectric properties, PVDF was used as a functional part of HNF in this
regard; thus, the HNF-based device became a hybrid nanogenerator. The duel-fed
electrospinning method was used to create hybrid nanofibrous mats. During the
electrospinning process, PVDF and thermoplastic polyurethane (TPU) were fed at
equal rates and concentrations, resulting in PVDF/TPU hybrid nanofibers. The
relationship between nanofiber morphology and electro-mechanical energy conversion
performance using a periodic compression test is investigated in the first part of this

study by varying electrospinning solution concentrations.

Because of its flexibility and insulating qualifications, TPU was chosen as a counter-
material to PVDF, which also allows the HNF mat generated to be employed in smart
textile applications. Thereby, optimum morphology, optimum polymer concentrations
with the other words, were determined as the main result of first chapter of study. In
second chapter, graphene oxide (GO) was simultaneously electro-sprayed onto the
collector, during the HNF mat fabrication and a third feeding nozzle was used to feed
GO solution during fabrication. The requirement for conducting additional material
arises from the need for charge transmission in the nanofibrous web from fibers to
electrodes. In order to obtain electrically more conductive HNF mat, GO reduction
was performed by wet chemical method. Fourier Transform infrared spectroscopy
(FT-IR), four probe resistivity analysis, and scanning electron microscopy (SEM) were
used to analyze reduced GO-HNF (rGO-HNF) mats. The rGO-HNF mats were then
sputtered with a thin coating of gold and sandwiched between two aluminum tapes.
The isolation of sandwiched structure was provided by silicone resin coating. Finally,
the resulting HNGs were electromechanically analyzed using a compression test,

demonstrating the utility of our "master device."

2. Materials and Methods
2.1. Materials

Polyvinylidene fluoride (PVDF) (Alfa Aesar, Germany), thermoplastic polyurethane
(TPU) (Ravago, Turkey), dimethyl formamide (DMF) (ISOLAB Chemicals,
Germany), acetone (Sigma-Aldrich, France), graphite (Fischer Chemicals, U.K.),
sulfuric acid (H2SOs4) (95-98%, ISOLAB Chemicals, Germany), phosphoric acid
(H3PO4) (Sigma-Aldrich, Switzerland), potassium permanganate (KMnQOs) (Yasin
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Teknik, Turkey), hydrogen peroxide (H202) (ZAG Kimya, Turkey), ethanol (ISOLAB
Chemicals, Germany), hydrochloric acid (HCI) (37%, Carlo Erba, France) and
hydrazine hydrate (N2Hs) (50-60%, Sigma-Aldrich, Switzerland) were purchased.

2.2. Methods
2.2.1. HNF mat-based hybrid nanogenerators
2.2.1.1. Production of TPU/PVDF hybrid nanofibers

TPU and PVDF electrospinning solutions were prepared with varying polymer
concentrations (5%, 7%, 9%, 11%, 13%, and 15% by weight) in DMF:acetone
(37.5%:62.5% acetone by weight) solvent system under 40 °C with continuous stirring
overnight. TPU and PVDF solutions prepared with the same polymer concentrations
were electrospun simultaneously to manufacture the HNF mats. Spinning parameters
were the same for each HNF mat production process; 36 kV voltage, 175 mm spinning
distance, 1.75 mL/h feeding rate, and 500 rpm collector drum rotating speed. HNF
mats were named as HNF-5, HNF-7, HNF-7, HNF-9, HNF-11, HNF-13 and HNF-15.

2.2.1.2. Fabrication of HNF-based hybrid nanogenerators

HNF mats were detached from aluminum foil which was used as the substrate during
the electrospinning process. Then, the front and back surfaces of HNF mats were
coated with gold by the magnetic sputter, to have integrated highly conductive flexible
pre-electrodes. The gold-coated area was 2.0 cm x 4.0 cm for each sample. Then, the
gold-coated HNFs were sandwiched between two conducting aluminum tapes and
electrical contact wires were mounted onto aluminum tapes as top and bottom
electrodes. The resulting device structure was coated with silicone resin to insulate the
aluminum tapes and provide mechanical stability to the nanogenerators device.
PVDF/TPU HNF-based nanogenerators were named as HNG-5, HNG-7, HNG-9,
HNG-11, HNG-13 acetone solvent system with 13% concentration was determined as
optimum HNF mat for hybrid nanogenerator device. Therefore, 13% PVDF and TPU
solution was used in the second part of the work and HNG-15.

2.2.2. Fabrication of rGO-HNF-based hybrid nanogenerators
2.2.2.1. Production of GO-TPU/PVDF hybrid nanofibers (GO-HNF) and

their reduction
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Triple-fed electrospinning method was used to produce GO-HNF nanofibers. TPU and
PVDF solution in DMF:acetone solvent system with 13% concentration was
determined as optimum HNF mat for hybrid nanogenerator device. GO was
synthesized with the top-to-bottom principle by the literature [47]. In the triple-nozzle
electrospinning process, two polymer nozzles belonged to polymer solutions and the
polymers were electrospun simultaneously. The third nozzle was used for GO
dispersion and GO was electro-sprayed onto the collector drum, simultaneously, with
the polymer solutions. For the preparation of the GO dispersion, the determined
amount of GO was firstly sonicated into the determined 20 mL of deionized (DI) water
for one hour. Then, 40 mL of 2-propanol (IPA) was added to the GO-water dispersion
and the resulting GO/water-1PA dispersion was used for the electro-spraying solution.
The spinning voltage and collector drum rotation speed were the same as in previous
section. However, the spinning distance was 130 mm for polymer feeding nozzles and
80 mm for GO dispersion. GO feeding nozzle was fastened with a clamp at the back
side of the drum. The feeding rates for polymer solutions and GO were 1.75 mL/h and

7 mL/h, respectively.

In this section, GO amount in nanofiber mat was determined by GO:polymer ratio by
weight (0.08%, 0.24%, 0.40%, 0.56%, 0.72%). Optimization works of GO:polymer
ratio and solvent system were explained in Supporting Information. GO electro-
spraying solutions were prepared in line with these ratios. Produced nanofiber mats
were subjected to a wet chemical process to chemical reduction of GO flakes in the
nanofibrous structure. Therefore, the nanofibers were immersed in 0.5 M hydrazine
hydrate solution in DI water, and reduction was maintained overnight under reflux at
75 °C. The resulting nanofibers were named as rGO-HNF008, rGO-HNF024, rGO-
HNF040, rGO-HNF056, and rGO-HNF072, respectively.

2.2.2.2. Fabricating rGO-HNF-based hybrid nanogenerators

The fabrication procedure for rGO-HNF-based hybrid nanogenerators was the same
as the HNF-based hybrid nanogenerators. rGO-HNF mats were coated with gold and
sandwiched between two aluminum layers, and the resulting structure was coated with
silicone elastomer for insulation and mechanical stability of HNG-008, HNG-024,
HNG-040, HNG-056, HNG-072.

2.2.3. Characterization
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To characterize the HNF and HNF-based nanogenerators, all TPU/PVDF HNFs and
rGO-HNF mats were analyzed morphologically with SEM (Gemini 300/Carl Zeiss;
Oberkochen/Germany). The morphology, fiber diameter, and bead formation
characteristics of nanofibers were considered to determine the optimum HNF samples.
Besides, an energy dispersive X-Ray spectrum (EDS) analysis was performed for
different fibers in an HNF sample to prove the existence of both PVDF and TPU fibers,
separately. Fiber diameters were measured with IMAGEJ software from SEM images

and mean fiber diameters were obtained.

Furthermore, differential scanning calorimetry (DSC) (DSC25/ TA Instrument;
Delaware/USA) analysis was performed on PVDF powder, TPU granule, and HNF
mats. The presence of both polymers on hybrid nanofibers and crystalline phase
determination of PVDF nanofibers were demonstrated by FT-IR analysis (NICOLET
1S50/Thermofischer Scientific; Massachusetts/USA).

rGO-HNF mats were subjected to a volumetric high electrical resistivity test to see
rGO effect on the nanofiber mat with Keithley 6517B high resistivity meter and
Keithley 8009 test fixture (Solon/Ohio/USA). HNF-based nanogenerators and rGO-
HNF-based hybrid nanogenerators were characterized electromechanically, with an
oscilloscope (1102B/GWInstek; New Taipei/Taiwan)) and a periodic compress test
apparatus, which was a modified version of the device developed in our previous work
[28]. All electromechanical tests were performed at a frequency of 4.2 Hz. At least 3
of each nanogenerator (HNF or rGO-HNF Dbased) were produced and
electromechanically characterized.

3. Results and Discussion
3.1. HNF-based hybrid nanogenerators
3.1.1. SEM analysis

As a result of SEM analysis, mean fiber diameters linearly increased with increasing
polymer concentrations (Figure 1A). Figures 1B-D show the EDS analysis of hybrid
nanofibers. In Figures 1C and 1D, while detected fluorine signals create the shape of
PVDF nanofibers, nitrogen signals could not form the TPU nanofibers due to the
smaller nanofiber diameter of TPU. Therefore, fluorine-containing PVDF nanofibers

and nitrogen-containing TPU nanofibers could be described by elemental analysis.
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Moreover, SEM images clearly showed that very high polymer concentration and very
low polymer concentration in electrospinning solutions distorted fiber morphology
(Figure 2A-F). In electrospinning processes, microfibers are formed in places due to
the high concentration of polymer in solution spinning. Average diameters of 5%, 7%,
9%, 11%, 13%, and 15% were 120.32 nm, 138,12 nm, 162.20 nm, 268.88 nm, 277.11

nm, and 337.57nm, respectively.

Although the concentration was not very high in HNF-5, HNF-7, and HNF-9, spinning

solutions with low concentration resulted in a half film/half nanofiber structure. Since

low polymer concentration means high solvent content, nanofibers formed in the

collector drum were re-dissolved with non-vapor solvents, resulting in a semi-filmy

structure [48-50].
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Figure 1 : a) Graph of mean fiber diameter vs. solution concentration of HNFs and b)
image of hybridized EDS mapping of N and F atoms, c) image of EDS mapping of F
atoms, and d) image of EDS mapping of N atoms.
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3.1.2. FT-IR and DSC analyses

FT-IR analysis showed the bonds in the molecular structures of TPU and PVDF, the
macromolecular conformation of PVDF chains in nanofiber form, and the presence of
both polymers in HNF samples. Figure 3A shows the FT-IR spectrum of PVDF
nanofiber, TPU nanofiber and HNF. In PVDF nanofiber, at 441 cm™, 509 cm™, 839
cm?, 1229 cmt, and 1273 cm vibrational peaks prove the formation of piezoelectric
v and B crystalline phases of PVDF chains in electrospinning process [51]. In the FT-
IR spectrum of TPU nanofibers, vibrational peaks at 1066 cm™, between 1133-1219
cm?, at 1529 cm?, at 1596 cm?, at 1725 cm?, and at 3326 cm™ represent C-N
stretching, C-O stretching, N-H deformation, C-C stretching, C=0 stretching of
urethane groups, and N-H stretching vibrations, respectively [52-55].
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DSC analysis was performed with TA Instrument/DSC25, between -50 °C to 210 °C
with 5 °C/min heating rate under a nitrogen atmosphere and all DSC analyzes were
performed on the single or hybrid nanofibers, to determine the melting behaviors of
polymers (Figure 3B). According to the literature [56], TPU has given a weak melting
peak at 168 °C with 1.67 J/g melting enthalpy, due to its amorphous structure. The
glass transition temperature (Tg) peak was also observed at 57 °C for TPU nanofiber.
The peak at 55 °C in the PVDF thermogram indicates the upper glass transition
temperature of the a-crystalline phase of PVDF [57] and low a-crystalline phase
content with 1.18 J/g enthalpy. PVDF curve also gave the melting point at 159 °C with
49.78 J/g melting enthalpy. In the DSC curve of the HNF sample, all these peaks
appeared almost at the same points, as expected. However, due to the decreased PVDF
content in the hybrid sample, the melting enthalpy decreased to 24.11 J/g compared to
the neat PVDF nanofiber sample.

FT-IR analysis was also used for the f-phase content of HNF, PVDF nanofiber, and

PVDF powder. B-phase content of samples was calculated with Equation (1).

Agao + A1274
(1-26(A766 + Agz6 + A124o)) + (Agao + A1274)

F(B) = @

where F(B) is B-phase fraction, A840, A1274, A766, A976, and A1240 are the
absorption values at 840, 1274, 766, 976, and 1240 cm™. The absorption peaks at 840
and 1274 cm™ are the P phase peaks, while the 766, 976, and 1240 cm™ are the a phase
peaks. However, the peak point can be varied for a few units because of differences in
FT-IR device configurations. Therefore, the absorbance signals of  and a crystalline
phases were shown in Figure 3C. The 1.26 is the ratio of B and o absorbance
coefficients, which are 7.73x104 and 6.13x104 cm?/mol, respectively [58]. B phase
content of PVDF powder, PVDF nanofiber, and HNF were calculated as 28.66%,
55.64%, and 45.08%, respectively. According to the results, the electrospinning

process clearly enhanced the B phase fraction in samples.
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Figure 3 : A) FT-IR spectra of PVDF nanofiber, TPU nanofiber, and HNF; B) DSC
curves of PVDF nanofiber, TPU nanofiber, and HNF; C) Absorption peaks of  and o
crystalline phases.

3.1.3. Electro-mechanical analysis

The contribution of TPU and PVDF hybridized nanofibers in triboelectricity, which is
the novelty of this study, was initially investigated using output current and voltage
values of HNF and neat PVDF nanofibers with equivalent material amounts. Periodic
compression stimuli with equivalent compression force were used to obtain output
voltage and current values. The output voltage and current signals of P\VDF and HNF-
based nanogenerators are shown in Figures 4A and 4B, respectively. PVDF nanofiber-
based nanogenerator had peak-to-peak voltage and current values of 0.82 V and 0.74
twA. In comparison to PVDF-based nanogenerators, HNF-based nanogenerators
demonstrated approximately three times higher values of2.32 V and 2.55 pA. Further,
nanogenerators with different nanofiber morphologies were analyzed electro-
mechanically to investigate their energy conversion performance. VVoltage and current
outputs of nanogenerators showed the nanofiber mat morphology effect on energy
conversion rate. As we mentioned above, extremely high or low polymer
concentrations caused impaired fiber morphology, thicker fibers and/or semi-film

nanofiber mats. It was seen that poor quality nanofiber mats with poor morphological
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properties, non-fibrous structure, or extremely thick fibers decrease the output signals
of nanogenerators. Voltage and current density graphs of nanogenerators were given
in Figure 4C-D. Low concentrated electrospun nanofiber-based nanogenerators HNG-
5 and HNG-7 have shown weak output voltage and current densities (peak-to-peak)
with 2050 V/m? and 2525 pA/m? and 1675 V/m? and 2273 pnA/m?, respectively.
Voltage densities of HNG-9, HNG-11, and HNG-15 were 2300 V/m?, 2350 VV/m?, and
2650 VV/m?. The current densities of HNG-9, HNG-11, and HNG-15 were 3737 pA/m?,
3030 pA/m?, and 2526 pA/m?. As a result of electro-mechanical characterization,
HNG-13 was determined as the optimum sample for the further chapter of this work.
Current and voltage densities of HNG-13 were 3182 pA/m?, 2900 V/m?, respectively.
Even though higher output values are expected from smaller fiber diameters, or higher
surface area in other words, half film/half nanofiber failed morphology, as described
in SEM analysis results, reduced the performance of HNG-5 and HNG-7. Furthermore,
the failed morphology was corrected by increasing polymer concentration as fiber
diameter increased; as a result, output voltage and current values increased. However,
the rise in output performance was reversed at HNG-15 due to thicker fibers and
smaller surface areas. In other words, higher concentration polymer solutions solved
the film formation problem and provided the desired nanofiber formation, improving
the output performance of HNGs. However, higher concentrations also caused thicker
nanofibers and smaller surface area. In this regard, HNG-13 sample was the “balance

point” between nanofibrous morphology and optimum nanofiber diameter.
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Figure 4 : a) Output voltage and b) output current comparison of PVDF-HNF; ¢)
output voltage density and d) current density graphs of HNGs.

Here we claimed that the hybrid nanofibrous structures would generate more electrical
energy thanks to increasing the contact-separation area compared to contact-separation
area of film-based triboelectric devices (Figure 5) [24]. Figure 5A illustrates the
piezoelectric polarization behavior of PVDF nanofibers. Nanofibers are electrically
polarized as the mechanical force is applied onto fibers. Here, compression stress is
delivered to the nanofibers in pressure or stretching form. On the other hand, Figure
5B is the schematic illustration of triboelectrification between TPU and PVDF
nanofibers. In the initial condition, PVDF and TPU nanofibers are randomly collected
and stand separated from each other. When the compress force is applied to the hybrid
nanofibrous mat, two different mechanisms start to work. The first of them is
piezoelectricity, which is described in Figure 5A. The second one is triboelectrification
between TPU and PVDF nanofibers. Mechanical compression onto nanofibrous mat
provides PVDF and TPU nanofibers contact with each other. When the compression
force is removed, nanofibers get separated and nanofiber surfaces are electrically
charged, according to the triboelectrification mechanism. As the result of
electromechanical analysis of HNG-5 to HNG-15, increasing nanofiber density in
nanofiber mat, with other words increasing contact-separation area nanofiber in the

mat, clearly increased the output values of nanogenerators.
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Figure 5 : Schematic illustration of a) piezoelectric polarization mechanism of PVDF
nanofibers and b) triboelectrification mechanism of hybrid nanofibers.

3.2.  rGO-HNF-based hybrid nanogenerators
3.2.1. FT-IR, SEM, and resistivity analysis of rGO-HNFs

rGO-HNFs were subjected to FT-IR spectrophotometric analysis and spectrums of
rGO-coated nanofibers were compared with HNF without graphene. FT-IR analyses
showed that the GO coating and its reduction process cannot be seen in the FT-IR
spectrum clearly. GO or rGO, even carbon nanotubes, already do not give specific
vibrational peaks in FT-IR spectrophotometry due to their high light absorbing nature
[59,60]. Besides, intense PVDF and TPU vibrations, which were clarified in the HNF
characterization part, could easily mask the weak vibrational signals of rGO sheets
(Figure 6A). SEM analyses were performed on rGO-HNFs to demonstrate the rGO
coating on PVDF and TPU nanofibers. It was clearly seen that the rGO sheets
successfully wrapped the polymeric nanofibers (Figure 6B). rGO-coated nanofiber
surfaces also provided rougher surfaces which is important for the tribo-electrification
mechanism. However, the main purpose of rGO coating onto nanofiber surfaces was

to assist in the conduction of tribo-electrically generated electricity.
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Although this is not a common problem when the nanogenerator studies are checked,
short-circuit is the major mistake in the nanogenerator fabrication process. There are
two main reasons for this defect on samples; faulty electrode design in the electrode
integration step, and relatively high electrical conductivity of the electricity generating
layer. The electrode design and application mistakes can be minimized in fabrication
step. However electrical resistivity (or conductivity) should be higher than a few
hundred of MQ as the optimum resistivity value, according to our pre-studies on
nanogenerators. We clearly have seen that output-voltage and current is dramatically
decreased in short-circuit defected samples due to because electric flow preferred the
path with less resistance (Figure 7A-B). Although aluminum tapes and copper wires
were used as electrodes and electrical contacts, electricity is generated between PVDF
and/or TPU polymer chains which are not electrically conductive. Since the resistivity
of polymer chains can easily block the electron flow between chain and electrode,
current flow can prefer another way in high amounts of conductive-filled structures.
For all these observations, the electrical resistivity of rGO-HNFs was measured by
four probe method with a KEITHLEY 6517B high resistivity-meter and a KEITHLEY
8009 text fixture. Electrical resistivity measurements have shown that the resistivity
was decreased by the increasing rGO amount in HNFs (Figure 7C).

As for the HNF samples, the B phase fraction of rGO-HNF samples was calculated
with Equation (1). p phase content results of rGO-HNF samples were given in Table
1. In fact, a crystallization agent effect cannot be expected from GO or rGO for rGO-
HNFs because of rGO is not doped into the nanofibers. rGO flakes get in between
PVDF and TPU nanofibers and GO spray is performed after the solidification of
polymers. Therefore, samples could not show a dramatic enhancement or reduction in
B phase content. Although the absorbent behavior of carbon-based materials caused a

small drop, maximum of the reduction was about 2% for rGO-HNF-008.

Table 1 : Beta phase contents of rGO-HNFs.

Sample B phase Content (%)
rGO-HNF-000 45.08
rGO-HNF-008 42.42
rGO-HNF-024 43.46
rGO-HNF-040 43.48
rGO-HNF-056 43.91
rGO-HNF-072 43.45
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3.2.2. Electromechanical analysis of rGO-HNF-based HNGs

rGO-HNF-based nanogenerators were fabricated and characterized with the same
method and test setup. VVoltage density values from HNG-008 to HNG-072 were 2475
V/m?, 3100 V/m?, 3600 V/m?, 4600 V/m?, and 5350 V/m?, respectively. On the other
hand, current densities for the same nanogenerators were 3485 uA/m?, 4040 pA/m?,
4141 pA/m?, 4848 nA/m?, and 5454 pA/m?, respectively. According to this result,
HNG-072 has been determined as most efficient nanogenerator. Considering the
voltage and current density values, rGO-HNF-based devices have shown dramatic
output values compared to HNF without rGO-based nanogenerators (Figure 8A-B).
The nanogenerators have shown the rGO effect clearly as the result of the
electromechanical analysis. Both voltage and current density were proportionally
increased with increasing rGO amount in nanofibrous structure (Figure 8C).
According to electromechanical and electrical resistivity tests, rGO addition among
the nanofibers formed the pathways to carry the charge to the top and bottom
electrodes (Figure 8D). A signal stability test was performed for 5000 seconds and
given in Figure 9. According to the signal stability test, proposed HNF-based compact
nanogenerator model is successful in fatigue resistance for first 2000 seconds.
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Figure 8 : a) Output voltage and b) current density graphs of rGO-HNF-based
nanogenerators, c) effect of fiber morphology and rGO addition on voltage density and
current density and d) energy conversion mechanism of the hybrid nanofibrous mat.
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Figure 9 : Signal stability of HNF-072 under constant compression force for 5000 s.

The output signals of nanogenerators can be demonstrated by the measurement
methods used in this study, or they can be used as an electrical energy source for
different systems. In this study, we have used a circuit which consists of 119 serially
connected green LEDs to demonstrate the usefulness of our “master device”, HNG-
072. Electrical contacts of the nanogenerator connected to a full bridge rectifier circuit
for AC-DC transformation and rectified current lighted up most of 119 LEDs by hand
tapping (Figure 10A-B). We also observed that when the analyst touched to the LED
circuit, LEDs lighted up brighter (Figure 10C). Moreover, to demonstrate the charging
capability of nanogenerators, we used a commercial capacitor (4.7 uF, 25 V) and the
periodical compress test machine (Figure 10 D). The voltage value of the capacitor

reached 0.9 V in 10 seconds and the charge was discharged in 25 seconds (Figure 10E).
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Figure 10 : A) Schematic illustration of the full bridge rectifier, B) Emitting light by
hand tapping of 119 LEDs arranged to write SMR (abbreviation of SMART
MATERIALS RESEARCH GROUP) and BTU (abbreviation of BURSA
TECHNICAL UNIVERSITY), C) Brighter lighting led by touching LED circuit with
hand, D) Periodic compress device, E) Charge-discharge curve of the commercial
capacitor with HNG-072.
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A comparison table and graph of voltage, current, and power density values were given
in Figure 11 between this work and the other novel approaches to the hybrid
nanogenerator concept. According to comparison, it is clearly seen that hybrid
nanofiber mats and conductive particle addition between nanofibers boosted the output
values. So that rGO doped HNG devices showed high output current values, which is
one of two important points for output power, compared to other works even without
any perovskite or wurtzite crystal doping. However, though the output current value is
acceptable, voltage density was not high enough compared to other studies. The main
reason for low output voltage density values is the all-organic (without perovskite or
wurtzite with other words) structure of HNFs. The other reason was the selection of
TPU as counter material to PVDF. TPU was preferred for the compatibility of these
nanogenerators to textile applications thanks to its elastomeric behavior and low cost.
Similarly, the non-inorganic configuration of nanofibers was preferred to obtain
textile-compatible resulting mats.
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Figure 11 : a) Voltage density and current density, and b) power density comparisons
of this work and novel PVDF nanofiber based hybrid nanogenerators studies.

4. Conclusion
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We presented a unique hybridization approach for triboelectric-piezoelectric hybrid
nanogenerators in this paper. This innovative nano-scaled hybridization using the dual
and triple spinning methods was made possible by the electrospinning process. For
energy scavenging, a piezoelectric and a non-piezoelectric polymer were utilized. In
the first stage, we investigated the effect of fiber morphology on nanogenerator
outputs. Thinner fibers outperformed bulkier fibers due to a more successfully
interwoven structure and clear fiber shape. However, conduction of generated energy
in volumetrically central threads constituted an issue in nanofiber-based
nanogenerators, particularly in thick nanofiber mats. Later, graphene oxide was
employed to provide a channel for electrical flow from the nanofiber mat's center
regions to the top and bottom electrodes. To put it another way, two polymers and a
GO dispersion were fed into the electrospinning apparatus at the same time, and the
GO was chemically reduced to improve electrical conductivity. As a consequence, GO
addition at 0.72% by weight in the nanofibrous structure enhanced the output voltage
by 71.4% and the output current by 84.5%. Furthermore, the proposed hybridization
approach lends itself to further development with other polymer and additive

combinations for smart wearable electronics.
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NANOGENERATORS FOR MECHANICAL ENERGY HARVESTING
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Abstract

This study presents experimental results on the production, characterization, and
applications of three-dimensionally designed piezoelectric-triboelectric hybrid
nanogenerators. The hybrid nanofiber mats (HNF) were manufactured using
poly(vinylidene fluoride) (PVDF) and thermoplastic polyurethane (TPU) as the
piezoelectric and triboelectric counter materials, respectively by simultaneous
electrospinning process. Surface-engineering agents such as poly(vinylpyrrolidone)
(PVP), reduced graphene oxide nanoplates (rGO-NPs), and zinc oxide nanowires
(ZnO-NWs) were utilized in three-dimensional decoration stages. The nanofiber
surfaces were roughened using the sacrifice method, followed by the application of
electrospraying and hydrothermal growth techniques to decorate the nanofibers with
rGO-NPs and ZnO-NWs, thereby enhancing the device. The resulting hybrid
nanogenerators were subjected to periodic compression as applied force, resulting in a
75.0% increase in voltage density and a 169.23% increase in current density compared
to the neat hybrid nanogenerator, thanks to the surface roughening treatment.
Furthermore, the decorations of rGO-NPs and ZnO-NWs on the nanofibers contributed
to a 271.80% increase in voltage density and a 230.77% increase in current density,
reaching values of 2.35 kV/m? and 3.40 mA/m?, respectively. The nanogenerators
were also tested in various applications, including energy storage, device powering,
and textile sensors, to demonstrate their practicality.

Keywords: Nanogenerators, hybrid nanogenerator, surface engineering, energy
harvesting, piezoelectric, triboelectric.
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1. Introduction

Surface engineering involves the manipulation of the chemical and/or physical
properties of a material's surface. This can be achieved through a wide range of
techniques, such as abrasion, coating, chemical treatment, and heat treatment, to obtain
a surface with desired chemical and physical properties. Surface engineering and
design are becoming increasingly important fields of materials science due to the use
of advanced and functional nanomaterials [1]. Surface manipulation can be
accomplished through two principles: morphology control and chemical composition
[2].

The advancements in the synthesis and characterization of nanomaterials have led to
significant developments in the field of energy materials. One such example is the use
of supercapacitors as popular energy storage devices over the past few decades, which
require high specific surface area electrodes to improve charge density [3]. Various
types of porous electrode materials have been heavily studied in the literature.
Additionally, surface morphology design at the nanoscale has emerged as a new

approach for improving energy materials [4].

Nanogenerators are promising energy-harvesting devices that use piezoelectric,
triboelectric, and pyroelectric principles [5]. Lightweight, easy to manufacture, and
wearable features make nanogenerators remarkable in last decade for wearable
electronics and self-powered systems [6]. While materials selection was the most
determinative factor for the electromechanical performance of nanogenerators in the
beginning of their history, nano-design and surface engineering techniques have
become increasingly important among researchers [7]. Nanomaterials with different

geometries (e.g., nanorod, nanowire, and nanoflower) [8,9], hierarchical structures
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[10-12], and materials with added or removed structures [13,14] are successful
energy-generating materials according to literature. Materials selection is the most
important factor for nanogenerator output values. While piezoelectricity and
pyroelectricity principles are directly related to the crystal structure (or macromolecule
conformation) of the material [15], the triboelectric output magnitude of a
nanogenerator system is dependent on surface charge density [16]. Improving
nanogenerator output through materials selection with novelty is impossible unless a
novel material is developed. However, intensive property modification methods by
emerging novel materials require advanced synthesis facilities. Tuning the extensive
properties of available materials, such as specific surface area, particle size and
geometry, surface roughness, and porosity, is a simpler, cheaper, and faster process for

improving energy harvesting performance.

On the other hand, energy conversion principles such as piezoelectricity,
triboelectricity, thermoelectricity, etc. can be combined in a nanogenerator to enhance
output performance of nanogenerator [17]. One of the popular hybridization trend for
energy harvesting devices is photovoltaic/piezoelectric hybrid devices thanks to
partially or completely high piezoelectric properties of photovoltaic materials such as
perovskites [18-20]. However, piezoelectric-triboelectric hybridization on
nanogenerators is very common method to enhance magnitude of output signals due
to similarity on working mechanisms of piezoelectric and triboelectric mechanisms,
and easier/cheaper manufacturing process [21-23]. The hybridization of piezoelectric
and triboelectric principles in a nanogenerator can be achieved by selecting a
piezoelectric material for one of the two dielectric layers in the triboelectric device.
When a force is applied to the piezoelectric triboelectric hybrid nanogenerator, the
piezoelectric layer generates dipoles. The presence of these dipoles triggers enhanced
electrostatic interaction between the piezoelectric and dielectric layers, compared to
non-piezoelectric materials [24].

Nanofibers are a promising nanomaterial that has been widely studied in drug delivery
systems, filtration materials, electrode materials, and energy-generating materials due
to their high surface area, high porosity, nano-scale size, and ease of fabrication. While
nanofibers can be fabricated using many methods, such as centrifugal spinning, bubbfil
spinning, and gas-assisted methods, electrospinning is the most widely known
technique [25]. Electrospinning involves forming fibers with nano-scale diameter from
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a fluidic polymer (molten or solved) with a high voltage electric field force. In this
process, the fluidic polymer must be charged by a high-voltage amplifier to form
polymer jets from one electrode to another. The dissolved or molten polymer solidifies
by losing solvent or cooling down until it arrives from the feeding electrode to the

collector electrode [26].

Furthermore, while electrospinning is a convenient method for creating polymer
nanofibers, it is also possible to fabricate inorganic nanofibers with modifications to
the electrospinning process and post-processing steps such as sintering or calcination.
For example, perovskite nanofibers for energy harvesting applications have been
reported in the literature [27—29]. However, the mechanical properties of inorganic
nanofibers are limited due to their inherent brittleness. As a result, poly(vinylidene
fluoride) (PVDF) and its derivatives are good candidates for nanogenerators owing to
their piezoelectric and pyroelectric properties, as well as their high surface charge
density [30]. Moreover, the electrospinning process facilitates the creation of highly
polarized piezoelectric [B-crystalline phases within PVDF (or its derivatives)
macromolecules. In addition, nanofibrous structures provide benefits such as three-
dimensionality (3D) and nanoscale network structure for energy applications.
Therefore, energy generating mechanism of nanofiber based nanogenerators should be
designed considering three dimensions. Particularly for nanogenerator applications,
the 3D structure of nanofiber mats proves to be a useful method in nanogenerator
fabrication as it allows the tuning of both dense and extensive properties of materials,
and also provides surface tuning with material addition-removal processes [31,32].

In this study, a hybrid nanogenerator based on a nano-designed hybrid nanofibrous
structure has been developed. The nanofibrous structure was used as the piezoelectric-
triboelectric hybrid energy-generating layer, which consists of thermoplastic
polyurethane (TPU) and PVDF nanofibers. While the PVDF nanofibers were used as
a piezoelectric material, TPU was a counter-material to activate the triboelectrification
mechanism. TPU-PVDF hybrid nanofiber mats were fabricated by simultaneous
solution feeding during the electrospinning process. Surface manipulation of the
nanofibers was performed using both material addition and removal principles. The
development process of the nanogenerator included two unique nano-design steps:
Sacrificial process and nanomaterial doping process. In the first step, the sacrificial
method was used to roughen the nanofiber surfaces of the PVDF and TPU nanofibers.
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The optimum roughness ratio of the nanofibers was determined according to the results
of electromechanical test by periodical compression test. In the second step, vertically
aligned zinc oxide (ZnO) nanowires were grown onto the optimum porous nanofibers
using the hydrothermal method. In the third step, a porous nanofibrous mat was
fabricated with reduced graphene oxide (rGO) doping by a triple-fed electrospinning
process, which had been developed in a previous study [17], and the ZnO nanowire
growth process was then performed using the hydrothermal method to fabricate an
rGO-doped nanofibrous structure. The main result of this work was that the surface
engineering techniques improved the electromechanical output power of the
nanogenerators by eight times. Moreover, the electrospinning process facilitates the
creation of highly polarized piezoelectric B-crystalline phases within PVDF (or its
derivatives) macromolecules. In other words, the electrospinning technique enables

the tuning of both the intensive and extensive properties of materials.

2. Materials and Methods
2.1. Materials

TPU (Ravago, Turkey), PVDF (Alfa Aesar, Germany), PVP (Mw: 40000 g/mol,
Sigma-Aldrich, China), acetone (Sigma-Aldrich, France), dimethyl formamide (DMF)
(ISOLAB Chemicals, Germany), sulfuric acid (H2SOa) (95-98%, ISOLAB Chemicals,
Germany), graphite (Fischer Chemicals, U.K.), phosphoric acid (H3POa4) (Sigma-
Aldrich, Switzerland), hydrogen peroxide (H202) (ZAG Kimya, Turkey), potassium
permanganate (KMnOgs) (Yasin Teknik, Turkey), ethanol (ISOLAB Chemicals,
Germany), hydrazine hydrate (N2Hs) (50-60%, Sigma-Aldrich, Switzerland), zinc
oxide (ZnO) (particle size<50 nm, Aldrcih, USA), zinc nitrate hexahydrate
(Zn(NO3)2.H20) (Brend Kraft, Germany), hexamethylene tetramine (HMTA) (Acros
Organics, Korea), and hydrochloric acid (HCI) (37%, Carlo Erba, France) were
purchased.

2.2. Fabrication of roughened nanofiber (PHNF)-based hybrid nanogenerators
(PHNG)

Porous-hybrid nanofibrous (PHNF) samples were fabricated using the electrospinning
technique, with varied cavity ratios. We used the parameters determined in our
previous study to carry out the electrospinning process [17] on electrospinning device

(Inovenso, NS24). The polymer solutions were prepared using a DMF:acetone (3:5 by
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weight) solvent system with a 13% polymer concentration by weight. We fabricated
the nanofibers at a distance of 130 mm between feeding nozzles and the collector
drum, under a voltage of 28 kV to 30 kV, and with a solution feed rate of 1.75 mL/h.

We separately blended TPU and PVDF polymers with PVP as the sacrificial material.
The surface porosity of the nanofibers was regulated by the PVDF:PVP and TPU:PVP
weight ratios. Table 1 provides the PVDF:PVP and TPU:PVP weight ratios. TPU-
PVP/PVDF-PVP hybrid nanofibrous structures were soaked in isopropanol (IPA) at
70 °C overnight to remove the PVP from the TPU and PVDF nanofibers (Figure 1a).

The PHNF samples obtained were cut into sizes of 4.5 cm x 4.5 cm and weighed to
calculate the specific voltage and current signals. Then, samples were coated with a
thin layer of Ag using the magnetic sputtering method as a pre-electrode. The Ag-
coated nanofiber mats were then sandwiched between two aluminum tapes (electrical
resistivity between 0.4-1.2 Q per cm), which served as the top and bottom electrodes.
Finally, the sandwiched structure was coated with silicone resin to encapsulate and

insulate the obtained nanogenerator devices (PHNG) (Figure 1b).

Table 1 : PVDF:PVP and TPU:PVP weight ratios.

Sample Name PHNFO PHNF6 PHNF8 PHNF10 PHNF15 PHNF30
PVDF:PVP ratio 100:0 94:6 92:8 90:10 85:15 70:30
TPU:PVP ratio 100:0 94:6 92:8 90:10 85:15 70:30

2.3. Fabrication of vertically aligned ZnO-NWs and rGO-NPs decorated
PHNF30 (PHNF30-ZG) based hybrid nanogenerators (PHNG30-ZG)

Produced PHNF-based nanogenerators in the section 2.2, electromechanically tested
by periodical compression test. According to the measured output voltage and current
signals, PHNF30 nanofibrous mat-based nanogenerator was determined as the
optimum roughened nanofibrous structure among other roughened nanofibrous
structures. Thus the work continued with PHNF30 nanofibrous mat. In this step of the
study, PHNF30 samples were fabricated as explained in the previous section. A
modified hydrothermal method [33] was used for ZnO nanowire growth onto PVDF
and TPU nanofibers. Firstly, PHNF30 samples were dip-coated with ZnO
nanoparticles. The ZnO seed solution was prepared by ultrasonic homogenization in
water:ethanol mixture with a 1:1 volume ratio and a 2 mg/mL concentration. Dip-
coated nanofibrous mats were dried in an oven at 70 °C. Then the sample was

immersed in 0.02 M Zn(NOs), and 0.02 M HMTA solution. Solution and nanofiber

123



were taken in a 250 mL hydrothermal reactor and the growth reaction was maintained
in an oven at 95 °C for 12 hours. The resulting sample (PHNF30-Z) was washed with

ethanol and distilled water.

As an additional examination, rGO-doped PHNF30 samples were fabricated by the
simultaneous GO dispersion electrospray process during nanofiber fabrication. While
two feed nozzles were used for PVDF and TPU polymers during the fabrication of
PHNF samples, an additional feeding nozzle was used for GO dispersion in this step.
The preparation of GO dispersion was explained in detail in our previous work[34].
GO synthesis was performed according to the literature[35]. While the distance
between the polymer feeding nozzles and the collector drum was 130 mm, the GO
feeding nozzle was 90 mm distant from the drum. The operating voltage was raised
from the 28-30 kV range to between 30-32 kV. On the other hand, the polymer solution
feed rates were the same as the previous step, while the GO dispersion feed rate was 7
mL/h. The GO fraction in the nanofiber sample was 0.9% by weight in the nanofibrous
mat, which was controlled by the dispersion concentration of GO. The GO-sprayed
nanofibrous mats were chemically treated with hydrazine hydrate to reduce the GO
(Figure 1a). Finally, ZnO-NWs were grown onto the obtained nanofiber mat
(PHNF30-G) sample by the hydrothermal method, as with the PHNF30-Z, and named
as PHNF30-ZG.

PHNG30-Z (device based on ZnO-NWs grown on roughened nanofiber mats) with
and PHNF30-ZG (device based on ZnO-NWs grown on graphene coated roughened
nanofiber mats) nanogenerator devices were fabricated according to procedures, as

explained in Section 2.2.

2.4. Characterization

Nanofibrous structures were characterized by Fourier transform infrared spectroscopy
(FT-IR) (Nicolet - 1S50) between 400 cm™ and 4000 cm™ to prove the existence of
bonds of TPU, PVDF and ZnO in nanofibrous mats. X-Ray diffraction (XRD) analyses
were performed on ZnO NWs, PHNF30, PHNF30-Z, PHNF30-G, and PHNF30-ZG
conducted at a speed of 2°/min and in the range of 2° to 65° (Bruker AXS - Discovery
DS). Differential scanning calorimetry (DSC) was performed with 5 °C/min heating
rate in modulated mode between -40 °C and 200 °C under nitrogen atmosphere (TA —

DSC25). TGA analysis was conducted under a nitrogen atmosphere at temperatures
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ranging from 30 °C to 600 °C and under an oxygen atmosphere between 600 °C and
900 °C with 10 °C/min heating rate. Morphological characterization of nanofibers was
performed by scanning electron microscopy (SEM) (Carl Zeiss - Gemini 300) and
energy-dispersive X-Ray spectroscopy (EDS). The morphological analysis of
PVDF/TPU hybrid nanofibers was provided by SEM images and calculations with
IMAGE]J software.

Finally, the PHNF-based nanogenerators were electromechanically characterized by
compression tests using a periodic compression device (PCD) developed in our
previous study [17], which continuously applied pressure (35 Pa, according to ANSY'S
simulation) onto the nanogenerators (Figure 1c). The electrical contacts of the
nanogenerators were connected to an oscilloscope (GW-Instek 1102B), and the output
voltage was collected (Supporting Video 1). The nanogenerators were short-circuited
with a 100 kQ resistor, and output current values were calculated according to Ohm’s
Law. Output current and voltage values were also used to calculate specific output

signals (V/g, mA/g) and output signal densities (V/m?, mA/m?).

b) NANOEEER

Figure 1 : a) Schematic description of nano-design processes; schematic illustrations
of b) PHNF based nanogenerator device, and ¢) PCD.

3. Results and Discussion
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3.1. FT-IR results

In the first step of this study, the PVP removal process was performed using the
chemical etching method. The results obtained from the Fourier-transform infrared
(FT-IR) analysis of the HNF30 and PHNF30 nanofibrous mats (Figure 2a) confirmed
that PVP was successfully removed from the structure. While the HNF30 is hybrid
nanofiber sample before isopropanol treatment, PHNF30 is isopropanol treated and
PVP-removed sample. The characteristic PVP peaks at 1644 cm™ and 3350 cm?,
which indicate the carbon-oxygen double bond and secondary interactions between
oxygen and hydrogen on PVP chains, respectively, disappeared after IPA treatment on
the nanofibers [36]. Furthermore, the vibration peaks observed at 508 cm™, 838 cm™,
1218 cm™, and 1286 cm™ in the PHNF-30 spectrum were attributed to the beta (B) and
gamma (y) crystalline phases of PVDF chains, as indicated by the green boxes [17].
The peaks observed at 1529 cm™ (N-H deformation), 1595 cm™ (C-C stretching), 1727
cm? (C=0 stretching of urethane groups), and 3325 cm™ (N-H stretching signals of
TPU nanofibers) in the PHNF30 spectrum were indicated by orange boxes [37-40].

The FT-IR spectra of PHNF-30, PHNF30-Z, PHNF30-G, PHNF30-ZG, and neat ZnO-
NWs were presented in Figure 2b. The examination of the spectra of PHNF30 and
PHNF30-G samples showed that the contribution of rGO-NPs between the nanofibers
was not visible in the FT-IR spectra. However, the presence of ZnO on the nanofibrous
structure was visible in PHNF30-Z and PHNF30-ZG, as evidenced by a specific Zn-
O peak at around 400-500 cm™ as a transmittance reduction [41]. Beside this specific
peak, ZnO nanowire coating onto nanofibers were masked whole characteristic peaks
of TPU and PVDF polymers.

Beta crystalline phase content in nanofiber samples were calculated according to
Equation 1:
Agpo +A
F(ﬁ)% — m 840 1274 % 100
(K_i (A766 + Ag7e + A124o)> + (Agao + A1274)

1)

where A840 and A1274 are the absorbance values of sample at 840 cm™ and 1274 cm
! which are B crystalline phase peaks; A766, A976, and A1240 are the absorbance
values of sample at 766 cm™, 976 cm™, and 1274 cm™, which are a crystalline phase
peaks. K, (7.73 x 104 cm?/mol) and Kg (6.13 x 104 cm?mol) are the absorbance
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coefficients [42]. The nanofiber samples exhibited F(p) percentages of 53.76%,
41.64%, and 40.11% for PVDF nanofiber, PHNFO nanofiber, and PHNF30-ZG
samples, respectively. The decrease in the beta phase fraction from 53.76% to 41.64%
in the PHNFO sample can be directly attributed to the reduction in PVDF content. The
PHNFO sample consisted of a 50% TPU and 50% PVDF by weight, whereas the PVDF
nanofiber sample was composed entirely of PVDF polymer. Additionally, the F(p)
fraction decreased in the PHNF30-ZG sample from 41.64% to 40.11% due to the
infrared light absorbent properties of rGO flakes [43].
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Figure 2 : FT-IR spectrums of a) HNF and PHNF30 samples and b) ZnO-NWs and
rGO-NPs decorated samples.

3.2. XRD results

The XRD patterns of all samples are presented in Figure 3a. The XRD pattern of ZnO
exhibited specific wurtzite peaks of [100], [002], [101], [102], and [103] planes at
31.8°,34.4°,36.2°,47.6°, and 62.9°, respectively [33,44]. The ZnO peaks were visible
in PHNF30-Z and PHNF30-ZG. However, the peak intensity in PHNF30-ZG was
reduced due to the addition of rGO-NPs in the nano-designed structure, which was
also reported in Zhang's study [45]. Additionally, the wide characteristic rGO peak
between 15° and 35° [46] could not be observed in the XRD results of nanofibrous

structures. When the PHNF30 and PHNF30-G samples were compared (Figure 3b),
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the addition of rGO-NPs increased the signal intensity line around 15°. Furthermore,
this intensity rise masked the peak at 20.5°, which belongs to both the B-crystalline
phase of PVDF macromolecules and TPU chains [47-50]. A previous study conducted
of Mishra et al. [51] also confirms the masking effect of carbonic materials in

polymeric composites.
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Figure 3 : XRD results of a) all nanofibrous mats and ZnO NWs and b) neat and rGO-
NPs doped PHNF samples.

3.3. Thermal analysis results

The confirmation of the PVVP removal process was carried out using the DSC method.
DSC curves of TPU nanofibers, PVDF nanofibers, neat PVP, HNF, and PHNF30
samples were presented in Figure 4a. The melting points of PVP and PVDF were
observed at 73.1 °C and 159.3 °C, respectively. However, since TPU does not exhibit
a sharp melting peak [52], a melting point of the TPU nanofibers could not be
observed. In the DSC thermogram of the HNF sample, two distinct peaks were
observed at 60.6 °C and 154.9 °C, which correspond to the melting peaks of PVP and
PVDF, respectively. The melting peak at 60.6 °C disappeared in the PHNF30 sample,

indicating the successful removal of PVP.
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Figure 4b depicts the TGA curves of the PHNF30, PHNF30-Z, and PHNF30-ZG
samples. The literature indicates that the thermal decomposition of PVDF and TPU
nanofibers commences at approximately 400 °C and 200 °C, respectively [53,54].
Given that the PHNF samples contain both of these polymers, decomposition was
initiated at 222 °C due to the TPU chains. The initial decomposition temperature of
PVDF nanofibers was observed to be 384 °C. TGA was used to determine the ZnO
and rGO fractions in the nanofibrous mat. The residual amount of PHNF30 was found
to be 3%, which was attributed to impurities of PVDF and TPU. This value was
10.75% for PHNF30-Z. Considering the 3% impurity-related residual, the amount of
ZnO-NWs in the nanofiber mat was measured as 7.75%. In this regard, the rGO-NPs

fraction in the nanofibers was calculated as 2.13%.
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Figure 4 : a) DSC and b) TGA curves of PHNF30, PHNF30-Z, and PHNF30-ZG.
3.4. SEM and EDS results

The nanofiber mat surface morphology was demonstrated using SEM images (Figure
5). As can be seen, the diameter measurement results which were calculated using the
IMAGEJ software, indicated that the average diameter values increased with the
increase in PVP load ratio, from 277 nm to 380 nm. However, the standard deviation

values of the nanofibers were approximately half of the mean diameter values for each
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sample, except PHNF-15. In the hybrid nanofibrous mat, while the TPU nanofibers
were thinner (75-200 nm), the PVDF nanofibers (250-500 nm) were thicker than the
TPU nanofibers, as expected [17]. It was also reported that IPA treatment at high

temperatures onto nanofibers caused an increase in fiber dimensions, in literature[55].
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Figure 5 : SEM images of roughened nanofibers.
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The separately formation of TPU and PVDF nanofibers, and ZnO-NWs in a single
nanofibrous mat was also demonstrated by the SEM-EDS method. The PHNF30-ZG
sample was examined using SEM imaging to investigate its morphology. Figure 6a
shows the surface roughened hybrid nanofibers and grown ZnO-NWs on the nanofiber
surface. The diameter distribution graph of ZnO-NWs is shown in Figure 6b. The
diameter was measured using the IMAGEJ software, and the mean diameter of the
nanowires was found to be 287.68 nm and average nano-wire length was measured as
2.2 um. In SEM images, rGO-NPs were not observed because the ZnO-NWs covered
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the surface of the nanofiber mat. Additionally, the PHNF30-ZG sample was analyzed
using EDS-mapping technique, and the mapped SEM image is also shown in Figure
6¢. The signal maps of F, N, and Zn atoms are shown in Figure 6d-f. Zn signals were
the most intense among F, N, and Zn signals, since ZnO-NWs was the top layer of the
sample. Fluorine signals in Figure 6d were sharper compared to the N atom signal map
in Figure 6e. Although the ratio of P\VDF and TPU polymers was 1:1, the reason why
fluorine signals were clustered and nitrogen signals were scattered throughout the map
is that PVDF nanofibers are relatively thicker than TPU nanofibers, which caused by
chain length difference between preferred TPU and PVDF raw polymers [56].
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Figure 6 : a) SEM image of PHNF30-ZG, b) Diameter distribution of grown ZnO-
NWs, ¢) SEM image of EDS-mapped region of PHNF30-ZG sample, d) Distribution
of F atoms from PVDF nanofibers, €) Distribution of N atoms from TPU nanofibers,
e) Distribution of Zn atoms from ZnO NWs.

131



3.5. Electromechanical analysis

The energy generating mechanism of three-dimensional PHNG samples was presented
in Figure 7. According to the mechanism, the applied pressure initially stimulates the
PVDF nanofibers, which generates the polarized regions onto PVDF nanofibers. In the
second step, the porous surfaces of the PVDF and TPU nanofibers perform a contact-
separation movement. Increased surface area of both polymers promotes the number
of contact-separation points through the nanofibers, which provides better
triboelectrification between surfaces [17]. Additionally, piezoelectrically generated
dipoles onto PVDF nanofiber, trigger the electrostatic induction between TPU and
PVDF [24]. Since the importance of the three-dimensional hierarchical structure for
the energy production mechanism should be considered, in addition to the results of
the peak-to peak measurements, which are mostly presented in the similar studies, in
this study, the calculations have been performed according to the mass-dependent
approach are also presented for the 3D PHNF-based nanogenerators in order to have

comparable results.

A periodic compression device was used to electromechanical characterization of
PHNF Dbased piezoelectric-triboelectric hybrid nanogenerators. Compression
frequency of device was 4.2 Hz. According to electromechanical analysis results,
peak-to-peak open-circuit voltage (Vp-p) outputs of samples from PHNGO to PHNF30
were 1.28 V, 1.50V, 1.58 V, 1.62 V, 1.88 V, and 2.24 V, respectively (Figure 8a). On
the other hand, short-circuit peak-to-peak current (Ip-p) values of samples from
PHNGO to PHNF30 were 2.08 pA, 3.20 pA, 4.40 nA, 4.80 pA, 5.60 pA, and 5.60 pA,
respectively (Figure 8b). As the result of compression test on PHNG samples,

PHNG30 nanogenerator is the optimum sample for this section of this work.

The ZnO-NWs and rGO-NPs decorated PHNF30-based nanogenerator samples were
electromechanically characterized using the same compression method, and the output
voltage and current diagrams were presented in Figure 8c-d. The addition of
piezoelectric ZnO-NWs and rGO-NPs to the nanofibrous mat improved the output
voltage and current values of the PHNG30 sample. While the open circuit Vp-p value
was 2.24 V for PHNG30 sample, it has increased to 3.52 V and 4.76 V for PHNG30-
Z and PHNG30-ZG samples, respectively. Similarly, short circuit Ip-p for PHNG30-
Z and PHNG30-ZG samples increased to 5.76 pA and 6.88 uA, respectively, while
the Ip-p value was 5.60 pA for PHNG30 sample. Owing to designs with hierarchically
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nano-decoration processes on nanofibers, an increasing trend in output signals has
been observed and this can clearly be attributed to the synergistic effect of rGO-NPs
and ZnO-NWs. Graphene and its derivatives are frequently employed as additives in
piezoelectric nanogenerators due to their ability to enhance charge transfer and reduce
internal electrical resistivity within the energy-generating layer [57]. In the PHNF30-
ZG nanofibrous mat, the charge generated on the surfaces of TPU, PVDF, and ZnO is
efficiently transported to the electrodes through the utilization of rGO sheets (Figure
7e). Further, ZnO nanowires with vertically alignment onto nanofibers employed as

additional energy generating materials thanks to their piezoelectrical properties.

Figure 7 : 3D energy generation mechanism of PHNF samples; a) Neutral state and
b) stimuled state of TPU and PVDF nanofibers, ¢) Piezoelectric polarization of PVDF
nanofiber, d) Triboelectrification of TPU and PVDF nanofibers, e) Schematic
illustration of charge transfer through graphene flakes.
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Figure 8 : a) Open-circuit voltage and b) Short-circuit current outputs of PHNG
samples; c¢) Open-circuit voltage and b) Short-circuit current outputs of PHNG30-Z
and PHNG30-ZG samples.

Adjusting the amount of material is one of the most fundamental parameters for
optimizing the performance of nanogenerators, such as piezoelectric composite-based
nanogenerators, in which the amount of piezoelectric filler is a widely studied topic
[58,59]. In contrast, in triboelectric nanogenerators, the amount of material used is at
the nanoscale, and therefore, it is another key factor that influences nanogenerator
performance, since an increase in the amount of bulky materials causes a loss in
performance [60]. Moreover, an increase in the amount of the triboelectric layer, with
sophisticated nano-design processes, also increases the active friction (or contact) area
and surface charge density, resulting in enhanced output signals [61,62]. Therefore, in
many studies, output voltage, current, power, and/or charge values have been
examined on a per-unit-mass basis [63-66]. Furthermore, examining voltage, current,
and power density by per-unit-area of the device is also an important data for
nanogenerators. The peak-to-peak voltage, current, and power signals for each sample
are shown in Figure 9a. Linear enhancement was achieved through nano-engineered
nanofibrous mats, from PHNGO to PHNG30-ZG samples. Similarly, voltage, current,
and power density values increased from 0.63 kV/m? to 2.35 kV/m?, from 1.03 mA/m?

to 3.40 mA/m?, and from 1.31 mW/m? to 16.17 mW/m?, respectively, with the increase
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in porosity, ZnO-NW growth, and rGO-NP addition (Figure 9b). In addition, per-unit-
mass graphs were presented in Figure 9c. Although the linearity from PHNGO to
PHNG30-ZG samples was disrupted in this assessment, V/g, pA/g, and pW/g values
of PHNG30-ZG sample, compared to PHNGO sample, were boosted from 11.34 V/g
to 33.59 V/g, from 18.11 pA/g to 48.55 pA/g, and from 23.18 pW/g to 231.11 uW/g,
respectively. The percentage increase of output signals for PHNGO and PHNG30-ZG
is presented in Table 2.
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Figure 9 : a) Peak-to-peak voltage, current, and power signals for each PHNG sample.
b) Voltage, current, and power density values per unit area of the device for PHNG
samples. ¢) Voltage, current, and power values per unit mass for PHNG samples.

Table 2 : Increase (%) of output signals for PHNG30-ZG nanogenerator compared to
PHNGO nanogenerator.

Signals PHNGO0 PHNG30-ZG Increase (%)
Vp-p (V) 1.28 4.76 271.88

Ip-p (nA) 2.08 6.88 230.77

Wp-p (uW) 2.66 32.75 1130.04
VpG (V/g) 11.14  33.59 201.44

IpG (uA/g) 18.11 48.55 168.12

WpG (uW/g) 23.18 231.11 897.08
Voltage Density (kV/m?)  0.63 2.35 271.8
Current Density (mA/m?) 1.03 3.40 230.77
Power Density (mW/m?)  1.31 16.17 1130.05
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To evaluate the potential practical applications of the PHNG30-ZG nanogenerator, a
series of usage tests were conducted. First, an energy storage experiment was
performed to investigate the output performance of the nanogenerator. The
nanogenerators were stimulated by the PCD and the electrical contacts were connected
to a Schottky Barrier circuit for AC/DC transformation. The output contacts of the
circuit were then connected to commercial capacitors with various capacitance values,
and an oscilloscope was used to observe the voltage data. Charge-discharge curves of
the capacitors were presented in Figure 10a. The results indicated that the
nanogenerator was not suitable for charging capacitors with high capacitance values.
22 uF, 10 pF, and 4.7 pF capacitors were able to reach between 13 V to 27 V between
10 s to 20 s. However, the nanogenerator was able to charge a 2.2 pF capacitor with a
better maximum voltage and charging time (24.8 V in 5.52 s). Additionally, the voltage
of the 0.22 pF capacitor reached 21.06 V in 1.08 s, which was the fastest charging time
compared to other capacitors. Beside, fast charge-discharge ability caused instability
for maximum voltage line. However, this is not an deficiency for use in low-power
consumer devices (Supporting Video 2). Subsequently, usage tests were continued
with the 0.22 pF capacitor. The nanogenerator-rectifier-capacitor unit was connected
to the battery holder contacts of a digital temperature-humidity meter. Figure 10b
shows the nanogenerator's ability to power the device under compression, both when
the PCD was operating and when it stopped. Further, PHNG30-ZG sample could light-
up the 119 LEDs by hand tapping (Supporting Video 3). Finally, the PHNG30-ZG
nanofiber sample was used as a motion sensor on a textile surface. The nanofiber mat
was coated with a thin layer of Ag using magnetic sputtering technique and mounted
onto a textile surface with silicone resin. The nanogenerator-integrated textile was then
worn on the arm and the output voltage signals were recorded by an oscilloscope.
According to the output data, the textile sensor generated a peak-to-peak voltage of
0.6 V (Figure 10c). Furthermore, the obtained result indicates a bending sensitivity of
approximately 4.8 mV/°, which is comparable or superior to similar studies reported
in the literature [67—71]. Moreover, the application of silicone encapsulation onto the
fabric contributes to the mechanical stability of the textile-integrated sensor device,
ensuring its robustness and reliability. With the increasing utilization of wearable
motion sensors in sportswear, the role of mechanical stability becomes increasingly

significant.
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To demonstrate the effect of hybrid nanofibrous mat compared PVDF nanofiber,
electromechanical tests were conducted on PVDF and PVDF/TPU hybrid nanofiber-
based nanogenerators. The PVDF nanofiber-based nanogenerator exhibited an
obtained Vp-p value of 0.89 V, while the PVDF-TPU-based nanogenerator
demonstrated a higher value of 1.28 V (Figure 10d). This confirms the improvement
in output performance achieved through the hybridized nanofibrous structure.
Furthermore, a mechanical stability test was performed on the PHNG30-ZG sample
using PCD for a duration of 1400 seconds (Figure 10e). The durability test results
indicate that the output signal levels remained stable within a narrow voltage range

below and above zero.
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Figure 10 : a) Storage tests, b) Use test, and ¢) Textile-sensor test of PHNG30-ZG, d)
Output voltage comparison between PVDF and hybrid nanofiber based
nanogenerators, and e) Long-term mechanical stability test result.

A literature comparison diagram was created to showcase the superiority of the
PHNF30-ZG nanogenerator, as depicted in Figure 11 [8,72,81-86,73-80]. According
to Figure 11a, the PHNF30-ZG nanogenerator sample exhibited a significantly higher
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output current value compared to the existing current output values. Additionally, the
output power density result of the PHNF30-ZG nanogenerator was acceptable and
proved to be suitable for low-power consuming devices and sensing applications, with
a value of 16.17 mW/m? (Figure 11b). Besides, while previous study results with
higher power densities were obtained with costly and complex materials such as
perovskites, this study used the traditional and relatively low-cost materials such as
PVDF, ZnO, and rGO. Furthermore, an important aspect contributing to the originality
of this study is the evaluation of mass-dependent signals. According to the
experimental results, the output signals experienced a significant increase due to the
nano-decoration processes, which effectively reduced the density of the HNF mats.
However, mass-dependent output results, which is very critical to evaluate the
performance of real practical products, were not considered in existing nanogenerator
studies. Therefore, this study is important since it is the first study in literature, which

dealt with the change in output results according to mass of energy generating layer.
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Figure 11 : Literature comparison diagram based on a) Peak-to-peak signals and b)
Power densities.
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4. Conclusion

In conclusion, the successful fabrication and characterization of 3D hybrid
nanogenerators based on nano-designed and rGO-NP/ZnO-NW decorated electrospun
mats have been demonstrated for energy scavenging and sensor applications. The use
of the sacrifice method for surface treatment of nanofibers was found to be effective,
as confirmed by FT-IR and DSC analysis. The results showed that surface roughening
of the nanofibers, as well as rGO-NPs and ZnO-NWs decoration, significantly
enhanced the output performance of the hybrid nanogenerators, since they improved
the 3D structure of nanofibrous mats. The PHNG30-ZG nanogenerator generated
output peak-to-peak values of 4.76 V, 6.88 uA, and 32.75 pA, which corresponds to
2.35 kV, 3.40 mA, and 16.17 mW per square meter. Furthermore, material-removing
and material-adding processes during surface modification and additive decoration,
the electrical output was evaluated in terms of mass for each nanofiber mat. As a result,
the electrical output observed per grams of nanofibrous mat was 33.59 V, 48.55 A,
and 231.11 pW for voltage, current, and power density values per grams, respectively.
Finally, the usability of the nanogenerator was demonstrated in application
experiments, including charging a storage component, powering a device, and textile

Sensor.
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ELECTRODES
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Abstract

Today, there is a great demand for development of portable, lightweight, flexible and
stable devices that produce and store energy to provide the power that wearable
electronics and smart textile materials need. For this purpose, in recent years,
researchers have focused on the development of nanofiber-based nanogenerators that
have high surface area thanks to their nanofibrous structures. Therefore, this study
presents the development of piezoelectric nanogenerators made of poly (vinylidene
fluoride) (PVDF) nanofibers and graphene-based flexible electrodes via electrospray
deposition (ESD) technique using electrospinning device. First, graphene oxide (GO)
was electrosprayed onto the PVDF-nanofiber surface, then, the coated GO layer was
reduced by chemical treatment to obtain reduced-GO (rGO) and increase electrical
conductivity. With the ESD technique, it has been observed that graphene oxide
nanosheets successfully wrapped on the nanofibers without agglomerating and this
effect is further enhanced by the reduction process. The effect of different thicknesses
of graphene electrodes on the efficiency of nanogenerators was investigated. As a
result, a maximum peak to peak voltage of 1.00 V was produced with rGO-sprayed
nanofiber-based nanogenerator, while 0.688 V was obtained with pure PVDF
nanofiber. Also, "voltage-per-gram" analysis showed that the output voltage was
directly related to the electrode morphology and thickness.

Keywords: Electrospray, graphene, nanofiber, poly (vinylidene fluoride) (PVDF),
piezoelectric nanogenerator.
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1. Introduction

Nanogenerators are the systems which harvest waste mechanical or thermal energy
into electrical energy by piezoelectric, triboelectric and pyroelectric mechanism [1].
Nanogenerators converts or produces too small amount of energy. For this reason, even
if nanomaterial is not used in nanogenerator manufacturing, nanogenerators are called
with the word “nano” [2]. Nanogenerators can be used as energy source of self-
powered systems, sensors, wearable electronics and energy recovery apparatus for
industrial machines [3]. While the piezoelectric and triboelectric nanogenerators
converts mechanical energy into electrical energy, pyroelectric nanogenerators
requires waste thermal energy to produce electrical power [4]. Piezoelectric and
triboelectric nanogenerators are more convenient to be used in biomechanical and non-
industrial energy scavenging applications. Piezoelectric nanogenerators are come into
prominence due to its high output power and low stimulation threshold against

triboelectric devices [5].

Piezoelectric and triboelectric nanogenerators are more convenient to be used in
biomechanical and non-industrial energy scavenging applications. Piezoelectric
nanogenerators are come into prominence due to its high output power and low
stimulation threshold against triboelectric devices [3]. In this regard polymers have
some handicap to be used in energy harvesting like crystalline phases. For example,
PVDF should be zig-zag polarized B-crystalline phase. B-crystalline phase provides
higher output power compared to a-crystalline phase due to high atomic polarization
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on polymer backbone for PVDF [6]. Electrospinning is the most commonly used
method for fabricating piezoelectric-polymeric materials. High mobility rate of side
atoms of PVDF in solution phase and high electrical field in electrospinning process
provides the high polarization and macromolecules transforms to B-crystalline phase
[7]. Also, as a result of the PVDF nanofiber structure, it gains high surface area and
this increases the output power. However, with the modifications made in the
electrospinning process, the properties of the material produced can be changed [8]. If
the feed solution is prepared as a dispersion rather than a polymer solution, the
electrospinning process becomes an electric field assisted spraying process. Although
it is called electrospraying, the nozzle design is also very important for converting

electrospinning to electrospray [9,10].

Graphene is the carbon-based 2D material which has high mechanical properties
(strength; 130 GPa, Young’s Modulus; 1 TPa) [11,12], high electrical conductivity (17
S m™) [13], and high thermal conductivity (5300 W mK) [14]. A graphene sheet is
formed by carbon atoms with sp? hybridization and its layer thickness is the diameter
of a carbon atom. Especially these two features give electrical conductivity and
mechanical flexibility which make graphene suitable to be used in electronics. There
are too many production methods for graphene, such as mechanic exfoliation [15],
chemical vapor deposition [16], arc-discharge method [17], chemical reduction of
graphene oxide [18], etc. The chemical reduction method stands out among other
graphene production methods due to its low cost production process and product

similar to excellent graphene structure.

Electrospray deposition (ESD) of graphene and graphene derivatives is widely used
for gas sensors [19], switching devices [20], supercapacitors [21], and Li-ion batteries
[22,23]. The important advantages of using the ESD method to prepare graphene-
based devices are the homogeneous coating of graphene nanosheets, the ability to
produce thin films, more precise film property control and the smooth coating of the
substrate [19,21,24]. Meanwhile, due to the flexibility requirement of nanogenerators
and complex nano-micro structure of active layers (like nanofiber mats, etched
surfaces, vertical aligned piezoelectric nanowires), ESD is more convenient method
for preparing of nanogenerator electrodes. In the ESD method, increased spray time
causes an increase in the thickness of graphene layer and due to the increased exposure
of the solvent, it is more tightly bound to the substrate [25]. Another driving force of
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better coverage of sprayed material is the secondary interactions between the substrate
and graphene nanosheets [22-26]. Especially, while ESD of graphene oxide (GO)
provides wrinkled and curly surfaces coated onto nanofibers, reduced graphene oxide-
coated surfaces, flattened and sharpened, can be obtained after reduction process. In
order to employ more graphene nanosheets on the PVDF nanofibers, while the coated
surface forms a layered structure, the reduction process (thermally or thermo-

chemically) provides high orientation [27,28].

The production of a nanofiber-based piezoelectric nanogenerator with electrosprayed-
graphene electrodes and effect of electrode thickness on output voltage were reported
here. PVDF polymer was used to produce piezoelectric nanogenerator in nanofiber
form. The precursor of the electrode material was (GO) was chemically reduced after
ESD process according to literature [18]. As far as we know, this is the first study in
which the electrospray technique was used for deposition of graphene nanosheets by
wrapping PVDF nanofibers to obtain piezoelectric nanogenerators.

2. Experimental
2.1. Materials

Graphite powder (Merck, U.K.), sulfuric acid (H?SO* (98%, Merck, Germany),
phosphoric acid (H3PO* (85%, Sigma-Aldrich, Switzerland), potassium
permanganate (KMnO4) (Sigma, Germany), hydrogen peroxide (H?>0?) (35%, Sigma-
Aldrich, Germany), hydrochloric acid (HCI) (37%, Fischer Chemicals, U.K.), ethanol
(ISOLAB, Germany) and deionized water (DI) were used for graphene oxide
synthesis. Hydrazine monohydrate (55%, Sigma, Switzerland) was reduction agent of
GO. PVDF (Alfa Aesar, d: 1.76 g cm, Germany), acetone (Sigma-Aldrich, France),
dimethylformamide (DMF) (Merck, Saudi Arabia) and 2-propanol (IPA) (Sigma-

Aldrich, Poland) was used for electrospinning and ESD process.

2.2. Fabrication
2.2.1. Nanofiber fabrication, coating and reduction of GO nanosheets

Nanofiber fabrication and GO electrospraying processes were performed with an
electrospinning machine (Inovenso NanoSpinner 24, Turkey). Acetone:DMF (2:1 by
weight) mixture was used as solvent of PVDF polymer. 10% by weight PVDF solution

was prepared for nanofiber fabrication.
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2.2.2. GO Electrospray Coating and Reduction Processes

Improved Hummer’s method [29] was used for GO synthesis. GO dispersion is
prepared with 0.5 mg mL™ concentration GO in IPA:water (2:1). Then, both surface
of PVDF nanofiber mats were electro-sprayed with GO dispersion by changing
thicknesses. Nanofiber fabrication and electrospraying parameters were given in Table
1. Nanofiber mats were placed between two polyethylene terephthalate (PET) patterns
to keep the coated area to be covered under control (Suppl. Video 1). While the
nanofiber mat dimensions 10 cm x 38 c¢m, the coated area was 2.5 cm x 8.5 cm. Coated
amounts of GO were 2.5 mg GO, 5.0 mg GO, 7.5 mg GO, 10.0 mg GO and 12.5 mg
GO for each side of nanofiber mats and dried 24 hours in fume hood. The samples
were named as NF0.0, NF2.5, NF5.0, NF7.5, NF10.0 and NF12.5, respectively. 0.1 M
hydrazine monohydrate solution was prepared for coated GO reduction reaction [18].
GO-coated nanofiber mats were taken in a 100 mL reaction flask and 80 mL 0.1 M
hydrazine monohydrate solution was added to flask. Reduction reaction is carried on
3 hours and 95 °C with reflux system (Figure 1). Nanofiber mats were dried under

room conditions in a fume hood for 24 hours.

Electrospinning  Electrospraying

rGO Chemical
Coated NF Reduction

& J

Figure 1 : Schematic illustration of the fabrication of rGO coated PVDF nanofiber
mats.

Table 1 : Electrospinning and electrospraying parameters.

Parameters Electrospinning Electrospray
Concentration 10% (wt.) 0.5 (mgmL™Y)
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Voltage 26 kV 35 kv

Feed rate 4mLh? 30 mLh?
Distance 15cm 8cm
Collector spin rate 300 rpm 300 rpm

2.2.3. Nanogenerator fabrication

Piezoelectric nanogenerators were prepared as a multi-layered structure (Figure 2) as
explained in ref. [8]. Aluminum (Al) tapes were used as top and bottom electrodes of
nanogenerator device and reduced graphene oxide (rGO) coated nanofibers were
sandwiched between tapes. Copper tapes were also used on top and bottom electrodes
for electrical contacts of nanogenerator. Then, top and bottom sides of nanogenerators
were coated with 50 um thick PDMS and cured at 100 °C for 20 minutes.

-

. Al Electrodes
rGO Coated Nanofibers

\C
Figure 2 : Laminated structure of piezoelectric nanogenerators.

2.3. Characterization

Powder PVDF, PVDF nanofiber mat, GO-coated PVDF nanofibers and rGO-coated
PVDF nanofibers were analyzed with NICOLET - iS50 Fourier Transform Infrared
spectrometer (FT-IR) to determine the structural properties such as crystalline phases
and reduction effect. Crystal structure of PVDF powder and PVDF nanofiber was also
analyzed with X-Ray diffractometer (XRD) (Bruker AXS/Discovery D8) to show the
-phase formation. Scanning electron microscope (SEM) (Carl Zeiss/Gemini 300) was
used for morphological analysis of coated PVVDF nanofibers. The characterization of
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piezoelectric energy harvesting was performed with an oscilloscope (GW-INSTEK
1102B) and electro-mechanical test apparatus (Figure 3) which was designed and

produced in our previous work (Supporting Video 2) [8].

Figure 3 : Electro-mechanical test apparatus: a) bend state and b) released state of
nanogenerator.

3. Results and Discussion
3.1. FT-IR and XRD analysis

The transition in crystalline phases of PVDF macromolecules has important role in
energy harvesting performance [30,31]. FT-IR analysis is considered as an easy, fast
and efficient method to determine the phase transitions of macromolecules. As can be
seen from Figure 4a, B-phase transition occurred after electrospinning process and
reduction of GO on nanofibers by wet chemical method did not disrupt the  phase

formation. While the FT-IR spectrum of powder PVDF gave o phase peaks intensely,
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polymer went to zig-zag [ phase conformation after electrospinning process.
Absorbance peaks at about 480 cm™, 610 cm™, 755 cm™, 795 cm?, 1210 cm™ are
represented by a type conformation. These peaks did not disappear completely in neat
nanofiber’s FT-IR spectrum, while the  phase peaks were rising. Self-polarization of
PVDF macromolecules by electrospinning method is a commonly known
phenomenon. Most important factor to provide self-polarization is atomic mobility of
side groups of PVDF chains in solution phase. Hydrogen and fluorine side atoms can
easily form electroactive polar B-phase under electrical field [32]. Beside the electrical
field-assisted polarization, electrospinning process provides also applying mechanical
stretching force onto formed polymer jets [33].

On the other hand, reduction process of nanofibers has shown a dramatic phase
transition rate with the considering peak intensities. All o phase peaks almost
disappeared, after reduction process, since exposing the materials to high temperature
changed the crystalline phase of PVDF macromolecules [34]. Additionally, vibrational
peaks at 1234 and 840 cm™ are y and B peaks. FT-IR analysis also performed the
validation of GO formation and GO reduction in Figure 4b. GO showed stretching
vibrations at 1730 cm™ from C=0 and between 2900 cm-3600 cm™ O-H bonds. A
skeletal vibration was also observed at 1620 cm™ from C=C bonds [35]. These three
important peaks signify the oxidation effect on graphene surfaces. With the reduction
of GO, especially C=0 and O-H groups have been removed from graphene surface.
Thus, the peaks at 1740 cm™ and between 2900 cm™-3600 cm™ have disappeared.
However, the skeletal vibration of C=C have not completely disappeared because of

bonds between C atoms in graphene structure.

FT-IR results also contain fraction of f phase among PVDF macromolecules according

to Equation 1 [36].

Agao + A1274

FB) = (K "

K_i (A766 + Agz6 + A124o)> + (Agao + A1274)

In this equation, F(P) is B-phase fraction%. A766, A976, and A1240 are the absorption
values at o-crystalline phase peaks. On the other hand, A840 and Al1274 are the
absorption values of B-crystalline phase peaks. All of these peak points can be varied

from instrument to instrument =5 cm™. K, and Kp, which are absorbance coefficients,
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are 6.13x104 and 7.73x104 cm?.mol™, respectively. In this regard, p phase fraction
percentages of PVDF powder, PVDF nanofiber, and solution treated PVVDF nanofiber
were 27.74%, 54.37%, and 56.70%, respectively.

XRD results of PVDF powder and PVDF nanofiber have verified their FT-IR results.
The peaks at 260=19.78°, 26=26.33°, 26=32.76°, 26=35.62°, and 26=38.58° come from
a phase of PVDF [37]. After electrospinning process, o phase peaks of PVDF have
disappeared and [ phase peak have risen at 20=20.73° (Figure 4c). Furthermore,
similar to FTIR results, beta phase fraction can be calculated by Equation 2. See
reference [36] for detailed description of equation. According to calculations, 3
crystalline phase fraction of PVDF nanofiber and PVDF powder were 66.80% and
16.60%, respectively.

F(B) = —F
(B) = m )

=Graphite

=2
—

Absorbance (a.u.)e/

Absorbance (a.u.)

1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
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=Reduced =Non-Reduced -~ PVDF Powder

4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Figure 4 : a) FT-IR spectra of powder PVDF, PVDF nanofiber and reduced PVDF

nanofiber, b) FT-IR spectrums of graphite, GO and rGO, and c) XRD results of powder
and nanofiber (after reduction) PVDF.

3.2. SEM analysis

Morphology of the nanofibers and coated surfaces were investigated with SEM
analysis. The average fiber diameter of the nanofibers was measured as a fairly low

value of 206 nm after GO coating. In addition, after reduction of graphene oxide, the
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average diameter increased to 227 nm. The reason for the increase in the diameter of
the reduced graphene oxide-coated nanofibers is that the nanofiber structure is drawn
due to heat treatment [38-40].

Considering the surface morphology of nanofibers coated with GO and rGO
nanosheets, it was observed that the nanofiber surface was partially wrapped with GO
sheets (non-reduced) with the help of the electro-spray deposition process. SEM
images of GO-coated nanofibers have shown that GO nanosheets covered up the
nanofibers like a layer (Figure 5a). On the other hand, after the reduction process,
nanofibers have been wrapped tightly and uniformly by rGO sheets (Figure 5b). Since
the GO nanosheets cover the surface of the nanofiber webs in general, the non-reduced
fibers cannot be clearly seen separately, whereas the rGO nanosheets tightly surround
the fibers of the nanofiber after reduction, the fibers appear more pronounced. There
are several studies on graphene-wrapped nanofibers of different materials which are
based on dip-coating principle [41-45] in the literature. SEM images of samples
clearly show the high electrical field effect in covering up nanofibers with GO
nanosheets. In aqueous media, particle mobility is at its maximum; secondary
interactions between oxidized groups of GO and polymer is driving force to be
covering of nanofibers by graphene sheets [41,42]. However, the tight and uniform
wrapping of nanofibers with rGO is due to different reasons. One of the reasons for
this is the heat effect that highly orient the layers of graphene [27,28]. Another reason
for nanofibers to be wrapped with rGO is secondary interactions. By removing the
oxidized groups from the graphene layer, secondary interactions have increased due to
the increased electro-positive character between the fluorinated polymer surface and
the graphene surface consisting of C and H atoms [22-26]. Furthermore, drying
process of GO coated nanofibers have provided high stability between polymer and
graphene oxide layers so that graphene layers were not detached from polymer wet

chemical reduction process even at 95 °C.
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Figure 5 : SEM images and fiber nanofiber diameter distribution graphs of a) GO
coated and b) rGO coated PVDF nanofibers Thermal analysis results.

3.3. Piezoelectric measurements

Fabricated piezoelectric nanogenerators have been characterized as energy harvesting
devices. Output voltage of produced nanogenerators were presented in Figure 6. In
piezoelectric measurements, graphene electrode thickness clearly affected the output
voltage because of relatively high electrical resistivity of carbonic materials [46,47].
In this situation, electrical resistivity of electrodes decreases as increasing graphene
layer thickness; with the other words, electrode activity increases since zero point to a
threshold and dramatically decreases above this threshold because of increasing
resistivity [48]. Output voltage of 2.5 mg GO coated nanogenerator showed lower
output voltage than neat PVDF nanofiber based nanogenerator. In addition, the output
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voltage has increased up to a coating value of 7.5 mg. Above this amount of coating,
output voltage was dramatically decreased with high signal intensity (Figure 6).
Maximum output voltage values (Vp-p) of nanogenerators were consistent with this
theory. Thus, Vp-p was obtained as 0.688 V in neat nanofiber nanogenerator and 2.5
mg GO coating application have decreased this value to 0.488 V. However, the Vp-p
increased till 1.00 V between 2.5 mg to 7.5 mg coating thicknesses and then, decreased
t0 0.232 V at 12.5 mg coating (Figure 7-a). Furthermore, piezoelectric material amount
affected the output voltage and current of nanogenerators [49]. According to this
information, relationship between maximum output voltage and as piezoelectric
material, polymer mass was examined by calculating produced voltage for each grams
of polymer (VpG) with different GO coatings. As the result, the VpG value decreased
in 2.5 mg GO coating compared to without coating and then, increased between 2.5
mg and 7.5 mg coating, reaching 5.988 V g at 7.5 mg, in line with the maximum
voltage results. With a coating thickness of more than 7.5 mg, the VpG value decreased

proportionally, similar to the maximum voltage results (Figure 7b).

Reduction on Vp-p by a thin GO coated layer is directly caused by higher electrical
resistivity of rGO, compared to Al electrodes. While Al electrodes directly collect and
carry the electrical charge, in NF2.5, electrical charge firstly reaches to rGO layer,
which decreases the magnitude of charge by electrical resistivity, and then rGO carries
the charge to Al electrodes. On the other hand, thicker rGO coating provided better
output results thanks to better fiber coverage and higher electrical conductivity on
nanofiber mat surface. However, VVp-p reduction on open circuit voltage for HNF12.5
can be explained with increasing electrical resistivity by the increasing graphene
electrode thickness theory [50], which is mentioned above. Further, VpG analysis
obviously showed that the output performance improvement by rGO coating onto

nanofiber mat directly effect of rGO coating, without materials amounts effect.
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4. Conclusions

Here, we developed flexible nanogenerators having electrodes with reduced graphene
oxide which was coated in different thicknesses with the ESD technique and then, the
piezoelectric performance of produced nanogenerators were characterized. The
piezoelectric-ferroelectric B-crystalline phase of PVDF was proven by FT-IR and
XRD analysis, especially the effect of reduction on B-phase formation is seen in FT-
IR results. SEM analysis showed that diameters of the most of the fibers were between
150-300 nm. In addition, PVDF nanofibers were homogeneously coated with GO
nanosheets, moreover, in the reduction phase, the rGO nanosheets have wrapped the
fibers of the mat more firmly under the influence of temperature. As a result of energy
harvesting tests, the coated graphene nanosheets thickness increased the output voltage
but decreased the threshold output voltage, relatively. This can be caused by increasing
surface resistivity of rGO nanosheets with increasing thickness. In addition, when VpG
values were examined, it was found that rGO electrodes directly affected the output
voltage of nanogenerators. Considering that each nanogenerator was produced in the
same standard, it can be concluded that the two most important parameters that will
affect the output voltage are the amount of rGO coating and the piezoelectric material.
The effect of coating thickness can be clearly seen in the VpG results, that is, the VpG
increased as the rGO thickness increased. The VpG value reached at its maximum
value (5.98 V g?) as a result of 7.5 mg of GO coating and then, decreased as thickness

continued to increase.
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Cizelge E.1 : Piirtizlendirilmis nanolifli yap1 esasli nanojeneratorlere ait katman
kalinlig1 bagina voltaj ve akim degerlerini gosterir tablo.

Numune V/um LA/pm
HNFO 7,603 5,124
HNF6 4,000 3,067
HNF8 2,454 2,209
HNF10 4,921 2,540
HNF15 3,294 1,647
HNF30 4,028 2,083
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