MINISTERUL EDUCATIEI
UNIVERSITATEA “VALAHIA” DIN TARGOVISTE
e e 10SUD — SCOALA DOCTORALA DE STIINTE INGINERESTI

. DOMENIUL FUNDAMENTAL STIINTE INGINERESTI
DOMENIUL INGINERIA MATERIALELOR

|||||

CERCETARI PRIVIND CONVERSIA
FOTOVOLTAICA A ENERGIEI SOLARE
CU AJUTORUL CELULELOR FOTOVOLTAICE
SENSIBILIZATE CU STRUCTURI ORGANICE
(DSSC)
- REZUMATUL TEZEI DE DOCTORAT -

CONDUCATOR DE DOCTORAT,

Prof. univ. dr. Rodica-Mariana ION

DOCTORAND,
Ing. Liviu OLTEANU

TARGOVISTE
2022



CUPRINSUL REZUMATULUI TEZEI DE DOCTORAT

MULTUMIRI

SCOPUL, OBIECTIVELE SI STRUCTURA TEZEI DE DOCTORAT
STADIUL CUNOASTERII

INTRODUGCERE ... oottt ettt e te e esreenteeneesreenneens 8
PARTEA EXPERIMENTALA

MATERIALE SI TEHNICI DE INVESTIGATIE UTILIZATE N STUDIU ........cevvuevuee.. 10
Materiale specifice analizate Tn vederea utilizarii lor in constructia celulelor DSSC .......... 10
Spectroscopia in infrarosu cu transformata Fourier —FTIR ...........ccccoviiieiiiicec e, 11

Spectrometria RAMAN L.iuiiiiiiiiiiiiiiiiiiiiiietietniinisessesnsosssssmmmsmssssssssssssssssssssssasssasssss 11

Microscopia electronicd cu baleiaj si spectroscopia de raze X cu dispersie dupa energie

(=117 =1 1) OSSR 11
Difractia de raze X (XRD) c.ccccciveiiiinineiiccnnseiicnnssaniecssssssscsssssssscsssssssssssssssssssssssssssssssssssssssssseesns 12
Microscopia de forta atomica (AFM) ...cceeeevvminivniiiiiiiiiiiiii s 12
Spectroscopia in ultraviolet §i Vizibil (UV-VIS) ... 12
CONTRIBUTII PROPRII

CARACTERIZAREA MICROSCOPICA SI SPECTRALA A MATERIALELOR
UTILIZATE IN PROCESUL DE OBTINERE A CELULELORDSSC ......c.ccooeveverrran. 13

Caracterizarea microscopica a materialelor conductoare transparente utilizand tehnicile de
investigatie SEM $i AFM ......cuiiiienrensensunsunsnesnssesseeniaiiiiiiiieiseseseseesse s s ssesesesseeseenns 1O

Oxid de staniu dopat cu fluor (SNO2:F) (FTO) ..occviiiieiiieeseceseeeeee e 13
Oxid de indiu dopat cu oxid de staniu (IN203:SN02) (ITO) ....ovvvreriiiiiiiee e, 17
Membrane pe baza de polidimetilsiloxan (PDMS) ................cccooooiiiiiiiiiiiiieiieee e 20
Caracterizarea spectrala si microscopica a sensibilizatorilor pentru DSSC ............cccceeee. 23

Caracterizarea metalo-porfirinelor utilizind tehnicile de investigatie UV-Vis, FT-IR, SEM

SEEDS ...t r e e e e e e e e nres 23

Caracterizarea amestecurilor de coloranti organici utilizind tehnicile de investigatie
UV-Vis, FTIR, RAMAN $i SEM .............cooouiiiiiiiiiiiiee ittt 29
Caracterizarea spectrala a materialelor de tip N ... 36
Caracterizarea spectrali a electrolitilor cu ajutorul tehnicii UV-VIs .........ccocooiinnnnn. 44



Caracterizarea microscopica a suprafetelor materialelor conductoare transparente utilizand
tehnicile de investigatie SEM si AFM dupa depunerea nanoparticulelor de TIO>
................................................................................................................................... pererrenrenrenennes 45
OBTINEREA CELULELOR FOTOVOLTAICE SENSIBILIZATE CU STRUCTURI
ORGANICE (DSSC) SI CARACTERIZAREA LOR DIN PUNCT DE VEDERE
ELECTRIC ..ottt s feeeeenrr e 51
Descrierea etapelor de obtinere a celulelor DSSC ..........cuuieeuevinnerisneecsnennne gessseesssnnesnnesss 51

Caracterizarea din punct de vedere electric si randamentul cuantic al celulelor fotovoltaice

sensibilizate cu coloranti (DSSC) ...cuuiieiiiennennitenneenseeenii s 54
REZULTATE ORIGINALE ...ttt 59
CONCLUZII GENERALE SI PERSPECTIVE DE CERCETARE ..o 62
BIBLIOGRAFICE SELECTIVA ........coooviiieteiieieteeeseeess s ieses s sessessassenssssssnssnensans 66

Tn rezumatul tezei de doctorat:
* figurile si tabelele selectate pdstreazd numerotarea din teza de doctorat

** bibliografia indicata este selectiva

Cuvinte cheie: DSSC, ITO, FTO, PDMS, ITO-PET, FT-IR, Raman, UV-Vis, SEM-EDS, XRD,

AFM, porfirina, ftalocianina, oxizi metalici, electrolit, randament cuantic, eficienta



MULTUMIRI

Teza de doctorat prezinta rezultatele activitatii de cercetare desfasurata in cadrul
laboratoarelor ,,Caracterizare fizica si structurala a materiei®, ,,Spectroscopie si spectrometrie*,
»lestare si caracterizare celule fotovoltaice* si ,,Materiale utilizate in conversia energiei® din
cadrul Institutului de Cercetare Stiintifica si Tehnologica Multidisciplinara (ICSTM) al
Universitdfii Valahia din Targoviste.

Doresc sa multumesc, in mod deosebit, doamnei Prof. univ. dr. Rodica-Mariana 10N,
Director al Consiliului pentru Studii Universitare de Doctorat din cadrul Universitatii Valahia din
Targoviste si conducatorul meu de doctorat, pentru deosebitul sprijin stiintific si material in
realizarea experimentelor si interpretarea rezultatelor obtinute si pentru suportul acordat pe tot
parcursul realizarii si finalizarii acestei lucrari.

Doresc sa multumesc conducerii ICSTM pentru tot sprijinul si facilitarea accesului la
infrastructura de cercetare si, de asemenea, adresez calde multumiri colegilor din ICSTM pentru
contributia avuta la analizele efectuate si pentru incurajarile si suportul moral acordat in toti acesti
ani de cercetare.

Cele mai sincere multumiri adresez, de asemenea, membrilor comisiilor de indrumare si
de sustinere publica a tezei pentru amabilitatea de a accepta sa faca parte din aceste comisii, pentru
timpul acordat evaluarii acestei teze si pentru sugestiile si recomandarile care au condus la forma
finald a prezentei teze de doctorat.

Cele mai profunde multumiri sunt adresate tuturor prietenilor mei apropiati, sotiei si fiului
meu care au fost aldturi de mine, m-au inteles si incurajat in momentele dificile, si Th special,
parintilor mei, pentru educatia, dragostea si sprijinul neconditionat pe care mi le-au oferit in toata

perioada formarii mele profesionale si nu numai.

Ing. Liviu OLTEANU
Targoviste, 2022



SCOPUL, OBIECTIVELE SI STRUCTURA TEZEI DE DOCTORAT

Tntrucat imbunitatirea eficientei de conversie a celulelor fotovoltaice sensibilizate cu
structuri organice (DSSC) si asigurarea unei durate de viatd cat mai Tndelungate a acestora
reprezintd preocupari actuale in domeniul stiintei materialelor, scopul acestei tezei de doctorat 1l
reprezinta aprofundarea domeniului celulelor DSSC si obtinerea unor rezultatele ce pot constitui,
in perspectiva, punctul de plecare al unor noi cercetari.

Pentru realizarea acestui studiu a fost necesara investigarea unui volum semnificativ de
lucrari stiintifice Tn domeniul celulelor fotovoltaice sensibilizate cu coloranti organici. Astfel,
cercetarea teoretica s-a axat pe identificarea tendintelor actuale in domeniu, a tehnicilor necesare
obtinerii si analizarii materialelor folosite in studiu, precum si a tehnicilor experimentale utilizate
n vederea examinarii rezultatelor obtinute.

Obtinerea de celule DSSC inovative, testarea lor si aprofundarea acestui domeniu in
vederea optimizarii randamentului de conversie fotovoltaica a energiei solare in cadrul celulelor
realizate constituie principalul obiectiv al acestui studiu.

Obiective specifice:

- Obtinerea membranelor din polidimetilsiloxan (PDMS) utilizate ca fotoanod pentru
celulele DSSC flexibile;

- Caracterizarea microscopica a materialelor conductoare transparente;

- Caracterizarea spectrala a materialelor de tip n;

- Caracterizarea spectrala a sensibilizatorilor (colorantilor);

- Caracterizarea spectrala a electrolitului utilizat in procesul de obtinere a celulelor DSSC;

- Obtinerea si caracterizarea din punct de vedere electric al celulelor fotovoltaice
sensibilizate cu structuri organice.

Inca din anul 2002, anul angajarii mele la Universitatea Valahia din Targoviste, in cadrul
Departamentului de Cercetare Energie-Mediu, cercetarile personale s-au axat, in mare parte, pe
celulele fotovoltaice traditionale, pe baza de siliciu. La acea vreme, la universitate am descoperit
Amfiteatrul Solar, un obiectiv de referinta pentru integrarea in cladiri a energiilor solare in
Romaénia. Cercetarile in domeniul celulelor solare au continuat, si astfel, am ales pentru teza de
doctorat o tema ce abordeaza problematica conversiei directe in electricitate a energiei solare prin

intermediul celulelor DSSC.



Am realizat faptul ca aceste celule DSSC sunt considerate una dintre cele mai promitatoare
tehnologii fotovoltaice, ca alternativa la celulele solare traditionale, datoritd metodelor de
productie ce implica costuri reduse, a proprietatilor lor optice si mecanice deosebite, a utilizarii
unui spectru mai larg de lumina, a conversiei mai eficiente a luminii difuze, precum si a optiunilor
de design flexibil.

Energia solara reprezintd o sursa de energie inepuizabila si, in acelasi timp, este nepoluanta
si extrem de rentabila. De asemenea, ea oferda securitate energetica, deoarece “combustibilul”
panourilor solare nu poate fi monopolizat sau taxat. El este gratuit si oricine poate beneficia de el.
Practic, odata cu instalarea panourilor solare pe acoperis, oricine poate detine o sursa independenta
de energie electrica, sursa care va aduce, cu siguranta, o reducere considerabila a costurilor pentru
factura de energie electrica. Procesul de mentenanta este unul simplu: panourile se pot curata
manual sau automat, in functie de accesul la ele.

Tema aleasa este de actualitate si de o importanta deosebita, doar o simpla cautare In Web
of Science dupa cuvantul cheie dye sensitized solar cell returneaza peste 20.000 publicatii. De
asemenea, piata DSSC este in continua crestere si prezintd o gama larga de aplicatii. In plus,
celulele DSSC au un impact minim de mediu dintre toate tipurile de celule fotovoltaice. Astfel, se
poate afirma ca tema aleasa se incadreaza in preocuparile internationale.

Teza de doctorat este structurata in 9 capitole. Tn primele patru capitole sunt prezentate
notiuni referitoare la stadiul cunoasterii in domeniul complex si multidisciplinar al celulelor
fotovoltaice, al materialelor si nanomaterialelor utilizate pentru producerea acestora si al tehnicilor
de depunere in vid de filme subtiri, iar cercetarile experimentale si contributiile personale fac
obiectul ultimelor cinci capitole.

Capitolul I prezinta notiuni generale privind problematica abordata.

Capitolul 1l abordeaza aspecte teoretice referitoare la efectul fotovoltaic, procese
fotofizice si fotochimice implicate in conversia energiei solare, clasificarea celulelor solare,
structura, principiul de functionare, precum si avantajele si dezavantajele utilizarii celulelor
fotovoltaice sensibilizate cu structuri organice.

Capitolul 111 cuprinde o serie de informatii legate de materialele si nanomaterialele ce pot
fi utilizate Tn procesul de obtinerea celulelor fotovoltaice sensibilizate cu structuri organice.

Tehnicile de depunere 1n vid a filmelor subtiri prin pulverizare catodica in regim magnetron
si prin centrifugare sunt detaliate in capitolul 1V.

Partea experimentala a tezei de doctorat debuteaza cu capitolul V, capitol in care sunt
prezentate materialele specifice utilizate pentru constructia celulelor DSSC, principalele tehnici
utilizate n cadrul acestui studiu, precum si echipamentele cu ajutorul carora aceste tehnici au fost

puse in practica.



Capitolul VI include caracterizarea spectrald si microscopica a materialelor utilizate n
procesul de fabricare a celulelor DSSC.

Capitolul VI prezinta modul de obtinere al celulelor fotovoltaice sensibilizate cu structuri
organice, precum si caracterizarea lor din punct de vedere electric, capitolul VIII al tezei
evidentiaza rezultatele originale, iar Tn capitolul X sunt prezentate concluziile finale si
perspectivele de cercetare.

Referintele bibliografice, lista lucrarilor stiintifice publicate, lista abrevierilor si

acronimelor, lista tabelelor si a figurilor precum si anexele sunt prezentate in finalul acestui studiu.



INTRODUCERE

Deoarece energia reprezintd forta motrice a dezvoltarii economice, progresului,
modernizarii $i automatizarii proceselor, existd un interes crescand asupra asigurarii necesitatilor
energetice prezente si viitoare. In prezent, sursele de energie globald sunt constituite, in principal,
din combustibilii fosili. Este recunoscut azi faptul ca producerea de energie direct din combustibilii
fosili nu este cea mai adecvata si mai durabila cale, deoarece are ca rezultat epuizarea resurselor
naturale, fiind si o sursa majora a emisiilor de COz si contribuind in mare masura la procesul de
incdlzire globala. Energia regenerabila reprezinta cel mai adecvat mod de a satisface cererea
crescanda de energie si a devenit deja o alternativa semnificativa in productia durabila de energie.
Prin resurse de energie regenerabild se inteleg energia eoliand, energia solara, hidroenergia,
energia geotermald, energia biomasei, energia curentilor si valurilor oceanice, energia mareelor.
Cu exceptia energiei solare care poate fi convertita direct in energie electricd, tehnologiile specifice
de productie a energiei electrice din aceste resurse regenerabile implica recuperarea intermediara
a energiei mecanice sau termice si apoi transformarea acesteia in energie electrica. Utilizarea
energiei regenerabile prezintd avantaje legate de reducerea emisiiilor de contaminanti toxici ai
aerului, precum si de emisia de gaze cu efect de sera asigurand astfel durabilitatea mediului. Prin
urmare, resursele alternative de energie devin tot mai necesare, pe masura ce societatea nu se mai
poate baza doar pe utilizarea combustibililor fosili.

Energia solara prezintd numeroase avantaje comparativ cu alte surse de energie, cum ar fi
lipsa deja mentionata a emisiilor de COzsi a altor gaze cu efect de sera, lipsa reziduurilor toxice
solide sau lichide, fiind o resursa practic inepuizabila.

Celulele fotovoltaice permit transformarea directa a energiei solare in electricitate. Ele sunt
clasificate, in doua tipuri principale, si anume: (i) celule solare organice si (ii) celule solare
anorganice. Celulele solare conventionale, celule ce au la baza siliciul, sunt cele mai cautate pe
piata celulelor fotovoltaice datorita durabilitatii si eficientei lor ridicate, de aproximativ 15-20%.

Totusi, celulele fotovoltaice cu siliciu prezinta si unele dezavantaje, cum ar fi: procesul de
obtinere al acestor celule implicad un consum mare de energie, temperaturile ambientale mai
ridicate provoaca reducerea eficientei lor, iar siliciul extrem de pur este din ce in ce mai dificil de
procurat pe piata.

Din aceste motive, dezvoltarea unor noi materiale pentru aplicatii fotovoltaice, intre care

e1e e,

eforturilor de cercetare actuale.



Exista trei tipuri de celule solare bazate pe aceste materiale organice (OSC), si anume celule
solare sensibilizate cu structuri organice (DSSC), celule solare cu heterojunctiune polimerica
(PSC) si celule solare cu perovskit (PVSC).

Dintre cele trei tipuri de celule, celulele solare cu perovskiti ofera cea mai mare eficienta
de conversie a puterii (PCE). Cel mai recent PCE inregistrat al celulelor solare cu perovskiti este
de 23,3% intr-o structura cu o singura jonctiune.

Problemele cu celulele PVSC se datoreaza faptului ca acestea sunt destul de instabile fata
de umiditate si oxigen, precum si complexitatea procesului de fabricare creeaza complicatii
semnificative in comercializarea lor. Celulele PSC implica un proces complex de fabricatie si sunt,
de asemenea, mai putin eficiente (10%), in timp ce celulele DSSC sunt mult mai usor de fabricat,
iar PCE asociate acestora s-a imbunatatit continuu, crescand de la 7% la ~14%.

De asemenea, celulele DSSC pot functiona eficient in conditii de lumina solara difuza sau
slaba, in timp ce celulele solare pe baza de siliciu nu sunt la fel de eficiente si functioneaza destul
de ineficient in asemenea conditii de iluminare.

Astfel, Tn incercarea de a obtine un cost de productie favorabil si in acelasi timp o eficientd
de conversie a puterii apreciabila, celule solare bazate pe materiale organice prezinta avantaje
considerabile. Capacitatea de a regla proprietatile chimice, greutatea redusa, precum si simplitatea
procesului de obtinere sunt cateva dintre avantajele prezentate de acest tip de celule. Desi celulele
solare conventionale au o eficientd mai mare a conversiei energiei, au fost realizate mai multe
progrese in vederea realizarii celulor solare organice.

Celulele solare organice au potentialul de a oferi urmatoarea generatie de celule solare cu
costuri reduse, dupa celulele solare din siliciu. Domeniul celulelor solare organice este strans legat
de multe alte domenii de cercetare, cum ar fi fizica dispozitivelor, electronica si chimia sintetica,
domenii in care exista un numar mare de cercetatori.

Tn concluzie, din perspectiva actuala, va exista ntotdeauna o provocare de a cerceta n
domeniul interdisciplinar al celulelor solare organice pentru a contribui la dezvoltarea urmatoarei

generatii de celule pentru energia regenerabila.



MATERIALE SI TEHNICI DE INVESTIGATIE
UTILIZATE IN STUDIU

Tehnicile de analiza si caracterizare slujesc atat la cercetarea materialelor cat si la
caracterizarea indirectd a unor procese tehnologice sau la determinarea calitatii mediului si al
alimentelor. De asemenea, permit determinarea caracteristicilor unei game largi de materiale,

investigarea unor materiale noi si obtinerea unor materiale prin tehnologii moderne de fabricatie.

Materiale specifice analizate Tn vederea utilizéirii lor Tn constructia celulelor DSSC

Pentru acest studiu au fost utilizate urmatoarele materiale:

- Pentru obtinerea electrodului celulelor DSSC rigide s-a folosit oxid de staniu dopat cu fluor
(FTO, Sigma Aldrich) si oxid de indiu dopat cu oxid de staniu (ITO, Sigma Aldrich). Conform
producatorului, este vorba, de fapt, de o sticla acoperita cu un strat de SnO2:F in cazul FTO si de
0 sticla acoperita cu un strat de In203:SnOz, in cazul ITO. Datoritd proprietatilor exceptionale ale
acestui material de tip oxid conductor transparent, acesta poate fi folosit cu succes in constructia
DSSC-urilor.

- Pentru obtinerea electrodului celulelor DSSC flexibile (membrane cu polidimetilsiloxan-
PDMS) s-a folosit, asa cum a fost mentionat, un sistem Sylgard 184 cu doua componente, siloxan
si agent de intarire (baza — intaritor - 10:1) de la firma Dow Chemical Company. Ulterior,
membranelor polimerice obtinute li s-a aplicat un strat subtire conductor de aproximativ de 20 nm,
folosind metoda de depunere prin pulverizare (sputtering) cu ajutorul echipamentului
INTERCOVAMEX H2, echipament existent in ICSTM. De asemenea, pentru obtinerea
electrodului de tip ITO-PET a fost achizitionat de la firma Melopero, Italia, o folie de plastic avand
dimensiuni de 10 x 20 cm, plastic acoperit cu un strat de 1n203:SnOx.

- Ca si materiale de tip n au fost studiate probe deTiO2 anataz pulbere (Fluka), TiO2 anataz
pulbere (Kronos), TiOz rutil pulbere TR-92 (Kronos), TiO2 anataz pastd (Ti-Nanoxide T/SP,
Solaronix - Elvetia), ZnO calcinat (Fluka) si Fe20s (Fluka).

- Ca si materiale de tip p au fost analizate probele de coloranti porfirinici (TPP, TMPP,
PdTPP, WCI4TPP, RuTPyP, RhTMPyP), precum si amestecurile de coloranti organici
(NITMPyYP/ZnTSPc/MC, RhTMPyP/ZnTSPc, RhTMPyP/ZnTSPc/MC), probe ce au fost
preparate in laborator si primite spre testare de la INCDCP-ICECHIM Bucuresti.

- Electrolitul utilizat in procesul de obtinere al celulelor DSSC a fost preparat in Laboratorul
de Preparare Probe, existent in ICSTM, iar sprayul de grafit N-77 utilizat pentru spreierea

contraelectrodului a fost achizitionat de la firma Vitacom, Romania.
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Spectroscopia in infrarosu cu transformata Fourier — FTIR

Pentru identificarea prezentei gruparilor functionale polare din structura moleculelor
compusilor organici cea mai utilizatd metoda o reprezinta spectroscopia IR.

Spectrele IR prezentate Tn acest studiu au fost realizate cu ajutorul sistemului de
spectroscopie FT-IR format din spectrometru FT-IR Vertex 80 cu ATR si microscop IR de inalta
rezolutie Hyperion 3000, existente in laboratoarele ICSTM

Prelucrarea datelor experimentale — FT-IR
Spectrele au fost achizitionate si prelucrate in aplicatia software OPUS versiunea 7.1
furnizata de producatorul echipamentului prin selectarea domeniul spectral in care existau peak-

urie si corectia liniei de baza.

Spectrometria RAMAN

Spectrometria Raman permite analiza chimica rapida si nondistructivdi a solidelor,
pulberilor, lichidelor si gazelor, fiind astazi utilizata in domenii variate, de la cercetare
fundamentald pana la solutii aplicate. Spectrometria Raman consta in iradierea unei mostre de
material cu o raza de lumina intensd, monocromatica, urmata de colectarea fasciculului Raman
reflectat, prin lentilele obiectivului unui microscop si analizarea acestuia n spectrometru pentru
stabilirea spectrului Raman

Spectrele Raman prezentate Tn acest studiu au fost obtinute cu ajutorul spectrometrului

portabil cu doua lungimi de unda in IR Rigaku Xantus-2, existent in laboratoarele ICSTM.

Microscopia electronici cu baleiaj si spectroscopie de raze X cu dispersie dupi energie
(SEM-EDS)

Marimea si conductia electrica sunt doua conditii pe care probele examinate cu ajutorul
microscopului electronic cu baleiaj trebuie sa le indeplineasca. Astfel, proba nu poate depasi
dimensiunile suportului din camera probei (diametru 15-25 mm si inaltimea de 15-20 mm). In
cazul in care proba nu este conductoare electric, ea se incarca electrostatic cu electronii absorbiti,
jar imaginea va fi instabila. Materialele ceramice sau probele biologice pot fi examinate dupa
metalizare, metalizare ce nu trebuie sa acopere informatia de pe suprafata.

Imaginile SEM prezentate in capitolul de rezultate experimentale au fost obtinute cu un
microscop electronic cu baleiaj (SEM) SU-70 (producator Hitachi, Japonia), existent in
laboratoarele ICSTM.
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Difractia de raze X (XRD)

Difractia de raze X reprezinta o tehnica non-distructiva ce permite obtinerea de informatii
precise despre compozifia chimicad si structura cristalind a materialelor naturale si de sinteza.
Analizele calitative de faza cu ajutorul spectrelor de radiatie X sunt deosebit de importante, pentru
identificarea compusilor cristalini.

Analizele prin difractie de raze X s-au efectuat in laboratorul “Caracterizarea fizica si
structurala a materiei” din cadrul ICSTM cu ajutorul difractometrului de raze X Rigaku Ultima
IV, existent in laboratoarele ICSTM.

Prelucrarea datelor experimentale - XRD

Difractogramele de raze X au fost prelucrate in aplicatia software PDXL versiunea 2.2
furnizata de producatorul echipamentului (RIGAKU) iar pentru analiza calitativa si cantitativa a
fazelor de cristalizare a substantelor a fost utilizata baza de date PDF4+ versiunea 2016, furnizata

de ICDD (International Centre of Difraction Data).

Microscopia de forta atomica (AFM)

Microscopia de fortda atomicd (AFM) este o metodd nedistructivd de investigare a
suprafetelor, putand fi utilizata pentru o gama variata de materiale (oxizi metalici, metale, compusi
organici, biomateriale, etc.). Fata de microscopia optica si electronica, microscopia de forta
atomica ofera avantajul ca ea prezinta masuratoarea directa a dimensiunilor pe directiile X, Y, Z.
Prin aceastd metoda suprafata este vazuta tridimensional (3D) la nivel de scara nanometrica.

Analizele de microscopie de forta atomica s-au efectuat cu ajutorul echipamentului

NTEGRA Prima in laboratorul “Materiale utilizate Tn conversia energiei” din cadrul ICSTM.

Spectroscopia Tnh domeniul ultraviolet si vizibil (UV-Vis)

Spectroscopia in domeniul ultraviolet si vizibil (UV-Vis) este o tehnica de analiza
aplicabila compusilor organici in a caror structura exista legaturi multiple in conjugare (compusi
nesaturati si aromatici). Desi aceasta metoda poate fi aplicata unui tip relativ restrans de compusi
organici, totusi ea prezinta avantajul selectivitatii absorbtiei radiagiei UV-Vis de catre sistemele
polienice, fapt ce permite identificarea cu usurintd a prezentei acestor sisteme in structuri
moleculare complexe.

Spectele UV-Vis utilizate in acest studiu au fost obtinute cu ajutorul spectrofotometrului

monofascicul Spekol 1300, existent in laboratoarele ICSTM.
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CARACTERIZAREA MICROSCOPICA SI SPECTRALA
A MATERIALELOR UTILIZATE iN PROCESUL DE OBTINERE
A CELULELOR DSSC

Caracterizarea microscopica a materialelor conductoare transparente folosite la fabricarea
electrozilor in DSSC utilizand tehnicile SEM si AFM

Oxid de staniu dopat cu fluor (SnO2:F) (FTO)

Pentru studiul morfologiei suprafetei FTO s-a folosit tehnica microscopiei electronice cu
baleaj (SEM). Tensiunea de accelerare aleasa pentru caracterizarea microscopica a suprafetei
materialului FTO a fost de 5 kV si de 10 kV.

Modificand ordinul de marire de la 2,00 kX la 100,00 kX, se poate observa uniformitatea
suprafetei materialului. La ordinul de marire 2,00 kX se pot observa niste pete pe suprafata
materialului (figura 6.1), aparitia acestora putand fi datorata mai multor factori.

Desi, de multe ori, aceste pete ofera o informatie privind diferentierea compozitiei chimice
fata de celelalte zone sau defecte mecanice, exista situatii 1n care acestea apar datoritd formei

suprafetei.

-

ICSTM 5.0kV 9.7mm x2.00k SE(M) l 20.0um

Figura 6.1. Morfologia suprafetei materialului FTO (SnO-:F) la ordinul de marire 2 kX

si tensiunea de accelerare de 5 kV, folosind semnalul electronilor secundari

La ordinul de marire 5 kX, se pot evidentia cristalele mai mari ale materialului, care par sa

descrie o suprafata usor denivelata, dar cu pastrarea tendintei pe toata suprafata (figura 6.2).
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SN O
ICSTM 10.0kV 8.0mm x5.00k SE(M)

Figura 6.2. Morfologia suprafetei materialului FTO (SnO-:F) la ordinul de marire 5 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari

Marind gradul de amplificare la 20 kX (figura 6.4), la 50 kX (figura 6.5) si chiar 100 kX
(figura 6.6) se poate observa forma cristalelor componente materialului si dimensiunile acestora.
Formatiunile minore ajung si mai mici de 10 nm, in timp de formatiunile mai mari ajung

aproximativ la 300 nm.

Figura 6.4. Morfologia suprafetei materialului FTO (SnO2:F) la ordinul de marire 20 kX

si tensiunea de accelerare de 5 kV, folosind semnalul electronilor secundari
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ICSTM 10.0kV 9.56mm x50.0k SE(M)

Figura 6.5. Morfologia suprafetei materialului FTO (SnO2:F) la ordinul de marire 50 kX
si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari

ICSTM 10.0kV 8.0mm x100k SE(M) "Y' Boonm

Figura 6.6. Morfologia suprafetei materialului FTO (SnO.:F) la ordinul de marire 100 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari

Pentru studiul topografiei suprafetei s-a folosit tehnica microscopiei de fortd atomica
(AFM). Spre deosebire de microscopia electronica, din masuratorile AFM pot fi evaluati
parametrii de rugozitate, valorile acestora oferind informatii despre topografia suprafetei
investigate.

In acest context, studiul de fati prezintda date privind aplicarea tehnicii AFM in

caracterizarea suprafetei materialului FTO (SnOz:F) (figurile 6.7 si 6.8).
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Figura 6.7. Topografia suprafetei materialului FTO (SnO2:F) - 5x5 um — mod contact

Figura 6.8. Topografia suprafetei materialului FTO (SnO2:F) - 1x1 um — mod contact

Valoarea rugozitatii se determina prin calcularea unor parametri definiti prin Standardul

ASME B46.1. Astfel, prin intermediul masuratorilor utilizind tehnica AFM au fost evaluati

parametrii de rugozitate ai suprafetei materialului FTO (SnOz2:F) cu ajutorul softului NOVA PX.

Astfel, pentru o suprafati evaluati de 25 pm?, valorile parametrilor de rugozitate ai

suprafetei materialului FTO (SnO2:F) sunt prezentate in tabelul 6.1.

Tabelul 6.1. Valorile parametrilor de rugozitate ai suprafetei FTO

Sg[nm Sa[nm Sp [nm Sv[nm
Proba ETO a[nm] a[nm] p[nm] [nm]

S; [n m]

65,739 50,880 245,285 621,042

866,327
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De asemenea, cu ajutorul softului NOVA PX s-a obtinut imaginea profilului rugozitatii
suprafetei materialului FTO (SnO2:F) (figura 6.14):

1F:Haight Average profile 1F:Height

2 .‘/"\ ﬂ f/\
8 \ /\ \ | .

y IRV } \\f\\ [\
\l/ v \j UJ kﬁj \4/

| \

Figura 6.14. Profilul rugozitatii suprafetei materialului FTO (SnO2:F)

In concluzie, tinind cont de valorile scizute ale parametrilor de rugozitate ai probei
analizate, putem afirma ca FTO poate fi utilizat cu succes ca electrod al celulelor fotovoltaice

sensibilizate cu coloranti.
Oxid de indiu dopat cu oxid de staniu (In203:Sn0O2) (ITO)

Pentru studiul morfologiei suprafetei s-a folosit, la fel ca la FTO, tehnica microscopiei
electronice cu baleaj (SEM). Tensiunea de accelerare aleasa pentru caracterizarea microscopica a
suprafetei materialului ITO a fost de 10 kV. Modificand ordinul de marire de la 10,00 kX la 50,00
kX, putem observa uniformitatea suprafetei materialului. La ordinul de marire de 10,00 kX,
cristalele mai mari ale materialului pot fi evidentiate si care par sa descrie o suprafatd usor

denivelata, dar cu pastrarea tendintei pe toata suprafata (figura 6.15).

ICSTM 10.0kV 7.4mm x10.0k SE(M)

Figura 6.15. Morfologia suprafetei materialului ITO (In203:Sn02) la ordinul de marire 10 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari
17



Marind gradul de amplificare la 20 kX (figura 6.16) si la 50 kX (figura 6.17) se poate
observa dimensiunea si forma cristalelor componente materialului. Formatiunile minore ajung la

dimensiuni de aproximativ 20 nm, in timp de formatiunile mai mari ajung aproximativ la 600 nm.

N RS
e ¥ 2y
L L L

ICSTM 10.0kV 7.4mm x20.0k SE(M) 2.00um

Figura 6.16. Morfologia suprafetei materialului ITO (In203:Sn0O2) la ordinul de marire 20 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari

ICSTM 10.0kV 7.4mm x50.0k SE(M) 1.00um

Figura 6.17. Morfologia suprafetei materialului ITO (In203:Sn0O2) la ordinul de marire 50 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari
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Figurile 6.18-6.19 prezinta suprafata materialului ITO (In203:Sn0O2), nefiind observate

imperfectiuni in regiunile investigate.

Figura 6.18. Topografia suprafetei materialului ITO (In203:Sn02) - 5x5 um — mod contact

Y, um

Figura 6.19. Topografia suprafetei materialului ITO (In203:Sn0z2) - 1x1 um — mod contact

Caracterul tridimensional al tehnicii AFM ne permite, astfel, identificarea particularitatilor
morfologice ale suprafetei probei.

La fel ca la FTO, prin intermediul masuratorilor utilizind tehnica AFM au fost evaluati
parametrii de rugozitate ai suprafetei materialului ITO (In203:Sn02). Astfel, pentru o suprafata
evaluatdi de 25 pm?, valorile parametrilor de rugozitate ai suprafetei materialului 1TO sunt

prezentate n tabelul 6.2.
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Tabelul 6.2. Valorile parametrilor de rugozitate ai suprafetei ITO
Sq[nm] Sa[nm] Sp [nm] Sv[nm] S;[nm]
15,258 10,714 35,287 109,634 144,922

Proba ITO

De asemenea, s-a obtinut imaginea profilului rugozitatii suprafetei materialului ITO

(In203:Sn02) (figura 6.20).

.
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Figura 6.20. Profilul rugozitatii suprafetei materialului ITO (In203:Sn0O5)

Tn concluzie, Tn ciuda stabilititii chimice superioare, FTO sufera de o rugozitate ridicati a
suprafetei in comparatie cu ITO. In ciuda acestui fapt, FTO se prefera in locul ITO ca electrod
pentru DSSC-uri, deoarece atunci cand este necesar un proces de recoacere pentru stratul subtire
ce va fi depus pe partea conductoare (de exemplu, in celulele solare sensibilizate cu coloranti avem
nevoie de un strat de TiO2 pe partea conductoare a TCO care ar trebui tratata termic) proprietatile
electrice ale ITO se pot degrada in prezenta oxigenului la o temperatura relativ ridicata (adica

aproximativ 500° C). FTO este mult mai stabil in astfel de conditii.
Membrane pe baza de polidimetilsiloxan (PDMS)

Un obiectiv specific al acestei teze 1l constituie obtinerea membranelor din
polidimetilsiloxan (PDMS), membrane ce pot utilizate ca fotoanod pentru celulele DSSC flexibile.

Pentru fabricarea probelor s-a achizitionat de la firma Dow and Corning’s Sylgard 184 un
sistem cu doud componente, si anume siloxan si agent de intarire (baza — intaritor - 10:1). Dupa
aceeaq, solutia a fost turnata n matrite, lasata la uscat, iar ulterior, membranelor din PDMS obtinute
li s-a aplicat un strat subtire conductor de 20 nm, folosind metoda de depunere prin sputtering cu
ajutorul echipamentului INTERCOVAMEX H2, echipament existent in ICSTM. Acest
echipament este un dispozitiv PVD (Physical VVapor Deposition), utilizat pentru crearea de straturi

subtiri, folosind metoda de depunere prin pulverizare (sputtering).
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Pentru studiul morfologiei suprafetei membranelor din PDMS pe care s-a depus stratul
conductor de argint, denumite in cele ce urmeaza AgPDMS, s-a folosit, de asemenea, tehnica
microscopiei electronice cu baleaj (SEM). Tensiunea de accelerare aleasa pentru caracterizarea
microscopica a suprafetei materialului AQPDMS a fost de 10 kV.

La ordinul de marire de 5,00 kX se pot observa mici microfisuri pe suprafata materialului
(figura 6.21), aparitia acestora putand fi datorata mai multor factori. Exista situatii Tn care acestea

apar datorita faptului ca stratul de Ag depus a luat forma suprafetei.

ICSTM 10.0kV 16.7mm x5.00k SE(M)

Figura 6.21. Morfologia suprafetei materialului AGQPDMS la ordinul de marire 5 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari

Marind gradul de amplificare la 10 kX (figura 6.22) putem observa faptul ca microfisurile
sunt formate doar la suprafata probei si de asemenea, putem evidentia dimensiunea micrometrica

a aglomerarilor de Ag formate in timpul depunerii.

ICSTM 10.0kV 16.7mm x10.0k SE(M) ST 5 00um

Figura 6.22. Morfologia suprafetei materialului AgPDMS la ordinul de marire 10 kX

si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari
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Figura 6.24 prezinta suprafata materialului AQPDMS, nefiind observate imperfectiuni in

regiunile investigate.

Figura 6.24. Topografia suprafetei materialului AQPDMS - 15x15 um — mod contact

Astfel, pentru o suprafatd evaluati de 225um?, valorile parametrilor de rugozitate ai

suprafetei materialului AGQPDMS sunt prezentate n tabelul 6.3.

Tabelul 6.3. Valorile parametrilor de rugozitate ai suprafetei AQPDMS
Proba Sq[nm] Sa[nm] Sp[nm] Sv[nm] Sz[nm]
AgPDMS 13,103 9,285 30,543 128,860 159,403

De asemenea, S-a obtinut imaginea profilului rugozitatii suprafetei materialului AgPDMS
(figura 6.25):

Figura 6.25. Profilul rugozitatii suprafetei materialului AQPDMS

Se observa faptul ca AgPDMS prezinta o rugozitate a suprafetei situata intre cea a ITO si
cea a FTO, deci putem afirma ca AgPDMS poate fi utilizat cu succes ca electrod ai celulelor

fotovoltaice sensibilizate cu coloranti.
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Caracterizarea spectrala si microscopica a sensibilizatorilor pentru DSSC

Alegerea materialelor este foarte importanta in fabricarea celulelor fotovoltaice sensibilizate
cu coloranti organici (DSSC), deoarece eficienta conversiei si stabilitatea celulei nu depind de un
singur factor.

Tn ultima perioadi se urmareste gasirea unor coloranti organici care s inlocuiasca complecsii
de ruteniu. Tn acest sens, in studiu au fost analizate metalo-porfirinele si heteroagregatele
porfirind/ftalociand pentru a descoperi un sensibilizator care sa ajute la obtinerea de celule DSSC

cat mai eficiente.

Caracterizarea metalo-porfirinelor utilizand tehnicile UV-Vis, FTIR, SEM si EDS

Metalo-porfirinele au proprietati foarte variate, puternic legate de ligandul metalic central
si axial §i reprezinta o solutie potrivita pentru aplicatiile de energie solara. Deoarece au o absorbtie
ridicatd a luminii Tn domeniul vizibil si proprietati fizice stabile, derivatii tetra-aril ai porfirinei
sunt recunoscuti ca semiconductori de tip p.

Analizand spectrul UV-Vis al tetrafenil porfirinei de baza libera (TPP), la intervalul de
lungimi de unda 400-440 nm exista banda Soret corespunzatoare trecerii de la starea fundamentala
(So) la cel de-a doua stare singlet excitatd (S2). Patru benzi de absorbtie mai slabe in regiunea
spectrala de 450-700 nm provin din trecerea de la starea So la prima stare singlet (S1). Aceste
benzi raman nemodificate la diferite concentratii de porfirine, dar in solventi nepolari, asa cum
este benzenul. Tn figura 6.27 sunt prezentate spectrele de absorbtie ale TPP la diferite concentratii

Tn benzen utilizat ca solvent.
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TPP1,311*10-3M
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Figura 6.27. Spectrele de absorbtie ale TPP-urilor la diferite concentratii in benzen
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Spectrele FT-IR obtinute pentru RuTPP, RuTMPP, RhTPP si Rh'TMPP au fost urmatoarele:

T(%)
RuTPP
RuTMPP
T T T T e
Figura 6.29. Spectrul FT-IR pentru RuTPP si RUTMPP
T %) — RhTMPP
: — RhTPP

400 S00 1400 1500 2400 2500 3400 3500

Wavenumber (cm-1)

Figura 6.30. Spectrul FT-IR pentruRhTPP si RnTMPP
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Analizand spectrele FT-IR pentru metalo-porfirinele analizate (figurile 6.29-6.30) se pot
observa urmatoarele aspecte: spectre specific pentru porfirine, cu benzi puternice de transmisie in
regiunea 1800 - 400 cm™; benzi puternice n regiunile 700-400 cm™ datoritd legiturilor Ru (Rh) -

Cl. Pentru porfirinele TMPP, spectrele sunt mai complexe, cel mai probabil datorita unui proces

de asociere ce are loc la astfel de porfirine, in concordanta cu literatura de specialitate.

Ful scale counts: 7821

keV

Figura 6.33. Imaginea SEM si spectrul EDS pentru Rh'TPP

Fulscalecomts: 15967 amo{0)

ICSTM 1.0kV 19.7
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Prin analiza imaginilor SEM si a spectrelor EDS s-ar putea observa urmaétoarele aspecte
(figurile 6.31-6.34): complecsii metalici ai tetrafenil-porfirinelor prezintd cristale aciculare
(RUTPP) sau structuri microtubulare (RhTPP), in concordanta cu dimensiunile lor mai mici si
distributia lor spatiala.

Ceilalti complecsi metalici (RuUTMPP si Rh'TMPP) prezinta cristale mai mari, cu aspect de
plachete, cel mai probabil datorita marimii mai mari a TMPP si a potentialului lor electrostatic.
Aceste aspecte ar putea fi corelate cu structura spatiala a porfirinelor, ale caror legaturi Me-Cl au
fost identificate in spectrele FT-IR in regiunea 700-400 cm™.

Spectrul de absorbtie al 5,10,15,20-p-tetrafenilporfirinei de paladiu (Pd-TPP), a carei
structura chimica este prezentata in figura 6.35, este tipic unei metalo-porfirine cu metal divalent.
Pd-TPP prezinta benzi de absorbtie specifice: o banda Soret la 417 nm (log = 5,45) si doua benzi
Q la 525 nm (log = 4,45) si, respectiv, 557 nm (log = 5,45) (figura 6.36).
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Figura 6.36. Spectrul UV-Vis pentru TPP si Pd-TPP

Cei mai eficienti fotosensibilizatori sunt cei care au benzi de absorbtie puternice in
domeniul infrarosu al spectrului vizibil. O extindere a sistemului © duce la scaderea potentialului
de oxidare, apoi fotosensibilizatorul devine mai putin stabil din punct de vedere cinetic, fiind astfel
supus fenomenului denumit fotobleaching. In solutie, aceasti metalo-porfirind poate elimina
metalul din cavitate, dupa care se regenereaza baza libera a porfirinei, dupa cum se poate observa

din spectrele UV-Vis (figura 6.37).
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Figura 6.37. Scaderea absorbtiei in timpul procesului de fotobleaching a Pd-TPP

Banda Soret scade concomitent cu o noua banda la o lungime de unda mai mare, in timp
ce benzile Q dispar si, in timpul iradierii, au putut fi identificate noi benzi atribuite speciilor de
baza libera. Cu siguranta, s-ar putea forma noi produse de oxidare, un prim semn fiind noile benzi
generate in regiunea ultravioleta (UV). Astfel, dupa incorporarea in substraturi polimerice, ITO
sau FTO, metalo-porfirina si-a oprit reactia de fotobleaching, marindu-si durata de viata pentru

conversia energiei solare.
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Figura 6.38. Spectrul FT-IR al TPP si Pd-TPP
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Din spectrele FT-IR Tinregistrate (figura 6.38), a fost posibila identificarea benzilor
specifice/caracteristicilor spectrale apartinand acestei noi metalo-porfirine prin comparatie cu
speciile cu baza libera, dupa cum urmeaza:

- atunci cand ionul metalic a fost inserat in inelul porfirinei, frecventa de vibratie a legaturii
N-H a porfirinelor de baza libera a disparut si s-au format grupurile functionale caracteristice ale
legiturii Me-N la ~1000 cm™, ceea ce a indicat formarea compusilor metalici de porfirini;

- benzile de la 1494-1682 cm™ si 1334-1352 cm* au fost atribuite modului de intindere C=C
si, respectiv, vibratiei de intindere C=N. Benzile de la ~800 cm™ si, respectiv, ~750 cm™ au fost
atribuite vibratiei de incovoiere a legaturii C-H a inelului fenil para-substituit;

- benzile specifice pentru Pd au fost identificate la 555 cm™ (v Pd-C) si 460 cm™ (v Pd-N).

Spectrul FT-IR n cazul tetrafenilporfirinei de wolfram (WClIs-TPP) evidentiaza o serie de
caracteristici spectrale ce pot fi asociate caracteristicilor structurale ale nucleului porfirinic si
conjugirii metalului. Benzile spectrale de intensitate redusi din domeniul 3020-2849 cm pot fi
atribuite vibratiilor de intindere asociate legaturii C-H in nucleul porfirinic (figura 6.40). Vibratiile
de ntindere C-N pot fi asociate prezentei maximelor spectrale din domeniile 1594-1608 cm™ si
1573-1582 cm*. Maximul spectral localizat la 1484 cm™ poate fi asociat vibratiilor de intindere
C=N pirolice. Banda spectrald cu maxime evidentiate la 1230 si 1176 cm™ poate fi asociati
vibratiilor de indoire in plan metilidenice si respectiv vibratiilor de intindere C-C asociate
grupdrilor fenil. Maximul de intensitate medie localizat la 977 cm™ poate fi atribuit vibratiilor de
intindere C-C din nucleul porfirinic, aparitia unei benzi spectrale la 1001 cm™ sugerand vibratii de
indoire C-H. Banda intensi localizati la 753 cm™ poate fi asociati vibratiilor de indoire metilenice

si vibratiilor de indoire in afara planului ale legaturilor C-H si N-Me asociate nucleului pirolic.
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Figura 6.40. Spectrul FT-IR al WCI,-TPP
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Caracterizarea amestecurilor de coloranti organici utilizind tehnicile de investigatie
UV-Vis, FTIR, RAMAN si SEM

Porfirinele si ftalocianinele sunt compusi Cu mare potential de a servi ca si componente ale
materialelor moleculare care poseda proprietati electronice unice, magnetice si fotofizice, datorita
unui numar mare al acestor cromofori si, din acest motiv, este important sa construim configuratii
in care moleculele sunt organizate in geometrii bine definite cu privire la vecinii lor.

Tn metalo-porfirine, diferite metale (cu bi-, tri- sau tetra-valenti) pot fi inserate in
macrociclu, iar pentru stabilitatea lor spatiala, atomii de halogen pot fi atasati ca ligand axial, cum
este cazul 5,10,15,20-tetrametilpiridil porfirinei de rodiu (Rh(I11)TMPyP) (figura 6.41), unde un
singur atom de clor este necesar pentru stabilitatea acestei metalo-porfirine.

Deoarece rodiul are o razi atomici mare (1,4 A), nu poate fi inclus in structura plani a
porfirinei, unde macrociclul are dimensiunea cavititii de 1,3 A si, in acest sens, poate adopta o
pozitie deasupra planului porfirinei, cu clorul ca ligand axial.

Ftalocianinele sunt azaporfirine formate din patru nuclee de benzoindol conectate prin punti
de azot Tntr-un inel cu 16 membri, cu atomi de carbon si azot alternati, in jurul unui atom metalic
central, care formeaza chelati stabili cu cationi metalici.

Molecula de 2,9,16,23-tetrasulfo-ftalocianina de zinc (ZnTSPc) este formata din atomul
metalic central, care este inconjurat de patru atomi de azot - pirolul; alti patru atomi de azot - punti
aza; 32 de atomi de carbon - pirolul si benzenul.

Una dintre cele mai importante proprietati ale moleculelor de porfirina si ftalocianina este
capacitatea lor de a se coordona cu ionii metalici, dand nastere la sisteme stabile. Complecsii stabili
de metalo-porfirine si metalo-ftalocianine rezulta din formarea a patru legaturi ¢ echivalente
N—M. Ambele contin un sistem de 187 electroni care contribuie la 0 buna stabilitate termica si
chimica. Ftalocianinele prezinta spectre de absorbtie UV-Vis cu tranzitii n-n intense, de obicei
denumite benzi Q, in intervalul 660—-799 nm cu componentele vibrationale de energie mai mare
asociate Tn intervalul 600-660 nm.

De asemenea, ftalocianinele au o banda B Soret in intervalul 420-320 nm, o banda N in
jurul valorii de 330-285 nm si o banda L la 270-230 nm. Spectrele UV-Vis ale ftalocianinelor sunt
foarte dependente de concentratie si solventi. La concentratic mare de solvent protic (apa), de
exemplu, ftalocianinele ar putea forma agregate.

Tn general, spectrele UV-Vis ale bazelor libere de ftalocianine prezinti o banda de absorbtie
Q la 718 nm cu un umar la 689 nm. Ca si complex metalic cu Zn si cu substituenti sulfonati,

ftalocianina prezinta deplasari in zona albastru.
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Tn spectrele porfirinelor de baza libera, ar putea fi inregistrata o banda Soret (aproximativ
414 nm) si patru benzi Q de la 500 la 700 nm. Prin metalare, banda Soret suporta o0 deplasare spre
rosu, in timp ce benzile Q sunt reduse la doar doud benzi (in jur de 560 si 650 nm). Existenta
heterodimerilor si heterotrimerilor intre porfirine si ftalocianine a fost demonstrata prin titrare,
folosind metode spectrofotometrice, cum ar fi spectroscopia de absorbtie.

Heteroagregatul dintre Rh(I11)TMPYP si ZnTSPc poate adopta un contact apropiat, pentru
a optimiza interactiunile - dintre miezurile aromatice. In timpul titrarii, banda Q a ftalocianinei
de la 717 nm va deveni mai putin intensd si mai larga pana la disparitie.

Un heteroagregat cu distante mai mici intre componente prezintd o deplasare mai mare a
benzii Q 0,0 -focrinice. Heteroagregarea se va produce numai intre substituentii N+ din porfirina
si ftalocianina sulfonata din pozitiile mezo, iar evolutia spectrala a unei solutii de Rh(II[)TMPyP

in dimetil sulfoxid (DMSO) la adaugarea ZnTSPc este prezentata in figura 6.44.
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Figura 6.44. Modificarile spectrale ale UV-Vis pentru Rh(111) TMPyP/ZnTSPc

Formarea de heteroagregati din complexul de Rh al 5,10,15,20-tetrametilpiridil porfirinei si
complexul de Zn al 2,9,16,23-tetrasulfo-ftalocianinei a fost investigata si prin utilizarea spectrelor
FT-IR, Raman si a imaginilor SEM (figurile 6.45-6.47).
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Figura 6.45. Spectrele FT-IR ale RhnTMPyP, ZnTSPc si RhnTMPyYP/ZnTSPc

Spectrele IR ale benzenului aromatic condensat din inelele de ftalocianine metalice si
porfirine includ cel mai extins set de intindere si benzi de vibratii de indoire:

» vibratii de intindere ale legaturilor C-H la 3046-3060 cm*;

* intensitate relativ scizutd si vibratii scheletice C-C (1580-1610 cm™). Frecventa de
1580 cm ! este cauzati de vibratiile de intindere ale legiturilor condensate cu ciclul pirolului;

+ vibratiile intense in regiunea de 947 cm™ sunt vibratii de intindere total simetrice ale
legaturilor C-C a inelului aromatic;

* vibratiile plane de incovoiere ale C-H sunt n intervalele 1283-1289, 1158-1167, 1091
1096 si 1033-1060 cm. Vibratiile de Tncovoiere in afara planului a legiturilor C-metal ale
ftalocianinelor si porfirinelelor apar in intervalul 720-780 cm™.

Spectrele de infrarosu indepartat ale metalo-porfirinelor prezinta o serie de benzi de
absorbtie ale liganzilor. Banda de deformare a porfirinei la 500 cm™ este deplasati la o frecventi
mai mare Tn metalo-porfirine. Cea mai intensa banda din spectrul infrarosu indepartat ale metalo-
porfirinelor apare la 350 cm™, iar o bandi adiacentd mai slaba, la 380 cm-1, poate fi atribuiti
liganzilor fara metal si legaturii metal-azot. Vibratiile grupului —C=C—N= (pirol si mezo-atomi de
azot) apar ca bandi de intensitate scizuti la 1396-1407 cm™ si ca bandi foarte puternici
(caracteristica tuturor ftalocianinelor) la 1320-1365 cm™.

La porfirine, o bandi de intensitate mare care apare la 1500-1530 cm™ corespunde
vibratiilor azotului (mezo-atomi —N=). Vibratiile pirolului si a reziduurilor de benzen sunt in
intervalul 1420-1480 cm™™.
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Benzile prezente la 1594-1608 cm™ si 1573-1582 cm™ pot fi atribuite vibratiilor de intindere
C-N. Spre deosebire de metoda spectroscopica IR, care depinde doar de compozitia chimica si de
faza probelor, caracteristicile spectrale ale rezonantei Raman depind si de lungimile de unda de

excitatie.
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Figura 6.46. Spectrul Raman pentru RnTMPyP / ZnTSPc

Spectrul Raman obtinut (figura 6.46) prezinta varfuri proeminente ale caror deplasari
Raman sunt caracteristice frecventelor vibrationale ale atomilor din moleculele in care se gasesc.

Spectrul Raman ale heteroagregatului analizat prezinta cateva benzi specifice pentru acesti
compusi la 1527 si 1538 cm ™. Ei au fost colectati folosind surse de excitatie laser care emit la
632,8 si 785 nm. Sub excitarea de la 632,8 nm, cea mai intensd bandd Raman apare la 1598 cm™!
care este atribuita intinderii izoindolului. Benzile marker Raman tipice ale monoanionului radical
Pc ce au fost observate la 1499-1512 cm™! ca a bandd medie si la 1521-1538 cm ™! ca banda a
ciror intensitate cresc odati cu agregarea, rezultat din cuplarea N+ cu SOz,

Imaginile SEM obtinute pentru amestecul RhTMPYP / ZnTSPc, prezentate in figura 6.47,

evidentiaza crearea de microstructuri sferice.

200um ICSTM 1.0kV 15.2mm x2.00k SE(M) 20.0um

Figura 6.47. Caracterizarea microscopica cu ajutorul SEM a RhnTMPyP / ZnTSPc
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S-au depus multe eforturi in domeniul porfirinelor si al ftalocianinelor pentru a putea gasi
diferite substraturi suport care sa le sustind, dat fiind faptul ca o stabilitate fotochimica mai mare
este esentiala pentru o activitate mai indelungatd a acestora ca si materiale luminescente. De
asemenea, a fost investigatd depunerea lor pe celuloza microcristalind (MC) pentru a le stabiliza
structura triadei.

Celuloza microcristalina poate forma legaturi de hidrogen, atat in cadrul propriei structuri,
cat si cu alte molecule care pot rdimane atasate de lanturile polimerice prin interactiuni localizate.

Pentru a obtine fotocatalizatori mai stabili si mai eficienti, unele porfirine si ftalocianine,
cum ar fi 5,10,15,20-tetrametilpiridil porfirinei de nichel (NITMPyP) si 2,9,16,23-tetrasulfo-
ftalocianinei de zinc (ZnTSPc), a caror structura este prezentata in figura 6.48, ar putea fi prinse

in lanturile polimerice ale unor derivati de celuloza, cum ar fi celuloza microcristalina.

Figura 6.48. Structura chimica a NiTMPyP (stdnga) si ZnTSPc (dreapta)

Porfirinele si ftalocianinele anionice sunt destul de strdns Tmpachetate in porii

submicroscopici ai celulozei microcristaline, a carei structura este prezentata in figura 6.49.
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Figura 6.49. Structura chimica a celulozei microcristaline

Atunci cand se adauga celuloza microcristalina in solutie, legaturile de hidrogen celuloza-
celuloza sunt iInlocuite de legaturile celuloza-solvent datoritd interactiunilor puternice cu

segmentele lantului glicozidic, ceea ce determind umflarea polimerului.
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Complecsii de porfirind sau ftalocianind sunt adsorbiti in celuloza microcristalind prin
prinderea intre lanturile glicozidice in zona cristalind a MC pentru concentratii mici de complexe
sau prin prinderea in domeniile amorfe pentru concentratii mari ale acestor complexe. Structurile
bine definite ale MC previn agregarea moleculelor de ftalocianina din cauza localizérii lor in
golurile intracristaline si in galeriile suporturilor. De asemenea, MC, fiind puternic hidrofila,
favorizeaza co-adsorbtia apei in galerii si cavitati, ceea ce imbundtateste difuzia reactantilor si a

produselor. Acesta este motivul principal pentru activitatea cataliticd mai scazuta a ftalocianinei

pe suport de MC.

N*CH,

H3C N*S = Y) ,‘.‘ | :

Figura 6.50. Structura heteroagregatului NiTMPyP/ZnTSPc/MC

Formarea de heteroagregati din complexul de Ni al 5,10,15,20-tetrametilpiridil porfirinei /
complexul de Zn al 2,9,16,23-tetrasulfo-ftalocianinei si celuloza microcristalina, a caror structura

este prezentatd in figura 6.50, a fost investigata si prin utilizarea spectrelor FT-IR, Raman si a

imaginilor SEM.
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a. Spectrul FT-IR pentru NiTMPyP / ZnTSPc / MC
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c. Imagini SEM obtinute pentru NiTMPyP / ZnTSPc / MC

Figura 6.51. Caracterizarea spectrala si microscopica a NiTMPyP / ZnTSPc /MC

Spectrul FT-IR (figura 6.51 a) evidentiaza prezenta indeosebi a unor maxime spectrale tip
bandi de intensitate variabild, localizate la ~ 3333, 2893, 1315, 1031 si 558 cm™. Benzile de
intensitate medie / redusi de la ~ 3333 cm™ si 2893 cm™ pot fi asociate vibratiilor de intindere
asimetrice / simetrice atribuite gruparilor metil. Maximele de intensitate redusa / medie localizate
la 1282 cm™ si 1315 cm™ sugereaza aparitia unor benzi de combinare atribuite nucleului porfirinic.
In regiunea spectrala 900-1200 cm™ se observa o banda spectrald larga cu maxime spectrale
asociate acesteia la ~ 970 cm™ (vibratii de intindere C-C din nucleul porfirinic, o asociere similari
putand fi atribuitd maximelor din domeniul 990-1004 cm™), la 1146 cm™ (acest maxim poate fi
atribuit vibratiilor de intindere ale inelului pirolic si / sau vibratiilor de indoire N-Me; daca
vibratiile de Intindere sunt atrbuite legaturii C-N pirolice, deplasarea, largimea si scindarea acestui
maxim poate fi datorati interactiunii / legaiturii N-Me). Maximul spectral localizat la ~ 558 cm™
in banda spectrald 430-660 cm® poate fi asociat vibratiilor de indoire in afara planului ale inelului

aromatic si legaturii N-Me.

35



Tn spectrul Raman al heteroagregatului NiTMPyP/ZnTSPc/MC (figura 6.51 b) pot fi
observate o serie de benzi spectrale / maxime asociate indeosebi vibratiilor de intindere si de
indoire atribuite nucleelor aromatice condensate din structurile ftalocianinelor, respectiv ale
porfirinelor: banda spectrald larga in domeniul 345-490 cm™ centrati la ~ 432 cm™ (vibratii de
indoire n afara planului ale nucleelor fenil), maxim spectral de intensitate crescuta localizat la ~
1092 cm (asociat vibratiilor de indoire in plan C-H), bandi spectrala in zona 1290-1460 cm™ cu
maxime localizate la 1335 si 1375 cm™ (asociate vibratiilor de intindere / indoire atribuite

nucleului ftalocianic).
Caracterizarea spectralia a materialelor de tip n

Tn cadrul acestui studiu au fost obtinute caracteristicile spectrale si structurale pentru TiO;
anataz pulbere (Fluka). S-au obtinut urmatoarele rezultate (fig. 6.53-6.56):
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Figura 6.53. Spectrul FT-IR pentru TiO; anataz pulbere (Fluka)
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Figura 6.54. Spectrul Raman pentru TiO- anataz pulbere (Fluka)
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Figura 6.55. Imagini SEM pentru TiO; anataz pulbere (Fluka)
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Figura 6.56. Difractograma de raze X pentru TiO anataz pulbere (Fluka)

Din prelucrarea datelor difractogramei probei TiO2 anataz pulbere (figura 6.56), putem

observa ca proba analizata are In componenta sa urmatoarele faze cristaline identificate conform

bazei de date ICDD (PDF-4+ 2016 RDB):

anataz nano (DB card nr. 00-064-0863) in proportic 91.2% avand orientarea
preferentiald a retelei cristaline dupa indicii Miller (1 0 1), corespunzétoare unghiului
de difractie 20 = 25.28°;

oxid de titan (I1) (DB card nr. 01-071-5272) in proportie de 4.6 % avand orientarea
preferentiala a retelei cristaline dupa indicii Miller (2 0 0), corespunzatoare unghiului
de difractie 20 = 42.90°;

oxid de calciu paladiu titan (DB card nr. 04-020-3325) , circa 2.5 % cu orientarea
preferentiald a retelei cristaline dupa indicii Miller (2 2 0), corespunzdtoare unghiului
de difractie 20 = 33.77°;

spinel (Mn, Ti, Fe), syn (DB card nr. 01-082-1297) 1n procent de 1.6 % cu orientarea
preferentiala a retelei cristaline dupa indicii Miller (3 1 1), corespunzétoare unghiului

de difractie 20 = 34.44°;
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Rezultatele analizei cantitative a fazelor cristaline (WPPF*)

Denumirea fazei cristaline

Formula chimica

Cantitate(%)

anatase, nano Ti 02 91.2(5)
titanium(ll) oxide TiO 4.6(2)
Calcium Palladium Titanium Oxide CaTi4 Pd3 012 2.49(11)
spinel (Mn,Ti,Fe), syn (Mn0.591 Fe0.55 Ti0.86 ) ( ( Ti0.14 1.6(3)

Fe0.415 Mn0.446 ) 04 )

*Whole Powder Pattern Fitting

A fost analizata structura cristalelor din pulbere si au fost calculate constantele de retea,

dar si volumul cristalului pentru fiecare faza cristalina, obtinandu-se rezultatele prezentate in

tabelele de mai jos:

Rezultatele analizei structurii cristalului

Denumirea fazei cristaline Grup spatial zZ Z Densitatea(g/cm”3)

anatase, nano 141 : 141/amd,choice-2 4 0125 3.893

titanium(ll) oxide 225 : Fm-3m 4 0.021 5.698

Calcium Palladium Titanium Oxide 204 : Im-3 2  0.042 5.844

spinel (Mn,Ti,Fe), syn 200 : Pm-3 8 0.333 4.649
Constantele retelei cristaline

Denumirea fazei cristaline a(A) b(A) c(A) Volumul cristalului(A*3)

anatase, nano 3.78 3.78 9.51 136.30

titanium(ll) oxide 4.21 4.21 4.21 74.83

Calcium Palladium Titanium Oxide 7.49 7.49 7.49 421.62

spinel (Mn,Ti,Fe), syn 8.61 8.61 8.61 639.88

A doua proba analizata a fost TiO> rutil pulbere TR-92 Kronos (TZ) pentru care s-au

obtinut urmatoarele rezultate (fig. 6.57-6.60):
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Figura 6.57. Spectrul FTIR pentru TiO; rutil pulbere TR-92 Kronos (TZ)
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Figura 6.59. Imagini SEM pentru TiO rutil pulbere TR-92 Kronos (TZ)
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Figura 6.60. Difractograma de raze X pentru TiO- rutil pulbere TR-92 Kronos (TZ)

Din prelucrarea datelor difractogramei probei TiO2 rutil pulbere (figura 6.60), putem

observa ca proba analizata are In componenta sa urmatoarele faze cristaline identificate conform
bazei de date ICDD (PDF-4+ 2016 RDB):
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- Rutile, syn (DB card nr. 00-021-1276) in proportie 92.0% avand orientarea
preferentiala a retelei cristaline dupa indicii Miller (1 1 0), corespunzatoare unghiului
de difractie 20 = 27.41°;

- Pseudobrookite, ferrous (DB card nr. 04-010-9791) in proportie de 8.0 % avand
orientarea preferentiald a retelei cristaline dupa indicii Miller (2 3 0), corespunzatoare

unghiului de difractie 20 = 32.23°.

Rezultatele analizei cantitative (WPPF*

Denumirea fazei cristaline Formula chimica Cantitate(%)
Rutile, syn Ti 02 92.0(5)
pseudobrookite, ferrous Ti2 Fe O5 8.0(3)

*Whole Powder Pattern Fitting

A fost analizata structura cristalelor din pulbere si au fost calculate constantele de retea,
dar si volumul cristalului pentru fiecare faza cristalina, obtinandu-se rezultatele prezentate in

tabelele de mai jos:
Rezultatele analizei structurii cristalului

Denumirea fazei cristaline Grup spatial z VA Densitatea(g/cm”3)
Rutile, syn 136 : P42/mnm 2 0.125 4.250
pseudobrookite, ferrous 63 : Bbmm 4 0.250 4,146

Constantele retelei cristaline

Denumirea fazei cristaline a(A) b(A) c(A) Volumul cristalului (A*3)
Rutile, syn 4.59 4.59 2.95 62.44
pseudobrookite, ferrous 9.76 10.11 3.76 371.8

Rezultatele obtinute in urma analizarii celei de-a treia probe TiO. anataz pulbere
(Kronos) sunt urmatoarele (figurile 6.61-6.64):
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Figura 6.61. Spectrul FT-IR pentru TiO; anataz pulbere (Kronos)
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Figura 6.62. Spectrul Raman pentru TiO; anataz pulbere (Kronos)
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Figura 6.63. Imagini SEM pentru TiO; anataz pulbere (Kronos)
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Figura 6.64. Difractograma de raze X pentru TiO, anataz pulbere (Kronos)

Studiind difractograma probei TiO2 anataz pulbere (Kronos) (figura 6.64), putem observa

ca proba analizata are in componenta sa urmatoarele faze cristaline identificate conform bazei de

date ICDD (PDF-4+ 2016 RDB):

- anatase nano (DB card nr. 00-064-0863) in proportie 95.1% avand orientarea
preferentiald a retelei cristaline dupa indicii Miller (1 0 1), corespunzdtoare unghiului

de difractie 20 = 25.27°;

- o substanta neidentificata conform in baza de date, in proportie de 4.86%;
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Rezultatele analizei cantitative (WPPF*

Denumirea fazei cristaline Content (%)
anatase, nano 95.1(5)
N/A 4.86(17)

*Whole Powder Pattern Fitting

Rezultatele analizei structurii cristalului

Denumirea fazei cristaline Space group z z Calc. density(g/cm”3)
anatase, nano 141 : 141/amd,choice-2 4 0.125 3.894
N/A - -

Analiza spectrala FT-IR in cazul pulberilor de dioxid de titan (figurile 6.53, 6.57 si 6.61)
oferd relativ putine informatii, maximele spectrale inregistrate in domeniul 380-470 cm™ (385,
395, 406, 467 cm™) putand fi asociate vibratiilor de intindere ale legaturilor Ti-O-Ti. Spectrele
Raman corespondente (figurile 6.54, 6.58 si 6.62) evidentiaza intr-o masura mai mare existenta
fazei cristaline a TiO2 prin maxime spectrale de intensitate medie / ridicata localizate la 393, 441,
518, 602 si 638 cm™ (conform datelor din literatura de specialitate caracteristicile Raman
vibrationale ale TiO2 sunt localizate in domeniul 400-600 cm™). Tn imaginile SEM ale pulberilor
de TiO2 se observa un aspect general nanostructurat. Se evidentiaza pori nanometrici cu dispersie
ingusta dupa dimensiuni Intr-o matrice compusa din nanoparticule de forma rotunjita.

Urmatoarele cercetari au fost realizate pe TiO2 anataz pasta (Ti-Nanoxide T/SP), avand
urmatoarele caracteristici: aspect — pasta vascoasa de culoare galbuie, strat rezultat (dupa ardere)
— transparent, cristalinitate — 100% anataz, concentratie 18%, cod HS - 2823.0000. Pasta a fost

uscatd in etuvid la 200° C timp de 4 h si apoi analizati, obtinAndu-se urmitoarele rezultate (fig.
6.65-6.67):
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Figura 6.65. Spectrul FT-IR pentru TiO; anataz pasta (Ti-Nanoxide T/SP)
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Figura 6.66. Spectrul Raman pentruTiO; anataz pasta (Ti-Nanoxide T/SP)
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Figura 6.67. Difractograma de raze X pentru TiO; anataz pasta (Ti-Nanoxide T/SP)

Pentru proba de TiO2 - anataz pasta (figura 6.67), din difractograma inregistrata putem
observa ca proba are In componenta sa urmatoarele faze cristaline identificate conform bazei de
date ICDD (PDF-4+ 2016 RDB):

- anataz, nano (DB card nr. 00-064-0863) in proportie 100.0% avand orientarea

preferentiald a retelei cristaline dupa indicii Miller (1 0 1), corespunzétoare unghiului

de difractie 20 = 25.08° — peak-ul majoritar.
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A fost analizata structura cristalelor din pulbere si au fost calculate constantele de retea,

dar si volumul cristalului pentru faza cristalina, obtinandu-se rezultatele prezentate in tabelele de

mai jos:
Rezultatele analizei cantitative (WPPF*
Denumirea fazei Formula chimica Continut(%)
anatase, nano TiO2 100.0(7)

*Whole Powder Pattern Fitting

Rezultatele analizei structurii cristalului

Denumirea fazei Grup spatial Zz z Calc. density(g/cm”"3)
anatase, nano 141 : 141/amd,choice-2 4 0.125 3.879

Constantele retelei cristaline

Denumirea fazei a(A) b(A) c(A) V(A"3)
anatase, nano 3.78 3.78 9.47 135.5

In cazul TiO2 anataz pasta spectrul FT-IR (figura 6.65) evidentiaza existenta unei benzi
spectrale largi in domeniul 2970-2870 cm™ asociati vibratiilor de intindere ale grupelor O-H.
Banda spectrald localizatd la ~ 1630 cm™ poate fi asociatd vibratiilor de indoire Ti-OH, iar
maximul spectral extins (1104-1054 cm®) poate fi atribuit vibratiilor de intindere Ti-O.

Datorita naturii poroase a dioxidului de titan nanocristalin (TiO2), depunerile de acest
material au o suprafatd mare de adsorbtie a moleculelor de colorant si asigurd nivelurile necesare
de energie pentru interfata semiconductor-colorant. Nivelul de energie mai scazut a benzii de
conductie fatd de nivelul de energie a colorantului permite o injectie eficientd de electroni de la

colorant la semiconductor.

Caracterizarea spectrali a electrolitilor cu ajutorul tehnicii de spectroscopie UV-Vis

Unul din elementele importante al unei celule DSSC 1l reprezinta electrolitul, element ce
are rolul de a transfera, de la electrod catre jonctiunea p-n, sarcina electrica. Desi electrolitii nu
sunt decat purtatori de sarcind electrica, ei trebuie sa prezinte o transmitanta mai mare de 80% in
domeniul spectral cuprins intre 190 — 1100 nm.

Cu ajutorul tehnicii UV-Vis au fost studiate proprietatile optice ale electrolitilor pe baza de
iodura de sodiu, iodura de potasiu si iodura de litiu (figura 6.75). Dupa reiese din aceste spectre,
transmitanta cea mai mare o are electrolitul pe baza de Nal, urmat de cel pe baza de KI. Electrolitul

pe baza de Lil pare sa aiba transmitanta cea mai redusa.
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Figura 6.75. Spectrele electrolitilor pe baza de Lil, Nal si KI inregistrate in domeniul 190-1100 nm

Dintre acesti electroliti analizati, electrolitul utilizat in procesul de obtinere al celulelor
DSSC a fost cel pe baza de KI, preparat din reactivi de puritate analitica cunoscuta.

Astfel, in cadrul Laboratorului de Preparare Probe din ICSTM, Universitatea Valahia din
Targoviste s-a preparat pentru obtinerea electrolitului o solutie 0,5 M KI si 5 mM I2 Th 50 ml etanol.
O parte din KI cristalizeaza usor la temperatura camerei, acest fapt datorandu-se solubilitatii
scazute a KI in alcool etilic.

Electrolitul obtinut pentru utilizarea in DSSC dovedeste proprietdti optice ridicate in
domeniul 600 — 1100 nm, dovedite prin transmitanta > 90 %.

Caracterizarea microscopica a suprafetelor materialelor conductoare transparente utilizand

tehnicile de investigatie SEM si AFM dupéa depunerea nanoparticulelor de TIO:

Materialele conductoare transparente (FTO, ITO si AgPDMS) au fost curatate cu o solutie
de detergent folosind o baie cu ultrasunete, timp de 15 minute, si clatite cu apa distilata si etanol
Tnaintea depunerii nanoparticulelor de TiOzanataz pentru obtinerea celulelor DSSC. Apoi, probele
au fost introduse in solutie apoasa de 40 mM TiCls la 70 °C, timp de 30 de minute, iar dupa aceea

au fost clatite cu apa pura si etanol si uscate.
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Ulterior, probele au fost acoperite cu un strat de pasta de TiO2 nanocristalin (anataz Ti
Nanoxide T/SP, Solaronix) cu ajutorul echipamentului VTC-100A, existent in ICSTM. Pasta de
anataz folosita este o substantd de o puritate foarte ridicata si prezinta un continut relativ redus de
impuritati.

Procedura de depunere prin spin-on (500 rpm timp de 30 s, urmata de 3200 rpm timp de
60s) s-a repetat de doud ori pentru a avea aproximativ aceeasi grosime pe electrodul de lucru.
Stratul de TiO2 nanocristalin este depus prin spin-on pentru a forma un strat (de grosimea
4 - 5 um) cu efect de difuzie a luminii. Electrozii acoperiti cu un strat de TiO2 sunt incalziti
intr-un debit de aer cu temperatura de 325 °C timp de 5 minute, la 375 °C timp de 5 minute, la
450 °C timp de 15 minute si la 500 °C timp de 15 minute.

Stratul de TiO2 sinterizat este tratat din nou cu o solutie de 40 mM TiCls precum in
procedura de mai sus, cldtit cu apa purd si etanol, apoi iar sinterizat la 500 °C timp de 30 minute.

Pentru studiul morfologiei suprafetei s-a folosit, din nou, tehnica microscopiei electronice
cu baleaj (SEM). Tensiunea de accelerare aleasa pentru caracterizarea microscopica a suprafetei
materialulelor a fost de 10 kV.

Pentru toti cei trei electrozi, la ordinul de marire de 100 kX, se pot evidentia dimensiunea
si forma cristalelor de TiO2 depuse, care par sa descrie o suprafata usor denivelata, dar cu pastrarea
tendintei pe toatd suprafata (figurile 6.76-6.78).

La 100 kX, se poate constata faptul ca particulele de TiO2 au in general forma sferica si

dimensiuni Tntre 50 — 250 nm.

-

ICSTM 10.0kV 16.3mm x100k SE(M)

Figura 6.76. Morfologia suprafetei materialului FTO cu depunere de TiO> la ordinul de marire
100 kX si tensiunea de accelerare de 10 kV, folosind semnalul electronilor secundari
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Pentru studiul topografiei suprafetei s-a folosit tehnica microscopiei de forta atomica.
Imaginile 6.79-6.81 prezinta suprafata materialelor FTO, ITO si AgPDMS cu depunere de

nanoparticule de TiOz, nefiind observate imperfectiuni in regiunile investigate.

Figura 6.80. Topografia suprafetei materialului ITO depus TiO, - 1x1 um —mod contact

Figura 6.81. Topografia suprafetei materialului AQPDMS depus TiO, - 4x4um — mod contact
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Prin intermediul masuratorilor utilizand tehnica AFM au fost evaluati parametrii de
rugozitate ai suprafeteicelor trei probe analizate cu ajutorul softului NOVA PX.
Astfel, pentru o suprafati evaluati de 25 pm?, valorile parametrilor de rugozitate ai

suprafeteicelor trei probe sunt prezentate in tabelul 6.5.

Tabelul 6.5. Valorile parametrilor de rugozitate ai suprafetelor dupa depunere de TiO>

Sq[nm] Sa[nm] Sp [nm] Sv[nm] Sz[nm]

Proba FTO 18,185 14,559 62,567 72,319 134,886
depus TiO;

Proba ITO 23,052 17,545 69,233 128,838 198,072
depus TiO,

Proba AGPDMS 42,451 34,672 140,491 157,701 298,193
depus TiO;

De asemenea, cu ajutorul softului NOVA PX s-a obtinut imaginea profilului rugozitatii

suprafetei celor trei probe analizate (figurile 6.82-6.84).

Figura 6.82. Profilul rugozitatii suprafetei materialului FTO depus TiO>
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Figura 6.83. Profilul rugozitatii suprafetei materialului ITO depus TiO>
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Figura 6.84. Profilul rugozitatii suprafetei materialului AgPDMS depus TiO;

Masuratorile AFM efectuate pe aceste materiale conductoare transparente inainte si dupa
acoperirea cu stratul de TiO2 releva o crestere a rugozitatii suprafetei datorita aparitiei
nanoparticulelor generate Tn timpul depunerii prin centrifugare.

Tn cadrul acestui studiu, microscopia electronica cu baleiaj (SEM), precum si microscopia
cu forta atomica (AFM) au avut un rol foarte important in investigarea morfologiei si a topografiei
depunerilor de TiO2 pe materialele conductoare transparente pentru a putea observa diferentele
dintre suprafata materialelor conductoare transparente inainte si dupa depunerea nanoparticulelor
de TiOz.

Analizele topografice, efectuate prin analiza AFM unora dintre nanomaterialele organice
de tip porfirinic, au evidentiat faptul ca distributia porfirinelor variaza. Dimensiunile particulelor
variaza intre 24.6 nm in cazul TPP si 73.1 nm, in cazul TMPP. Se poate observa, de asemenea,

faptul ca rugozitatea TMPP — ului este cea mai mare (fig. 6.85-6.86).
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Figura 6.85. Topografia suprafetei porfirinei TPP
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Figura 6.86. Topografia suprafetei porfirinei TMPP

Din analiza imaginilor 3D pe suprafete de 1x1 pum, se poate observa distributia uniforma a
particulelor pe suprafata analizata, dimenisiunea lor medie fiind de la 2.71 nm, in cazul TPP, la
23 nm in cazul TMPP, care are tendinta sa formeze agregate mai mari decét celelalte porfirine

studiate.
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OBTINEREA CELULELOR FOTOVOLTAICE SENSIBILIZATE
CU STRUCTURI ORGANICE (DSSC) SI CARACTERIZAREA LOR DIN
PUNCT DE VEDERE ELECTRIC

Colorantii folositi pentru acest studiu au fost tetrafenilporfirina de paladiu (Pd-TPP) si
tetrafenilporfirina de wolfram (WCI4TPP). Pentru prepararea solutiei de colorant s-au transferat
35,7 mg colorant la 50 ml solvent pe baza de cloroform si alcool etilic (1:1 v/v). Prepararea solutiei
s-a realizat, la temperatura camerei, in Laboratorul de Preparare Probe, existent in ICSTM,
Universitatea Valahia din Targoviste.

Apoi, electrodul de TiO2 a fost imersat in solutie de TPP-Pd, respectiv in solutie de
WCI4TPP de concentratie 0,993*%107° M si lasat in solutie timp de 6 h, Tn mediu de ntuneric, la

temperatura camerei, pentru asigurarea patrunderii complete a colorantului.
Descrierea etapelor de obtinere a celulelor DSSC

Tn cadrul acestui studiu, celulele fotovoltaice sensibilizate cu structuri organice au fost

obtinute dupa urmatorul plan:

oxid conductor depus pe i depunere de argint in strat subtire i
substrat (sticld) / polimer: )
|
[ |
| mo/mo-peT || FTo | [ pDms |
L
P

-------------------------

[ )

ITO / ITO-PET FTO PDMS
\ )
g’ impregnare cu colorant Pd-TPP E
ANOZI { L ]
_ [ |
| ITO / ITO-PET FTO PDMS
:> ; injectie electrolit i I:>
| mo/mo-pET || FTO | | PDMS |
\ )]
Y
CATOZI GRAFITIZATI

Figura 7.1. Schema de obtinere a celulelor DSSC
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Etapele de obtinere a celulelor DSSC sunt prezentate in cele ce urmeaza, astfel:

A. Depunerea pe electrodul din FTO, ITO, AgPDMS sau ITO-PET a nanoparticulelor de
TiO:

Electrozii de FTO, ITO, AgPDMS sau ITO-PET s-au fixat de suportul echipamentului
pentru depunere prin spin-on cu suprafata conductoare in sus. S-a pipetat pasta de TiOz si, datorita
vitezeil mari de rotatie s-a obtinut un strat uniform de aproximativ cativa um.

Dupa ce banda adeziva a fost dezlipita, electrozii rigizi cu depunerile de TiO2 au fost
asezati pe o plita ce asigura 400 °C. Electrozii flexibili au fost uscati in etuva la o temperaturd mai

scazuta pentru a permite fixarea nanoparticulelor de TiO2 de materialul conductor.

B. Sensibilizarea celulei fotovoltaice cu colorant
Pentru desfasurarea corectd a acestei etape a fost necesar sa fie asigurat un mediu de
intuneric, deoarece colorantii porfirinici, sub actiunea luminii, se pot denatura.

Sensibilizarea s-a realizat in cutii Petri, durata Tntregului proces fiind de aproximativ 6 h.

C. Aplicarea pe suprafata contraelectrodului a catalizatorului din grafit
Aplicarea catalizatorului de grafit pe suprafata contraelectrodului s-a realizat prin spreiere

cu ajutorul unui spray cu grafit N-77.

D. Asamblarea electrozilor in celula
In cadrul procesului de asamblare, electrozii trebuie si fie pozitionati cu partile
conductoare spre interior, iar fixarea celor 2 electrozi s-a realizat cu ajutorul a doua cleme. Tn
lateral trebuie lasat un spatiu pentru ca celula sa poatad fi masurata electric.
E. Adaugarea electrolitului
In cadrul acestei etape, electrolitul a fost adiugat cu ajutorul unei pipete, iar cantitatea
pipetata a fost ajustata pana in momentul in care tot spatiul dintre placute a fost cuprins de solutia
de electrolit.
Astfel, s-au realizat doud seturi a cate trei celule DSSC fiecare:
Structura celulelor obtinute - Setul |
- o celuld avand ca anod sticla FTO, element de tip n — pasta de TiOz, element de tip p
— tetrafenilporfirina de paladiu, electrolit pe baza de iodura de potasiu, catod — sticla FTO avand
depus un strat de grafit pe suprafata conductoare;
- o celuld avand ca anod sticla ITO, element de tip n — pasta de TiOz, element de tip p
— tetrafenilporfirina de paladiu, electrolit pe baza de iodura de potasiu, catod — sticla ITO avand

depus un strat de grafit pe suprafata conductoare;
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- o celula avand ca anod elastomerul PDMS avand depus un strat conductor de Ag,
element de tip n — pasta de TiOz, element de tip p — tetrafenilporfirina de paladiu, electrolit pe baza
de iodurd de potasiu, catod — elastomerul PDMS avand depus un strat de grafit pe suprafata
conductoare.

Celulele obtinute in setul I sunt prezentate in figura 7.5.

ITO/DSSC FTO/DSSC AgPDMS/DSSC

Figura 7.5. Celulele obtinute n setul |

Structura celulelor obtinute - Setul 11

- 0 celuld avand ca anod sticla ITO, ca material de tip n TiO2 anataz pasta depus pe
sticla ITO prin spin-coating, ca si colorant tetrafenil porfirina de wolfram (WCI4-TPP), electrolit
pe baza de iodura de potasiu, iar ca si catod sticla ITO cu TiO2 pe care s-a depus prin spreiere
grafit;

- o celula avand ca anod sticla FTO, ca material de tip n TiO2 anataz pasta depus pe
sticla FTO prin spin-coating, ca si colorant porfirina WCls-TPP, electrolit pe baza de iodurd de
potasiu, iar ca si catod sticla FTO cu TiO2 pe care s-a depus prin spreiere grafit;

- o celula avand ca anod polimer ITO-PET, ca material de tip n TiO2 anataz pasta
depusa pe ITO-PET prin spin-coating, ca si colorant porfirina WCls-TPP, electrolit pe baza de

iodura de potasiu, iar ca si catod ITO-PET cu TiOz pe care s-a depus prin spreiere grafit.

Celulele obtinute in setul Il sunt prezentate in figura 7.6.

ITO-PET/DSSC FTO/DSSC ITO/DSSC

Figura 7.6. Celulele obtinute in setul 11
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Caracterizarea din punct de vedere electric si randamentul cuantic al celulelor fotovoltaice

sensibilizate cu coloranti (DSSC)

De mare interes in cercetarea-dezvoltarea celulelor solare sensibilizate cu structuri
organiceeste determinarea relatiei dintre performanta celulei si metodele, respectiv materialele
folosite pentru obtinerea acestuia. Datorita naturii acestor celule DSSC, proprietatile optice si
electrice ale materialului sunt cele mai importante si definesc performanta acestora.

In cadrul laboratorului "Celule si module fotovoltaice. Testare si caracterizare" din ICSTM
s-a efectuat caracterizarea din punct de vedere electric si eficienta cuantica a celulelor obtinute,
conform standardelor Tn vigoare.

Raspunsul spectral este determinat prin masurarea eficientei de conversie a fotonilor
incidenti monocromatici in curent, iar imaginea obtinuta pentru cele trei tipuri de celule analizate

este prezentatd in figura 7.8.
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Figura 7.8.. Raspunsul spectral pentru celulele DSSC realizate in setul |
( == PDMS, mmm= |TQO, === FTO)

Din graficul obtinut reiese faptul ca cel mai bun raspuns spectral a fost dat de celula DSSC
cu FTO.

Eficienta cuantica este similard, din punct de vedere conceptual, cu raspunsul spectral.
Eficienta cuantica indica numarul de electroni produsi de celula solard in comparatie cu numarul
de fotoni care cad asupra dispozitivului, in timp ce raspunsul spectral reprezinta raportul dintre
curentul generat de celula solara si puterea care cade pe aceasta.

Doua tipuri de eficientd cuanticd a unei celule solare sunt adesea luate in considerare:
eficienta cuantica externa (EQE), definita ca raportul dintre numarul de perechi electron-gol

generati sub actiunea luminii si ulterior colectati la electrozii celulei si numarul de fotoni incidenti
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pe suprafata iluminatd a probei in conditii de scurt circuit, respectiv eficienta cuantica interna
(IQE), definita ca raportul dintre numarul de purtatori de sarcina colectati de celula solara si
numarul de fotoni de o anumitd energie care stralucesc asupra celulei solare din exterior si sunt
absorbiti de celula.

Graficul eficientei cuantice externe obtinut pentru cele trei celule din setul | analizate este

prezentat in figura 7.9.
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Figura 7.9. Eficienta cuantica externd pentru celulele DSSC din setul | (=== PDMS, === |TO,
w FTO)

Din graficul obtinut observam faptul cd cea mai ridicatd eficientd cuanticd externd o
prezinta celula DSSC cu ITO.
Graficul eficientei cuantice interne obtinut pentru cele trei celule din setul I analizate este

prezentat in figura 7.10.
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Figura 7.10. Eficienta cuantica interna pentru celulele DSSC din setul | ( === PDMS, === ITO,
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Analizand graficul obtinut observam faptul ca cea mai ridicata eficienta cuantica interna
o prezinta celula DSSC cu ITO.
Graficul raspunsului spectral obtinut pentru cele trei celule din setul Il analizate este

prezentat in figura 7.11.
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Figura 7.11. Raspunsul spectral al celulelor DSSC obtinute din setul 1l ( === celula cu ITO-PET,

celula cu sticla ITO, == celula cu sticla FTO)

Din graficul obtinut observam faptul ca cel mai bun raspuns spectral il prezinta celula
DSSC cu ITO.
Graficul eficientei cuantice externe obtinut pentru cele trei celule din setul 1l analizate este

prezentat in figura 7.12.
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Figura 7.12. Eficienta cuantica externa pentru DSSC obtinute din setul Il ( === celula cu ITO-PET,

celula cu sticla ITO, == celula cu sticla FTO)
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Analizand graficul obtinut observam faptul ca cea mai ridicata eficienta cuantica externd o
prezinta celula DSSC cu sticla ITO.
Graficul eficientei cuantice interne obtinut pentru cele trei celule din setul Il analizate este

prezentat in figura 7.13.
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Figura 7.13. Eficienta cuantica interna pentru DSSC obtinute din setul Il ( == celula cu ITO-PET,

celula cu sticla ITO, == celula cu sticla FTO)

Analizand graficul obtinut observam faptul ca cea mai ridicata eficienta cuantica interna
o prezinta celula DSSC cu sticla ITO. Masurarea parametrilor electrici ai celulelor realizate s-a
efectuat utilizand simulatorul solar Oriel Sol3A, clasa AAA, echipament existent in laboratoarele
ICSTM. Caracteristicile 1-V obtinute si parametrii electrici curespunzatori celor trei celule din

setul I sunt prezentate in figura 7.14, respectiv in tabelul 7.1.
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Figura 7.14. Caracteristica I-V pentru celulele DSSC din setul | realizate
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Tabelul 7.1. Valorile parametrilor electrici ai celulelor DSSC din setul |

Tip celula / substrat
semiconductor Voc [V] Isc [A] Ive [A] | Vme [V] | FF [%] Nn[%]
transparent
DSSC /PDMS 0.4959 | 0.0252 0.0227 0.3688 67 0.35
DSSC/ITO 0.5869 | 0.1230 0.1102 0.3896 59 1.71
DSSC/FTO 0.5805 | 0.1054 0.0971 0.4377 69 1.70

Tn tabelul 7.1, tensiunile de circuit deschis (Voc) ale acestor celule au prezentat valori
ridicate, acesta fiind un parametru cheie in evaluarea performantelor celulelor DSSC. n acelasi
timp, factorii de umplere (FF) ai celulelor DSSC investigate sunt toti mai mari de 40%, ceea ce
indica faptul ca dispozitivul prezinta o capacitate de conversie fotoelectrica destul de buna, tinand

cont de datele oferite de literatura de specialitate. Cea mai ridicata eficienta (adica 1,70 si 1,71) a

fost obtinuta pentru ambele substraturi de sticla acoperite cu oxizi conductor transparenti.

Caracteristicile I-V obtinute si parametrii electrici curespunzatori celor trei celule din setul

Il sunt prezentate in figura 7.15, respectiv in tabelul 7.2.

Curent (A)

Tensiune (V)

Figura 7.15. Caracteristica I-V pentru celulele DSSC din setul Il realizate

Tabelul 7.2. Valorile parametrilor electrici ai celulelor DSSC din setul 11

semiTcigncdelil(:gr/ 'ftj;)rf;{)ztrent Voo VI | I [A] | Iwe [A] | Ve [V | FF[%] | n[%]
DSSC/ ITO-PET 0.526 0.071 0.052 0.465 65 3.88
DSCC/ITO 0.573 0.099 0.546 0.080 77 7.04
DSSC/FTO 0.511 0.092 0.088 0.406 76 5.76
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n tabelul 7.2, tensiunile de circuit deschis (Voc) ale acestor celule au prezentat, de
asemenea, valori ridicate. Tn acelasi timp, asemenea celulelor din setul I, factorii de umplere (FF)
ai DSSC investigate au toti valori mai mari de 40%, ceea ce indica faptul ca dispozitivele prezinta
0 capacitate de conversie buna. Cea mai mare eficienta (si anume, 7,04 si 5,76) a fost obtinuta

pentru ambele substraturi de sticla acoperite cu oxizi conductor transparenti.

REZULTATE ORIGINALE

Prezenta teza de doctorat se refera la realizarea unor celule solare sensibilizate cu structuri
organice (DSSC), si anume coloranti fotosensibilizatori baze libere sau complecsi metalici din
clasa porfirinelor si ftalocianinelor, usor de realizat la un cost redus, cu eficiente ridicate de
conversie ale acestora si durata de viata mai mare. Celulele solare sau celulele fotovoltaice sunt
considerate candidati majori pentru obtinerea energiei de la soare, deoarece pot converti lumina
soarelui direct in energie electrica, pot furniza energie pe termen lung la un cost de functionare
redus si pot fi lipsite de poluare asociate cu generarea de energie.

Teza de doctorat cu titlul “CERCETARI PRIVIND CONVERSIA FOTOVOLTAICA A
ENERGIEI SOLARE CU AJUTORUL CELULELOR FOTOVOLTAICE SENSIBILIZATE CU
STRUCTURI ORGANICE (DSSC)” prezinta elemente de originalitate care provin din: obtinerea
membranelor din PDMS si integrarea lor in celule ce contin in structura lor colorantul porfirinic
Pd-TPP, obtinerea unei celule flexibile din folie de ITO-PET care contine in structura sa colorantul
porfirinic WCI4TPP si obtinerea unui randament de conversie de 7,04% cu ajutorul unei celule
DSSC cu sticla ITO ce foloseste colorantul porfirinic WCls-TPP. Pentru aceste celule ce prezinta
randamentul de peste 7% s-a depus cererea de brevet A00060/08.02.2022.

Principalele tipuri de celule solare bazate pe aceste materiale organice sunt: celule solare
sensibilizate cu structuri organice (DSSC), celule solare cu heterojunctiune polimerica (PSC) si
celule solare cu perovskit (PVSC).

O celuld DSSC este constituta din: un fotoelectrod, un colorant, electrolit, contra-electrod.
In fabricarea celulelor fotovoltaice sensibilizate cu coloranti - DSSC, unul din cele mai importante
aspecte 1l reprezintd alegerea materialului potrivit pentru fabricarea fotoelectrodului. Aceasta
componentd trebuie sd aiba bandd de conductie, densitate mare de electroni pentru a evita
recombinarea acestora, suprafatd mare si sa fie semiconductor. Astfel, este asiguratd absorbtia
maxima a luminii de catre moleculele de colorant, nefiind afectate proprietatile electrice ale

celulei.
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In mod frecvent, oxizii metalici semiconductori utilizati ca materiale pentru fotoelectrod sunt
materiale oxidice de tipul dioxidul de titan (TiO2), oxidul de zinc (ZnO), dioxidul de staniu (SnOz2),
pentoxidul de niobiu (Nb20s) sau titanatul de strontiu (SrTiO3).

Dintre acestea, fotoelectrodul pe baza de nanoparticule de TiO2 sau ZnO este utilizat, in mod
obisnuit, pentru obtinerea celulelor DSSC.

Tn general, Tn celulele fotovoltaice sensibilizate cu structuri organice, este folosit TiO2 sub
formd de anataz, deoarece acesta prezintd o stabilitate ridicatd si o banda interzisd mare.
Particulele nanometrice de TiOz au proprietatea de a filtra lumina soarelui, absorbind in principal
componenta UV a radiatiei provenite de la soare, la lumina vizibila fiind transparente.

In cazul celulelor DSSC, substratul de sticla conductoare joaca un rol important atat in
transmiterea luminii incidente cat si 1n colectarea electronilor. Astel, transmitanta si
conductivitatea sunt importante, in egala masura. Cele mai intalnite sticle conductoare sunt oxidul
de staniu dopat cu indiu (ITO), oxidul de staniu dopat cu fluor (FTO), oxidul de zinc dopat cu
aluminiu (AZO), oxidul de staniu dopat cu antimoniu (ATO), etc. Dintre acestea, ITO si FTO sunt
cele mai utilizate, pe scard larga, in DSSC-uri. Sticla ITO prezintd o transparentd mare si o
conductivitate electrica ridicata, la temperatura camerei, ceea ce face din ea un candidat important
pentru substraturile de electrozi in DSSC-uri. Cu toate acestea, indiul este un element rar, iar
folosirea ITO este limitata. Mai mult decat atat, conductivitatea stratului ITO este distrusa destul
de mult la temperaturi ridicate. Atunci cand sticla ITO este incélzita la temperaturi mai mari de
300°C, rezistenta sa electrica creste de peste trei ori, ceea ce reduce alimentarea cu electroni si
conductivitatea substraturilor.

Ca si semiconductor dopat cu diferite elemente (cel mai adesea cu F si Sb), SnO2 este
folosit si ca electrod transparent in aplicatii fotovoltaice. SnO2 are avantajul de a fi un material
relativ ieftin atat din punct de vedere al prelucrarii brute cat si pentru cd se preteaza la depunerea
straturilor subtiri cu ajutorul unor metode simple. In aplicatii fotovoltaice este folosit in special in
celule solare cu heterojonctiuni intrinsece cu straturi subtiri si inrudite (precum a-Si, DSSC).
Straturile subtiri de SnO2:F (FTO) au o banda interzisa directa de 3,6 eV, iar rezistivitatea este de
6 x 10* Qcm.

Substraturi polimerice conductoare

In prezent, polietilenultereftalat (PET) si polietilen naftalat (PEN) sunt cel mai des utilizate
substraturi din plastic. Filmul ITO depus pe o pelicula PET (ITO/PET) sau pe o pelicula PEN
(ITO/PEN) sunt cele mai des utilizate substraturi polimerice conductoare in celulele DSSC.
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Substraturile polimerice conductoare ITO/PET si ITO/PEN din comert sunt obtinute prin
pulverizare magnetronica (sputtering) a ITO pe substraturile PET si PEN si apoi sunt recoapte la
temperaturi ridicate. Substratul ITO/polimer cu impedanta ridicata este utilizat in principal la
ecranul tactil din comunicatiile mobile. Substratul ITO/polimer cu impedanta scazuta este utilizat
in principal in domenii cu cerinte ridicate de conductivitate, cum ar fi electrozii transparenti pentru
celulele solare, materialele pentru electrozi in dispozitivele electrocromice, comutatoarele cu
membrand etc. Ambele tipuri de substraturi polimerice conductoare au o transparentd ridicata
(>80%) 1n spectrul vizibil, o rezistentd scdzuta de 10-15 Q, care este apropiata de valoarea tipica
a sticlei acoperite cu FTO (7-15 Q), o termo-stabilitate ridicata, o permeabilitate scazuta la
umiditate si o stabilitate chimica ridicata. In comparatie cu substratul PET, substratul PEN are o
rezistentd mai buna la caldurd, rezistenta la apa, rezistentd la radiatii si un modul Young mai mare.

Electrolitul este o parte foarte importanta a unei celule fotovoltaice sensibilizate cu
coloranti. Rolul acestuia este de a regenera moleculele de colorant oxidate si de a finaliza circuitul
electric prin medierea electronilor de un electrod la celdlalt. Electrolitul trebuie sa aibd o
conductivitate electricd mare pentru a asigura schimbul de sarcina intre contrelectrodsi materialul
semiconductor (nanoparticulele de TiOz).

Un factor cheie pentru un electrolit este ca acesta sa nu se piarda prin scurgeri, sa aiba
stabilitate termica, chimica, electrochimici si optica lunga. In nici un caz, electrolitul nu trebuie
sd aiba absorbanta in domeniul absorbtiei colorantului.

Exista trei categorii de electroliti utilizati in prezent pentru fabricarea celulelor fotovoltaice
sensibilizate cu coloranti:

- electrolitii lichizi I/l pe baza de solventi organici (in general acetonitril);
- electroliti lichizi anorganici ionici pe baza de saruri sau amestec de saruri;
- electroliti solizi.

Cei mai utilizati electroliti lichizi sunt cei pe baza de KI, Nal, Lil si R4NI in solventi,
precum acetonitrilul, carbonatul de propilena, propionitrilul sau etanolul.

Etapele de realizare si testare a unei DSSC, au fost:

a. Depunerea nanoparticulelor de TiO; pe electrodul din FTO, ITO

Se fixeaza electrodul de FTO, ITO sau ITO-PET si se depune prin spin-on pasta de TiOz,
care datoritd vitezei mari de rotatie se obtine un strat uniform de aproximativ cativa pm. Tn primul
rand, substraturile conductoare transparente (ITO, FTO si, respectiv, ITO-PET au fost curatate
prin tratarea lor cu pulbere de spalare, etanol si alcool izopropilic (IPA).

Apoi, stratul semiconductor TiO2 a fost depus prin tehnica de acoperire cu centrifugare pana la o

grosime de aproximativ 25 um si recoapte timp de 45 de minute in cuptoare la 450 °C.
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b. Sensibilizarea celulei fotovoltaice cu colorant:

Electrozii cu depunerile de TiOzau fost imersati intr-un vas Petri in care se gasesc 20 ml
de solutie sensibilizator in etanol (20 mM, 25 °C), timp de 6 h, dupa care electrozii sub forma de
placute sunt clatite cu apa distilata.

C. Adaugarea de electrolit intre cele doua suprafete:

Adaugarea electrolitului se face cu o pipeta, iar cantitatea este ajustata in asa fel incat tot
spatiul dintre placute sa fie prinsa de electrolit.

d. Aplicarea catalizatorului din grafit pe suprafata conductoare a contra-electrodului:

Aplicarea catalizatorului de grafit pe suprafata celui de al doilea electrod este o operatiune
foarte simpla. Pentru aceasta etapa s-a folosit un spray cu grafit.

e. Asamblarea electrozilor intr-o celula, pozitionindu-i cu partile conducitoare spre
interior:

Fixarea celor doi electrozi se face cu doua cleme si integrarea celulei Tn circuitul electric
se face in asa fel incat un conductor sa fie legat la un electrod, iar celalalt conductor de al doilea
electrod.

Pentru setul 1, tensiunile de circuit deschis (Voc) ale acestor celule au prezentat valori
ridicate, acesta fiind un parametru cheie Tn evaluarea performantelor celulelor DSSC. Tn acelasi
timp, factorii de umplere (FF) ai celulelor DSSC investigate sunt toti mai mari de 40%, ceea ce
indica faptul ca dispozitivul prezinta o capacitate de conversie fotoelectrica destul de buna, tinand
cont de datele oferite de literatura de specialitate. Cea mai ridicata eficienta (adica 1,70 si 1,71) a
fost obtinuta pentru ambele substraturi de sticla acoperite cu oxizi conductor transparenti.

Pentru setul 11, tensiunile de circuit deschis (Voc) ale acestor celule au prezentat, de
asemenea, valori ridicate. n acelasi timp, asemenea celulelor din setul |, factorii de umplere (FF)
ai DSSC investigate au toti valori mai mari de 40%, ceea ce indica faptul ca dispozitivele prezinta
0 capacitate de conversie buna. Cea mai mare eficienta (si anume, 7,04 si 5,76) a fost obtinuta

pentru ambele substraturi de sticla acoperite cu oxizi conductor transparenti.

CONCLUZII GENERALE SI PERSPECTIVE DE CERCETARE

Celulele fotovoltaice sensibilizate cu structuri organice (DSSC) au atras un interes deosebit
incd de la primul articol publicat de Grétzel si colaboratorii sdi datoritd costurilor scazute si a
randamentului de conversie ridicat, comparativ cu cel al celulelor solare conventionale cu Si sau
GaAs. In contextul cresterii nevoilor energetice ale omenirii, a reducerii rezervelor de combustibil
si a cresterii alarmante a poludrii, este imperios necesar sa se gaseasca surse de energie alternativa

ieftine si nepoluante, iar celulele fotovoltaice exploateaza o resursd inepuizabila.
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In principiu, aceste sisteme se bazeazi pe sensibilizarea filmelor de oxizi cu ajutorul unui
colorant sau al altui compus ce poate injecta electroni prin fotoexcitare. Primele celule DSSC
utilizau ca sensibilizatori pe baza de complecsi de ruteniu. Acestia prezintd avantajul unui
mecanism foarte eficient de injectie a electronilor 1n stratul de oxid si o mare stabilitate in timp.
metale nobile.

Provocarea majora in fabricarea si comercializarea celulelor DSSC o reprezinta eficienta
scazuta a conversiei si stabilitatea celulei. Pentru a imbunatati performanta celulelor DSSC se
sugereaza cateva directii de cercetare, §1 anume:

- imbunatatirea stabilitatii colorantului prin gasirea parametrilor optimi pentru a Incetini
degradarea lui;

- imbunatatirea structurii colorantului pentru a absorbi mai multa lumina la lungimi de unda
mai mari, 780-2500 nm;

- Imbunatatirea morfologiei semiconductorilor pentru a obtine cea mai bund conductie
electronica pentru a reduce curentul de Intuneric;

- utilizarea aditivilor de coloranti si electroliti pentru a imbunatati performanta celulei;

- imbunatatirea contactului mecanic ntre cele doi electrozi.

In cazul celulelor DSSC, materialele semiconductoare de tip p sunt sensibilizatorii (colorantii)
fotoactivi. Pentru a putea functiona eficient intr-o celula DSSC, colorantul trebuie sd indeplineasca
mai multe cerinte, si anume:

e (olorantul trebuie sa aiba un spectru de absorbtie cat mai larg, de preferat si in zona IR

apropiat pentru a colecta cati mai multi posibili fotoni;

e Coeficientul mare de extinctie sd permitd ca colorantul sa fie folosit in filme

semiconductoare foarte subtiri;

e Trebuie ca acesta sa se fixeze foarte strAns de suprafata semiconductorului pentru o

stabilitate mai mare;

e Nivelele de energie trebuie sa se potriveasca cu banda de conductie a semiconductorului si

cu potentialul redox al conductorului de goluri;

e Sinteza acestor compusi trebuie sa fie foarte simpla pentru o productie la scara mare;

e Toxicitate redusa si posibilitatea reciclarii;

o Fotostabilitate foarte ridicata pentru a putea fi folosit minim 20 de ani;

e Obtinerea unei durate de viata lungi a electronilor injectati prin blocarea mecanismelor de

recombinare.
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Astfel, alegerea materialelor este foarte importantd in fabricarea si desfasurarea DSSC,
deoarece eficienta conversiei si stabilitatea celulei nu depind de un singur factor singur.in ultima
vreme se urmareste gasirea unor coloranti organici care sa inlocuiasca complecsii de ruteniu. Au
fost deja studiate porfirinele (proces similar cu al fotosintezei), ftalocianinele (aplicatii in zona
fotochimiei, a fototerapiei), merocianinele (impumutate din fotografie, unde joaca un rol similar),
cumarinele, amestecurile de coloranti care sd absoarbd lumina in toatd zona spectrului (amestecuri
de porfirine si ftalocianine) si naftocianinele care absorb selectiv in zona infrarosu apropiat (700-
920nm) pentru constructia celulelor solare transparente.

Cu ajutorul spectroscopiei FT-IR s-a putut identifica prezenta unor grupari functionale polare
din structura moleculelor compusilor organici.

Spectroscopia Raman a oferit informatii detaliate asupra vibratiilor moleculare. Intrucat
aceste vibratii depind de taria si tipul legaturilor chimice, spectroscopia Raman a fost utila nu doar
n identificarea moleculelor ci si in studiul interactiunilor intra- si intermoleculare.

Cu ajutorul microscopiei electronice cu baleiaj (SEM) s-au obtinut informatii relevante in
legaturd cu structura si starea suprafetelor materialelor analizate si, de asemenea, informatii
referitoare la topografia suprafetei probei. Spectroscopia de radiatie X cu dispersie de energie
(EDS) a ajutat la identificarea elementelor chimice continute in proba.

Difractometria cu raze X a fost utilizatd pentru a investiga structura cristalografica a
materialelor. Analiza calitativa (analiza de faza) s-a putut face datorita compararii difractogramei
obtinute din proba cu un numar foarte mare de modele incluse in bazele de date oficiale.Utilizand
tehnica microscopiei electronice cu baleaj (SEM) s-a putut studia morfologia suprafetelor
materialelor conductoare transparente Thainte si dupa depunerea de nanoparticule de TiOs.

De asemenea, utilizand tehnica AFM s-a putut studia topografia suprafetelor materialelor
conductoare transparente inainte si dupa depunerea de nanoparticule de TiO2 si au putut fi evaluati
parametrii de rugozitate.

Pentru primul set de celule cel mai bun raspuns spectral il ofera celula DSSC cu sticla FTO,
iar celula DSSC cu sticla ITO prezinta cea mai ridicatd eficienta cuantica externa si internd. Pentru
setul doi de celule DSSC, celula cu sticla ITO prezintd cel mai bun raspuns spectral, cea mai
ridicata eficientd cuantica externd si internd, dar si un randament de conversie destul de bun
(7,04%).

Tinand cont de valorile scazute ale parametrilor de rugozitate ai probelor analizate, de
valorile masurate ale rezistentei electrice si de caracteristicile I-V obtinute putem afirma ca FTO,
ITO, AgPDMS si ITO-PET pot fi utilizati cu succes ca electrozi ai celulelor fotovoltaice

sensibilizate cu coloranti organici.
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Cel mai important pas in cadrul cercetarilor viitoare este de a realiza celule DSSC cu un
randament de conversie superior celor realizate. Pentru a putea realiza acest lucru trebuie
perfectionatd tehnica de depunere a nanoparticulelor de TiO2. O tendintd de cercetare viitoare ar

putea fi realizarea de celule solare pe baza de perovskit.
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AIM, OBJECTIVES AND STRUCTURE
OF THE DOCTORAL THESIS

Since improving the conversion efficiency of dye-sensitized solar cells (DSSC) and
ensuring their longest possible lifetime are current concerns in the materials science domain, the
aim of this PhD thesis is to research the DSSC cells domain of and to obtain results that can be
the starting point for further research in the future.

In order to carry out this study it was necessary to investigate a significant body of scientific
work in the field of organic dye-sensitized solar cells. Thus, the theoretical research focused on
the identification of current trends in the domain, the techniques required to obtain and analyse the
materials used in the study and the experimental techniques used to examine the results obtained.

Obtaining innovative DSSC cells, testing them and further exploring this domain in order
to optimize the photovoltaic energy conversion efficiency in the obtained cells is the main
objective of this study.

Specific objectives:

- To obtain polydimethylsiloxane (PDMS) membranes used as photoanodes for flexible
DSSC cells;

- Microscopic characterization of transparent conductive materials;

- Spectral characterization of n-type materials;

- Spectral characterization of sensitizers (dyes);

- Spectral characterisation of the electrolyte used in the DSSC process;

- Obtaining and electrical characterization of sensitized photovoltaic cells with organic
structures.

Since 2002, the year of my employment at the Valahia University of Targoviste, in the
Energy-Environment Research Department, my personal research has focused mainly on silicon-
based photovoltaic cells. At that time, at the university, | discovered the Solar Amphitheatre, a
landmark for the integration of solar energy in buildings in Romania. Research in the solar cells
domain continued, and so | chose for my PhD thesis a topic addressing the issue of direct
conversion of solar energy into electricity using DSSC cells.

| realized that these DSSC cells are considered one of the most promising photovoltaic
technologies as an alternative to traditional solar cells due to their low-cost production methods,
outstanding optical and mechanical properties, use of a wider light spectrum, more efficient

conversion of stray light, and flexible design options.



Solar energy is an inexhaustible source of energy, and at the same time it is clean and
extremely cost-effective. It also offers energy security because the ‘fuel’ of solar panels cannot be
monopolised or taxed. It is free and anyone can benefit from it. Basically, with the installation of
rooftop solar panels, anyone can have an independent source of electricity, which will certainly
bring a considerable reduction in the cost of their electricity bill. The maintenance process is
simple: the panels can be cleaned manually or automatically, depending on access.

The chosen topic is topical and of particular importance, a simple Web of Science search
for the keyword dye sensitized solar cell returns over 20,000 publications. The DSSC market is
also growing and has a wide range of applications. In addition, DSSC cells have the lowest
environmental impact of all PV cell types. Thus, it can be said that the chosen topic is in line with
international concerns.

The PhD thesis is structured in 9 chapters. The first four chapters present the state of the
art in the complex and multidisciplinary photovoltaic cells domain, the materials and
nanomaterials used to produce them and the techniques of thin-film vacuum deposition, while
experimental research and personal contributions are the subject of the last five chapters.

Chapter I presents general notions on the issues addressed.

Chapter Il deals with theoretical aspects of the photovoltaic effect, photophysical and
photochemical processes involved in solar energy conversion, classification of solar cells,
structure, operating principle, and advantages and disadvantages of using sensitised photovoltaic
cells with organic structures.

Chapter 111 contains information on materials and nanomaterials that can be used in the
process of obtaining sensitised photovoltaic cells with organic structures.

Vacuum deposition techniques for thin films by magnetron sputtering and centrifugation
are detailed in Chapter IV.

The experimental part of the PhD thesis starts with Chapter V, where the specific materials
used for the construction of DSSC cells, the main techniques used in this study and the equipment
with which these techniques were put into practice are presented.

Chapter VI includes the spectral and microscopic characterization of the materials used in
the DSSC fabrication process.

Chapter VII presents how to obtain sensitized photovoltaic cells with organic structures
and their electrical characterization, Chapter V111 of the thesis highlights the original results, and
Chapter IX presents the final conclusions and research perspectives.

Bibliographical references, list of published scientific papers, list of abbreviations and

acronyms, list of tables and figures and appendices are presented at the end of this study.



INTRODUCTION

As energy is the driving force behind economic development, progress, modernisation and
process automation, there is a growing interest in securing present and future energy needs.
Currently, global energy sources are mainly fossil fuels. It is recognised today that producing
energy directly from fossil fuels is not the most appropriate and sustainable way, as it results in
the depletion of natural resources, is a major source of CO2 emissions and contributes greatly to
the global warming process.

Renewable energy is the most appropriate way to meet the growing demand for energy and
has already become a significant alternative in sustainable energy production. Renewable energy
resources include wind energy, solar energy, hydropower, geothermal energy, biomass energy,
ocean current and wave energy, tidal energy. With the exception of solar energy, which can be
converted directly into electricity, specific technologies for producing electricity from these
renewable resources involve the intermediate recovery of mechanical or thermal energy and its
conversion into electricity. The use of renewable energy has advantages in terms of reducing
emissions of toxic air contaminants as well as greenhouse gas emissions, thus ensuring
environmental sustainability. Alternative energy resources are therefore becoming increasingly
necessary as society can no longer rely solely on the use of fossil fuels.

Solar energy has many advantages over other energy sources, such as the already
mentioned lack of CO2 and other greenhouse gas emissions, the lack of toxic solid or liquid
residues, and is a virtually inexhaustible resource.

Photovoltaic cells allow the direct conversion of solar energy into electricity. They are
classified into two main types: (i) organic solar cells and (ii) inorganic solar cells. Conventional
solar cells, which are silicon-based cells, are the most sought-after in the PV cell market due to
their durability and high efficiency of around 15-20%.

However, silicon-based PV cells also have some drawbacks, such as: the process of
obtaining these cells involves high energy consumption, higher ambient temperatures cause their
efficiency to decrease, and highly pure silicon is increasingly difficult to source on the market.

For these reasons, the development of new materials for photovoltaic applications,
including those of an organic nature, seems to offer multiple possibilities and is an important
direction of current research efforts.

There are three types of organic solar cells (OSC), namely dye-sensitized solar cells
(DSSC), polymer heterojunction solar cells (PSC) and perovskite solar cells (PVSC).



Of the three cell types, perovskite solar cells offer the highest power conversion efficiency
(PCE). The most recent recorded PCE of perovskite solar cells is 23.3% in a single junction
structure.

Problems with PVSC cells are due to the fact that they are quite unstable to moisture and
oxygen, and the complexity of the manufacturing process creates significant complications in their
commercialisation. PSC cells involve a complex manufacturing process and are also less efficient
(10%), while DSSC cells are much easier to manufacture, and the PCE associated with them has
continuously improved, increasing from 7% to ~14%.

Also, DSSC cells can operate efficiently in diffuse or weak sunlight, while silicon-based
solar cells are not as efficient and operate quite inefficiently in such lighting conditions.

Thus, in an attempt to achieve a favourable production cost and at the same time an
appreciable power conversion efficiency, solar cells based on organic materials have considerable
advantages. The ability to adjust chemical properties, low weight and simplicity of the production
process are some of the advantages of this type of cell. Although conventional solar cells have a
higher energy conversion efficiency, more progress has been made towards organic solar cells.

Organic solar cells have the potential to provide the next generation of low-cost solar cells
after silicon solar cells. The field of organic solar cells is closely linked to many other research
areas, such as device physics, electronics and synthetic chemistry, where there are a large number
of researchers.

In conclusion, from today's perspective, there will always be a challenge to research in the
interdisciplinary field of organic solar cells to contribute to the development of the next generation

of cells for renewable energy.



MATERIALS AND INVESTIGATION TECHNIQUES
USED IN THE STUDY

Analysis and characterisation techniques are used for materials research, indirect
characterisation of technological processes or for determining environmental and food quality.
They also allow the determination of the characteristics of a wide range of materials, the
investigation of new materials and the production of materials by modern manufacturing

technologies.

Specific materials analysed to be used in DSSC construction
The following materials were used for this study:

e Fluorine-doped tin oxide (FTO, Sigma Aldrich) and indium oxide doped with tin oxide
(ITO, Sigma Aldrich) were used to obtain the electrode of rigid DSSC cells. According to the
manufacturer, this is actually a SnOz2:F coated glass in the case of FTO and an In203:SnO2 coated
glass in the case of ITO. Due to the exceptional properties of this transparent conductive oxide
material, it can be successfully used in the construction of DSSCs.

e To obtain the electrode of flexible DSSC cells (polydimethylsiloxane-PDMS membranes)
a two-component Sylgard 184 system, siloxane and curing agent (base - hardener - 10:1) from
Dow Chemical Company was used, as mentioned. Subsequently, a thin conductive layer of
approximately 20 nm was applied to the obtained polymer membranes using the sputtering method
with the INTERCOVAMEX H2 equipment available in ICSTM. Also, for obtaining the ITO-PET
electrode, a 10 x 20 cm plastic foil coated with In203:SnO2 was purchased from Melopero, Italy.

e As n-type materials, samples of TiO2 anatase powder (Fluka), TiO2 anatase powder
(Kronos), TiO2 rutile powder TR-92 (Kronos), TiO2 anatase paste (Ti-Nanoxide T/SP, Solaronix
- Switzerland), calcined ZnO (Fluka) and Fe203 (Fluka) were studied.

e Porphyrin dye samples (TPP, TMPP, PdTPP, WCI4TPP, RuTPyP, RnTMPYP) and organic
dye heteroaggregates (NiTMPyP/ZnTSPc/MC, RhTMPyP/ZnTSPc, RhTMPyP/ZnTSPc/MC)
were analysed as p-type materials, which were prepared in the laboratory and received for testing
from INCDCP-ICECHIM Bucharest.

e The electrolyte used in the process of obtaining the DSSC cells was prepared in the ICSTM
Sample Preparation Laboratory and the N-77 graphite spray used for the counter electrode

squeezing was purchased from Vitacom, Romania.



Fourier Transform Infrared Spectroscopy — FTIR

For the identification of the presence of polar functional groups in the molecular structure
of organic compounds, IR spectroscopy is the most widely used method.

The IR spectra presented in this study were performed using the FT-IR spectroscopy
system consisting of a Vertex 80 FT-IR spectrometer with ATR and a Hyperion 3000 high-

resolution IR microscope, available in the ICSTM laboratories.

Experimental data processing - FTIR
Spectra were acquired and processed in the OPUS software application version 7.1
provided by the equipment manufacturer by selecting the spectral range in which peaks and

baseline correction.

RAMAN spectrometry

Raman spectrometry enables rapid and non-destructive chemical analysis of solids,
powders, liquids and gases and is now used in a variety of fields, from basic research to applied
solutions. Raman spectrometry consists of irradiating a sample of material with an intense,
monochromatic beam of light followed by collecting the reflected Raman beam through the
objective lens of a microscope and analysing it in the spectrometer to determine the Raman
spectrum.

The Raman spectra presented in this study were obtained using the Rigaku Xantus-2

portable dual wavelength IR spectrometer available in the ICSTM laboratories.

Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM-EDS)

Size and electrical conduction are two conditions that samples examined with the scanning
electron microscope must meet. Thus, the sample may not exceed the dimensions of the sample
chamber holder (diameter 15-25 mm and height 15-20 mm). If the sample is not electrically
conductive, it becomes electrostatically charged with absorbed electrons and the image will be
unstable. Ceramic materials or biological samples can be examined after metallisation, which
should not cover the surface information. The SEM images presented in the experimental results
chapter were obtained with a SU-70 scanning electron microscope (SEM) (manufacturer Hitachi,
Japan), available in the ICSTM laboratories.
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X-ray diffraction (XRD)

X-ray diffraction is a non-destructive technique that provides precise information about the
chemical composition and crystal structure of natural and synthetic materials. Qualitative phase
analysis using X-ray spectra is particularly important for the identification of crystalline
compounds.

X-ray diffraction analyses were performed in the "Physical and Structural Characterization
of Matter" laboratory of ICSTM using the Rigaku Ultima IV X-ray diffractometer, available in the
ICSTM laboratories.

Experimental data processing - XRD

X-ray diffractograms were processed in the software application PDXL version 2.2
provided by the equipment manufacturer (RIGAKU) and for qualitative and quantitative analysis
of the crystallization phases of the substances the PDF4+ database version 2016, provided by

ICDD (International Centre of Diffraction Data), was used.

Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a non-destructive method for investigating surfaces
and can be used for a wide range of materials (metal oxides, metals, organic compounds,
biomaterials, etc.). Compared to optical and electron microscopy, atomic force microscopy offers
the advantage that it provides direct measurement of dimensions in the X, Y, Z directions. With
this method, the surface is seen three-dimensionally (3D) at the nanoscale level.

The atomic force microscopy analyses were carried out using the NTEGRA Prima

equipment in the "Materials used in energy conversion" laboratory at ICSTM.

Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis) is an analytical technique applicable to organic
compounds with multiple bonds in conjugation (unsaturated and aromatic compounds). Although
this method can be applied to a relatively narrow range of organic compounds, it has the advantage
of selectivity of UV-Vis absorption by polyene systems, which allows easy identification of the
presence of these systems in complex molecular structures.

The UV-Vis spectra used in this study were obtained using the Spekol 1300 single-phase
spectrophotometer in the ICSTM laboratories.

11



MICROSCOPICAL AND SPECTRAL CHARACTERISATION OF
MATERIALS USED IN THE DSSC PRODUCTION PROCESS

Microscopical characterization of transparent conductive materials using SEM and AFM

investigation techniques

Fluorine-doped tin oxide (SnO2:F) (FTO)

Scanning electron microscopy (SEM) was used to study the surface morphology of the
FTO. The accelerating voltage chosen for the microscopic characterization of the FTO surface was
5kV and 10 kV.

By changing the order of magnification from 2.00 kX to 100.00 kX, the uniformity of the
material surface can be observed. At the 2.00 kX magnification order some spots can be seen on
the material surface (figure 6.1), the appearance of which may be due to several factors.

Although these spots often provide information on the differentiation of chemical
composition from other areas or mechanical defects, there are situations where they occur due to

the shape of the surface.

ICSTM 5.0kV 9.7mm x2.00k SE(M) Oum

Figure 6.1. Surface morphology of FTO (SnO2:F) material at 2 kX magnification order
and 5 kV accelerating voltage using the secondary electron signal

At the 5 kX magnification order, larger crystals of the material can be seen, which appear

to describe a slightly bumpy surface, but with the trend preserved throughout (figure 6.2).

12



Figure 6.2. Surface morphology of FTO (SnO2:F) material at 5 kX magnification order

and 10 kV accelerating voltage using the secondary electron signal

Increasing the degree of amplification to 20 kX (figure 6.4), to 50 kX (figure 6.5) and even
100 kX (fFigure 6.6) the shape of the material's component crystals and their dimensions can be
observed. Minor formations reach as small as 10 nm, while larger formations reach approximately
300 nm.
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ICSTM 5.0kV 9.7mm x20.0k SE(M)

Figure 6.4. Surface morphology of FTO (SnO2:F) material at 20 kX magnification order
and 5 kV accelerating voltage using the secondary electron signal
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8 . b
ICSTM 10.0kV 9.5mm x50.0k SE(M)

Figure 6.5. Surface morphology of FTO (SnO2:F) material at 50 kX magnification order

and 10 kV accelerating voltage using the secondary electron signal

ICSTM 10.0kV 8.0mm x100k SE(M)

Figure 6.6. Surface morphology of FTO (SnOz:F) material at 100 kX magnification order

and 10 kV accelerating voltage using the secondary electron signal

Atomic Force Microscopy (AFM) was used to study the surface topography. Unlike
electron microscopy, roughness parameters can be evaluated from AFM measurements and their
values provide information about the topography of the surface under investigation.

In this context, the present study presents data on the application of the AFM technique in

the surface characterisation of FTO (SnOz2:F) material (figures 6.7 and 6.8).

14



Figure 6.7. FTO (SnO2:F) material surface topography - 5x5 um — contact mode

Figure 6.8. FTO (SnO2:F) material surface topography - 1x1 um — contact mode

The roughness value is determined by calculating some parameters defined by the ASME

B46.1 standard. Thus, by means of measurements using the AFM technique, the surface roughness

parameters of the FTO (SnOz2:F) were evaluated using the NOVA PX software.

Thus, for an evaluated surface area of 25 pm?, the FTO surface roughness parameter values

are shown in table 6.1.

Table 6.1. FTO surface roughness parameter values

FTO Sample

Sq [nm]

Sa[nm]

Sp [nm]

Sv[nm]

Sz [nm]

65.739

50.880

245.285

621.042

866.327
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Also, the NOVA PX software was used to obtain the FTO (SnO2:F) surface roughness

profile (figure 6.14):

Figure 6.14. FTO (SnO2:F) surface roughness profile

In conclusion, taking into account the low values of the roughness parameters of the

analyzed sample, we can state that FTO can be successfully used as an electrode of dye-sensitized

solar cells.
Tin-doped indium oxide (In203:Sn0O>) (ITO)

For the study of the surface morphology, as for FTO, the scanning electron microscopy
(SEM) technique was used. The accelerating voltage chosen for the microscopic characterisation
of the ITO material surface was 10 kV. By changing the order of magnification from 10.00 kX to
50.00 kX, we can observe the uniformity of the material surface. At the magnification order of
10.00 kX, larger crystals of the material can be highlighted which appear to describe a slightly

uneven surface, but with the preservation of the trend across the surface (figure 6.15).

ICSTM 10.0kV 7.4mm x10.0k SE(M)

Figure 6.15. ITO (In203:Sn02) surface morphology at magnification order 10 kX and 10 kV

accelerating voltage, using the secondary electron signal
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Increasing the degree of amplification to 20 kX (figure 6.16) and to 50 kX (figure 6.17) the
size and shape of the material's component crystals can be observed. Smaller formations reach
sizes of about 20 nm, while larger formations reach about 600 nm.

} el cg ant
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ICSTM 10.0kV 7.4mm x20.0k SE(M) 2.00um

Figure 6.16. ITO (In203:Sn0Oz) surface morphology at magnification order 20 kX and 10 kV

accelerating voltage, using the secondary electron signal

ICSTM 10.0kV 7.4mm x50.0k SE(M) 1.00um

Figure 6.17. ITO (In203:Sn02) surface morphology at magnification order 50 kX and 10 kV

accelerating voltage, using the secondary electron signal
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Figures 6.18-6.19 shows the surface of the ITO (In203:Sn02), with no imperfections
observed in the investigated regions.

Figure 6.18. ITO surface topography (In203:Sn0z2) - 5x5 um — contact mode

Y, um

Figura 6.19. ITO surface topography (In203:Sn0O2) - 1x1 um — contact mode

The three-dimensional nature of the AFM technique thus allows us to identify the
morphological features of the sample surface.

As in FTO, using also the AFM technique, the roughness parameters of the 1TO surface
were evaluated (In203:Sn02). Thus, for an evaluated surface area of 25 pm?, the ITO surface

roughness parameter values are shown in table 6.2.
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Table 6.2. ITO surface roughness parameter values

ITO Sample

Sq[nm]

Sa[nm]

Sp[nm]

Sv[nm]

Sz[nm]

15.258

10.714

35.287

109.634

144.922

Also, the NOVA PX software was used to obtain the ITO surface roughness profile (figure 6.20).

Average profite 1FHeigh

Figure 6.20. ITO (In,03:Sn0,) surface roughness profile

In conclusion, despite superior chemical stability, FTO suffers from high surface roughness
compared to ITO. Despite this, FTO is preferred over ITO as an electrode for DSSCs because
when an annealing process is required for the thin layer to be deposited on the conductive side
(e.g. in dye-sensitized solar cells we need a TiOz2 layer on the conductive side of the TCO which
should be heat treated) the electrical properties of ITO may degrade in the presence of oxygen at

a relatively high temperature (i.e. about 500°C). FTO is much more stable under such conditions.
Polydimethylsiloxane (PDMS) based membranes

A specific objective of this thesis is to obtain polydimethylsiloxane (PDMS) membranes that
can be used as photoanodes for flexible DSSC cells.

A two-component system, namely siloxane and curing agent (base - curing agent - 10:1),
was purchased from Dow and Corning's Sylgard 184 to fabricate the samples. After that, the
solution was poured into moulds, allowed to dry, and then the resulting PDMS membranes were
coated with a thin 20 nm conductive layer using the sputtering deposition method using the
INTERCOVAMEX H2 equipment available in ICSTM laboratories. This equipment is a PVD

(Physical VVapor Deposition) device, used for obtaining thin layers by sputtering method.
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For the study of the PDMS membranes surface morphology on which the silver conductive
layer was deposited, hereafter referred to as AgPDMS, the technique of scanning electron
microscopy (SEM) was also used. The accelerating voltage chosen for the microscopic
characterisation of the surface of the AgPDMS was 10 kV.

At the 5.00 kX magnification order, small microcracks can be observed on the surface of
the material (figure 6.21), the appearance of which may be due to several factors. There are

instances where they occur because the deposited Ag layer has taken the shape of the surface.

ICSTM 10.0kV 16.7mm x5.00k SE(M) 10.0um
Figure 6.21. AgPDMS surface morphology at 5 kX magnification order

and 10 kV accelerating voltage, using the secondary electron signal

By increasing the degree of amplification to 10 kX (figure 6.22) we can see that
microcracks are formed only on the surface of the sample and we can also highlight the

micrometric size of the Ag clusters formed during deposition.

ICSTM 10.0kV 16.7mm x10.0k SE(M)

Figure 6.22. AgPDMS surface morphology at 10 kX magnification order

and 10 kV accelerating voltage, using the secondary electron signal
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Figure 6.24 shows the AgPDMS surface, with no imperfections observed in the
investigated regions.

Figure 6.24. AgPDMS surface topography - 15x15 um — contact mode

Thus, for an evaluated area of 225 pm?, the AgPDMS surface roughness values parameters

are shown in table 6.3.

Table 6.3. AQPDMS surface roughness parameter values
AgPDMS Sq [nm] Sa[nm] Sp [nm] Sv[nm] Sz[nm]
Sample 13,103 9,285 30,543 128,860 159,403

Also, the NOVA PX software was used to obtain the AQPDMS surface roughness profile
(figure 6.25):

Figure 6.25. AgPDMS surface roughness profile

It is observed that AgPDMS exhibits a surface roughness between that of ITO and FTO,
so it can be stated that AQPDMS can be successfully used as an electrode of dye-sensitized
photovoltaic cells.

21



Spectral and microscopic characterisation of sensitisers for DSSC

The choice of materials is very important in the fabrication of organic dye-sensitized
photovoltaic cells (DSSCs), since the conversion efficiency and cell stability do not depend on a
single factor.

Recently, the search for organic dyes to replace ruthenium complexes is underway. To this
end, the study has analysed metallo-porphyrins and porphyrin/phthalocyanine heteroaggregates to

find a sensitiser that will help to obtain the most efficient DSSC cells.

Characterization of metallo-porphyrins using UV-Vis, FTIR, SEM and EDS techniques

Metallo-porphyrins have highly varied properties, strongly linked to the central and axial
metal ligand, and represent a suitable solution for solar energy applications. Because they have
high light absorption in the visible range and stable physical properties, tetra-aryl derivatives of
porphyrins are recognised as p-type semiconductors.

Analysing the UV-Vis spectrum of free-base tetraphenyl porphyrin (TPP), in the
wavelength range 400-440 nm there is the Soret band corresponding to the transition from the
ground state (So) to the second singlet excited state (S2). Four weaker absorption bands in the 450-
700 nm spectral region come from the transition from the So state to the first singlet state (S1).
These bands remain unchanged at different concentrations of porphyrins but in non-polar solvents
such as benzene. Figure 6.27 shows the absorption spectra of TPP at different concentrations in

benzene used as solvent.
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Figure 6.27. TPPs absorption spectra at different concentrations in benzene
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The FTIR spectra obtained for RuTPP, RuTMPP, RhTPP and RhTMPP were as follows:

T (%)
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RuTMPP
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Figure 6.29. FTIR spectra for RUTPP and RUTMPP
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400 S00 1400 1500 2400 2500 3400 3500

Wavenumber (cm-1)

Figure 6.30. FTIR spectra for RnTPP and RhnTMPP
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Analysing the FTIR spectra for the analysed metallo-porphyrins (figures 6.29-6.30) the
following aspects can be observed: porphyrin-specific spectra with strong transmission bands in
the 1800-400 cm™ region; strong bands in the 700-400 cm™ regions due to Ru(Rh)-CI bonds. For
TMPP porphyrins, the spectra are more complex, most likely due to an association process

occurring in such porphyrins, consistent with the literature.
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Figure 6.32. SEM image and EDS spectra for RuUTMPP
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Figure 6.33. SEM image and EDS spectra for RhTPP
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Fiure 6.34. SEM image and EDS spectra for RhnTMPP
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By analysing SEM images and EDS spectra, the following aspects could be observed
(figures 6.31-6.34): metal complexes of tetraphenyl-porphyrins show acyclic crystals (RUTPP) or
microtubular structures (RhTPP), consistent with their smaller size and spatial distribution.

The other metal complexes (RUTMPP and RhnTMPP) show larger, platelet-like crystals, most
likely due to the larger size of TMPP and their electrostatic potential. These features could be
related to the spatial structure of the porphyrins, whose Me-Cl bonds were identified in FTIR
spectra in the 700-400 cm™ region.

The absorption spectrum of palladium 5,10,15,20-p-tetraphenylporphyrin (Pd-TPP), whose
chemical structure is shown in Figure 6.35, is typical of a divalent metal-porphyrin. Pd-TPP shows
specific absorption bands: a Soret band at 417 nm (log &= 5.45) and two Q bands at 525 nm (log ¢
= 4.45) and 557 nm (log & = 5.45) respectively (figure 6.36).
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Figure 6.36. UV-Vis spectra for TPP and Pd-TPP

The most effective photosensitisers are those with strong absorption bands in the infrared
range of the visible spectrum. A broadening of the n-system leads to a decrease in the oxidation
potential, then the photosensitiser becomes less kinetically stable and is subject to the phenomenon
called photobleaching. In solution, this metal-porphyrin can remove the metal from the cavity,
after which the free base of the porphyrin regenerates, as can be seen from the UV-Vis spectra
(figure 6.37).
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Figure 6.37. Decreased absorption during photobleaching of Pd-TPP

The Soret band decreases concomitantly with a new band at a longer wavelength, while the
Q bands disappear and, during irradiation, new bands assigned to free-base species could be
identified. Certainly, new oxidation products could be formed, a first sign being the new bands
generated in the ultraviolet (UV) region. Thus, after incorporation into polymeric substrates, ITO
or FTO, metallo-porphyrin stopped its photobleaching reaction, increasing its lifetime for solar

energy conversion.
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Figure 6.38. FT-IR spectra of TPP and Pd-TPP
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From the recorded FT-IR spectra (figure 6.38), it was possible to identify the specific bands
/ spectral features belonging to this new metallo-porphyrin by comparison with the free-base
species as follows:

- when the metal ion was inserted into the porphyrin ring, the vibrational frequency of the
N-H bond of the free-base porphyrins disappeared and characteristic Me-N bond functional groups
were formed at ~1000 cm-1, which indicated the formation of porphyrin metal compounds;

- the bands at 1494-1682 cm™ and 1334-1352 cm™ were attributed to the C=C stretching
mode and C=N stretching vibration, respectively. The bands at ~800 cm™ and ~750 cm™ were
attributed to the C-H bond bending vibration of the para-substituted phenyl ring, respectively;

- Pd-specific bands were identified at 555 cm™ (v Pd-C) and 460 cm™ (v Pd-N).

The FT-IR spectrum in the case of tungsten tetraphenylporphyrin (WCls-TPP) reveals a
number of spectral features that can be associated with structural characteristics of the porphyrin
core and metal conjugation. The low intensity spectral bands in the range 3020-2849 cm™ can be
attributed to stretching vibrations associated with the C-H bond in the porphyrin core (figure 6.40).
The C-N stretching vibrations can be associated with the presence of spectral maxima in the 1594-
1608 cm™ and 1573-1582 cm™ ranges. The spectral maximum located at 1484 cm™ can be
associated with C=N pyrolic stretching vibrations. The spectral band with maxima highlighted at
1230 and 1176 cm™ can be associated with methylidene in-plane bending vibrations and C-C
stretching vibrations associated with phenyl groups, respectively. The average intensity maximum
located at 977 cm™ can be attributed to C-C stretching vibrations in the porphyrin core, with the
appearance of a spectral band at 1001 cm-1 suggesting C-H bending vibrations. The intense band
located at 753 cm™ may be associated with methylene bending vibrations and out-of-plane bending
vibrations of the C-H and N-Me bonds associated with the pyrolic core.
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Figure 6.40. FTIR spectra of WCI,-TPP
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Characterisation of organic dye complexes using UV-Vis, FTIR, RAMAN and SEM
investigation techniques

Porphyrins and phthalocyanines are compounds with great potential to serve as
components of molecular materials that possess unique electronic, magnetic and photophysical
properties due to a large number of these chromophores, and for this reason it is important to
construct configurations in which molecules are organized in well-defined geometries with respect
to their neighbors.

In metallo-porphyrins, different metals (with bi-, tri- or tetra-valence) can be inserted into
the macrocycle, and for their spatial stability, halogen atoms can be attached as axial ligands, as is
the case of 5,10,15,20-tetramethylpyridyl rhodium porphyrin (Rh(111) TMPyP) (figure 6.41), where
a single chlorine atom is required for the stability of this metallo-porphyrin.

Since rhodium has a large atomic radius (1.4 A), it cannot be included in the planar
structure of porphyrin, where the macrocycle has a cavity size of 1.3 A and, as such, can adopt a
position above the plane of porphyrin, with chlorine as the axial ligand.

Phthalocyanines are azaporphyrins formed from four benzoindole nuclei connected by
nitrogen bridges in a 16-membered ring with alternating carbon and nitrogen atoms around a
central metal atom, forming stable chelates with metal cations.

The 2,9,16,23-tetrasulpho-phthalocyanine zinc (ZnTSPc) molecule consists of the central
metal atom, which is surrounded by four nitrogen atoms - pyrrole; four other nitrogen atoms - aza
bridges; 32 carbon atoms - pyrrole and benzene.

One of the most important properties of porphyrin and phthalocyanine molecules is their
ability to coordinate with metal ions, giving rise to stable systems. Stable complexes of metallo-
porphyrins and metallo-phthalocyanines result from the formation of four N—M equivalent o
bonds. Both contain an 18x electron system that contributes to good thermal and chemical stability.
Phthalocyanines exhibit UV-Vis absorption spectra with intense m-n transitions, usually referred
to as Q-bands, in the range 660-799 nm with higher energy vibrational components associated in
the range 600-660 nm.

Phthalocyanines also have a B Soret band in the range 420-320 nm, an N band around 330-
285 nmand an L band at 270-230 nm. UV-Vis spectra of phthalocyanines are highly concentration
and solvent dependent. At high concentration of protic solvent (water), for example,
phthalocyanines could form aggregates.

In general, UV-Vis spectra of free bases of phthalocyanines show a Q-absorption band at
718 nm with a shoulder at 689 nm. As a metal complex with Zn and sulfonated substituents,

phthalocyanine shows shifts in the blue region.
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In the free-base porphyrins spectra, one Soret band (about 414 nm) and four Q bands from
500 to 700 nm could be recorded. By metalation, the Soret band undergoes a redshift, while the Q
bands are reduced to only two bands (around 560 and 650 nm). The existence of heterodimers and
heterotrimers between porphyrins and phthalocyanines has been demonstrated by titration using
spectrophotometric methods such as absorption spectroscopy.

Heteroaggregates between Rh(111)TMPyP and ZnTSPc can adopt close contact to optimize
n-1 interactions between the aromatic cores. During titration, the Q-band of the phthalocyanine at
717 nm will become less intense and broader until it disappears.

A heteroaggregate with smaller inter-component distances shows a larger shift of the 0.0 -
phosphochromine Q band. Heteroaggregation will only occur between the N+ substituents in
porphyrin and sulfonated phthalocyanine in the meso positions, and the spectral evolution of a
solution of Rh(II)TMPyP in dimethyl sulfoxide (DMSQ) upon addition of ZnTSPc is shown in
figure 6.44.
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Figure 6.44. UV-Vis spectral changes for Rh(I11)TMPyP/ZnTSPc

The formation of heteroaggregates from the Rh complex of 5,10,15,20-tetramethylpyridyl
porphyrin and the Zn complex of 2,9,16,23-tetrasulpho-phthalocyanine was also investigated
using FTIR, Raman spectra and SEM imaging (figures 6.45-6.47).
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Figure 6.45. FTIR spectra of Rn"TMPyP, ZnTSPc and RhTMPyP/ZnTSPc

IR spectra of condensed aromatic benzene from rings of metal phthalocyanines and
porphyrins include the most extensive set of stretching and bending vibration bands:

- C-H bond stretching vibrations at 3046-3060 cm™;

- relatively low intensity and skeletal C-C vibrations (1580-1610 cm™). The frequency of
1580 cm™ is caused by stretching vibrations of the bonds condensed with the pyrolyte cycle;

- intense vibrations in the 947 cm™ region are fully symmetric stretching vibrations of the
C-C bonds of the aromatic ring;

- the C-H plane bending vibrations are in the ranges 1283-1289, 1158-1167, 1091- 1096 and
1033-1060 cm™. The out-of-plane bending vibrations of the C-metal bonds of phthalocyanines and
porphyrins occur in the range 720-780 cm™™.

The far-infrared spectra of metallo-porphyrins show a number of ligand absorption bands.
The porphyrin deformation band at 500 cm™ is shifted to a higher frequency in metallo-porphyrins.
The most intense far-infrared band of the metallo-porphyrins occurs at 350 cm™, and an adjacent
weaker band at 380 cm™ can be attributed to metal-free ligands and metal-nitrogen bonding.
Vibrations of the -C=C-N= group (pyrrole and nitrogen meso-atoms) appear as a low intensity
band at 1396-1407 cm™ and as a very strong band (characteristic of all phthalocyanines) at 1320-
1365 cm™.

In porphyrins, a high intensity band appearing at 1500-1530 cm™ corresponds to nitrogen
vibrations (-N= meso-atoms). The vibrations of pyrrole and benzene residues are in the range
1420-1480 cm™.
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The bands present at 1594-1608 cm™* and 1573-1582 cm™ can be attributed to C-N stretching
vibrations. Unlike the IR spectroscopic method, which depends only on the chemical composition
and phase of the samples, the spectral characteristics of Raman resonance also depend on the

excitation wavelengths.
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Figure 6.46. Raman spectra for Rn‘\TMPyP / ZnTSPc

The Raman spectra obtained (figure 6.46) shows prominent peaks whose Raman shifts are
characteristic of the vibrational frequencies of the atoms in the molecules in which they are found.

The Raman spectra of the analysed heteroaggregates show some specific bands for these
compounds at 1527 and 1538 cm. They were collected using laser excitation sources emitting at
632.8 and 785 nm. Under excitation at 632.8 nm, the most intense Raman band appears at 1598
cm-1 which is attributed to isoindole stretching. Typical Raman marker bands of the Pc radical
monoanion were observed at 1499-1512 cm-1 as the middle band and at 1521-1538 cm-1 as the
band whose intensity increases with aggregation, resulting from N+ coupling with SOs~2.

SEM images obtained for the RhnTMPyP/ZnTSPc mixture, shown in figure 6.47, highlight
the creation of spherical microstructures.
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Figure 6.47. SEM-based microscopic characterization of RhnTMPyP/ZnTSPc
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Much work has been done in the field of porphyrins and phthalocyanines in order to find
different support substrates to support them, since higher photochemical stability is essential for
their longer activity as luminescent materials. Their deposition on microcrystalline cellulose (MC)
was also investigated to stabilize their triad structure.

Microcrystalline cellulose can form hydrogen bonds both within its own structure and with
other molecules that can remain attached to polymer chains through localized interactions.

To obtain more stable and efficient photocatalysts, some porphyrins and phthalocyanines,
such as 5,10,15,20-tetramethylpyridyl nickel porphyrin (NiTMPyP) and 2,9,16,23-tetrasulpho
zinc phthalocyanine (ZnTSPc), whose structure is shown in figure 6.48, could be trapped in the

polymer chains of cellulose derivatives such as microcrystalline cellulose.

Figure 6.48. Chemical structure of NiTMPyP (left) and ZnTSPc (right)

Anionic porphyrins and phthalocyanines are fairly tightly packed in the submicroscopic

pores of microcrystalline cellulose, the structure of which is shown in figure 6.49.
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Figure 6.49. Chemical structure of microcrystalline cellulose

When microcrystalline cellulose is added in solution, the cellulose-cellulose hydrogen
bonds are replaced by cellulose-solvent bonds due to strong interactions with the glycosidic chain

segments, causing the polymer to swell.

32



Porphyrin or phthalocyanine complexes are adsorbed in microcrystalline cellulose by
trapping between the glycosidic chains in the crystalline region of the MC for low concentrations
of complexes or trapping in the amorphous domains for high concentrations of these complexes.
The well-defined structures of MC prevent the aggregation of phthalocyanine molecules due to
their localization in intracrystalline voids and in the support galleries. Also, MC, being strongly
hydrophilic, favours co-adsorption of water in galleries and cavities, which enhances the diffusion
of reactants and products. This is the main reason for the lower catalytic activity of phthalocyanine

on MC supports.

Figure 6.50. Chemical structure of NiTMPyP/ZnTSPc/MC

The formation of heteroaggregates from the Ni complex of 5,10,15,20-tetramethylpyridyl
porphyrin/Zn complex of 2,9,16,23-tetrasulpho-phthalocyanine and microcrystalline cellulose, the
structure of which is shown in figure 6.50, was also investigated using FTIR, Raman spectra and

SEM imaging.

Transmittance [%)]

S )

£ ng“ﬁ‘liﬁighl AN

- £ o — 0 = oy o
S5 = m o — e o FR=22 e

NEALSHEEH 5 e o g

FEN
289337
1653.90

= ESmETEEG
TODENS-=—008 SRBEBHE8H

T T T T T T T
3500 2000 2500 2000 1500 1000 500
Wiavenumber [cm"]

a. FTIR spectra for NiTMPyP / ZnTSPc / MC
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Figure 6.51. Spectral and microscopic characterization of NiTMPyP/ZnTSPc/MC

The FTIR spectra (figure 6.51 a) shows the presence of mainly band-type spectral maxima
of variable intensity, located at ~ 3333, 2893, 1315, 1031 and 558 cm™*. The medium/low intensity
bands at ~ 3333 cm™ and 2893 cm™ may be associated with asymmetric/symmetric stretching
vibrations attributed to methyl groups. The low/medium intensity maxima located at 1282 cm*
and 1315 cm suggest the occurrence of combination bands attributed to the porphyrin nucleus.
In the 900-1200 cm™ spectral region a broad spectral band is observed with spectral maxima
associated with it at ~ 970 cm™ (C-C stretching vibrations from the porphyrin core, a similar
association can be attributed to maxima in the 990-1004 cm™ range), at 1146 cm-1 (this maximum
can be attributed to pyro ring stretching vibrations and/or N-Me bending vibrations; if the
stretching vibrations are attributed to pyrolic C-N bonding, the displacement, broadening and
splitting of this maximum may be due to N-Me interaction/bonding). The spectral maximum
located at ~558 cm™ in the 430-660 cm™ spectral band may be associated with out-of-plane

bending vibrations of the aromatic ring and N-Me bonding.
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In the Raman spectra of the NiITMPyP/ZnTSPc/MC heteroaggregate (figure 6. 51 b) a
series of spectral bands/peaks associated in particular with stretching and bending vibrations
attributed to the condensed aromatic nuclei in the phthalocyanine and porphyrin structures,
respectively, can be observed: broad spectral band in the range 345-490 cm™ centered at ~ 432
cm* (out-of-plane bending vibrations of phenyl nuclei), spectral maximum of increased intensity
located at ~ 1092 cm™ (associated with bending vibrations in the C-H plane), spectral band in the
range 1290-1460 cm™? with maxima located at 1335 and 1375 cm™ (associated with

stretching/bending vibrations attributed to the phthalocyanine nucleus).
Spectral characterisation of n-type materials

In this study spectral and structural characteristics for TiO, anatase powder (Fluka) were

obtained. The following results were obtained (figures 6.53-6.56):
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Figure 6.53. FTIR spectra for TiO, anatase powder (Fluka)
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Figure 6.54. Raman spectra for TiO, anatase powder (Fluka)
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Figure 6.55. SEM images for TiO, anatase powder (Fluka)
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Figure 6.56. X-ray diffractogram for TiO; anatase powder (Fluka)

From the processing of the diffractogram data of the TiO2 anatase powder sample (figure
6.56), we can see that the sample analysed has the following crystalline phases identified according
to the ICDD database (PDF-4+ 2016 RDB):

- anatase nano (DB card no. 00-064-0863) in 91.2% proportion having the preferred
crystal lattice orientation according to Miller indices (1 0 1), corresponding to diffraction angle 26
= 25.28°;

- titanium (11) oxide (DB card No 01-071-5272) in the proportion of 4.6 % having the
preferred orientation of the crystal lattice according to the Miller (2 0 0) indices, corresponding to
diffraction angle 26 = 42.900°;

- calcium oxide palladium titanium (DB card No 04-020-3325) , about 2.5 % with the
preferred orientation of the crystal lattice according to the Miller indices (2 2 0), corresponding to
diffraction angle 20 = 33.770°;

- spinel (Mn, Ti, Fe), syn (DB card no. 01-082-1297) about 1.6 % with preferred crystal
lattice orientation according to Miller indices (3 1 1), corresponding to diffraction angle 20 =
34.440°;
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Quantitative analysis results (WPPF*)

Phase name Formula Content (%)
anatase, nano Ti 02 91.2(5)
titanium(ll) oxide TiO 4.6(2)
Calcium Palladium Titanium Oxide Ca Ti4 Pd3 012 2.49(11)
spinel (Mn,Ti,Fe), syn (Mn0.591 Fe0.55 Ti0.86) ( ( Ti0.14 1.6(3)

Fe0.415 Mn0.446 ) O4)

*Whole Powder Pattern Fitting

The crystal structure of the powder was analysed and the lattice constants and crystal

volume for each crystal phase were calculated, giving the results shown in the tables below:

Crystal structure analysis results

Phase name Space group zZ 7 Calc. density (g/cm”3)
anatase, nano 141 : 141/amd,choice-2 4 0125 3.893
titanium(ll) oxide 225 : Fm-3m 4 0.021 5.698
Calcium Palladium Titanium Oxide 204 : Im-3 2  0.042 5.844
spinel (Mn,Ti,Fe), syn 200 : Pm-3 8 0.333 4.649

Lattice constants
Phase name a(A) b(A) c(A) V(A"3)
anatase, nano 3.78 3.78 9.51 136.30
titanium(ll) oxide 4.21 4.21 4.21 74.83
Calcium Palladium Titanium Oxide 7.49 7.49 7.49 421.62
spinel (Mn,Ti,Fe), syn 8.61 8.61 8.61 639.88

The second sample analysed was TiO; rutile powder TR-92 Kronos (TZ) for which the

following results were obtained (figures 6.57-6.60):
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Figure 6.57. FTIR spectra for TiO; rutile powder TR-92 Kronos (TZ)
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Figure 6.58. Raman spectra for TiO; rutile powder TR-92 Kronos (TZ)
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Figure 6.59. SEM imagines for TiO; rutile powder TR-92 Kronos (TZ)
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Figure 6.60. X-ray diffractogram for TiO; rutile powder TR-92 Kronos (TZ)
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From the processing of the diffractogram data of the TiO2 rutile powder sample (figure
6.60), we can see that the analysed sample has the following crystalline phases identified according
to the ICDD database (PDF-4+ 2016 RDB):
- Rutile, syn (DB card no. 00-021-1276) in proportion 92.0% having the preferred crystal
lattice orientation according to Miller indices (1 1 0), corresponding to the diffraction
angle 20 = 27.415;
- Pseudobrookite, ferrous (DB card nr. 04-010-9791) having the preferred crystal lattice
orientation according to Miller indices (2 3 0), corresponding to the diffraction angle
20 = 32.23°,

Quantitative analysis results (WPPF¥*)

Phase name Formula Content(%)
Rutile, syn Ti 02 92.0(5)
pseudobrookite, ferrous Ti2 Fe O5 8.0(3)

*Whole Powder Pattern Fitting

The crystal structure of the powder was analysed and the lattice constants and crystal

volume for each crystal phase were calculated, giving the results shown in the tables below:

Crystal structure analysis results

Phase name Space group z VA Calc. density (g/cm”3)
Rutile, syn 136 : P42/mnm 2 0.125 4.250
pseudobrookite, ferrous 63 : Bbmm 4 0.250 4,146

Lattice constants

Phase name a(A) b(A) c(A) V (A"3)
Rutile, syn 4.59 4.59 2.95 62.44
pseudobrookite, ferrous 9.76 10.11 3.76 371.8




Results of the analysis of the third sample TiO, anatase powder (Kronos) are as follows
(figures 6.61-6.64):
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Figure 6.61. FTIR spectra for TiO, anatase powder (Kronos)
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Figure 6.62. Raman spectra for TiO, anatase powder (Kronos)
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Figure 6.63. SEM images for TiO, anatase powder (Kronos)
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Figure 6.64. X-ray diffractogram for TiO; TiO; anatase powder (Kronos)

Studying the diffractogram of the TiO2 anatase powder sample (Kronos) (figure 6.64), we
can see that the sample analysed has in its composition the following crystalline phases identified
according to the ICDD database (PDF-4+ 2016 RDB):

- - anatase nano (DB card no. 00-064-0863) in 95.1% proportion having the preferential

orientation of the crystal lattice according to Miller indices (1 0 1), corresponding to
the diffraction angle 26 = 25.27°;

- asubstance not identified according to the database, to the extent of 4.86%;

Quantitative analysis results (WPPF¥*)

Phase name Content (%)
anatase, nano 95.1(5)
N/A 4.86(17)

*Whole Powder Pattern Fitting

Crystal structure analysis results

Phase name Space group z z Calc. density(g/cm”3)
anatase, nano 141 : 141/amd,choice-2 4 0.125 3.894
N/A

FTIR spectral analysis of titanium dioxide powders (figures 6.53, 6.57 and 6.61) provides
relatively little information, with spectral maxima recorded in the range 380-470 cm™ (385, 395,
406, 467 cm™) possibly associated with stretching vibrations of Ti-O-Ti bonds. The corresponding
Raman spectra (figures 6.54, 6.58 and 6.62) highlight to a greater extent the existence of the
crystalline phase of TiO2 through medium/high intensity spectral maxima located at 393, 441, 518,
602 and 638 cm™ (according to literature data the vibrational Raman characteristics of TiO: are
located in the range 400-600 cm'Y).
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SEM images of TiO2 powders show an overall nanostructured appearance. Nanosized pores
with narrow dispersion by size are shown in a matrix composed of rounded nanoparticles.

The following investigations were carried out on TiO2 anatase paste (Ti-Nanoxide T/SP),
having the following characteristics: appearance - yellowish viscous paste, resulting layer (after
burning) - transparent, crystallinity - 100% anataz, concentration 18%, HS code - 2823.0000. The

paste was oven-dried at 2000 C for 4 h and then analysed, giving the following results (fig. 6.65-
6.67):
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Figure 6.65. FTIR spectra for TiO2 anatase paste (Ti-Nanoxide T/SP)
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Figure 6.66. Raman spectra for TiO2 anatase paste (Ti-Nanoxide T/SP)
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Figure 6.67. X-ray diffractogram for TiO2 anatase paste (Ti-Nanoxide T/SP)

For the sample TiO2 - anatase paste (figure 6.67), from the recorded diffractogram we can
see that the sample has the following crystal phases identified according to the ICDD database
(PDF-4+ 2016 RDB):

- anatase, nano (DB card no. 00-064-0863) in 100.0% proportion having the preferential
orientation of the crystal lattice according to Miller indices (1 0 1), corresponding to the diffraction
anglee 20 = 25.08° — major peak.

The crystal structure of the powder was analysed and the lattice constants and crystal

volume for the crystalline phase were calculated, giving the results shown in the tables below:

Quantitative analysis results (WPPF¥*)

Phase name Formula Content (%)
anatase, nano TiO2 100.0(7)
*Whole Powder Pattern Fitting

Crystal structure analysis results

Phase name Space group Z Z Calc. density(g/cm”3)
anatase, nano 141 : 141/amd,choice-2 4 0.125 3.879

Lattice constants

Phase name a(A) b(A) c(A) V(A"3)
anatase, nano 3.78 3.78 9.47 135.5




In the case of TiO2anatase paste the FTIR spectra (figure 6.65) shows a broad spectral band
in the range 2970-2870 cm™ associated with stretching vibrations of O-H groups. The spectral
band located at ~ 1630 cm™ can be associated with Ti-OH bending vibrations, and the broad
spectral maximum (1104-1054 cm™) can be attributed to Ti-O stretching vibrations.

Due to the porous nature of nanocrystalline titanium dioxide (TiOz), deposits of this material
have a large surface area for adsorption of dye molecules and provide the necessary energy levels
for the semiconductor-dye interface. The lower energy level of the conduction band compared to

the energy level of the dye allows efficient electron injection from the dye to the semiconductor.

Spectral characterisation of electrolytes using UV-Vis technique

One of the important elements of a DSSC cell is the electrolyte, which transfers the
electrical charge from the electrode to the p-n junction. Although electrolytes are only electric
charge carriers, they must have a transmittance of more than 80% in the spectral range 190 - 1100
nm. The optical properties of sodium iodide, potassium iodide and lithium iodide electrolytes were
studied using the UV-Vis technique (figure 6.75). As can be seen from these spectra, the Nal-
based electrolyte has the highest transmittance, followed by the Kl-based electrolyte. The Lil-
based electrolyte appears to have the lowest transmittance.
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Figure 6.75. Lil-, Nal- and Kl-based electrolytes spectra recorded in the 190-1100 nm range
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Of these electrolytes tested, the electrolyte used in the DSSC cell process was Kl-based
electrolyte prepared from reagents of known analytical purity.

Thus, a 0.5 M KI and 5 mM 12 solution in 50 ml ethanol was prepared in the Samples
Preparation Laboratory, ICSTM, Valahia University of Targoviste to obtain the electrolyte. Some
of the Kl crystallizes readily at room temperature, which is due to the low solubility of Kl in ethyl
alcohol.

The electrolyte obtained for use in DSSC shows high optical properties in the range 600 -

1100 nm, proven by transmittance > 90%.

Microscopical surface characterization of transparent conductive materials using SEM and

AFM investigation techniques after T1O2 nanoparticles deposition

Transparent conductive materials (FTO, ITO and AgPDMS) were cleaned with a detergent
solution using an ultrasonic bath for 15 minutes and rinsed with distilled water and ethanol before
depositing anatase TiO2 nanoparticles to obtain DSSC cells. The samples were then placed in 40
mM TiCls aqueous solution at 70 oC for 30 min, rinsed with pure water and ethanol and dried.

Subsequently, the samples were coated with nanocrystalline TiO2 anatase paste (Nanoxide
T/SP, Solaronix) using the VTC-100A equipment available in ICSTM. The anatase paste used is
of very high purity and has a relatively low content of impurities.

The spin-on deposition procedure (500 rpm for 30 s followed by 3200 rpm for 60 s) was
repeated twice to have approximately the same thickness on the working electrode. The
nanocrystalline TiOz layer is spin-on deposited to form a layer (4 - 5 um thick) with light scattering
effect. Electrodes coated with a TiO2 layer are heated in an air flow at 325 °C for 5 minutes, at
375 °C for 5 minutes, at 450 °C for 15 minutes and at 500 °C for 15 minutes.

The sintered TiO2 layer is again treated with a 40 mM TiCl4 solution as in the above
procedure, rinsed with pure water and ethanol, then sintered again at 500 °C for 30 minutes.

For the study of the surface morphology, the scanning electron microscopy (SEM)
technique was again used. The accelerating voltage chosen for the microscopic characterization of
the material surface was 10 kV.

For all three electrodes, at 100 kX order of magnification, the size and shape of the
deposited TiO2 crystals can be seen, which appear to describe a slightly bumpy surface, but with

the trend preserved over the entire surface (figures 6.76-6.78).
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At 100 kX, it can be seen that TiO2 particles are generally spherical in shape and between
50 - 250 nm in size.

+

Figure 6.76. Surface morphology of FTO material with TiO, deposition at order of magnitude

100 kX and accelerating voltage of 10 kV using the secondary electron signal

Atomic force microscopy was used to study the surface topography. Figures 6.79-6.81
show the surface of FTO, ITO and AgPDMS materials with TiO2 nanoparticle deposition, with no
imperfections observed in the investigated regions.

Figure 6.79. Surface topography of deposited TiO, on FTO - 1x1 um — contact mode
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Figure 6.80. Surface topography of deposited TiO, on ITO - 1x1 um — contact mode

Figure 6.81. Surface topography of deposited TiO, on AgPDMS - 4x4um — contact mode

By means of measurements using the AFM technique, the roughness parameters of the

surfaces of the three samples analysed were evaluated using NOVA PX software.

Thus, for an evaluated surface of 25 pm?, the values of the surface roughness parameters

of the three samples are shown in table 6.5.

Table 6.5. Surface roughness parameter values after TiO, deposition

Sq[nm] Sa[nm] Sp[nm] Sv[nm] Sz [nm]

TiO2 deposition 18.185 14.559 62.567 72.319 134.886
on FTO sample

TiO2 deposition 23.052 17.545 69.233 128.838 198.072
on ITO sample
TiO2 deposition

on AgPDMS 42.451 34.672 140.491 157.701 298.193

sample
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Also, the NOVA PX software was used to obtain the surface roughness profile of the three
analysed samples (figures 6.82-6.84).

Figure 6.83. Surface roughness profile of deposited TiO, on ITO

Figure 6.84. Surface roughness profile of deﬁosited TiO, on AgPDMS

AFM measurements performed on these transparent conductive materials before and after
TiO2 coating reveal an increase in surface roughness due to the appearance of nanoparticles
generated during spin deposition.
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In this study, scanning electron microscopy (SEM) as well as atomic force microscopy
(AFM) played a very important role in investigating the morphology and topography of TiO2
deposition on transparent conductive materials in order to observe the differences between the
surface of transparent conductive materials before and after the deposition of TiO2 nanoparticles.

Topographical analyses, performed by AFM analysis of some of the porphyrin-type
organic nanomaterials, revealed that the distribution of porphyrins varies. Particle sizes range from
24.6 nm in the case of TPP to 73.1 nm in the case of TMPP. It can also be seen that the roughness
of TMPP is the highest (figures 6.85-6.86).
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Figure 6.85. TPP porphyrin surface topography
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Figurea 6.86. TMPP porphyrin surface topography

From the analysis of 3D images on 1x1 um, the uniform distribution of the particles on the
analysed surface can be observed, their average size ranging from 2.71 nm for TPP to 23 nm for

TMPP, which tends to form larger aggregates than the other porphyrins studied.
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OBTAINING DYE-SENSITIZED SOLAR CELLS (DSSC) AND THEIR ELECTRICAL
CHARACTERISATION

The dyes used for this study were palladium tetraphenylporphyrin (Pd-TPP) and tungsten
tetraphenylporphyrin (WCI4sTPP). To prepare the dye solution, 35.7 mg dye was transferred to
50 ml chloroform and ethyl alcohol (1:1 v/v) solvent. The preparation of the solution was carried
out at room temperature in the Samples Preparation Laboratory of ICSTM, Valahia University of
Targoviste.

Then, the TiO2 electrode was immersed in TPP-Pd solution, respectively in WCIsTPP
solution of concentration 0.993*10-3 M and left in solution for 6 h, in dark environment, at room

temperature, to ensure complete penetration of the dye.

Description of the fabrication steps of DSSC

The steps to obtain DSSC cells are outlined below as follows:
A. Deposition of TiO2 nanoparticles on the FTO, ITO, AgPDMS or ITO-PET electrode.

Electrodes of FTO, ITO, AgPDMS or ITO-PET were attached to the deposition equipment
support by spin-on with the conductive surface upwards. The TiO2 paste was pipetted and due to
the high spin speed a uniform layer of about a few um was obtained.

After the adhesive tape was peeled off, the rigid electrodes with the TiO2 deposits were
placed on a grid ensuring 400 °C. The flexible electrodes were oven dried at a lower temperature
to allow the TiO2 nanoparticles to attach to the conductive material.

B. Sensitisation of the photovoltaic cell with dye
For this step to be carried out correctly, it was necessary to provide a dark environment, as
porphyrin dyes, under the action of light, can denature.

Sensitization was carried out in Petri dishes and the whole process lasted about 6 h.

C. Application of graphite catalyst to the surface of the counter electrode
The application of graphite catalyst to the counter electrode surface was done by squeezing

with N-77 graphite spray.

D. Electrode assembly in the cell
In the assembly process, the electrodes should be positioned with the conductive parts
facing inwards and the two electrodes were fixed with two clamps. A space must be left at the side

so that the cell can be electrically measured.
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E. Electrolyte addition

In this step, the electrolyte was added using a pipette and the pipetted amount was adjusted
until the entire space between the pads was covered by the electrolyte solution.

Thus, two sets of three DSSC cells each were made:

Cell structure obtained - Set |

- a cell with FTO glass as anode, n-type element - TiO2 anatase paste, p-type element -
palladium tetraphenylporphyrin, potassium iodide electrolyte, cathode - FTO glass with a layer of
graphite deposited on the conductive surface;

- a cell with ITO glass as anode, n-type element - TiO2 anatase paste, p-type element -
palladium tetraphenylporphyrin, potassium iodide electrolyte, cathode - ITO glass with a graphite
layer on the conductive surface;

- a cell with PDMS elastomer as anode with a conductive layer of Ag, n-type element -
Ti02 anatase paste, p-type element - palladium tetraphenylporphyrin, potassium iodide electrolyte,
cathode - PDMS elastomer with a graphite layer on the conductive surface.

The cells obtained in Set | are shown in figure 7.5.

T

K

ITO/DSSC FTO/DSSC AgPDMS/DSSC

Figure 7.5. Cells obtained in Set |

Cell structure obtained - Set |1

- a cell having as anode ITO glass, as n-type material TiO2 anatase paste deposited on
ITO glass by spin-coating, as dye tungsten tetraphenyl porphyrin (WCls-TPP), potassium iodide-
based electrolyte, and as cathode ITO glass with TiO2 on which graphite has been sputter-
deposited,;

- a cell having as anode FTO glass, as n-type material TiO2 anatase paste deposited on
FTO glass by spin-coating, as dye porphyrin WCls-TPP, electrolyte based on potassium iodide,
and as cathode FTO glass with TiO2 on which graphite has been deposited by sputtering;
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- a cell with ITO-PET polymer as anode, TiO2 anatase paste as n-type material deposited
on ITO-PET by spin-coating, WCls-TPP porphyrin, potassium iodide-based electrolyte as dye, and
ITO-PET with TiO2 deposited by graphite spin-coating as cathode.

The cells obtained in Set Il are shown in figure 7.6.

ITO-PET/DSSC FTO/DSSC ITO/DSSC
Figure 7.6. Cells obtained in Set I1

Electrical characterization and quantum yield of dye-sensitized solar cells (DSSC)

A great interest in the research and development of the dye-sensitized solar cells is the
determination of the relationship between the performance of the cell and the methods and
materials used to obtain it. Due to the nature of these DSSC cells, the optical and electrical
properties of the material are most important and define their performance.

In the laboratory "Photovoltaic cells and modules. Testing and Characterisation” at
ICSTM, the electrical characterisation and quantum efficiency of the cells obtained was carried
out according to the standards in force.

The spectral response is determined by measuring the conversion efficiency of
monochromatic incident photons into current, and the image obtained for the three types of cells

analysed is shown in figure 7.8..
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Figure 7.8.. Spectral response for DSSC cells made in Set |
( = PDMS, = |TO, === FTO)
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From the graph obtained, it appears that the best spectral response was given by the DSSC
cell with FTO.

The quantum efficiency is conceptually similar to the spectral response. The quantum
efficiency indicates the number of electrons produced by the solar cell compared to the number of
photons falling on the device, while the spectral response is the ratio of the current generated by
the solar cell to the power falling on it.

Two types of quantum efficiency of a solar cell are often considered: external quantum
efficiency (EQE), defined as the ratio of the number of electron-gol pairs generated under the
action of light and subsequently collected at the electrodes of the cell to the number of photons
incident on the illuminated surface of the sample under short-circuit conditions, and internal
quantum efficiency (IQE), defined as the ratio of the number of charge carriers collected by the
solar cell to the number of photons of a given energy shining on the solar cell from outside and
absorbed by the cell.

The graph of the external quantum efficiency obtained for the three Set I cells analysed is

shown in figure 7.9.

1
10-

- Pe S

60~

55— / -
i r \
40- _,/

35- / ,./" -
- [ \

EQE

| [ \
zz "/ \\

5 // \\

10- ‘ / N

o / A\

0- Lt

1 1 | 1 1 1 1 1 1 1 U
200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength

Figure 7.9. External quantum efficiency for set | DSSC cells (=== PDMS, === |TO, === FTO)

From the obtained graph we observe that the highest external quantum efficiency is shown
by the DSSC cell with ITO.
The internal quantum efficiency graph obtained for the three set I cells analysed is shown

in figure 7.10.
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Figure 7.10. Internal quantum efficiency for set | DSSC cells ( === PDMS, === |TO,
=== FTO)

Analysing the obtained graph we observe that the highest internal quantum efficiency is
shown by the DSSC cell with ITO.
The graph of the spectral response obtained for the three cells analysed in set 11 is shown

in figure 7.11.
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Figure 7.11. Spectral response for set Il DSSC cells ( == ITO-PET,
ITO, == FTO)

From the obtained graph we observe that the best spectral response is shown by the DSSC
cell with ITO.

The graph of the external quantum efficiency obtained for the three set 11 cells analysed is
shown in figure 7.12.
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Figure 7.12. External quantum efficiency for set Il DSSC cells ( == [ITO-PET,
ITO, == FTO)

Analysing the obtained graph we observe that the highest external quantum efficiency is
shown by the DSSC cell with ITO glass.
The internal quantum efficiency graph obtained for the three cells of set Il analysed is

shown in figure 7.13.
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Figure 7.13. Internal quantum efficiency for set Il DSSC cells ( == ITO-PET,
ITO, == FTO)

Analysing the obtained graph we observe that the highest internal quantum efficiency is
shown by the DSSC cell with ITO glass.

55



The measurement of the electrical parameters of the cells was carried out using the Oriel
Sol3A solar simulator, class AAA, equipment available in the ICSTM laboratories. The I-V
characteristics obtained and the corresponding electrical parameters of the three cells in set | are

shown in figure 7.14 and table 7.1 respectively.
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Figure 7.14. 1-V characteristic for DSSC set | cells

Table 7.1. Values of electrical parameters of DSSC cells in set |

Cell type / transparent

semiconductor substrate | Vee [VI | I [Al | Iwe[A] | Vme [V] | FF[%] | n[%]

DSSC / PDMS 0.4959 | 0.0252 0.0227 0.3688 67 0.35
DSSC/ITO 0.5869 | 0.1230 0.1102 0.3896 59 1.71
DSSC/FTO 0.5805 | 0.1054 0.0971 0.4377 69 1.70

In table 7.1, the open circuit voltages (Voc) of these cells showed high values, which is a
key parameter in evaluating the performance of DSSC cells. At the same time, the fill factors (FF)
of the investigated DSSC cells are all higher than 40%, indicating that the device exhibits a quite
good photoelectric conversion capability, considering the data provided in the literature. The
highest efficiency (i.e. 1.70 and 1.71) was obtained for both glass substrates coated with

transparent conductive oxides.
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The 1-V characteristics obtained and the corresponding electrical parameters of the three
cells in Set Il are shown in figure 7.15 and table 7.2 respectively.

Curent (A)
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Figure 7.15. 1-V characteristic for DSSC set 11 cells

Table 7.2. Values of electrical parameters of DSSC cells in set |1

sem?;ign?;lé}tir/ :Ez:)::gztrent Voo VI | I [A] | Iwe [A] | Ve [V | FF[%] | n[%]
DSSC/ITO-PET 0.526 0.071 0.052 0.465 65 3.88
DSCC/ITO 0.573 0.099 0.546 0.080 77 7.04
DSSC/FTO 0.511 0.092 0.088 0.406 76 5.76

In table 7.2, the open circuit voltages (Voc) of these cells also showed high values. At the
same time, like the cells in Set I, the fill factors (FF) of the investigated DSSCs all have values
higher than 40%, indicating that the devices show good conversion capability. The highest

efficiency (i.e., 7.04 and 5.76) was obtained for both glass substrates coated with transparent
conductive oxides.

57



ORIGINAL RESULTS

The present PhD thesis deals with the realization of dye-sensitized solar cells (DSSC),
namely free base photosensitizing dyes or metal complexes of the porphyrins and phthalocyanines
class, which are easy to realize at low cost, with high conversion efficiencies and longer lifetime.
Solar cells or photovoltaic cells are considered major candidates for obtaining energy from the
sun, as they can convert sunlight directly into electricity, provide long-term energy at low
operating cost and be free of the pollution associated with power generation.

PhD thesis entitled “RESEARCH ON PHOTOVOLTAIC CONVERSION OF SOLAR
ENERGY USING DYE-SENSITIZED SOLAR CELLS (DSSC)” presents elements of originality
that come from: obtaining PDMS membranes and integrating them into cells containing the Pd-
TPP porphyrin dye in their structure, obtaining a flexible ITO-PET film cell containing the
W(CI4TPP porphyrin dye in its structure, and obtaining a conversion efficiency of 7.04% using a
DSSC cell with ITO glass using the WCI4-TPP porphyrin dye. The patent application
A00060/08.02.2022 has been filed for these cells with a yield of more than 7%.

The main types of solar cells based on these organic materials are: sensitised solar cells with
organic structures (DSSC), polymer heterojunction solar cells (PSC) and perovskite solar cells
(PVSC).

A DSSC cell consists of: a photoelectrode, dye, electrolyte, counter electrode. In the
manufacture of dye-sensitized solar cells - DSSC, one of the most important aspects is the choice
of the right material for the manufacture of the photoelectrode. This component must have a
conduction band, high electron density to avoid electron recombination, large surface area and be
semiconducting. This ensures maximum light absorption by the dye molecules and does not affect
the electrical properties of the cell.

Commonly used semiconducting metal oxides as photoelectrode materials are oxide
materials such as titanium dioxide (TiOz), zinc oxide (ZnO), tin dioxide (SnO2), niobium
pentoxide (Nb20s) or strontium titanate (SrTiOs).

Of these, photoelectrodes based on TiO2 or ZnO nanoparticles are commonly used to make
DSSC cells.

In general, TiO2 in the form of anatase is used in sensitised photovoltaic cells with organic
structures, as it exhibits high stability and a large band gap. TiO2 nanoparticles have the property
of filtering sunlight, absorbing mainly the UV component of the sun's radiation, and are transparent

to visible light.
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In the case of DSSCs, the conductive glass substrate plays an important role in both the
transmission of incident light and the collection of electrons. Thus, transmittance and conductivity
are equally important. The most common conductive glasses are indium-doped tin oxide (ITO),
fluorine-doped tin oxide (FTO), aluminium-doped zinc oxide (AZO), antimony-doped tin oxide
(ATO), etc. Of these, ITO and FTO are the most widely used in DSSCs. ITO glass exhibits high
transparency and high electrical conductivity at room temperature, making it an important
candidate for electrode substrates in DSSCs. However, indium is a rare element and 1TO use is
limited. Moreover, the conductivity of the ITO layer is quite destroyed at high temperatures. When
ITO glass is heated to temperatures above 300°C, its electrical resistance increases more than
threefold, which reduces electron supply and substrate conductivity.

As a semiconductor doped with various elements (most often F and Sh), SnOz is also used
as a transparent electrode in photovoltaic applications. SnOz2 has the advantage of being a relatively
inexpensive material both in terms of raw processing and because it lends itself to thin film
deposition using simple methods. In photovoltaic applications it is mainly used in solar cells with
intrinsic thin-film and related heterojunctions (such as a-Si, DSSC). SnOz:F (FTO) thin films have
a direct band gap of 3.6 eV and a resistivity of 6 x 10 Qcm.

Conductive polymeric substrates

Currently, polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) are the
most commonly used plastic substrates. ITO film deposited on PET film (ITO/PET) or PEN film
(ITO/PEN) are the most commonly used conductive polymer substrates in DSSCs.

Commercial ITO/PET and ITO/PEN conductive polymer substrates are obtained by
magnetron sputtering of ITO onto PET and PEN substrates and then annealed at elevated
temperatures. High impedance ITO/polymer substrate is mainly used in touch screen in mobile
communications. Low impedance ITO/polymer substrate is mainly used in areas with high
conductivity requirements, such as transparent electrodes for solar cells, electrode materials in
electrochromic devices, membrane switches, etc. Both types of conductive polymer substrates
have high transparency (>80%) in the visible spectrum, low resistance of 10-15 Q, which is close
to the typical value of FTO coated glass (7-15 Q), high thermo-stability, low moisture permeability
and high chemical stability. Compared to PET substrate, PEN substrate has better heat resistance,
water resistance, radiation resistance and higher Young's modulus.

The electrolyte is a very important part of a dye-sensitised photovoltaic cell. Its role is to
regenerate oxidised dye molecules and complete the electrical circuit by mediating electrons from
one electrode to the other. The electrolyte must have a high electrical conductivity to ensure charge

exchange between the counter electrode and the semiconductor material (TiO2 nanoparticles).
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A key factor for an electrolyte is that it does not leak, and has long thermal, chemical,
electrochemical and optical stability. Under no circumstances should the electrolyte have
absorbance in the range of dye absorption.

There are three categories of electrolytes currently used to manufacture dye-sensitised
photovoltaic cells:

- I-/13- liquid electrolytes based on organic solvents (generally acetonitrile);

- ionic inorganic liquid electrolytes based on salts or mixtures of salts;

- solid electrolytes.

The most commonly used liquid electrolytes are those based on KI, Nal, Lil and RsNI in
solvents such as acetonitrile, propylene carbonate, propionitrile or ethanol.

The steps for making and testing a DSSC were:

a. TiOznanoparticles deposition on the electrode:

Fixing the FTO, ITO AgPDMS or ITO-PET electrode and spin-on deposit the TiO2 paste,
which due to the high rotational speed results in a uniform layer of about several um. First, the
transparent conductive substrates (ITO, FTO and ITO-PET, respectively) were cleaned by treating
them with washing powder, ethanol and isopropyl alcohol (IPA).

Then, the TiO2 semiconductor layer was deposited by spin-coating technique to a thickness
of about 25um and bake for 45 minutes in ovens.

b. Sensitisation of the photovoltaic cell with dye:

Electrodes with TiO2 depositions were immersed in a Petri dish containing 20 ml of
sensitizer solution in ethanol (20 mM, 25 °C) for 6 h, after which the electrodes in the form of

plates were rinsed with distilled water.

c. Addition of electrolyte between the two surfaces:
The electrolyte is added with a pipette, and the amount is adjusted so that all the space

between the pads is trapped by the electrolyte.
d. Applying the graphite catalyst to the conductive surface of the counter electrode:

Applying the graphite catalyst to the surface of the contraelectrode is a very simple

operation. A graphite spray was used for this step.

60



e. Theassembly of electrodes in a cell, positioning them with the conducting parts facing
inward:

The two electrodes are fixed with two clamps and the cell is integrated into the electrical
circuit in such a way that one conductor is connected to one electrode and the other conductor to
the second electrode.

For set 1, the open circuit voltages (Voc) of these cells showed high values, which is a key
parameter in evaluating the performance of DSSC cells. At the same time, the fill factors (FF) of
the investigated DSSC cells are all higher than 40%, which indicates that the device exhibits quite
good photoelectric conversion capability, considering the data provided in the literature. The
highest efficiency (i.e. 1.70 and 1.71) was obtained for both glass substrates coated with
transparent conductive oxides.

For set 11, the open circuit voltages (Voc) of these cells also showed high values. At the
same time, like the cells in set I, the fill factors (FF) of the investigated DSSCs all have values
higher than 40%, indicating that the devices exhibit good conversion capability. The highest
efficiency (i.e., 7.04 and 5.76) was obtained for both glass substrates coated with transparent

conductive oxides.
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GENERAL CONCLUSIONS AND RESEARCH PERSPECTIVES

Dye-sensitized solar cells (DSSC) have attracted great interest since the first paper
published by Gratzel and his collaborators due to their low cost and high conversion efficiency
compared to conventional Si or GaAs solar cells. With mankind's growing energy needs,
dwindling fuel supplies and alarming increases in pollution, it is imperative to find cheap and clean
alternative energy sources, and photovoltaic cells exploit an inexhaustible resource. In principle,
these systems are based on sensitising oxide films with a dye or other compound that can inject
electrons through photoexcitation. The first DSSC cells used ruthenium complexes as sensitisers.
These have the advantage of a very efficient electron injection mechanism into the oxide layer and
high stability over time. However, they have the great disadvantage of cost and limited availability
because they contain noble metals.

The major challenge in manufacturing and commercialising DSSC cells is low conversion
efficiency and cell stability. To improve the performance of DSSC cells several research directions
are suggested, namely:

e improving dye stability by finding optimal parameters to slow down dye degradation;

e improving the structure of the dye to absorb more light at longer wavelengths, 780-2500
nm;

e improving the morphology of semiconductors to achieve the best electronic conduction to
reduce dark current;

e use of dye additives and electrolytes to improve cell performance;

e improving the mechanical contact between the two electrodes.

In the case of DSSC cells, the p-type semiconductor materials are photoactive sensitisers
(dyes). In order to work effectively in a DSSC cell, the dye must meet several requirements,
namely:

e The dye must have as broad an absorption spectrum as possible, preferably also in the near

IR region to collect as many photons as possible;

¢ High extinction coefficient to allow the dye to be used in very thin semiconductor films;

e It should attach very tightly to the semiconductor surface for greater stability;

e The energy levels must match the conduction band of the semiconductor and the redox
potential of the gap conductor;

e Synthesis of these compounds must be very simple for large-scale production;

e Low toxicity and recyclability;

e Very high photostability to be used for a minimum of 20 years;

e Long lifetime of injected electrons by blocking recombination mechanisms.
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Thus, the choice of materials is very important in the manufacture and deployment of DSSC,
as conversion efficiency and cell stability do not depend on a single factor alone. Recently, the
search for organic dyes to replace ruthenium complexes has been pursued. Porphyrins (process
similar to photosynthesis), phthalocyanines (applications in the area of photochemistry,
phototherapy), merocyanines (borrowed from photography, where they play a similar role),
coumarins, mixtures of dyes that absorb light across the entire spectrum (mixtures of porphyrins
and phthalocyanines) and naphthocyanines that selectively absorb in the near infrared (700-
920nm) for the construction of transparent solar cells have already been studied.

Using FTIR spectroscopy it was possible to identify the presence of polar functional groups
in the structure of the molecules of the organic compounds. Raman spectroscopy provided detailed
information on molecular vibrations. As these vibrations depend on the strength and type of
chemical bonds, Raman spectroscopy has been useful not only in the identification of molecules
but also in the study of intra- and intermolecular interactions. Scanning Electron Microscopy
(SEM) has provided relevant information on the structure and surface condition of the materials
analysed and also information on the topography of the sample surface. Energy dispersive X-ray
spectroscopy (EDS) helped to identify the chemical elements contained in the sample. X-ray
diffractometry was used to investigate the crystallographic structure of the materials. Qualitative
analysis (phase analysis) could be performed by comparing the diffractograms obtained from the
sample with a very large number of models included in official databases.Using the scanning
electron microscopy (SEM) technique it was possible to study the morphology of the surfaces of
transparent conductive materials before and after the deposition of TiO2 nanoparticles. Also, using
AFM technique it was possible to study the topography of the surfaces of transparent conductive
materials before and after the deposition of TiO2 nanoparticles and the roughness parameters could
be evaluated.

For the first set of DSSC the best spectral response is provided by the DSSC cell with FTO
glass and the DSSC cell with ITO glass has the highest external and internal quantum efficiency.
For the second set of DSSC, the cell with ITO glass has the best spectral response, the highest
external and internal quantum efficiency, and a fairly good conversion efficiency (7.04%).

Taking into account the low values of the roughness parameters of the analyzed samples, the
measured values of the electrical resistance and the obtained I-V characteristics we can state that
FTO, ITO, AgPDMS and ITO-PET can be successfully used as electrodes of organic dye
sensitized photovoltaic cells. The most important step in future research is to achieve DSSC cells
with a higher conversion efficiency than those already achieved. In order to achieve this, the
technique for depositing TiO2 nanoparticles needs to be perfected. A future research trend could

be the realisation of perovskite-based solar cells.
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