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Resumo

BALBONI, Raphael Dorneles Caldeira. “INFLUENCIA DO INTEMPERISMO EM
FILMES FINOS DE CEO2 E CEO2:V205 E ESTUDO DE BIOGEIS
SUSTENTAVEIS PARA APLICACAO EM DISPOSITIVOS ELETROCROMICOS”
Tese (Doutorado em Ciéncias e Engenharia de Materiais) - Programa de Pés-
Graduacdo em Ciéncias e Engenharia de Materiais, Centro de Desenvolvimento
Tecnoldgico, Universidade Federal de Pelotas, Pelotas, 2022.

Estudos vém sendo realizados visando a diminuigdo do alto consumo de energia
atual, a otimizacdo energética e a diminuicdo do impacto ambiental consequente
deste problema. Uma vertente de estudo é a utilizacdo de materiais eletrocrémicos
na confeccao de janelas inteligentes, e neste trabalho sdo estudadas duas diferentes
camadas deste dispositivo. Primeiramente foi realizado um estudo relacionado a
influéncia do intemperismo e da temperatura nas propriedades eletroquimicas e
morfologicas de filmes finos de CeO2 e Ce02:V20s para utilizagdo como contra-
eletrodo. A camada referente ao eletrélito também foi estudada através do preparo e
caracterizacdo de géis poliméricos a base de acetato de celulose, polimero
escolhido por apresentar aspectos sustentaveis e ser menos poluente. Para o
estudo dos filmes, estes foram preparados pelo processo sol-gel, obtidos pela
técnica spin coating e expostos a simulacédo de condi¢des climaticas através de uma
camara de intemperismo acelerado. Para a confeccdo do gel, utilizou-se o acetato
de celulose como polimero, o carbonato de propileno como solvente e o perclorato
de litio como fonte de proétons, com diferentes proporcdes e concentragdes. Através
das analises eletroquimicas, foi possivel observar que apés a simulagédo de 900 dias
de exposicdo, ambos os filmes apresentaram um decréscimo na densidade de
carga, com o filme dopado mantendo valores promissores para a aplicacdo proposta.
Os filmes confirmaram o processo de difusdo do transporte de massa através da
analise de espectroscopia de impedancia eletroquimica, além de uma maior
uniformidade na sua superficie, confirmada pelas analises de AFM e MEV. Em
relacdo aos géis, € possivel afirmar que o gel contendo 10% em massa de acetato
de celulose e 1,4 M de LiClO4 foi 0 que se mostrou mais promissor, apresentando
condutividade na ordem de 2,3x10* S.cm'. Todos os géis testados apresentaram
uma voltametria ciclica com a forma esperada a diferentes velocidades de varredura,
além de manter uma estabilidade apds 400 ciclos de analise, demonstrando um
pequeno decréscimo na area do voltamograma. O gel demonstrou também uma
transparéncia na faixa de 85% na faixa de comprimento de onda entre 300 e 800 nm
e significante perda de massa entre 150 e 250 °C, através das analises de
espectroscopia UV-Vis e termogravimetria, respectivamente.

Palavras-chave: eletrocromismo, eletrdlitos poliméricos, acetato de celulose, filme
fino, Ce02:V20s5



Abstract

BALBONI, Raphael Dorneles Caldeira. “INFLUENCE OF WEATHERING ON CEO2
AND CEO2:V205 THIN FILMS AND STUDY OF SUSTAINABLE BIOGELS FOR
APPLICATION IN ELECTROCHROME DEVICES” Thesis (PhD in Materials Science
and Engineering) - Graduate Program in Materials Sciences and Engineering, Center
for Technological Development, Federal University of Pelotas, Pelotas, 2022.

Studies have been carried out to reduce the current high energy consumption, aiming
energy optimization and reduction of the environmental impact resulting from this
problem. One alternative is the use of electrochromic materials in the production of
smart windows, and in this work, two different layers of this device are studied. First,
a study related to the influence of weathering and temperature on the
electrochemical and morphological properties of thin films of CeO2 and Ce02:V20s
for use as a counter electrode was carried out. The layer referring to the electrolyte
was also studied through the preparation and characterization of polymeric gels
based on cellulose acetate, a polymer chosen for presenting sustainable aspects and
being less polluting. For the study of the films, they were prepared by the sol-gel
process, obtained by the spin coating technique and exposed to the simulation of
climatic conditions through an accelerated weathering chamber. To produce the gel,
cellulose acetate was used as a polymer, propylene carbonate as a solvent and
lithium perchlorate as a source of protons, with different proportions and
concentrations. Through the electrochemical analysis, it was possible to observe that
after the simulation of 900 days of exposure, both films showed a decrease in charge
density, with the doped film maintaining promising values for the proposed
application. The films confirmed the mass transport diffusion process through
electrochemical impedance spectroscopy analysis, in addition to a greater uniformity
on its surface, confirmed by AFM and SEM analyses. Regarding the gels, it is
possible to state that the gel containing 10% by mass of cellulose acetate and 1.4 M
of LiClO4 was the most promising, presenting conductivity in the order of 2.3x10
S.cm™. All tested gels showed a cyclic voltammetry with the expected shape at
different scan rates, in addition to maintaining stability after 400 analysis cycles,
demonstrating a small decrease in the voltammogram area. The gel also
demonstrated a transparency close to 85% in the wavelength range between 300
and 800 nm and significant mass loss between 150 and 250 °C, through UV-Vis
spectroscopy and thermogravimetry analyses, respectively.

Keywords: electrochromism, polymer electrolyte, cellulose acetate, thin film,
Ce02:V20s5
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1 Introducéo

O consumo de energia tem um cenario cada vez mais alarmante, muito
devido a estimativa do crescimento populacional e da corrida industrial e econémica
atual. Assim, tém se tornado cada vez mais comuns estudos relacionados a
eficiéncia energética, que pode ser definida como uma relacdo entre a quantidade
de energia destinada a execucédo de certa atividade e a energia disponibilizada para
a realizacdo de tal atividade. Ela busca a utilizacdo de energia da forma mais
econdmica e racional possivel, mantendo o nivel de conforto e qualidade de vida.

O aumento da eficiéncia energética esté ligado a duas solu¢des: um aumento
na parcela de energias renovaveis utilizadas — energia edlica, solar e hidrica — e/ou
a diminuicdo do consumo de energia. Como a tendéncia de energia demandada é
cada vez maior, uma forma para que este consumo diminua € o desenvolvimento de
novas tecnologias que otimizem a utilizacdo dos recursos ofertados. O principal
destino desta energia e as classes que apresentam maior taxa de crescimento de
consumo sdo atualmente a classe residencial e comercial. E possivel afirmar que,
tanto em uma classe quanto na outra, uma grande parcela destina-se ao
aquecimento e resfriamento do ambiente, além da iluminacéo artificial (EIA, 2012;
OMRANY; MARSONO, 2016).

As fachadas das construcfes sem elementos de protecdo solar tornam-se
fatores comuns e relacionados aos altos valores de taxa de consumo. Uma solugéo
€ o0 desenvolvimento de uma tecnologia que ajude a controlar a climatizacédo e
iluminacdo excessiva, como exemplo os vidros eletrocrébmicos, materiais que
possuem caracteristicas de mudanca de coloracdo quando submetidos a um
estimulo elétrico, podendo desta forma barrar a passagem de luz elou calor
conforme desejado (YANG; SUN; MAI, 2016). Assim, com a utilizagcdo de fachadas
cobertas de vidros eletrocrobmicos ao invés dos vidros convencionais, € possivel
obter um controle maior da incidéncia de luz e calor sobre os prédios, sem perda de
calor no inverno e/ou ganho de calor excessivo no verdo. Tais fatores levam a uma
diminuicao no uso de climatizadores e gera uma queda de consumo energeético.

O dispositivo eletrocromico é formado por diferentes camadas com diferentes
funcbes eletroquimicas, sendo o contra eletrodo responsavel pelo armazenamento

de ions e equilibrio das cargas que se intercalam durante o processo de
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coloragdo/descoloracdo, enquanto o eletrélito € a camada responsavel pela
conducdo dos ions entre o eletrodo de trabalho e o contra eletrodo.

Em relacdo ao contra-eletrodo, é desejado que o material escolhido para
utilizacdo como filme fino apresente propriedades especificas como boa capacidade
de armazenamento de carga, transparéncia no processo de intercalacdo e
estabilidade eletroquimica. Um material promissor para este uso € o diéxido de cério
(CeO2) (CAI; WANG; LEE, 2016), que apresenta algumas destas propriedades
desejadas, e que pode ter suas desvantagens complementadas pela dopagem com
o0 pentdoxido de vanadio (V20s) (MOURA et al., 2018). Um fator importante a ser
considerado destes dispositivos é a necessidade de manter suas propriedades apés
longos periodos de exposicdo, o que abre demanda para um estudo relacionado a
influéncia do intemperismo e da variacdo de temperatura nas propriedades
eletroquimicas destes filmes (TONG et al., 2017).

O eletrélito, quando apresentado na forma de gel, apresenta vantagens como
maior seguranca e facilidade no processamento. Assim, muito estudos apresentam
opcOes de eletrolitos géis poliméricos a base de polimeros, como exemplo
poliacrilonitrila (PAN), polivinilpirrolidona (PVP), polietilenoglicol (PEG) e poli (alcool
vinilico) (PVA) (DOS SANTOS, 2011; LIU et al., 2022b; RASIA, 2014). Para este
trabalho, foi priorizada a utilizacdo de um material eco-friendly e assim optou-se por
trabalhar com um biogel sustentavel a base de acetato de celulose, uma vez que
este é transparente, incolor e proveniente de matriz natural, o que o torna menos
danoso ao ambiente em seu descarte. O material em questdo apresenta aplicacdes
como imobilizacdo de enzimas (YANEVA et al., 2018) e utilizacdo como membranas
e filtros (KAISER; STARK; GRASS, 2017), podendo ser obtido através da acetilacédo
de diferentes fontes de celulose como polpa de arvore (ALVES et al., 2019) e
subprodutos agricolas (MOSTAFA et al., 2018).

Desta forma, o trabalho prop6e uma analise da influéncia do intemperismo
nas propriedades eletroquimicas e morfologicas de fiimes finos de CeO: e
Ce02:V20s, além de realizar um estudo mais amplo e completo de géis poliméricos a
base de acetato de celulose em relacdo ao estabelecido na literatura, realizando
caracterizacdes eletroquimicas, estruturais, térmicas e Opticas, reforcando o

potencial de ambos o0s materiais estudados para a aplicagdo proposta e
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apresentando uma promissora alternativa para utilizacdo em dispositivos

eletrocrémicos, visando o aumento da eficiéncia energética.
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2 Objetivos

2.1 Objetivo geral

O objetivo geral deste trabalho foi realizar um estudo da influéncia do
intemperismo e da temperatura nas propriedades de filmes finos de CeO:2 e
Ce02:V20s para utilizagdo como contra-eletrodo, além de produzir um gel

sustentavel a base de acetato de celulose para utilizagdo como eletrdlito polimérico.

2.2 Objetivos especificos
v Preparar a solucdo de CeO2 e Ce02:V20s5 pelo método sol-gel;
v Preparar os filmes de CeO:2 e Ce02:V20s pela técnica de spin coating, a
fim de se obter filmes finos uniformes e com boa reprodutibilidade;
v Realizar a caracterizacdo eletroquimica, morfolégica e estrutural dos
filmes finos pré e pds exposicdo, a fim de analisar a resisténcia das
propriedades dos filmes ao processo de exposi¢cédo ao intemperismo;
v Realizar a caracterizacéo eletroquimica dos filmes finos em funcéo da
variacdo de temperatura através das analises de voltametria ciclica,
cronoamperometria/ cronocoulometria e espectroscopia de impedancia
eletroquimica, a fim de avaliar os efeitos da temperatura nas suas
propriedades;
v Produzir um gel polimérico sustentavel a base de acetato de celulose
para utilizacdo como eletrolito em dispositivos eletrocromicos;
v Caracterizar os géis poliméricos eletroquimicamente através de:
o Medidas de impedancia eletroquimica (EIE) com o objetivo de
estudar o comportamento de difusdo e a condutividade do gel,
o Medidas de voltametria ciclica (VC) com o objetivo de realizar
uma varredura potencial do gel,
o Medidas de voltametria ciclica (VC) a longo prazo com o objetivo
de estudar a estabilidade ciclica do gel.
v Caracterizar os géis poliméricos estruturalmente através de:
o Medidas de difragéo de raios-X (DRX) com o objetivo de estudar

a estrutura cristalina do gel,
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o) Medidas de espectroscopia no infravermelho por transformada
de Fourier (FTIR) com o objetivo de estudar a energia absorvida pelo
gel na regido do infravermelho.

Caracterizar os géis poliméricos termicamente através de:

o Medidas de termogravimetria (TG) com o objetivo de estudar a
perda de massa do gel em temperaturas variadas.

Caracterizar os géis poliméricos opticamente através de:

o Medidas de espectroscopia na regido do Ultravioleta-Visivel com

0 objetivo de estudar a interag&o da luz na regidao UV-Vis com o gel.
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3 Revisao da literatura

3.1 Cosumo Energético

Os niveis de consumo energético mundial crescem a cada ano. Conforme
ocorre 0 aumento da populacdo, aumenta-se também a demanda de recursos e
energia. Outros fatores como a disputa econémica e industrial mundial, a tecnologia
mais avancada e os padrdes de conforto exigidos atualmente ajudam a aumentar
esta demanda.

Dentre os maiores consumidores, encontram-se no topo a China e em
segundo lugar os EUA. O consumo energético combinado destes dois paises
equivale a mais de 40% do consumo mundial, que no ano de 2019, alcancou valores
superiores a 21.000 TWh. Estes valores equivalem aproximadamente a 5.000 e
4.000 TWh, respectivamente (IEA, 2019). O Brasil terminou 0 ano em questéo entre
os 10 maiores consumidores de energia no mundo, com 482TWh, valores
equivalentes a 2,3% de toda energia consumida mundialmente (Figura 1) (EPE,
2020; IEA, 2019).
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Figura 1 — Consumo de energia elétrica no ano de 2019
Fonte: International Energy Agency - IEA, 2019. - Adaptado
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Estima-se que no intervalo de 20 anos (entre 2010 e 2030), ocorra um
aumento constante destes valores, com um crescimento de 2,6 %/ano a nivel
mundial e 4,28 %/ano a nivel nacional, segundo estudo realizado tracando a
projecdo de consumo energético realizada pelo Plano Nacional de Energia (PNE
2030), conforme ilustra a Figura 2 (EPE, 2020).
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Figura 2 — Projecdo de consumo energético
Fonte: EPE, 2020 - Adaptado

Na década passada, muitos estudos foram realizados acerca da utilizacéo de
energias renovaveis em detrimento do uso de energias fosseis, devido ao fato de
que grande parte da energia consumida ainda vem de fontes ndo renovaveis. Em
2006, de toda energia utilizada mundialmente, 81% se originaram de combustiveis
fosseis, entre eles, o carvdo, o gas e o0 petréleo, principalmente (LUCON;
GOLDEMBER, 2009).

3.1.1 Consumo energético em edificacdes
Um detalhamento da andlise energética mostra que as classes com maior
taxa de crescimento sé@o as classes comercial e residencial, apresentando variagdes
préximas a +4% no biénio 2018-2019. A classe industrial ainda possui a maior taxa
de consumo, embora apresente valores decrescentes nos ultimos anos (EPE, 2020).
Estudos mais detalhados acerca deste consumo e do destino desta energia vém
sendo realizados principalmente nos EUA, e dados mostram que nos ultimos anos,
um valor equivalente a 73% de toda a energia gasta no pais foi destinado apenas
para consumo em edificios (DEFOREST et al., 2017).
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Especificando-se ainda mais estes dados, detalharam-se quais os destinos da
energia gasta nos edificios. Apenas com o objetivo de aquecimento e resfriamento,
designa-se 35% da energia total gasta. Este valor equivale a aproximadamente 20%
de toda energia consumida (EIA, 2012).

Além dos gastos destinados ao conforto térmico como aquecedores,
ventiladores e condicionadores de ar, ha ainda um gasto elevado relacionado a
iluminacdo interna dos edificios. Um fator comum entre estas altas taxas de
consumo sédo as fachadas de edificios e constru¢cdes sem a utilizacdo de elementos
de protecdo solar. Assim, destaca-se a importancia de pesquisas nesta area com o
intuito de desenvolver dispositivos que auxiliem a diminuir tais gastos, oferecendo
um maior controle sobre as propriedades Opticas e térmicas dos vidros e janelas
(OMRANY; MARSONO, 2016).

Dependendo de fatores como incidéncia de luz e posi¢cdo dos prédios, o uso
de alguns destes dispositivos pode gerar uma economia que gira entre 48 e 67 %
(LEE; CLAYBAUGH; LAFRANCE, 2012).

3.1.2 Construcdes sustentaveis

Considerando os dados obtidos de diversos estudos realizados em relacao
aos altos indices de consumo energético, evidencia-se ainda mais o0
desenvolvimento sustentavel como uma pauta e discussdo pertinente. Este tema
pode ser definido como o desenvolvimento que “satisfaz as necessidades do
presente sem comprometer a possibilidade das geracdes futuras satisfazerem suas
préprias necessidades” (BRUNDLAND, 1987).

A partir desta definicdo, propde-se a busca do equilibrio entre a quantidade de
recursos naturais disponiveis e 0s niveis de desenvolvimento. Este deve acontecer
de forma que néo prejudique a integridade do ambiente natural, tanto a curto como a
longo prazo. Outro fator importante € manter o equilibrio entre as dimensdes
econbmica, social e ambiental, pois somente assim ocorrera o desenvolvimento
sustentavel.Atualmente, o fator econdmico tem sido priorizado enquanto o fator
ambiental é neglicendiado.

E assim surgiu o conceito de “construgcéo sustentavel’, termo proposto por
Kibert em 1994 e anteriormente discutido na conferéncia Rio-92. Este conceito

discute a producao de construgdes adaptadas tanto aos seus utilizadores quanto ao
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meio, causando menos dano ambiental e, assim, aumentando as oportunidades
para as gerag0Oes futuras (KIBERT, 1994).
Dentro do que se entende como construgdo sustentavel, alguns pontos séo

prioridades a serem seguidas, dentre eles, pode-se citar (MATEUS, 2004):

Maximizacédo da durabilidade das contrucfes
e Planejamento da conservacao e manutencao das construcdes
e Utilizacdo de materiais eco-eficientes
e Minimizacao da producéo de residuos
e Economia de energia e agua.

Desta forma, quanto mais sustentavel forem as construcées, menos energia
serd demandada, logo, menores serdo os danos ao ambiente, uma vez que grande
parte da energia consumida € proveniente de combustiveis fésseis e este consumo
gera um esgotamento de recursos naturais, além de uma grande quantidade de
poluentes (ANSER et al., 2020).

3.2 Eletrocromismo

Materiais que possuem a capacidade de mudar a sua coloracao devido a um
estimulo externo sdo chamados de materiais cromdgenos. Estes estimulos podem
vir de diferentes fontes, como mudanca de temperatura no meio (termocromismo),
mudanca de pressdo (barocromismo), exposicdo a luz visivel ou ultravioleta
(fotocromismo) e potencial elétrico (eletrocromismo). Assim, o eletrocromismo pode
ser definido como o fenbmeno responsavel pela mudanca de coloracdo de certos
materiais quando expostos a uma aplicacdo de corrente ou potencial elétrico
(PATHAK et al., 2020).

O fenbmeno da mudanca de coloragdo ocorre uma vez que as moléculas
cromogenas presentes no material absorvem a perturbacdo elétrica, e como
resposta, acabam tendo suas propriedades opticas alteradas. Tanto a perturbacao
guanto a resposta estdo associadas a estrutura do material, que tende a ser amorfa
e porosa, apresentando uma condutividade ibnica e facilitando a difusdo i6nica
(MOSER et al., 2016).

Entre as propriedades Opticas do material, podemos citar a absorcdo, a

transmissao e a reflexdo em alguns materiais especificos. Em funcao da aplicacéo
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de corrente ou potencial, ions sdo inseridos na estrutura do material e os espectros
de absorcdo e emissdo do material, em alguns casos, podem sofrer um
deslocamento de até centenas de angstroms (QUINTANILHA et al., 2014).

Estas mudancas nas propriedades Opticas sado responsaveis pela mudanca
da coloracdo do material. O material pode ser considerado eletrocromico se
apresentar mudanca de coloracdo reversivel durante uma reagdo de
oxidacao/reducdo. Em outras palavras, o material sai da sua coloracdo natural ao
ser submetido a uma corrente, e ao se inverter esta corrente, o material volta a sua
coloragéo inicial (WEY et al., 2017).

Algumas propriedades intensivas do material como estequiometria,
cristalinidade e composicdo quimica influenciam diretamente nas cores e na
mudanca de coloragédo. Durante o processo, 0 material pode assumir uma coloracao
a partir do transparente e/ou apresentar mais de um estado colorido, ocorrendo
assim uma variagéo na coloragéo do material (VELEVSKA et al., 2017).

O primeiro registro de um fendmeno eletrocromico data de 1704, quando
Diesbach notou que a oxidacdo do ferro fazia com que o material mudasse de
transparente para azul, e assim descobriu 0 azul da Prussia (hexacianoferrato (1) de
ferro (1)) (MASTURAH BINTI FAKHRUDDIN et al., 2022). J4 em 1815, Berzelius
relatou que o 6xido de tungsténio assumia uma coloracédo também azulada quando o
mesmo era esquentado com hidrogénio atmosférico (SHAKHNOV; VLASOV,
TOKAREYV, 2016). Apesar destes relatos, o primeiro material estudado como sendo
eletrocrémico data de 1951, quando Brimm et al. (1951) utilizou o bronze de sddio-
tungsténio (NaxWOs) em uma célula eletroquimica. Apés uma década de estudos
sobre o tema, Platt (1961) cunhou o termo eletrocromismo, que passou a ser

utilizado desde entao.

3.3 Dispositivos Eletrocrémicos

Os primeiros dispositivos eletrocrdmicos surgiram no final da década de 60,
como pesquisador Deb, utilizando o tungsténio como material eletrocromico e a
aplicacdo do campo elétrico gerou uma mudanca de coloracédo azulada nos filmes
inicialmente transparentes, como esperado. Ao se inverter o campo elétrico, ocorreu

a descoloracao do filme, comprovando a teoria do eletrocromismo (DEB, 1969).
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Ao se construir um dispositivo eletrocrémico completo, primeiramente é
importante que haja um estudo aprofundado dos materiais cromégenos a serem
utilizados. A coloracéo destes materiais ocorre apenas nas camadas eletrocrémicas,
e 0 aumento ou diminuicdo da transparéncia do dispositivo depende da natureza
eletrocrémica do material (GOKDEMIR et al., 2014).

Outra funcdo dos dispositivos, além da mudanca de coloracdo marcante no
espectro visivel, € a modulacdo de energia multiespectral, trabalhando em regibes
no infravermelho proximo, infravermelho térmico e micro-ondas. Assim, pode-se
afirmar que os dispositivos podem trabalhar com dois modos de operacao diferentes,
absortivo/transmissivo ou absortivo/reflexivo (JAROSZ et al., 2019).

ApoOs estudos e tentativas de aprimoramento dos dispositivos eletrocrdmicos,
foram buscadas formas de se utilizar os mesmos visando economia e otimizacao de
produtos. Assim, estes dispositivos foram aos poucos substituindo o uso de
monitores, tanto de CRT (raios catddicos) quanto de LCD (cristal liquido) e LED
(diodos emissores de luz). Alguns dos motivos desta substituicdo sdo vantagens
como custo reduzido, cores combinadas e facilidade na montagem dos dispositivos
(XIONG et al., 2019).

Estes custos mais baixos decorrentes da utlizagcdo de dispositivos
eletrocrébmicos estdo ligados ao menor consumo de energia destes em relacdo a
outras tecnologias como LCD e LED. Estes dispositivos consomem pouca energia
para produzir imagens e estas, uma vez formadas, requerem pouca ou nenhuma
energia adicional para manter a mesma. Outro fator que gera menos gasto nestes
dispositivos € a possibilidade de se produzir produtos com grandes areas (YANG;
SUN; MAI, 2016). Estudos recentes demonstraram a possibilidade de se trabalhar
com areas de deposicdo superiores a 100 cm? sem perda de resposta ou de
funcionalidade, facilitando o processo para obtencédo de materiais para aplicacdo em
grandes areas (SINGH et al., 2017).

3.3.1 Estrutura e funcionamento de dispositivos eletrocrémicos

O dispositivo eletrocrbmico possui uma estrutura simples formada
basicamente por cinco camadas distintas: uma camada eletrocromica (filme
eletrocrémico), uma camada condutora de ions (eletrdlito), uma camada que

armazena ions (contra-eletrodo), um condutor eletrénico transparente e uma camada
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de vidro, sendo que estas 2 Ultimas aparecem em ambas as extremidades do
dispositivo (DEFOREST et al., 2017).

Na montagem do dispositivo, os dois condutores eletronicos transparentes
ficam nas extremidades, separados pelas outras trés camadas, em forma de
sanduiche, como mostra a Figura 3. Estes condutores podem ser compostos de
oxido de estanho dopado com flior (FTO: SnO2:F) ou com indio (ITO: In203:Sn) e

estdo depositados em substratos geralmente feitos de vidro ou plastico.
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Figura 3—-Camadas de um dispositivo eletrocrémico
Fonte: MORTIMER, 2013 - Adaptado

s

A principal camada é o eletrodo primario, ou eletrodo de trabalho. Este é
propriamente o filme eletrocromico e € aquele que sofre a mudanca de cor devido a
intercalacd@o/troca de espécie idnica, seja Li* ou H*. O eletrodo secundario é o
contra-eletrodo, camada com a funcdo de armazenar ions. Este pode aumentar o
contraste optico e fornecer um estado colorido extra, se necessario. Quando ocorre
a coloracgéo do filme devido a troca ionica, o contra-eletrodo é a camada responsavel
por equilibrar essas cargas trocadas, sejam por inser¢cdo ou extracdo (SHEN;
OSTERHOLM; REYNOLDS, 2015).
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A terceira camada é o eletrélito, onde deve possuir caracteristicas como:
capacidade de conducéo idnica, alto coeficiente de difusdo (valor que representa a
propensdo do soluto de se movimentar em um solvente), rapida cinética
eletroquimica (movimento de espécies ativas) e baixa condutividade eletrénica. O
eletrdlito fica entre os eletrodos priméario e secundario e € o responsavel pelo
transporte das cargas durante a troca idnica (PORTO et al., 2020).

O modo de operacdo do dispositivo baseia-se em uma troca simples de
cargas entre as diferentes camadas citadas devido a aplicacdo de um potencial
elétrico. Ao ocorrer a insercao de cargas no filme, muda-se o estado de oxidacédo do
filme eletrocromico e com isso ocorre a mudanca de cor (BALBONI et al., 2018).

O dispositivo abre também a possibilidade de se trabalhar em trés estagios.
Além dos dois estagios ja discutidos, colorido e descolorido, ha também a
possibilidade de se criar um estado intermediério entre estes, no qual a voltagem é
reduzida a um estado intermediério, permitindo assim a passagem da luz natural,
porém, bloqueando a passagem do calor e possibilitando a utilizacdo do dispositivo
em diferentes estacdes e com diferentes propositos, de acordo com a necessidade
(YANG; SUN; MAI, 2016).

Independente da aplicacdo e do modo de operacdo desejado para o
dispositivo, este baseia-se no mesmo conceito e modo de funcionamento.
Inicialmente, o dispositivo encontra-se sem potencial aplicado e no seu estado
descolorido. Os ions de Li* encontram-se todos no contra-eletrodo e ndo ha
nenhuma reacao eletrocromica envolvida no sistema, assim permitindo a passagem

tanto da luz quanto do calor através do dispositivo, como se pode ver na Figura 4-

(a).
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Figura 4 — Estrutura de um dispositivo eletrocromico
Fonte: Adaptado de GRANQVIST (1998).

Quando se aplica tensao negativa sobre o filme eletrocromico, ocorre entéo a
reacdo eletrocrdmica e 0s ions que inicialmente se encontravam no contra-eletrodo
migram para o filme eletrocrémico, a fim de balancear a carga deste, conforme a
equacao abaixo, onde se utiliza o exemplo do 6xido de tungsténio como filme
eletrocromico (GRANQVIST; HULTAKER, 2002):

I+ W05+ xe™ o L,WO,

Apbs ocorrer a reacao de reducdo, o filme que recebe os ions do contra-
eletrodo assume uma coloracao e cessa a transmitancia, passando a refletir o calor
e ndo mais o transmitindo, conforme mostra a Figura 4-(b). Os dispositivos devem

7z

apresentar uma reversibilidade desta reacédo, isto €, ao cessar o potencial, ou
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inverté-lo, ocorre a oxidacdo do filme e os ions depositados neste retornam ao
contra-eletrodo, uma vez que esta camada agora é quem possui o potencial
negativo. Esta reacdo implica na volta da transparéncia da camada, logo,
transmitancia de todo o dispositivo (YANG; SUN; MAI, 2016).

Os ions do reservatério podem ser de hidrogénio ou litio, sendo este segundo
0 mais utilizado devido a sua maior estabilidade. Usualmente se opta por trabalhar
com estes ions especificos devido aos seus raios idnicos menores em relacdo a
outros elementos da familia 1A, onde encontram-se elementos com elevada
eletropositividade (KITAZAWA et al., 2017).

3.3.2 Materiais eletrocrémicos e suas propriedades

A utilizacdo dos dispositivos esta associada a algumas propriedades
especificas dos materiais. Dentre estas propriedades, pode-se citar o tempo de
resposta, que é o tempo necessario para que ocorra a reagdo e subsequente
mudanca de pelo menos 95% da absorbancia do material, podendo variar de
segundos a minutos (MA et al., 2018).

Outras propriedades importantes relacionadas aos dispositivos sdo a memoaria
Optica, tempo que as mudancas 6pticas do estado colorido perduram apds a cessao
da voltagem e também a eficiéncia eletrocrébmica, que faz uma relacdo entre a
quantidade de carga que € injetada no material e a variacdo de cor que € produzida
a partir desta insercao (LIU et al., 2018).

Os materiais eletrocrémicos sdo divididos em dois grupos em relagédo ao tipo
de reacao que ocorre com estes. Os materiais eletrocrdmicos catddicos sao aqueles
nos quais a transmitancia muda a partir da insercéo de ions (resultado da reducéo),
enquanto os materiais eletrocromicos anddicos tém essa mudanca devido a extracao
de ions (resultado da oxidacdo). A tendéncia € a utilizacdo do material catodico
como filme eletrocrémico e do material andédico como contra-eletrodo (camada de
armazenamento de ion), uma vez que este trabalha com a extracéo de ions, a fim de
se aumentar a eficiéncia do dispositivo (SHIM et al., 2017).

Quando ocorre a utilizagdo de materiais que apresentam mudanca de
coloracdo em ambas as camadas, pode-se chamar de janela eletrocrémica
complementar. Esta € basicamente a combinagéo do estado colorido reduzido de um

material eletrocromico catédico com o estado colorido oxidado de um material
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eletrocromico anddico, proporcionando assim um aumento na intensidade de
absorcdo de luz e diminuicdo na passagem de luz solar, além de um aumento no
contraste eletrocromico (KORTZ et al., 2019).

Nesta combinacdo de materiais complementares, a oxidacdo de uma camada
ocorre simultaneamente & reducdo da outra camada, e o0s estados
coloridos/descoloridos sao coincidentes durante a reagdo. Este processo

complementar se da através da seguinte reacao:

MeO, (transparente) + xI* + xe™ & IxMeO,, (colorido)

Onde:

Me = metal, I* = ion (H* ou Li*), e = elétron, n = varia conforme o éxido

3.3.3 Funcionalidade de um dispositivo eletrocrémico

Por possuirem diversas caracteristicas favoraveis a sua utilizagdo, os
dispositivos eletrocrdmicos possuem diversas areas de aplicacdo e 0s materiais
utilizados e suas propriedades é que irdo definir a aplicacdo destes. Por sua vez, a
finalidade de aplicacdo do dispositivo € que ira determinar o modo de funcionalidade
do mesmo. Esta relagéo entre a aplicacdo e o modo de operacdo de cada dispositivo

esta representada na Figura 5.
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ESPELHO JANELA INTELIGENTE DISPLAY

g Reflexao t Transmissao g Espalhamento
especular ;
P <E difuso
< €
(a)
g Absorcao t ' Absorcao ‘ ' Absorcao

(b)

Figura 5— Funcionalidade de dispositivos eletrocromicos em dois momentos: (a) potencial nao
aplicado; (b) potencial aplicado
Fonte: GRANQVIST, 1998 — Adaptado

Um dos modos de operacao do dispositivo é atenuando a intensidade de luz a
ser refletida. Este é utilizado quando se trabalha com espelhos eletrocrémicos, onde
a luz ndo pode ser totalmente bloqueada, porém, ela ndo é refletida com sua
intensidade total. Os espelhos eletrocromicos sdo mais comumente utilizados na
indUstria automobilistica, pois oferece maior seguranca ao motorista em diversas
condi¢cbes de luminosidade, uma vez que néo ofusca a visdo (CHANG-JIAN et al.,
2018).

No caso da utilizacado dos dispositivos para janelas inteligentes, o dispositivo
funciona modulando ou diminuindo a intensidade da transmisséo, tanto da luz visivel
guanto da infravermelha, assim, diminuindo o consumo energético relacionado as
lampadas e climatizadores, ajudando nos gastos relacionados ao conforto térmico e

também visual.
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O terceiro modo de funcionamento dos dispositivos é ligado ao efeito de
memoria do dispositivo e se da de forma semelhante ao funcionamento do espelho
eletrocrémico, porém a reflexdo neste caso ocorre de forma difusa, fazendo com que
o material varie a cor observada. Esta variacdo pode perdurar mesmo apos o
fornecimento de poténcia ser cessado. Esta caracteristica faz com que o material
seja apropriado para utilizagdo em painéis eletrénicos indicativos, como displays.
Quando aplicado na confeccdo de displays, estes dispositivos apresentam ainda a
possibilidade de se trabalhar com diferentes materiais, uma vez que 0S mesmos
podem ser curvos além de planos (ONOZATO; CHO; OHTA, 2020).

A estrutura e disposicdo das camadas para dispositivos que funcionam de
modo absortivo/transmissivo é a mesma dos dispositivos absortivo/reflexivo, porém,
ao se trabalhar com reflexéo, é possivel adicionar uma camada refletiva permeavel a
ions entre a camada ativa e a camada responsavel pelo balanco de cargas, assim o
contra-eletrodo fica fora do campo de visdo e a eficiéncia da reflexdo do dispositivo é
potencializada (KNOTT et al., 2012).

3.3.4 Janelas Inteligentes
O termo “janela inteligente” foi cunhado apenas em 1985, referindo-se a

janelas que possuem caracteristicas eletrocrémicas, isto é, janelas que podem
mudar sua transmitancia sob diferentes voltagens. Pode receber também o nome de
janela eletrocrémica (SVENSSON; GRANQVIST, 1985).

O uso destas janelas passou a ser mais comum apoés estudos mostrarem que
0 gasto total de energia ligada a conforto térmico em edificios chega a faixa entre 20
e 40 %, sendo que boa parcela deste consumo esta relacionada a aparelhos
climatizadores (KAMALISARVESTANI et al., 2013). Desta forma, a ideia de diminuir
0s gastos com consumo de energia aliado ao uso sustentavel da energia fez com
que o recurso das janelas eletrocromicas fosse explorado. Estas poderiam ser
utilizadas para modificar a incidéncia da luz do sol em uma peca especifica ou até
mesmo em todo um edificio ou construgéo, assim economizando energia e evitando
poluicdo visual (ZHU; WANG, 2019).

Estudos jA mostraram que ha uma diminuicdo consideravel nos gastos
quando ha a utilizacdo deste recurso, porém, essa variacdo tem ligacdo com alguns
fatores importantes, como o tipo, a orientagcdo e localizagdo da construcdo em
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questdo. Uma vez que esta economia esta ligada ao uso de ar-condicionado, pode-
se afirmar que quanto mais quente e maior a incidéncia do sol sobre o edificio, maior
também sera esta economia (TAVARES et al., 2014).

Este controle, tanto da passagem de radiacdo solar quanto da modulacéo da
luz visivel e infravermelha, além de diminuir o uso de climatizadores, também
permite uma vista para o exterior do edificio, uma vez que dispensa a utilizacdo de
cortinas ou persianas, que teriam a finalidade de minimizar a incidéncia de luz.
Como os dispositivos eletrocrémicos trabalham com mudanca de cor, 0s mesmos
podem ser utilizados na arquitetura também para fins estéticos (DI CARLO et al.,
2018).

Todas estas vantagens fizeram com que o uso das janelas se difundisse e
fosse utilizada, além da indastria automobilistica, construcdo civil e arquitetura, que
ja fazem uso a mais tempo, em outras industrias como a empresa aérea Boeing, que
passou a utilizar vidros eletrocromicos em uma de suas linhas de avides. As janelas
sdo 25% maiores que as usuais e permitem aos passageiros modularem a

transparéncia em cinco estagios diferentes (YANG; SUN; MAI, 2016).

3.4 Contra-eletrodo

Os materiais utilizados nos dispositivos eletrocrobmicos podem ser
classificados em duas principais categorias: O0xidos de metal de transicdo em
materiais inorganicos e polimeros condutores em materiais organicos. Quando se
trabalha com materiais inorganicos, uma técnica de deposicdo mais sofisticada é
requerida com alta temperatura ou vacuo, 0 que aumenta o0 custo do processo.
Podem ainda apresentar baixas velocidades de troca de coloracdo do dispositivo
depois de montado e pouca versatilidade de ajuste de cores (WANG et al., 2020).

Uma destas camadas, o contra-eletrodo ou eletrodo secundario, é constituida
de um filme fino formado por um material com propriedade de armazenamento
(reservatorio) de ions, podendo ou ndo ser um material eletrocromico (ISLAM;
BARILE, 2019). Tem como funcdo fornecer o equilibrio de cargas intercaladas
durante o processo de coloracao/descoloracéo do dispositivo eletrocrémico. Assim, o
material deve possuir coeficiente de difusdo, capacidade de armazenamento de ions
e estabilidade eletroquimica comparaveis as da camada referente ao filme

eletrocrémico, com o fim de equilibrar as reagfes de insercéo/extracao.
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Para utilizagdo como camada de contra-eletrodo, preferencialmente s&o
utilizados materiais como Oxidos de metais de transicdo, por apresentarem
interessantes propriedades eletroquimicas, como exemplo a tolerancia para
trabalhar com eletrdlitos alcalinos e grande capacidade de armazenamento de carga
(WU et al., 2018).

3.4.1 CeO2 como contra-eletrodo

Dentre os 6xidos de metal estudados como eletrocromicos, o CeO:2 apresenta
propriedades eletrocrémicas interessantes — boa capacidade de insercao/extracao
de ions de litio e alta transparéncia 6ptica na regido visivel — e vem sendo estudado
desde o inicio da década de 90. Entretanto, o material apresenta uma taxa de
reacdo mais lenta comparada a outros materiais, o qualificando para ser utilizado
apenas como contra-eletrodo (JITTIARPORN et al., 2017). Ao se realizar estudos
focados para esta aplicacdo, foram demonstradas caracteristicas como
transmitancia de 80% e, para andlises com varios ciclos, razdo de densidade de
carga préoxima a 1,0, porém com uma queda na sua capacidade de armazenamento
de carga (AVELLANEDA; BULHOES, 2008).

Com essa investigacdo, concluiu-se que o Oxido deveria ser dopado com
outro material a fim de potencializar suas caracteristicas para tal aplicagdo, uma vez
que a substituicdo dos atomos de Ce por &tomos com menor raio atdbmico ira
aumentar o tamanho de seus poros, favorecendo o processo de conduc¢éo dos ions
Li* (SIM; PAWLICKA, 2020).

3.4.2 V205 como contra-eletrodo

Uma alternativa interessante para essa dopagem € o pentdxido de vanadio
(V20s5), composto com alto potencial de utilizagdo nestes dispositivos. Estudos deste
material para aplicacdo em dispositivos eletrocromicos revelaram sua superficie
porosa, o que permite a facil insercdo de ions de litio, caracteristica que favorece o
armazenamento de carga (LIN; TSAI; CHEN, 2008).

Estudos mais a fundo confirmaram esta alta capacidade de armazenamento
de carga, com um processo de insercao/extracao altamente reversivel e processo de

insercdo de carga rapido. Esta capacidade de armazenamento, porém nao se
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mostrou estavel a longo prazo, com uma queda na sua capacidade de litiacdo apos
diversos ciclos aplicados. Em relagdo as caracteristicas Opticas do material, por
possuir uma coloracdo amarelada caracteristica, apresenta uma baixa transmissao
visivel, tornando-se mais transparente durante o processo de insercdo de ions litio
(LOl et al., 2019).

Um estudo focado em determinar a eficiéncia eletrocromica do material
concluiu que este apresenta valores relativamente baixos em relacdo a outros
oxidos, o que sugere a utilizacdo do mesmo combinado com outros o6xidos,
equilibrando as vantagens e desvantagens de cada um dos materiais
(AVELLANEDA; BERTON; BULHOES, 2006).

3.4.3 Ce02:V205 como contra-eletrodo

Desta forma, foram testados e estudados filmes finos de Oxidos de cério
dopados com oOxidos de vanadio, esperando que o material resultante apresente as
propriedades eletrocrbmicas de cada um destes Oxidos. Estes estudos
demonstraram uma transmitancia aproximada de 88%, valores acima dos
demonstrados pelos filmes compostos pelos 6xidos ndo combinados (PICARDI et
al., 1999). Em outro estudo, verificou-se que apds a combinacdo dos 6xidos, houve
um aumento na estabilidade eletroquimica, além da capacidade de armazenamento
de carga (OREL; LAVRENCIC-STANGAR; PIHLAR, 1999). Essa melhora pode ser
explicada pela condutividade tipo-p, que ocorre pela insercdo de atomos com
deficiéncia de um elétron na estrutura cristalina, facilitando a entrada de um ion
nesta lacuna formada (WENDLING, 2011).

Através destes estudos, foi comprovada a eficiéncia da dopagem dos
materiais, uma vez que incorpora a alta transparéncia em ambos os estados
proporcionada pelo éxido de cério com a grande capacidade de armazenamento de
carga proporcionada pelo pentoxido de vanadio, tornando-os assim complementares

guando combinados.

3.5 Eletrolitos Poliméricos
Ao se trabalhar com eletrélitos, uma vertente bastante promissora sdo os

polimeros condutores, uma vez que requerem um baixo custo no processo de
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deposicéo, podendo ser feitas a temperatura ambiente. Estes tendem a apresentar
alta eficiéncia de coloracdo e uma rapida troca de coloracédo (YUKSEL et al., 2017).
Outra grande vantagem da utilizacdo destes materiais em relacdo a utilizacdo de
oxidos é o seu processo de degradacao, especialmente quando se trabalha com
biopolimeros ou polimeros naturais.

Existem basicamente dois métodos para o preparo destes polimeros
condutores: polimerizacdo quimica e eletroquimica (ZHANG et al., 2019b). A partir
da polimerizacdo quimica, utilizam-se oxidantes quimicos, resultando na formacao
de um material mais volumoso precipitado a partir da reagédo. Este envolve imersao
de um substrato solido na solucdo contendo o mondmero e oxidante
correspondente. A polimerizacdo eletroquimica implica em uma oxidacéo
eletroquimica do monémero correspondente em um eletrodo, o qual é seguido pela
precipitacdo do polimero em uma superficie (ZHANG; DONG; HU, 2018).

A escolha do material certo para ser utilizado na camada certa durante a
montagem de um dispositivo fara toda a diferenca nos resultados finais e na
eficiéncia do mesmo. Uma das camadas dos dispositivos a ser estudada é o
eletrdlito e este pode apresentar diferentes composi¢des, que variam em funcdo da
funcionalidade buscada no dispositivo.

Grande parte dos eletrolitos sdo formados por solventes e sais que ionizam
para fornecer os ions necessarios ao sistema. Estes podem ser divididos em trés
classes: liquidos, solidos inorgéanicos e poliméricos. Os primeiros estudos de
eletrélitos levavam a utilizacdo de eletrolitos liquidos. Estes sdo solucbes de sais,
geralmente de litio, em solventes organicos aproticos. Podem ser utilizados liquidos
como carbonato de propileno, carbonato de etileno ou dimetilcarbonato para
dissolver os sais de litio (CANNAVALE et al., 2016).

Entretanto, eletrdlitos liquidos tendem a reagir com os eletrodos, o que leva a
uma diminuicdo no tempo de vida util da célula, uma propriedade determinante na
fabricacdo de dispositivos. Estes também exigem um maior custo para a montagem
do dispositivo, uma vez que sua estrutura deve prevenir vazamentos. Ambas as
desvantagens citadas podem ser determinantes na escolha pela ndo utilizacdo de
eletrolitos liquidos, uma vez que também apresentam riscos em termos de

seguranca (JIN et al., 2018).
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A fim de substituir e descobrir uma forma de amenizar estes problemas foram
estudadas novas formas de se trabalhar com eletrélitos. Os primeiros materiais
utilizados foram os eletrélitos de géis poliméricos. Estes sdo basicamente materiais
poliméricos que possuem uma adicdo significante de plastificante. Por apresentar
bastante vantagens, foram adaptadas para sistemas eletroquimicos como baterias
ion-litio e aplicagBes eletrocrédmicas (SUN et al., 2016).

Algumas destas vantagens apresentadas em relacdo aos eletrélitos liquidos
sao a facilidade no processamento, a vasta gama de temperatura de trabalho, a boa
aderéncia das outras duas camadas do dispositivo que estdo em contato com esta e
a seguranca contra possiveis choques e vazamentos, aumentando assim a
estabilidade da célula em longo prazo (SENEVIRATHNE; SENEVIRATNE;
ILEPERUMA, 2018).

O eletrdlito deve apresentar a capacidade de doar elétrons, possuir uma longa
durabilidade ciclica dentro da faixa de temperatura a que o dispositivo podera ser
submetido, estabilidade quimica e eletroquimica dentro da faixa de potencial com
gue se deseja trabalhar, um baixo custo, visto que esta é uma das principais
vantagens do uso destes eletrdlitos, e uma transparéncia Optica, principal
caracteristica das janelas inteligentes. Em relacdo a condutividade i6nica, buscam-
se valores semelhantes a de eletrdlitos liquidos. Idealmente, esta condutividade
deve estar na ordem de 10 S.cm'* (CHOLANT et al., 2020a).

Estes eletrélitos poliméricos tém como principal desvantagem a dificuldade de
se manter uma estabilidade quimica e eletroquimica, por isso € importante que haja
um estudo do polimero certo para uso e da possivel dopagem do mesmo
(CHOLANT et al., 2020b). Diversos estudos com diferentes materiais podem ser
encontrados relatados na literatura, entre eles podem-se citar alguns polimeros
sintéticos como PEO (MATHELA et al., 2022), poli (acido acrilico) (PAA) (WANG;
YAO; NIU, 2020), polimetilmetacrilato (PMMA) (LEE et al., 2020), poli (fluoreto de
vinilideno) (PVDF) (LIU et al., 2022a) e poliacrilonitrila (PAN) (LIU et al., 2022a),
além de materiais baseados em biopolimeros como goma arabica (CHOLANT et al.,
2020a), goma xantana (CALDEIRA et al., 2018), pectina (MUTHUKRISHNAN et al.,
2019) e celulose (MONISHA et al., 2017).
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3.5.1 Fonte de ions

Uma das principais caracteristicas desejadas em um eletrdlito é a sua
capacidade de conduzir ions entre os eletrodos. Assim, na confeccdo do mesmo,
uma parcela importante é o material responsavel pela conducdo ibnica. Em
polimeros, a condutividade idnica € basicamente a movimentagéo dos ions ao longo
da matriz polimérica (MANJUNATHA et al., 2018).

Diferentemente do que se pensava inicialmente, o transporte i6nico nos
eletrdlitos poliméricos ocorre na fase amorfa da matriz polimérica, e ndo na fase
cristalina (UTPALLA et al., 2019).

Alguns fatores sdo determinantes para que o material apresente uma boa

conducéao ibnica, entre eles, pode-se citar (AHMAD, 2015):

o Concentracao das espécies ibnicas condutoras;
. Tipo de portador de carga (anddico ou catédico);
. Mobilidade dos portadores de carga;

. Temperatura.

Solvatacdo € o fenbmeno responsavel pelo transporte ibnico. Os cations
provenientes da dissociacdo do sal coordenam-se com doares de elétrons capazes
de solvata-los, podendo estes ser da mesma cadeia ou entdo de cadeias poliméricas
diferentes (ONG et al., 2015).

Um dos fatores que facilitam esta insercdo e a movimentacao dos céations na
rede polimérica é o pequeno tamanho destes, por isso geralmente séo utilizados Li*
(ARYA; SHARMA, 2017). Além de ser um doador que apresenta pequeno raio
atdbmico, o Li* também apresenta relativa estabilidade quimica, diferentemente do
H*, por exemplo, que apesar de possuir um raio atbmico menor, é suscetivel a
reacOes ao receber carga (SHAHI; ARUNAN, 2014). Por outro lado, utilizagdo do litio
apresenta a desvantagem da questao socioambiental, uma vez que desafios surgem
em relacdo ao descarte deste material, principalmente relacionado a utilizacdo de
baterias a base de litio. Apesar da legislacdo brasileira compreender a remediacéo
deste problema através da Politica Nacional dos Residuos Sdlidos, o descarte e
coleta destes materiais ainda configuram um desafio a ser resolvido. Desta forma, é
importante sempre equilibrar os beneficios da utilizacdo do litio como precursor de
ions com as desvantagens do mesmo, sempre prezando pela utilizacdo de uma
guantidade otimizada do material, a fim de gerar menos impacto ambiental.
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A relacéo entre a conducao ibnica e a concentracdo do portador de carga
adicionado ao eletrélito existe, mas ndo € diretamente proporcional. Diferentes
fatores estédo ligados ao aumento na conducdo. A presenca do sal dissolvido na
matriz polimérica faz com que a condutividade aumente devido a adicdo de
portadores de carga. Porém, conforme se adiciona mais sal ao material, os possiveis
“locais de hospedagem” do polimero comegam a ficar indisponiveis. Quando ocorre
um aumento excessivo nesta concentracdo de sal, 0 niumero de ions que podem
interagir entre si também aumenta, levando a uma maior ocorréncia de agregados
ibnicos e diminuicdo das espécies portadoras de carga efetivamente. Isto acaba
levando a uma perda de mobilidade, o que significa uma diminuicdo da
condutividade (POOSAPATI et al., 2019).

Assim, ndo basta apenas adicionar sal ao polimero esperando um aumento
da condutividade. A concentracdo do sal ideal deve ser encontrada com objetivo de
maximizar esta capacidade de conducdo do material. O objetivo € achar o valor
maximo de sal que pode ser adicionado, sem que ocorram interacdes do tipo ion-ion
(SMIATEK; HEUER; WINTER, 2018). Em alguns estudos realizados utilizando
LiClO4, este efeito causado pela saturacdo de sal € demonstrado e pode ser
explicado pela presenca de um grande numero de agregados de multiplos ions Li* e
ClO4 no sistema eletrolitico (NGAMAROONCHOTE; CHOTSUWAN, 2016).

3.5.2 Plastificantes

Além de adicionar o sal ao polimero e estudar a concentracdo 6tima deste, ha
outra forma de melhorar este material, que € adicionando um plastificante. Este
material, a0 mudar a organizacdo molecular da rede polimérica, acaba aumentando
o volume livre desta rede. Com mais espaco livre, os ions encontram mais caminhos
e sua mobilidade aumenta. Com a mobilidade maior, a condutividade i6nica do
material aumenta (HAN et al., 2019).

Os plastificantes trabalham através da separacéo das cargas complexadas do
polimero, o que promove uma dissociagdo do sal. Com isso, pode-se adicionar mais
sal ao material, uma vez que a presenca do plastificante diminui a chance de pares
idnicos serem formados e, consequentemente, uma saturagdo de cargas ocorrer (LI,
2018).
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Os materiais que possuem adi¢cado de um plastificante sofrem uma diminuicao
de suas atracdes intermoleculares entre cadeias poliméricas, isso faz com que o
mesmo mostre alteracdes em suas propriedades fisicas e mecanicas, aumentando
sua flexibilidade, capacidade de trabalho e mobilidade de cargas (LAU; KAHAR;
YUSRINA, 2021).

Outras propriedades que sofrem alteragbes sao a diminuicdo da resisténcia
mecanica, o modulo de elasticidade, a cristalinidade e a temperatura de transicao
vitrea.

Na escolha do plastificante, devem-se levar em conta fatores como a
eficiéncia na mudanca das propriedades desejadas, a otimizagao dos efeitos sobre
as propriedades naturais do polimero, a capacidade de se misturar ao polimero de
forma uniforme e de permanecer na massa polimérica durante todo o tempo de vida
atil do material (COSTA et al., 2017). Pode-se citar como exemplos de plastificantes:
carbonato de etileno, carbonato de propileno, carbonato de dietila e gama-
butirolactona (SUBBU et al., 2016).

3.5.3 Polimeros

Ao se trabalhar com eletrélitos poliméricos, a escolha mais importante é o
proprio polimero a ser utilizado, uma vez que a compatibilidade e a sinergia deste
com a fonte de ions e com o plastificante escolhidos sera determinante para as
propriedades finais do eletrélito obtido.

O termo polimero pode ser dividido em duas partes: meros, que sao as
unidades de repeticdo e poli, por estas unidades se repetirem muitas vezes,
enguanto uma molécula formada por uma unica unidade de repeticdo € denominada
mondmero. Quando é formada uma macromolécula a partir da repeticdo (geralmente
dezenas de milhares de vezes) deste mero através de ligagBes covalentes, esta
recebe a denominagéo de polimero (LIU et al., 2020).

Inicialmente tratados como isolantes elétricos, os polimeros passaram a ser
estudados como condutores por acaso, porém, logo se mostraram promissores para
utilizagdo nesta area. Estes polimeros ainda apresentam a capacidade de dissolver
sais inorganicos, logo, gerando cargas e promovendo a condutividade i6nica
(MEDEIROS et al., 2012).
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O fato de eletrélitos necessitarem de caracteristicas especificas fez com que
se passasse a estudar maneiras de modificar propriedades especificas dos
polimeros envolvidos nesta confeccdo, sejam através de processos fisicos ou de
processos quimicos. Buscam-se principalmente membranas que possibilitem a
adesdo entre as camadas de dispositivos, sejam de vidro ou metal, além de
propriedades épticas e mecanicas interessantes para uso (BALAKRISHNAN et al.,
2021).

Quando os polimeros sao obtidos através de modificacées ou sdo produzidos
completamente de forma artificial, passam a ser chamados de polimeros sintéticos.
Estes surgem a partir de reacdes de polimerizacdo, onde o monémero é unido a
outro monbmero, e assim sucessivamente, até obter-se uma grande cadeia
polimérica (TIAN et al., 2012).

Apresentam uma estrutura mais simples, com pesos moleculares mais baixos
e sdo mais estiveis termicamente. Possuem varias propriedades mecanicas a
serem observadas e podem ser classificados basicamente em: plasticos, tecidos,

elastémeros e silicones (ZHANG et al., 2019a).

3.5.4 Biopolimeros

Biopolimeros ou polimeros naturais sdo uma classe de materiais que se
apresentam naturalmente, com sua formac&do ocorrendo durante o ciclo de
crescimento de organismos vivos, nao necessitando de uma sintetizacdo ou
intervencao (UPADHYE et al., 2022). Estes se ddo como borrachas, polissacarideos
e proteinas. Possuem uma menor estabilidade quando submetidos a temperaturas
altas e por serem naturais, apresentam baixa toxicidade, baixo custo e um carater
ecologico (DETSI et al., 2020).

A propriedade biodegradavel destes polimeros se caracteriza pela mudanca
na estrutura quimica causada por atividade biolégica, e se torna relevante pelo
menor tempo necessario para degradacdo do material e pela menor quantidade de
residuos, uma vez que o plastico sintético degrada estes em plasticos menores,
tornando o processo mais lento (MARIANO-TORRES; LOPEZ-MARURE;
DOMIGUEZ-SANCHEZ, 2015). Outro fator que reforca o apelo pela utilizacdo dos

biopolimeros é sua fonte de matriz renovavel, uma vez que politicas de
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desenvolvimento sdo cada vez mais fortes em relacdo a limitacdo crescente da
disponibilidade de matéria-prima fossil.

Possuem as caracteristicas de solubilidade em agua, podendo emulsificar
0leos e modificar superficies, além de possuir altas viscosidades. Tudo iSso 0s
qualificam para utilizacdo na industria de tintas, industria téxtil e de cosméticos
(BABU; O'CONNOR; SEERAM, 2013).

Os polimeros naturais vém recebendo bastante atencdo na area eletronica,
principalmente na confeccéo de eletrdlitos e na utilizacdo destes para a melhoria de
outros eletrélitos, muito pelo fato de apresentarem pares de elétrons livres e
interagiram com sais inorganicos (KUMAR; RANWA; KUMAR, 2019).

Desta forma, tanto os polimeros naturais quanto os sintéticos apresentam
vantagens e desvantagens importantes, e a escolha pelo uso de um ou outro esta
condicionada a aplicacao final deste e as propriedades desejadas. Uma saida para
chegar ao produto desejado € a utilizacdo de ambos estados poliméricos, obtendo-
se assim o chamado polimero biomodificado (GERMERSHAUS et al., 2015).

3.5.4.1 Acetato de Celulose

Um dos exemplos de polimeros biomodificados muito utilizados no mercado é
0 acetato de celulose. Este € um derivado da celulose e possui importancia na
utilizacdo em fibras, plasticos e filtro para cigarro.

A celulose é um polimero natural linear semicristalino, com regides cristalinas
e regides amorfas, com alta massa molecular e com a unidade repetitiva sendo
formada de unidades glicosidicas (SHARMA et al., 2019). Sua estrutura pode ser
vista na Figura 6. Possui caracteristicas especificas que |lhe proporcionam papel
importante na formacao de fibras, como a possibilidade de uma elongacéo da cadeia
polimérica e uma formacdo que o induz a uma menor energia (JAUHARI et al.,
2019).
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Figura 6—Estrutura da celulose
Fonte: Adaptado de SENNA (2011)

Apesar de ser abundante na natureza e possuir carater renovavel, o tornando
um polimero sustentavel, a utilizacdo do mesmo na industria é limitado, uma vez que
este apresenta dificuldades de interacdo com outros precursores. Visando melhorar
este fator, comecou-se a testar formas de modificar a superficie do polimero através
de reacdes quimicas (ABUSHAMMALA; MAO, 2019).

Uma destas modificacOes é feita através da acetilacdo da celulose, seja pelo
método heterogéneo ou pelo homogéneo. Em ambos os métodos, a reacdo da
celulose ocorre através de uma mistura com acido acético e anidrido acético, na
presenca de um &cido (sulfurico ou perclérico) como catalisador. Na acetilacédo
homogénea, a celulose se solubiliza no meio reacional, causando mudancas na
morfologia de suas fibras, uma vez que ocorre o rompimento das interacdes entre
cadeias adjacentes. Ja na acetilacdo heterogénea (ou processo fibroso), devido a
presenca do agente nao inchante (tolueno), o acetato permanece insolluvel, ndo
ocorrendo assim mudancas significativas na morfologia das fibras (QUINTANA et al.,
2018). Nesta reacao, substituem-se os grupos hidroxila das unidades de glicose por
grupos acetila (Figura 7). Assim, as cadeias tornam-se mais hidrofébicas, as
interacbes intermoleculares tornam-se menos intensas e pode-se provocar a
dissolugcéo devido ao rompimento destas interagcdes, permitindo ao material uma

dissolugcéo em solventes convencionais (SENNA, 2011).
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Figura 7—Estrutura do acetato de celulose
Fonte: Adaptado de CERQUEIRA et al., (2010)

O acetato de celulose resultante gera entdo um polimero neutro, a baixo custo
e com capacidade de formar filmes transparentes (CERQUEIRA et al., 2010). A
utilizacdo do acetato de celulose tem por principal foco de utilizagdo o preparo de
membranas, isto €, flmes que permitem uma seletividade e permeabilidade em
relacdo a ions. Outras areas de interesse sdo nha incorporacdo de polimeros
condutores, podendo ser utilizado em dispositivos eletrbnicos e eletrocromicos
(AKBARZADEH; SHOCKRAVI; VATANPOUR, 2021).

3.6 Intemperismo

Dispositivos eletrocrébmicos como janelas inteligentes sdo usualmente
utilizados no exterior de prédios e construcfes. Assim, além de apresentar boas
propriedades eletroquimicas e eletrocrdmicas, como transparéncia, armazenamento
de ions, condutividade e estabilidade, é essencial que estes materiais apresentem
uma boa performance a longo prazo, mantendo um grande serviceability, termo
cunhado pelo American Society for Testing and Materials (ASTM, 1996), e que esta
relacionado a capacidade de um material ser utilizado sem perder sua manutencao
ao longo de um periodo de tempo, ou seja, manter a capacidade de desempenhar
sua funcdo (CZANDERNA et al., 1999). Pela exposi¢éo a fatores climaticos como luz
solar, vento e umidade, estes dispositivos estdo sujeitos a terem sua durabilidade
reduzida ao longo do tempo, o que torna tdo necessario um entendimento sobre a
influéncia destas condicbes no comportamento eletroquimico e morfologico dos

filmes a longo prazo.
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Pela dificuldade imposta experimentalmente para a realizagcdo deste tipo de
estudo, uma alternativa vidvel é a utlizacdo de camaras simuladoras de
intemperismo, como exemplo a Figura 8. Estas sdo camaras que expdem um
material a condicbes préoximas ao intemperismo natural causado por fatores
climaticos, utilizando tecnologias analogas aos naturais. Para tal, faz-se uso de
lampadas fluorescentes para simular a radiacdo ultravioleta da Iluz solar,
condensacdo forcada para simular umidade oriunda de chuva e orvalho, e

aguecedores para simular variacdes de temperatura.

Figura 8— Camara de intemperismo acelerado
Fonte: https://www.g-lab.com/

Apesar da importancia destes testes, existem variaveis relacionadas ao tipo
de funcdo a ser desempenhada e as condicGes relacionadas a essa funcéo,
havendo, portanto, regras e padrées especificos para cada camara. A utilizacédo e
programacao da camara utilizada esta relacionada diretamente ao tipo de exposi¢ao
desejada e ao tipo de material a ser estudado. Usualmente, as camaras sao
programadas com normas especificas para os diferentes tipos de materiais:
plasticos, revestimentos, materiais automotivos, materiais de cobertura, madeira e
materiais de revestimento com exposi¢cdo de alta irradiancia, sendo este ultimo o
mais apropriado para testes em filmes finos utilizados em dispositivos
eletrocromicos.

Partindo desta determinagdo, a ASTM (American Society for Testing and

Materials) fornece padrdes especificos para tal simulacdo, como a designacdo G
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154-06 — Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp
Apparatus for Exposure of Nonmetallic Materials, Ciclo 6, que visa adequar o0s
parametros da camara a materiais usados para revestimento e com alta taxa de
exposicao. Este ciclo especifico utiliza uma lampada UVA-340 com uma irradiancia
tipica de 1,55 W.m2.nm* em comprimento de onda aproximado de 340 nm, assim,
cada dia de exposicdo na camara equivale a 12 dias de exposicdo a condi¢cdes
externas (ASTM, 2006). As especificacdes de cada ciclo estdo descritas na Tabela
1.

Tabelal— Parametros de diferentes ciclos programaveis para simulacdo de intemperismo

. . . o Comprimento de ) _
Ciclo Lampada Irradiacéo Tipica _ Ciclo de exposicéo
onda aproximado

8 h UV - 60 (+ 3) °C

1 UVA-340 0,89 W.m2.nm1 340 nm
4 h Condensacéo - 50 (= 3) °C
4hUV-60(x3)°C
2 UVB-313 0,71 W.m2.nm1 310 nm
4 h Condensacéo - 50 (= 3) °C
8hUV-70(£3)°C
3 uUvB-313 0,49 W.m=2.nm- 310 nm
4 h Condensagéo - 50 (= 3) °C
8hUV-70(x3)°C
4 UVA-340 1,55 W.m2.nm1 340 nm
4 h Condensacéo - 50 (+ 3) °C
20h UV -80 (£ 3)°C
5 UVB-313 0,62 W.m=2.nm-? 310 nm
4 h Condensacéo - 50 (+ 3) °C
8hUV-60(x3)°C
6 UVA-340 1,55 W.m2.nm1 340 nm

4 h Condensacéo - 50 (= 3) °C

8hUV-60(+3)°C
7 UVA-340 1,55 W.m2.nm-? 340 nm 0,25 h spray de agua
3,75 h Condensacéo - 50 (+ 3) °C

8hUV-70(+3)°C
4 h Condensacéao - 50 (= 3) °C

8 UVB-313 28 W.m=2 270 a 700 nm

Fonte: ASTM, 2006 - Adaptado
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4 Artigos

Os resultados e metodologias referentes ao desenvolvimento do presente
trabalho estdo descritos conforme os artigos produzidos durante o periodo de
pesquisa e sao apresentados a seguir. Dos artigos desenvolvidos, 2 foram
publicados e séo relacionados ao estudo dos filmes finos como contra-eletrodo, 1
artigo a ser publicado foi produzido relacionado ao estudo de eletrélitos géis

poliméricos e 1 artigo publicado é referente ao Periodo Sanduiche realizado na

University of Surrey através da bolsa CAPES-PRInt.
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4.1 Artigo 1

O artigo intitulado “Electrochemical, UV-Vis, and microscopical
characteristics of sol-gel CeO2:V205 thin film” & apresentado conforme
publicado na Revista Journal of Materials Science: Materials in Electronics, ISSN:

0957-4522, classificacdo A2 na area de Materiais.
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Abstract

Cerium dioxide (CeO,) and cerium dioxide doped with vanadium pentoxide (CeO:V.0s) were synthesized from sol-gel
precursors and deposited by spin coating on a conductive glass substrate (FTO). The films with different concentration of
dopant and number of deposited layers were studied throughout cyclic voltammetry (CV), chronoamperometry/chronocou-
lometry, atomic force microscopy (AFM), scanning electron microscopy (SEM), and UV-Vis spectroscopy. The best value
of charge density of 18.9 mC cm 2 was obtained for CeO, doped with 15 mol% of V.Os film. The chemical diffusion coef-
ficient of lithium ions into CeO, was 1.73 x 10" '? and Ce02:V,0s 15 mol% 6.75 x 10713 cm?s™!. This film presented 79%
of transparency in UV-Vis and 5% color change under = 1.3 V of applied potentials. Structural analyses revealed its homo-
geneous surface and the root mean-squared roughness (RMS) value of 9.42 nm. Based on the obtained results, CeO; doped
with 15 mol% V-Os film is a promising thin coating for the use in electrochromic devices as a passive counter-electrode.

1 Introduction

Cerium dioxide (CeQy) thin films have a property of being
electrochemically active but optically passive [1, 2]. There-
fore, they have been studied in the last 20 years as materials
for passive electrodes, mainly counter-electrode, in electro-
chemical devices. For example, in electrochromic devices
the counter-electrode thin films have a function of storing
ions. During the process of coloration/discoloration of these
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devices occurs a charge exchange in the electrochromic film
layer, and the counter-electrode is responsible for compensa-
tion of these charges [3]. CeO thin films have high optical
transparency in the visible region and a structure with large
pores and no cracks that allows easy passage of ions during
their intercalation and deintercalation [4]. From the other
hand, CeO; thin films have a slowest reaction rate when
compared to other materials [5, 6]. Moreover, cerium diox-
ide films present a decrease of the ion storage capacity over

A. Pawlicka
agnieszka@igsc.usp.br

Centro de Desenvolvimento Tecnolégico - CDTec,
Universidade Federal de Pelotas, Rua Gomes Carneiro 1,
Centro, Pelotas, RS 96010-610, Brazil

Centro de Ciéncias Quimicas, Farmacéuticas e de Alimentos
- CCQFA, Universidade Federal de Pelotas, Campus Capéo
do Ledo, Pelotas, RS 96160-000, Brazil

Departamento de Fisica, Centro Politécnico, Universidade
Federal do Parand, C.P. 19044, Curitiba, PR 81531-990,
Brazil

Universidade Federal do Pampa, Rua Travessa 45 No. 1650,
Bagé, RS 96413-170, Brazil

5 1QSC-USP, Av. Trabalhador Sdocarlense 400, S3o Carlos,
SP 13566-590, Brazil

48



Journal of Materials Science: Materials in Electronics (2018) 29:16911-16920

16913

time, a common problem with transition metal oxides [7].
Therefore, seeking to enhance electrochemical properties
of CeO, Baudry et al. [8] have proposed its doping with
TiO,, which resulted in more electrochemically stable films.
After that, other modifications of CeO, films were devel-
oped, and among them Krasovec et al. [9] have reported
on doping cerium dioxide films with vanadium pentoxide
by the sol-gel route. They have obtained tetragonal crys-
tal structure, determined by X-ray diffraction, that acted
as ion storage material. Moreover, the small color changes
(color efficiency of about 0.1-0.5 cm? C!) qualified it to
be applied as counter electrode in electrochromic devices.
Masetti et al. [6] have studied mixed cerium—vanadium
oxides obtained by radio reactive frequency sputtering. As
the main result, they have registered 30 mC cm™2 of lithium
ions inserted charge and a total charge of 60 mC cm ™2 dur-
ing a reversible electrochemical cycling in the 1-5 V poten-
tial range versus Li. They did not observe any degradation,
but probably due to the 1:1 of CeO, to V,0Os ratio in target
powders there was a color change from yellow to transpar-
ent. Malini and Sanjeeviraja have also reported on vana-
dium—cerium mixed oxides, deposited by radio frequency
magnetron sputtering in a pure argon atmosphere and using
CeO; to V,0s target compositions of 1:1 and 1:2 [10]. They
have shown that this material is a good electrode for electro-
chromic devices because of its passive optical behavior and
good charge capacity. More recently, aiming to advance on
understanding ceria-based materials, Bishop et al. [11] have
studied chemical expansion and oxygen non-stoichiometry
behavior of 10 mol% gadolinium doped cerium oxide and
undoped ceria as a function of partial pressure of oxygen
at 800 °C. As a conclusion, they stated that cerium-based
oxides display considerable chemical expansions, which
must be considered for their use in electrochemical devices
such as solid oxide fuel cells and ceramic oxygen generators.
More recently, Temerk and Ibrahim have studied glassy car-
bon paste electrode modified with indium doped CeO; [12]
and boron doped CeO; nanoparticles [13] for selective and
sensitive electrochemical detection of uric acid (UA). The
authors have shown that modified electrode of indium (In)
doped CeO; had better catalytic activity toward the detection
of uric acid than the undoped CeO: electrode. Additionally,
both In and B modified electrodes showed very good selec-
tivity for electrochemical determination of UA. In summary,
obtained sensor revealed fast response, high sensitivity, and
acceptable reproducibility.

Aiming to advance on studies of CeO, doped materi-
als, vanadium pentoxide (V20s) was chosen because of its
high capacity of ion storage and a reversible coloration in
the visible spectrum range under insertion of lithium ions
[14]. Besides this, V.05 is known as material that under-
goes semiconductor—metal phase transition at 257 °C and
also changes its optical properties when doped with lithium,

molybdenum or tungsten [15]. The present study focuses
on new, cerium—vanadium mixed oxides thin films and the
possibility of their applications in modern electronics. To
show the advantage of this new material, CeO2:V20s films
were synthesized, by sol-gel method, with different con-
centrations of dopant and had different number of deposited
layers. All these films were analyzed by cyclic voltammetry
and chronoamperometry/chronocoulometry, and after choos-
ing the best film, in terms of electrochemical performance,
there were performed more electrochemical, morphologic,
and optical-electrochemical analyses.

1 Experimental
I.1 Preparation of the sols and thin films

To obtain cerium-based sol, 0.56 g of cerium chloride hep-
tahydrate (CeCls-7H20; Sigma-Aldrich), 0.58 g of citric
acid (CsHsO7; Synth), and 10 mL of ethyl alcohol (CzHgO;
Synth) were maintained under stirring for 30 min. To obtain
cerium—vanadium-based sol, 5, 10, 15, 20, and 25 mol% of
vanadium isopropoxide (OV(OCH(CHa)2)s; Alfa Aesar) was
added to cerium-based sol and the resulting solution was
stirred for 10 min.

Thin films were deposited by spin-coating technique
(Chemat Technology Spin-Coater KW-4A) on a FTO (fluo-
rine tin oxide; Pilkington) conductive glass substrate. A first
spin cycle was at 500 rpm for 3 s and a second at 2000 rpm
for 30 s. Immediately after the deposition, the films were
submitted to a heat treatment at 450 °C for 30 min for each
deposited layer.

1.2 Characterization of thin films

Electrochemical measurements were done in an electro-
chemical cell with three electrodes, where a working elec-
trode was a CeO,:V20s film, a reference electrode was a
silver wire, and a counter-electrode was a platinum foil of
1 cm?. The electrolyte was a 0.1 mol L™! lithium perchlo-
rate (LiClO4; Vetec) dissolved in propylene carbonate (PC;
Sigma-Aldrich). These measurements were controlled by
potentiostat/galvanostat Autolab PGSTAT 302N.

The morphological properties were studied with the
atomic force microscopy (AFM; Agilent Technologies
5500) and scanning electron microscopy (SEM; JOEL JSM-
6610LV) equipment.

The optical measurements were done with Cary 100
UV-Vis spectrometer (Agilent Technologies), operating in
a wavelength range between 320 and 800 nm.

X-ray diffraction patterns were collected from X-ray dif-
fractometer (Rigaku Ultima IV diffractometer), operating
with a radiation source of CuKa (A=1.5406 A). The applied
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voltage was of 40 kV, a current of 20 mA, a 26 scan range of

20°-70°, and scanning speed of 2° min™".

1 Results and discussion

The influence of V,0s on the charge capacity of the CeO,
film was studied by potentiostatic step and the obtained
results are depicted in Fig. 1a. Chronocoulometric meas-
urements were performed at a potential of — 1.25 V (inter-
calation) and + 1.25 V (deintercalation) applied during 60 s
to the film composed of five layers. Figure la shows that
an increase of the amount of dopant leads to an increase
of the charge density of CeO,:V,0s, reaching a maximum
value of 17.6 (+ 1) mC cm ™2 for CeO film with 15 mol% of
V,0s. Masetti et al. [6] have registered the charge density of
about 30 mC cm™2 for the films obtained by reactive radio
frequency sputtering and having as a targets mixed powder
of Ce0,:V,0s with ratio of 1:1. In the present study, higher
quantity of V,Os promotes a decrease of the charge den-
sity, which may mean a possible saturation of the dopant
as observed for films of NiO:V20s [16]. The influence of
number of layers on the charge density of CeO, and CeO;
with 15 mol% V205 films is shown in Fig. 1b. This figure
shows that the best charge density response of 18.9 (+ 1)
mC cm 2 is obtained with five layers CeO film doped with
15 mol% of V,0s, and the best value among the undoped
CeO; film is of 7.5 mC cm™2 for the one with three layers
(Fig. 1b). From this figure it is clearly seen that not only the
film composition but also the number of film layers impact
on the charge density values of the CeO, doped films as in
Ce02/Sn0; thin films [17]. Similar behavior was already
observed for V05 thin films doped with Nb2Os [18]. This
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is probably due to increased resistance of semi-conductor
film, which is a result of increased thickness.

Aiming to verify the behavior of the electroactive species,
thin films of CeO; and Ce0,:V20s 15 mol% were subjected
to impedance analyses under applied different potentials.
The Nyquist curves are plotted in Fig. 2 and consist mainly
of linear region associated with Warburg diffusion. The
straight lines have a slop close to 45°, especially for the
applied lower potentials, and this behavior is more consistent
for the samples doped with V,0s. This is an indication that
the mass transport of the oxidized/reduced species in both
films is given by diffusion [19].

Figure 3 shows cyclic voltammograms of CeO, and
Ce02:V,0s films with different dopant concentrations; all
the films are composed of five layers. At the first look, these
voltammograms are different of the ones published by other
authors [6, 10], which can be due to the different methods
used to obtain the films and because they have different
structures. In present study, the applied cathodic and anodic
potentials were of — 1.3 and + 1.3 V, respectively, and the
scan rate was 50 mV s!. CeO; film doped with 15 mol% of
V,0s presents a larger area than the other ones, which means
a better electrochemical performance, i.e., an easy way to
ion charge transfer process [20]. Moreover, there is a large
anodic peak, with maximum at — 0.5 V, for pure CeO; thin
film that corresponds to extraction of ions, but the cathodic
peak is absent [2]. The addition of vanadium pentoxide to
CeO; thin film promotes an increase of current density and
shift of anodic peak to more positive values. For example,
the anodic peak maximum of CeO2:V20s thin film with
5 mol% of V,0s is observed at — 0.25 V and with 15 mol%
at —0.15 V. Anodic peaks of films with 10 and 20 mol%
of V205 are more pronounced and have maxima at 0.05 V.
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Fig. 1 Charge density of the thin films as a function of a concentration of V20s as dopant for a five layers’ thin film and b number of deposited

layers for CeO2 and Ce02:V20s with 15 mol% films
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Fig. 3 Cyclic voltammetry of CeO2:V20s films as a function of V20s
concentration (mol%). Comparison of CeO2 and CeO2:V20s voltam-
mograms in inset

This shift of anodic peak can be due to either some change
in film resistance, as already observed for NiOy thin films
[21], or the influence of V205 on electrochemical behavior
of Ce0,:V-0s because of similar V205 voltammogram [22].
These only two films also show cathodic peaks centered
at — 0.8 and — 0.6 V, which is very similar to the results
obtained for CeO,-TiO; [23] and CeO,-TiO>-ZrO; [24]
thin films obtained by sol-gel method. Other films display
only increase of cathodic currents as a function of increase
of V>0s doping, resembling to films of Nb,Os-TiO, [25] or
szOs, szOsZLi+ZV205, and Nb205ZLi+ [26].

A comparison of cyclic voltammograms of undoped and
15 mol% V,0s doped CeO, films reveals an increase of the
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g.2 Nyquist plots of CeO2 (a) and CeO2:V20s 15 mol% (b) thin films at different applied potentials

cathodic current, starting at the potential near to — 0.50 V,
for the undoped film (Fig. 3 inset). In the anodic direction
of the scan, there is a large wave with a small peak maxi-
mum at —0.25 V and current density of 0.08 mA cm™2, after
which the current density decreases and begins increasing
again at the potential of — 1.3 V. For the doped film, this
increase of the cathodic current values occurs at the potential
of 0 V and reaches a maximum value of anodic current at
the potential of 0.15 V. There is an anodic peak with cur-
rent density equal to 0.24 mA cm 2. The difference between
both voltammograms consists in their area, peaks and the
current density values. The increase of the voltammogram
area of the doped film relative to the undoped film means
that the chemical structure of the film offers an easier way
for the ion charge transfer process [20]. Both, the cathodic
and the anodic, peaks are related to the reduction and oxida-
tion of the compounds, respectively. In this specific case, the
cathodic peaks suggest the reduction from Ce** to Ce®" as
well as the reduction of V®* to V**. On the other hand, the
anodic peaks represent the opposite phenomenon, i.e., the
oxidation of Ce®* to Ce** and V** to V>* [27].

In order to study Li* diffusivity in films of CeO, (Fig. 4a)
and CeO>-V70s (Fig. 4b), the samples were subjected to
cyclic voltammetry measurements at different scan rates of
2, 5, 10, 20, 30, 40, 50, and 100 mV s .. In Fig. 4a, b the
anodic peaks and cathodic current maxima (at — 1.3 V) and
their separation increase with increasing scan rate. Ran-
dles—Sevcik equation (Eq. 1), which describes the relation-
ship between the peak current (ip) and square root of the scan
rate (v2) [28], is then applied to determine the chemical
diffusion coefficient of the Li* ion in CeO, and CeO,:V,0s
films.
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Fig. 4 Second cycle of the cyclic voltammetries for CeO, and Ce02:V20s with 15 mol% films at different scan rates

iy =272 x10° X PTx B*¥x C o X7, (1)
-2

where ip is a peak current (A cm ), n is the number of
transferred electrons, A is the electrode area (cm?), D is

the diffusion coefficient (cm?s™!), Cy is the concentration

(mol cm ), and v is the scan rate (V s ). Furthermore, ip

increases with v and is directly proportional to concentra-
tion. This relationship becomes particularly important in the
study of electrode mechanisms. The ratio of iy, to iy (anodic
and cathodic peak currents, respectively) should be close to
one; however, chemical reactions coupled to the electrode
process can significantly alter the ratio of peak currents.
Moreover, in present study most of voltammograms have
only an increase of the cathodic current instead of peaks, so
the values of ipa versus maximum of cathodic current densi-
ties, that are of about 0.8 for CeO- and 0.4 for CeO,:V20s
15 mol%, are not totally exact. To obtain chemical diffu-
sion coefficient of lithium ions a plot of normalized peak

0.4
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current values as a function of the square root of the scan
rate (v'2) of CeO; and CeO02:V,Os films is shown in Fig. 5a,

b, respectlvely The obtalned values are of 1.73x 107! and
6.75x 1073 cm? s7! for CeO; and Ce02:V.0s 15 mol%,
respectively. Pinar Gokdemir et al. [2] have found D =

8.74 x 10-20 cm? «— for CeO, sol-gel films annealed at

1
450 °C. Malini et al. [10] have found values of Dy*=10"1°

to 10724 cm? 57! for V—Ce mixed oxide thin films (prepared
from 1:1 and 1:2 oxides power molar ratio and different RF
sputtering conditions). Value of Di;* = 1.66 x 10~ > cm?s™!
was found for CeO,-TiO; sol-gel film [29].

CeO; and Ce02:V20s films were also analyzed by chron-
oamperometry (Fig. 6a) and chronocoulometry (Fig. 6b)
techniques. After 60 s of applied — 1.3 V potential, CeO,
film reaches the current density of 1.83 mA cm™ 2. At the
same conditions, CeO. with 15 mol % of V,0s film reaches
6 mA cm™ 2 (Fig. 6a). This result allow us to affirm that the
charge insertion/extraction in the doped film is faster than
in undoped one, and this can be explained by the higher

0.3
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Fig.5 a Chronoamperometry and b chronocoulometry of CeO2 and CeQ2:V20s with 15 mol% films. Applied potentials of —1.3to +1.3 V
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Fig.6 Normalized peaks current versus square root of the scan rate (v'?) of CeO5 and CeO5: V05 with 13 mol% films

conductivity of the doped film, as observed in CeO,—ZrO,
[30]. Figure 6b shows the chronocoulometry results of both
films. In the first 60 s occurs a charge insertion of 7.5 and
18.9 mC e¢m™2 for undoped and doped film. respectively.
Aflter the potential inversion to + 1.3 V, the inserted charge
is now extracted. From the undoped film there is extracted
5.7 mC em™2, which represents 80% of the inserted charge.
From the doped film, this extraction reaches 16.7 mC cm™2
and represents 88% of the inserted charge. Consequently, the
doped film has better reversibility of the redox process when
compared to undoped one, and the charge inserted values are
almost twice of the value of 8 mC em™ (for 30 s of applied
potential) obtained for CeQ,-TiO,—£rQ, [24].

UV-Vis spectra were taken to study the variation of the
transmittance and/or coloration of the undoped and doped
films. For this comparison. the measurements occurred in
three different moments. Initially, the transmittance was
measured (or an unpolarized [ilm, i.e., after the deposition
and before any potential application. Then, the measure

100
80

g

860

=

@

=

£

240

ca0t ‘

£ CeO, |

Applied Potential (V)|
201}/ pp (V)
0 1 1 1 1
400 500 600 700 800
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Transmittance (%)

was taken immediately after the polarization of the film
by applying potential of — 1.3 V for 60 s, so the ions were
already inserted into the film. Finally, the measure was
done after depolarization of the film at + 1.3 V for 60 s,
i.e., soon after all inserted ions were extracted. The spectra
collected at these three moments for CeO, and Ce0,:V,04
15 mol% films are shown in Fig. 7. The three spectra of
the undoped Ce0Q, film (Fig. 7a) overlap in 450-800 nm
range. This means that independent on CeO, film polari-
zation state its transmittance is the same in visible range
[24]. Consequently, the insertion of Li* ions in the film is
not sufficient to modify its coloration, which confirms that
CeO, is not chromogenic material [31]. The small difference
in transmittance of the film in as deposited and after appli-
cation of + 1.3 V, in 320-450 nm range, can be due to lat-
tice accommodation under Li ions insertion. The maximum
transmittance value of this film is ~90%. UV-Vis spectra
of Ce0,:V,05 15 mol% film (Fig. 7b) reveal that the film is
less transparent than undoped one because its transmittance

100
( b) \ Ce0,V,0, 15 mol%
80 -
60 -
40t
20+
0 1 1 1 1
400 500 600 700 800
A (nm)

Fig.7 UV=Vis spectra ol a CeO, and b Ce0,:V,05 with 15 mol% films in as deposited and after applied potentials of = 1.3 V
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reach ~79% in the visible range. Moreover, differently from
Krasovec et al. [9] there is a small change between polar-
ized and depolarized state in the visible range. When the
ions are inserted into the film, after the cathodic potential
application, the film becomes slightly colored, which is evi-
denced by 5% of transmittance decrease at 600 nm, reaching
a value of 74% [6]. After the depolarization, the result of
transmittance returns to the original value of 79% at 600 nm
(both spectra, at 0 and + 1.3 V, are completely overlapped in
320-800 nm range). This means that this small coloration
change is due to the insertion of ions, and this process is
reversible because the transmittance recovers its initial value
after depolarization. This characterizes the film as poor but
reversible electrochromic material and indicates its use as a
passive counter-electrode [32].

The morphology of the films was studied through AFM
lechnique aiming to obtain information about the surface and
roughness of the films [33]. Figure 8 shows a 3D image of
three samples: the substrate FTO (Fig. 8a), the undoped film
(CeO,, Fig. 8b), and the doped film (Ce0,:V,04 15 mol%,
Fig. 8c). The dimensions of the images are 1 pmx 1 pm.
FTO substrate presents irregularities with many pores and
a uniform porosity ol its structure (Fig. 8a). CeQ, (Fig. 7b)
and Ce0,:V,05 (Fig. 8¢) samples are more homogencous
than pure FTO, but they still have some pores in their struc-
tures. This homogeneity is related to the efficiency of the
deposition technique. The root mean-squared (RMS) rough-
ness values of the samples are of 13.8, 18.9, and 9.42 nm for
FTO, CeO,. and CeO, with 15 mol% V,0s, respectively.
The highest roughness of CeQ, film is probably due to the

753 nm

659 nm

(b)

formation of clusters during the deposition. This did not
happen when the CeO, with 15 mol% V,0; was deposited,
which resulted in lowest RMS value, when compared to
the undoped film [33]. All this data suggest that CeO, with
15 mol% V>0 film presents higher potential for application
in electrochromic devices due to its high homogeneity and
low roughness [34].

Aiming to confirm the data obtained by AFM a scan-
ning electron microscopy (SEM) analysis was performed.
Figure 9 presents the results of FTO, CeO,, and CeQ, with
15 mol% V,0; samples with a magnification of x7000.
SEM picture of FTO (Fig. 9a) presents some irregulari-
ties and some few points that are due to its irregular sur-
face. CeQs, film (Fig. 9b) presents some highlighted points,
which can be related to irregularities in the film surface.
Surface of CeO, with 15 mol% V,0; film (Fig. 9¢) is free
of cracks, attesting its good surface homogeneity. Again,
this homogeneity confirms excellent Ce),:V,05 morphol-
ogy, making it promissory for electrochemical devices
application [32].

The X-ray diffraction patterns of the thin films of CeQ,
(undoped) and CeO, doped with 15 mol% of V,0s are shown
in Fig. 10. Cerium dioxide presents a fluorite structure with
cubic coordination [35]. The crystallographic planes (111),
(200), and (220) correspond to CeO, (JCPDS No. 34-0394),
where the plan (111) is the preferential orientation. No peaks
of vanadium or derivatives of vanadium oxides are observed
in CeO, with 15 mol% V,05 diffractogram. indicating its
probable amorphous state. Table 1 lists estimated values of
crystallites sizes calculated by the Debye—Scherrer equation

0.81 um

0.65 um

99 nm

0 nm

Fig.8 AFM pictures scanned on | umx 1 um area of a FTO, b CeOa, and ¢ CeO5:V,05 with 15 mol% lilms
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Fig.10 X-ray patlerns ol CeO. and CeQ.:V.05 15 mol% thin films
treated at 450 °C for 30 min; peaks with asterisk are related to FTO

[18], which is based on the full width at half maximum

(FWHM) of the diffraction peak (111) of the CeO, and is
givenin Eq. 2.

@ Springer

Table 1 Structural parameters of CeQ, and CeQ with 15 mol% V,0;
thin films

Thin flim FWHM (") Crystallite  Interplanar Position at
size (nm)  distance (nm) 20 (%)
CeO, 1.04 8.11 3.07 28.57
CeO, with 15 1.97 4.09 3.16 28.40
mol% V.05
kA
D= (2)
fcosd

where £ is the crystallite size, & is a constant (0.94), 2 is the
radiation wavelength (1.5406 A), f# is the full width at half
maximum (FWHM) at (111) peak, and 0 is the Bragg angle.

V5,05 influence on CeO, structure is observed by a
decrease of crystallite size from 8,11 to 4.09 nm and by
the increase in the interplanar distance, caused by a small
shift of (111) peak at low angles in 28. This may justify
the higher charge density of 17.5 mC ¢m™ of CeO, with
15 mol% V.0 film when compared to 7 mC em ™ registered
for CeO, film (Fig. 6b). Therefore, the doping of CeO, with
V5,05 shows a significant change in the structural properties,
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providing an increase in the charge density and allowing the
use of this material as a counter clectrode in electrochromic
devices. There were not found characteristic peaks of V5,05
atoms, which may mean that these atoms must be displaced
from normal positions of the crystalline lattice to empty
locations or adjacent atomic space of the CeO, structure
likely to replace hydrogen or cerium atoms.

4 Conclusions

Thin films ot Ce(), and CeQ), doped with ditferent concen-
trations of V505 and having different numbers ot deposited
layers were synthesized and characterized by electrochemical,
optical, microscopical, and structural analyses. A comparison
between samples of Ce(), doped with different quantities of
V505 pointed that film, composed of five layers and doped
with 15 mol% of V,0s, presented the best electrochemical
responses, so this film was studied more deeply. The results of
this film have always been compared to the undoped film with
three deposited layers, which was the best configuration for
the undoped film. The cyclic voltammetry analyses revealed
that Ce0O, film reached a maximum value of anodic current of
0.08 mA cm™ at about —0.25 V. while CeO, with 15 mol%
V,05 film presented a maximum value of anodic peak cur-
rent of 0.24 mA ¢cm™ at about —0.15 V. 60 s of —=1.3 V of
applied potential resulted in a charge insertion of 7.5 and
18.9 mC cm™ with reversibility of 80 and 88% for undoped
and doped film, respectively. 79% of transparency in UV-Vis
was registered for CeQ, with 15 mol% V,0 film, which also
revealed 5% color change, decreasing its transmittance to 74%
after Li* ions insertion into the film. AFM and SEM showed
an irregular surface with a large number of pores and an uni-
torm porosity of FTO substrate. The undoped film presented
pores too, but its surface was homogeneous. The CeQ), with
15 mol% V,05 film presented an even more homogeneous
surface that was totally free of cracks and irregularities. The
root mean-squared (RMS) roughness values were of 13.8,
18.9, and 9.42 nm for FTO, CeO,, and CeO, with 15 mol%
V505 films, respectively. Finally, the doping of the CeQ,
with V,05 improved both electrochemical and morphologi-
cal properties of the film. In summary, CeO, with 15 mol%
V,0; film showed to be promising thin coating for the use in
electrochromic devices as a passive counter-electrode.
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Thin films of cerium dioxide (CeOz) and cerium dioxide doped with vanadium pentoxide (Ce02:V20s) were
prepared through sol-gel route and spin coating deposition, for use as smart materials. This work evaluated films
that underwent a weathering process in an accelerated weathering test chamber and the changes in their
properties. The influence of the temperature was also studied electrochemically. Regarding the weathering
process, there were variations in the charge insertion capacity during the investigated period. However, at the

end of the 900 simulated days, the Ce02:V20s presented interesting values. For the EIS analyses, the curve

(Nyquist plot) remained about 45° inclination, suggesting a diffusional process. The morphological and structural
analyses demonstrated that by doping the film, occurs a reduction on the degradation, although the structure
showed no changes. For different temperatures, the film becomes more resistive as the temperature increases.

The chronocoulometry showed that the charge insertion capacity increases with temperature.

1. Introduction

Different technologies have been created in order to obtain a better
control on the temperature and lighting for residential and commercial
buildings, aiming to reduce electricity costs related to the use of air
conditioners and/or artificial lighting. Among these technologies, smart
windows are devices that emerge as excellent alternatives, mainly due to
the characteristic of changing coloration as desired, consequently
reducing the transmission of light and radiation due to redox reactions
of the chemical species involved. [1] These devices are based on a
property called electrochromism, which is characterized by the revers-
ible change of color in response to an applied external potential. This
device consists of 3 main parts: a working electrode, a counter electrode
and an electrolyte. [2] The counter electrode is a layer that has the
function of storing ions, operating as an ion reservoir. After the charge
shift process on the working electrode layer (electrochromic film) that
happens due to oxidation/reduction reactions and lead to the device
coloration/decoloration, the counter electrode causes a charge

* Corresponding author.
E-mail address: robsonandreazza@yahoo.com.br (R. Andreazza).

https://doi.org/10.1016/j.materresbull.2021.111432

compensation in order to maintain the electrical balance. [3] Some
specific properties are desired for the counter electrode layer, such as ion
storage capacity, transparency in the intercalation process and electro-
chemical stability. A promising electrochemically active material that
can provide good stability as well as good transparency in the visible
region is cerium dioxide (CeOz). [4] Additionally, the CeO: structure
favors the passage of ions because it has large pores with absence of
cracks. [5] On the other hand, its limited ion storage capacity leads to
the need of using another material as dopant to improve the reaction
rate. Thus, a material that could complement these properties was
sought, and vanadium pentoxide (V20s) was used, since it has excellent
electrochemical properties in cathodic and anodic state. This material
has a great capacity of storing lithium ions (Li*), because of its ortho-
rhombic layered structure, besides the fact that it presents both types of
coloration, cathodic and anodic. The disadvantage of using vanadium
pentoxide (V20s) is the unwanted coloring that may occur during the
lithium intercalation. [6] For this type of device, besides good electro-
chemical and electrochromic properties, such as transparency, ion
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Fig. 1. Voltammogram of the thin films as a function of temperature: a) CeOz; b) Ce02:V20s.

storage, conductivity and stability, it is also important to present good
durability, a property that is related to the ability of a material to be used
without losing its serviceability over a period of time, i.e., keeping its
capability to perform its function. [7] Electrochromic windows are
subject to climatic factors such as sunlight, wind and moisture, all fac-
tors that can affect its durability. Therefore, for materials that need to
have durability and be long lasting, specific tests must be performed. In
this sense, acceleration tests are very important, although they are not
consolidated and have variables related to the type of function to be
performed and the conditions related to this function. [8] The aim on
this type of study is to compare results before and after some specific
condition. Thus, the present study aims to evaluate the effects on the
properties of thin films of CeO2 and Ce02:V:0s under two different
conditions, temperature variation and weathering exposure. Both films
were prepared by the sol-gel technique and the long term electro-
chemical and morphological behavior of the films were studied using an
accelerated weathering method. The materials were first analyzed and
then exposed to a test chamber that simulates natural conditions such as
UV radiation, rain and humidity for a specific period of time in an
accelerated way. New analyses were performed at some periods of time,
after 15 days of exposure in the chamber (time corresponding to 6
months of natural exposure) until the total period, equivalent to 2.5
years. Another condition used to evaluate the durability of the films was
the temperature, by performing electrochemical analyses in the range of
20 to 80 °C, with 10 °C steps.

1. Experimental
1.1. Preparation of the thin films

The sol of cerium oxide was prepared by stirring cerium chloride
heptahydrate (CeCls. 7H:0; Sigma-Aldrich), citric acid (CéHsO7; Synth)
and ethyl alcohol for 30 min, obtaining a 0.15 mol.L — 1 solution. Then,
15% mol of vanadium isopropoxide (OV(OCH(CHs)z)s; Sigma-Aldrich)
was added and stirred for further 10 min to obtain cerium-vanadium-
based sol. The deposition of the sols to obtain the thin films was done
by the spin-coating technique (Chemat Technology Spin-Coater KW-4A)
in a fluorine tin oxide (FTO) conductive glass substrate (Pilkington)
under the following conditions: 500 rpm (3 s) and 2000 rpm (30 s).
Finally, the film was subjected to a heat treatment in an oven at 450 °C
during 30 min for each deposited layer, with the objective of adhering
the film layer to the substrate and eliminating any impurities therein.
The optimized number of layers for each film in terms of electrochemical
properties is 3 for the undoped film and 5 for the doped film, according
to a previous study that presented thickness values of 92 and 300 nm
respectively. [9]

1.2. Weathering process

For the weathering experiments, a Climate Aging Chamber UV
Accelerated Weathering Tester (Wuxi DHS Testing Equipment Tech-
nology Co., Ltd.) was used to simulate the exposure of the materials to
the environment. The weathering effects were examined by exposing the
samples to weathering conditions, such as: sunlight ultraviolet radiation
(provided by fluorescent lamps); moisture, like rain and dew (provided
by forced condensation); and temperature variations (controlled by
heaters), in cycles where the incidence is equivalent to the exposure in
external environments, and proportional to the time course in the
chamber. The study was based on the standard provided by the ASTM
(American Society for Testing and Materials), designation G 154-06,
Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp
Apparatus for Exposure of Nonmetallic Materials, and the chosen cycle
according to this standard was the Cycle 6, which is indicated for
coatings. This cycle uses an UVA-340 lamp with a typical irradiance of
1.55 W m2nm™ ! at approximate wavelength of 340 nm. Each sample
was subjected to 8 h of UV exposure at 60 °C followed by a 4 h of
condensation at 50 °C. In this cycle, each day of exposure in the chamber
is equivalent to 12 days of exposure to external conditions. Therefore,
the materials remained in the chamber for 15 days to simulate 180 days
(6 months) of exposure. At the end of each cycle, the samples were
removed from the chamber and the electrochemical analyses were
repeated, in order to have a detailed monitoring regarding the effects of
exposure on the material properties. In this way, the initial analyses (pre-
weathering), were determined as day 0, and the further analyses were
performed in the simulated days equivalent to 180, 360, 720 and 900
days of exposure.

For the electrochemical measurements as a function of the temper-
ature, the electrochemical cell was maintained in a heated water bath
and a thermocouple was connected to the stainless-steel electrode, in
order to allow the direct control of the electrode’s temperature.

1.3. Characterization of the films

The thin films were electrochemically, structurally and morpholog-
ically characterized. The electrochemical measurements were carried
outin a three-electrode electrochemical cell. The film of Ce02:V20s was
used as a working electrode, a platinum foil of 1 cm? as a counter
electrode, and a silver wire as a reference electrode. As electrolyte, a
solution of propylene carbonate (PC; Sigma-Aldrich) with 0.1 M lithium
perchlorate (LiClOs; Vetec) was used. Under these conditions, cyclic
voltammetry and chronocoulometry tests were performed on a poten-
tiostat/galvanostat Autolab PGSTAT 302 N, and the electrochemical
impedance spectroscopy on a potentiostat/galvanostat IVIUM
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Table 1
Values of the potential peaks and anodic currents for the respective temperatures of the thin films of CeO2 and Ce02:V20s.
Temperature
Thin film 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C
CeO2 I. (mA/cm” 0.068 0.047 0.056 0.075 0.098 0.101 0.111
£V Vs Ag) —0.697 —0.647 —0.535 —0.508 —0.448 —0.434 —0.404
Ce0,:V,05 I (mA/cm” 0.088 0.123 0.114 0.132 0.155 0.164 0.213
E (Vs Ag) —0.216 —0.196 —0.193 —0.208 —0.213 —0.211 —0.212
la: anodic current; E: potential.
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Fig. 2. Chronoamperometry curves of the thin films as a function of temperature: a) CeO; with 60 s insertion/extraction; b) Ce02:V20s with 60 s insertion/
extraction; ¢) CeOz with 500 s insertion/extraction; d) Ce02:V.0s with 500 s insertion/extraction.

CompactStat.h. The morphological characteristics of the materials were
examined by an atomic force microscopy (AFM; Agilent Technologies
5500) and a scanning electron microscopy (SEM; JOEL JSM-6610LV
before weathering and TESCAN VEGA3 after weathering). The struc-
ture of the thin films was studied by X-ray diffraction using a Rigaku
Ultima IV diffractometer with Bragg-Brentano geometry at room tem-
perature operating under the following operating conditions: 40 kV and
20 mA, CuKa radiation (A =1,5419 A), range of 2q from 20 ° to 85 °, steps
of 0.05 ° and 2 s of time of integration.

1. Results and discussion

For the electrochemical analyses, a cathodic and anodic potential of
—1.3and +1.3 Vwas used with a scan rate of 50 mV s — 1. The potential
application time was 60 and 500 s, to understand the charge deposition
capacity of the material in the short and long term. For the electro-
chemical impedance spectroscopy, a signal with 10 mV of amplitude

was used in a frequency range from 10~ to 10° Hz.

1.1. Influence of the temperature

Fig. 1 shows the cyclic voltammetry of the CeO2 and Ce02:V:0s thin
films as a function of the temperature, varying from 20 to 80 °C.
Through the voltammograms, it is possible to analyze the processes of
oxidation and reduction of the films, as well as electrochemical behav-
iors. [10]

For both films, it is possible to observe the presence of a well-defined
anodic peak, associated with the extraction process of Li* ions, due to
the oxidation reaction of the involved species. [9,11] It is also possible to
observe that the presence of the dopant promoted an increase of the
current density (Fig. 1b), as well as in the area of the voltammetry curve,
suggesting that the doped film has a greater ion storage capacity.
Regarding the influence of the temperature in the results, there is a
relationship between the increase in temperature and an increase in the
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c) CeOz with 500 s insertion/extraction; d) Ce02:V20s with 500 s insertion/extraction.

current density, besides a displacement of the anodic peaks to more
positive potential values, as Table 1 shows. This behavior can be
explained by the presence of the dopant, which has the characteristic of
enhancing this property, and by the thickness of the film that increases
with the number of layers. [12]

Through the chronoamperometry technique using the pre-
determined parameters, it was possible to analyze the response time of
the insertion/extraction processes of Li* ions in thin films of CeO, and
Ce02:V20s as a function of the temperature. As the application time
increases, the current response over time becomes slower (as shown in
Fig. 2). When heating the system, it is possible to note that the response
time became slower, especially for the doped film, which can be
explained by the concentration and structure of the film that has a
greater number of layers in its structure compared to the undoped film.
[6]

The chronocoulometry curves were obtained through the integration
of the chronoamperometry curves and present the amount of charge
inserted/extracted in the films (Fig. 3). The results evidenced a rela-
tionship between the ability of insertion/extraction and the increase in
temperature, since the property was improved for both materials,
especially for the doped film. It is important to highlight that during the
process of insertion of Lit ions, it was observed that the Ce02:V20s film
acquired a bluish coloration, and during the process of extraction of Li*
ions, the film returned to its original coloration, while no noticeable
color change was observed for the CeO: film during the processes. This
color change is reported in the literature and represents a variation in
the transmittance equivalent to 4% at a wavelength of 633 nm[9] and
occurs due to the existence of chromogens molecules that modify their
optical properties in response to an electrical stimulus. [13]

Fig. 4 presents the results of charge density of the films, extracted

from the chronocoulometry analyses. As expected, the addition of V.05
into the CeO2 matrix increases the charge density for both application
times, similar to the influence caused by the increase in the temperature.
Thus, from 50 °C, for both application times, an electrochemical
reversibility behavior was observed, with all the inserted charge being
extracted. [12] The increase in the charge density for the Ce02:V:0s thin
films can be justified by the influence of V20s in the CeO: structure,
which causes a decrease in the crystallite size and an increase in the
interplanar distance. [9,14-16] The influence of the crystallite size on
the charge density can be explained by higher number of surface defects,
higher active surface area, shorter paths for ion diffusion and/or a
greater ratio of surface area to volume. [17-19]

Based on the impedance measurements, the charge transport pro-
cesses (high frequency regions, of 10° Hz) and mass transport processes
(low frequency regions, of 10! Hz) were investigated (Fig. 5). The re-
sults revealed straight lines inclined towards the real axis, representing
the behavior of the electrolyte-electrode double layer capacitance.
Furthermore, the Nyquist plots showed that, as the temperature in-
creases, the resistance decreases, resulting in an improvement in ion
conductivity, which can be attributed to a greater ion movement at
higher temperatures.

The ion conduction might also be facilitated by the vibrational
movements of the main and side chains of CeO2 and Ce02:V20s films,
which becomes more intense as the temperature increases. The increase
of the vibration amplitude approaches the coordination sites and allows
the Li* ions to jump from an occupied to an unoccupied site, with less
energy required. [20] The difusional behavior becomes more evidenced
with the increase of ionic conductivity, which is related to the decrease
in diffusion resistance. The Nyquist spectra in Fig. 5 shows the decrease
in resistance with the increase in temperature, having a linear Warburg
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Fig. 5. Nyquist diagram of the thin films as a function of temperature: a) CeOz; b) Ce02:V20s.

region with a more defined 45° angle, suggesting a diffusion process at
low frequencies, which consists in electron transport phenomena being
faster than mass transport phenomena.

The conductivity behavior profile, that is, the behavior of the elec-
trical conductivity along the frequency, for the CeO2 and Ce02:V:0s
films through temperature variation showed two defined regions, a high-
frequency region between 10° and 10° Hz, represented by a
plateau, which is correlated with the domain of conductivity not
dependent on frequency; and a region of low-frequency, characterized

by a dispersion of Li* ions and an increase in the frequency-dependent
conductivity, which is related to the electrode polarization phenom-
ena (Fig. 6). Also, it is noted that the doped films showed an increase in
the ionic conductivity, which tends to increase as a function of the
temperature variation, due to the domain of the kinetic system of the
charge/electron transportation. Thus, the CeO: film evidenced low re-
sults of ionic conductivity (Fig. 6a and Table S-1), which can be attrib-
uted to the low concentration of oxygen vacancies. [21]

However, the ionic conductivity increased for the doped film
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Fig. 6. Conductivity profile of the thin films as a function of temperature: a) CeOy; b) Ce0,:V,0s5,

(Iiig. 6b), as shown in Table S-2, which can be attributed to the contri-
bution of the V05 cations of less divalent or trivalent valence. In pre-
vious studies, where the CeQs is doped with a bivalent oxide, like CeQ2/
7Zn0, the Ce (IV) atoms of the host network are replaced by bivalent
cations, and an oxygen vacancy is formed to compensate the charge
created, facilitating the O ions diffusion and increasing the ionic con-
ductivity. [22] By the formation of the oxygen vacancy, the reduction of
two neighboring ions from Ce*" to Ce®! accurs, so this increase in the
concentration of oxygen vacancies and in its mobility with a bivalent
dopant can increase the ionic conductivity. [23] The conductivity values
were obtained with Eq (1):

o= /RS (1)
where ¢ is the ionic conductivity; [ is the thickness of the film; Rp is the
resistance, determined by the Nyquist plot in the intersection of the
semicircle with the Z° (imaginary axis); and S is the superficial area of
the film.

The phase angle (0) of the thin films is presented in Figure S-1,
allowing the analysis of the capacitive and resistive behavior as a
function of frequency. A predominantly resistive behavior in the high
frequency region was noted for both films, with the phase angle tending
to zere (0 = 0°). In the low frequency region, a predominance of the
capacitive behavior was observed, as indicated by the phase angle
values, which increased to 63.7" and 56.8" for CeO, and CeO5:V20s5
films, respectively, at temperature of 20 “C. Besides that, it was observed
that the increase in the temperature resulted in a decrease in phase
angle, to 32.6° and 54.2° for CeO; and CeOy:V,0s5, respectively, at
temperature of 80 -C, contributing to the decrease of the capacitive
behavior, and consequently, increasing the ionic conductivity. The
phase angle values for the thin films at different temperatures can be
verified in Tables S-1 and S§-2. [24]

The Bode diagram presents the impedance module |Z| versus the
frequency log, where it showed a decrease in the impedance module |Z|
as the temperature increased. A similar behavior was observed for the
tests carried out as a function of the frequency (Figure S-2). The
capacitive behavior profiles for both the CeOz and Ce02:V;05 thin films
evidenced that the capacitive behavior tends to decrease as the tem-
perature increases (Figure S-3). Thus, it was clearly noted that the
capacitive behavior decreases with the doping of V,0s, contributing to
an increase in ionic conductivity, which can be explained by the
replacement of Ce* " in the lattice structure for dopant cations, leading to
an increase in the concentration of oxygen vacancies, a process that
tends to occur at low doping concentrations. [22] The capacitance
values were obtained through Eq (2):

C=1/Rpm (2)

CPE

Fig. 7. Model of the proposed equivalent circuit for the thin films [R(RQW)].

where C is the capacitance, R, is the resistance, and w is the angular
[requency.

The application of equivalent circuits fitted the impedance results
obtained for the CeOs and CeQ5:V20s thin films; simulation in the NOVA
2.1 software was based on similarities between the behavior of the
electrochemical cell and the electrical circuit composed of resistors, a
constant phase element, and a Warburg diffusional element (I'ig. 7).

In the circuit, the first resistor is related to the electrolyte solution
(Rs), the second resistor (Ret) represents the end of the are and is in
parallel with a constant phase element (CPE) that represents the charge
transfer in the film, where there is the capacitance formed by the double
layer of the electrode/film. Lastly, there is the Warburg impedance
element (Zw), that is the Faraday impedance and represents the mass
transfer (diffusional process) in the interface electrode/film + electro-
Iyte. A comparison between experimental and fitted Nyquist and Bode
diagrams is presented in Figure S-4.3.2 Influence of weathering

3.1.1. Electrochemical properties

The analyses of the films that were subjected to the accelerated
weathering process are shown below. In order to increase the reliability
of the results, since studies with accelerated tests do not have consoli-
dated processes, all materials were analyzed in duplicate. Fig. 8 presents
the CeO; and Ce04:V505 voltammograms for different simulated days.

The scale of the current axis was fixed for both voltammograms for
better comparison between both films. The CV area of the doped film
(I'ig. 8b) is significantly greater, which was expected, since its chemical
structure facilitates the ion charge transfer process. Both materials
presented cathodic peaks (related to reduction) and anodic peaks
(related to oxidation). For both films, the anodic peak occurs at —0.50 V.
However, a significant difference between the values of current density
was obtained, achieving 0.05 mA/cm? and 0.18 mA/cm? for CeQO, and
Ce04:V50s, respectively. This suggests that the doped material has a
higher amount of free charge carriers flowing through the same cross
section at the same applied potential, as expected according to the
literature. [9]

Concerning the weathering effect, it was noted that even if there
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Fig. 9. Chronoamperometry of the films with 60 s: a) CeOy; b) Ce0:V20s.

were some variations during the process, especially in the 180th day, the
difference between the initial and the final analyses was very small and
not significant.

Fig. 9 shows the chronoamperometry for 60 s for both films. As can
be seen in the insets, the CeO; film exhibits a variation in the results, and
after the 900 days, the charge insertion/extraction occurred faster. For
the film containing V+0s, this variation is nearly insignificant. In bath
cases, this process was optimized in the presence of dopant in the films
due to its higher conductivity.

The chronocoulometry of the films was performed for 60 s as stan-
dard, and for 500 s to study the ability of the materials to insert/extract
charges in the long-term (Fig. 10). The film containing V205 presented
higher values of inserted charges for both tests, since the capacity to
store ions is an important characteristic of the dopant. It was noted that
after the initial analyses, the material tended to show some variation in
this ability. Although the wvariation was not uniform, it occurred
consistently in all analyses, and after 900 days of simulated weathering,
it is possible to affirm that storage capacity decreases for both films,
especially for the CeOs film, either for short- or long-term analyses.

To better understand these values of charge insertion, a charge
density study was performed (Iig. 11). The behavior and the influence of
the weathering through the time course was quite similar for both ma-
terials and for both potential application times.

The Ce0,:V205 film showed better results for all tested scenarios,
continuously allowing more charge to be inserted when compared to the
CeO; film. It also showed a decrease in the capacity of insertion

compared to the one presented in the beginning of the process, but the
results are still promising, confirming that it can be used for this purpose
in the long term.

The EIS was performed for both materials, and the Nyquist plot
shows the linear region of the Warburg diffusion (Tig. 12). Both films
presented curves with angulation of about 457, an expected value for
this type of material and caused by the current limitation in the material
due to a resistance. [25] This behavior indicates that the mass transport
of the oxidized/reduced species occurs through diffusion. For the mea-
surements over time, the values of conductivity decreased slightly,
indicating an increase in the resistance of the films, which ecan be
attributed to limited ions movements. For post weathering measure-
ments, the angulation of the curve of the CeOQ, film got closer to 457,
while for the Ce04:V;05 film, the angulation remained close to 45° for
both analyses (pre- and post-weathering). In both cases, the curve ten-
ded to be closer to 45° throughout the analysis, suggesting a diffusion
process at low frequencies.

3.1.2. Morphological and structural properties

The surface morphology of the films before and after weathering was
investigated through SEM and AFM. The SEM images of CeO» and CeOa:
V505 before weathering (Fig. 13a and b) exhibited compact and regular
surfaces. For the CeO- film, some irregularities were noticed, while for
the Ce02:V;0s5 film, a highly homogeneous surface in all extension was
observed, which confirms that the film was well adhered to the FTO
substrate. [26] The SEM images after weathering (I'ig. 13c and d)
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exhibited significant differences between the two samples. The CeO;
film surface presented higher degradation, with increased porosity and
the presence of cracks along the entire surface. The CeO2:V,05 sample
presented a predominantly smooth surface with no significant cracks,
confirming that the presence of V.05 improved the resistance and
reduced film degradation.

The surface topography of both the CeQs and CeQ2:V20s films were
studied through AFM (Fig. 14). The results corroborated the SEM im-
ages, with the CeO» films presenting a more irregular surface, while the
Ce0y: V205 revealed higher homogeneity. The root mean-squared (RMS)
roughness values of the samples were 59.3 and 22.3 nm for CeO; and

Ce0,:V,0s5, respectively. It suggests a better deposition efficiency for the
film containing V,0s. The weathering process resulted in the degrada-
tion of both films (Fig. 14c and d). Nevertheless, the defects were more
pronounced in the CeO, film, whereas the Ce03:V205 had a better
response, displaying a more uniform surface, which is fundamental for
films applied in electrochromic devices. [9,27]

The structure of the films was studied through X-Ray Diffraction, and
the XRD patterns of CeQ, and Ce02:V,0s5 films before and after
weathering are shown in Fig. 15, The identification of FTO plans is also
shown in the figure, which works as an internal standard to identify the
position of the film peaks. In all analyses, CeOs films were
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Fig. 12. Nyquist diagram of the thin films: a) CeO,; b) Ce0,:V,05.

Fig. 13. Scanning Electron Microscopy of the films: a) CeO, pre weathering; b) CeQ.,:V.05 pre weathering; ¢) CeO, post weathering; d) Ce0.:V,0s post weathering.

polycrystalline, and diffraction peaks of cerium dioxide were observed
at 287, 33, 47" and 56, related to the (111), (200), (220) and (311)
crystallographic planes, respectively, corresponding to the cubic fluorite
structure of CeQs (JCPDS No. 34-0394). [9,28] As expected, the inser-
tion of V205 in the CeO, films presented a small displacement of the
CeQ, peaks, indicating a doping behavior of this material in the CeQs
structure. The inset in the figure shows the effect of the presence of VoOs
in the thin films, with the increase in full width at half maximum of the
CeQs (111) peak. No peaks of the V205 were observed, which can be
explained by the low amount of dopant. Regarding the effect of the
weathering process on the structure of the films, no significant differ-
ences were noticed, corroborating the AFM and SEM results, confirming
that their crystalline structures were not altered after the degradation.

4. Conclusions

Thin films of CeQ4 and CeO2 doped with V205 were prepared and
tested under two different conditions: temperature (in a range from 20
10 80 “C) and weathering (in the equivalent days of 0, 180, 360, 720 and
900). Firstly, the influence of the temperature on the electrochemical
properties of the films showed that an increase in temperature led to an
increase in current density, as well as a displacement of the peaks.
Through the chronoamperometry/ chronocoulometry technique, it was
noticed that the response time became slower with increasing temper-
atures. However, the ability to insert ions in the layer improved, from 10
to 12mC em *and 12 to 40 mC em ? for CeO; and Ce04:Vo0y5 films,
respectively, for 60 s of applied potential. From the impedance, it was
observed that the increase in temperature caused a decrease in resis-
tance, favoring ion conductivity in both films. For the films that were
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subjected to the weathering process, in addition to electrochemical tests,
morphological and structural tests were performed. Both films exhibited
cyclic voltammetry profiles containing cathodic and anodic peaks,
however, the Ce02:V20s5 film presented a greater area than the CeO;
film, and after the 900th day of incubation, both films presented non-
significant differences. Thus, the presence of the dopant makes the
insertion process faster, as shown in the chronoamperometry. Regarding
the weathering, a significant difference in response time was noticed
only for the CeO5 film, which presented a faster process of insertion. The
chronocoulometry showed that the CeO5:V405 film allows more charge

to be inserted in all possible scenarios, confirming the efficiency of the
doping process. After the 900 days, the storage capacity decreased but
still presented promising results. According to the EIS, the diffusion
process of mass transport was confirmed, since the Nyquist plot pre-
sented curves with angulation close to 45°, which remained even after
the weathering process. Through AFM and SEM, the CeOs film presented
higher degradation, an increased porosity and the presence ol cracks
after the weathering process, while the Ce05:V,05 presented a more
uniform and smoother surface. The DRX showed no changes in the films
structure after the period of weathering exposure. Finally, it is possible
to affirm that the material continues performing and presenting prom-
ising properties after 2.5 years of exposure to the weathering, important
characteristic for this type of material and its proposed application.
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ABSTRACT

In this study, an easy and low-cost production method of a cellulose acetate-based gel
polymer containing lithium perchlorate and propylene carbonate is described, as well as the
investigation of its properties for possible application as an electrolyte in electrochemical
devices. Cellulose acetate is a biopolymer originated from natural matrix, colorless and
transparent, as confirmed by the UV-Vis spectroscopy, presenting 85% transparency in
visible spectrum. The gels were prepared and tested at different concentrations and
proportions to optimize their properties. The gel containing 10% by mass of cellulose acetate
and 1.4 M of LiCIO4 was the most promising, presenting conductivity of 2.3x10* S.cm™ at
25 °C and 3.0x10* S.cm™ at 80 °C, an ideal shape of cyclic voltammetry curves and stability
after 400 cycles. Its morphological and structural properties have also been investigated
through thermogravimetry, XRD and FTIR, and have demonstrated suitable characteristics

for the proposed application.

INTRODUCTION
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As the future of humanity moves towards reducing the carbon footprint through new
technologies, current research is aimed at developing greener and more environmentally
friendly devices that help with the energy issue. [1] Studies report that more than 70% of the
energy consumed is destined for buildings, of which 35% are used for air conditioning, [2]
due to the flow of heat and light that demand compensation through heating/cooling systems.
[3] Thus, devices that offer greater control over the optical and thermal properties of glass
and windows have been studied, helping to reduce expenses related to electricity and lighting.
[4,5] An example of these devices are smart windows, a device that allows this modulation

through an external electrical stimulus. [6,7]

Smart windows work from the electrochromic properties of their constituent
materials, which are structured in layers with different functions. One of these layers, the
electrolyte, has the function of transporting charges during the ion exchange that occurs in
response to the applied potential, and needs to present characteristics such as ionic
conduction capacity, high diffusion coefficient and rapid electrochemical kinetics. [8] By
choosing to use gel electrolytes rather than liquid electrolytes, advantages such as ease of
handling, safety and lower cost to assembly are obtained, in addition to preventing leakage
and reactions between the electrolyte and the electrodes, thus increasing device lifespan.
[9,10]

When working with gel electrolytes, its ionic conduction capacity must be evaluated,
as it should present values similar to those of liquid electrolytes, ideally on the order of 10
S.cm™ or higher. [11] In polymer gel electrolytes, for example, it is important to add a
material responsible for providing ions that will be moved along the amorphous phase of the
polymer matrix. [12,13] A material commonly used as an ion source are salts containing Li,
as this ion has a small atomic radius and relative chemical stability. [14,15] However, the
amount of lithium added to the material needs to be optimized, equalizing the advantages of
its use with the socio-environmental disadvantage — related to its disposal. Furthermore, an
excessive increase in the salt concentration in the polymer matrix can lead to a decrease in
ionic mobility and a consequent decrease in conductivity, due to ion-ion interactions that lead

to a greater occurrence of ionic aggregates and a decrease in charge carrier species. [16,17]

For polymer gel electrolytes, compatibility and synergy between polymer and ion
source are required to optimize the desired properties. Initially treated as electrical insulators,

polymers soon showed promise as conductors for use in electrochemical devices, mainly due
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to their ability to dissolve inorganic salts, generating charges and promoting ionic
conductivity. [18] Other important characteristics are the optical properties, the viscosity —
since adhesion between the layers of the device is expected — and the chemical and
electrochemical stability — which tend to be inferior compared to liquid electrolytes, requiring

a long-term stability assessment. [19]

Aiming to obtain more sustainable materials, several studies opt for the use of
electrolytes based on biopolymers, a class of materials with a renewable matrix that occurs
naturally, without the need for synthesis in its formation. [20] In addition to the ecological
character, they also have advantages such as water solubility, low toxicity, and low cost,
however, presenting lower stability when subjected to high temperatures. [21] To obtain a
material with optimized properties, it is interesting to use both polymeric states — natural and
synthetic. [22] Cellulose acetate is an example of these modified natural polymers, being a
derivative of cellulose, a linear semi-crystalline natural polymer — having crystalline and
amorphous regions — and of high molecular mass, with its structure illustrated in Figure la.
[23] Despite being abundant in nature and renewable, its use is limited by the difficulty of
interacting with other precursors. A possible process that aims to modify the surface of the
polymer is through the acetylation of cellulose, where the hydroxyl groups of the glucose

units are replaced by acetyl groups, resulting in the structure illustrated in Figure 1b.

A B o ™
\L.

OH - CL OH
o OH a O
" HO o HO
HO o HO o
OH ] OH o
OH

Figure 1 Structural formula of: a) cellulose, b) cellulose acetate. [24]

o—0

This modification allows the material to dissolve in conventional solvents, generating

a low-cost neutral polymer, capable of forming transparent films, which can be used as
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2.

membranes — allowing selectivity and permeability in relation to ions — or as conductive

polymers — in electronic and electrochromic devices. [25]

EXPERIMENTAL

2.1 Preparation of the gels

To prepare the polymer gel, the amount of lithium perchlorate (LiClO4) (Dindmica Quimica
Contemporénea) was first fixed at 0.8M and different amounts of cellulose acetate (CA)
(Sigma-Aldrich) were added (6-14 wt%) to investigate the influence of the polymer on the
viscosity and conductivity of the gels. After analyzing the results obtained, the concentration
of cellulose acetate was set at 10% and different amounts of the salt (0.4-1.8 M) were added.
The methodology used was the same for all gels, with the addition of the polymer and the salt
to the propylene carbonate (PC) (Sigma-Aldrich) and magnetic stirring for 8 hours with
heating at 100 °C until complete dissolution. The list of gels and their concentrations can be
found in Table 1.

Table 1 Composition of the different produced gels.

GEL A B C D E F G H I J K L M
[CA]

6 8 10 | 12 | 14 | 10 | 10 | 10 | 10 | 10 | 10 | 10 | 10
(m/m)
[LiClO4]

08|08 |08|08|08|04)|06|08)|10]|12)| 14|16 | 18
(mol.LY)

* CA = Cellulose Acetate; LiClO4 = Lithium Perchlorate

2.3 Characterization of the gels

The electrochemical impedance spectroscopy measurements were performed using a
potentiostat (IVIUM — Compactstat), operating in the frequency range from 10° to 10! and
potential amplitude of 10 mV. The gel sample was tested in a Teflon® electrochemical cell
containing two circular stainless-steel electrodes — 1 ¢cm in diameter and 0.3 cm apart — as
current collectors, as shown in Figure 2a,b. The measurements were performed in triplicate

and the results presented are the average values. For the EIS analysis with temperature

74



variation, measurements were carried out at 25, 30, 40, 50, 60, 70 and 80 °C using a
homemade temperature-controlled oven with a thermocouple connected to the
electrochemical cell, allowing direct temperature reading, as shown in Figure 2c. Cyclic
voltammetry was performed in another potentiostat (Metrohm Autolab, PGSTAT302 N).

Figure 2 a, b) electrochemical cell containing two circular stainless-steel electrodes as current collectors; c)

homemade temperature-controlled oven with a thermocouple connected to the electrochemical cell.

The structure of the gels was studied through X-ray diffraction, carried out in an
XRD6000 Diffractometer (SHIMADZU), with CuKa radiation, voltage of 30 kV, current of
30 mA and variation of the scanning angle (26) from 10 to 80° at room temperature. The
FTIR was performed with the IRPrestige-21 spectrometer (SHIMADZU), in the range of
700-4000 cm™*. The transparency of the gels was investigated by UV-Vis Spectrophotometry
using a HR2000 + ES Spectrometer (Ocean Insight) in the range of 25-800 nm. For thermal
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3.

analysis, TG 209 F1 Iris Thermogravimetric Analyzer (NETZSCH Group) was used, and the

samples were heated from 30 to 600 °C at 10 °C min™.

RESULTS AND DISCUSSION

3.1 Electrochemical characterization

The electrochemical characterization of the gels was initially evaluated by cyclic
voltammetry (CV). First, the analysis was performed in different potential windows to
investigate the behavior of the gels as a function of the applied voltage. The results are shown
in Figure S1, and it is possible to observe that the optimized potential window is from -0.75

V to +0.75 V, where the voltammogram presented a more regular and rectangular shape.

CV was then performed for all gels in the optimized potential window with a scan rate
of 50 mV.s?, and Figure 3 shows the voltammogram for samples with different amount of
cellulose acetate (Figure 3a) and lithium perchlorate (Figure 3b). For all measurements, a
rectangular profile was presented, with no cathodic and anodic peaks and a symmetrical
current-potential response, which indicates the good electrochemical performance. [26] It is
also possible to observe a slight difference in the voltammogram area for different gel
compositions. Then, CV was performed for all gels at 10, 20, 50 and 100 mV.s* to verify the
electrochemical performance of the electrolytes at different scan rates. Figure 3c shows the
voltammogram of the gel containing 10 wt% of CA and 1.4M of LiClO4 (Gel K), where is
possible to observe the maintenance of behavior and shape (even with a smaller area at lower
scan rates). Figure S2 shows voltammograms of gels with different polymer and salt contents

as a function of scan rate, and the good performance is observed in all scenarios.
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Figure 3 Cyclic voltammetry curves of gels with different amounts of: a) cellulose acetate (6-14 wt%), b)

lithium perchlorate (0.4-1.8M); ¢) CV curves of Gel K at different scan rates.

To assess the long-term stability of the electrolytes, cyclic voltammetry analyzes were
performed and Figure 4 shows the voltammogram over 400 cycles of applied potential for
samples with different amounts of cellulose acetate (Figure 4a) and lithium perchlorate
(Figure 4b). For all gels, the rectangular profile was maintained, no peaks were presented,
and the shape remained symmetrical. Figure 4c shows the voltammogram over 400 cycles of
the gel containing 10 wt% of CA and 1.4M of LiClO4 (Gel K), being possible to observe a
small decrease in the voltammogram area from cycle 2 to cycle 100. From cycle 100
onwards, the area of the curves did not change, showing the same performance up to cycle
400, which suggests the great cyclic stability of the electrolyte and qualifies it for use in long-
term devices. Voltammograms over 400 cycles of gels with different polymer and salt
contents are shown in Figure S3, and the behavior was maintained for all gel compositions.
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Figure 4 Cyclic voltammetry curves over 400 cycles of gels with different amounts of: a) cellulose acetate (6-14
wt%), b) lithium perchlorate (0.4-1.8M); ¢) CV curves of Gel K at cycle 2, 100, 200, 300 and 400.

Electrochemical impedance spectroscopy was performed to investigate the
conductivity and diffusion of the gels, and Figure 5 shows the Nyquist plot obtained. The
absence of a well-defined semicircle at high frequencies may indicate a limited contribution
of the capacitive component, suggesting a diffusion process, an idea supported by the angle
close to 45° of the straight line as seen in Figure 5 insets. Since the lines do not start at zero

ohmes, a resistance between the electrode and the electrolyte is also implied. [27,28]
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Figure 5 EIS curves of gels with different amounts of: a) cellulose acetate (6-14 wt%), b) lithium perchlorate
(0.4-1.8M).

Through the EIS analysis, it was possible to investigate the ionic conductivity using Equation
1:

L
0= 1)

RpX A

where ¢ is the ionic conductivity, Ry is the bulk electrical resistance, A is the contact area

between the electrolyte and the electrodes, and | is the distance between them.

First, the influence of the amount of cellulose acetate on ionic conductivity was
investigated. As can be seen in Figure 6a, the increase in cellulose acetate led to an increase
in ionic conductivity. The sample that presented the highest ionic conductivity was the
sample containing 14 wt% of the polymer (Gel E), however, the gel presented high viscosity,
a property not suitable for the proposed application, as it can make it difficult to inject the
electrolyte into the device. [29]

The samples containing 10 and 12 wt% (Gels C and D) presented a non-significant
difference in their ionic conductivity, suggesting the use of the one with the smallest amount
of material. Then, the influence of the salt was studied and different amounts of LiCIO4 were
added to the gel containing 10 wt% of the polymer. Figure 6b shows the relationship between
the parameters, as the conductivity increases almost proportionally with the addition of
LiClO4, with the greatest increment occurring from the 1.2M sample (Gel J) to the 1.4M
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sample (Gel K), which delivered an ionic conductivity of 2.3x10* S.cm™. This conductivity
is consistent with other polymer electrolytes reported in the literature, such as based on
xanthan gum-PVA (1.97x10* S.cm™) [30], Guar gum (1.46x10* S.cm™?) [31] and
Chitosan:Methylcellulose (1.93x10~* S.cm™) [32].

A 3.0E-4 . , . : : B soes

2.0E-4 2.0E-4

1.0E-4 4 1.0E-4

Conductivity (S.ecm™)
Conductivity (S.cm™)

0.0E+0 -
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0.4 0.6 0.8 1 1.2 14 1.8 1.8
[CA] (wt%) [LiCIO,] (mol.L™")

Figure 6 lonic conductivity of gels with different amounts of: a) cellulose acetate (6-14 wt%), b) lithium
perchlorate (0.4-1.8M).

Among all the tested electrolytes, the one containing 1.8M of LiClO4 presented the
highest ionic conductivity, and this increase can be explained by the higher quantity of charge
carriers and mobile ions, as the LiClO4 dissociation provides free CIO4 and Li* ions, favoring
the conduction process. [11,29] As we aim to develop a green and sustainable electrolyte, the
amount of lithium added to the gel is a determining factor to consider. Therefore, the
electrolyte containing 1.8M of LiClIO4 (Gel M) presents an increase in the conductivity in
relation to the other electrolytes, however, this difference does not compensate in proportion
to the amount of lithium perchlorate added, as this material can generate an environmental
impact at high concentrations. Lithium, when used in charge/discharge systems, can become
electrically isolated and present some instability after some cycles, becoming
electrochemically inactive, but still chemically reactive due to its high surface area, resulting
in possible internal short and thermal runaway. When forming lithium perchlorate, due to the
oxidation state of chlorine (V11), can present itself as a strong oxidant and end up generating

strong reactions with organic species. [33,34]
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EIS analyzes at different temperatures were performed and the dependence of the
ionic conductivity of the gels over temperatures from 25 to 80 °C is shown in Figure 7, where
the conductivity logarithm was plotted against the inverse of the temperature for a better
understanding. The results show that the conductivity varies with temperature, but in a non-
linear way. The graphs were divided into three regions, I, Il and Ill, which correspond to the
temperature ranges 25-30, 30-70 and 70-80 °C, respectively. First, the identification of the
three regions suggests that the ionic transport mechanism is complex, occurring both by ionic
jumps and by segmental movement of the polymer. [35] This may be associated with the gel-
like texture, which has a high viscosity and denser structure in terms of polymer chains. [36]
Furthermore, it may suggest a phase transition of cellulose acetate, [37] which is a

semicrystalline polymer according to XRD.

A T | B T ] T T T |
-3.30 n I -3.30 4 m ] I
1 1 1
I 1
-3.35 Gel A ! g -3.35 ! /T\. d
—_—— Ge| C 1 ] 1
-3.40 4 - +3.40 4 .
_ Gel E I B ' /\'\
- . v L
3454 4 K - -
§ 2 | gas] AN
1
e 3.50 4 | 4 L 3504 : //_)|\ i
b o] 1 |
2 e \/\T\ 2 | ‘ :
O 3585 | e 9 3554 — ! E
| 1 —=— el F ]
-3.60 ! . -3.60 : ——Gell | il
! ] l Gel K |
= - I - . 4 4
e : ; e : —v—Gel M :
I 1 - 1
-3.70 L T T T } -3.70 L T T }
28 29 3.0 31 32 3.3 3.4 28 29 3.0 a1 3.2 3.3 3.4
1000/T (K™ 1000/T (K')
o 150000 . T T T
« 25°C
+30°C
120000 o 40 °C -
50 °C
+ B0°C
900004 < 70°C _ :
o~ o Wl
_3 - 80°C 100
N .

60000 4

300004 4 g 0 .
0 50 100
’ Z'(cn)

o04de i
T T T T
0 30000 60000 90000 120000 150000

Z' ()

Figure 7 lonic conductivity over temperature of gels with different amounts of: a) cellulose acetate (6-14 wt%),
b) lithium perchlorate (0.4-1.8M); c) EIS curves of Gel K from 25 to 80 °C.
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In regions | and Ill, it is possible to observe an increase in conductivity for most
samples, which can be explained by an increase of the diffusibility that facilitates the
transport of the ions in the polymer. [38] Region Il presents a variable behavior with a
predominance of a decrease in conductivity with increasing temperature. This can be
explained by the high glass temperature (Tg) of the electrolyte, an intrinsic characteristic of
the cellulose acetate. At lower temperatures, the polymer structure becomes more rigid,
making segmental dynamics difficult. In some reported works, the presence of salt can
increase Tg, depending on the amount added. [39] Furthermore, the breaking of cellulose
acetate bonds due to the high entropy condition can also influence the reduction of ionic
conductivity. [40] Figure 7c shows the Nyquist plot of the sample containing 1.4M of LiClO4
(Gel K), where it is possible to observe in the inset that the resistance between the electrode
and the electrolyte decreases as the straight lines shift towards zero at high frequencies as the
temperature increases, corroborating the influence of temperature in ionic conductivity.
Figure S4 shows the Nyquist plot of gels with different polymer and salt contents at different
temperatures, which corroborates the behavior presented by the Gel K.

3.2 Optical characterization

An important characteristic of the electrolytes in some electrochemical devices is their
transparency. An intrinsic property of most electrolytes based on natural polymers is that they
tend to form transparent gels/membranes. That said, Figure 8 shows the optical transmittance
spectra for cellulose acetate-based electrolytes in the range of 250-800 nm. It is possible to
observe small differences in transmittance as a function of the amount of polymer, as the gel
with the highest cellulose acetate content presents highest transmittance. For different amounts
of LiClOqs, the difference is almost negligible over the entire wavelength range. After 500 nm,
the transmittance varies between 82 and 85% for all tested gels, a non-significant difference.
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Figure 8 Ultraviolet—visible transmittance spectra of gels with different amounts of cellulose acetate and lithium
perchlorate.

3.3 Thermal characterization

To better understand the thermal stability of the cellulose acetate based gels,
thermogravimetric analyzes were performed and the thermal behavior of the electrolytes is
shown in Figure 9. The first stage of thermal degradation occurred at temperatures up to 100
°C and only 5% of mass loss occurred, which can be attributed to the loss of free water and/or
moisture evaporation. The second stage starts at 150 °C, where a massive mass loss begins to
occur and, up to 250 °C, 90% of the initial mass is lost for all gels, due to their degradation.
Above 250 °C, degradation continues at a low rate, remaining only material residues.
Regarding the different amounts of materials added to the gels, it is possible to observe that
the mass loss of the gel containing less polymer occurs faster. The sample containing 6 wt%
of cellulose acetate (Gel A) presented a mass loss of 80% at 200 °C, while the one containing
14 wt% (Gel E) presented the same loss mass only at 240 °C. For different amounts of salt, a
small increase in stability is shown for the one containing 1.4M of LiClOs (Gel K) when
compared to the one with 0.4M (Gel F). However, as the thermograms are similar, it suggests
that there are no significant changes in the electrolyte structures and that the lithium
perchlorate does not act as a catalyst in the decomposition of gels.
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Figure 9 Thermogravimetric analysis of gels with different amounts of cellulose acetate and lithium perchlorate.

3.4 Structural characterization

XRD measurements were performed for electrolytes containing two different amounts of
cellulose acetate and lithium perchlorate to investigate the influence of these materials on the
structure of the gels at room temperature. Figure 10 shows the XRD patterns of the tested
gels, where it is possible to infer that the gels are composed of a combination of amorphous
and crystalline phases, which makes them semi-crystalline in nature. A broad halo related to
the semi-crystalline nature of cellulose acetate can be observed from 20=23° to 20=27°,
which is in agreement with the literature. [39,41] Regarding the different amounts of
cellulose acetate, the addition of the polymer content does not generate a significant
difference in broadness and relative intensity. In terms of salt addition, the gel with the lowest
amount of lithium perchlorate shows a slight increase in peak intensity, which may infer a
higher crystallinity, suggesting that the increase in salt amount leads to an increase in the
amorphous character. [39] XRD patterns do not present peaks corresponding to LiClOg,
which indicates complete dissociation of the salt in the cellulose acetate matrix. [42] As there
are no significant changes in the XRD patterns, it is possible to state that there are no
significant changes in the structure of the electrolytes, predominating the amorphous
character, which may produce greater diffusivity and higher ionic conductivity, as the ions

easily migrate into the polymer. [26]
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Figure 10 a) Diffractograms of gels with different amounts of cellulose acetate and lithium perchlorate; b)

deconvolution of the diffractograms presented in (a).

FTIR was performed to analyze the functional groups and the interaction between the
gel constituents. Figure 11 shows the FTIR spectra of cellulose acetate gels with different
polymer and salt amounts. To investigate the influence of cellulose acetate, the amount of salt
was fixed and gels with three different polymer concentration were tested — gels A,C and E
(6, 10 and 14 wt%). The influence of lithium perchlorate was studied by fixing the amount of
polymer and varying the salt concentration — gels I, Kand M (1.0, 1.4 and 1.8 M).
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Figure 11 Fourier transform infrared spectroscopy (FTIR) spectra of gels with different amounts of cellulose

acetate and lithium perchlorate.

Through the FTIR specters, it was possible to identify characteristic peaks of cellulose
acetate and carbonate groups of propylene carbonate — used as solvent — which owns similar
organic functional groups and are presented in Table 2. The main absorption peaks of
cellulose acetate are 3537 corresponding to O-H stretching, 1780 corresponding to C=0
symmetric stretching and 1224-1043 cm™, both as a result of overlapping single peaks,
referent to the C-O stretching. [43] With the exception of the O—H peak, the other peaks have
the contribution of the propylene carbonate, being the characteristic band of carbonate group
appearing at 1178 cm™ and corresponding to the O—C—O group, also overlapped with 1224
cm peak. [44]
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Table 2 Fourier transform infrared spectroscopy (FTIR) assignments of cellulose acetate gels

Wavenumber (cm)

Assignments

3537
2989
2935
1780
1643
1388
1354
1224
1178
1043
965

O—H stretching

C—H stretching symmetric
C—H stretching

C=0 symmetric stretching
C—Cring

C—H bending

C—H assymmetric

C—O stretching

O—C—0 assymmetric
C—O—<C stretching

C—H bending and CHa rocking

The increase of cellulose acetate concentration caused a small variation in peak

intensities. The O—H band presents greater intensity for Gels C and E due to the high number

of functional groups, whereas the Gel A presents greater intensity in the O—C—O peak, which

is the largest amount of propylene carbonate. In Gels I, K and M, the increase in the amount

of Li* ions led to a decrease in peak intensity at 1780 cm™, suggesting a greater interaction of

the ions with the carbonyl group. A decrease in the peak attributed to the carbonate group

was also observed, indicating the possibility of interaction between Li* ions and propylene

carbonate. [40,45]

4. CONCLUSIONS

Gel polymer electrolytes with different concentrations of cellulose acetate and lithium

perchlorate were produced and analyzed electrochemically, structurally, thermally and

optically. The gel that presented the best results was the gel containing 10 wt% of cellulose
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acetate and 1.4M of LiClO4, with conductivity values in the order of 2.3x10* S.cm™ at 25 °C
and 3.0x10* S.cm® at 80 °C. Through cyclic voltammetry, a stability analysis was
performed, and the gel proved to be stable after 400 scanning cycles, presenting a small
decrease in the voltammogram area. The gel showed a transparency close to 85% by UV-Vis
spectroscopy and a significant mass loss between 150 and 250 °C by thermogravimetry. The
gel showed a semicrystalline structure through XRD and characteristic peaks of cellulose
acetate and of the carbonate group of propylene carbonate. Thus, it is possible to affirm that
the mentioned gel is a promising electrolyte to be used in electrochromic devices.
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The online version contains supplementary material available.
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O artigo intitulado “An easy to assemble PDMS/CNTs/PANI flexible
supercapacitor with high energy-to-power density” é apresentado conforme
publicado na Revista Nanoscale, ISSN: 2040-3364, classificacdo Al na area de
Materiais. O artigo € referente ao trabalho desenvolvido durante o periodo de
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The fabrication of a flexible supercapacitor with state-of-the-art performance is described, based on a
facile and low-cost fabrication method that encompasses aligned carbon nanotube arrays (ACNTA)-poly-
aniline/polydimethylsiloxane electrodes (ACNTA-PANI/PDMS). The ACNTA were partially embedded in
PDMS to ensure excellent adhesion and integration whilst PANI was electrodeposited on its surface to
improve energy storage properties. The supercapacitor structure and morphology were investigated by
Raman spectroscopy and scanning electron microscopy (SEM), respectively. The energy storage pro-
perties of the electrodes were evaluated in two and three-electrode configurations. The maximum value
of specific capacitance was 408 mF cm=2 (265 F g—') at 1 mA cm~—2, and a high energy density of 20 yW h
cm~2 (25.5 W h kg—') was achieved at a power density of 100 pyW cm—2 (126.6 W kg~') for a symmetric
two-electrode device. The device showed a good capacitance retention of 76% after 5000 cycles and
was able to maintain 80% of its electrochemical properties while being measured at different bending
angles, demonstrating excellent mechanical agility performance under extreme conditions and some of

the highest carbon-based energy storage properties.

Introduction

Humankind’s future depends on carbon footprint reduction
by means of technological development, and at the forefront
are green and environmentally friendly energy storage
devices.! Besides, with the growing use of wearable devices
there is an inevitable need for flexible, lightweight and minia-
turized electrochemical energy devices, e.g., lithium batteries
and supercapacitors (SC).2-7 SCs have a high power density
and a long-life cyclability,8.9 unlike batteries that involve phase
changes and redox reactions with metallic ions - leading to a
slow diffusion process and consequently low power density —
as a result of the charge/discharge process. SC devices also
exhibit fast charge-discharge capability, lightweight, safer
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operability and low cost,10-12 turning them into an optimal
choice when high- and rapid-cycling power is required.13.14

Supercapacitors usually operate in two basic modes:
electrochemical double-layer capacitance (EDLC) and pseu-
docapacitance (PC).12,15-18 EDLCs operate based on the
electrostatic effect resulting from the charge separation
occurring at the interface of the electrode surface and the
electrolyte ions,9:11.16,19 which mainly depends on the
surface area of the electrodes and the electrolyte
properties.% 1112 On the other hand, PC response to revers-
ible redox reactions causes charge accumulation that
involves the entire active material and leads to a high
capacitance and energy density.9:17.19

Electrodes themselves are fundamental components of
supercapacitors and are usually composed of either metal
nitrides for their excellent electrical conductivity,20-22 in-
organic perovskite oxides and spinel ferrites due to their high
energy density, transition metal sulphides for presenting
high ionic conductivity,24 or carbon-based materials, such as
carbon nanotubes (CNTs) due to their outstanding chemical
and mechanical stability and often used as a conducting base/
substrate for further electropolymerization.25

Therefore, the combination of PC materials with carbon
nanotubes (CNTs)25 and graphene26 results in a material with
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an improved lifetime, fast charge/discharge, and high-power

anSity.9’12’16’17’27’28

SCs that operate solely through the EDLC mechanism have
some disadvantages such as limited specific capacitance and
reduced energy storage capacity.!l.16 To overcome this, the
incorporation of pseudocapacitive materials is frequently
reported, including transition metal oxides and conductive
polymers.15.29.30 Accordingly, the use of low-cost and easily
processable polyaniline (PANI) is developed as an interesting
strategy due to its high electrochemical activity and high
specific capacitance.31:32 Furthermore, PANI possesses three
different oxidation states (leucoemeraldine, emeraldine and
pernigraniline) in which the valence change allows for energy
storage, exhibiting specific anodic/cathodic peaks for each
transition as observed during electrochemical analyses.32:33 On
the other hand, during continuous charge-discharge pro-
cesses, PANI may suffer from volume expansion and degra-
dation, resulting in low stability, which can be easily overcome
by the incorporation of carbon-based materials.34.35 Recent
studies have shown the production of CNTs/PANI nano-
composites via a vacuum-assisted fabrication technique,
chemical and electrochemical polymerization.516 By combin-
ing polyaniline and carbon nanotubes, PANI incorporates into
the open structure of the latter improving the electrolyte per-
meability throughout the device leading to an improved super-
capacitor that stores charge via both EDLC and PC
mechanisms. 17,32

Several methods for the processing of CNTs for SC electro-
des have been reported, e.g., the deposition of a CNT dis-
persion on a hard substrate (current collector) through dip-
coating,36 spin-coating,37 or drop-casting38 to name a few.
Flexibility can be achieved by mixing CNTs with a polymeric or
elastomeric material. Mixing processes include infiltration of
the polymer binder, mixture of nanoparticles in a polymeric
matrix, or transfer of active CNTs grown on a rigid substrate to
a flexible polymer substrate.2:39 An ideal approach is the use of
a green and cheap silicone-based elastomer such as the polydi-
methylsiloxane (PDMS). PDMS is a non-toxic polymeric orga-
nosilicon compound with good thermal and chemical stability
in addition to its inherent ability to withstand high mechani-
cal deformations.240 Moreover, the easy processing and malle-
ability allow stackings that favours the interaction between
PANI and CNT, promoting a synergistic effect that leads to
better stability.41.42

In this paper, a single deposition step and low-cost process
is presented to produce environmentally friendly
flexible supercapacitors, in which vertically aligned carbon
nanotubes (VA-CNT) grown on Si/SiO2 substrates through the
photothermal chemical vapour deposition method (PTCVD)
were transferred to a partially cured PDMS, later completing
the curing and retaining CNT alignment but with added
flexibility.843 Then, PANI is electrodeposited on the top of
EDLC elements to confer pseudocapacitive behaviour, result-
ing in electrodes of aligned carbon nanotubes-PANI/PDMS
(ACNTA-PANI/PDMS) that delivered outstanding energy storage
properties.

View Article Online

. . Paper
Results and discussion

Fig. 1a and b show top- and side-view SEM images of the as-
grown VA-CNT on a Si wafer, respectively. The top-view image
corresponds to a densely packed CNT “forest”, while the side-
view image shows an average height of 17 um for the CNTs.
The SEM image depicted in Fig. 1c was taken with an angle of
45° between the electron beam and the sample normal, allow-
ing a more accurate measure of the CNT diameter, with which
a relative frequency distribution over 300 CNTs was counted
resulting in an average diameter of 14.0 nm *+ 3.6 nm, as
shown in Fig. 1d.

Fig. 2 shows the SEM image of the ACNTA/PDMS flexible
material containing the CNTs transferred from the Si/SiO2
wafer to the PDMS matrix. Bearing in mind the weight of the
wafer applying a shear force during drop casting, it is expected
that the VA-CNTs will in turn convert to horizontally aligned
carbon nanotubes (HA-CNTs) as shown in the top-view SEM
image of Fig. 2a. The cross-sectional SEM image shown in
Fig. 2b displays two distinguished areas: a top region, showing
the CNTs laying down after the casting process; and the
bottom region still containing vertically aligned CNTs. The top
interfacial region corresponds to the CNTs that were in contact
with the Si/SiO2 wafer and the VA-CNTs are in contact with the
PDMS. The CNTs in contact with PDMS remained aligned due
to densification caused by the PDMS that ascended into the
CNTs by capillary forces, as highlighted in the inset of Fig. 2b,
where features of the VA-CNTs can be seen embedded in the
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Fig. 1 Scanning electron microscopy (SEM) images of the as-grown
vertically aligned carbon nanotubes (VA-CNT). (a) Top-view SEM image
showing the tips of the CNT “forest”. (b) Side-view SEM image of the
VA-CNT showing a height of about to 17 um. (c) 45" tilt of one of the
SEM images used to measure the CNT diameter, whose relative fre-
quency distribution is depicted in (d). (d) From the LogNormal fitting to
the distribution, an average diameter of 14.0 nm = 3.6 nm was obtained.
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Fig. 2 (a) Top-view SEM image of the horizontally aligned carbon
nanotubes (HA-CNTs) that were bent during the wafer drop casting
process. (b) Cross-sectional SEM image of the flexible electrode
showing HA-CNTs on top of vertically aligned carbon nanotubes
(VA-CNTSs) densified when in contact with the polydimethylsiloxane
(PDMS) matrix. PANI is a thin indistinguishable layer spread across the
HA-CNTs/air interface.

polymeric matrix (reference Fig. 1b). This effect should be very
pronounced, considering both the high cross-sectional contact
area and the sorptivity of CNTs.44 The same densification
should occur at a lower level in the HA-CNT region after PANI
electrodeposition.

The structural evaluation of the flexible material was
carried out in two steps. Firstly, the micro-Raman laser was
focused on the PANI covered region of the sample (marked
“ACNTA PANI/PDMS” in Fig. 3b), and next it irradiated the
HA-CNTs that were underneath PANI (noted as “ACNTA/
PDMS”, black line, and shown in Fig. 3b). The HA-CNTs were
exposed after a scotch-tape exfoliation of the superficial PANI
layer, in which the latter is visible in the optical image of
Fig. 3c. This approach was chosen since the overlapping
Raman active peaks of PANI and the CNTs, alongside the low
penetration depth of the 532 nm laser into the VA-CNTs, com-
plicate the analysis of the peak convolution and mask the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (@) Raman spectra of the flexible electrode (ACNTA-PANI/PDMS,
represented in cyan), the horizontally aligned carbon nanotubes(HA-
CNTs) underneath the PANI superficial layer (ACNTA/PDMS, black
line), and the as-grown CNTs on the Si/SiO. wafer (CNT, in grey). The
PANI and PDMS spectra were added as comparative purposes. (b) The
ACNTA-PANI/PDMS label defines the original electrode area, whilst the
“ACNTA/PDMS” label identifies the HA-CNTs region underneath the
PANI following the scotch-tape exfoliation. (c) PANI exfoliated from the
electrode surface.

PDMS Raman active peaks from the electrode spectrum (cyan
line in Fig. 3a). In addition, the strong presence of peaks
related to the PANI and the lacking G" band of the CNTs were a
strong indication that electrodeposited PANI remained on the
surface. The PANI Raman spectrum obtained from the
material on the scotch-tape (green line) and the PDMS from
the opposite surface (orange line) are presented in Fig. 3a as
reference. The peaks attributed to the PANI nanostructures
correspond to the out of plane ring deformation (about
410 cm!), ring deformation and silicon vibrations (520 cm™!),
quinonoid ring deformation (730 cm™! and 763 cm!), benze-
noid ring deformation (805 cm!), C-H deformation
(960 cm™), in-plane bending of the C-H bonds in the semiqui-
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nonoid ring (1165 cm™!), stretching of the C-N (1330 cm™!,
1350 cm™!, 1375 cm™!, and CvN at 1475 cm™!), and N-H
bending (1520 cm™!).45 Extra peaks in the PANI spectrum
(green line) are from the Scotch-tape used in the exfoliation
process. The typical peaks for cured PDMS are assigned to the
aromatic C-H stretching (3000 cm-!), CHs symmetric stretch-
ing (2890 cm™1), Si-C symmetric stretching (710 cm™1), and Si-
O-Si stretching (622 cm™! and 494 cm™1).46

Raman spectroscopy is a well-known technique used to
benchmark CNTs. The quality of the carbon nanotubes can be
estimated based on the ratio between the D and G peaks, in
which the D peak appears between 1330 and 1360 cm™! and
the G peak can be found at 1580 cm™!, and hence the impor-
tance of having to exfoliate the PANI layer masking the peaks
prior to this analysis. As shown in Fig. 3a, the as-grown VA-
CNTs (grey line) presented an I/l ratio of 1.0 + 0.4, while
the Ip/Ic of the HA-CNTS underneath the PANI layer (black
line) was 1.5 £ 0.3. A considerably higher D peak can be a con-
sequence of defects, which as measured by Raman spec-
troscopy, is any contribution coming from lattice defects (sub-
stitution, inclusion, vacancies, or impurities) or amorphous
carbon.4” Therefore, we attribute the higher Ip/Ig ratio of the
electrode to the amorphous carbon resulting from the electro-
deposition of PANI or possibly to defects introduced during
the bending of the CNTs during drop casting, such as kinks
on the nanotubes’ walls.

Contact angle measurements (refer to ESI, Fig. S11) were
performed to complement the conclusions drawn from the
microscopy and spectroscopy studies. It is observed that the
water droplet contact angle of 128.5° for the ACNTA-PANI/PDMS
sample is higher than the value observed for ACNTA/PDMS and
pure PDMS, being 125.74° and 90.55°, respectively. The lower
contact angle measured for the pure PDMS was expected based
on the possible hydrogen bonds occurring between water mole-
cules and the oxygen atoms contained in the (-SiO(CHz3)2)n
monomer, and the higher value of the PDMS/CNTs is another
indication that the diffusion of the PDMS was limited to the
bottom half of the VA-CNTs (refer Fig. 1b). Following PANI elec-
trodeposition, a slight and non-significant change of about 2%
(within instrument experimental error)48 in the contact angle
occurred from 125.74° for the ACNTA/PDMS to 128.57° for
ACNTA-PANI/PDMS, which can be explained by the PANI
diffusion along the CNTs (refer Fig. 3b and c).49:50

Electrochemical results

The electrochemical performance of the ACNTA-PANI/PDMS
electrodes was firstly investigated via cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) measurements with
potentials ranging between -0.2 and 0.8 Vag/agcl. The typical
CV profiles measured in the three-electrode configuration are
shown in Fig. 4a where two pairs of redox peaks were observed
at approximately 0.32 V/-0.06 V and 0.55 V/0.4 V, attributed to
leucoemeraldine/emeraldine and emeraldine/pernigraniline
transition forms of PANI, respectively, revealing a strong
pseudocapacitive behaviour. A reduction of the redox peaks
whilst increasing the scan rate can be observed and related to

This journal is © The Royal Society of Chemistry 2022

the high-frequency charge diffusion through the inner active
sites of the electrodes, minimising redox reactions during the
charge and discharge processes.!0.51 Moreover, the oxidation
peaks shifting positively at higher scan rates are indicative of
kinetic limited systems.52 GCD curves (Fig. 4b) exhibited a tri-
angular profile with small deviations from linearity due to
pseudocapacitive behaviour of PANI, and quicker charge/dis-
charge with increasing applied current density is typical for SCs
as a result of ready-to-transfer charge carriers between the active
electrode and the electrolyte.53.54 Fig. 4c and Fig. S21 further
show the values of areal and gravimetric specific capacitances
calculated from the discharge curves over current densities
varying from 1 to 3 mA cm2. The values of gravimetric specific
capacitances were calculated based on the mass of PANI electro-
deposited on the surface of ACNTA/PDMS. The maximum
values of areal and gravimetric specific capacitances were
408 mF cm2 and 265 F g1, respectively, at a current density of
1 mA cm2. Such specific capacitance values are remarkable for
flexible/wearable supercapacitors. A comparison of the electro-
chemical performance of ACNTA-PANI/PDMS measured in a
three-electrode configuration with various similar materials
reported in previous studies are listed in Table S1.7

To further explore the electrochemical properties of the
ACNTA-PANI/PDMS electrodes as an energy storage device, a
flexible symmetric two-electrode supercapacitor was fabricated
(inset of Fig. 5d) and studied in an ionic liquid electrolyte. The
CV curves of the ACNTA/PDMS and ACNTA-PANI/PDMS struc-
ture measured at scan rates varying between 5 and 50 mV s°!
in a potential range of 0-1 V are shown in Fig. S3at and
Fig. 5a, respectively. The ACNTA/PDMS device exhibited the
typical rectangular shape regardless of the scan rates as
expected from electrical double-layer capacitors. On the other
hand, CV curves containing redox peaks from the multiple
reduction and oxidation states of PANI points out the existence
of a PC behaviour.52.55 Furthermore, with the increase in the
scan rate, the oxidation peaks shifted positively (in contrast to
the anodic peaks) due to an increase in the internal resistance
of the electrodes, deviating from the ideal shape of CV
curves.556 Additionally, the GCD curves of ACNTA/PDMS and
ACNTA-PANI/PDMS at different current densities are shown in
Fig. S3bt and Fig. Sb, respectively. Both devices displayed
nearly symmetric triangular profiles, revealing high reversibil-
ity during charge/discharge processes. ACNTA/PANI presented
an ideal linear profile of charge/discharge, evidencing the
EDLC behaviour of the CNTs, while the ACNTA-PANI/PDMS
sample showed a slight deviation in the triangular shape that
confirms the presence of the already pointed-out pseudo-
capacitive behaviour combined with the EDLC
mechanism.519.55 Furthermore, Fig. 5c compares the CV
curves of ACNTA/PDMS and ACNTA-PANI/PDMS devices at a
scan rate of 5 mV s1. The CV area of ACNTA-PANI/PDMS is
remarkably higher than that of ACNTA/PDMS and demon-
strates a significant improvement in energy storage properties
after PANI electropolymerization on the surface of ACNTAs.
This is further confirmed, as shown in Fig. 5d comparing the
GCD curves of both samples at a current density of 0.5 mA
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Fig. 4 Electrochemical performance of ACNTA-PANI/PDMS measured in a three-electrode configuration. (@) CV curves of the electrodes at
different scan rates from 2 to 30 mV s-'. The inset shows the CV curve at a scan rate of 2 mV s-'. (b) GCD curves at different current densities
varying from 1 to 3 mA cm-2. (c) Areal specific capacitance calculated from GCD curves.

cm™2, showing the larger charge/discharge time of
ACNTA-PANI/PDMS at the same current density caused by
higher specific capacitances obtained when PANI is present.
This suggests that the presence of PANI directly electrodepos-
ited on the surface of the aligned CNTs produces a composite
that enhances the interfacial charge transfer through the elec-
trodes and, therefore, improves the overall electrochemical
performance.51,57 The areal specific capacitances were calcu-
lated from the GDC measurements and plotted in Fig. Se.
ACNTA-PANI/PDMS delivered a maximum value of 40.6 mF
cm? at 0.2 mA cm™2, about 24 times higher than ACNTA/
PDMS at the same current density. Once again we highligth
the charge accumulation increase at the electrode/electrolyte
interface due to PANI redox reactions and the synergetic effect
between PANI and ACNTAs as numerous conductive pathways
that allow fast ion diffusion through the electrodes.54:55.58

This journal is © The Royal Society of Chemistry 2022

EIS measurements were further performed and Fig. 6a
shows the Nyquist plot of ACNTA/PDMS and ACNTA-PANI/
PDMS devices. The experimental data were adjusted to the
equivalent circuit exhibited in the inset of Fig. 6a. The Rs
denote the internal resistance of the electrodes, while the C1/
R1 elements connected in parallel represents the electro-
chemical reaction impedance. The W denotes the Warburg
impedance resulting from the frequency dependence of ionic
diffusion through the electrode/electrolyte interface and C2
corresponds to the intercalation capacitance, which can be
associated with the pseudocapacitance of the devices.5459 The
parameters obtained from the equivalent electric circuit are
described in detail in Table S2.1 The real axis intercept values
at high frequencies denote the internal resistance of the elec-
trodes and the contact resistance between the electrodes and
electrolyte (Rs).53:60 The Rs values were 214.8 and 153.3 ohm
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em™? for the ACNTA/PDMS and ACNTA-PANI/PDMS device,
respectively, sugeesting that PANI provided a good electrical
network within the ACNTAs, which facilitated charge transfer
through the electrodes, and consequently modified the R,
value. The €1 values were approximately the same for the two

Nanoscale

electrodes, 8.35 mF em™ for ACNTA-PANI/PDMS and 7.00 mF
em ™ for ACNTA/PDMS, indicating similar contribution of the
double-layer capacitance for both samples. Furthermore, the
ACNTA-PANI/PDMS electrode displayved a R1 value approxi-
mately 3 times smaller than ACNTA/PDMS (72.5 ohm cm 2
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and 209.7 ochm ¢m >, respectively), indicating a lower charge
transfer resistance for the device containing PANIL. Finally, the
C2 values represents the contribution of the pseudocapaci-
tance mechanism for each sample, reaching 1.04 mF em™ for
ACNTA/PDMS and 20.23 mF cm > for ACNTA-PANI/PDMS,
which is in good agreement with the previous results.

Long-term cycling stability (i.e., capacitance retention) was
evaluated after 5000 charge/discharge cycles of the
ACNTA-PANI/PDMS device, as shown in Fig. 6b. The capaci-
tance gradually increased during the first 250 eycles,
suggesting an improvement of surface wettability and acti-
vation process of the eleetrodes.”" ™" After 5000 cycles, the
capacitance retention was partially stabilized at 76.1%.

The working voltage of supercapacitors is an important
parameter that controls their electrochemical properties and is
directly related to the amount of energy that the device is
capable of storing. Aiming to improve the energy density
stored in our ACNTA-PANI/PDMS device, CV and GCD
measurements were performed at a working potential of 2 V
and different scan rates varying between 5 and 50 mV s™', as
shown in the CV curves of Fig. 7a. The CV curves display
characteristic prominent redox peaks during positive and
negative sweeps, corroborating the existence of deeper reac-

Paper

tions at wider potentials, which is a commonly reported
behaviour,">™" Thus, a slicht deviation in the CV shape is
expected as the scan rate increases due to the increase in the
current density. Accordingly, Fig. 7b displays the GCD profiles
of the ACNTA-PANI/PDMS device at a working voltage of 2 V
tested at different current densities. As observed in the Cv
measurements, the GCD results reveal the presence of a stron-
ger PC behaviour of PANI appearing for wider potentials as evi-
denced by the distortions in the charge/discharge profiles.”
A small voltage drop (/R drop) in the beginning of the dis-
charge curves was noticed in all curves and attributted to the
internal resistance of the electrodes. Moreover, the discharge
curves exhibited two well pronounced stages with a fast linear
discharge followed by a much longer discharge time as a
characteristic of a PC mechanism.’

A Ragone plot containing the values of areal energy and
power densities calculated from GCD measurements is plotted
in Fig. 7¢. Since the values of energy and power densities are
proportional to the square of the voltage (see eqn (5) and (6)
available in the ESIT), one should expect an increase in the
quantity of energy stored with a broader voltage range. When
measured at a potential range beetween 0 and 2V, the
ACNTA-PANI/PDMS device delivered a maximum specific

a
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Fig. 7 Electrochemical properties of ACNTA-PANI/PDMS over different potential ranges varying from 0 to 2 V. (a) CV curves at different scan rates.
(b) GCD curves at different current densities. (c) Ragone plot comparing the values of areal energy and power density of this work with similar

flexible supercapacitors described in the literature.>%°=7>
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energy density of 20 pW h ¢cm™ at a power density of 100 pW
em™ but maintained an enerey density of 6.7 pW h em™
when the power density inereased to 856 pW em™,
an cxcellent performance, as confirmed by the comparison

revealing

with other flexible SCs (Fig. 7c). Thus, the gravimetric energy
and power densities caleulated based on the PANI mass are
shown in the Ragone plot displayed in Fig. 4.7 A high energy
density of 25.5 W h kg™ was obtained at a power density of
126.6 W ke™, maintaining 8.3 W h kg™ when the power
density increased to 1071 W kg™". All these results suggest that
the high number of active sites derived from the multiple oxi-
dation states of PANI improved the amount of charges accu-
mulated in the electrodes.'™?"*"!

The flexibility of the ACNTA-PANI/PDMS device was further
investigated by comparing  the electrochemical performance
under different bending angles. Fig. 8a displays the CV curves at
! under bending angles of 07, 607, 90°
and 120°. The CV curves presented nearly similar profiles even
when the bending angle increased up to 1207, revealing that the
device preserves great capacitive behaviour when deformed. The

a scan rate of 25 mv s~

normalized specific capacitances were calculated according to
the CV curves as the bending angles increased trom 0 to 120°,
and the results are shown in Fig. 8b. A decrease in the values of
capacitance with further increase in the bending angle was
observed, but a retention of 80.4% when bent to 120° confirms
the viability of using ACNTA/PDMS as a platform for stretchable
energy storage devices.

Conclusions

This work described the fabrication of a high-performance
flexible supercapacitor based on polyaniline-coated ACNTA/
PDMS. Aligned CNTs were transferred from a Si wafer to a
PDMS substrate, providing a densely compacted CNT “forest”

Nanoscale

and granting thermal and chemical stability in addition to
great flexibility. PANI was direetly electropolymerized on the
surface of the aligned CNTs, which resulted in a structure with
remarkable electrochemical properties. The abundant active
sites and multiple oxidation states of PANI promoted a signifi-
cant enhancement in the energy storage properties of the
ACNTA-PANI/PDMS electrodes, which delivered a maximum
areal specific capacitance of 408 mF ecm™ at 1 mA cm™2
Moreover, the symmetric two-electrode flexible device dis-
played a high energy density of 20 pW h em™ (25.53 W h kg ™)
at a power density of 100 pW kg™ (126.6 W kg '), which is
among the best reported for flexible devices. Thus, the device
can maintain 80.4% of its electrochemical properties when
bent at 120°. Considering the significant findings of this
study, the ACNTA-PANI/PDMS electrodes are a promising can-
didate for future flexible electronics, presenting outstanding
achievements combined with facile and low-cost fabrication
with few processing steps. A truly flexible technology which
will bridge the requirements of energy and power for future
IoT devices is demonstrated in this paper.

Experimental
Growth of vertically aligned carbon nanotubes

Carbon nanotubes (CNTs) were deposited via the photother-
mal chemical vapour deposition method (PTCVD), as
described elsewhere.* "™ In brief, the PTCVD system is a
complementary metal-oxide-semiconductor (CMOS) compati-
ble, low-temperature CNT growth method which employs an
optical heat source to efficiently couple the high optical energy
and focus it at the catalyst front only whilst the substrate is
being water cooled continuously. This allows achieving up to
300 °C temperature gradients between the catalyst front and
the substrate. CNT deposition was performed on a full 4-inch
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silicon (8i) water with 300 nm native oxide (Si0,). A 3 nm
iron (Fe") catalyst layer was sputtered on top of a 10 nm
aluminum (Al") co-catalyst interlayer to prevent the catalyst
from coaleseence and increase the CNT density. The PTCVD
system was operated at around 400-420 °C substrate tempera-
ture, measured using a bulk pyrometer.”” The Fe' catalyst was
activated for 5 min under 100 seem H., immediately followed
by 5 min growth under 100 seem I, and 25 scem (acctylene)
C,H, at 5 torr chamber pressure. After 5 min, C,H, supply
was cut-off, hydrogen (H,) was allowed to flowing into the
chamber with the optical light on for an extra minute to
avoid amorphous carbon built-up on the tip of the CNTs.
The chamber was cooled down to room temperature and
purged twice with nitrogen (N.) before the substrates were
removed.

Preparation of ACNTA-PANI/PDMS

A schematic illustration of the processes employed during elec-
trode fabrication is shown in Fig. 55.7 A solution was prepared
by mixing the polydimethylsiloxane (PDMS) base and its
curing agent (Dow Chemical Company) with a mass ratio of
10: 1, and degassed under 1072 mbar for 30 min to prevent
bubble formation. After holding the PDMS at 70 “C for 3 h, the
vertically aligned carbon nanotubes (VA-CNT) previously grown
on the Si waler was dropeast facing the partially cured PDMS.
At the end of the curing process, the Si water was pulled,
leaving behind the aligned CNTs (ACNTA) which were then
attached to the PDMS, since the adhesion of ACNTA/PDMS is
stronger than that of the VA-CNTs/Si wafer. Finally, ACNTA/
PDMS was coated with a layer of polyaniline via electropoly-
merization. PANI was electropolymerized on the surface of
ACNTA/PDMS through cyclic voltammetry (CV) in a three-elec-
trode configuration, using ACNTA/PDMS as the working elec-
trode, platinum as the counter electrode and Ag/AeCl (satu-
rated with KCI) as the reference eleetrode. The clectrode array
was submerged in a solution containing 0.5 mol L™ aniline
(Dinamica Quimica Contemporinea) and 0.5 mol L™ H,S80,
(Exodo Cientifica). The eclectropolymerization was initiated
with one cycle in the potential range between 0 and 1.4
Vagaecns Tollowed by 10 eyeles in the potential range between 0
and 0.8 Vi, e, at a scan rate of 5 mV s~'. Finally, the fabri-
cated ACNTA-PANI/PDMS electrodes were rinsed with distilled
water and left to dry for 12 h.

Characterisation

The morphology of the as-grown VA-CNTSs, as well as the
ACNTA-PANI/PDMS flexible electrodes was analysed using a
scanning electron microscope (SEM), Tescan MIRA 11, The
VA-CNTs on the silicon/silicon dioxide (Si/5i0,) wafer were
inspected using a 0.20 nA electron beam operated at 30 keV,
ensuring a spot size lower than 3.8 nm. The diameter of the
CNTs were measured using the Image] software and its
average diameter was obtained after a LogNormal fit to the
relative frequency distribution. In order to verity the alisnment
of the aCNTs following the casting of the Si wafer on the
mildly cured PDMS, the sample was cut with a N“11 scalpel
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blade and mounted on a 45° tilted stub. The stage tilt (up to
35°) allowed us to verify its cross-section region and also to
obtain top-view SEM images, both using a 0.20 nA electron
beam accelerated at 5 keV which results in a spot size of about
8 nm. The lower energy and the in-beam secondary electron
detector allowed the prevention of charging in the PDMS and
to obtain more details of the material surface, respectively.
Structural characterisation was carried out using micro-
Raman spectroscopy, with a laser excitation of 532 nm. The
50x objective lens and the filter resulted in a spot size of 5 pm
. The ratio between the D and
G peaks intensity (I, and I;, respectively) benchmarked the
quality of the VA-CNTs before and after being converted into a
capacitor electrode, and the uncertainty related to the analysis

2

and a power below 10 mW pm™

was caleulated based on In /I * \/1/In + 1/1."

The D and G peak intensities were obtained via Lorentzian
curve fittings. PDMS and polyaniline (PANI) were also charac-
terised. The wettability of the materials was checked by contact
angle measurements carried out under ambient conditions
using an optical tensiometer, Theta Lite TL100, where a drop
of distilled water (8 pL) was dropped onto the material surface
whilst recording with a digital camera. The images were ana-
lysed using Oneattension software.

Electrochemical measurements

Ta evaluate the electrochemical performance of the electrodes,
firstly tests in three-electrode configuration were performed in
H.50, 1 mol L™ electrolyte, with ACNTA-PANI/PDMS as the
working electrode, and Pt mesh and Ag/AgCl (KCI 3 mol L™")
as the counter and reference electrodes, respectively. CV and
GCD measurements were conducted in the potential range
between —0.2 and 0.8 Vigager at various scan rates and at
different current densities, respectively, To further examine the
ACNTA-PANI/PDMS material, a flexible two-electrode super-
capacitor was fabricated and tested in an ionic liquid electro-
Iyte  (1-butyl  3-methyl imidazolium tetrafluoroborate
[BMIM][BF,]). The device was assembled by sandwiching two
ACNTA-PANI/PDMS electrodes, using quantitative filter paper
(JP10, average porosity of 25 pm) as a separator. An illustration
of the supercapacitor assembly is shown in Fig. 56.7 CV and
GCD tests were performed in a working potential range
between 0 and 1 V. Electrochemical impedance spectroscopy
(EIS) was performed from 0.1 to 100 000 Hz, with an amplitude
of 0.005 V referred to the open circuit potential. Long-term
cyeling stability was assessed according to GCD in a potential
range between 0 and 1 V for 5000 cycles. Tests were also per-
formed in a wider voltage range (0-2 V) to improve the energy
density stored. Furthermore, CV tests varying the bending
angle (07 to 1207) were also performed, as shown in Fig. S87.7
The electrochemical tests were performed in a programmable
sourcemeter (Keithley - 2651A), a potentiostat (Metrohm
Autolab, PGSTAT302 N) and another potentiostat (IVIUM -
Compactstat). For further information on how areal and gravi-
metric specific capacitances, energy, and power densities were
calculated, refer to the supplementary material.
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5 Conclusodes

Neste trabalho foram desenvolvidos, estudados e caracterizados filmes finos
de CeO:2 e CeO2:V20s5 para utilizagdo como contra eletrodo e eletrdlitos géis
poliméricos a base de acetato de celulose, ambos com potencial aplicacdo em
dispositivos eletrocromicos.

Na primeira parte do trabalho, foram produzidos filmes finos de CeO:2 e de
CeO2 dopados com V20s, preparados pelo processo sol gel e depositados através
da técnica de spin coating. Para tal, foi utilizada uma metodologia ja estabelecida na
literatura, bem como os parametros de concentracdo e proporcdo dos materiais -
filmes de CeO2 com 3 camadas de deposicéo e filmes de Ce0O2:V20s com 15% mol
de dopagem de V205 e 5 camadas de deposicao.

Foi estudada a influéncia da temperatura nas propriedades eletroquimicas
dos filmes, com variacdo entre 20 e 80 °C, com salto de 10 °C. Pela técnica de
voltametria ciclica, foi possivel observar um aumento da area do voltamograma,
além de um deslocamento dos picos, conforme a temperatura foi aumentada.
Através da cronoamperometria/cronocoulometria foi observada uma diminui¢cdo no
tempo de resposta, entretanto, a capacidade de inserir ions na camada do material
melhorou, subindo de 10 para 12 mC.cm™2 e 12 para 40 mC.cm™2, para os filmes de
CeO2e Ce02:V20s respectivamente, com 60 segundos de aplicacdo do potencial.
Através da técnica de espectroscopia de impedancia eletroquimica, foi registrada
uma diminuicdo da resisténcia, favorecendo assim a condutividade idnica.

Para o estudo da influéncia do intemperismo, os filmes foram submetidos a
uma camara de intemperismo acelerado durante o periodo total de 75 dias, periodo
equivalente a 900 dias (2,5 anos) de exposicdo ao ambiente externo. A cada
periodo pré-estabelecido de tempo (intervalos de 15 dias, equivalentes a 180, 360,
720 e 900 dias), as amostras foram retiradas e submetidas a novas analises
eletroquimicas, a fim de acompanhar a influéncia ao longo do periodo total
equivalente a 2,5 anos. Ao final deste periodo, foram realizadas também novas
analises morfologicas e estruturais, objetivando analisar possiveis variagfes

ocorridas nos filmes.
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Através dos perfis obtidos pela voltametria ciclica, ambos os filmes
apresentaram picos anddicos e catodicos. Como esperado, o filme dopado
apresentou uma maior area que o filme ndo dopado, e em ambos 0s casos, nao
houve mudancas significativas apés os 900 dias de incubacédo. O filme dopado
também apresentou um processo mais rapido de insercdo, além de maior
capacidade de insercdo de carga, em todos os cenarios testados. Entretanto, para
ambos os filmes, o processo de intemperismo revelou uma queda na densidade de
carga, mas ainda mantendo resultados promissores para a aplicacdo proposta. A
curva Nyquist obtida através da técnica de impedéancia eletroquimica ndo mostrou
diferenca significativa, e a angulagdo proxima a 45° se manteve apés os 900 dias,
confirmando o processo de difusdo de transporte de massa. Em relacdo a
morfologia dos filmes apds periodo de intemperismo, pelas técnicas de MFA e MEV
foi observada uma maior degradagéo, maior porosidade e presenca de rachaduras
para o filme de CeO2, enquanto o filme dopado apresentou uma superficie mais
uniforme e lisa. A anadlise estrutural realizada através do DRX n&o apresentou
mudancas na estrutura dos filmes.

Assim, a partir das andlises realizadas, é possivel afirmar que o material
continua um promissor candidato a utilizacdo como contra-eletrodo para aplicacao
em dispositivos eletrocromicos mesmo apOs longos periodos de exposicdo ao
intemperismo, uma vez que suas propriedades se mantiveram promissoras,
caracteristica muito importante e desejada para o tipo de material e aplicacdo
proposta.

A segunda parte do trabalho se propés a preparar e caracterizar eletrolitos
géis poliméricos a base de acetato de celulose, com diferentes concentracdes de
LiClO4, a fim de encontrar a melhor concentragéo e propor¢cao entre os materiais,
visando otimizar os resultados eletroquimicos do mesmo. O gel que apresentou
melhores resultados foi 0 gel contendo 10% em massa de acetato de celulose e 1,4
M de LiClO4. Na escolha do gel, levaram-se em conta também fatores como
viscosidade e teor de sal adicionado, além do valor de condutividade.

As analises de impedancia eletroquimica em funcdo da temperatura
mostraram que esta variagdo possui influéncia na condutividade do material de
forma néo linear. A voltametria ciclica realizada apresentou uma area com a forma
esperada para todos os geéis testados em todas as diferentes velocidades de

varredura. O gel também apresentou uma excelente estabilidade ao apresentar um

107



pequeno decréscimo na area do voltamograma apds 400 ciclos de andlise,
importante caracteristica para a aplicacéo proposta de utilizacdo como eletrdlito.

A partir do espectro de transmitancia obtido, obteve-se uma transparéncia
préxima a 85% na regido do visivel, valor bastante satisfatério para utilizacdo em
dispositivos eletrocromicos. O gel apresentou uma significativa perda de massa na
faixa entre 150 e 250 °C, além de uma estrutura semicristalina, a partir das analises
de termogravimetria e difracdo de raios-X.

E possivel afirmar que o gel produzido contendo 10% em massa de acetato
de celulose e 1,4 M de LICIO4 apresenta valores e propriedades importantes, sendo

um promissor eletrolito a ser utilizado em dispositivos eletrocromicos.
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Table S-1. Electrochemical Impedance Spectroscopy parameters and resistances of the CeO.
thin films

Temperature Rs (ohm) R (Ohm)  f max (HZ2) 0 max (°) Cac (F) o (S/cm)
20°C 330.4 340.2 35510 63.7 1.31x 108 2.70 x 10
30°C 252.2 256.1 74560 65.2 8.33 x 10° 3.59 x 108
40 °C 203.8 206.7 65890 64.1 1.16 x 10®  4.45x 10
50 °C 175.3 178.3 65890 63.1 1.35x 108 5.16 x 10
60 °C 130.9 133.2 58220 30.6 2.05x 108 6.90 x 108
70 °C 114.1 116.4 45470 32.8 3.01x10°% 7.90 x 108
80 °C 98.0 100.1 40180 32.6 3.95x 108 9.19 x 108

Rs: electrode-electrolyte resistance; Rc: polarization resistance; fma: maximum frequency of the
depressed arc; Cqc: double layer electrical capacitance; o: ionic conductivity.
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Table S-2. Electrochemical Impedance Spectroscopy parameters and resistances of the
Ce0,:V20s thin films

Temperature Rs (ohm) Rt (Ohm)  fmax(HZ) 0 max(°) Cac (F) o (S/lcm)
20 °C 355.6 365.9 11670 56.8 3.72x 10°® 8.19x 108
30°C 330.0 336.8 31380 56.5 1.50 x 108 8.90 x 108
40 °C 253.2 258.3 45470 55.3 1.35x 108 1.16 x 10”7
50°C 207.6 211.3 51450 55.3 1.46 x 10°® 1.42 x 107
60 °C 178.9 183.7 19140 54.5 452 x10°® 1.63 x 10”7
70 °C 149.5 1515 58220 54.2 1.80 x 10°® 1.98 x 10”7
80°C 140.5 143.3 21660 54.2 5.12 x 108 2.09 x 107

Rs: electrode-electrolyte resistance; Rc: polarization resistance; fma: maximum frequency of the
depressed arc; Cqc: double layer electrical capacitance; o: ionic conductivity.
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Figure S-1 — Phase angle for the thin films calculated by electrochemical impedance

spectroscopy versus frequency log as a function of temperature: a) CeO;; b) CeO2:V20s.

124



40

40
a) s 20°C b) e 20°C
*  30°C| e 30°C|
N 40°C| 40°C
4 * 50°C| _ ¢ 50°C
30 » e B0°C| o * 60°C|
" * 70°C| ~ * T70°C|
_E ..:_ *  80°C| E * 80°C|
o
Q20 “, Qa{
— * — L]
- o — )
N % L
10 4 10
01 0
102 10" 10° 10" 102  10®° 10* 10°  10° 102 10" 10° 10" 10* 10° 10* 10°  10°
Log f/Hz Logf/Hz

Figure S-2 — Bode diagram for the thin films by electrochemical impedance spectroscopy as a

function of temperature: a) CeO;; b) CeO2:V20s.
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Figure S-3 — Capacitance for the thin films calculated by electrochemical impedance
spectroscopy as a function of temperature: a) CeO2; b) CeO2:V20s.
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Figure S2 Cyclic voltammetry curves at different scan rates of: a) Gel A (6 wt% of CA; 0.8 M of LiClO,), b)
Gel E (14 wt% of CA; 0.8 M of LiClOy), ¢) Gel F (10 wt% of CA; 0.4 M of LiClO,) and d) Gel M (10 wt% of
CA; 1.8 M of LiCIOy).
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Figure S3 Cyclic voltammetry curves over 400 cycles of: a) Gel A (6 wt% of CA; 0.8 M of LiClO,), b) Gel E
(14 wt% of CA; 0.8 M of LiClOy), c) Gel F (10 wt% of CA; 0.4 M of LiClO4) and d) Gel M (10 wt% of CA; 1.8

M of LiCIOg).
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Figure S4 Electrochemical impedance spectroscopy curves from 25 to 80 °C of: a) Gel A (6 wt% of CA; 0.8 M
of LiClOs), b) Gel E (14 wt% of CA; 0.8 M of LiClOy), c) Gel F (10 wt% of CA; 0.4 M of LiClO4) and d) Gel
M (10 wt% of CA; 1.8 M of LiClOs).
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ANEXO C - Material Suplementar do Artigo 4

Supporting Information

Easy to assemble PDMS/CNTs/PANI flexible supercapacitor with
high energy-to-power density

Raphael D. C. Balboni,@ Guilherme K. Maron,®2 Mateus G. Masteghin,” Mehmet O. Tas,” Lucas S.
Rodrigues,? Veridiana Gehrke,2 José H. Alano,° Robson Andreazza,® Neftali L. V. Carrefio® and S.
Ravi P. Silva*

Experimental

All detailed information about calculation of areal and gravimetric specific capacitances, energy and
power densities are described in detail, according to the following equations:

For measurements in three-electrode configuration, the areal specific capacitances (Cspa) Were
calculated according to the equation (1).

i XAt
AXAv

Cspa = (1)
Where Cspa is the areal specific capacitance, I is the discharge current, At is the discharge time, A is
the area of the electrode (0.49 cm?) and AV is the potential range. The gravimetric specific capacitances (Cspg)

were calculated according to equation (2).

i X At
mX Av

Cspg = (2

Where m is the mass of polyaniline electrodeposited on the electrode. The gravimetric performances of
the electrodes were based on the mass of PANI, since the mass of carbon nanotubes were difficult to reliably

measure. Thus, the PDMS and the CNTs poorly contribute to the electrochemical performance of the device.

For measurements performed in the flexible symmetric two-electrode supercapacitors, the Cspa and Cspg
were calculated from GCD curves according to the equation (3) and equation (4), using the area of both
electrodes (total of 0.98 cm?) and the mass of PANI of both electrodes, respectively.

20 [vdt

=—- 3
Cspa AVPA (3

Where | is the current of charge/discharge, [Vdt is the area of the discharge curve after the IR drop, AV

is the voltage window and A is the active area of the electrodes (0.98cm?)
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4l fvde

Cspa = AV Zm 4)

The areal and gravimetric energy densities were calculated from the GCD curves at different current

densities, according to the equation (3)

Csp X Av?

Et=———
2 X 3.6

Where Et is the energy density, Csp is the areal (or gravimetric) specific capacitance and AV is the

®)

potential range. The power density was calculated according to the equation (4)

Et
Pt = —x 3600
At (6)

Where Pt is the power density, Et is the energy density and At is the discharge time.

For the cyclic voltammetry tests, the values of areal specific capacitances were obtained from the

equation (5)

Cspa = [ 2idv/vAE A 7

Where idv is the area of the curve, v is the scan rate, AE is the potential range and A is the area of a

single electrode.
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Fig. S1 Contact angle measurements of PDMS, ACNTA/PDMS and ACNTA-PANI/PDMS

300

1

" 265 F.g"

g
N
3

- N N
o (4} o
o o o
1 1 1

Specific capacitance (F.
(&)}
o

O T T T T T
1.0 1.5 2.0 2.5 3.0

Current density (mA.cm™)

Fig. S2 Gravimetric specific capacitance calculated from GCD curves for the ACNTA-PANI/PDMS measured in three-electrode
configuration
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Fig. S3 Electrochemical performance of symmetric two-electrode ACNTA/PDMS supercapacitor. (a) CV curves at scan rates
varying between 5 — 50 mV.s™. (b) GCD curves at different current densities
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Fig. S4 Ragone plot showing the gravimetric energy and power densities calculated based on the mass of PANI
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Fig. S5 lllustration of the electrode’s fabrication process showing the steps between the initial Si/SiO, wafer and the final
supercapacitor electrode. The vertically aligned carbon nanotubes (VA-CNTSs) are grown at the activated metal catalyst on the
surface of the buried oxide, which later is drop-casted facing a mild-cured PDMS, concluding the transfer process. The
PDMS+CNT electrode then undergoes a PANI electropolymerization finalizing the fabrication of the flexible SC device
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Table S1 Comparison of areal and gravimetric specific capacitances of this work measured in two and three-electrode

configurations with various similar materials for flexible supercapacitor application.

Sample Measurement Current Scan rate Csp Csp Ref
configuration density (mF.cm?) (F.gh

ACNTA-PANI/PDMS Three-electrode 1 mA.cm? - 408 265 This

work

ACNTA-PANI/PDMS Two- electrode 0.2 mA.cm? - 40.6 51.6 This

work
Ti3C2Tx/CF Three-electrode - 10 mV.s? 401 1
RuO2/CF Three-electrode - 10 mV.s? - 388 1
a-MWCNT/PANI Three-electrode 0.25 A.g? - - 201 2
PANI/VACNTs Three-electrode 5A.g? - - 415 3
PANI/MWCNT/PDMS Three-electrode - 5mV.s? 481 - 4
Activated CC Three-electrode - 10 mV.st 88 - 5
CNT@graphene@PANI/PDMS Three-electrode 0.4 mA - 588.7 - 6
VACNT-SS - TiO2 Two-electrode 1.67 mA.cm - 16.24 - 7
PPy(DBS)/CNTs/PDMS Two-electrode - 100 mV.s? 3.6 - 8
graphene/MoS2 Two-electrode 0.3 mA - 70 - 9
MWCNT/PANI Two-electrode 1Ag? - - 233 10
CNT/M0S2/PDMS Two-electrode 0.1 mA.cm? - - 10.67 11
PANI/MWCNT/PDMS Two-electrode - 5mV.s? - 159 4
MWCNTs-PANI-PDMS Two-electrode 0.2 mA.cm? - 44.13 12
CNT — PANI - PDMS Two-electrode 1Ag? 3084 13
SWCNT-PDMS Two-electrode 1Ag? - - 54 12
3D-G/PANI/pdms Two-electrode 1Ag? - - 140 14
G-PANI Two-electrode 0.1 mA.cm? - 23 - 15
NRG//PANI Two-electrode 0.25 mA.cm-? - 145 - 16
MOF/PANI Two-electrode 0.1 mA.cm? - 28.1 - 17

Table S2 Parameters obtained from the equivalent electric circuit from EIS measurements.
Sample Rs C1 R1 w Cc2
(ohm.cm?) (mF.cm2) (ohm.cm?) (mF.cm2)
ACNTA/PDMS 214 6.99 209.7 7.2 1.04
ACNTA-PANI/PDMS 153.3 8.34 72.46 5.5 20.23
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