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ABSTRACT

To understand the role of cerium (Ce =0, 0.01, and 0.02 mol%) and vanadium-doping (V =0,
0.3, and 0.4 mol%) in the BaosgsCao.15Ti0.9Z10.103 (BCZT) ceramic structure and possible
synergetic effects in reducing the sintering temperature of BCZT, a novel straightforward sol-
gel synthesis route is proposed. Furthermore, the impacts of cerium and vanadium doping are
determined. Structural, microstructural, dielectric, ferroelectric, and piezoelectric analysis is
performed to realize this comprehensive feat. In addition, sintering studies help elucidate how
these dopants can become tools to improve the processing of BCZT. It is clear from X-ray
diffraction measurements and Rietveld analysis that the proposed synthesis method, after
calcination at 800 °C for 5 hours, is successful in yielding crystalline BCZT and V and Ce-
doped BCZT samples in the perovskite ferroelectric tetragonal structure (P4mm). Sintering at
various temperatures, 1250, 1350, and 1450 °C, does not induce the nucleation of secondary
phases or phase transitions. From sintering studies, it is possible to determine that V reduces
BCZT’s sintering temperature to at least 1250 °C, facilitating processing. Structural analysis of
sintered samples, confirmed by Rietveld refinements, shows that Ce and V occupy the B site in
the ABX3 basic structure, considering the composition range studied. Piezoelectric
measurements reveal that all samples underperform, which can be explained by the
microstructure developed and observed by scanning electron microscopy (SEM) imaging.
However, V can potentially improve dielectric performance compared to undoped BCZT. From
the in situ dielectric measurements, Curie temperature (Tc) is increased to 120 °C, an almost
70% increase compared to undoped BCZT. At the same time, room temperature permittivity
values suffer a significant reduction of over 50% when vanadium doping is carried out.
Polarization and strain responses show that vanadium is also responsible for increased remanent
polarization and a softer ferroelectric behavior than undoped BCZT. Strain response is reduced
when Ce and V enter BCZT’s lattice, and the degree depends on dopant concentration; however,
the reduction can be mild while the sintering temperature is relatively low for V-doped samples.
Thus, vanadium doping can be a powerful tool in facilitating the processing of BCZT without
compromising piezoelectric performance, allowing for higher thermal stability and an eco-
friendly process.

Keywords: sol-gel; BCZT; doping; piezoelectrics.



RESUMO

Para compreender o papel da dopagem por cério (Ce = 0, 0.01, and 0.02 mol%) e vanadio (V
=0, 0.3, and 0.4 mol%) na estrutura da cerdmica BassCao.15Ti0.9Zr0.103 (BCZT) e possiveis
efeitos sinergéticos na redugdo da sua temperatura de sinteriza¢ao, uma nova e objetiva rota de
sintese ¢ proposta. Adicionalmente, os impactos da dopagem por cério e vanadio sao
determinados. Para realizar esse feito abrangente, sdo realizadas analises estruturais,
microestruturais, dielétricas, ferroelétricas e piezoelétricas. Além disso, estudos de sinterizacao
ajudam a elucidar como esses dopantes podem se tornar ferramentas para melhorar o
processamento do BCZT. Fica claro por medidas de difracdo de raios-X e andlise por Rietveld
que o método de sintese proposto, apds calcinagdo a 800 °C por 5 horas, € bem-sucedido em
produzir amostras de BCZT e BCZT dopado por V e Ce cristalino na estrutura perovskita
tetragonal ferroelétrica (P4mm). Sinterizagao realizada em varias temperaturas, 1250, 1350, and
1450 °C, nao induzem nucleagdo de fases secundarias ou transi¢do de fases. Por estudos de
sinterizagdo ¢ possivel determinar que V reduz a temperatura de sinterizagdo do BCZT para ao
menos 1250 °C, facilitando o processamento. Analise estrutural das amostras sinterizadas,
confirmadas por refinamento Rietveld, mostram que Ce e V, considerando o intervalo de
composicao estudado, ocupam o sitio B na estrutura basica ABX;3. Medidas piezoelétricas
revelam que todas as amostras t€ém desempenho insatisfatorio, o que pode ser explicado pela
microestrutura desenvolvida e observada pelas imagens de microscopia eletronica de varredura
(MEV). Entretanto, V tem o potencial de melhorar a performance dielétrica quando comparado
com BCZT nao-dopado. Das anélises dielétricas in situ é determinado que a temperatura Curie
(Tc) ¢ elevada para 120 °C, um aumento de quase 70% quando comparado com o BCZT puro,
enquanto valores de permitividade a temperatura ambiente sofrem grande reducao acima de
50% quando a dopagem por vanadio ¢ realizada. Respostas de polarizacdo e deformacao
mostram que vanadio ¢ também responsavel pelo aumento da polarizacdo remanescente € por
um comportamento ferroelétrico “macio” em comparagao ao BCZT ndo-dopado. A resposta de
deformacao ¢ reduzida quando Ce e V entram na rede do BCZT, o grau depende do dopante e
concentragdo, entretanto, a reducdo pode ser leve enquanto a temperatura de sinterizagdo ¢
consideravelmente baixa para as amostras dopadas por vanadio. Assim, dopagem por vanadio
pode ser uma ferramenta poderosa na facilitacdo do processamento de BCZT sem comprometer
de forma relevante a performance piezoelétrica e permitindo maior estabilidade de térmica e
um processo mais amigavel para o meio ambiente.

Palavras-chave: sol-gel; BCZT; dopagem; piezoelétricos.



RESUMO EXPANDIDO

Introducao

Materiais piezoelétricos sdo extraordindrios, pois podem converter o estresse mecanico em uma
resposta elétrica na forma de uma carga elétrica. Inversamente, quando submetidos a um campo
elétrico externo, geram uma resposta mecanica correspondente na forma de deformagao (Sekhar
et al., 2023; Shaukat et al., 2023). Estes sdo, respectivamente, os efeitos piezoelétricos direto e
indireto, ¢ permitem uma multitude de aplicagdes interessantes, como em capacitores,
supercapacitores, sensores autonomos, atuadores, transdutores em aplicagdes médicas,
atuadores em mecanismos de supressdo de vibragdo, microfones subaquaticos e alto-falantes,
para citar algumas (Pyun; Kim; Park, 2023; Sezer; Kog, 2021; Shellaiah; Sun, 2020; Song et
al., 2022; Tichy et al., 2010; Yamashita et al., 2022). Naturalmente, materiais que apresentam
tamanho potencial atraem consideravel atencdo, e as perovskitas assumem papel de destaque
no campo de materiais piezoelétricos (Sezer; Kog, 2021). As perovskitas sdo materiais com
estruturas semelhantes ou derivadas da estrutura basica ABX3. Nela, A é um cation maior, B é
um cation menor ¢ X ¢ um anion (Tilley, 2016). Estes materiais apresentam caracteristicas
estruturais especificas, a ndo centrossimetria, que dao origem a fendmenos interessantes como
ferroeletricidade, piroeletricidade e piezoeletricidade. As perovskitas tornaram-se um assunto
de interesse na década de 1940, quando foi descoberto que elas apresentam valores de
capacitancia excepcionalmente elevados, mesmo na forma policristalina. Estes altos valores
ocorrem devido a polarizacdo ndo linear, caracteristica dos materiais ferroelétricos. Outra
caracteristica essencial destes materiais € sua polarizagdo permanente e reversivel. Ao estudar
as primeiras composicoes conhecidas destes materiais, como o titanato de bario, varias outras
composi¢des foram descobertas, o que permitiu a expansdo do campo de aplicagdo dos
ferroelétricos. Esse desenvolvimento fantastico levou a extensas investigacdes sobre dopagem
e ao desenvolvimento de novas composigdes. Seus altos coeficientes piezoelétricos e dielétricos
combinados com alto fator de acoplamento eletromecanico, propriedades especialmente ligadas
ao PZT (solugdo sélida PbZrOs—PbTi03), os transformaram em incriveis recursos tecnoldgicos.
O PZT ¢ o material piezoelétrico/ferroelétrico mais relevante e o padrdo com o qual outros
concorrentes sao comparados. As propriedades notaveis do PZT se originam de sua MPB
(morphotropic phase boundary), especialmente da sua inclina¢do acentuada (Wu, 2020). Na
regido da MPB, a coexisténcia de fases ferroelétricas da origem a propriedades superiores. No
entanto, o chumbo ndo ¢ compativel com as regulamentacdes cada vez maiores contra o uso de
produtos quimicos nocivos (Chen et al., 2020; Zimmerman et al., 2020). Naturalmente,
pesquisas consideraveis foram realizadas sobre obtengdo de composicdes livres de chumbo.
Para suprir essa demanda, varios sistemas tém sido investigados, como BT (BaTiO3), KNN
(Ko.5sNao sNbO3), BNT (BiosNaopsTiO3) e BFO (BiFeO3) (Wu, 2020). Além disso, diferentes
estratégias tém sido estudadas para melhorar o desempenho de composi¢des de perovskitas
livre de chumbo, como investigagdo de composi¢des que contém cations de maior
polarizabilidade, controle microestrutural quanto ao tamanho de grao e dominio ferroelétrico,
engenharia de MPB e engenharia de defeitos (Wagqar ef al., 2022). Novas aplicagdes no campo
de dispositivos geradores MEMs/NEMs (micro e nanoeletromecanicos, respectivamente) € o
surgimento da loT (Internet of Things) criaram uma demanda ainda mais significativa por
perovskitas sem chumbo de alto desempenho. Para este fim, um dos sistemas investigados € o
sistema BCZT, uma solu¢do solida de titanato de bario com Ca e Zr ocupando os sitios A e B,
respectivamente. Os primeiros a investigar este material foram Liu e Ren (Liu; Ren, 2009). Eles
determinaram sua composi¢cdo de PPB (polymorphic phase boundary), Bao.gsCao.15T10.9Z10.103
(BCZT), e estudaram a natureza de suas transicoes e dindmica de transicdo de fase,
especialmente no que compete a PPB. Desde entdo, muitos outros também se aventuraram,
investigando sua verdadeira natureza do PPB, dopagem com varios elementos, determinando a
estabilidade e a otimizacdo do processamento, por exemplo (Bian; Zhou; Zhang, 2022;



Bijalwan et al., 2019a, 2022; Buatip et al., 2018, 2020; Chen; Chao; Yang, 2019; Coondoo et
al., 2018; Fadhlina; Atigah; Zainuddin, 2022; Hanani et al., 2019; Liu; Cheng; Li, 2019; Sahoo
et al., 2021; Wang et al., 2022; You; Guo, 2022). A melhora de desempenho ¢ crucial para o
avango do campo de perovskitas livres de chumbo, mas, além disso, o controle e a otimizagao
do processamento também sdo uma demanda atual, como exemplificado por um trabalho
recente sobre o processamento rapido de BCZT dopado com Ce, controlando parametros de
sinterizagdo, taxa de aquecimento e seus possiveis impactos nas propriedades gerais (Bijalwan
et al., 2022). O processamento, especialmente a sinterizagdo, consomem tempo € energia
significativos, e otimizar essa parte da cadeia de producdo ¢ extremamente importante. Embora
ceramicas BCZT possam ser obtidas por sinterizacao a 1300°C, temperaturas mais altas, em
torno de 1475°C, sdo necessdrias para atingir uma microestrutura ideal, ou seja, tamanho
adequado de grao e tamanho ideal de dominio ferroelétrico, que permita propriedades
funcionais ideais. Uma das maneiras pelas quais essa temperatura pode ser reduzida € por meio
da dopagem, e a melhor ferramenta para promover a dopagem ¢ por meio de processos
quimicos, como o método sol-gel, devido a facil incorporagdo, dopagem uniforme e controle
excepcional do processo (Navas et al., 2021). No entanto, a dopagem em ferroelétricos livres
de chumbo permanece pouco compreendida, e muitas das licdes de materiais baseados em
chumbo ndo podem ser facilmente transferidas para composi¢des livres de chumbo (Genenko
et al., 2015). A dopagem ¢é uma pratica recorrente para ajustar o comportamento das
perovskitas, uma vez que as perovskitas podem ser muito flexiveis, permitindo substituicdes
aliovalentes e isovalentes nos sitios A e B, o que inclui o sistema BCZT. Especificamente, o
processamento pode ser otimizado pela dopagem apropriada. Por exemplo, Ce ¢ V
demonstraram reduzir a temperatura de sinterizagdo do BCZT (Bijalwan et al., 2019b;
Bijalwan; Tofel, 2019; Bijalwan; Tofel; Holcman, 2018; Hayati et al., 2019; Verma et al., 2021;
Yang et al., 2019). No entanto, pouco se sabe sobre a sinergia e os impactos estruturais de
ambos os dopantes entrando na rede do BCZT simultaneamente. Além disso, o método de
sintese pode desempenhar um papel crucial, que ainda ndo foi revelado no que diz respeito a
co-dopagem de Ce e V do BCZT. Geralmente, a sintese e dopagem do BCZT ¢ realizada por
sintese de estado sélido, e os 0xidos de Ce e V sdo adicionados ao p6 de BCZT previamente
calcinado para serem homogeneizados antes da sinterizagdo. Pratica comum para a adi¢ao de
materiais que facilitam a sinteriza¢do. No entanto, para entender verdadeiramente o papel dos
proprios elementos dopantes, sem a interferéncia de quaisquer caracteristicas que possam surgir
da dindmica de sinteriza¢do de uma fase liquida, por exemplo, ¢ necessaria uma abordagem
diferente. Para isso, o método sol-gel pode ser uma importante ferramenta para entender
exclusivamente o papel desses dopantes, considerando a concentragdo ideal dos dopantes ja
revelada na literatura cientifica que trata da dopagem de Ce e V do BCZT. Assim, estudos de
sinterizagdo de BCZT sintetizado sol-gel por uma nova rota que revela os efeitos da co-
dopagem por Ce e V aliados a investigagdo aprofundada do impacto estrutural de ambos os
dopantes e seus efeitos nas propriedades funcionais criticas podem ajudar a determinar sua
relevancia no processamento do BCZT, o que € proposto nesta tese. Os resultados desta tese
foram publicados em parte na revista materials (Marques et al., 2024) o que destaca a relevancia
deste topico.

Objetivos

Como objetivo principal, deseja-se revelar o potencial da dopagem por vanadio e cério no
processamento e na performance da cerdmica piezoelétrica BCZT sintetizada pelo método sol-
gel. Para alcancar esse objetivo propde-se: 1) Desenvolver novas rotas de sintese para realizar
a dopagem e co-dopagem da cerdmica BCZT por vanadio e cério, 2) Realizar caracterizagdes



estruturais e microestruturais extensas das ceramicas obtidas e 3) Mensurar a performance
através de extensas caracterizagdes ferroelétricas, piezoelétricas e dielétricas.

Metodologia

BCZT puro (Bag.gsCao.15Ti0.9Z10.103), BCZT dopado por cério (Ce = 0, 0,01, and 0,02 mol%),
BCZT dopado por vanadio (V =0, 0,3, and 0,4 mol%) e BCZT co-dopado por vanadio e cério
foram sintetizados pelo método sol-gel. Primeiramente foram produzidas solucdes das
composigdes desejadas seguido por envelhecimento de 24 horas e posterior gelificagdo através
do aquecimento gradual até 215 °C por meio de uma placa aquecedora (WiseStir MSH-200).
Posteriormente foi realizada secagem does géis obtidos por 24 horas a 250 °C, produzindo os
correspondentes xerogéis. As amostras foram devidamente cristalizadas apds tratamento
térmico a 800 °C por 5 horas adotando taxa de aquecimento de 5 °C/minuto. Apos a obtencao
das amostras cristalinas foi realizada a moagem por 96 horas em etanol estabelecendo uma BPR
(ball-to-powder ratio) de 5:1, usando esferas de zirconia como corpos moedores. ApoOs esta
etapa, os pos calcinados moidos foram secos a 90 °C usando uma chapa aquecedora. Prensagem
uniaxial foi adotada para obter corpos verdes para sinterizagdo adotando os seguintes
parametros: 125 MPa de pressao por 3 minutos. Solu¢do de PV A foi usada como ligante, um
molde de ago de 10.2 mm de didmetro interno foi empregado para obter os corpos verdes. A
sinterizagdo foi realizada sem controle de atmosfera, empregando um forno programavel
(Haraeus). Uma etapa de eliminacdo de ligante foi estabelecida a 500 °C, com uma isoterma de
uma hora e taxa de aquecimento até esta temperatura de 3 °C/minuto. Sinterizacao foi realizada
a trés temperaturas distintas, 1250, 1350 e 1450 °C com uma isoterma de 4 horas, adotando taxa
de aquecimento de 4 °C/minuto até a temperatura de sinterizagdo. Apds sinterizagao as amostras
tiveram suas superficies preparadas através de lixamento usando lixa de carbeto de silicio
seguida por uma etapa de lixamento em uma maquina de lixamento automatico Jung (JF415-S)
para obter faces em plano paralelo com espessura final de aproximadamente 0.8 mm.
Caracterizagao estrutural foi realizada por difracdo de raios-X usando um difratometro Bruker
(D8-Advance), radiacao de cobre, realizando medidas entre 15 € 90°, adotando tempo por passo
de 1 segundo e passo de 0,002°, voltagem de 40 kV e corrente de 25 mA. Os padrdes de difracao
obtidos foram refinados pelo método de Rietveld usando o software GSAS (Toby; Von Dreele,
2013), seguindo as recomendag¢des da IUCr (International Union of Crystallography)
(McCusker et al., 1999). Para realizar os céalculos necessarios para o refinamento, o CIF
(Crystallographic Information file) nimero 230567 (Coondoo et al., 2018) do ICSD (/norganic
Crystal Structure Database) (Fluck, 1996) foi usado como modelo estrutural € uma amostra
padrdo de alumina foi utilizada para criar o arquivo contendo a contribui¢ao instrumental para
o alargamento dos picos de difracdo. Polindmios de Chebyschev, sétima ordem, foram
utilizados para modelar o background produto do espalhamento inelastico. A microestrutura foi
investigada por MEV (Microscopia Eletronica de Varredura) através de um microscopio JEOL
(JSM — IT500HR), usando o software ImagelJ (versdo 1.54j) para andlise das imagens
(Schneider; Rasband; Eliceiri, 2012). Densificagdo foi determinada através da pesagem das
amostras antes e depois da sinterizacdo e expressa em termos de perda de massa em fungao da
temperatura de sinterizacdo. Densidade foi medida pelo método de Arquimedes usando uma
balanca analitica (Mettler Toledo AG204) e 4gua como liquido auxiliar. Para realizar as
caracterizagoes dielétricas, ferroelétricas e piezoelétricas contatos elétricos foram criados com
tinta prata (G302-Leitsilber) aplicada em ambas as superficies e deixando secar naturalmente
por 1 hora. Medidas dielétricas in situ foram realizadas usando um medidor LCR (Keysight
E4980AL) acoplada a um forno (Nabertherm LE 4/11/3216) para obter permissividade elétrica
e tangente de perda em funcdo da temperatura, realizando medidas entre 20 e 200 °C,
empregando uma taxa de aquecimento de 2 °C/minuto e frequéncias entre 10 Hz e 1 MHz,
realizando medidas por década. ds3 e capacitancia foram medidos usando o equipamento



PiezoMeter System PM300 (110 Hz de frequéncia e 10 N de forca) apos polarizagdo em 6leo
(Wacker Silicone Fluid AP 150) a temperatura ambiente por 30 minutos, aplicando 3 kV/mm
de campo elétrico. Curvas de polarizacao e deformagdo em funcdo do campo elétrico foram
obtidas pelo aixACCT (Systems GmbH, Alemanha), usando acoplado o TF analyzer 2000,
unidade de porta amostra para cerdmicas em bulk, amplificador TREK 2020C, aplicando 3
kV/mm de campo elétrico e frequéncias para obtencao das curvas de histerese de 16.6667 and
1.66667 Hz, 3 ciclos e forma de onda triangular.

Resultados e Discussio

Padroes de difracao obtidos das amostras calcinadas para todo o range de composi¢ao indicou
a cristalizac¢do das amostras e introducao bem-sucedida dos dopantes Ce e V da rede do BCZT.
Adicionalmente, nenhuma fase amorfa pode ser identificada. Todos os picos de difragao
puderam ser indexados pelo padrao nimero 230567 (Coondoo et al., 2018) do ICSD (Fluck,
1996) que apresenta a estrutura tetragonal ferroelétrica (P4mm, grupo espacial nimero 99). O
que também foi confirmado por posteriores refinamentos Rietveld dos padroes de difracao das
amostras calcinadas. Uma fase minoritaria de oxido de titanio, 24.3° foi identificada nas
amostras dopadas por cério indexada pelo padrao nimero 1537224 (Lacks; Gordon, 1993) do
ICSD. Medidas de difracdo de raios-X e refinamento Rietveld revelaram que sinterizacgdo, para
todas as temperaturas adotadas, ndo induziram transicdo de fase, ou, nucleagdo de fases
indesejadas. Também foi confirmado que o ligante, PVA, foi devidamente eliminado durante o
processo de sinterizagdo. Adicionalmente, foi possivel determinar através do deslocamento dos
picos de difracdo para maiores angulos que os dopantes ocupam o sitio B, substituindo os
atomos de Zr e Ti. Medidas de densificagdo e de densidade em funcdo da temperatura de
sinterizagdo mostraram que o vanadio ¢ responsavel por reduzir significativamente a
temperatura de sinterizagdo do BCZT em até 200 °C através da estabilidade dos valores de
densificacao e de densidade quando a temperatura ¢ aumentada no processamento das amostras
dopadas por V. Ce, nas concentracdes adotas, tem efeito limitado na temperatura de
sinterizacdo. Imagens de MEV confirmaram estas afirmagdes. Amostradas dopadas por V
apresentam média de tamanho de grao maior e desvios padrao significantes, o que indica grao
nao-uniformes, o que pode ter efeito deletério nas propriedades piezoelétricas destes materiais,
enquanto o aumento do tamanho médio de grdo tem efeito positivo e explica a melhor
performance piezoelétrica destas amostras. Isso acontece devido a maior mobilidade dos
dominios ferroelétricos, o que favorece a polarizagdo. Isso € mais explicito quando comparadas
com a amostra ndo dopada que possui graos mais finos o que prejudica a performance
piezoelétrica, mesmo apresentando alta densificacdo, proximo de 98%. A presenga de Ce pode
ser associada com maior porosidade e graos excessivamente finos, o que explica a performance
inferior destas amostras. Em materiais piezoelétricos, poros dificultam o movimento dos
dominios ferroelétricos o que tem efeito deletério na performance piezoelétrica. As medidas de
coeficiente piezoelétrico em funcao da temperatura de sinterizagdo confirmam estas afirmagoes.
Todas as amostras apresentaram performance inferior ao que apresentado na literatura
cientifica. O que pode ser explicado pela microestrutura desenvolvida. As amostras dopadas
por Ce apresentaram reducao do coeficiente piezoelétrico enquanto capacitancia se mostrou
pouco sensivel a adicdo de Ce. Naturalmente, nas amostras dopadas por Ce e ndo dopada, o
aumento na temperatura de sinteriza¢ao acarretou uma melhora da performance piezoelétrica.
Fendmeno diretamente ligado ao aumento do tamanho médio de grao. Para as amostras dopadas
com V, a performance € superior, especialmente, quando a temperatura de sinterizagdo € baixa,
1250 °C, enquanto a capacitancia sofre reducdo significativa. Nas amostras co-dopadas a
melhora de performance também ¢ significativa, o que demonstra que o V € o agente causador.
Nas medidas dielétricas in situ € possivel determinar que o V aumenta significativamente a
temperatura Curie do BCZT, aproximadamente 70%, até mesmo para amostras sinterizadas a



1250 °C. Estas medidas também revelam baixas perdas dielétricas para todas as amostras e que
a variagao de frequencia tem efeito limitado na permissividade, o que confirma o
comportamento ferroelétrico cldssico. Curvas de polarizagdo e deformagdo em fungdo do
campo elétrico revelam a grande estabilidade das amostras dopadas de BCZT dopadas com V.
As curvas de histerese se sobrepdem para todas as temperaturas de sinterizacdo, mostrando
impacto limitado. Todas as curvas apresentam uma descentralizacdo que pode ser associada a
defeitos carregados que tem efeito negativo nas propriedades piezoelétricas ja que estes defeitos
sao responsaveis por dificultar o movimento dos dominios ferroelétricos. A deformacao das
amostras de BCZT dopadas com V apresentam pequena reducdo, entretanto o ganho
relacionado a menor temperatura de sinterizacdo ¢ mais significante. De forma geral,
comparando o desempenho das amostras de BCZT dopadas por V com as composi¢des sem
chumbo convencionais ¢ com aquela das composi¢des baseadas em chumbo fica claro que as
amostras produzidas aqui se encaixam no primeiro grupo. Entretanto, as otimizagdes da
polarizacao e o refinamento da estrutura em relagcdo ao tamanho de grao e sua uniformidade
tem grande potencial quando considerado que a temperatura de sinterizagdo ¢
significativamente reduzida e a estabilidade térmica ¢ favorecida.

Consideracoes Finais

A rota de sintese proposta foi bem-sucedida na incorporacdo de cério e vanadio na rede da
cerdmica BCZT ap6s calcinacdo a 800 °C por 5 horas, como demonstrado pelas andlises de
DRX e refinamentos Rietveld. Pela metodologia proposta nesta tese € possivel obter todas as
composicdes cristalizadas na fase tetragonal ferroelétrica, P4mm. Sinterizacdo, em todas as
temperaturas adotadas, ndo induz transicdo de fases ou nucleacdo de fases indesejadas.
Considerando a ocupagdo dos dopantes, apos sinteriza¢do, ambos ocupam o sitio B substituindo
atomos de titanio e zirconio. Foi demonstrado que vanadio, em concentragdes de 0.3 and 0.4
mol%, tem a capacidade de reduzir a temperatura de sinterizagdo do BCZT em até 200 graus
Celsius. Embora a dopagem por V tenha efeitos limitados nas propriedades piezoelétricas do
BCZT, a temperatura Curie sofre um aumento significativo de quase 70%, chegando a valores
proximos a 120 °C. Em contrapartida, valores de permissividade dielétrica a temperatura
ambiente sofrem uma redugdo consideravel, superior a 50%, quando a dopagem por vanadio ¢
realizada. Através das caracterizagdes dielétricas in situ foi possivel determinar que a dopagem
por vanadio confere maior estabilidade térmica ao BCZT. Curvas de polarizacao e deformacao
em fungdo do campo elétrico levantadas para duas frequéncias distintas confirmaram que todas
as amostras exibem comportamento ferroelétrico classico. O deslocamento das curvas de
polarizagdo indica a presenca defeitos, incluindo a composi¢do ndo-dopada. Ocorre uma
redugdo na resposta de deformacdo quando vanadio estd presente no BCZT, entretanto a
redu¢do ¢ limitada enquanto a redug¢do na temperatura de sinterizagdo ¢ consideravel. A
polarizagdo remanescente pode ser melhorada, como foi visto em amostras dopadas com
vanadio, de 16 para até 24 pC/cm? Dessa forma, foi determinado que vanadio pode ser uma
ferramenta poderosa no processamento do BCZT, reduzindo a energia necessaria para o seu
processamento e tendo efeito positivo significativo principalmente envolvendo a estabilidade
térmica.

Palavras-chave: sol-gel; BCZT; dopagem; piezoelétricos.
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1 INTRODUCTION

Piezoelectric materials are remarkable as they can convert mechanical stress into an
electrical response in the form of an electrical charge. Conversely, when subjected to an external
electrical field, they generate a correspondent mechanical output, a strain (Sekhar et al., 2023;
Shaukat et al., 2023). These are respectively the direct and converse piezoelectric effects, and
enable a multitude of exciting applications such as capacitors, supercapacitors, self-powering
sensors, actuators, transducers in medical applications, actuators in vibration suppression
mechanisms, underwater microphones, and speakers, to cite a few (Pyun; Kim; Park, 2023;
Sezer; Kog, 2021; Shellaiah; Sun, 2020; Song et al., 2022; Tichy et al., 2010; Yamashita et al.,

2022). All of these applications are possible due to specific structural features.

Naturally, materials that present this much potential attract considerable research, and
perovskites take the lead (Sezer; Kog, 2021). Perovskites consist of materials with similar or
derivate structures from the ABX3 basic structure. A is a larger cation, B is a smaller cation,
and X is an anion (Tilley, 2016). They present specific structural features, i.e.,
noncentrosymmetry, that give rise to interesting phenomena such as ferroelectricity,

pyroelectricity, and piezoelectricity.

Perovskites became a subject of interest in the 1940s when it was discovered that they
presented unusually high capacitance values through polarization, even in the polycrystalline
form. These high values occur due to non-linear polarization, characteristic of ferroelectric
materials. Another essential characteristic is their permanent and reversible polarization. In
studying earlier materials such as barium titanate, various compositions were discovered, which
allowed the expansion of ferroelectrics’ field of application. This fantastic development
prompted extensive investigations regarding doping and the development of new compositions.
Their high piezoelectric and dielectric coefficients combined with high electromechanical
coupling factor, properties especially linked to PZT (PbZrOs;-PbTiOs solid solution),

transformed them into incredible technological assets.

PZT 1is the paramount piezoelectric/ferroelectric material and the standard to which
other contenders must be compared. PZT’s remarkable properties originate in its MPB
(morphotropic phase boundary), especially its steepness (Wu, 2020). In the MPB region, a
coexistence of ferroelectric phases gives rise to superior properties. However, lead is not

compatible with the ever-increasing regulations against the use of harmful chemicals (Chen et
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al., 2020; Zimmerman et al., 2020). Naturally, considerable research has been conducted on
lead-free options for PZT. To supply this demand, various systems have been investigated, such
as BT (BaTiO3), KNN (Ko.sNao.sNbO3), BNT (Big.sNao.sTiO3), and BFO (BiFeO3) (Wu, 2020).
Additionally, different strategies have been studied to improve the performance of lead-free
composition, such as investigation of compositions that contain cations of higher polarizability,
microstructural control regarding grain and domain size, MPB engineering, and defects
engineering (Wagqar et al., 2022). New applications in the field of MEMs/NEMs (micro and
nanoelectromechanical, respectively) generator devices and the rise of the IoT (Internet of
Things) have created an even more significant demand for high-performance lead-free

perovskites.

For this purpose, one of the systems investigated is the BCZT system, a solid solution
of barium titanate with Ca and Zr occupying the A and B sites, respectively. The first ones to
investigate this material were Liu and Ren (Liu; Ren, 2009). They determined its PPB
(polymorphic phase boundary) composition, Bao.gsCao.15T10.9Zr0.103 (BCZT), and studied the
nature of its transitions and phase dynamics, especially revolving around the PPB. Since then,
many others have ventured as well, investigating its PPB true nature, doping with various
elements, determining stability, and processing optimization, for example (Bian; Zhou; Zhang,
2022; Bijalwan et al., 2019a, 2022; Buatip et al., 2018, 2020; Chen; Chao; Yang, 2019;
Coondoo et al., 2018; Fadhlina; Atiqah; Zainuddin, 2022; Hanani et al., 2019; Liu; Cheng; Li,
2019; Sahoo et al., 2021; Wang et al., 2022; You; Guo, 2022).

Improved performance is crucial to the rise of lead-free perovskites, but in addition to
it, processing control and optimization are also a current demand, as exemplified by a recent
work regarding the rapid processing of Ce-doped BCZT controlling sintering parameters,
heating rate, and the possible impacts on overall properties (Bijalwan ef al., 2022). Processing,
especially sintering, takes significant time and energy, and optimizing this part of the
production chain is incredibly important. Although dense BCZT ceramics can be obtained by
sintering at 1300°C, higher temperatures, around 1475°C, are necessary to achieve an ideal
microstructure, i.e., adequate grain and ferroelectric domain size, that allows optimal functional
properties. One of the ways this temperature can be reduced is through doping, and the best tool
to promote doping is through chemical processes, such as the sol-gel method, due to easy
incorporation, uniform doping, and exceptional process control (Navas et al., 2021). However,
doping in lead-free ferroelectrics remains poorly understood, and many of the lessons from

lead-containing materials cannot be easily transferred to lead-free compositions (Genenko et
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al., 2015). Doping is a recurrent practice to adjust perovskites’ behavior since perovskites can
be very flexible, allowing aliovalent and isovalent substitutions in the A and B sites, which
includes the BCZT system. Specifically, the processing can be optimized by the appropriate
doping. For example, Ce and V were shown to reduce BCZT’s sintering temperature (Bijalwan
et al., 2019b; Bijalwan; Tofel, 2019; Bijalwan; Tofel; Holcman, 2018; Hayati et al., 2019;
Vermaetal.,2021; Yang et al., 2019). However, little is known about the synergy and structural
impacts of both dopants entering the lattice of BCZT simultaneously. Additionally, the
synthesis method can play a crucial role, which is yet to be unveiled as far as Ce and V co-
doping of BCZT is concerned. Usually, the synthesis and doping of BCZT is performed by
solid-state synthesis, and Ce and V oxides are added to calcinated BCZT powder to be
homogenized before sintering. Practice that is common for the addition of sintering aids.
However, to truly understand the role of the doping elements themselves, without the
interference of any features that may arise from the sintering dynamics from a liquid phase, for
example, a different approach is necessary. For this, the sol-gel method can be an important
tool for understanding exclusively the role of these dopants, considering the optimum
concentration range for the dopants already gathered from previous works dealing with the Ce
and V doping of BCZT. Thus, sintering studies of sol-gel synthesized BCZT by a novel route
gauging the effects of co-doping by Ce and V allied to the in-depth investigation of the
structural impact of both dopants and their effects on critical functional properties can help
determine their placement in the processing of BCZT, which is proposed in this thesis. The
findings of this thesis have been published in part in the materials journal (Marques et al., 2024)
which highlights the relevance of this topic. As the main objective, we aim to reveal the
potential of V and Ce-doping in the processing and performance of sol-gel synthesized BCZT
ceramic. To achieve this goal, we set to 1) develop novel synthesis routes for the doping and co-
doping of BCZT with V and Ce ii) perform extensive structural and microstructural
characterizations and iii) gauge performance through in-depth ferroelectric, piezoelectric, and

dielectric measurements.
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2 BIBLIOGRAPHIC REVIEW

This bibliographic review addresses topics related to the synthesis method adopted in
this research, the sol-gel method. The sol-gel method was carried out to produce the desired
Bao 5Cao.15T10.9Z10.103 (BCZT), Ce-doped, V-doped, and V and Ce co-doped BCZT samples.
So, the synthesis process performed is elucidated regarding important process parameters,
general structures obtained, drying processes, and products. To understand the structure of
BCZT, a chapter of this thesis was dedicated to perovskites, a class in which BCZT is inserted.
Naturally, all relevant data on BCZT, considering its structure and properties, and especially
how BCZT can be tailored by doping, regarding properties and processing, focusing on
vanadium and cerium doping, is shown. As it is necessary to understand the overall behavior
of BCZT, important topics such as dielectrics, ferroelectricity, and piezoelectricity are
addressed. Phenomena that make them such important assets. With this review, we hope to shed
light on why we set out to investigate this material and the potential in the process we put

forward.

2.1 THE SOL-GEL METHOD

Although the sol-gel method in its beginning, more than a century ago, was restricted to
academic research purposes, decades later, it has established itself as a powerful tool for the
synthesis of organic and hybrid materials. It allows a high control of composition, structure,
and microstructure (Nabavi et al., 1990). Key discoveries in drying and synthesis control
measures and techniques paved the progress for this synthesis method and made it more popular

than ever (Danks; Hall; Schnepp, 2016).

Succinctly, the sol-gel process can be understood as the gelation of a sol. Whereas the
sol is a colloidal suspension in a liquid, a gel is a solid, tridimensional, and continuous network
that provides elasticity to the semisolid, confining and supporting a liquid phase that is also
continuous. Both constitute a semisolid of colloidal dimensions (Brinker; Scherer, 1990). A
colloidal suspension is formed by solid particles dispersed in a liquid phase. Particles that are
so small, on the nanometric scale, that they exhibit Brownian movement and are virtually not
subjected to gravitational forces. The dispersed particles can be crystalline or amorphous,
alternatively, polymeric, systems in which no dense particles of oxides are bigger than 1

nanometer (Brinker; Scherer, 1990; Danks; Hall; Schnepp, 2016).
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Gel formation is based on different interactions: covalent bonds, Van der Waals
interactions, hydrogen bonds, and chain entanglement. Different types of bonds grant different
degrees of stability. Rapid evaporation of solvents can also result in gelation, a common practice
in the case of film fabrication. Covalent bonds are stronger and give rise to more stable gels,
while gels formed through Van der Waals interactions are destabilized by mere agitation

(Brinker; Scherer, 1990).

The process of microstructure formation passes through the dynamics of solubilization
and condensation. The formation of more rounded structures or more fractal ones relies heavily
on the solid phase solubility or, more precisely, its existence. When it does, species in positive
curvatures can be solubilized and condensate again in regions of negative curvature. The
solubility for non-aqueous systems is limited, and because of that, there is a tendency to give
rise to fractal microstructures. In gelation, the solid phases produced tend to aggregate and

finally form a continuous structure, creating a gel (Brinker; Scherer, 1990).

A more detailed description must start by discussing the precursors used in the process.
The precursors for the sol-gel process might be salts or organic compounds, like the alkoxides,

in aqueous and non-aqueous solvents, respectively.

Alkoxides present the general formula M(OR)z. In this instance, M is the valence or
oxidation number of the metal and is equal to z. OR is the alkoxide group and has the general
formula R = C,Hy+1. Alkoxides react promptly with water, which is favorable for hydrolysis
reactions. The reactivity of the alkoxides depends essentially on the force of the nucleophiles
and the electropositivity of the metals (Livage; Sanchez, 1992). Alkoxides may present
excessive reactivity, in this case, it must be limited to prevent precipitation instead of the
formation of a uniform gel when such a product is desired (Nabavi et al., 1990). The reactivity
control of precursors can be performed by alcohol exchange reactions, nucleophilic addition,
or substitution. These chemical modifications alter the precursors and their hydrolyzation and

condensation behavior (Levy; Zayat, 2015; Nabavi ef al., 1990).
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The sol-gel synthesis can be divided into two basic steps: hydrolysis and condensation.
Solvation occurs when dealing with salts in an aqueous medium. Depending on the pH and
valence of the metallic element, there may be present aquo, hydroxo, oxo groups, or a
combination of these groups, as seen in Figure 1 (Brinker; Scherer, 1990; Levy; Zayat, 2015).
For condensation to occur, hydroxo groups must be present in the coordination of the metallic

atom. For that to happen, pH can be adjusted by acid or base addition (Brinker; Scherer, 1990).

Figure 1 — Ligands as a function of pH and oxidation number

»
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Source: (Levy; Zayat, 2015).

In hydrolysis, OH groups replace the OR groups in nucleophilic reactions. Condensation
consists of the reaction between M — OH molecules with themselves and with M — OR

molecules to create M — O — M bridges.

Condensation produces molecules of small molecular weight, like alcohol or water
molecules, by two types of reaction: nucleophilic addition or nucleophilic substitution. These
reactions happen by mechanisms where a nucleophile attacks the molecule that contains the
metal and has a positive partial charge, and a group that contains the greater positive charge
then leaves the molecule. Nucleophilic addition is exclusive to metals that have their preferred
coordination not met, called unsaturation. This happens because the preferred coordination, N,
in the transition metals exceeds the valence, z. Thus, coordination can be expanded under

certain conditions.

Salts, on the other hand, when in aqueous conditions, can condensate by olation or
oxolation depending on the coordination saturation of the metallic atom (Brinker; Scherer,

1990; Levy; Zayat, 2015). Olation consists of the formation of hydroxo bridges between the
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metallic centers, water as the positive partial charge leaves the molecule, following the reaction

(1) between aquo and hydroxo ligands (Brinker; Scherer, 1990).

M-OH+M-OH, > M-OH-M+H,0 (1)

Via oxolation, oxo bridges are formed by the nucleophilic addition of metal’s oxo
ligands that have unsaturated coordination. Oxolation may also happen by nucleophilic
substitution between oxo and hydroxo ligands followed by nucleophilic addition, and water

molecules are released (Brinker; Scherer, 1990).

In hydrolysis, the OR groups present in alkoxides are substituted by OH groups, as in

reaction (2).

=M - OR + H,0 — =M - OH + ROH (2)

Condensation can also happen by alcoxolation, reaction (3), and oxolation, reaction (4),
for species that contain metals with unsaturated coordination. The preference for a specific
condensation route depends on the electropositivity of the metals, preferred coordination, and

H>O/M ratio (Brinker; Scherer, 1990; Charleux; Copéret; Lacote, 2014).

=M-OH+=M-OR— =M-0-M=+ROH 3)

=M-OH+=M-OH—>=M-0-M=+H,0 (4)

As an example, the behavior of a Ti(OR)s4 precursor is discussed. The OR group
represents an alkoxide as in the precursor TifOCH(CH3)2]4, titanium isopropoxide. Due to the
size of the ligands coordinating the titanium atom, titanium isopropoxide does not tend to
oligomerize, remains as a tetracoordinated monomer, and reacts promptly with water.
Therefore, the formation of a stable gel would be nearly impossible. However, alterations in
this precursor can be such that they change the hydrolysis and condensation dynamics and work
to stabilize suspensions (Levy; Zayat, 2015). An approach to control the reactivity of these
precursors is the addition of alcohol to promote nucleophilic substitution as follows in reaction

(5) or nucleophilic addition for a metal of unsaturated coordination (Brinker; Scherer, 1990).
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Ti(OR)4 + xR'OH — Ti(OR)4.x(OR')x + xROH (5)

This exchange depends on the size of the alkoxide group. The bigger it is, the more
difficult it is for its substitution. This exchange does happen in ambient conditions. The order
in which hydrolysis happens depends on the partial charge of the groups involved; groups with
bigger positive partial charges leave the molecule faster, and usually, the modified ligands leave

the molecule later in the condensation reactions (Charleux; Copéret; Lacote, 2014).

Another form to control the formation of precipitates is the utilization of condensation
inhibitors, complex ligands that coordinate the metallic atom, like inorganic acids. Again,

titanium isopropoxide is used as an example.

The addition of acetic acid expands the coordination of the Ti atom in this molecule
from 4 to 6 (Brinker; Scherer, 1990). The acid is consumed, alcohol is formed as a byproduct,
and the OPr' are removed swifter than the acetate groups (Charleux; Copéret; Lacote, 2014).
The usual pathway for condensation of titanium alkoxide precursors involves the nucleophilic
attack of oxygen present on the nucleophile, proton transfer from the water molecule to the
titanium ligand, and, at last, the release of an ROH group. Coordination expansion of the
metallic atom can occur by nucleophilic addition and olation between partially hydrolyzed
precursors. Hydroxyl groups create bridges that coordinate metallic atoms. In this process, ROH
groups are removed. Nucleophilic substitution reactions follow, as do possibly hydrolysis
reactions, which depend on the H>O/M ratio, and lastly, oxolation and alcoxolation reactions
occur where OR and OH groups are released and give place to oxo bridges between metallic
centers releasing ROH or H,O groups, reactions (3) and (4) respectively (Charleux; Copéret;
Lacote, 2014; Nabavi et al., 1990).

If successful, condensation leads to gelation, which happens as a culmination of the
solid phase formation. Visually, this point is relatively easy to determine. The once-liquid phase
becomes firmer as it gains mechanical resistance. This happens because the fractals that are
formed tend to aggregate, forming clusters that also join/bond, creating a network. This turning
point is called the percolation threshold. The time needed to achieve gelation varies depending
on the precursor and other processing parameters. This process can take hours or minutes

(Aegerter; Mennig, 2004).
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Once gelation is achieved there are different forms to dry the monoliths, a gel of
millimetric dimension (Brinker; Scherer, 1990). The drying process has a considerable impact
on the product obtained. Drying in ambient conditions, room temperature, and pressure without
controlling the solvent evaporation produces a xerogel. By this method, the wet gel suffers a
significant retraction due to capillary forces that exert pressure in the pores, which collapses
them, reducing the gel volume by five to ten times the initial one (Brinker; Scherer, 1990). This
happens because the liquid/vapor interface is generated when the liquid on the gel transits from

the first to the second state, giving rise to capillary forces (Brinker; Scherer, 1990).

Another method for drying a gel is the supercritical drying. In this process, extraordinary
drying conditions are created that allow the liquid in the gel to reach the supercritical state. In
this state, the liquid behavior can be seen as a liquid that resembles a gas concerning the velocity
of the particles and one of a gas that resembles a liquid regarding packing. This translates into
the absence of surface tension of the liquid when it’s drained from the gel as a gas when the
pressure is reduced gradually inside the chamber in an isotherm (Brinker; Scherer, 1990). In
supercritical drying, the pore structure is mainly maintained, and the product presents
exceptionally low density, keeping its form from before the drying process, the monolith’s
shape, in what is called an aerogel. CO> can be used in supercritical drying when solvent
exchange takes place, which can be a slow process but has the advantage of processing at lower

temperatures, closer to ambient conditions, which is safer (Klein; Aparicio; Jitianu, 2018).

Gels can also be dried in ambient conditions with subsequent solvent exchange of
decreasing surface tension. This solvent exchange allows the permanence of most of the pores,
and the gels’ retraction is reduced compared to the xerogel. The product of this drying process

1s the ambigel, like the S10, ambigels (Bay De S. et al., 2017).

Another option is freezing and sublimating the solvent, forming a cryogel (Izadi et al.,
2023). All these products have high porosity and specific surface area in different degrees. In

Figure 2 a) it can be seen a BaTiO3 gel and b) the aerogel formed after supercritical drying.
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Figure 2 — BaTiOs3 gel and aerogel
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Source: (Rechberger et al., 2014)

Caption: a) Barium titanate gel and b) Barium titanate aerogel.

These different drying processes give rise to different products, aerogels, cryogels,
ambigels, and xerogels, that present decreasing degrees of surface area and are generally

amorphous solids.

In the processing of perovskites, the sol-gel method can be an important tool mainly due
to the synthesis control allowed by the technique, which is a great advantage compared to more
traditional synthesis methods, such as solid-state synthesis. The sol-gel method has many
advantages and permits the production of a multitude of materials, such as films, thin films,
composites, coatings, fibers, and spheres, for example. It’s an excellent process to discover new
compositions and improved properties. High purity and high homogeneity are easier to achieve
as well. Usually, it also requires less energy since the reactions take place at temperatures lower
than 220 °C. It allows complete control of morphology and particle size. As the beginning point
is a solution, the reaction steps permit the introduction of doping elements quantitatively and
homogeneously. Of course, there are disadvantages, such as the sensibility to moisture,
especially due to the alkoxide precursors, the difficulty in scaling up, and the fact that processes
can have multiple, time-consuming steps. There is a change in volume during the process,
which can be cumbersome during a scaled-up process (Navas et al., 2021). Another
disadvantage is that although the number of parameters grants tailorability, it also adds to the

complexity of the process.

The process overall is very flexible due to the various parameters that can be optimized
to obtain extremely tailored structures and microstructures. Another interesting advantage is
the reduction of crystallization temperature, which reduces energy and time consumption when

calcination can be performed at lower temperatures (Wang et al., 2016).

Usually, the gels produced by the sol-gel method are amorphous and continue to be so

after either supercritical or natural drying, i.e., aerogels or xerogels. However, crystallinity is
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mandatory for ferroelectricity (Kao, 2004). This means that heat treatments must be performed
to achieve it, which is seen in published papers regarding the sol-gel synthesis of bulk
perovskites by this method (Coondoo et al., 2018; Navas et al., 2021). Of course, there has been
some research on the topic of crystalline gels, specifically PZT compositions (Lobmann et al.,
1998, 1999; Lobmann; Glaubitt; Geis, 2000), but in the majority of cases, the product of the

sol-gel method is an amorphous gel.

2.2 DIELECTRICS AND FERROELECTRICS

Dielectrics are better known for being insulants but additionally present a plethora of
important phenomena that include relaxation, electric polarization, energy storage, and
dissipation, which are incredibly important to describe ferroelectricity and piezoelectricity
(Kao, 2004). In dielectrics, the bandgap between the conduction and the valence band is bigger
than a few electron volts, which sets them apart from semiconductors; the latter, with the
increase of thermal agitation, presents the transition of electrons from the valence to the
conduction band. Additionally, ideal dielectrics do not possess charge carriers, although they

do exist and originate from electric contacts.

Ferroelectric and piezoelectric materials are dielectrics, and to understand their

behavior, some topics on electromagnetism must be discussed, which is done herein.

Maxwell amalgamated electromagnetism into four equations. From these equations,
important constants can be obtained: magnetic permeability, p, electric permittivity, €, and
electric conductivity, ¢ (Kao, 2004). Through these constants, it is possible to characterize
materials' response concerning electromagnetic fields, which is described by equations (1), (2),
and (3) where E is the electric field, D is the electric displacement, H is the magnetic field, B is

the magnetic induction and J is a vector denoting the electric current density.

B=uH (1)

D=¢E (2)

J=ocE (3)
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Faraday and Cavendish were the first to observe that capacitance depends solely on the
insulant material between the plates of a capacitor, independently of its geometry (H. M.
Nussenzveig, 2022). The material is a dielectric, and the property that rules its behavior is the
relative permittivity, & also known as the dielectric constant. The relative permittivity is a
dimensionless constant that characterizes the response of a material to an applied electric field,
described by equation (4), whereas ¢, is the relative permittivity, and ¢, is the permittivity in a
vacuum. &, expresses how much the permittivity of the material exceeds the one of the vacuum

(Kao, 2004).

& = — “4)

The dielectric constant, albeit its name, strongly depends on the frequency of the applied
electric field. This happens because of the time-dependent polarization phenomena due to the
different mechanisms by which they manifest. This means there are different response times in
reaction to the applied electric field, i.e., a delay in following the electric field variation (Kao,
2004). Faster mechanisms promptly manifest and more easily follow the externally applied
electric field. Usually, the dielectric constant is measured in frequencies that are considered
low, 1 MHz if not stated differently, and vary with the structure presented, if the material is
piezoelectric when it is not polarized, if relaxation effects are present for higher frequencies,
and if the material is above its transition temperature to the paraelectric state (Cardarelli, 2018;
Fleisch, 2008; Kao, 2004). Pressure, composition, temperature, and defect configuration are
other parameters that interfere with the dielectric constant (Kao, 2004). Ferroelectrics present
as one of the most poignant characteristic values of permittivity way greater than most
dielectrics, and that is why they have first become subjects of interest. Permittivity stays under
100 for simple dielectrics, while ferroelectrics can reach 10° (Kao, 2004). This has everything

to do with polarization, which is discussed herein.

Polarization occurs when an insulant is in the presence of an electric field. Polarization
consists of the relative position change in charges, redistribution of charges, induction of
dipoles, or orientation of existing ones. Polarization can occur through different mechanisms.
The one associated with permanent dipoles is called spontaneous and is a slower process than
one of the ions. This fact makes the polarization process frequency-dependent (Cardarelli, 2018;

Fleisch, 2008; Kao, 2004). When polarization occurs, positive charges follow the direction of
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the electric field, and the negative ones in the opposite direction, this phenomenon creates its
own electric field. The charges in the contacts of the capacitors do the same, and this field
opposes the external electric field, reducing the internal electric field (Bain; Chand, 2017;
Fleisch, 2008). This reduction causes an increase in capacitance; thus, the voltage is reduced
by a 1/¢, factor, because it depends on the electric field, it is also reduced by the same factor
and has a discontinuity due to the presence of the dielectric, and a reduction of potential energy

because of it (H. M. Nussenzveig, 2022).

Polarization can be characterized by the constant o (polarizability). It expresses how
easily the electric field polarizes a material, described in equation (5), q is the charge, and § is

the distance between charges. Polarizability is a proportionality constant between the local

electric field ( Ejoc) and the average values of the dipole moment ({&)), shown in equation (5),
in which it is considered that the vectors have the same direction, although this is not often the

case for most materials that possess permanent dipoles (Kao, 2004).

(@ = (q8) = aEjoe (5)

The dielectric constant, polarizability, and electric susceptibility (), the electric
counterpart of magnetic susceptibility, are linked by equations (6) and (7). Whereas N is the
number of dipoles, « is the polarizability, P is the polarization, and D, is the electric flux density
for the free charge (H. M. Nussenzveig, 2022). Thus, it is possible to correlate a measurable

quantity, the dielectric constant, to the polarization of a dielectric material and characterize it.

£r=1+1:—:=1+x (6)

X=&-1=— (7

Polarization faces intrinsic inertia to the movement necessary for it to occur, being the
displacement of ions, clouds, and permanent or induced dipoles. This loss is called dielectric
loss and is generally expressed as a loss tangent, the energy consumed to counter the inertia
inherent to the material (Cardarelli, 2018; Kao, 2004). Loss tangent is important for dielectric
materials because it is a limiting factor for application. Bigger dielectric losses are related to a

bigger relative permittivity, and the opposite also occurs (Cardarelli, 2018).
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Ferroelectric materials present spontaneous and reversible polarization in a specific
temperature range. In ferroelectric materials, the symmetry center for the negative charges does
not coincide with the center of the positive ones; ions in the unit cell can be viewed as charges,
and their position within the cell creates permanent dipoles associated with the unit cell
structure. For this to occur, these materials must be crystalline, and their structures must be

noncentrosymmetric (Cardarelli, 2018; Kao, 2004).

The permanent dipoles present in ferroelectric materials align themselves in parallel in
the direction of the crystalline axis, called the polar axis, which forms ferroelectric domains
similar to the Weiss domains for ferromagnetic materials (Bain; Chand, 2017; Cardarelli, 2018;
Tichy et al., 2010). When these domains reach a critical size in a ferroelectric material, forming
domains with different orientations is energetically favorable. The walls that separate these
domains also have energy associated with them. The domain formation reduces the energy of
the system by reducing the electrostatic energy formed due to the decrease in the depolarizing
field, and this process limits itself because the walls themselves store energy (Kao, 2004). The
energetic balance between the energy of the walls and one of the domains themselves rules the
mechanism of ferroelectric domain formation. Otherwise, this energy would be exceedingly
large, making the system unstable (Kao, 2004). A domain has a liquid polarization, which is
called spontaneous. However, the orientations of all the domains present in the material are
randomized, so their sum is zero, and, in its entirety, the material does not present polarization.
Single crystals, through polarization, can present one large domain. Polycrystalline material,
however, cannot. This occurs because the crystallite axes are randomly arranged in

polycrystalline materials, and the electric field cannot reorient them.

Domain configuration is incredibly important, especially domain size. Optimum domain
size permits easy motion of domains when being polarized which results in improved
piezoelectric performance. The optimum domain size depends on composition. If the domains
are too small, piezoelectric is curbed configuring the scale effect. If the domains are excessively

small, the size effect takes place, and ferroelectricity is extinguished (Ihlefeld ez al., 2016).

Additionally, depending on the structure, ferroelectrics can either be multiaxial or
uniaxial, depending on relative domain orientation. Uniaxial domains can only present two
dipole directions opposite to an adjacent domain, forming a 180° wall. In multiaxial

ferroelectric, there are more possibilities of arrangements of domains and non-180° are possible.
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For example, barium titanate (in the tetragonal phase) has six polarization directions, and walls

can be formed at right angles (Kao, 2004).

In ferroelectrics, the redirection of polarization vectors formed by the domains in
response to the incident electric field is called polarization reversibility (Tichy et al., 2010).
The ferroelectric domains interact with each other and are responsible for structure deformation.
This leads to an aging phenomenon, whereas the relaxation of this tension causes the reduction
of the dielectric constant, which is also dependent on the applied voltage and fabrication history

(Cardarelli, 2018).

The electric field applied in these materials causes the growth of favorable domains,
increasing the polarization and dielectric susceptibility. The polarization vectors are oriented in
the direction of the applied electric field, which results in liquid polarization. Ferroelectric
polarization is way superior to the polarization of common dielectrics (Cardarelli, 2018).
Ferroelectric materials present a non-linear relation between polarization and the applied
electric field, resulting in a hysteresis loop, which appears because of the domain configuration
due to the energy demanded to move them and leads to the creation of a remanent polarization
when the electric field is suspended. The spontaneous polarization that ferroelectrics possess
eclipses the remaining types of polarization (Cardarelli, 2018). Temperature influences
polarization, and its effects can be observed in the hysteresis loop. Higher temperatures allow
the domains more mobility for their reorientation and the electric field necessary to do so is
smaller up to the Curie temperature (Tc). At temperatures higher than the Tc, the material begins
to present paraelectric behavior and the linear relation between polarization and the electric
field is observed. The transition between the ferroelectric and the paraelectric state at the Tc is
marked for the ferroelectrics by a progressive increase of the dielectric constant up to the end
of the transition. This atypical value for the dielectric constant is also followed by anomalous
polarization and piezoelectric behavior due to the instability region linked to the phase
transition. The Curie temperature is a few degrees below the transition temperature for the

tetragonal to cubic symmetries (Kao, 2004; Tichy ef al., 2010).

The transition to the paraelectric state can be a first-order or a second-order transition,
the latter continuous, the first discontinuous. There is a change in entropy and latent heat for a
first-order transition, but this does not occur for the second-order transition. Nearing the Tc,

dielectric permittivity values are unusually high. However, at temperatures superior to the Tc,
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i.e., in the paraelectric state, & decreases following the Currie-Weiss relation, seen in equation

8, where C is the Curie constant, and T is the temperature (Kao, 2004).

&= o ()

The relation between polarization and the electric field can usually be obtained by a
Sawyer-Tower circuit, in its simpler form, consisting of a capacitor constructed from the sample
that must be studied, a standard capacitor, an AC source, and an oscilloscope at frequencies up
to 60 Hz (Kao, 2004). The electric field intensity is usually expressed in kV per mm, and its
magnitude is a few kV/mm. Usually, measurements are not performed over breakdown since it
destroys the sample. However, it can be an interesting option when it is necessary to investigate
the behavior right before the breakdown occurs. Alterations to the circuit and compensation
mechanisms can be made; however, the compensation method is rarely described. In this case,
the circuit is called a modified Sawyer-Tower circuit (Cain, 2014). By this method, it is possible
to obtain a hysteresis loop like the one in Figure 3. This, of course, is not the only way to get
the P-E loop; automated systems have been created for this purpose. Usually, they operate based
on an internal compensating system like the TF analyzers from AixACCT Systems GmbH,
Germany. This system, and others like this, demand less work since the entire set-up is already
ready to perform the desired measurements, leaving the operator to determine measurement
parameters, place the sample, and determine its relative position with the help of an
interferometer. During this measurement, the sample is kept immersed in oil, usually silicon,

similar to what is done during the polarization process.

Figure 3 — Ferroelectric hysteresis loop
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When a ferroelectric material is subjected to a P-E measurement, initially, without the
presence of the electric field, it does not present liquid polarization, as seen in Figure 3 state a).
In the presence of an electric field, the ferroelectric domains favorably aligned grow in favor of
the non-aligned ones up to saturation, as seen in c). Initially, the path to the saturation point is
almost linear because the electric field is not strong enough to orient the domains. Once it is,
the polarization maintains a non-linear path until most of the ferroelectric domains are oriented
by the electric field applied. Once the electric field is suspended, the material presents a
remanent polarization, smaller than spontaneous polarization, because some domains can return
to their initial positions due to their metastable configuration. An opposite electric field called
the coercive field (Ec) must be applied to remove this polarization. With this new alignment,
there is no polarization, e), and the magnitude of this field depends on temperature, frequency,
and electric field waveform. This value is also called coercivity. Continuing the cycle, with the
increase of the electric field, polarization reaches saturation, f), and finally, in removing the
electric field again, there is a remanent polarization. The term reversible polarization implies
the possibility of obtaining a polarization with an inverse orientation by applying an electric

field in the opposite direction. It is an effect of the domain configuration.

The initial state of the ferroelectric can only be established again if heated above the
Curie temperature and cooled. By doing so, the domains will be randomly oriented again. The
area of the loop in the P-E graph, polarization as a function of the electric field, corresponds to

the energy dissipated and demonstrates the irreversibility of the process (Cardarelli, 2018).

2.3 PIEZOELECTRICITY

Piezoelectricity is the phenomenon described as the linear relation between a
mechanical phenomenon and an electrical counterpart. A material is piezoelectric if the tension
applied to it causes a dielectric displacement. This displacement manifests itself as a change in
the polarization and causes a variation in the superficial density charge (Fleisch, 2008; Tichy

etal.,2010).

The direct piezoelectric effect was discovered in 1880 by the Curie brothers in
tourmaline and quartz (Uchino, 2017). The direct piezoelectric effect manifests when electricity

surges as a response to a change in the tension state, traction, or compression. The deformation
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proportional to the electric field applied is called the converse piezoelectric effect, or indirect,

and it was discovered one year later (Bowen; Topolov; Kim, 2016; Uchino, 2017).

The piezoelectric phenomenon is characteristic of materials that possess
noncentrosymmetric unit cells, and it is not restricted to the ferroelectric state. When subjected
to an electric field, all materials present a response that is not necessarily piezoelectric. More
precisely, electric constriction might happen. If the change in the tension state causes a change
in the dimension that leads to a change in the polarization state, the piezoelectric effect occurs.
For this to happen, the material must be polar and crystalline because tension is a symmetric
tensor, and only if the unit cell is not, the interaction has, as a result, an asymmetrical charge

distribution (Tichy et al., 2010).

Piezoelectricity, as ferroelectricity, results from specific structural features, i.e.,
noncentrosymmetry. Of the 32 point groups, 21 are not centrosymmetric, and from those, 20
present piezoelectricity. Of these, 20, 10 present reversible and spontaneous polarization,
ferroelectrics, and the other 10 present piezoelectricity because they become polarized when
subjected to a mechanical or electrical stimulus. Perovskites are widely known for presenting

piezoelectricity and are the focus of this review later (Bain; Chand, 2017; Kao, 2004).

The polar crystal may present piezoelectricity and pyroelectricity (Tichy ef al., 2010).
Pyroelectricity consists of the polarization state dependence, magnitude, and direction of heat
transfer. The converse effect, on the other hand, is the change in the polarization state caused

by temperature change and is called the electrocaloric effect (Tichy et al., 2010).

In a practical sense, if we consider a tension state as shown in Figure 4 a), when the
response of a material to a force (F) generates a piezoelectric charge (P) proportional to this
force, the direct piezoelectric effect occurs. If the force is compressive, the polarization has an
opposite direction. In the converse piezoelectric effect, Figure 4 b), an electric field generated

by two charged plates results in deformation.
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Figure 4 — Direct and converse piezoelectric effect
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Caption: a) Representation of the direct piezoelectric effect and b) Representation of the converse piezoelectric
effect.

In both cases, the direction of the stimulus changes, and so does the polarization
direction (Tichy et al., 2010). These linear relations can be described by the equations (9) and
(10) (Bain; Chand, 2017).

Pi =dix Tix ©)]

Si= dij Exj (10)

Equation (9) describes the direct piezoelectric effect, P, is the polarization vector, d;jx
and Ty are the tensors that represent the piezoelectric constant and tension, respectively. In
equation (10), S; is the strain and Ej, is the tensor that describes the electric field. In both
equations, the polarization associated with the strain is always the same, regardless of its nature,
in the case of mechanical input, direct piezoelectric effect, or caused by an electric field,

converse piezoelectric effect. Both can be described by the piezoelectric constant (Tichy et al.,

2010).

One crucial characteristic of piezoelectrics is the magnitude of the mechanical strain
when the material is subjected to an external electric field. All materials suffer a change in
dimension when subjected to an external electric field. This happens because the electric field
interferes with the electron clouds within the materials and changes their distribution, causing
a distortion (Cardarelli, 2018; Kao, 2004). This phenomenon is called electrostriction, and
although it is ubiquitous when materials are subject to an external electric field, its effect is
mostly negligible. For ferroelectric materials, however, the converse piezoelectric effect is

responsible for greater and more noticeable impacts.
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Two cases may happen when a piezoelectric material is subjected to an external electric
field. In the first one, the dipoles cancel each other in the unstrained condition. In this case, for
a non-centrosymmetric material, the relation between the electric field and the generated
mechanical strain is linear. In the second case, the dipoles add to the moment along the polar
axis, the “stretched” axis. This means that in addition to the piezoelectricity, there is also
pyroelectricity due to spontaneous polarization. This difference is easily spotted when strain is
measured as a function of the applied electric field. For unstrained piezoelectrics, this
measurement results in a straight line. For ferroelectrics, a butterfly loop is seen, which is
formed due to hysteresis and non-linearity caused by polarization (Kao, 2004). The S-E graph
shows mechanical strain as a function of an external electric field, which is essential in
characterizing ferroelectric materials. For most ferroelectrics, the strain is proportional to the
square of polarization, and through this measurement, hysteresis can be quantified, similar to
the dielectric loss. In summary, in noncentrosymmetric materials, thermal, mechanical, and

electrical phenomena are linked, as shown in Figure 5.

Figure 5 — Link between electrical, thermal, and mechanical phenomena in

noncentrosymmetric materials
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From these relations, it is possible to characterize ferroelectric and piezoelectric

materials and gauge performance. The most important figures of merit to characterize
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piezoelectric materials are piezoelectric strain constant d, piezoelectric voltage constant g, the
electromechanical coupling factor k, the mechanical quality factor Qm, and the acoustic
impedance Z (Uchino, 2017). The piezoelectric strain constant linearly links the electric field
to the induced strain. This figure of merit is especially important for actuator applications. The
voltage constant links linearly the applied stress to the electric field induced; this figure of merit
is especially important for sensor applications. The electromechanical coupling factor measures
the ability of the materials to convert electrical into mechanical energy. Other figures of merit
link these quantities, but this specific one stands for the stored mechanical energy divided by
the stored electrical energy, considering the converse piezoelectric effect. The electric energy
obtained from conversion divided by the total input of mechanical energy gives the
electromechanical coupling factor considering the converse piezoelectric effect (Kao, 2004).
The mechanical quality factor characterizes the resonance spectra and assesses if the material
is suitable for applications in resonance or off-resonance. The acoustic impedance is a
parameter that describes the acoustic transference between two different materials (Uchino,

2017).

Considering the direct piezoelectric effect, the piezoelectric constants, or piezoelectric
charge constants di3 and ds3, are extremely important for sensor applications (Zheng et al.,
2018). In these constants, indexes 3 and 1 indicate the relative direction in which the stimulus
and response to it occurs. In the dielectric constant di3, the tension is applied in direction 1, and
the induced electric field manifests in direction 3, perpendicularly, thus is a transversal electric
coefficient. For d33, the direction of the applied tension is the same as that of the electric field

induced; this coefficient is called longitudinal (Bain; Chand, 2017).

Fundamentally, the application of piezoelectrics is divided into two major categories:
sensor and actuator. Actuators are based on the converse piezoelectric effect, and sensors in the
direct piezoelectric effect (Tichy et al., 2010). The modern application of piezoelectrics is based
on discovering that ferroelectrics have excellent piezoelectric properties and are more sensitive
(Bain; Chand, 2017; Tichy et al., 2010). Piezoelectric materials are intelligent because they can
sense the environment and react predictably to a stimulus. They can be applied in this context
as sensors and actuators or performing both operations acting as transducers (Hong ez al., 2016).
Of the possible applications of these devices energy harvesting is considered promising,
establishing the field of piezogenerators and piezonanogenerators, which have been gaining

traction since the increased potential of the Internet of Things (IoT) and MEMs/NEMs
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(microelectromechanical and nano-electromechanical systems) (Bain; Chand, 2017; Waqar et
al., 2022). Precision applications, use in severe environments, absence of lubrication, wear
resistance, and low heat generation are some of the interesting characteristics of these devices

that can be profitable in the ongoing increase of their usage.

To realize the full potential of these remarkable applications, piezoelectric materials
have to be investigated regarding these major points: thermal stability, greater sensibility,
higher electromechanical coupling, increased temperature-stable piezoresponse, development
of fabrication-friendly processes, and tailorable compositions (Tichy et al., 2010; Wagqar et al.,

2022).

2.4 PEROVSKITES

In ferroelectrics and piezo-responsive-based devices, perovskites have been the
paramount materials since the discovery of ferroelectricity in barium titanate. Perovskite is the
name given to a group of compounds that present the ABX3 general formula or formula derived
or close to this basic one and encompasses a vast number of compositions. In the ABX3
structure, A is a bigger cation, B is a smaller cation, and X is an anion. Further in this chapter,
detailed structure descriptions will be given. The term perovskite itself comes from the mineral
perovskite, CaTiOs3, calcium titanate, which lends its name to this whole group of compounds
that encompasses materials that show interesting phenomena such as ferroelectricity,
piezoelectricity, pyroelectricity, magnetism, and superconductivity. These phenomena make
them candidates for applications in different fields such as catalysis, capacitors, sensors,
actuators, superconductors, photovoltaic technology, photocatalysis, optoelectronics, and
magnetoresistance amongst many others (Borowski, 2010; Fu et al., 2019; Mahani et al., 2010;
Pan; Zhu, 2016; Panda, 2009; Vidyasagar; Muioz Flores; Jiménez Pérez, 2018; Zhang et al.,
2010). Perovskites present behaviors that go from insulators to superconductors (Pan; Zhu,
2016), and a significant number of compounds follow the formula ABX3 or derived formulas.
This also explains the variety of properties and applications shown by these compounds and the

great research demand on this topic.
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These incredible properties, phenomena, and applications are based on specific
structural features. The idealized structure, or aristotype, for perovskites, is presented by
strontium titanate, SrTiO3, at ambient conditions (Tilley, 2016). The structure is cubic, and the
lattice cell parameters are as follows: a = b = ¢ = 0.3905 nm belonging to the space group Pm3m
(221), shown in Figure 6, obtained from the ICSD database (Inorganic Crystal Structure
Database) (Fluck, 1996), card number 94573. The central position is occupied by titanium, the
B cation in the ABX3 structure, the atoms in the facets are oxygen, the X anions, and the ones
in the vertices are strontium atoms, the bigger A cations. The oxygen atoms create an

octahedron while coordinating the titanium atom.

Figure 6 — SrTiO;3 structure
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Source: Vesta (Momma; Izumi, 2011).

The idealized structure for perovskites obeys strict rules, and compositional change
obligatorily leads to a change in the lattice parameters of the unit cell. It is essential to take into
consideration that perovskites can be understood as ionic compounds, which is helpful to

visualize why they can be so inflexible regarding the ideal structure.

The unit cell must be electrically neutral, and the oxide perovskites in which oxygen
presents oxidation number (2-) must have two cations whose sum of oxidation states is equal
to (6+) for the charge equilibria to be met. There is a multitude of possible arrangements that
respect this criterion, such as A"B>"0;, A¥'B?'03, A>'B3'03, and A>*B*"0;. There is also the
possibility for solid solution formation, such as AixAxB1.yByOs, and doping of these materials
(Borowski, 2010; Pan; Zhu, 2016). Perovskites, however, are not restricted to oxides. There are
several compounds related to its basic structure, such as nitrides and oxynitrides,
antiperoviskites (A3BX), organic-inorganic hybrids (CH3NH3)PbX3, and halide perovskites.

This number of possible configurations attests to its flexibility, which is used to tailor properties
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and applications. Naturally, these structural alterations result in correspondent structural

distortions parting from the ideal structure (Tilley, 2016).

To understand perovskites’ features, it is helpful to consider some structural aspects.
Analyzing the aristotype unit cell, assuming that B and X atoms touch each other and the unit
cell is electrically neutral, one edge must have the length of two bonds between the atoms X
and B, or in the examples given in Figure 6, oxygen and titanium. The diagonal in the cube's
face has the length Va, in which a is the edge with the length two times the bond length between
the atoms A and X. This distance is relevant because of the width of the octahedral site. These

geometric considerations can be easily seen in Figure 7. The crystallographic plane highlighted

in red is the (110).

These geometric relations were investigated first by Goldschmidt, considering the ionic
radius instead of bond length, which the latter is more common nowadays (Borowski, 2010;
Tilley, 2016). Through these geometric considerations, we have equations (11) and (12) that
correlate the size of the ions in the unit cell for a cubic system, determining the viability of
perovskite formation where Ra is the radius of the A atom, Rg is the radius of the B atom, and

Rx the radius of the X atom.

Figure 7 — SrTiOs octahedral site

Source: Vesta (Momma; [zumi, 2011)

(Ra—Rx) _
(Rp—Rx) V2 D
(RA_ RX) _ 1 (12)

V2(Rg—-Ryx)
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The observed tolerance factor (t) is used to predict the structures of perovskites. Ideally,
it must assume the value of 1. However, experimentally, since the bond lengths are measurable,
itis between 0.9 and 1. In this case, the cubic perovskite is more probable. A hexagonal structure
is more probable for t values above 1, where the A atom is much bigger than B. For t values
between 0.71 and 0.9, structures less symmetric than cubic are formed, such as the
orthorhombic (Borowski, 2010; Pan; Zhu, 2016; Tilley, 2016). Through equation (13), it is

possible to predict the probability of perovskite formation using the calculated tolerance factor.

_ (Ra—Rx) __
t= V2(Rg-Rx) 1 (13)

The space group in which these compounds crystallize depends on the identity of the A,
B, and X ions, which is an intrinsic factor. However, extrinsic factors come into play, i.e.,
temperature and pressure. In perovskites, the high-temperature phase is usually the paraelectric

cubic phase.

In perovskites, most properties depend on the atoms that form the BXe octahedron and
their relative orientation, showed in Figure 7. Alterations in this polyhedron can induce more
expressive alterations in properties. Although the A atom is not irrelevant to the properties of
these materials, it has a smaller impact on them. The simpler way to change the properties in a
perovskite is to change the identity of the B atom, which can cause the structure to crystallize
in a less symmetrical crystalline system, such as the tetragonal or orthorhombic. This is how
permanent dipoles are formed in these compounds, and their electronic properties are altered
(Pan; Zhu, 2016). The substitution of atoms in the A and B sites significantly impacts the
structure, even in small concentrations, and has two primary aims. First to improve properties
and second to extend pressure and temperature working range, and it’s a common practice to
control the ferroelectric and piezoelectric properties of perovskites (Tilley, 2016; Waqar et al.,

2022).

Dopants present either the same or a different oxidation number than the atoms they are
substituting. The first case is configured as isovalent doping, and the second is aliovalent
doping. Aliovalent dopants can either present a lower or higher oxidation number than the
substituted atom; the first case is configured as acceptor doping, and the latter is donor doping.

Aliovalent doping has several repercussions revolving majorly around maintaining neutrality.
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Acceptor doping generates compensating methods such as oxygen vacancies and electron holes.
This can generate complex defects arising from the interactions between dopant ions and the
oxygen vacancies, which causes a local distortion in the elastic and electrostatic fields. This
causes pining centers responsible for ferroelectric “hardening,” meaning that they hinder wall
motion. Hardening is characterized by i) pinched hysteresis loop, ii) reduced dielectric

response, iii) reduced piezoelectric response, and iv) reduced dissipation (Acosta et al., 2017).

In the case of donor doping in the A or B-sites, charge compensation occurs through the
presence of free electrons, reduction of oxygen vacancies, and formation of cation vacancies.
The effect of donor doping is the opposite of acceptor doping, and there is ferroelectric
“softening” and increased domain wall mobility, resulting in greater dielectric loss, high

remanent polarization, improved dielectric and piezoelectric properties (Acosta et al., 2017).

Additionally to these structural considerations, three major types of distortions can be
presented by perovskites: cationic displacement, rotation, or inclination of the BX¢ octahedron,
and the octahedron’s distortion by elongation or flattening (Tilley, 2016). In the cationic
displacement, the B atom is smaller than in the idealized structure for the octahedral site,
causing the perovskite to crystallize in a structure not as symmetrical, which depends on the
degree of distortion caused by the direction of the displacement. Rotation and inclination of the
octahedron occur by the presence of an A cation smaller than the idealized one. Incidentally,
the octahedron adjusts itself to fill this cavity, reducing the symmetry of the structure. The
distortion of the octahedron occurs due to a change in the valence of the atoms, where cations
of different sizes also form octahedra of different sizes. Interaction between orbitals in cations
and anions also leads to distortions, as it happens for B cations that present electronic
configuration d", explained by the Jahn-Teller effect. In this case, d" cations are more stable in
a distorted octahedron than in a perfect one. These phenomena can occur separately or

simultaneously (Tilley, 2016).

Defects, doping, chemical heterogeneities, and structural distortions directly impact
properties, but extrinsic factors such as temperature and pressure also critically impact
performance. As applications under a temperature gradient are more prevalent than the ones
under an important pressure range, temperature-induced phase transitions are discussed herein.
This is especially true for perovskites since they usually experience a sequence of phase

transitions and flux from paraelectric to ferroelectric phases, which limits applications. For
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example, if excellent piezoelectric properties are desired, the sample must crystallize in the
noncentrosymmetric phase in the working temperature range. The most critical impacts of
temperature in perovskites arise from the transition that occurs from ferroelectric to the
paraelectric phase at the Curie temperature, which has already been discussed, as well as
possible MPB (morphotropic phase boundary) or PPB (polymorphic phase boundary)

formation.

Using barium titanate (BT) as an example since it is the base composition from which
the BCZT system originates, the impact of temperature on phase dynamics can be exemplified
as follows. Barium titanate experiences a series of first-order temperature-induced phase
transitions. At room temperature, barium titanate crystallizes in the tetragonal structure, the
ferroelectric phase. However, the structure presented depends on the temperature. Under -90
°C, barium titanate presents a rhombohedral structure (R3m). Between -90 and 5 °C, the
structure is orthorhombic (Amm?2). Between 5 and 120 °C presents the tetragonal phase
(P4mm), and over 120 °C undergoes a phase transition to the cubic phase (Pm3m), the
paraelectric phase (Acosta et al., 2017; Kao, 2004). As it occurs at the Tc, a softening occurs at
this transition point, which results in the increase of &; at three maxima points. Additionally, it’s
a region where mechanical thermal, dielectric, and piezoelectric properties present anomalies
that are exploited in device applications (Acosta et al., 2017). These phase transitions directly
impact polarization and, consequently, are crucial to piezoelectric, dielectric, and ferroelectric
properties, but they are not exclusive to BT. This behavior is characteristic of perovskites

overall.

These phase transitions may present special features, such as a coexistence of phases
that facilitates polarization, which results in superior performance and properties. The MPB is
a phase boundary (between rhombohedral and tetragonal phases). This unstable region is
composition-dependent with a vertical phase boundary where the flattening of the free-energy
profile facilitates polarization. This occurs because polarization takes place in more
orientations, so more domains are aligned to be polarized (Tichy et al., 2010; Wagqar et al.,
2022; Wu, 2020). The greater the polarization, the greater the piezoresponse, resulting in
improved performance. This fact makes MPB engineering an exciting technique for obtaining
superior properties. Regarding the MPB, there is also a distinction between a “true” MPB,
which is virtually unaffected by temperature, and a temperature-dependent MPB, which is

called a PPB. An example of a “true” MPB is the one present in PZT; a temperature-dependent
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MPB occurs in lead-free perovskites such as BCZT, which is more unstable (Wu, 2020). For

the latter, a change in temperature leads to the dissolution of the multiple-phase arrangement.

Perovskites are often classified based on lead presence. This happens because the PZT
system (PbZr<TixO3) is the paramount perovskite material due to its exceptional performance
and thermal stability, and it has been studied for over 40 years. This is entirely connected to its
steep MPB, around x = 0.48, which allows for outstanding properties (Wu, 2020). PZT is a
solid solution. On one end, there is the PZN composition Pb(Zni;3Nb23)O3 that presents a
trigonal ferroelectric structure (3m). On the other end, the PT composition (PbTi0Os3) presents a
tetragonal ferroelectric structure, both at room temperature. At the Curie temperature, both
compositions transit to the paraelectric cubic phase (m3m), which is high, varying from 150 to
250 °C depending on the lead titanate concentration (0 to 20% PT content). The MPB content
is in the range of 8 to 10% PT concentrations and consists of the coexistence of tetragonal and
rhombohedral phases, allowing for 8 domain states for the rhombohedral and 6 for the

tetragonal phase (Tichy ef al., 2010).

However, it is widely known that lead is detrimental to human health, and stronger
regulations against its use inhibit its application, although compounds that have lead in their
composition present excellent piezoelectric properties and are commercially popular (Chen et
al., 2020; Wu, 2020; Zheng et al., 2018; Zimmerman et al., 2020). Even though lead-free
perovskites present high spontaneous polarization, they still have challenges to surpass to
become a viable option for lead compositions. First, the complexity of the compositions and,
second, the temperature dependence and sensibility regarding properties and the MPB must be
solved (Waqar et al., 2022). For these reasons, lead-free perovskite compositions are in demand

for research.

2.4.1 BCZT ceramics and the influence of Ce and V doping

In the field of perovskites, lead-free systems have been extensively studied as a solution
for greener and more eco-friendly options to PZT. Amongst them, the BCZT system has gained
considerable traction. BCZT is a substitutional solid solution of barium titanate in which
calcium occupies barium’s site and zirconium titanium’s site, the A and B sites, respectively.
In this solid solution, zirconium and calcium are soluble in any concentration. Barium titanate

presents a tetragonal structure at room temperature. However, the presence of Ca smaller atoms
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(1.35 A) in the A site substituting barium’s larger atoms (1.60 A), and Zr (0.72 A) substituting

the Ti smaller atoms (0.605 A) causes a distinctive structural change.

This system was first brought to the attention in 2009 and extensive research on its
structural, ferroelectric, piezoelectric, and dielectric properties was performed (Liu; Ren, 2009).
After this groundbreaking work, BCZT became a topic of interest due to its PPB composition,
Bao 5Cao.15Z10.1Ti0.903 (Bai et al., 2015; Buatip et al., 2020; Hanani et al., 2019; Kou et al.,
2022; Sahoo et al., 2021). Since the discovery of PZT MPB composition, there has been a
movement to determine similar composition points for other perovskites due to the possibility
of obtaining superior properties. Considering the work of Liu and Ren, BCZT has a critical
triple point where tetragonal, rhombohedral, and cubic phases coexist, as shown in Figure 8 a).
The two ferroelectric phases would then form the MPB; however, there has been discussion

about the presence of an intermediate phase instead.

This symmetry break has been investigated and was deemed to consist of an alternative
lower symmetry phase. According to Keeble, see Figure 8 b), alternatively to Liu and Ren,
BCZT presents an orthorhombic intermediate phase (Keeble et al., 2013). Regardless, excellent
properties can be found near this composition point due to an easier polarization caused by the
reduction of the energy barrier to 0 between polarization direction vectors of both terminal
phases at the tricritical point (TCP), cubic, tetragonal, and rhombohedral phases, which
incidentally impacts positively in dielectric permittivity and piezoelectric coefficient values
(Bao et al., 2010). Thus, the best properties of this system can be found at the MPB. Slightly
away from it, the properties are less impressive but can be more thermally stable (Liu; Cheng;
Li, 2019; Liu; Ren, 2009).

Figure 8 — Proposed phase diagrams for BCZT
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Caption: a) Phase diagram of BCZT as proposed by Liu and Ren and b) Revised phase diagram of BCZT as
proposed by Keeble.
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As with most ferroelectric ceramics, solid-state sintering is the most common synthesis
method for BCZT, but sol-gel is also reported quite frequently (Mezzourh et al., 2021). The
properties presented by BCZT ceramics produced by the sol-gel method are consistent with the
ones of BCZT synthesized by the solid-state method while also presenting lower calcination
temperatures (Belkhadir et al., 2019; Coondoo ef al., 2018; Mezzourh et al., 2021; Praveen et
al., 2015). Another critical point is that the properties of BCZT vary significantly between
different works. Microstructure plays a significant role in this variation, and processing is the

primary factor (Bai et al., 2015).

The major appeal of BCZT PPB composition is the superior properties found at this

compositional point, summarized in the next paragraph.

The PPB is known for its softness, exemplified by the low Ec of 1.68 V/cm, high
permittivity of 3060, high remanent polarization of almost 16 uC/cm?, and high piezoelectric
coefficient of 620 pC/N, Tc decreases to 75 °C, considerably lower in comparison to BT, which
is 120 °C (Liu; Ren, 2009). Considering these properties, BCZT presents an excellent potential
for energy harvesting applications, and doping can further improve these properties, as it
happens with the addition of acceptor dopants such as zinc and manganese and donor dopants

such as lanthanum, chromium, and gallium (Liu; Cheng; Li, 2019).

BCZT ceramics have a high sintering temperature necessary to develop dense
microstructures, around 1300 °C, at the optimum point or even higher, around 1475 °C

(Bijalwan et al., 2019b; Liu; Ren, 2009; Wang; Li; Lu, 2011).

Doping generally has as objectives the control and improvement of the properties of
materials. In perovskites, these improvements are associated with better dielectric, ferroelectric,
and piezoelectric performances for a specific application. In these materials, doping is amply
applied, partly due to the great malleability allowed by the structure in exchange for structural
alterations. Firstly, before considering the effects of doping, it is necessary to have a brief

discussion about the relaxor behavior in perovskites.

When ferroelectricity is discussed, for our work, we can divide its behaviors into two
different types: the classic ferroelectric behavior and the relaxor behavior. This review has
already discussed the classic ferroelectric behavior, whereas the relaxor behavior is discussed
herein. The relaxor behavior occurs due to ionic substitution in the A and B sites. The general
tendency is that a greater concentration of dopants, aliovalent doping, co-doping, and doping

of ferroelectrically active sites more easily induce relaxor behavior (Mahajan et al., 2009). The
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control of these doping factors determines if the composition will present a classic or relaxor

ferroelectric behavior.

The relaxor behavior can be explained as a significant frequency dependence of the
dielectric constant, more specifically, a dispersion of the maximum value of the dielectric

constant as a function of frequency and temperature (Aoujgal et al., 2011).

It is possible to tailor properties, optimize processing, and improve overall piezoelectric,
ferroelectric, increase thermal stability, and dielectric properties through doping. Considering
the improvement of processing, doping can be a helpful tool in reducing sintering temperature.

This is the case for vanadium and cerium doping.

As a donor dopant, cerium can act as a sintering aid, reducing sintering temperature and
controlling grain growth. The addition of Ce significantly impacts microstructure, and due to
its relation to densification and grain size, it will directly affect piezoelectric properties. First,

it promotes lower sintering temperature and, second, permits greater grain size control.

Cerium is a lanthanide with an atomic mass of 140.116 amu. Its abundance on earth is
66.5 mg/kg, the most abundant lanthanide. This element was discovered in Sweden in 1801 and
was named in homage to the asteroid Ceres (Cardarelli, 2018). In the BCZT structure, Ce is a
donor dopant in the A site because of its size, although due to different oxidation states, +3 and
+4, it can also be a B site isovalent dopant (Cui et al., 2012; Hayati et al., 2019). For atomic
coordination 8, Ce*" has a 0.97 A ionic radius, and Ce*" has a 1.14 A ionic radius (Shannon;

Prewitt, 1969).

At the PPB composition, BCZT presents a mix of tetragonal and rhombohedral
structures or an intermediate phase (Kaddoussi et al., 2017; Liu; Ren, 2009). Regardless, Ce
doping certainly is responsible for structural changes in this composition. The alteration of
lattice parameters when the Ce atoms enter either A or B sites is the most blatant one, observable

by X-ray diffraction patterns.

Most structural investigations are done through XRD analysis and are subjected to its
limitations, mainly related to sensitivity. Additionally, structurally solving structures in
transition phase regions is not trivial. Generally, the structure evolution for BCZT passes from
the lower Ce concentration that allows the maintenance of the PPB to the extreme of higher
concentrations that leads to a cubic structure formation, which induces the paraelectric state at

lower temperatures. The best piezoelectric properties for Ce-doped BCZT are reported to be
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around 0.02 mol% concentration, and the PPB is expected to be maintained. Table 1

summarizes the structural data related to BCZT Ce-doped compositions with all the references

needed.
Table 1 — Structural data on Ce-doped BCZT
Crystalline system
Composition Reference
C (0) T R
Ce =0 mol% 0% 86% 14% -
Ba a xLe c=0. mol7o o 0 () -
[(Bag.gsCao.15)1-xCexn] Ce = 0.025mol% 0% 91% 9%
0.1 T109)O3for 0 <x < e =0.05 mol% () ( ( - ayati et al.,
(Zr0.1Tig.9)Os3 for 0 Ce =0.05 mol% 0% 96% 4% (Hayati et al., 2019)
0.05 Ce=0.25mol% | 11.2% 75% 15% -
Ce=2.5mo0l% | 88.9% 10% 2% -

(BagssCag.15- x =0-0.00131 - - X X (Bijalwan; Tofel,
xCex)(Zro.1Tig9)Os3 x=0.02 x" - - - Holcman, 2018)
(Bao.gsCao.15)(Tio.9Z10.1)O3 — 0.1 mol % X - - - (Praveen et al., 2015)

) 0—0.125 mol% - - X X (Bijalwan et al.,
(Bao,xscao,ls)(zro,1T10A9)O3
0.625-3.75 mol% | - - - X 2019b)
(Bao.ssCao.15)(Tio. )
0—0.125 mol% - - X X (Cui et al., 2012)
Z10.1)03
(Bag.s5Cao.15) (Bijalwan; Tofel,
- - X -
(Zr0.1Tip.9)O; for 0 — 0.875 mol% 2019)

Source: Own authorship.

Caption: * Pseudo-cubic C stands for cubic, O, is for orthorhombic, T, is for tetragonal, and R for rhombohedral.

In most reports regarding the sol-gel synthesis of Ce-doped BCZT compositions, Ce is
added as a sintering aid in the form of CeO»> to the calcinated BCZT powder prepared by the
sol-gel method. The work of Chandrakala is the exception. In this case, Ce is added in mol%

during the sol-gel process, and calcination is carried out afterward (Chandrakala et al., 2020).

It is helpful to notice that a 0.08 wt% CeO> concentration corresponds to a 0.02 mol%
Ce concentration in BCZT, Ce occupying either A or B site. For the first work reviewed herein,
the powder resulting from the sol-gel synthesis was calcinated at 1000 °C for 4 hours, 0.08 wt%
of CeO> was mixed into the calcinated powder, and after incorporation, pellets were sintered at
1550 °C for 2 hours. Through XRD, a single cubic phase was identified. Concerning
microstructure, the pellets presented 97% relative density and 15 p medium grain size. These

samples presented P; of 1.58uC/cm? and Ec of 1.6 kV/cm. Under optimum poling parameters
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of 3E, for 30 minutes at 50 °C, a piezoelectric charge coefficient of 667 pC/N was obtained
(Chandrakala; Praveen; Das, 2016).

The second work reports the investigation of Ce-doped BCZT samples, with Ce
concentration varying between 0.02 and 0.10 wt% CeO». Cerium oxide is added as a sintering
aid to the calcinated BCZT powder. A calcination temperature of 1000 °C for four hours and a
sintering temperature between 1350°C and 1550°C for two hours were performed to obtain
dense samples. Sintered samples showed no sign of second phases through XRD patterns’
analysis. Lattice parameters reduction attests to the Ce substitution in the B site due to cerium’s
bigger ionic radius than Ti and Zr. For x < 0.04 wt% CeO, samples present a tetragonal
structure. Over 0.06 wt% CeO-, samples show signs of mixed phases nearing the PPB from the
tetragonal side. For 0.08 wt% CeO: concentration, there is a mix of rhombohedral and tetragonal
structures, and at 0.1 wt% CeQ», there is only a rhombohedral structure present. Another impact
of Ce addition is the increase in tetragonality in the range from 0.02 to 0.04 wt% CeO». The
structural features of this composition give origin to an increase of strain in the lattice and
induce phase transition (Chandrakala ef al., 2016). The optimum value for CeO> doping is 0.08

wt%, considering all properties. Please refer to Table 2.

Considering reports on Ce-doped BCZT synthesized by solid-state reaction, CeOx is
commonly added in weight percentage (%wt) to the BCZT powder. In Table 2, the relevant
data is assembled for easier understanding. An extensive array of data and multiple
microstructural factors must be considered; however, some important information can be
extracted. The ideal concentration of CeO2 on BCZT is found to be around 0.1 wt%. Moreover,
It is important to notice that Ce has 0.131 mol%, or 0.1048 wt% CeO», solubility limit in BCZT
(Bijalwan; Tofel; Holcman, 2018). From all the works reported here, the best densification is
obtained when two-step sintering is performed, with 99% relative density. However, the
samples in this case present grain size under 10 pm, which is not ideal (Bijalwan; Tofel, 2019).
This is easily remediable by controlling sintering parameters to favor grain growth to at least
15 um, maintaining almost full densification. Another important factor is the determination of
optimum poling conditions. This is required to obtain the best possible values for piezoelectric
properties, and this was the case for the excellent value of 670 pC/N obtained for 0.08 wt%
Ce0s. In the most recent work regarding Ce-doping, Ce doping is allied to a rapid sintering
technique to potentialize sintering optimization, which shows how important this subject is
(Byjalwan et al., 2022). Aligning increased densification, adequate grain size, optimum Ce

concentration, and optimum poling parameters, above-average properties can be obtained.
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BCZT - 0.07 (Bijalwan et al.,
Solid state 4091 16.32 2.13 507 104.6 ~15
wt% CeO2 2019b)
BCZT - 0.08 (Praveen et al.,
Sol-gel - 11.58 1.6 670 - ~15
wt% CeO2 2015)
) ~ (Bijalwan; Tofel;
Solid state | BCZT — 0.1 wt% 12.19 4.57 501 108.1 11.26
11000 Holcman, 2018)
Ceramic
BCZT - 0.04wt% | 4843 - - 600 ~90 - (Cui et al., 2012)
process
] (Bao.ssCao.15)1-
Solid ] )
S xCex2(Zro.1Tio9)s | 2730 11.6 2.4 1189@ 93 (Hayati et al., 2019)
tate
—0.05 mol% - Ce
BCZT - 0.08 ~ (Chandrakala et al.,
Sol-gel 12.01 1.57 673 110 18
wt% CeOa 12500 2016)
BCZT - 0.08 3070™ o o 703" 123™ (Chandrakala et al.,
Sol-gel o | 12.36 1.55 o . -
mol% CeO2 4890 660 104 2020)
Solid BCZT - 0.07 (Bijalwan; Tofel,
s 3393 11.45 2.32 353 96.2 7.96
state wt% CeO2 2019)
Solid BCZT - 0.07 102 - (Bijalwan et al.,
3180 8.37 2.33 515 30-35
state@@ wt% CeO2 103 2022)

Source: own authorship.

Caption: * Two-step sintering; ** Substitution in the Ti site; *** Substitution in the Zr site; @ pm/V. @@ rapid

pressureless sintering (RPLS)

Related to processing, an increase in sintering temperature typically leads to improved

properties when densification and grain size increase to a limit. However, it is more interesting

to have a lower sintering temperature, and due to the impact of Ce on densification and grain

growth, it is possible to process Ce-doped BCZT at a lower temperature. Table 3 showcases

calcination temperature, calcination time, sintering time, and temperature for Ce-doped BCZT

ceramics.
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Calcination Sintering Grain
Synthesis Optimum
temperature temperature size Reference
method composition
(°C) /Time (h) (°C)/Time (h) (um)
) BCZT - 0.07wt% (Bijalwan et
Solid-state 1250/2 1350/4 ~15
CeO» al., 2019b)
BCZT - 0.08wt% (Praveen et al.,
Sol-gel 1000/ 4 1550/2 ~15
CeOs 2015)
(Bijalwan;
. Tofel;
Solid-state BCZT - 0.1wt% 1250/2 1350/4 11.26
Holcman,
2018)
Ceramic (Cui et al.,
BCZT - 0.04wt% 1250/2 1350/ 4 -
process 2012)
BCZT - 0.08mol% (Chandrakala
Sol-gel 1000/4 155072 -
CeO» et al., 2020)
BZT-BCT-0.08 (Chandrakala
Sol-gel 1000/4 1550/2 2-18
wt% CeO» etal.,2016)
. | BCZT -0.07wt% 1400/0.5 - (Bijalwan;
Solid-state 1250/2 7.96
CeOs 1275 /4 Tofel, 2019)
(Kola;
. Bag ssCao.1s .
Solid-state ) 1150/4 1500/0.5 2.37 Ramesh;
Zr0.9 xCe0.01Ti0.10;3
Swamy, 2023)

Source: Own authorship.

* Two-step sintering =~ Microwave sintering.

Less investigated, vanadium was also determined to lower the sintering temperature of
BCZT. Vanadium, atomic number 23, relative atomic mass 50.9415(1), density 6110 kg - m ™
is a metal and can be inserted into the structure of BCZT, substituting Zr or Ti (Cardarelli,
2018). V47 (0.59 A) and V7 (0.54 A), due to their size, occupy the B site in the ABXj5 structure
when doping takes place (Shannon; Prewitt, 1969). Herein, recent works related to BCZT

doping with vanadium are discussed.

Considering synthesis, the conventional solid-state is usually the chosen method and

vanadium pentoxide (V20s) is the precursor chosen to introduce vanadium into the BCZT
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lattice. One important factor is the toxicity of vanadium compounds, considering the safety
sheets of both compounds, V20s is considerably more deleterious to human health during its
handling than VOSO4-5H>0, for example. In the work of Yang, the solid-state method is carried
out to produce samples with the following compositions (Bao.gsCao.15)(T10.9Z10.1)O3-x mol%
V205 (x = 0, 0.05, 0.15, 0.20 and 0.50) to understand the impact of vanadium pentoxide
especially in sintering temperature (Yang et al., 2019). The sintering temperature indeed is
reduced to 1350 °C in addition to the increase in density and grain size. Considering the
properties presented, 0.5 mol% seems to be the limit in which optimum properties can be found.
For x = 0.2 mol%, optimum performance is achieved and the following figures of merit were
determined: ds3 = 466 pC/N, ky = 32.5%, Qm = 162, Pr = 7.735 uC/cm?, & = 3104 and tan § =
0.03 (Yang et al., 2019). Looking closely at the processing, we see that the calcination
temperature carried out is considerably high, 1200 °C. The incorporation of vanadium pentoxide
was done after the calcination of BCZT, followed by pressing and sintering at 1350 °C.
Regarding the structure of sintered samples, XRD attests to the full introduction of the dopant;
no second phase was identified, and a pure perovskite phase was formed. The introduction of
V caused the diffraction peaks to shift to lower diffraction angles, which is deemed to happen
due to the substitution of V°* in the B site, considering the ionic radius of vanadium to be 0.74
A, as referenced by Yang. This causes the lattice parameters to increase. Over x = 0.50, the ions
start to occupy the A site. In this case, there’s a subtle peak shift to higher angles. Up to x =
0.20, the structure presented is tetragonal. Over x = 0.20, there is a coexistence of tetragonal

and rhombohedral phases (Yang et al., 2019).

In more recent work, the composition Bag.9Cao.1 Tio.9-xVxZr0.103 (x =0, 0.01, 0.02, 0.03,
0.04) was obtained from conventional solid-state synthesis. All samples crystallized in a
tetragonal structure, P4mm, and a secondary phase of Ba3V,0Og was nucleated in all samples.
Calcination was performed at 1150 °C to obtain dense samples, with 3 hours dwell time. After
pressing, sintering was carried out at 1350 °C for four hours. XRD patterns attested to the
vanadium, V#*, occupation of the B site causing the promotion of the tetragonal phase and the
increase of unit cell volume with the increase of vanadium concentration. Tetragonality, c/a,
suffered little change due to the presence of V, only noticeable when x is 0.04, when a slight
reduction occurs, from 1.003 to 1.002. Crystallite size, on the other hand, increases with
vanadium content, from 48.099, for x = 0, to 54.269, for x = 0.04. It is worth noticing that V*>
is also present, modulates the structural, electrical, and optical properties, and directly relates

to the oxygen vacancies. From this exact measurement, it is possible to infer that the solubility
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limit of vanadium in BCZT is 1 mol percentage. In those samples, vanadium doping caused the
reduction of BCZT’s Curie temperature with the increase of its concentration to the remarkably

low value of 31 °C when x =0.04 (Verma et al., 2021).

3 EXPERIMENTAL PROCEDURES

This section describes the experimental procedure for synthesizing and characterizing

BCZT, Ce-doped BCZT, V-doped BCZT, and Ce and V co-doped BCZT samples.

3.1 SOL-GEL SYNTHESIS

Pure BCZT (Bao.g5Cao.15Ti0.9Zr0.103), cerium-doped BCZT, vanadium-doped BCZT, and
vanadium and cerium co-doped BCZT gels were synthesized by the sol-gel method. The
synthesis process is divided into two parts: the production of solutions 1 and 2, which are mixed
and agitated once prepared to obtain the desired stoichiometry. For the labeling and composition
of the samples, refer to Table 4. The original synthesis route from Koéllner for BCZT was
adapted to perform the doping and co-doping by Ce and V exclusively by the sol-gel method
(Kollner ef al., 2023). This route has advantages, first, the use of barium and calcium oxides as
well as ethanol instead of isopropanol, which are less expensive options. Secondly, the use of

VOSO4:5H20 as vanadium precursor instead of V2Os is a safer option to produce the V-doped

compositions.
Table 4 — Composition and labeling of samples
Composition Sample Labeling

Bay g5Cao.15Ti0.9Z10.103 BCZT-U

Bayg s5Cao.15Ti0.9Zr0.103 - 0.02% mol of Ce BCZT-A

Bayg s5Caq.15Ti0.90Zr0.103 - 0.01% mol of Ce BCZT-C

Bayg g5Cay.15Ti0.9Zr0.103 - 0.4% mol of V BCZT-B

Bayg s5Cay.15Ti0.9Zr0.103 - 0.3% mol of V BCZT-D
Bay gsCay.15Tip.9Zro103 - 0.02% mol of Ce, 0.4% mol of V BCZT-AB
Bay gsCay.15Tip.90Zro.103 - 0.02% mol of Ce, 0.3% mol of V BCZT-AD
Bay gsCay.15Tip9Zro.103 - 0.01% mol of Ce, 0.4% mol of V BCZT-CB
Bay g5Cay.15Tip.9Zro.103 - 0.01% mol of Ce, 0.3% mol of V BCZT-CD

Source: Own authorship.
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For pure BCZT, the synthesis is performed as follows. To produce solution 1, 175 g (9.7
mol) of distilled water was poured into a glass bottle and placed under agitation over a magnetic
stirrer/hot plate (WiseStir MSH-200). 75 g (1.2 mol) of 100% glacial acetic acid (Supelco.) was
added to the water. Under continuous agitation, 2.7 g (0.026 mol) of CaCO3 (Sigma Aldrich,
99%) was added slowly to the solution, followed by the addition of 30.1 g (0.15 mol) of BaCOs
(Alfa Aesar, 99%). This solution was left under agitation until no discernible particles were
identified and until the second part of the synthesis process was completed. To produce solution
2,49 g (1.1 mol) of ethanol (Euro denatured VNR Chemicals, 99%) was poured into a second
glass bottle and kept under agitation, followed by the addition of 45.9 g (0.16 mol) of 97%
titanium isopropoxide I'V (Sigma Aldrich) slowly with a pipette. 5.9 g (0.018 mol) of zirconium
IV n-propoxide 70% w/w in n-propanol (Alfa Aesar) was added with a pipette under continuous
agitation. Finally, 117 g (1.9 mol) of glacial acetic acid was added to the same bottle. Solution

2 was under agitation until it was time to pour into solution 1.

After confirming that there were no discernible particles in both solutions, solution 2 was
poured into solution 1 bottle. This sol was left to age for 24 hours under continuous agitation
on a magnetic stirrer. Mass was measured on a precision balance (Kern 572). The overall

process can be seen in Figure 9.

A similar synthesis process was adopted for the cerium-doped samples, except after the
barium and calcium carbonate addition, an extra step of CeCl3-7H>O (Alfa Aesar, 99%) addition
was taken. To produce Ce-doped BCZT sols, 0.067 g (0.18 mmol) of CeCl3-7H>0 for the BCZT-
A composition and 0.0335 g (0.9 mmol) for the BCZT-C composition were added. Ce chloride
mass measurement was carried out in an analytical balance (Sartorius A200S). Refer to Table 4

for sample composition and labeling. The process can be seen in Figure 9.

First, the appropriate vanadium precursor solutions were prepared for the vanadium-doped
samples. Vanadyl sulfate pentahydrate (VWR chemicals, Technical) was dissolved under
agitation in distilled water. Water was the chosen solvent because, per the supplier's technical
information, vanadyl sulfate pentahydrate is readily soluble in water and is already the solvent
used for solution A. For the BCZT-B composition, 0.89 g (3.53 mmol) of vanadyl sulfate was
dissolved in 5.4 g (0.3 mol) of distilled water. For the BCZT-D composition, 0.7 g (2.77) mmol
was dissolved in the same solvent, 4.37 g (0.24 mol). The vanadium precursor was added to
solution 1 before the carbonates were added; refer to Table 4 for sample composition and

labeling. The process can be seen in Figure 9.



Figure 9 — Synthesis process
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For the Ce and V co-doped samples, the appropriate amounts of dopants were added to
BCZT in the same respective steps as the doped compositions. Refer to Table 4 for sample

composition and labeling. The process can be seen in Figure 9.

The samples were gelled after aging for 24 hours. Gelling was promoted by pouring the
aged solution into a disposable aluminum tray and gradually increasing the temperature using
a hot plate. First, 10 minutes at 190 °C, then 20 minutes at 200 °C, and last, rising to 215 °C and

maintaining this temperature until complete gelation was achieved.

Pure BCZT and cerium-doped samples went from transparent to dark blue during gelation.
Co-doped and V-doped samples went from a light brown to a darker brown color. It was

observed that undoped BCZT takes longer to reach gelation than doped and co-doped samples.

After gelling, samples were dried in a muffle furnace (Heraeus) for 24 hours at 250 °C to

obtain xerogels.
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3.2 CALCINATION AND SINTERING

Calcination was performed in a muffle furnace (Heraeus) in a non-controlled sintering
atmosphere at 800 °C, at a 5 °C/minute heating rate for 5 hours, to promote the crystallization

of xerogels. For this, samples were placed over a zirconia plate using an alumina plate as a base.

After calcination, samples were milled in ethanol for 96 hours in a 3D mixer (Turbula)
using 5 mm zirconia beads as milling elements and maintaining a BPR (ball-to-powder ratio)

of 5:1.

After homogenization, the calcinated powders were dried at 90 °C for 4 hours using a heat

plate.

Calcinated powders were prepared for sintering by uniaxial pressing. PVA (polyvinyl
alcohol, Sigma Aldrich) 8 wt% solution was used as a binder agent. One drop of PVA solution
to each 0.4 g was established as the ideal concentration. 125 MPa pressure was applied for 3
minutes to press the samples, and a 10.2 mm intern diameter hardened steel die was used as a

mold for the pressing.

After pressing, samples were sintered in a non-controlled atmosphere using a programable
furnace (Heraeus) to obtain dense samples and conduct sintering studies. Binder elimination
was performed by heating the samples to 500 °C at a 3 °C/minute heating rate and carrying out
one hour of soaking time. Sintering was performed by heating the samples at a 4 °C/minute

heating rate up to three different temperatures, 1250, 1350, and 1450 °C, for 4 hours of soaking.

3.3 STRUCTURAL AND MICROSTRUCTURAL CHARACTERIZATIONS

After sintering, pellets had their surfaces made plane parallel by grinding them with SiC
paper (Struers, 500 grit), followed by a final grinding step using a Jung (JF415-S) surface
grinding machine to the thickness of 0.8 mm. To alleviate tensions caused by the grinding
process, the samples were annealed at 500 °C for 2 hours, carrying out a 2 °C/minute heating

rate. Cooling was carried out without rate control.

Structural characterization was performed by analyzing the diffraction patterns of calcinated

and sintered samples obtained in reflection mode in a Bruker diffractometer (D8-Advance),
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equipped with a copper target, step size of 0.02, scan step time of 1 s, voltage of 40 kV, current
of 25 mA, and measuring range from 15 to 90°. Further structural analysis was performed by
applying the Rietveld method to the diffraction patterns using the GSAS software package
(Toby; Von Dreele, 2013) to refine structural parameters and line widths from the XRD patterns
following the TUCr (McCusker et al., 1999) recommendations. To perform the necessary
calculations, the CIF number 230567 (Coondoo et al., 2018) was used as the structural model
for the samples, and a standard alumina sample was used to create the instrumental file
responsible for accounting for the diffraction patterns’ instrumental broadening. Chebyschev

polynomials, seventh order, were used to fit the inelastic scattering background.

SEM imaging of selected sintered samples was performed using a JEOL JSM — IT500HR
Emission Scanning Electron Microscope (SEM), and analysis of the images was performed

using ImageJ (Version 1.54j) (Schneider; Rasband; Eliceiri, 2012).

Densification was calculated by weighting the samples before and after sintering and

expressing the mass reduction percentage as a function of sintering temperature.

Density values for all sintered samples were calculated using the Archimedes method, using
an analytical balance (Mettler Toledo AG204) and distilled water as the auxiliary liquid.
Standard values for distilled water’s density were used for the calculations considering its
temperature at the moment of measurement. This thesis references these values (American
Institute of Physics; Gray, 1972). Equation 14 was used for this purpose, where psample 1s the
sample density, pwater 1S the water density for the correspondent temperature, weightair, the

sample weight outside the auxiliary liquid, and weightwater, the sample weight immersed in the

auxiliary liquid.
Psample — . Weightafir (14)
Pwater weight,jr— weightyater

3.4 DIELECTRIC, FERROELECTRIC, AND PIEZOELECTRIC CHARACTERIZATION

To perform dielectric, ferroelectric, and piezoelectric characterizations of the samples,
metallic contacts were created by applying silver paint (G302-Leitsilber) to both sides of the

sintered samples and letting them naturally dry for 1 hour.
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Dielectric measurements were performed on sintered samples using an LCR meter
(Keysight E4980AL) coupled with a programable furnace (Nabertherm LE 4/11/3216) to obtain
permittivity (&) and dissipation factor (tan 0) as a function of temperature, from room
temperature to 200 °C, at a 2 °C/minute heating rate for frequencies from 10 to 1 MHz,

performing measurements by decade.

ds3, capacitance (C), and tan 6 measurements were performed on sintered samples at room
temperature using high precision, piezoelectric testing equipment PiezoMeter System PM300
(110 Hz and 10 N gripping force) after polarization in oil (Wacker Silicone Fluid AP 150),

applying 3 kV/mm, for 30 minutes at room temperature.

Polarization loops and strain loops measurements (P-E and S-E) were performed at room
temperature for sintered samples in an aixACCT (Systems GmbH, Germany) utilizing a TF
analyzer 2000, a piezo sample holder unit for bulk ceramics, a TREK 2020C amplifier, applying
a 3 KV/mm electric field and hysteresis frequencies of 16.6667 and 1.66667 Hz for 3 cycles,

triangular waveform.

4 RESULTS AND DISCUSSION

In this section, the results from the experimental procedures performed are presented. It
focuses on the analysis of the BCZT piezoceramic and the impacts of vanadium and cerium
doping and co-doping in its sintering temperature, considering densification as a function of
sintering temperature, and incidental impacts on structural, microstructural, dielectric,

ferroelectric, and piezoelectric properties developed.

4.1 STRUCTURAL AND MICROSTRUCTURAL ANALYSIS

X-ray diffraction analysis was able to determine that the heat treatment at 800 °C was
successful in promoting the crystallization of all samples, and no trace of an amorphous phase
can be detected in any of the patterns considering the detection limit of the equipment, as it can

be seen in Figure 10.
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Through the XRD analysis, it is possible to confirm that the employed novel route
effectively produces the desired Ce-BCZT, V-BCZT, and co-doped BCZT ceramics in the
ferroelectric tetragonal phase. Considering the composition range studied, it is observed that
the perovskite structure is maintained for doped and co-doped BCZT samples. No composition-
induced phase transition can be observed. The ICSD (Inorganic Crystal Structure Database)
(Fluck, 1996) CIF (Crystallographic Information File), collection code number 230567
(Coondoo et al., 2018) was able to index all diffraction peaks to the tetragonal P4mm space
group (space group number 99). A minor secondary phase can be observed in Ce-doped
calcinated BCZT samples (BCZT-A and BCZT-C) at 24.3°. This peak can be attributed to
titanium oxide, space group P3;21. The secondary phase can be indexed with the ICSD (Fluck,
1996) collection code number 1537224 (Lacks; Gordon, 1993), shown in Figure 10 a) as the
fuchsia dashed line. The match between the peak position at 24.3 degrees and the most intense
titanium oxide peak is evident.

Figure 10 — Calcinated samples XRD patterns
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Caption: a) XRD measurement from 15 to 90° and b) XRD measurement from 30 to 47° with breaks to showcase
peak shifting.

Analyzing the diffraction patterns, it’s clear that Ce and V doping cause the diffraction
peaks to shift depending on concentration and, of course, the dopant itself. Its analysis shows
Ce occupies distinct crystallographic sites in BCZT’s structure depending on the concentration.
Vanadium, however, occupies exclusively the B site. These shifts in the diffraction peaks
corroborate the assessment that V and Ce enter the structure of BCZT to form a solid solution,

altering its lattice parameters.
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When present in low concentration (BCZT-C sample), Ce causes the diffraction peaks to
shift to higher diffraction angles, which happens because the lattice parameters shorten as a
result of the substitution of the bigger Ba>* ion (ionic radius 1.60 A) for the smaller Ce ion in
the A site, as can be seen in Figure 10 b). On the other hand, diffraction peaks shift to lower
angles when Ce concentration is higher (BCZT-A sample), which indicates cerium’s occupation
of the B site. This phenomenon is corroborated by findings confirming that the Ce ion can
occupy both A and B crystallographic sites depending on cerium’s oxidation state due to a
change in ionic radius. The Ce*" ion (ionic radius, 1.29 A) occupies the A site as a donor dopant,
and Ce*" (ionic radius, 0.80 A) the B site as an isovalent dopant. When Ce*" substitutes either
Ti*" (ionic radius 0.605 A) or Zr** (0.72 A) atoms, lattice parameters expand, and peaks shift to
lower diffraction angles (Cui ef al., 2012; Shannon; Prewitt, 1969).

For V-doped BCZT samples, increasing vanadium concentration causes the diffraction
peaks to shift to higher diffraction angles due to the reduction of lattice parameters, as seen in
Figure 10 b). In this case, the vanadium ion (either V**, 0.59 A or V°', 0.54 A) is substituting
the bigger Ti* or Zr*" ions, as has been reported elsewhere and is corroborated by this thesis

(Shannon; Prewitt, 1969; Verma et al., 2021).

Increasing doping concentration when co-doping is in play, from BCZT-CD to BCZT-AB,
causes the diffraction peaks to continuously shift to higher angles, meaning a reduction of lattice
parameters, which is consistent with the dopants’ substitutions discussed. These shifts attest to
their successful simultaneous introduction into BCZT’s structure. However, a more in-depth
structural investigation is needed to fully reveal how these ions occupy A and B sites when

competing for the same site.

Further investigation into the diffraction patterns of the calcinated samples was
performed using the Rietveld method, which results can be seen in Figure 11 and summarized

in Table 5.

All refinements reached an excellent agreement between the experimental patterns and
simulated values, as can be attested by how similar both patterns are, seen in Figure 11, and by

the Rietveld discrepancy values in Table 5, which are within the acceptable range.

From the refinements, lattice parameters, unit cell volume, and tetragonality values were
determined as a function of composition or doping content. These values further corroborate

the successful introduction of both Ce and V into the structure of BCZT. Ce doping first
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decreases unit cell volume for the BCZT-C composition and, for higher concentrations,

increases it (BCZT-A) considering the undoped composition.

Figure 11 — Rietveld refinements of calcinated samples
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Caption: a) BCZT-U sample refinement, b) BCZT-A sample refinement, c) BCZT-B sample refinement, d) BCZT-
C sample refinement, ¢) BCZT-D sample refinement, f) BCZT-AB sample refinement, g) BCZT-AD samples
refinement, h) BCZT-CB samples refinement, and i) BCZT-CD samples refinement.

Because Ce doping is carried out in low concentrations, its structural effects are subtle, and
tetragonality values, for example, are quite similar to the one of the undoped sample, which is

also corroborated by the technological properties measured, shown further in this thesis.
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Table 5 — Lattice parameters and discrepancy values obtained from Rietveld refinement

for calcinated samples

Sample

Ry (%0)

R, (%)

Lattice parameters

BCZT-U

1.958

11.71

8.66

a=b=23.992287 (0.000326); c =4.019372 (0.000491)
volume = 64.062 (0.014)
c/a=1.0068

BCZT-A

3.086

9.89

a=b=23.992695 (0.000333); ¢ =4.019515 (0.000508)
volume = 64.078 (0.014)
c/a=1.0067

BCZT-C

2.131

12.54

9.41

a=b=3.991076 (0.000351); ¢ =4.017221 (0.000551)
volume = 63.989 (0.015)
c/a=1.0065

BCZT-B

3.240

9.48

7.42

a=b=23.993230 (0.000429); ¢ =4.015145 (0.000715)
volume = 64.025 (0.017)
c/a=1.0055

BCZT-D

2.082

12.19

8.88

a=b=23.990091 (0.000347); c =4.016041 (0.000543)
volume = 63.939 (0.015)
c/a=1.0065

BCZT-AB

2.074

12.44

9.17

a=b=23.991934 (0.000403); c = 4.018826 (0.000643)
volume = 64.042 (0.017)
c/a=1.0067

BCZT-AD

1.840

11.72

8.69

a=b=3.991104 (0.000355); c =4.017467 (0.000562)
volume = 63.994 (0.015)
c/a=1.0066

BCZT-CB

3.134

9.91

a=b=3.991427 (0.000344); ¢ =4.016892 (0.000558)
volume = 63.995 (0.014)
c/a=1.0064

BCZT-CD

3.291

10.39

7.84

a=b=3.991643 (0.000329); ¢ = 4.017990 (0.000502)
volume = 64.019 (0.014)
c/a=1.0066

Source: Own authorship

Vanadium doping, as expected, causes more profound structural changes in BCZT,

partly because it is carried out in higher concentrations. Tetragonality, for example, decreases

compared to the undoped calcinated samples, BCZT-U, for both V-doped samples, BCZT-D

and BCZT-B, accompanied by a reduction of unit cell volume. This is more pronounced in the

high-content V-doped samples. Regarding the co-doped samples, due to the complex

occupation of the A and B sites by the dopants, overall tetragonality values are quite similar to

the undoped sample.

Analyzing the diffraction patterns to understand the impact of sintering temperature on the

structural properties of the samples, it is possible to observe that its increase causes a

correspondent sharpening of the diffraction peaks for all samples, while lattice parameters vary
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depending on dopant concentration as it can be seen in Figure 12. The narrowing of the peaks
indicates a correspondent reduction in strain and, most importantly, an increase in crystallite
size, directly impacting technological properties (Cullity; Stock, 2014; Hassanzadeh-Tabrizi,
2023). This phenomenon is quite common and observed in ceramic and metallic materials

overall.

Comparing Ce-doped BCZT sintered samples to the undoped ones, it is noticeable that with
the increase of cerium concentration, diffraction peaks shift to smaller diffraction angles,
contrasting to what happens to some calcinated samples, Figure 12 b). When samples are
sintered, Ce occupies exclusively the B site in the structure of BCZT. This happens to all Ce-
doped samples regardless of sintering temperature, except for the BCZT-A sample sintered at
1450 °C. The increase in sintering temperature induces a different dynamic when Ce is

introduced into the structure of BCZT.

When vanadium doping is considered, there is a constant peak shift to higher diffraction
angles with the increase of vanadium concentration, the same observed in the calcinated
samples caused by the substitution of Zr and Ti by vanadium in the B site decreasing lattice

parameters, Figure 12 ¢) and d).

For the co-doped samples, there is a shift to higher diffraction angles in comparison to the
one of the BCZT-U sample due to the introduction of the dopants into the lattice of BCZT,
which means that they experiment reduction due to the introduction of smaller Ce and V atoms
replacing the bigger Zr and Ti atoms, Figure 12 e) and f). This is consistent with the peak shifts
presented by the V and Ce-doped BCZT samples that have already been discussed.
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Caption: a) XRD measurements of sintered Ce-doped BCZT samples from 15 to 90°, b) XRD measurements of sintered
Ce-doped BCZT samples from 31 to 47° with breaks to showcase peak shifting, ¢) XRD measurements of sintered V-
doped BCZT samples from 15 to 90°, d) XRD measurements of sintered V-doped BCZT samples from 31 to 47° with
breaks to showcase peak shifting, €) XRD measurements of sintered co-doped BCZT samples from 15 to 90°, f) XRD
measurements of sintered co-doped BCZT samples from 31 to 47° to showcase peak shifting.
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Rietveld refinement was performed on sintered samples to conduct more in-depth
structural investigations. Rietveld refinements were performed using the same parameters, and
a structural model was used to refine the patterns of the calcinated samples. Figure 13 a) to 1)
shows the results of the refinements performed for the undoped and Ce-doped patterns of the

samples. It’s noticeable that the calculated patterns agree with the measured data.

Figure 13 — Rietveld refinement of Ce-doped and undoped samples
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Caption: a) Rietveld refinement of BCZT-U sample sintered at 1250 °C, b) Rietveld refinement of BCZT-U sample
sintered at 1350 °C, a) Rietveld refinement of BCZT-U sample sintered at 1450 °C, d) Rietveld refinement of
BCZT-A sample sintered at 1250 °C, e) Rietveld refinement of BCZT-A sample sintered at 1350 °C, f) Rietveld
refinement of BCZT-A sample sintered at 1450 °C, g) Rietveld refinement of BCZT-C sample sintered at 1250 °C,
h) Rietveld refinement of BCZT-C sample sintered at 1350 °C, and i) Rietveld refinement of BCZT-C sample
sintered at 1450 °C.

Vanadium-doped samples presented the same good agreement between experimental

and calculated patterns, as seen in Figure 14 a) to f).
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Figure 14 — Rietveld results for V-doped sintered samples
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Caption: a) Rietveld refinement of BCZT-B sample sintered at 1250 °C, b) Rietveld refinement of BCZT-B sample
sintered at 1350 °C, a) Rietveld refinement of BCZT-B sample sintered at 1450 °C, d) Rietveld refinement of
BCZT-D sample sintered at 1250 °C, e) Rietveld refinement of BCZT-D sample sintered at 1350 °C, f) Rietveld
refinement of BCZT-D sample sintered at 1450 °C.

A good fit can also be verified in co-doped sintered samples, as seen in Figure 15 and
Figure 16 a) to f). In this case, it is important to stress that doping concentrations are small and
that the XRD technique has limited sensitivity. However, it can still yield helpful information,

such as lattice parameters and the presence of secondary and amorphous phases.
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Figure 15 — Rietveld refinement results for low-vanadium co-doped samples
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Caption: a) Rietveld refinement of BCZT-AD sample sintered at 1250 °C, b) Rietveld refinement of BCZT- AD
sample sintered at 1350 °C, a) Rietveld refinement of BCZT- AD sample sintered at 1450 °C, d) Rietveld
refinement of BCZT-CD sample sintered at 1250 °C, ¢) Rietveld refinement of BCZT- CD sample sintered at 1350
°C, f) Rietveld refinement of BCZT- CD sample sintered at 1450 °C.
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Figure 16 — Rietveld refinement results for high-vanadium co-doped samples
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Caption: a) Rietveld refinement of BCZT-AB sample sintered at 1250 °C, b) Rietveld refinement of BCZT- AB
sample sintered at 1350 °C, a) Rietveld refinement of BCZT-AB sample sintered at 1450 °C, d) Rietveld refinement
of BCZT-CB sample sintered at 1250 °C, e) Rietveld refinement of BCZT-CB sample sintered at 1350 °C, f)
Rietveld refinement of BCZT-CB sample sintered at 1450 °C.

The lattice parameters and discrepancy values obtained from the refinement performed
can be summarized in Table 6. Similar to what was seen for calcinated samples, low values of
y* are obtained. However, atypical high values of Ryp and R, are observed. This arises from a
flaw in the structural model to represent the phase that is being fitted. Considering the success
of the Rietveld refinement performed on the patterns of calcinated samples, it can be inferred
that the model might be incomplete in describing all structural elements or instrumental

features.

Nevertheless, it is possible to guarantee that the samples crystallize in the ferroelectric
structure and that the introduction of the dopants is successful. Regarding lattice parameters,
slight variation can be observed between the samples, which is to be expected considering the
dopant concentration. The Rietveld refinement confirms the V occupation of the B site and the

complex dopant occupation when co-doping is performed.



71

Table 6 — Lattice parameters and discrepancy values obtained from Rietveld refinement of
sintered samples

(continues)

1250 1.674 19.28 15.17 a=b=3.998147 (0.000177); c =4.005210 (0.000259)
volume = 64.024 (0.008)

c/a=1.00176

1350 2.103 19.68 16.12 a=b=4.000834 (0.000123); ¢ =3.995228 (0.000186)
BCZT-U volume = 63.950 (0.006)

c/a=1.0014

1450 1.482 30 23.82 a=b=3.995238 (0.000247); c =4.002859 (0.000341)
volume = 63.893 (0.011)

c/a=1.0019

1250 1.772 17.18 14.01 a=b=3.999778 (0.000133); c =4.005583 (0.0002)
volume = 64.082 (0.006)

c/a=1.0011

1350 1.906 16.28 12.71 a=b=3.996374 (0.000096); c = 4.002098 (0.00014)
BCZT-A volume = 63.918 (0.004)

c/a=1.0014

1450 2.416 21.38 17.41 a=b=3.996956 (0.000158); ¢ =4.001212 (0.000251)
volume = 63.922 (0.007)

c/a=1.001

1250 1.756 15.46 12.22 a=b=4.000879 (0.000105); c =4.006641 (0.000156)
volume = 64.134 (0.005)

c/a=1.0014

1350 2.087 19.66 16.25 a=b=3.999275 (0.00012); ¢ =4.003257 (0.000188)
BCZT-C volume = 64.029 (0.005)

c/a=1.0014

1450 2.067 17 13.61 a=b=3.999866 (0.000177); ¢ =4.000220 (0.000337)
volume = 63.999 (0.003)

c/a=l

1250 2.436 18.24 14.16 a=b=3.987839 (0.000112); ¢ =4.010127 (0.000143)
volume = 63.772 (0.005)

c/a=1.005

1350 2.048 16.55 12.72 a=b=3.987311 (0.000096); ¢ = 4.010310 (0.000122)
BCZT-B volume = 63.758 (0.004)

c/a=1.0057

1450 2.236 17.52 13.85 a=b=23.987094 (0.000112); ¢ =4.009620 (0.000142)
volume = 63.741 (0.005)

c/a=1.005

1250 2.162 24.8 20.33 a=b=3.992003 (0.000312); c =4.009486 (0.000421)
volume = 63.896 (0.014)

c/a=1.004

1350 1.842 16.25 12.68 a=b=23.985212 (0.000103); c = 4.010404 (0.000128)
volume = 63.693 (0.004)

c/a=1.006

BCZT-D
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Table 6 — Lattice parameters and discrepancy values obtained from Rietveld refinement of
calcinated samples

(conclusion)

1450 1.833 15.19 11.42 a=b=3.986969 (0.000077); ¢ =4.010375 (0.000099)
volume = 63.749 (0.003)
c/a=1.005

1250 2415 21.65 17.63 a=b=23.987322 (0.000183); ¢ =4.011381 (0.000231)
volume = 63.776 (0.008)
c/a=1.006

1350 2.035 18.19 14.22 a=b=3.985756 (0.000115); c=4.012161 (0.000141)
BCZT-AB volume = 63.738 (0.005)
c/a=1.006

1450 2.465 19.76 15.86 a=b=13.985440 (0.000127); c =4.011856 (0.000157)
volume = 63.723 (0.006)
c/a=1.006

1250 2.305 21.65 17.85 a=b=23.987532 (0.000155); ¢ =4.010853 (0.000196)
volume = 63.774 (0.007)
c/a=1.0058

1350 2.280 17.99 14.48 a=b=23.987315(0.000109); c =4.011115 (0.000137)
BCZT-AD volume = 63.771 (0.005)
c/a=1.0059

1450 2.374 20.82 16.81 a=b=3.987316 (0.000127); ¢ =4.010939 (0.000162)
volume = 63.769 (0.006)
c/a=1.0059

1250 2.130 22.35 17.7 a=b=3.989494 (0.000246); c = 4.008492 (0.000325)
volume = 63.799 (0.011)
c/a=1.0047

1350 2.884 23.73 19.91 a=b=23.987165 (0.000153); c =4.010954 (0.000191)
BCZT-CB volume = 63.764 (0.007)
c/a=1.0059

1450 2.193 23.54 19.25 a=b=23.987709 (0.000178); ¢ = 4.010982 (0.000221)
volume = 63.782 (0.008)
c/a=1.0058

1250 2.296 17.23 13.42 a=b=13.992425 (0.000131); ¢ = 4.008570 (0.000172)
volume = 63.894 (0.006)
c/a=1.004

1350 2.631 21.3 17.5 a=b=23.987529 (0.000131); ¢ = 4.010464 (0.000165)
BCZT-CD volume = 63.768 (0.006)
c/a=1.0057

1450 2.720 22.12 17.78 a=b=3.988000 (0.000187); c = 4.009525 (0.000242)
volume = 63.768 (0.008)
c/a=1.0053

Source: Own authorship
Sintered samples had their apparent densification gauged by weighting them before and
after sintering. This was expressed as mass loss percentage (densification) as a function of

sintering temperature, shown in Figure 17. The mass loss due to the PVA is the first thing to be
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considered. This value should be virtually the same for all samples since the burning of PVA
occurs before the sintering truly begins, and this part of the process is identical for all samples.
As the PVA addition was done with a pipette, it could be that the amount, in grams, was

somewhat different for each sample.

Regardless, it is unlikely that the difference is significant enough to cause any real impact
on these measurements. Additionally, through the XRD data, it can be attested that no secondary
phase originates from the PVA addition. This is important because there is a noticeably wide
dispersion range for the values obtained, making it hard to gauge detailed information from the
data. This issue most likely arose from the limitations of the balance, considering the significant
figures, which made the values disperse, as seen in Figure 17. Still, the densities of the samples
were measured through Archimedes' method to determine the sintering temperature influence

on densification so that this data can be analyzed in conjunction.

Nevertheless, it is clear from Figure 17 that samples present a trend regarding densification.
From 1250 to 1350 °C, samples lose more mass, which is expected. However, the apparent
reduction in densification at 1450 °C demands to be analyzed considering the density values,
for volatilization can account for this phenomenon, thermally induced when the sintering
temperature reaches a critical point. However, extrinsic factors can also contribute. The
densification when the sintering temperature is raised from 1350 to 1450 °C is not as acute as

the one from 1250 to 1350 °C, which makes the absence of significant figures more important.

Figure 17 — Densification of sintered samples
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Density is a crucial property for piezoceramics, which directly impacts overall
performance. To ensure adequate densification was achieved and incidentally gather additional
information about microstructural characteristics, density values were calculated for all

compositions and presented as a function of sintering temperature, presented in Figure 18.

Comparing density values for doped and co-doped BCZT with undoped BCZT ceramics, it
is noticeable that BCZT-U density varies almost linearly with sintering temperature. Doping,
however, alters this behavior according to concentration and dopants present. The theoretical
density of BCZT-U is 5.772 g/cm’. Sintering at 1450 °C yields samples with 98.04% relative
density, which is adequate considering the sintering method adopted and consistent with values

found in published scientific literature (Chandrakala et al., 2016; Coondoo et al., 2018).

As Ce-doping is carried out in small concentrations, density values of Ce-doped samples
are very similar to the ones of BCZT-U throughout the sintering temperature range, similar to

the form in which density varies as a function of sintering temperature, as seen in Figure 18 a).

Vanadium doping, however, is carried out at higher concentrations, so density values of V-
doped BCZT and co-doped BCZT samples are more affected, as seen in Figure 18, b) and c).
For high vanadium concentration samples, density stays almost unchanged for the sintering
temperature range studied, which means that full densification can be achieved at a lower
sintering temperature. This phenomenon is even more poignant at the lowest sintering
temperature investigated, 1250 °C. High-concentration V co-doped samples present a
considerably smaller gain in density when the sintering temperature is increased from 1250 to
1350 °C, a range in which density gain is critical for undoped BCZT and Ce-doped BCZT
samples. The reduction in density observed for co-doped samples when the sintering
temperature is increased has already been observed in Ce-doped samples (Bijalwan et al.,
2019b). A similar phenomenon can be seen when co-doping is in play, especially when sintering

increases from 1350 to 1450 °C.
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Figure 18 — Density values of sintered samples
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Caption: a) Density as a function of sintering temperature for undoped samples and Ce-doped samples, b) Density
as a function of sintering temperature for undoped samples and V-doped samples, and c) Density as a function of

sintering temperature for undoped samples and co-doped samples.
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SEM imaging, shown in Figure 19 and Figure 20, reveals details of the microstructures

developed by V and Ce-doping and the effects of different sintering temperatures.

Figure 19 — SEM images of undoped and Ce-doped BCZT samples

Source: Own authorship

Caption: a) SEM image of the surface of BCZT-U sample sintered at 1450 °C (scale bar of 50 um), b) BCZT-U,
magnified (scale bar of 20 pm), c) SEM image of the surface of BCZT-A sample sintered at 1350 °C (scale bar of
50 pm), d) BCZT-A, magnified (scale bar of 20 pm).

SEM micrographs help elucidate the reasons behind the poor performance of Ce-doped
samples compared to undoped BCZT, as shown in Figure 19 c) and d). In Figure 19 c¢) and d),
small grains and increased porosity are evident, with a measured 4.63 um mean grain size (SD
= 1.72) when compared to BCZT-U, Figure 19 a) and b), presenting grain size of 7.6 um (SD
= 2.6). On the other hand, co-doped BCZT samples, even at low temperatures, present coarser
grains of 10.05 um (SD = 3.4), as seen in Figure 20 c¢) and d). This is prompted by V-doping as

seen by the micrographs of V-doped samples, Figure 20 a) and b), which showed a mean grain
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size 0f 25.16 um (SD=15.6). Another critical feature is grain size distribution. V-doped samples
present a very large distribution, confirmed by the SD (standard deviation) values. This can be
controlled through processing to promote a more uniform microstructure, potentially improving
piezoelectric response. On the other hand, the bigger grains, compared to the BCZT-U sample,
allow for a better performance overall. Significant porosity in Ce-doped samples, however, is
a defect and pores act as pining points for the movement of domains hindering piezoelectricity

which is one of the reasons for the poorer piezoelectric performance of these samples.

Figure 20 — SEM images of V-doped and co-doped BCZT samples

Source: Own authorship

Caption: a) SEM image of the surface of BCZT-D sample sintered at 1450 °C (scale bar of 50 pm), b) BCZT-D,
magnified (scale bar of 20 um), ¢) SEM image of the surface of BCZT-AB sample sintered at 1350 °C (scale bar
of 50 um), d) BCZT-AB, magnified (scale bar of 20 um).

4.2 DIELECTRIC, FERROELECTRIC AND PIEZOELECTRIC ANALY SIS
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The impact of structural changes induced by Ce and V doping can be observed in the

functional properties measured.

These changes can be seen in the ds3 values of polarized samples, shown in Figure 21.
In the composition range studied, cerium addition is deleterious to the piezoelectric properties
of BCZT, Figure 21 a), while capacitance remains almost unchanged, Figure 21 b). As expected,
both properties improve with the increase in sintering temperature. This behavior is consistent
with the density values obtained, and it is known that densification and larger grains greater
than 30 um improve permittivity and piezoelectric performance in BCZT (Bijalwan et al.,
2019b). The ds3 values obtained for all samples are inferior to those usually developed, as seen
in the work of Liu and Ren and Table 2 (Liu; Ren, 2009). This is understandable when it is
considered that microstructure plays a critical role in piezoelectric properties, as confirmed by
SEM imaging. Another important point is the polarization process, which must be optimized to

obtain the best piezoelectric response possible.

On the other hand, vanadium doping, Figure 21 c) and d) has a more varied impact on
the piezoelectrics properties of BCZT compared to the Ce-doped samples. V-doped BCZT
samples perform better, especially when subjected to low sintering temperatures, such as 1250
°C. When sintered at 1350 °C, the BCZT-D sample shows the most significant increase in ds3
amongst all samples, potentially due to the link between grain size and sintering temperature.
V can be seen as the causing agent for this improved performance at lower temperatures, as all
co-doped samples also outperform undoped and Ce-doped samples when sintered at 1250 °C,
as do BCZT-AB and BCZT-CB when sintered at 1350 °C, both high vanadium concentration
samples. When increasing the sintering temperature to 1450 °C, BCZT-D presents slightly
better piezoelectric performance than undoped BCZT. Vanadium presents a deleterious impact
on capacitance for the whole V doping range, as seen in Figure 21 d), except for the BCZT-B
composition sintered at the lowest sintering temperature, which is consistent with ds3 coefficient

values obtained.

For the co-doped samples, Figure 21 e¢), it is apparent that vanadium addition is
responsible for better piezoelectric performance in the composition range investigated. All co-
doped samples outperform the undoped sample when sintered at the lowest sintering
temperature investigated, 1250 °C. When increasing the sintering temperature to 1350 °C,
vanadium-rich samples BCZT-AB and BCZT-CB outperform undoped samples as well. For the
highest sintering temperature carried out, however, there is a degradation of piezoelectric

properties of co-doped samples that are potentially related to a decrease in density in higher
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sintering temperatures, which was previously mentioned. Capacitance, however, suffers a

significant reduction considering all co-doped samples when sintering is carried out above the

critical temperature of 1350 °C, Figure 21 f), another effect of vanadium doping.

Figure 21 — d33 and capacitance values as a function of sintering temperature
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Caption: a) Undoped and Ce-doped ds; values as a function of sintering temperature, b) Undoped and Ce-doped
capacitance values as a function of sintering temperature, ¢) Undoped and V-doped ds3 values as a function of
sintering temperature, d) Undoped and V-doped capacitance values as a function of sintering temperature, e)
Undoped and co-doped d33 values as a function of sintering temperature, and f) Undoped and co-doped capacitance

values as function of sintering temperature

The positive impact of vanadium doping can be further attested by in situ dielectric

measurements as a function of temperature, shown in Figure 22, for the frequency of 1 kHz.

With the increase of sintering temperature from 1250 to 1350 °C, all samples experiment an

increase in dielectric permittivity. One key aspect, however, is that high-concentration V-doped
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samples present more stable values, so the increase, although it happens, is more subtle, Figure

22 a), c), and e).

Densification and microstructural thermally activated modifications linked to adequate
grain and domain size are most likely the cause for this overall increase in dielectric permittivity
values. Additionally, it explains why V-doped samples do not present such a significant increase
in dielectric permittivity in the same temperature range as the Ce-doped and BCZT-U samples.
Their density values are stable for the temperature range studied. Increasing the sintering
temperature further makes this phenomenon even more poignant, for the dielectric permittivity
of Ce-doped and undoped BCZT samples increased, accompanied by densification. However,
the density of V-doped samples had already reached a maximum when sintered at 1250 °C.
Consequently, dielectric permittivity does not increase or is less significant because there is no
further densification, and possibly increased grain size does not seem to have a positive impact
here. When vanadium-doped samples are considered, there is no advantage in increasing the

sintering temperature to 1450 °C.

Sintering at 1350 °C guarantees adequate dielectric loss values for all samples in the
composition range studied, Figure 22 b), d), and f). Sintering at 1250 °C is not as efficient for
all samples. However, most samples present losses inferior to one of the BCZT-U samples
except for the BCZT-A and BCZT-CB samples, which leads to the conclusion that, overall,
vanadium and cerium co-doping of BCZT is beneficial to lower dielectric losses and that
samples present adequate losses even at the lowest sintering temperature. Increasing the
sintering temperature to 1450 °C does not help reduce dielectric loss values further. It is also
worth noticing that dissipation does not vary considerably with the increase in sintering

temperature.

Another remarkable finding is that vanadium is responsible for considerably increasing
Curie temperature. It is noticeable that V-doped samples present higher Curie temperatures than
undoped BCZT or Ce-doped BCZT, considering the sintering temperature range studied. Curie
temperature is vastly improved when V is added to BCZT, going from 71 to almost 120 °C for
the BCZT-AB and BCZT-AD samples, even when the sintering temperature is extremely low,
1250 °C. Although Curie temperature is improved substantially by vanadium doping, room
temperature values of permittivity are not. When vanadium and cerium are inserted into BCZT’s
structure, room temperature & values suffer a significant reduction compared to the undoped
samples. Depending on the sintering temperature, undoped samples can reach up to 6500

permittivity values at room temperature. In contrast, vanadium-doped and co-doped samples
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reach a maximum of approximately 2000, which is a substantial reduction and may be related

to the non-uniform microstructure observed by SEM imaging, but mostly, because the Tc is

close to room temperature for the BCZT-U sample, which is directly related to unusually high

permittivity values observed.

Figure 22 — In situ measurements of dielectric permittivity and dissipation factor of sintered
samples at 1 kHz frequency
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Caption: In situ measurements of dielectric permittivity of samples sintered at a) 1450 °C, c¢) 1350 °C, and f) 1250

°C. Dissipation factor measurements of samples sintered at b) 1450 °C, d) 1350 °C, and f) 1250 °C, as a function

of temperature at 1 kHz frequency.
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To determine the effects of frequency on permittivity and dissipation, the measurements

of these properties were also performed for a range of frequencies: 100, 1 k, 10 k, 100 k, and

1 MHz. The results for all sintered samples can be seen in Figure 23, Figure 24, Figure 25,

Figure 26, Figure 27, Figure 28, Figure 29, Figure 30, and Figure 31.

Figure 23 — BCZT-U in situ permittivity and tan & measurements as a function of temperature

for several frequencies
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As expected, samples present classical ferroelectric behavior with little dispersion of the
maximum permittivity value point as a function of frequency. The variation of permittivity as
a function of frequency is expected since it is based on a frequency-dependent phenomenon,
polarization. Dielectric losses, not only for the BCZT-U sample, are remarkably low, and little
variation caused by frequency can be observed. For cerium-doped samples, refer to Figure 24
and Figure 26, dielectric behavior is quite similar to undoped BCZT regarding Tc and the

dispersion of the point of maximum permittivity as a function of temperature and frequency.

Figure 24 — BCZT-A in situ permittivity and tan 6 measurements as a function of temperature

for several frequencies
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Caption: & and tan  values as a function of temperature a) & at 1250 °C, b) respective Tan 6 measurements, c) &
at 1350 °C, d) respective Tan 6 measurements, e) & at 1450 °C, and f) respective Tan 6 measurements.
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There is also little evidence of a relaxor behavior for vanadium-doped samples, Figure

25 and Figure 27.

Figure 25 — BCZT-B in situ permittivity and tan 6 measurements as a function of temperature

for several frequencies
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Caption: & and tan J values as a function of temperature a) ¢, at 1250 °C, b) respective Tan 6 measurements, c) &
at 1350 °C, d) respective Tan 6 measurements, e) & at 1450 °C, and f) respective Tan 6 measurements.
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Figure 26 — BCZT-C in situ permittivity and tan 6 measurements as a function of temperature

for several frequencies
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Caption: ¢ and tan d values as a function of temperature a) & at 1250 °C, b) respective Tan 6 measurements, C) &
at 1350 °C, d) respective Tan 6 measurements, e) & at 1450 °C, and f) respective Tan 6 measurements.
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Figure 27 — BCZT-D in situ permittivity and tan & measurements as a function of temperature
for several frequencies
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Caption: ¢ and tan d values as a function of temperature a) & at 1250 °C, b) respective Tan 6 measurements, C) &
at 1350 °C, d) respective Tan & measurements, €) & at 1450 °C, and f) respective Tan d measurements.

All co-doped samples present little dispersion of the point of maximum of & as a
function of frequency as well.
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Figure 28 — BCZT-AB in situ permittivity and tan § measurements as a function of
temperature for several frequencies
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Caption: ¢ and tan d values as a function of temperature a) & at 1250 °C, b) respective Tan 6 measurements, C) &
at 1350 °C, d) respective Tan 6 measurements, e) & at 1450 °C, and f) respective Tan 6 measurements.
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Figure 29 — BCZT-AD in situ permittivity and tan 6 measurements as a function of
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Figure 30 — BCZT-CB in situ permittivity and tan 6 measurements as a function of
temperature for several frequencies
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Figure 31 — BCZT-CD in situ permittivity and tan § measurements as a function of
temperature for several frequencies
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To gauge ferroelectric properties and strain response, P-E and S-E hysteresis loops were
obtained and shown in Figure 32, Figure 33, Figure 34, Figure 35, Figure 36, Figure 37, Figure
38, Figure 39, and Figure 40.

Figure 32 — P-E and S-E loops of BCZT-U sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.

These measurements were carried out for all sintered samples at room temperature for
two different frequencies, 16.667 and 1.66667 Hz. Strain is given as the displacement value in
nm. However, there were three exceptions: samples BCZT-A, BCZT-C, and BCZT-D, when
sintered at 1250 °C, the lowest sintering temperature performed, did not present a hysteresis
loop potentially due to microstructural features linked to sintering temperature since these
samples presented the paraelectric to ferroelectric transition during the in-situ dielectric
measurement shown in Figure 22. Another feature present in all samples is the off-center
position to the left of the hysteresis loops. This may be caused by the internal bias generated by

charged defects. This bias negatively impacts intrinsic and extrinsic contributions to the
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piezoelectric and dielectric performances, which can be one of the reasons why the ds; values

obtained are lower than expected (Luo ef al., 2016).

Frequency has a limited effect in both polarization and strain for undoped samples,
BCZT-U, cerium-doped samples, BCZT-A and BCZT-C, and vanadium-doped samples, BCZT-
B and BCZT-D samples, as seen in Figure 32, Figure 33, Figure 34, Figure 35 and Figure 36.
This behavior is overall maintained for co-doped samples, except for the BCZT-CB samples,
as seen in Figure 39 b). In these graphs, it is possible to see that the lower frequency, 1.66667

Hz, causes the broadening of the hysteresis loops.

All samples present the characteristic ferroelectric butterfly S-E loops, including the
rounded edges featured in polycrystalline materials due to a slower polarization reversal, which
can be partially attributed to the randomized configuration of the crystalline axes observed in

polycrystalline material (Kao, 2004).

Figure 33 — P-E and S-E loops of BCZT-A sintered samples
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Caption: P-E and S-E loops for two sintering temperatures carried out, 1350 and 1450 °C a) Showcases the P-E
loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, c) Showcases the S-E
loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Considering the doped and undoped samples, S-E graphs show the effect of sintering

temperature. For the BCZT-U and Ce-doped samples, strain response increases as a function of

sintering temperature, as seen in Figure 32, Figure 33, and Figure 35 c¢) and d). However,

vanadium-doped samples present stable strain responses regardless of the sintering temperature

performed, as seen in Figure 34 and Figure 36 c) and d). Vanadium has a dominant effect in co-

doped samples, which means they behave quite similarly to vanadium-doped samples, and

sintering temperature has little impact on strain and polarization. Additionally, for all samples,

the frequency carried out has little effect on the strain response.

Figure 34 — P-E and S-E loops of BCZT-B sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Considering the magnitude of the strain response, both dopants decrease the strain

response to different degrees compared to the undoped BCZT sample, BCZT-U. Ce-doping

causes a slight reduction when Ce concentration is high, BCZT-A, and a more acute decrease

when Ce concentration is lower, BCZT-C. Vanadium-doping, Figure 34, and Figure 36 causes

this same reduction but is independent of concentration. Co-doped samples also present a

reduced strain response compared to undoped samples, which varies slightly depending on

dopant concentration. However, due to the presence of vanadium, this variation of response

between co-doped samples is limited.

Figure 35 — P-E and S-E loops of BCZT-C sintered samples
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Caption: P-E and S-E loops for two sintering temperatures carried out, 1350 and 1450 °C a) Showcases the P-E
loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases the S-E
loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Figure 36 — P-E and S-E loops of BCZT-D sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Figure 37 — P-E and S-E loops of BCZT-AB sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.



Figure 38 — P-E and S-E loops of BCZT-AD sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Figure 39 — P-E and S-E loops of BCZT-CB sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases

the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.
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Figure 40 — P-E and S-E loops of BCZT-CD sintered samples
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Caption: P-E and S-E loops for the three sintering temperatures carried out, 1250, 1350, and 1450 °C a) Showcases
the P-E loop for the 16.667 Hz frequency b) Showcases the P-E loop for the 1.66667 Hz frequency, ¢) Showcases
the S-E loops for the 16.667 Hz frequency d) Showcases the S-E loops for the 1.66667 Hz frequency.

The important values extracted from the P-E and S-E graphs were tabled in Table 7 to

compare the polarization response of all samples.

Regarding remanent polarization, comparing values obtained for BCZT-U, seen in Table
7, to those registered in the scientific literature, the one reported by Liu and Ren, for example,
of 16 pC/cm? (Liu; Ren, 2009). In addition, considering the doped and co-doped samples and
comparing the values measured to the ones from references in Table 2, it is possible to
determine that vanadium addition has an overall positive impact on P.. For doped samples, there
is a limited increase in P; However, the increase is substantial, reaching up to 24.44 nC/cm? for
the BCZT-CB sample sintered at 1250 °C, at 1.6667 Hz. Attesting to the positive influence of
vanadium doping, the BCZT-AB samples, also high in vanadium concentration, presented

substantial improvement in comparison to undoped BCZT, 13.21 pC/cm?, when sintering is
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carried out at 1250 °C, 16.667 Hz. It is important to notice that excellent performance can be

achieved for BCZT at low sintering temperatures when vanadium doping is performed.

Considering Ec values, seen in Table 7, all samples are soft ferroelectrics, presenting low
E. considering the references in Table 2. This includes the undoped BCZT sample, BCZT-U.
However, several doped and co-doped samples present a moderate reduction in Ec when sintered
at 1250 °C compared to BCZT-U. For example, all co-doped samples present lower E. for both
frequencies measured. Ce, however, decidedly has a positive impact in reducing Ec for higher
sintering temperatures, unlike vanadium, which only causes a reduction in Ec when the sintering
temperature is 1250 °C. Here, vanadium has a dominant effect, and most co-doped samples
follow this pattern. Sintering temperature has little impact on Ec, where V-doped samples are

considered.

Table 7 — P-E and S-E results

1250 10.73 14.48 6.04 7.14 0.682 0.516
1350 13.70 12.29 3.73 2.98 0.223 0.178
1450 18.64 18.17 9.14 8.76 0.258 0.241
1250 - - - - - -

1350 9.61 8.94 0.94 0.613 0.111 0.072
1450 13.87 14.97 2.54 2.89 0.114 0.127
1250 - - - - - -

1350 8.81 9.04 0.095 0.256 0.072 0.029
1450 11.65 11.66 1.02 0.518 0.075 0.040
1250 10.96 17.59 5.552 10.75 0.381 0.667
1350 12.26 20.13 6.14 12.95 0.441 0.854
1450 9.92 12.76 4.53 7.17 0.335 0.459
1250 - - - - - -

1350 12.18 17.03 7.17 11.54 0.403 0.487
1450 19.58 19.80 15.12 14.68 0.565 0.496
1250 19.28 12.38 13.21 7.41 0.579 0.360
1350 13.24 19.01 8.02 13.36 0.465 0.569
1450 19.83 12.81 15.12 8.68 0.628 0.413
1250 11.85 18.65 5.48 10.42 0.448 0.719
1350 10.54 13.08 4.5 7.3 0.332 0.463
1450 9.68 13.41 3.82 6.29 0.315 0.448
1250 15.17 29.44 8.3 24.44 0.854 1.667
1350 12.83 22.17 6.5 16.2 0.547 1.156
1450 9.84 10.77 4.36 7.05 0.334 0.463
1250 13.43 13.16 6.97 6.63 0.429 0.394
1350 13.79 20.30 7.79 14.81 0.511 0.894
1450 12.20 18.05 7.43 12.16 0.445 0.603

Source: Own authorship.
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In comparison to other lead-free and lead-based materials, seen in Table 8, the V-doped
BCZT samples prepared in this work present properties compatible with conventional lead-free
based compositions, although there is still a possibility to improve the piezoresponse with
polarization optimization, microstructure engineering, and fine-tuning of V concentration to
obtain improved Tc values (Sapkal; Kandasubramanian; Panda, 2022). Especially considering

the excellent values of the coercive field and remnant polarization obtained.

Table 8 — Table of properties of piezoelectric materials

Properties Conventional Lead-free Lead-based V-doped samples
ds3 (PCNH Up to 200 Between 200 and 530 Between 20 and 137

Curie temperature (°C) Between RT and 500 Between 200 and 450 Between 105 and 120

5 CONCLUSIONS

It has been demonstrated that the doping and co-doping of BCZT by vanadium and
cerium can be entirely performed using the sol-gel method without performing any extra steps
to add these dopants, which considerably improves over traditional methods. The novel
straightforward sol-gel route devised for doping BCZT, followed by calcination at 800 °C for 5
hours, was successful in inducing the crystallization of the tetragonal perovskite phase, space
group P4mm, for the whole concentration range studied as XRD measurements and Rietveld
analysis have attested it. Sintering at 1250, 1350, and 1450 °C does not induce any secondary
phase or phase transition nucleation. XRD and Rietveld analysis of sintered samples attest to
the occupation of vanadium and cerium in the B site, substituting Zr and Ti atoms. Sintering
studies determined that vanadium incorporation, even at low concentrations (0.3 and 0.4 mol%),
is a powerful tool for lowering the sintering temperature of BCZT. This reduction can be
substantial, reaching 200 °C compared to undoped BCZT. This means a corresponding decrease
in the energy necessary to process it, making it more environmentally friendly, especially
considering the low calcination temperature employed. Although vanadium doping was shown
to improve piezoelectric performance, gauged by d33 measurements, all samples
underperformed when compared to the usual values observed in scientific literature, which may
be attributed to the polarization process parameters and microstructural features, which is
corroborated by SEM imaging where non-uniform and finer than ideal grains can be observed.
Dielectric measurements attested to the substantial increase in Tc, reaching up to 120 °C for V-

doped samples, consisting of an almost 70% increase compared to undoped BCZT.
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Room temperature permittivity values, however, suffer a significant decrease of more
than 50% when vanadium doping is performed. Additionally, the in situ dielectric
measurements have shown that V-doped samples present a stable dielectric behavior regarding
sintering temperature, which means a more stable performance under a temperature gradient.
The dissipation factor is low for undoped BCZT, and vanadium and cerium doping have a
limited impact on all samples. Frequency-dependent dielectric measurements confirmed that
Ce and V-doping do not induce relaxor behavior in BCZT, which is also corroborated by P-E
and S-E measurements. P-E and S-E graphs have confirmed that doped BCZT and co-doped
BCZT samples present the classical ferroelectric behavior for the concentration range studied,
as indicated by the classic non-linearity and hysteresis of the P-E loops and the characteristic
butterfly-shaped graphs obtained in S-E measurements. Ce and V doping of BCZT leads to a
reduced strain response depending on the dopant concentration. However, co-doped samples
may present only a slight reduction for compositions obtained at a substantially lower sintering
temperature due to the presence of V. Considering polarization, V-doping can potentially
increase remanent polarization in BCZT piezoceramics from 16 to around 24 pC/cm? carrying
out less energy-consuming processing. Considering the concentration range studied, vanadium-
doping can be an interesting tool in processing BCZT, reducing the energy necessary to obtain
ferroelectric samples, increasing thermal stability, causing the softening of BCZT, and
potentially increasing remanent polarization. Thus, there is great potential for further in-depth
structural investigation of V-doped BCZT combined with additional fine-tuning of V-
concentration and sintering parameters allied to further microstructural analysis to obtain a
more homogenous microstructure. Additionally, polarization optimization can be investigated
to obtain the best possible piezoelectric response and the fine-tuning of V concentration to

obtain optimum Tc values.
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