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Resumo 
 

GONÇALVES, Daiane Fernandes. Perovskita livre de chumbo para tratamento 
de efluentes e combate a patógenos: NaNbO3 com propriedades fotocatalítica 
e antibacteriana. Orientador: Prof. Dr. Sergio da Silva Cava. 2025. 157 f. Tese 
(Doutorado em Ciência e Engenharia de Materiais) - Centro de Desenvolvimento 
Tecnológico, Universidade Federal de Pelotas, Pelotas, 2025. 
 
A fotocatálise heterogênea tem se consolidado como uma tecnologia eficaz para o 
enfrentamento de desafios ambientais, especialmente no tratamento de efluentes 
contendo poluentes recalcitrantes. Entre os materiais investigados como 
fotocatalisadores, o niobato de sódio (NaNbO3), um semicondutor com estrutura 
cristalina do tipo perovskita, tem despertado interesse devido às suas propriedades 
físico-químicas favoráveis para este fim. Embora propriedades antibacterianas 
representem um diferencial importante nos materiais devido ao avanço de cepas 
resistentes, o uso do NaNbO3 em aplicações antimicrobianas ainda é pouco 
explorado. Diante disso, o objetivo desta tese, estruturada em cinco artigos 
científicos, foi investigar as propriedades fotocatalítica e antibacteriana do NaNbO3 

e de suas modificações estruturais e composicionais, visando sua aplicação na 
remoção de poluentes emergentes em meio aquoso e no combate a bactérias 
patogênicas. No primeiro artigo, o NaNbO3 foi sintetizado pelo método hidrotérmico 
assistido por micro-ondas (MHAM), seguido de tratamento térmico, resultando em 
nanofios e nanogrãos com elevada atividade fotocatalítica. O aumento da 
temperatura de calcinação promoveu a conversão dos nanofios em nanogrãos, que 
apresentaram desempenho superior na degradação do corante Rodamina B (RhB) 
sob luz UV. A elevada eficiência fotocatalítica foi atribuída à combinação entre alta 
cristalinidade e morfologia favorável. No segundo artigo, foi desenvolvido um 
fotocatalisador heteroestruturado a partir dos nanogrãos de NaNbO3 previamente 
obtidos e eumelanina (pigmento extraído de resíduo de cabelo humano). A ampla 
absorção óptica da eumelanina, aliada à separação eficiente de cargas promovida 
pela junção dos materiais, possibilitou a degradação do RhB sob luz visível. Nos três 
artigos seguintes, o NaNbO3 foi sintetizado, também pelo MHAM, e a influência da 
dopagem com Cu(II), Al(III) e Zn(II) na sua atividade fotocatalítica foi analisada. A 
inserção desses dopantes promoveu alterações na simetria cristalina e influenciou 
significativamente as propriedades ópticas da perovskita. Em concentrações 
otimizadas, a dopagem reduziu o band gap e a taxa de recombinação das cargas 
fotogeradas, resultando em maior eficiência na degradação do RhB. Nos estudos 
com Cu(II) e Zn(II), também foi avaliada a atividade antibacteriana. A dopagem com 
Cu(II) resultou na inibição do crescimento da bactéria Escherichia coli (E. coli). No 
estudo com Zn(II), o NaNbO3 puro exibiu ação antibacteriana expressiva contra E. 
coli, Staphylococcus aureus (S. aureus) e Klebsiella pneumoniae (K. pneumoniae), 
enquanto a amostra dopada também inibiu o crescimento bacteriano, mas com 
eficácia dependente da concentração. Dessa forma, os resultados obtidos 
evidenciam o grande potencial do NaNbO3 como fotocatalisador para purificação de 
águas residuais e como agente antimicrobiano. Adicionalmente, os artigos 
produzidos no âmbito desta tese foram os primeiros a reportar a atividade 
antibacteriana do NaNbO3 puro, sem estímulo adicional, frente à E. coli, bem como 
a demonstrar sua eficácia contra K. pneumoniae e S. aureus. 
Palavras-chave: perovskita; niobato de sódio; síntese hidrotérmica assistida por 
micro-ondas; fotocatálise heterogênea; atividade antibacteriana. 
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Abstract 
 

GONÇALVES, Daiane Fernandes. Lead-free perovskite for wastewater treatment 
and pathogen control: NaNbO3 with photocatalytic and antibacterial properties 
Advisor: Prof. Dr. Sergio da Silva Cava. 2025. 157 f. Thesis (PhD in Science and 
Materials Engineering) - Technological Development Center, Federal University of 
Pelotas, Pelotas, 2025. 
 
Heterogeneous photocatalysis has been established as an effective technology for 
addressing environmental challenges, particularly in the treatment of wastewater 
containing recalcitrant pollutants. Among the materials investigated as 
photocatalysts, sodium niobate (NaNbO3), a semiconductor with a perovskite-type 
crystalline structure, has attracted interest due to its physicochemical properties 
favorable for this purpose. Although antibacterial properties represent an important 
advantage in materials due to the rise of resistant strains, the use of NaNbO3 in 
antimicrobial applications remains underexplored. In this context, the aim of this 
thesis, structured in five papers, was to investigate the photocatalytic and 
antibacterial properties of NaNbO3 and its structural and compositional modifications, 
aiming at its application in the removal of emerging pollutants from aqueous media 
and in the combat against pathogenic bacteria. In the first paper, NaNbO3 was 
synthesized using the microwave-assisted hydrothermal method (MAHM), followed 
by thermal treatment, resulting in nanowires and nanograins with high photocatalytic 
activity. Increasing the calcination temperature promoted the transformation of 
nanowires into nanograins, which exhibited superior performance in the degradation 
of Rhodamine B (RhB) under UV light. The high photocatalytic efficiency was 
attributed to the combination of high crystallinity and favorable morphology. In the 
second paper, a heterostructured photocatalyst was developed from the previously 
obtained NaNbO3 nanograins and eumelanin (a pigment extracted from human hair 
waste). The broad optical absorption of eumelanin, combined with the efficient charge 
separation promoted by the junction of the materials, enabled the degradation of RhB 
under visible light. In the following three papers, NaNbO3 was synthesized also 
synthesized via the MAHM, and the influence of doping with Cu(II), Al(III), and Zn(II) 
on its photocatalytic activity was investigated. The insertion of these dopants 
promoted changes in the crystal symmetry and significantly influenced the optical 
properties of NaNbO3. At optimized concentrations, doping reduced the band gap and 
the recombination rate of the photogenerated charges, resulting in greater efficiency 
in the degradation of RhB. In the studies with Cu(II) and Zn(II), antibacterial activity 
was also evaluated. Doping with Cu(II) resulted in the inhibition of Escherichia coli (E. 
coli) growth. In the study involving Zn(II), pure NaNbO3 exhibited significant 
antibacterial activity against E. coli, Staphylococcus aureus (S. aureus), and 
Klebsiella pneumoniae (K. pneumoniae), while the doped sample also inhibited 
bacterial growth, although its effectiveness was dependent on the sample 
concentration. Thus, the results obtained highlight the great potential of NaNbO3 as 
a photocatalyst for wastewater purification and as an antimicrobial agent. Additionally, 
the papers produced within the scope of this thesis were the first to report the 
antibacterial activity of pure NaNbO3, without additional stimulation, against E. coli, 
as well as to demonstrate its effectiveness against K. pneumoniae and S. aureus. 
 
Keywords: perovskite; sodium niobate; microwave-assisted hydrothermal synthesis; 
heterogeneous photocatalysis; antibacterial activity. 
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1 Introdução 

A poluição ambiental é um desafio global que ameaça a sobrevivência de 

ecossistemas inteiros. Dentre os diversos problemas ambientais que, 

consequentemente, comprometem a qualidade de vida, a contaminação da água é 

uma das preocupações mais significativas. Isso se deve à importância vital desse 

recurso natural para a sustentação da vida na Terra. Entre os poluentes emergentes, 

os corantes orgânicos — amplamente utilizados em indústrias alimentícias, 

papeleiras, farmacêuticas, têxteis, entre outras — se destacam por sua elevada 

toxicidade, persistência ambiental e baixa biodegradabilidade [1-3]. Um exemplo 

representativo é o corante rodamina B (RhB), que induz efeitos cancerígenos e 

mutagênicos na biodiversidade. Pertencente à classe dos corantes xantenos, possui 

anéis aromáticos em sua estrutura que lhe conferem maior estabilidade e, portanto, 

maior resistência à degradação. Além de representar um contaminante real 

relevante, o RhB é comumente utilizado como molécula modelo para testar a 

eficiência de materiais fotocatalíticos, devido à sua alta estabilidade química, forte 

absorção na região do visível que possibilita fácil monitoramento óptico, ampla 

referência na literatura e capacidade de simular outros compostos poluentes [4-6]. 

Dessa forma, a remoção do RhB de águas residuais não apenas é crucial para a 

preservação dos recursos hídricos, como também permite avaliar de maneira 

padronizada e comparável o desempenho de novos fotocatalisadores aplicáveis à 

remediação ambiental. 

Dentre as tecnologias para o tratamento de efluentes, os processos oxidativos 

avançados (POAs), ou Advanced Oxidation Processes (AOPs), como são 

internacionalmente conhecidos, têm se destacado por sua capacidade de degradar 

poluentes recalcitrantes [7,8]. Em especial, a fotocatálise heterogênea é uma 

abordagem que apresenta elevada eficácia, promovendo a total degradação destas 

substâncias ou transformando-as em menos tóxicas ou inócuas. O mecanismo 

fotocatalítico consiste na ativação de um fotocatalisador, geralmente 

semicondutores, por fótons com energia suficiente para excitar os elétrons da banda 

de valência (BV) para a banda de condução (BC). Os elétrons fotoexcitados podem 

então participar de reações de redução na BC, enquanto as lacunas geradas na BV 

podem participar de reações de oxidação. Como resultado, esta dinâmica é capaz 

de degradar diferentes compostos contaminantes [9-11]. 
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A eficiência da fotocatálise é influenciada por diversos fatores, especialmente 

pelas propriedades do fotocatalisador. Características importantes incluem, por 

exemplo, o tamanho das partículas: quanto menores, maior é a área superficial, 

favorecendo as reações fotocatalíticas, uma vez que estas ocorrem na superfície do 

semicondutor [12]. Assim, o desenvolvimento de sínteses que permitam o controle 

da morfologia se mostra altamente vantajoso. Além desta propriedade, uma limitação 

significativa de muitos fotocatalisadores é sua ativação restrita à luz ultravioleta (UV). 

Isso representa um desafio considerável para aplicações sob luz natural, pois a 

radiação UV corresponde a menos de 5% do espectro total que atinge a superfície 

da Terra [13]. Outro desafio a ser superado é a rápida recombinação dos pares 

elétron/lacuna (e-/h+), que reduz o tempo de vida útil destas cargas [14]. Além disso, 

muitos fotocatalisadores sofrem fotocorrosão (degradação do material devido à 

interação com a luz), o que limita sua reutilização em ciclos sucessivos [15]. 

Frente a essas limitações, estratégias têm sido exploradas para aprimorar a 

eficiência dos fotocatalisadores e viabilizar sua aplicação prática. Entre elas, a 

dopagem tem sido reconhecida como um método eficaz [16-18]. A inserção de íons 

dopantes na rede semicondutora pode reduzir o band gap, o que diminui a energia 

necessária para gerar os pares e-/h+. Adicionalmente, a recombinação das cargas 

fotogeradas pode ser retardada, devido a formação de níveis de energia 

intermediários. Outra estratégia que tem mostrado avanços significativos é o 

desenvolvimento de heteroestruturas, ou seja, que envolvem a combinação de dois 

ou mais materiais distintos [19,20]. Esse tipo de estrutura permite a migração 

eletrônica entre os componentes envolvidos, o que contribui para retardar a 

recombinação dos portadores de carga. Ademais, um dos materiais pode absorver 

luz em comprimentos de onda maiores, ampliando sua resposta à radiação luminosa. 

Um dos semicondutores mais utilizados em processos fotocatalíticos é o 

dióxido de titânio (TiO2). No entanto, apresenta algumas limitações como a rápida 

recombinação das cargas fotogeradas, o que tem motivado a busca por novos 

materiais com desempenho aprimorado. Nesse contexto, o niobato de sódio 

(NaNbO3) tem emergido como uma alternativa promissora. Trata-se de um 

semicondutor com estrutura do tipo perovskita, que apresenta diversas propriedades 

de interesse tecnológico, incluindo elevada atividade fotocatalítica [21–26]. É 

termodinamicamente estável, resistente à corrosão, possui baixa toxicidade e é 
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insolúvel em água — características que o tornam altamente atrativo para seu uso 

como fotocatalisador.  Além disso, pode ser obtido em diferentes formatos de 

partículas, como fios/hastes (unidimensional), cubos e grãos, dependendo da rota 

sintética empregada, o que influencia diretamente sua resposta fotocatalítica [22,27-

29]. Pesquisas demonstram que o NaNbO3 unidimensional (1D) apresenta atividade 

fotocatalítica superior em comparação às partículas cúbicas, que correspondem à 

sua forma natural, devido à maior probabilidade de ocorrência de sítios ativos [22,26]. 

No que diz respeito à dopagem, estudos têm investigado a inserção de íons na 

estrutura do NaNbO3, mas com foco predominante em análises estruturais ou 

luminescentes [30-38]. Poucos trabalhos, entretanto, exploram o impacto da 

dopagem na atividade fotocatalítica; para esse fim, estudos com N, Ca, K, V e Ta já 

foram conduzidos [39-43]. Quanto ao desenvolvimento de fotocatalisadores 

heteroestruturados baseados em NaNbO3, materiais como In2O3, ZnO, CdS, Bi2O3, 

Cu2O, Ru, Au, BiOI, Ag2O, Ag2SO3, Bi2WO6, g-C3N4, Fe2O3 e CuBi2O4 foram 

utilizados [13,14,40,44-55]. Esse panorama destaca o potencial de investigar uma 

gama de íons dopantes e combinar o NaNbO3 com outros materiais, principalmente 

de menor custo, visando à obtenção de compósitos inovadores e eficientes.  

Apesar do crescente interesse em materiais antibacterianos, o uso do NaNbO3 

para essa finalidade ainda é pouco explorado. Por exemplo, Escherichia coli (E. coli) 

foi inativada via fotopiezocatálise usando NaNbO3 e NaNbO3/ZnO [56,57], enquanto 

o NaNbO3/CdS provou ser eficaz contra Salmonella através do efeito piroelétrico 

[58]. Resultados promissores contra E. coli também foram obtidos usando NaNbO3 

polarizado modificado com Ca e Mg [59]. Na ausência de estímulos externos, E. coli 

e Staphylococcus aureus (S. aureus) foram inativadas com BiFeO3/NaNbO3 [60].  

Diante disso, a avaliação da atividade antibacteriana intrínseca do NaNbO3, sem 

estímulos externos, configura uma abordagem relevante para viabilizar aplicações 

com menor complexidade operacional. Ademais, a dopagem com certos íons pode 

representar uma estratégia eficaz para intensificar tal atividade. Elementos como 

Cu(II) e Zn(II), por exemplo, são conhecidos por sua potente ação contra diversas 

bactérias, mesmo em concentrações relativamente baixas. Esses íons podem 

penetrar nas células e alterar a síntese proteica, promover a degradação do DNA, 

interferir em processos metabólicos essenciais e na função da membrana. Tais 

interações provocam danos irreversíveis, culminando na morte celular ou na inibição 
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do crescimento bacteriano [61-63]. Estudos recentes têm explorado suas 

incorporações em diversas matrizes, como polímeros, carvão ativado, complexos 

orgânicos e semicondutores, demonstrando resultados notáveis [64-71].  

Considerando o exposto, este trabalho foi conduzido com o objetivo de 

contribuir para o avanço do desenvolvimento de materiais fotocatalíticos e 

antibacterianos. A presente tese, estruturada em cinco artigos científicos, explorou 

diferentes estratégias de modificação do NaNbO3, incluindo o controle de morfologia, 

a dopagem com íons metálicos e a construção de uma heteroestrutura. Essas 

abordagens visaram aprimorar o desempenho fotocatalítico do material para ser 

aplicado no tratamento de efluentes. Adicionalmente, investigou-se a eficácia da 

perovskita no combate a patógenos clinicamente relevantes. É importante destacar 

que o NaNbO3, semicondutor base da pesquisa, é uma perovskita livre de chumbo, 

o que reforça seu potencial para aplicações que visam enfrentar os desafios 

ambientais e de saúde pública. 

 

 

1.1 Objetivos 

 

1.1.1 Objetivo geral 

Investigar as propriedades fotocatalítica e antibacteriana do NaNbO3 e de 

suas modificações estruturais e composicionais, visando sua aplicação na remoção 

de poluentes emergentes em meio aquoso e no combate a bactérias patogênicas. 

 

1.1.2 Objetivos específicos 

Com base no objetivo geral, os objetivos específicos desta tese são: 

a) Sintetizar NaNbO3 1D, otimizando o tempo de síntese para alcançar o 

menor valor reportado na literatura, com foco em aplicações 

fotocatalíticas; 

b) Obter partículas nanométricas de NaNbO3, visando aprimorar a eficiência 

fotocatalítica; 

c) Desenvolver um fotocatalisador heteroestruturado à base de 

NaNbO3/eumelanina, com atividade sob irradiação de luz visível; 
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d) Sintetizar NaNbO3 1D dopado com Al(III), avaliando o impacto da 

dopagem na propriedade fotocatalítica; 

e) Sintetizar NaNbO3 1D dopado com Cu(II), avaliando o impacto da 

dopagem nas suas propriedades fotocatalítica e antibacteriana; 

f) Sintetizar NaNbO3 1D dopado com Zn(II), investigando sua propriedade 

fotocatalítica e sua atividade frente a bactérias patogênicas; 

g) Avaliar a eficiência fotocatalítica dos materiais obtidos na degradação do 

corante RhB como modelo de poluente emergente; 

h) Investigar a atividade antibacteriana dos materiais sintetizados contra 

cepas de S. aureus, E. coli e K. pneumoniae; 

i) Caracterizar as propriedades estruturais, morfológicas e ópticas dos 

materiais sintetizados, visando correlacionar tais características com suas atividades 

fotocatalítica e antibacteriana. 
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2 Revisão da literatura 

 

2.1 Perovskita 

Em 1839, o geólogo alemão Gustav Rouse descobriu um novo mineral nos 

Montes Urais, na Rússia, o composto titanato de cálcio (CaTiO3).  Ele nomeou essa 

nova estrutura cristalina de perovskita, em homenagem ao mineralogista russo 

Count Lev Alexevich von Perovski. Com o tempo, esta nomenclatura passou a 

designar uma ampla classe de materiais que compartilham organização estrutural 

similar à do mineral original; caracterizada pela estequiometria do tipo ABX3, onde 

os sítios A e B são ocupados por cátions metálicos e o sítio X por um ânion não-

metal, geralmente oxigênio ou halogênio [72,73]. 

A simetria perovskita é idealmente cúbica, com o cátion A, de maior tamanho, 

ocupando o sítio central, enquanto o cátion B, menor, é cercado por seis ânions X, 

formando uma estrutura hexacoordenada de geometria octaédrica (Figura 1). 

Entretanto, devido à flexibilidade da rede em acomodar uma variedade de elementos 

da tabela periódica, encontram-se variações ortorrômbicas, tetragonais, 

monoclínicas ou romboédricas, dependendo dos tamanhos relativos dos íons 

envolvidos e do fator de tolerância de Goldschmidt [72,74]. 

 

 

 

 
 

Figura 1 - Célula unitária de uma estrutura perovskita ideal, mostrando o cátion B coordenado a seis 

ânions X, formando os octaedros [BX6], e o cátion A ocupando o sítio central do cubo. As setas 

indicam os eixos cristalográficos a, b e c. (a) Vista tridimensional e (b) Projeção bidimensional. 

Fonte: Elaborado pela autora, 2025. 
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O fator de tolerância de Goldschmidt (Equação 1) é utilizado para prever a 

estabilidade e a simetria de compostos com estrutura do tipo perovskita ABX3. Esse 

parâmetro foi proposto para descrever como os tamanhos relativos dos íons A, B e 

X influenciam a formação da estrutura cristalina, especialmente no que diz respeito 

à sua conformação cúbica ideal [72,74]. 

 

t = (rA + rX) / √2 (rB + rX)                                                                                                (1) 

 

Onde t representa o fator de tolerância de Goldschmidt, rA é o raio iônico do 

cátion A, rB é o raio iônico do cátion B e rX é o raio iônico do ânion. Quando o fator 

de tolerância se aproxima de 1, a estrutura cúbica ideal é favorecida. No entanto, 

valores de t < 1 (geralmente entre 0,75 e 1,0), indicam desajustes entre os tamanhos 

dos íons, o que leva a distorções na estrutura. Nessas condições, a perovskita pode 

exibir simetrias ortorrômbica, tetragonal, romboédrica ou monoclínica. Por outro lado, 

valores de t > 1 indicam que o cátion A é relativamente grande em comparação com 

B e X, o que pode dificultar a formação da estrutura perovskita. Nesses casos, há 

uma tendência à formação de fases alternativas, como hexagonais, por exemplo. De 

modo geral, considera-se que o intervalo ideal para a formação de perovskitas está 

compreendido entre aproximadamente 0,8 e 1,0. Valores fora dessa faixa crítica, 

especialmente abaixo de 0,8 ou acima de 1,0, tendem a comprometer a estabilidade 

da estrutura, favorecendo a formação de fases distintas ou altamente distorcidas 

[72,74]. 

Materiais com estrutura do tipo perovskita têm atraído grande interesse devido 

a diversas propriedades como ferroeletricidade, alta absorção óptica e condutividade 

elétrica e iônica. Essas características os tornam promissores para o avanço de 

tecnologias emergentes, incluindo sensores, supercapacitores, catalisadores, 

células solares, cerâmicas piezoelétricas, LEDs, lasers, entre outras [75-79]. Um 

exemplo notável são as células fotovoltaicas híbridas orgânico-inorgânicas baseadas 

em chumbo (Pb), que têm revolucionado o campo da energia solar ao atingir 

eficiências de conversão superiores a 25% [80]. Isto representa um marco 

significativo nas pesquisas por fontes de energia renovável, impulsionando ainda 

mais o interesse pelas perovskitas. Outro exemplo importante são as cerâmicas 

piezoelétricas, que dominam o mercado de materiais piezoelétricos, especialmente 
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o titanato de chumbo-zircônio (PZT) [81,82]. No entanto, a toxicidade do Pb e os 

riscos ambientais associados representam um enorme desafio.  

Apesar do alto desempenho alcançado por dispositivos utilizando perovskitas 

contendo Pb, a toxicidade intrínseca desse elemento representa uma ameaça 

significativa à saúde humana e ao meio ambiente. Trata-se de um metal pesado 

altamente tóxico, com forte tendência à bioacumulação e elevada persistência 

ambiental [83-86]. Estudos demonstram que compostos solúveis formados a partir 

da degradação das perovskitas, como PbI2, podem ser liberados sob condições de 

calor, umidade ou estresse mecânico, contaminando solos e águas subterrâneas 

[86]. Essa liberação não apenas compromete ecossistemas inteiros, mas também 

oferece riscos diretos ao organismo humano, incluindo neurotoxicidade, disfunções 

cardiovasculares, anemia, distúrbios reprodutivos e impactos no desenvolvimento 

infantil [84,86]. A gravidade desses efeitos é intensificada pela capacidade do Pb de 

imitar íons essenciais como Ca2+, Fe2+ e Zn2+, interferindo assim em funções 

fisiológicas normais e induzindo estresse oxidativo [86]. Este cenário tem motivado 

cada vez mais as pesquisas em busca de perovskitas livres de chumbo (lead-free), 

com o objetivo de garantir a segurança ambiental sem comprometer o desempenho 

dos dispositivos [87].  

 

 

2.2 Niobato de sódio 

Um dos primeiros trabalhos a mencionar o NaNbO3 foi publicado pelo físico 

Eric Cross na década de 1940, em meio a suas pesquisas nos campos da 

piezoeletricidade e ferroeletricidade [88]. Desde então, o material passou a ser 

amplamente estudado no contexto das piezocerâmicas lead-free, como uma 

alternativa ao PZT, devido às suas notáveis propriedades ferroelétricas e 

piezoelétricas [89,90]. Com o avanço das investigações científicas, emergiu como 

uma perovskita promissora e atrativa para uma gama maior de aplicações, incluindo 

catalíticas, armazenamento e conversão de energia, além de usos biomédicos 

[56,91-96]. 

O NaNbO3, do ponto de vista estrutural, é a perovskita que mais apresenta 

polimorfismo. Em 1974, Megaw [97] listou sete fases cristalinas em função da 

temperatura, conforme apresentado na Tabela 1. 
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Tabela 1 - Fases do NaNbO3 em função da temperatura. 

FASE SIMETRIA GRUPO ESPACIAL TEMP. APROX. (K) 

N Romboédrica R3c < 250 

P Ortorrômbica Pbcm 250 - 645 

R Ortorrômbica Pbnm 645 - 710 

S Ortorrômbica Pbnm 710 - 790 

T1 Ortorrômbica Ccmm 790 - 845 

T2 Tetragonal P4/mbm 845 - 925 

U Cúbica Pm3m > 925 
 

Fonte: Adaptada da referência [97]. 

 

 

Yuzyuk et al. [98] também investigaram a estrutura cristalina do NaNbO3 e 

seus experimentos sugeriram que a fase P consiste em três simetrias: monoclínica 

(Pm) entre 250 e 410 K, uma fase incomensurável (INC) entre 410 e 460 K e 

ortorrômbica (Po) entre 460 e 633 K. Em relação à fase INC, os autores atribuíram 

ao efeito Invar, associado às rotações do octaedro NbO6 na direção ao longo do eixo 

b. Além disso, estudos mostram diferenças nas temperaturas de transições de fase 

para cristais com tamanhos micrométricos, submicrométricos e nanométricos, 

indicando uma dependência conforme o tamanho dos grãos [99,100]. Devido à 

complexidade estrutural do NaNbO3, diferentes simetrias ortorrômbicas podem 

coexistir no material. As mais comumente reportadas são os grupos espaciais 

P21ma e Pbma (Figura 2) [101-103]. A formação preferencial de uma dessas 

simetrias pode ser influenciada pelas condições de síntese, já que ambas são 

termodinamicamente estáveis e apresentam características similares. A fase polar 

P21ma é favorecida pela cristalização em temperaturas relativamente baixas (600 

°C), mas se transforma em temperaturas mais altas (abaixo de 950 °C) na estrutura 

centrossimétrica estável Pbma [101]. Embora o NaNbO3 seja amplamente estudado, 

possui uma estrutura cristalina bastante complexa e ainda existem controvérsias em 

relação ao seu diagrama de fases [104]. 
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Figura 2 - Representações estruturais das fases ortorrômbicas assumidas pelo NaNbO3 com 

simetrias espaciais Pbma (a = 5,5679 Å, b = 15,5156 Å e c = 5,5029 Å) e P21ma (a = 5,5690 Å,  

b = 7,7900 Å e c = 5,5180 Å). As setas indicam os eixos cristalográficos a, b e c. 

Fonte: Elaborado pela autora, 2025. 

 

 

Além da complexidade estrutural, a morfologia e o crescimento de grãos do 

NaNbO3 são fortemente influenciados pelas condições de síntese. Em rotas 

hidrotérmicas, inicialmente forma-se uma fase metaestável de nanofios de 

hexaniobato de sódio (Na2Nb2O6·H2O) e à medida que a síntese avança, ocorre a 

nucleação de cristais em forma de cubos sobre estes nanofios, por serem 

termodinamicamente mais estáveis, resultando na transformação morfológica. A 

obtenção do NaNbO3 na forma de fios ou hastes só é possível a partir da calcinação 

da fase Na2Nb2O6·H2O. Isso se deve ao fato de que, para preservar a morfologia 1D 

a nucleação precisa ocorrer em um ambiente confinado, como durante a calcinação, 

onde há difusão restrita. Caso a nucleação aconteça em solução aquosa (meio não 



  

20 
 

confinado), o comportamento natural favorece a formação de grãos com morfologia 

cúbica [22,105-111]. Esse processo está ilustrado esquematicamente na Figura 3. 

 

 

 

 
 

Figura 3 - Esquema representativo do mecanismo de formação do NaNbO3 em sínteses 

hidrotérmicas, por dois caminhos distintos: nucleação livre, que leva à formação de partículas 

cúbicas, e nucleação confinada, que favorece o crescimento unidimensional (1D). 

Fonte: Elaborado pela autora, 2025. 

 

 

 

2.3 Síntese hidrotérmica assistida por micro-ondas 

A síntese hidrotérmica assistida por micro-ondas é um método que combina 

a abordagem hidrotérmica tradicional com a eficiência do aquecimento 

proporcionado pelas micro-ondas, ou seja, radiação eletromagnética na faixa de 

frequência entre 0,3 e 300 GHz. O uso de micro-ondas em processos químicos 

começou a ser investigado na década de 1980, com trabalhos pioneiros de Gedye 

[112] e Giguere [113], que demonstraram os benefícios desta radiação para acelerar 

reações orgânicas. No entanto, foi a partir da década de 1990 que sua associação a 

sistemas hidrotérmicos passou a ser explorada na síntese de materiais inorgânicos. 
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Komarneni et al. [114] relataram não só a obtenção de zeólitas e outros óxidos 

metálicos, como destacaram os mecanismos que tornam este método vantajoso, 

como o aquecimento volumétrico e a rápida transferência de energia.  

O aquecimento por micro-ondas baseia-se no mecanismo dielétrico, o qual 

ocorre devido à interação de ondas eletromagnéticas na faixa de micro-ondas 

(geralmente 2,45 GHz nos equipamentos comerciais) com materiais dielétricos. 

Quando expostas a um campo eletromagnético alternado, as moléculas polares, 

tentam alinhar seus dipolos com a direção do campo, gerando calor por fricção 

intermolecular e relaxamento dipolar [115]. A eficiência desse mecanismo depende 

da frequência das micro-ondas e das propriedades dielétricas do material, como a 

constante dielétrica (ϵ′) e o fator de perda dielétrica (ϵ′′).  A tangente de perda (tan δ 

= ϵ′′/ ϵ′) é uma métrica que permite avaliar a eficiência do aquecimento: materiais 

com alta tangente de perda, para uma dada frequência, tendem a absorver mais 

energia e aquecer de forma mais eficaz [116,117]. A distribuição de energia ocorre 

de forma volumétrica, o que possibilita que toda a reação seja aquecida de maneira 

uniforme, evitando os gradientes térmicos típicos dos métodos convencionais, 

favorecendo a homogeneidade estrutural [117,118]. Como consequência, o 

aquecimento por micro-ondas é mais rápido, eficiente e uniforme. Além disso, o calor 

induzido promove o aumento da pressão interna do reator, criando condições 

específicas para reações químicas que dependem de tais parâmetros. 

A Figura 4 ilustra o sistema utilizado para a síntese das amostras reportadas 

nos artigos que compõem esta tese. O arranjo foi desenvolvido a partir de um forno 

de micro-ondas doméstico, incorporando um conjunto de componentes adicionais 

que permitem o monitoramento e controle das condições reacionais. Conta com um 

controlador programável, um termopar para medição precisa da temperatura em 

tempo real e um manômetro acoplado à célula reacional, que permite o 

acompanhamento da pressão interna durante as sínteses. Adicionalmente, uma 

válvula de alívio foi instalada na célula para garantir a segurança do processo. O 

recipiente onde ocorre a reação é constituído de politetrafluoroetileno (PTFE), 

garantindo compatibilidade química e resistência às condições operacionais. Todos 

os dispositivos utilizados foram devidamente aferidos, assegurando a confiabilidade 

dos dados obtidos. Ainda que esse sistema tenha se mostrado eficaz e seguro para 

os objetivos desta pesquisa, vale ressaltar que existem equipamentos comerciais 
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específicos para este tipo de síntese com certificações específicas para uso 

laboratorial. 

 

 

 

 
 

Figura 4 - Esquema ilustrativo de um sistema utilizado para realizar sínteses assistidas por  

micro-ondas, adaptado a partir de um forno de micro-ondas doméstico. 

Fonte: Elaborado pela autora, 2025. 

 

 

Esta técnica tem se mostrado uma abordagem altamente promissora para a 

síntese de materiais. Ao associar as micro-ondas como fonte de energia à síntese 

hidrotérmica, muitos benefícios podem ser alcançados como, por exemplo, 

economia de custos devido a uma cinética mais favorável, reações com rendimentos 

mais altos e em menor tempo, além de nucleação e cristalização mais homogêneas 

[119-121]. A Tabela 2 apresenta estudos que obtiveram o NaNbO3 1D pelo método 

hidrotérmico convencional e associado às micro-ondas, permitindo observar as 

diferenças nos tempos de obtenção do material. 
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Tabela 2 - Estudos que obtiveram NaNbO3 1D. 

SÍNTESE 
Temperatura/Tempo 

TRATAMENTO TÉRMICO 
Temperatura/Tempo 

REFERÊNCIA 

HID-C 180 ºC/2 h 300 ºC/12 h [22] 

HID-C 150 ºC/5 h 500 ºC/4 h [26] 

HID-AM 160 ºC/40 min 550 ºC/4 h [102] 

HID-C 120 ºC/3 h 400 ºC/NE* [107] 

HID-C 200º C/24 h 550 ºC/4 h [108] 

HID-C 150 ºC/10 h NE/NE* [109] 

HID-AM 180 ºC/1 h 550 ºC/4 h [110] 

HID-C 183 ºC/2 h 600 ºC/6 h [122] 

HID-C 150 ºC/4 h 400 ºC/12 h [123,124] 

HID-C 140 ºC/6 h 700 ºC/3 h [125] 

HID-C 200 ºC/8 h 400 ºC/3 h [126] 

HID-C 160 ºC/6 h NE/NE* [127] 

HID-C 160 ºC/6 h 500 ºC/2 h [128] 

HID-AM 180 ºC/30 min 550 ºC/4 h [129] 

HID-C 160 ºC/6 h 450 ºC/1 h [130] 

HID-C 150 ºC/5 h 500 ºC/4 h [131] 

HID-C 200 ºC/4 h 500 ºC/3 h [132] 

HID-C 150 ºC/6 h 600 ºC/6 h [133] 

HID-C 180 ºC/2 h NE/NE* [134] 

HID-C 150 ºC/4 h 500 ºC/8 h [135] 

HID-C 180 ºC/100 min 550 ºC/4 h [136] 
 

Legenda: HID-C (Hidrotérmica convencional) e HID-AM (Hidrotérmica assistida por micro-ondas). 

*NE (não especificado). 

Fonte: Elaborado pela autora, 2025. 
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2.4 Fotocatáඇise heterogênea 

 

2.4.1 Mecanismo e aplicações 

Fotocatálise heterogênea é o processo de acelerar reações químicas através 

da ação de um catalisador sólido usando a luz como fonte de energia. Sua gênese 

data de 1972, devido ao trabalho pioneiro de Fujishima e Honda [137]. Os 

pesquisadores reportaram a oxidação da água, em uma célula eletroquímica, 

incidindo luz sobre um eletrodo de TiO2. Neste mecanismo fotocatalítico (Figura 5), 

o semicondutor ao absorver fótons (hν) com energia igual ou superior ao seu band 

gap, tem seus elétrons excitados da BV para a BC, gerando pares e-/h+. Estas cargas 

fotogeradas podem, então, participar de reações de oxidação e redução na 

superfície do fotocatalisador [11,12]. 

 

 

 
 

Figura 5 - Esquema simplificado mostrando o mecanismo básico da fotocatálise  

heterogênea, a partir da fotoativação de um semicondutor. 

Fonte: Elaborado pela autora, 2025. 

 

 

A tecnologia fotocatalítica tem se alavancado como uma abordagem 

promissora para enfrentar os desafios energéticos e ambientais, com avanços 
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significativos nos últimos anos. Entre suas aplicações, podemos destacar a produção 

H2 para ser utilizado como combustível limpo [138]. O processo é eficiente e 

sustentável, já que utiliza a energia abundante do sol e a água como insumo. Além 

disso, materiais fotocatalíticos podem ser aplicados em superfícies para promover 

autolimpeza, inativar microrganismos patogênicos e reduzir gases nocivos no ar, por 

exemplo [139-141]. Outra aplicação notável é o tratamento de águas, onde 

fotocatalisadores são usados para decompor poluentes orgânicos, como corantes 

orgânicos, herbicidas e fármacos [9,142]. 

A fotocatálise aplicada à degradação de poluentes orgânicos, utilizando 

semicondutores como fotocatalisadores, ocorre por meio de dois mecanismos 

principais: oxidação direta e indireta [143]. No mecanismo de oxidação direta, o 

poluente é primeiramente adsorvido na superfície do fotocatalisador, onde é oxidado 

diretamente pelas h+ fotogeradas na BV do semicondutor. No mecanismo de 

oxidação indireta, os pares e-/h+ fotogerados nas bandas do semicondutor reagem 

com o meio formando radicais livres, altamente reativos, que são capazes de 

oxidar/reduzir os compostos orgânicos. A fotocatálise indireta apresenta uma série 

de reações envolvidas, as quais são apresentadas a seguir: 

 

Semicondutor(s) + hν → Semicondutor(s) + e-(BC) + h+(BV)                                                               (2) 

 

h+ + H2O → OH• + H+  e  h+ + OH- → OH•                                                                                     (3) 

 

e- + O2 → O2•-                                                                                                               (4) 

 

O2•- + H+ → HO2•                                                                                                                                                                 (5) 

 

HO2• + HO2• → H2O2 + O2                                                                                                                                           (6) 

 

O2•- + HO2• → HO2- + O2                                                                                                 (7) 

 

HO2- + H+   → H2O2                                                                                                                                                             (8) 

 

H2O2 + e- → OH- + OH•                                                                                                         (9) 
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H2O2 + O2•- → OH- + OH• + O2                                                                                            (10)                                                                  

 

Poluente orgânico + OH• → Produtos intermediários                                                 (11) 

 

Poluente orgânico + OH• → CO2 + H2O                                                                                  (12) 

 

Quando a luz incide sobre o semicondutor fotocatalisador, ele absorve os hν 

e promove os e- da BV para a BC, formando pares e-/h+ (Equação 2). As h+ na BV 

podem reagir com a água (H2O) ou íons hidróxido (OH-), gerando radicais hidroxila 

(OH•) (Equação 3). Os e- na BC podem reagir com o oxigênio (O2), formando ânions 

superóxidos (O2•-) (Equação 4). Os O2•- desencadeiam uma série de reações, que 

levam à formação e quebra de peróxido de hidrogênio (H2O2) (Equações 5 a 10). Os 

OH• são altamente reativos e atacam o poluente orgânico, quebrando suas ligações 

e promovendo a formação de produtos intermediários, na maioria das vezes, com 

toxicidade inferior (Equação 11). Em casos ideais, pode levar à mineralização 

completa do poluente orgânico, transformando-o em CO2 e água (Equação 12).  

 

 

2.4.2 Estratégias para melhorar a eficiência dos fotocatalisadores 

A dopagem tem se mostrado um método eficiente para aumentar a atividade 

dos fotocatalisadores [16-18]. Trata-se de uma técnica que consiste em introduzir 

íons dopantes na estrutura cristalina do semicondutor, seja em sítios intersticiais ou 

substitucionais (Figura 6).  Esse processo induz desordem na rede hospedeira que, 

consequentemente, altera as propriedades eletrônicas do material. Diversos 

benefícios podem ser obtidos, como a redução do band gap, o que diminui a energia 

necessária para gerar pares e-/h+ [16-18,144]. Além disso, a dopagem pode 

aumentar a capacidade de absorção de luz e modificar a interação das substâncias 

de interesse com a superfície do fotocatalisador [42,144]. Outro efeito relevante é o 

retardamento da recombinação das cargas fotogeradas, resultado da formação de 

níveis intermediários de energia. Isso ocorre porque os elétrons transitam por esses 

níveis antes de retornar ao estado fundamental do semicondutor, prolongando a vida 

útil dos pares e-/h+ [41,43,144].  
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Figura 6 - Representação esquemática bidimensional dos tipos de dopagem em semicondutores: 

rede hospedeira (sem dopantes), dopagem substitucional, em que um átomo da rede é substituído 

por um dopante (esfera rosa), e dopagem intersticial, na qual o dopante ocupa uma posição entre os 

átomos da rede cristalina. As setas indicam os eixos cristalográficos a, b e c. 

Fonte: Elaborado pela autora, 2025. 

 

 

Na dopagem, o deslocamento do nível de Fermi pode alterar 

significativamente a condutividade do material e a sua resposta à radiação luminosa. 

O nível de Fermi é um nível de energia que controla a ocupação de estados de 

energia por partículas de férmions, como elétrons e lacunas. Dopantes do tipo n 

adicionam elétrons ao sistema, elevando o nível de Fermi em direção à BC, enquanto 

dopantes do tipo p criam lacunas, deslocando o nível de Fermi para mais próximo da 

BV [145]. Um fenômeno recorrente na dopagem de semicondutores, muito comum 

em semicondutores degenerados, é o efeito Burstein-Moss, no qual o aumento na 

densidade de portadores de carga empurra o nível de Fermi para o interior da BC 

(Figura 7) [146,147]. Isso eleva a energia necessária para que um fóton induza a 

transição eletrônica, ou seja, ocorre um aumento aparente do band gap (azulamento 

da absorção óptica) [40,148]. Embora o nível de Fermi seja deslocado, o aumento 

aparente do band gap é observado apenas em medidas ópticas, não em medidas 

puramente eletrônicas. Ademais, a dopagem pode introduzir níveis eletrônicos que 

atuam como centros de recombinação para os pares e-/h+, reduzindo a vida útil das 

cargas fotogeradas [17]. Assim, a incorporação de dopantes inadequados ou em 

excesso pode ter efeitos negativos para fins fotocatalíticos. 

Além da dopagem, o desenvolvimento de fotocatalisadores 

heteroestruturados também tem se destacado como uma estratégia eficaz para fins 

fotocatalíticos [19,20,149].  Nesse tipo de abordagem, dois ou mais materiais são 

combinados de forma a atuarem sinergicamente, formando uma única estrutura 
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funcional. A interface gerada entre os componentes permite controlar a mobilidade 

dos portadores de carga, favorecendo sua separação e reduzindo a recombinação. 

Como resultado, pode-se alcançar um desempenho fotocatalítico superior em 

comparação com os materiais isolados. Ademais, a arquitetura das heteroestruturas 

possibilita a modulação de outras propriedades importantes, como o intervalo de 

absorção da radiação e a adsorção seletiva de moléculas na superfície do 

fotocatalisador [149]. 

 

 

 
Figura 7 - Representação esquemática do efeito Burstein-Moss,  

resultando em um alargamento aparente do band gap. 

Fonte: Elaborado pela autora, 2025. 

 

 

As heteroestruturas formadas por semicondutores podem ser classificadas 

em três tipos, conforme ilustrado na Figura 8. No sistema do tipo I, a borda da BC do 

semicondutor 1 tem um potencial mais elevado em relação ao do semicondutor 2, 

enquanto a borda da sua BV possui um potencial inferior ao da BV do semicondutor 

2. Como consequência, os e- e as h+ tendem a se acumular nos níveis da BC e BV 

do semicondutor com menor band gap, ou seja, no semicondutor 2. Essa 

configuração não promove uma separação eficiente das cargas fotogeradas, 

tornando-se inadequada para aplicações fotocatalíticas [149,150]. Por outro lado, na 

heteroestrutura do tipo II, a migração das cargas fotogeradas ocorre em direções 

opostas, de modo que os e- são acumulados em um semicondutor, enquanto as h+ 
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acumulam-se no outro. Essa separação espacial dos pares e-/h+ resulta da relação 

entre as bandas dos semicondutores, cujas posições de borda favorecem essa 

dinâmica. Como efeito, a taxa de recombinação é reduzida, tornando essa 

configuração benéfica para fins fotocatalíticos [149,150]. Na heteroestrutura do tipo 

III, a migração dos portadores de carga ocorre de maneira semelhante à do tipo II. 

No entanto, não há sobreposição dos gaps, por isso é também conhecida como 

heterojunção "broken gap type". Além disso, o desalinhamento acentuado das 

bandas dificulta significativamente a mobilidade eletrônica através da interface. 

Como resultado, esse tipo de heterojunção também é inadequada para aplicações 

fotocatalíticas [149,150]. 

 

 

 
Figura 8 - Ilustração esquemática dos tipos de heteroestruturas formadas entre dois 

semicondutores, conforme o alinhamento das bandas de energia:  Tipo I, Tipo II e Tipo III. 

Fonte: Elaborado pela autora, 2025. 

 

 

Existem ainda outros tipos de heteroestruturas, tais como a junção p-n, 

esquema-Z direto e a junção Schottky (Figura 9). A heteroestrutura p-n é formada 

pela junção de um semicondutor do tipo p com outro do tipo n. Quando esses dois 

materiais entram em contato, ocorre uma migração dos portadores de carga entre 

eles, até que se atinja o equilíbrio dos níveis de Fermi. Esse processo de difusão 

eletrônica gera um campo elétrico interno na interface p-n. Sob a influência desse 
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campo, os pares e-/h+ migram de um semicondutor para o outro. Esse dinâmica 

resulta na separação espacial das cargas e no aumento do tempo de vida das 

mesmas [149]. A construção da heteroestrutura esquema-Z direto foi inspirada no 

processo natural de fotossíntese, no qual o movimento das cargas ocorre em forma 

de ziguezague, formando a letra "Z". Esse sistema consegue reter os e- na BC do 

semicondutor 1 e as h+ na BV do semicondutor 2, resultando na efetiva separação 

das cargas fotogeradas [149-151]. A junção Schottky, nomeada em homenagem ao 

físico Walter H. Schottky, é formada por uma combinação metal-semicondutor (tipo 

n ou p). Nesse sistema, os e- fluem do semicondutor para o metal, fazendo com que 

este apresente excesso de carga negativa, enquanto o semicondutor adquire 

excesso de carga positiva. Assim como nas heteroestruturas do tipo p-n, um campo 

elétrico é gerado na interface dos materiais, denominado barreira Schottky, que 

contribui para a separação efetiva dos portadores de carga [149,152]. 

 

 

 

 

Figura 9 - Ilustração esquemática dos tipos de heteroestruturas:   

Junção p-n, Esquema-Z direto e Junção Schottky. 

Fonte: Elaborado pela autora, 2025. 
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2.5 Niobato de sódio como fotocataඇisador 

 
2.5.1 Efeitos de morfologia 

A fim de comparar a atividade fotocatalítica do NaNbO3 1D com a sua forma 

natural (partículas cúbicas), Shi et al. [108] conduziram um estudo para gerar H2 e 

os nanofios apresentaram desempenho significativamente superior. Esse resultado 

foi atribuído a sua maior cristalinidade, maior razão superfície/volume e anisotropia 

estrutural, que favorecem o transporte e separação de cargas, além de disponibilizar 

mais sítios ativos para as reações. 

Liu et al. [22] também avaliaram a influência da morfologia na resposta 

fotocatalítica, comparando nanofios e cubos de NaNbO3, para a geração de H2. Os 

nanofios apresentaram a maior taxa de evolução do gás, enquanto os cubos exibiram 

desempenho muito inferior. Os autores explicaram essa diferença com base na maior 

cristalinidade, menor concentração de defeitos e na estrutura 1D, que favorece a 

separação eficiente dos pares e-/h+, melhora a absorção de luz e aumenta o número 

de sítios ativos acessíveis. 

De forma semelhante, Yan et al. [26] compararam o desempenho de nanofios 

e cubos de NaNbO3, mas com base na degradação dos corantes orgânicos RhB e 

vermelho X-GRL (CRX). Os nanofios exibiram resposta claramente superior, com 

constantes cinéticas de degradação aproximadamente 1,96 vezes maiores para RhB 

e 20 vezes maiores para CRX. Essa maior atividade foi atribuída à maior área 

superficial específica, que proporciona mais sítios ativos disponíveis para as 

reações. 

 

 

2.5.2 Efeitos de dopagem 

Visando estender a atividade fotocatalítica do NaNbO3 para a região do visível, 

Shi et al. [39] doparam a perovskita com N. O experimento realizado consistiu na 

degradação do 2-propanol, observada pela taxa de geração de acetona. As amostras 

dopadas exibiram melhor desempenho, superando o NaNbO3 puro, que mostrou 

atividade desprezível sob luz visível. Segundo os autores, isso se deve a substituição 

de alguns átomos de O por N, o que contribuiu para a formação de estados N 2p 

acima da BV, permitindo a absorção de luz visível. Contudo, observaram que o 
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aumento excessivo da dopagem levou à diminuição da atividade, possivelmente 

devido a geração de centros de recombinação dos pares e-/h+. 

Singh et al. [40] também com o objetivo de obter resposta fotocatalítica sob 

luz visível, exploraram a dopagem do NaNbO3 com Ca e a formação de uma 

heterojunção com nitreto de carbono grafítico (g-C3N4). O estudo demonstrou 

atividade sob luz visível, evidenciada pela degradação do corante azul de metileno 

(AM) e pela geração de H2 sob luz solar natural. Esse desempenho superior foi 

atribuído a criação de vacâncias de O e a interação sinérgica entre o NaNbO3 dopado 

e o g-C3N4 que favoreceram a separação eficiente das cargas fotogeradas e 

reduziram sua recombinação. Além disso, os autores observaram que, em 

concentrações mais elevadas de dopagem, foi observado um aumento do band gap, 

atribuído ao efeito Burstein-Moss. 

No estudo reportado por Wu et al. [42], a influência da dopagem do NaNbO3 

com V foi investigada. O NaNbO3 dopado apresentou maior atividade fotocatalítica 

para degradar os antibióticos Tetraciclina, Ciprofloxacino e Enrofloxacino. A 

dopagem não apenas reduziu o band gap, como também favoreceu a separação das 

cargas fotogeradas e diminuiu sua taxa de recombinação, resultando em maior 

resposta fotocatalítica. Adicionalmente, foi observado que os materiais dopados 

apresentaram uma taxa de adsorção superior para as moléculas de Ciprofloxacino, 

o que foi atribuído a maior área superficial específica e presença de mais sítios ativos 

na superfície, intensificando a interação com esse poluente. 

No trabalho realizado por Jana et al. [41], a dopagem do NaNbO3 com K e V 

foi explorada com o objetivo de aprimorar sua atividade fotocatalítica na degradação 

do corante AM. Os resultados mostraram que a dopagem conjunta (K+V) exibiu 

maior eficiência de degradação, superando os sistemas dopados individualmente. 

Esse comportamento foi associado a maior distorção de rede induzida pelos 

dopantes, redução do band gap e geração de vacâncias de O que atuaram como 

centros de aprisionamento, favorecendo a separação dos pares e-/h+. 

Diferente de outros estudos com NaNbO3 que obtiveram partículas 1D e 

cúbicas, Praxedes et al. [153] reportaram uma abordagem inovadora ao empregar o 

método de spray-pirólise para obter esferas ocas de NaNbO3 dopado com K. A 

dopagem com K promoveu distorções estruturais e polarização da rede, resultando 

na redução do band gap. Essa modificação estrutural favoreceu a absorção de fótons 
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e a transferência de carga, o que impulsionou a atividade fotocatalítica na 

degradação do corante Basic blue 41, sob irradiação UV. Além disso, o formato oco 

das partículas desempenhou um papel importante na adsorção do poluente. 

Fazendo uso também da estratégia da dopagem para melhorar a atividade 

fotocatalítica do NaNbO3, Farooq et al. [43] investigaram o efeito da inserção de Ta 

no sítio do Nb. Embora a dopagem tenha aumentado o band gap, devido a 

substituição de Nb5+ por Ta5+, observou-se uma melhoria na performance 

fotocatalítica, observada pela degradação do corante AM e geração de H2. Os 

autores atribuíram esse desempenho ao aumento da área superficial, modificação 

favorável do potencial da BC e redução da recombinação das cargas fotogeradas. 

 

 

2.5.3  Construção de heteroestruturas 

Lv et al. [44] reportaram a construção de um compósito In2O3/NaNbO3 com 

desempenho superior na geração de H2 sob luz visível, alcançando o dobro da taxa 

obtida com o NaNbO3 puro e sete vezes mais que o In2O3 isolado. Esse resultado foi 

atribuído a eficiente separação e transporte dos portadores de carga, favorecidos 

pelo alinhamento de bandas, comportamento típico de uma heteroestrutura do tipo 

II, embora o termo não tenha sido mencionado diretamente. De forma semelhante, 

Feng et al. [50] sintetizaram compósitos Ag2SO3/NaNbO3 com alta eficiência na 

degradação dos corantes RhB e alaranjado de metila (LM) sob luz visível, superando 

os semicondutores individuais. Essa melhora foi associada à formação de uma 

junção eficaz que promoveu a separação dos pares e-/h+, também compatível com 

uma heteroestrutura do tipo II. Rajan et al. [55] desenvolveram um compósito 

NaNbO3/CuBi2O4 com desempenho expressivo em condições piezo-fotocatalíticas 

para degradação do corante RhB. A eficiência foi atribuída a ação combinada da 

piezoeletricidade do NaNbO3, forte absorção na região visível do CuBi2O4 e a 

presença de um campo elétrico gerado, que direciona os portadores de carga e cria 

múltiplos sítios reativos. Embora o mecanismo envolva fenômenos adicionais, os 

autores descrevem um comportamento compatível com uma heteroestrutura do tipo 

II, ainda que o termo não tenha sido mencionado de forma direta no estudo. 

Alguns estudos mencionam diretamente a formação de heteroestruturas do 

tipo II, como o estudo de Qiao et al. [52]. Os pesquisadores desenvolveram 
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compósitos NaNbO3/Bi2WO6 com desempenho superior na degradação do corante 

RhB sob luz visível, atingindo uma taxa 40 vezes maior que a do NaNbO3 e 2,5 vezes 

maior que a do Bi2WO6, quando testados individualmente. Esse resultado foi 

atribuído a formação de uma heterojunção estável e com forte interação entre os 

semicondutores, favorecendo significativamente a separação de cargas 

fotoexcitadas. Zhang et al. [53] reportaram compósitos de NaNbO3/g-C3N4 com alta 

atividade fotocatalítica para a degradação do antibiótico Ofloxacino sob luz solar 

simulada, alcançando uma constante de degradação 29,6 vezes maior que a do 

NaNbO3 puro. A elevada eficiência foi atribuída ao forte acoplamento interfacial, que 

promoveu a separação eficiente dos pares e-/h+. Na mesma linha, Kumar et al. [46] 

sintetizaram uma heteroestrutura NaNbO3/CdS, a qual exibiu desempenho 

significativamente superior na degradação do corante AM sob luz visível. Os autores 

associaram esse efeito a combinação entre maior área superficial, ampliação da 

absorção na região visível e a separação direcionada dos portadores de carga 

promovida pela estrutura de bandas, do tipo II, entre o núcleo de NaNbO3 e a casca 

de CdS. 

Pesquisas também exploraram a formação de heteroestruturas com junção 

p–n, como o de Xu et al. [45], que sintetizaram compósitos NaNbO3/ZnO e 

observaram desempenho superior na degradação do corante AM sob luz UV. Esse 

resultado foi atribuído a formação da junção entre o NaNbO3 e o ZnO, a qual 

favoreceu a separação dos pares e-/h+ e restringiu sua recombinação. De forma 

similar, Sun et al. [48] desenvolveram heteroestruturas BiOI/NaNbO3 com elevada 

atividade para degradar AM sob luz visível. Essa atividade foi atribuída ao aumento 

da absorção de luz visível proporcionado pelo BiOI e a um campo elétrico interno 

gerado na interface dos semicondutores, favorecendo a separação eficiente dos 

pares e-/h+. Zhang et al. [49] relataram uma junção entre Ag2O (tipo p) e NaNbO3 

(tipo n), obtendo excelente resposta na degradação do corante RhB sob luz visível, 

atribuído tanto a separação de cargas quanto à redução do band gap. Fan et al. [47] 

desenvolveram um compósito Cu2O/NaNbO3 com alta atividade fotocatalítica na 

degradação do corante LM sob luz visível. Essa configuração alcançou eficiência de 

degradação até nove vezes maior do que uma mistura mecânica simples dos dois 

materiais. O bom desempenho foi atribuído ao acoplamento eficaz entre os 

semicondutores, formação de um campo elétrico interno e maior absorção de luz 
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visível promovida pelo Cu2O, além da supressão da recombinação das cargas 

fotogeradas. 

Com relação a construção de sistemas esquema-Z, Chen et al. [14] 

desenvolveram um fotocatalisador baseado na combinação de Bi2O3 e NaNbO3. Os 

compósitos apresentaram desempenho fotocatalítico significativamente superior na 

degradação do corante RhB, atingindo uma taxa de degradação 6,3 vezes maior que 

a do NaNbO3 puro sob luz UV. Os autores atribuíram esse aumento de eficiência a 

formação desta estrutura, que promoveu uma eficiente separação dos portadores de 

carga. 

Em outra abordagem, Baeissa et al. [13] reportaram a construção de um 

compósito Au/NaNbO3. Comparado ao NaNbO3 puro, o compósito apresentou 

desempenho 22 vezes maior na degradação do corante verde malaquita sob luz 

visível. Essa atividade foi atribuída a redução do band gap, ao aumento da separação 

dos pares e-/h+ e a alta dispersão do Au sobre o NaNbO3, promovendo maior 

eficiência na geração e transporte das cargas. Embora os autores não mencionem o 

termo “junção Schottky”, o estudo indica fortemente que se trata desse tipo de 

junção. 

Por fim, um estudo de Chen et al. [51] demonstrou uma abordagem diferente 

construindo compósitos NaNbO3/Ru. A heteroestrutura apresentou desempenho 

significativamente superior na degradação do corante RhB sob luz visível. 

Desempenho atribuído a combinação de auto-fotossensibilização do corante, forte 

interação na interface Ru/NaNbO3 e ao efeito de “auto-dopagem” por vacâncias de 

oxigênio no NaNbO3.  

 

 

2.6 Niobato de sódio como agente antibacteriano 

No trabalho desenvolvido por Sharma et al. [56], atividade antibacteriana do 

NaNbO3 foi investigada por meio da fotopiezocatálise. O material apresentou ação 

expressiva contra E. coli. Esse efeito foi atribuído à atuação conjunta da fotocatálise 

e da piezocatálise: enquanto a fotocatálise promove a geração dos pares e-/h+ por 

meio da absorção de luz, a piezocatálise contribui para a separação dessas cargas 

por meio do potencial piezoelétrico gerado. Dessa forma, as cargas fotogeradas têm 

sua vida útil prolongada, favorecendo a formação de espécies reativas de oxigênio 
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(ROS), capazes de danificar as estruturas celulares bacterianas. Ainda no campo da 

piezocatálise, outro estudo de Sharma et al. [57] avaliou a atividade antibacteriana 

de um compósito NaNbO3/ ZnO. O material foi testado contra E. coli e apresentou 

ação eficaz. No entanto, os autores atribuíram esse efeito à geração de ROS e 

destacaram exclusivamente a contribuição do ZnO, reconhecido por suas 

propriedades antibacterianas. 

Um estudo conduzido por Ummer et al. [60] investigou a atividade 

antibacteriana de compósitos BiFeO3/NaNbO3. A análise foi realizada por meio do 

contato direto dos materiais com as bactérias E. coli e S. aureus, e os resultados 

demonstraram a inativação de ambas. Os autores atribuíram esse efeito à liberação 

de íons metálicos Fe(II) e à geração de ROS que interagem com a parede celular 

bacteriana, promovendo sua ruptura. 

Já no estudo de Min et al. [58], foi explorado um mecanismo alternativo de 

ativação catalítica, baseado no efeito piroelétrico. Os autores desenvolveram um 

compósito NaNbO3/CdS e testaram sua atividade sob ciclos térmicos, simulando 

flutuações de temperatura ambiente. Os resultados indicaram uma elevada taxa de 

inativação de Salmonella typhimurium. A formação da heterojunção foi apontada 

como responsável pela melhora na separação de cargas, favorecendo assim a 

formação de ROS. 

Por último, Zhang et al. [59] investigaram o uso do NaNbO3 modificado com 

íons Ca(II) e Mg(II), obtido por sinterização e posterior polarização. Os materiais 

apresentaram excelente atividade antibacteriana contra E. coli, sem a necessidade 

de qualquer estímulo externo adicional. Esse efeito foi atribuído à alta polarização 

remanescente e ao elevado potencial elétrico de superfície nas cerâmicas. O estudo 

indica que a presença de cargas na superfície do material promove a atração das 

bactérias, facilitando o contato e contribuindo para sua inativação. 
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3 Artigos 

O conteúdo deste capítulo apresenta as abordagens metodológicas e os 

resultados obtidos referentes ao desenvolvimento da tese, organizados em forma de 

artigos. Durante o período de pesquisa, foram desenvolvidos cinco artigos, que 

sintetizam as principais contribuições e avanços alcançados ao longo do doutorado.  

 

 

3.1 Artigo 1 

O artigo intitulado “Fast synthesis of NaNbO3 nanoparticles with high 

photocatalytic activity for degradation of organic dyes” é apresentado conforme 

publicado no periódico Journal of the American Ceramic Society (Online ISSN:1551-

2916 and Print ISSN:0002-7820), classificação A1 na área de Materiais. 

 

 

 

 
Figura 10 - Resumo gráfico Artigo 1. 

Fonte: Elaborado pela autora, 2022. 
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A B S T R A C T 

NaNbO3 nanoparticles were obtained using the microwave-assisted hydrothermal 

method followed by heat treatment. It has been shown that heat treatment to increase 

the crystallinity of the material and modifies particle shape, from nanowires to 

nanograins. Nanowires with a diameter of approximately 35 nm and a length of tens 

of micrometers were obtained in the shortest time ever reported in the literature. 

Particles in the shape of nanograins with a diameter of approximately 35 nm were 

obtained by burning the nanowires. The photocatalytic activity of the nanoparticles 

was investigated through the photodegradation of Rhodamine B dye. Electronic 

structure analysis using density functional theory (DFT) along with experimental 

techniques were performed to help understand the photocatalytic activity of each 

sample. The obtained nanoparticles were highly favorable for photocatalytic 

applications, especially the nanograins, which degraded 100% of the dye in 50 min. 

Keywords: sodium niobate; nanoparticles; photocatalysis; dye degradation. 
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1. Introduction 

Currently, the planet is undergoing progressive technological development and 

population density, resulting in increased generation of various effluents. Therefore, 

it is necessary that they receive the appropriate treatment to be degraded into 

harmless substances or less toxic to the environment and to humans. Among the 

different treatment methods, the advanced oxidative processes have received 

increasing attention, because they can totally or partially degrade compounds that 

are difficult to degrade1, mainly originating from the textile and pharmaceutical 

industry. 

Heterogeneous photocatalysis is one of the most applied oxidative methods and 

had its mechanism explained in 1972, by Japanese researchers Fujishima and 

Honda, who reported the division of water molecules using as photocatalyst the 

semiconductor Titanium dioxide.2 In this type of process, the semiconductor when 

absorbing photons with energy equal to or greater than its band gap value, has its 

electrons excited from the valence band (VB) to the conduction band (CB), generating 

an electron/hole pair, thus forming oxidizing and reducing sites on its surface, 

degrading in turn several pollutants.  

Although heterogeneous photocatalysis is a promising and sustainable 

approach to environmental remediation, existing photocatalysts still face major 

limitations, for example, the fast recombination of photoinduced charge carriers, 

limiting photocatalytic activity. For this purpose, great advances have been made 

using the strategy of building heterostructures, which allows the migration of charges 

between the materials involved, causing this spatial separation to prevent their rapid 

recombination.3-11 Others factors also contribute to the performance of photocatalysts 

such as crystal structure, particle shape, electronic structure, and others.12 It is also 

known that the reduction of the diffusion length is interesting, because the smaller the 

particle, the smaller the transfer distance of the photogenerated electron to the 

surface, also because the particle ends up having a high surface/volume ratio and a 

kinetically desirable structure.13 This makes nanoscale particles very promising for 

this application. 

Sodium niobate (NaNbO3) is a semiconductor that has Perovskite crystal 

structure, that is, has ABX3 type stoichiometry, where the A and B sites are occupied 

by metallic cations and the X site is occupied by an element of the non-metals 
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group.14 It has many technological application properties and, among them, the 

photocatalytic applications presented in the literature showed excellent results.13,15-23 

Being a promising photocatalyst because it is thermodynamically stable, has high 

corrosion resistance and is non-toxic.22,24 However, studies have shown that the 

natural particle shape of NaNbO3 is cubic and presents low photocatalytic activity, but 

in syntheses with hydrothermal conditions followed by heat treatment it is possible to 

obtain the semiconductor in the form of nanowires, with high photocatalytic activity. 
15,18,21,25 

Under hydrothermal conditions, before the formation of NaNBO3, a metastable 

phase of sodium hexaniobate nanowires is formed (Na2Nb2O6.H2O) and as the 

synthesis process progresses, the process of nucleation of the crystals in the form of 

cubes on the wires occurs, through the Ostwald ripening.18,25-29 To obtain Perovskite 

in the shape of nanowires, it is necessary that its nucleation takes place in a confined 

space, with short-range diffusion, as is the heat treatment step.18 Therefore, to obtain 

NaNbO3 in the form of nanowires, it is necessary to synthesize Na2Nb2O6.H2O and 

apply a subsequent heat treatment.18,25-29 

To date, NaNbO3 particles in the form of nanowires are extensively studied, as 

they are considered the most promising for photocatalytic applications. Several 

research has been devoted to elucidating its growth process and comparing it with 

the natural cubic particle. However, Farooq et. al.13 obtained nanoparticles with a 

grain/cuboid shape with sizes between 5-30nm, with high photocatalytic activity. The 

nanoparticles were obtained by the polymeric citrate precursor method, for 22 h and 

then calcined for 12 h. Given the above, it is highly desirable to study other synthesis 

routes, preferably faster, to obtain this type of nanoparticle and compare with the 

nanowires. Therefore, in the present work, we present a shorter time route to obtain 

NaNbO3 nanowires and we demonstrated that it is possible to obtain nanoparticles 

similar to those reported by Farooq et. al.13, in a shorter time as well, through the 

‘’breaking’’ of these nanowires. The samples obtained had their photocatalytic activity 

measured through the photodegradation of Rhodamine B (RhB), a dye widely used 

in industries and known for its high toxicity, good stability and non-biodegradability.30 

An analysis of electronic structure using first-principles calculations based on density 

functional theory (DFT) together with experimental techniques were performed to 

understand the photocatalytic activity of each sample. Therefore, in the present work, 



  

41 
 

we present a shorter time route to obtain NaNbO3 nanowires, through microwave-

assisted hydrothermal synthesis, followed by a heat treatment process. The heat 

treatment was carried out at temperatures between 300 ºC and 800 ºC, to analyze 

the influence on the crystalline structure, electronic structure, particle shape and 

photocatalytic activity, which was measured through the photodegradation of 

Rhodamine B (RhB), a dye widely used in industries and known for its high toxicity, 

good stability and non-biodegradability.30 An analysis of electronic structure using 

first-principles calculations based on density functional theory (DFT) together with 

experimental techniques were performed to understand the photocatalytic activity of 

each sample. 

 

2. Experimental procedure 

2.1. Sample preparation  

The samples were obtained according to the synthesis presented in a previous 

study31, with some modifications. NaOH (Merck, 99.0%) and NbCl5 (Brazilian Mining 

and Metallurgy Company, 99.0%) were solubilized in distilled water by magnetic 

stirring at room temperature, com concentrations of 6 M and 0.6 M, respectively. This 

solution was heated at 180 ºC in the adapted microwave (800 W, 2.45 GHz, 

PANASONIC) for 15 min. The precipitate obtained was washed and centrifuged until 

the pH was neutralized and then oven dried overnight. The final powder was 

submitted to a thermal treatment in a tubular oven at 300-800 ºC during 2 h using a 

heating rate of 10 ºC/min and naturally cooled to room temperature. 

 

2.2. Sample characterization 

The thermal analyzes were investigated using a TG-DTA-DTG equipment 

(STA449F3, NETZSCH), with atmosphere controlled by nitrogen. X-ray diffraction 

was performed using a diffractometer (Ultima IV, RIGAKU) with Cu-Kα radiation 

(λ=1.5406 Å), scanning from 2θ of 10° to 90° with speed of 10°/min. Micrographs 

were obtained by scanning electron microscopy using a FEG electron microscope 

(JSM7500F, JEOL). The transmission electron microscopy (TEM) images were 

performed in an electron microscope (CM200, PHILIPS) operated at 200 Kv. The 

optical gap of the samples was estimated by diffuse reflection spectroscopy by a UV-

Vis spectrometer (HR2000+, OCEAN OPTICS). The photoluminescence of the 
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samples was analyzed using a fluorescence spectrometer (Cary Eclipse, AGILENT), 

with excitation laser of 280 nm. The surface area estimated using equipment 

(Quantchrome Instrument, Nova 4200) in the presence of liquid nitrogen (77 K). The 

surface area was determined using the Multipoint Brunauer, Emmett and Teller (BET) 

equation, done automatically by the instrument. 

 

2.3. Photocatalytic analysis 

The photocatalytic activity of each sample was evaluated through the 

degradation of the organic dye RhB (C28H31CIN2O3), in solution. The experiment was 

carried out in a closed box at a temperature of 25 °C, internally lit by five UVC lamps 

of 15 W each (TUV, PHILIPS, maximum intensity at 254 nm). The photocatalytic 

reaction was carried out with 25 mg of powder dispersed in 50 mL of RhB solution 

(1×10-5 mol.L-1), under magnetic stirring.  Each sample was first stirred in the solution 

in the dark for 30 min, to achieve the balance between adsorption and desorption. 

After the light was on, aliquots of the solution were collected and centrifuged for 

further analysis of absorption. The variation in RhB concentration was recorded by 

monitoring the absorbance at 554 nm, using a UV-Vis spectrophotometer (SP200 

UV, BEL PHOTONICS). 

For reuse tests, each powder was separated by centrifugation after analysis, 

washed once with distilled water and once with ethanol and dried. The powders were 

then weighed, and the ratio between catalyst (0.5 mg) and the RhB solution (1 mL) 

was maintained. 

 

2.4. Theoretical calculations 

Density Functional Theory (DFT) was used to evaluate the electronic structure. 

The simulations were performed using the CRYSTAL17 package32 with the HSE06 

hybrid functional. Such a functional was selected because it generated values close 

to the experimental results.33 All atomic basis was defined using Triple-Zeta Valence 

with Polarization Gaussian basis sets (POB-TZVP), Na center developed by Oliveira 

et al.34 and Nb and O centers by Laun et al.35 The Coulomb and exchange series 

thresholds (overlap and penetration for Coulomb integrals, the overlap for HF 

exchange integrals, and the pseudo-overlap) used in the CRYSTAL17 package, were 
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set as 8, 8, 8, 8, 16 (10–8, 10–8, 10–8, 10–8, and 10–16). The Pack–Monkhorst and 

Gilat net parameters were set as 6 and 6, respectively. 

The phase evaluation was performed according Rietveld refinement analysis of 

the XRD patterns using General Structure Analysis System (GSAS) program.35 In this 

simulation, the background and the peak profiles was adjusted using a Chebyshev 

polynomial of the first kind and Thompson-Cox-Hastings pseudo-Voigt (pV–TCH), 

respectively.36  

 

3. Results and discussion 

3.1. Structural and morphological characterization 

Figure 1 shows the XRD patterns of the sample as prepared and with different 

heat treatment temperatures. The peaks observed in the sample as prepared suggest 

the structure reported as Na2Nb2O6·H2O, monoclinic phase, space group C2/c, with 

the cell parameters:  a=17.114 Å, b=5.0527 Å, c=16.5587 Å and β=113.947º.18,25-

29,31,38-46 As the heat treatment temperature of 300 °C is applied, it is possible to 

observe that the peaks located in 2θ=11º-14º and 28º-31º, characteristic of the 

Na2Nb2O6·H2O phase, begin to decrease. Raising the temperature to 400 °C, and 

there is the appearance of the peaks of the NaNbO3 phase. In samples treated 

between 500 °C and 800 °C, only the peaks belonging to a single-phase NaNbO3 

phase are observed, orthorhombic phase, space group P21ma (JCPDS 82-

606).13,39,47 In the sample tratead 600 ºC is possible to observe a shift in the main 

peaks, possibly caused by the diffusion of sodium ions in the lattice. When this 

occurs, the material reduces its surface area to reduce free energy caused by the 

tension in the lattice. At 700 ºC, the volatilization of sodium ions occurs and the free 

energy decreases and the surface area increases again. This behavior is seen in the 

samples, as presented in Section 3.5. In addition, the mean value of the 

crystallographic domains was estimated by the Scherrer equation, resulting in 21.90 

nm, 23.13 nm, 24.05 nm and 27.43 nm for the NaNbO3 samples treated at 500 ºC, 

600 ºC, 700 ºC and 800 ºC, respectively. This demonstrates an increase in 

crystallinity as the temperature rises, as can be seen by the more defined diffraction 

peaks as well. The crystalline phase of the NaNBO3 samples was confirmed by 

Rietveld refinement (Fig. S1, Table S1). All samples showed good convergence to 

the orthorhombic phase P21ma, according to 2 and RBragg (Table S2). 
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Figure 1. XRD patterns. 
 

To better understand the processes involved in the formation and transformation 

of the Perovskite phase, a TG-DTA-DTG thermal analysis was performed, shown in 

Figure 2. Through the TG curve, an initial mass loss is observed that occurs until the 

temperature of 181 °C, this activity corresponds to the evaporation of the water 

adsorbed on the surface of the Na2Nb2O6·H2O. Between the temperatures of 181 ºC 

and 305 ºC, an endothermic peak is observed, accompanied by another loss of mass, 

this activity corresponds to the dehydration of the Na2Nb2O6·H2O.18,25-29,31,38-46 The 

DTA curve shows a sharp exothermic peak in the temperature range between 487 

°C and 549 °C, without mass loss indicating the complete formation of the NaNbO3 

phase, result compatible with that observed in XRD (Figure 1). From 620 °C, an 

endothermic event is observed in the DTA curve with a mass loss, indicating that from 

this temperature onwards, the volatilization of sodium ions occurs. At high 

temperatures, the evaporation of alkaline ions is high.47,48  

Micrographs of the sample as prepared and at different heat treatment 

temperatures are shown in Figure 3. The sample as prepared (Figure 3a) has a 

nanowire particle shape, compatible with Na2Nb2O6·H2O18,25-29,38-46, with an average 

diameter of approximately 35 nm and a length of tens of micrometers. With heat 

treatment at 500 ºC (Figure 3b), where the complete formation of NaNbO3 occurs, 

the shape of nanowires is preserved, without significant changes. When the 

temperature is raised to 600 ºC (Figure 3c) and 700 ºC (Figure 4d), it is possible to 

observe that the nanowires begin to break and turn into smaller particles, due to the 

rearrangement of crystals.47,49 In the sample treated at 800 ºC (Figure 3e), particles 

in the form of nanowires are no longer observed, but a nanograin-like particle with an 
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average diameter of approximately 35 nm. In addition, TEM was performed on the 

samples treated at 500 ºC (Fig. 4a) and 800 ºC (Fig. 4b), to better observe the 

morphological aspects and the size of the nanoparticles. Through this analysis, it is 

observed that both sample present shape and size consistent with the micrographs 

obtained by SEM. 

 

 

Figure 2. TG-DTA-DTG curves. 

 

 

 

Figure 3. SEM-FEG: (a) as prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C,  
(e) 800 ºC, and TEM: (f) 500 °C, and (g) 800 °C. 
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Gu et al.47 presented a study, where through a solvothermal synthesis, at 230 

ºC for 16 h, using isopropanol as a reaction medium, obtained 1D particles of 

Na7(H3O)Nb6O19.14H2O. That after being subjected to heat treatment for 4 h, at 

different temperatures with a maximum of 800 ºC, gave rise to NaNbO3 particles with 

the same particle shape transformation process obtained in this work. However, the 

precursor Na7(H3O)Nb6O19.14H2O presented a larger particle diameter, 

approximately 193.2 nm, resulting in NaNbO3 1D with a diameter of approximately 

305.1 nm and NaNbO3 in the form of ellipsoids with a width and length of 

approximately 512.3 and 548.6 nm, respectively. Therefore, we can observe with this 

study that the 1D precursor of Na2Nb2O6·H2O originates 1D NaNbO3 particles with 

very small diameter and by raising the heat treatment temperature above 700 ºC, it 

was possible to obtain even smaller particles, highly desirable for photocatalytic 

applications. Furthermore, given the results presented, it is also possible to verify the 

obtaining of NaNbO3 nanowires in a shorter time already reported in the literature 

(Table 1). 

 

Table 1 

Synthesis that obtained NaNbO3 nanowires. 

SYNTHESIS METHOD 
Temperature/Time 

HEAT TREATMENT 
Temperature/Time 

REFERENCE 

HID-C 183 ºC/2 h 600 ºC/6 h Alexandre et. al. [32] 

HID-AM 150 ºC/1 h 350 ºC/2 h Fernandes et. al. [22] 

HID-C 150 ºC/4 h 400 ºC/12 h Jung et. al. [28]  

HID-C 120 ºC/3 h 400 ºC/NE Ke et. al. [18] 

HID-C 180 ºC/2 h 300 ºC/12 h Liu et. al. [9] 

HID-C 140 ºC/6 h 700 ºC/3 h Pei et. al. [35] 

HID-C 200º C/24 h 550 ºC/4 h Shi et. al. [12,16] 

HID-AM 180 ºC/60 min 550 ºC/4 h Teixeira et. al. [20] 

HID-AM 180 ºC/30 min 550 ºC/4 h Teixeira et. al. [31] 

HID-C 200 ºC/8 h 400 ºC/3 h Wang. et. al [33] 

HID-C 160 ºC/6 h NE/NE Wang et. al. [34] 

HID-C 150 ºC/10 h NE/NE Yu et. al. [19] 

HID-C 160 ºC/6 h 500 ºC/2 h Zhang et. al. [30] 
HID-C (Conventional hydrothermal), HID-AM (Microwave-assisted hydrothermal) and NE (Not 
specified). 
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3.2. Photocatalytic performance 

3.2.1. Photocatalytic activity 

The photocatalytic activity of each NaNbO3 sample was evaluated by the 

degradation of the RhB dye in solution, as described in the experimental procedure. 

Figure 5a shows the dye concentration curves over the analysis time, where C0 and 

C indicate the initial concentration of RhB and concentration at a specific time (min), 

respectively. Through the dye curve, without the semiconductor, it is observed that 

has a very low photolysis process. Photocatalytic activity is increased using the 

samples treated with higher heat treatment temperature, reaching maximum dye 

removal in 50 min. All samples showed high photocatalytic activity, reaching a 

maximum percentage of dye degradation of 100% and minimum of 72% in a period 

of 50 min, using the sample treated at 800 °C and 500 °C, respectively. Figure 5b 

shows the kinetics of RhB degradation in the presence of each sample of 

NaNbO3.The reaction rate constant (k) was determined using the linear relationship, 

−ln(C/C0) = kt, where t is the time in minutes.1 The results indicate that the dye 

degradation follows the pseudo-first order kinetics and that the sample treated at 800 

ºC has a dye removal rate of 3.09, 2.89 and 1.5 times greater than the sample treated 

at 500 ºC, 600 ºC and 700 ºC, respectively. 

 

3.2.2. Photocatalytic stability 

For the practical application of catalysts, the stability is of great importance. For 

such, a reuse experiment was carried out, using the samples treated at 500 °C and 

800 °C. After 3 consecutive cycles, it was possible to verify that both samples 

maintained the same photocatalytic performance (Fig. 5c) This demonstrates that 

NaNbO3 can be considered a stable and highly efficient photocatalyst. 

 

3.2.3. Photocatalytic mechanism 

To better understand the mechanism of dye degradation in the photocatalytic 

process, experiments to identify the active species were performed with samples 

treated at 500 °C and 800 °C. Isopropyl alcohol (C3H8O), silver nitrate (AgNO3), and 

disodium ethylenediaminetetraacetate (EDTA) were used as scavengers for hydroxyl 

radicals (⋅OH), electrons (e−) and holes (h+), respectively. Figure 5d shows the 

percentage of RhB degradation with the presence of scavengers at the end of 50 min. 
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It is observed that both photocatalysts present similar behavior. The addition of EDTA 

and C3H8O inhibited the degradation of the dye, indicating that the main active 

species during the photocatalysis process are h+ and ⋅OH. In contrast, the addition of 

AgNO3 in the photocatalytic solution using the sample treated at 500 ºC caused an 

increase in the discoloration percentage of RhB, from 72% to 100%. This indicates 

that the restriction of e- left a greater number of h+ available to act in the oxidation of 

the dye. For the reaction using the using the sample treated at 800 ºC the percentage 

of discoloration was the same 100% with the addition of AgNO3, indicating that the e- 

are not active species in the photocatalysis process studied here. 

 

 

 

 

 

Figure 4. (a) Variation in the RhB concentration with time, (b) Kinetic linear 
simulation curves of RhB degradation, (c) Reuse of the photocatalysts for 3  

cycles, and (d) Percentage of RhB degradation using scavengers. 
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3.3. DFT Calculations 

Figure 6a show the band structure orthorhombic P21ma (O-NaNbO3). The 

bands demonstrate that the semiconductor O-NaNbO3 presents a direct band gap, 

with transition at point Γ → Γ and energy of the 3.6 eV. Figure 6b shows pDOS. It is 

observed that VB is composed mainly by the O 2p orbital and the CB by the Nb 4d 

orbital. Therefore, its optical gap is mainly determined by these orbitals. In both bands 

there is a small hybridization between the O 2p/Nb 4d and there are almost no 

electronic states of Na. This electronic nature is consistent with the literature.20-22,50-

52 The absence of electronic states of Na is due to their high ionicity, which makes it 

difficult to bond with other atoms by hybridization.50 

 

 

 

Figure 5. (a) Calculated band structure of NaNbO3 and  
(b) The pDOS of the NaNbO3. 

 

 

3.4. Optical characterization 

Based on information obtained from the theoretical study of electronic structure, 

the band gap of the samples was estimated through diffuse reflectance by the 

Wood/Tauc method.53 Using the equation (αhν)n= A(hv-Eg) where α, h, ν, n, A and 

Eg are the absorption coefficient near the absorption edge, Planck's constant, 

frequency of light, constant related to the type of electronic transition of the material 

(n=2 for the direct gap), proportionality constant and band gap energy, respectively. 

Estimated values are shown in Figure 7a. The samples treated at 500 ºC, 700 ºC and 
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800 ºC showed a band gap of 3.50 eV, 3.52 eV and 3.55 eV, respectively. This 

increase occurs due to the increase in crystallinity, as shown by the calculation of 

crystallographic domains, as the bands are better delimited, making the superposition 

of wave functions more defined. However, the sample treated at 600 ºC has a band 

gap of 3.45 eV. This band gap reduction in the material is a consequence of the 

reduction of the lattice distance that generates a greater expansion of the energy 

level.54 Therefore, the sample treated at 600 °C has a slightly smaller band gap 

because it has smaller cell parameters, as shown by the deviations of diffraction 

peaks for larger angles, shown in Figure 1. The reduction in bandgap favors 

photocatalysis, as the semiconductor requires less energy to activate. However, this 

behavior was not observed in the samples. The band gap does not seem to 

significantly influence the performance of the photocatalysts studied here. 

To complement the understanding of the photocatalytic activity variation 

between the samples, Photoluminescence spectroscopy (PL) technique was 

performed, that allows to know the behavior of the recombination of the electron-hole 

pairs, important criterion for understanding the performance of photocatalysts. The 

PL emission spectra are shown in Figure 7b. All samples showed similar behavior, 

with broadband PL in the region between 300 and 450 cm-1, with main emission peaks 

at 362 and 383 nm, corresponding to an energy of 3.42 and 3.24 eV, respectively. 

This broadband emission indicates that the recombination takes place by a 

multiphonon process, in other words, the relaxation occurs with the participation of 

various energy states, caused by intrinsic defects in the material.55,56 These 

intermediate electronic levels are associated with shallow defects, of surface, 

responsible for the emission of PL in regions of high energy (violet/blue).57 The 

presence of these defects favors photocatalysis, because they delay recombination 

of the photogenerated electron/hole pair. This indicates that the increase in 

photocatalytic activity is related to the crystallinity of the samples. The more 

crystalline the lattice, the lower the rate of recombination of the photogenerated 

charges. 

 

3.5. Surface area analysis 

Another important factor that affects photocatalytic activity is surface area. It is 

known that the greater the surface area of the catalyst, the greater the probability of 
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available and accessible active sites and also dye adsorption sites.13,58 As shown in 

section 3.1, the sample treated at 600ºC showed a deviation in the diffraction peaks, 

possibly caused by the diffusion of sodium ions in the lattice. When this occurs, the 

material reduces its surface area to reduce free energy caused by the tension in the 

lattice. When the temperature is raised, the volatilization of the alkali metal decreases 

the free energy and the area increases again. This behavior is seen in the samples, 

which presented surface areas of 28 m²/g, 11 m²/g, 31 m²/g and 32 m²/g for 

temperatures of 500 ºC, 600 ºC, 700 ºC e 800 ºC, respectively. The increase in 

surface area is also a consequence of the change in particle shape. Sodium 

volatilization detaches the crystals initially arranged in the nanowires that ‘’break’’ 

turning into smaller particles with the shape of nanograins (Figure 3).  

Although the sample treated at 500 ºC had a surface area more than twice that 

of the sample treated at 600 ºC, its photocatalytic activity was lower. This 

demonstrates that even the surface area being a determining factor for most 

photocatalysts, it does not directly influence these NaNbO3 samples. The nanograins 

obtained at 800 ºC showed a slightly larger area compared to the nanowires at 500 

ºC, and we observed that their photocatalytic performance was superior. This 

possibly occurs because the decrease in particle size leads to a reduction in the 

recombination of charge carriers, as the migration time to the surface is proportional 

to the square of the particle size.59 Small particles also have more atoms with 

incomplete coordination, which makes them more reactive. This demonstrates that 

particle shape appears to play a very important in photocatalytic activity. 

 
 

 

Figure 6. (a) Band gap of the NaNbO3 samples and  
(b) Photoluminescence curves of the NaNbO3 samples. 
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4. Conclusions 

In this study, we propose a method to obtain NaNbO3 nanowires through the 

microwave-assisted hydrothermal system, followed by heat treatment, in a shorter 

time. We demonstrated that with a simple heat treatment it was possible to change 

the shape of the particles, from nanowires to nanograins. The heat treatment 

increased the crystallinity of the samples without modifying the phase. All samples 

showed high photocatalytic activity, especially the nanograins. It was found that the 

factors that influence the performance of the samples studied here were the 

crystallinity and shape of the particle. Reuse tests demonstrated the stability of the 

photocatalysts. Therefore, this study contributes information to obtain highly 

favorable nanoparticles NaNbO3 for photocatalytic applications. 
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Supplementary Material for 

Fast synthesis of NaNbO3 nanoparticles with high photocatalytic activity for 

degradation of organic dyes 

 

 

 

 

 

Figure S1: Rietveld refinement. 
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Table S1: Atomic sites. 

NaNbO3 – 500 ºC NaNbO3 – 600 ºC 
Atoms x y z Atoms x y z 

Nb1 0.2507 0.2440 0.2303 Nb1 0.2507 0.2440 0.2303 
Na1 0.0000 0.7292 0.2566 Na1 0.0000 0.7346 0.2394 
Na2 0.5000 0.2595 0.7259 Na2 0.5000 0.2609 0.7235 
O1 0.0000 0.3183 0.2621 O1 0.0000 0.3071 0.2402 
O2 0.5000 0.1961 0.2477 O2 0.5000 0.1971 0.2646 
O3 0.2775 0.5331 0.4883 O3 0.2740 0.5300 0.4865 
O4 0.2221 0.0474 0.5497 O4 0.2142 0.0467 0.5536 

NaNbO3 – 700 ºC NaNbO3 – 800 ºC 
Atoms x y z Atoms x y z 

Nb1 0.2528 0.2453 0.2303 Nb1 0.2489 0.2440 0.2300 
Na1 0.0000 0.7304 0.2399 Na1 0.0000 0.7313 0.2461 
Na2 0.5000 0.2550 0.7347 Na2 0.5000 0.2604 0.7223 
O1 0.0000 0.3093 0.2509 O1 0.0000 0.3091 0.2189 
O2 0.5000 0.1883 0.2695 O2 0.5000 0.1847 0.2662 
O3 0.2756 0.5360 0.4774 O3 0.2747 0.5339 0.4796 
O4 0.2153 0.0382 0.5496 O4 0.2156 0.0384 0.5520 

 

 

 

 

Table S1: Crystal structure. 

Sample 
Lattice Parameters 2 RBragg 
a b c 

500 ºC 7.78 5.52 5.56 1.16 0.03 
600 ºC 7.78 5.52 5.56 1.18 0.05 
700 ºC 7.77 5.52 5.56 1.31 0.05 
800 ºC 7.77 5.52 5.56 1.40 0.03 
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3.2 Artigo 2 

O artigo intitulado “NaNbO3/Eumelanin composite: A new photocatalyst under 

visible light” é apresentado conforme publicado no periódico Ceramics International 

(Online ISSN:1873-3956 and Print ISSN:0272-8842), classificação A1 na área de 

Materiais. 

 

 

 

 
Figura 11 - Resumo gráfico Artigo 2. 

Fonte: Elaborado pela autora, 2022. 
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A B S T R A C T 

Sodium niobate (NaNbO3) is a semiconductor with many potential technological 

applications and, among them, it is considered a promising photocatalyst. However, 

it only absorbs ultraviolet light, limiting its use in light-dependent processes. 

Therefore, in this work we synthesized NaNbO3 nanoparticles quickly and used them 

to prepare a NaNbO3/Eumelanin composite with photocatalytic activity under visible 

light. Eumelanin was extracted from human hair and is a pigment responsible for the 

brown-black coloration, abundant in fauna and flora. The results showed that the 

composite successfully degraded the Rhodamine B dye. Therefore, this study 

presents a photocatalyst solution with better use of light and serves as inspiration for 

the development of new photocatalysts. 

Keywords: sodium niobate; eumelanin; photocatalysis; visible light. 
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1. Introduction 

Sodium niobate (NaNbO3) is a semiconductor with many potential technological 

applications and, among them, photocatalysis [1-13]. It is considered a promising 

photocatalyst since it is thermodynamically stable, corrosion resistant and non-toxic 

[3,7]. However, the natural shape of its particle is cubic with low with low 

photocatalytic activity, but researchers have demonstrated that it is possible to obtain 

nanowires with high photocatalytic activity [5,12,13]. Another shape particle in 

nanoscale was presented by Farooq et. al. [11] through the method polymeric citrate 

precursors for 22 h and calcination for 12 h, with high photocatalytic activity. In 

addition, it only absorbs ultraviolet light, limiting its use. Thus, to make the most of 

solar radiation, also promoting efficiency in the separation of photoinduced charges, 

NaNbO3 was combined with other materials, forming heterostructured photocatalysts. 

The literature has shown great advances in photocatalytic processes using the 

strategy of building heterostructures [14-18]. Materials such as Cu2O, Cu, Au, BiOI, 

Ag2O, Ag2SO3, and Bi2WO6 were combined with NaNbO3 for this purpose. [19-25]. 

Nevertheless, the use of these metals ends up not being economically favorable. 

Eumelanin is a pigment present in abundance in fauna and flora, responsible for 

the black-brown color. It is composed of disordered heteroaromatic networks based 

on 5,6-dihydroxyindole (DHI) and 5,6- dihydroxyindole carboxylic acid (DHICA) 

building blocks, which are catechol-derivatives [26-28]. It has many physicochemical 

properties, of particular interest here is a wide optical absorption ranging from UV to 

near-infrared (NIR), redox activity and metal-chelating capability [28-30]. Eumelanin 

and a similar polymer polydopamine (PDA) have been considered in different 

application [31-38]. In photocatalytic applications, composites with TiO2, Cds, CuO2, 

BiOBr, and MIL-53(Fe) were reported [28,39-50]. 

Considering the above, we present a rapid method to synthesize NaNbO3 

nanoparticles similar to nanograins. These nanoparticles were used to prepare for 

the first time a NaNbO3/Eumelanin composite with photocatalytic activity under visible 

light. The photocatalytic activity was analyzed through the degradation of Rhodamine 

B (RhB), a dye widely used in industry and highly toxic [51]. 
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2. Experimental 

2.1. NaNbO3 synthesis 

An aqueous solution of NaOH (Merck, 99.0%) and NbCl5 (CBMM, 99.0%) with 

concentrations of 6 M and 0.6 M, respectively, was taken to an adapted microwave 

oven (800 W, PANASONIC) for 15 min at 180 ºC. The obtained precipitate was 

washed and centrifuged until the pH was neutralized and then dried in an oven. 

Finally, the powder was submitted to thermal treatment at 800 ºC for 2 h and naturally 

cooled. 

 

2.2. Eumelanin extraction 

Eumelanin was extracted from dark brown human hair using the acid isolation 

method [33]. 2 g of clean hair was immersed in HCl (37%, 70 mL) at 100 °C for 3 h. 

Finally, the Eumelanin was collected by centrifugation and washed until solution had 

a neutral pH and then dried in an oven. 

 

2.3. Preparation of NaNbO3/Eumelanin composite 

The composite was prepared according to the method reported by Xie. et. al. 

[35]. A solution of 50 ml of ethanol, 4 mg of Eumelanin and 16 mg of NaNbO3 was 

sonicated for 30 min and stirred for 5 h at room temperature. The homogeneous 

suspension was dried in an oven. 

 

2.4. Sample characterization 

X-ray diffraction was performed in a diffractometer (Ultima IV, RIGAKU) with Cu-

Kα radiation (λ=1.5406 Å), scanning of 10°/min. Raman spectroscopy were done 

using a micro-positioning system (B&WTek, RAMAN PROBE) and monochromator 

(Shamrock 303i, ANDOR) with 532 nm excitation. High resolution images were taken 

using Scanning Electron Microscope, (JSM7500F, JEOL).  Optical absorption spectra 

were obtained using a UV-Vis-NIR spectrometer (Lambda 1050, PERKIN ELMER). 

The valence band top potential was estimated by X-ray photoelectron spectroscopy 

(XPS) using a spectrometer (ESCA+, SCIENTIA OMICRON) with a high-performance 

hemispherical analyzer (EAC2000) and monochromatic Al-Kα radiation (hν=1486.6 

eV). In addition, we evaluated the photoluminescence and textural properties of 

samples (supplementary data file). 
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2.5. Photocatalytic activity 

The photocatalytic activity was evaluated under visible irradiation, using a 100 

W LED (MEGAACE, 400 nm < λ < 800 nm, int. máx at 458 and 538 nm). The 

photocatalytic reaction was carried out with 10 mg of the photocatalyst dispersed in 

50 mL of RhB solution (5 mg.L-1), under magnetic stirring at room temperature, which 

was first stirred for 1 h in the dark. The variation in RhB concentration was recorded 

by absorbance, using a UV-Vis spectrophotometer (SP200 UV, BEL PHOTONICS). 

 

3. Results and discussion 

Fig. 1a show the XRD of NaNbO3 sample. The peaks shown in the diffractogram 

are characteristic of the orthorhombic phase, space group P21ma (JCPDS card files, 

82-606). In addition, the mean value of the crystallographic domains was estimated 

by the Scherrer equation, resulting 27.43 nm. The NaNbO3 obtained presents particle 

shape similar to nanograins, with an average size of ~28 nm (Fig. 1b). 

 

 

 

Figure 1. (a) XRD of the NaNbO3 and (b) SEM of the NaNbO3. 
 

 

Fig. 2a shows the Raman spectrum of the extracted Eumelanin. It is possible to 

observe two bands around 1358 and 1588 cm−1, which are characteristic of 

disordered graphitic materials, the D and G bands, [35,52]. Studies indicate that 

melanin has a graphene sheet-like structure with high-density of vacancy defects [52]. 

Through deconvolution, using the Gaussian function, four vibrational modes are also 

observed assigned to their functional groups. The band at ~1344 cm−1 corresponds 
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to the C−OH phenolic stretching (DHI/DHICA) and C−O stretching of the carboxylic 

acid, the band at ~1484 cm−1 is attributed to the C−N group in the IQ, band at ~1574 

cm-1 is attributed to the C=N stretching (in SQ) or the N−H bending vibration (in IQ) 

and the band at ∼1600 cm−1 corresponds to aromatic C=C bond in the indole 

structure [35,53]. Fig. 2b shows the basic units of Eumelanin DHI and DHICA and 

their redox forms (5,6-indolequinone (IQ) and semiquinone (SQ)) [35,53]. The 

extracted Eumelanin presents ellipsoidal shaped particles, with principal axis of ~400 

nm and ~1 μm (Fig. 2c), in good agreement with literature [35,54,55]. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2. (a) Raman spectra of the Eumelanin, (b) DHI, DHICA, SQ  
and IQ structures, and (c) SEM of the Eumelanin. 

 

 

Fig. 3a shows the optical absorbance spectra of the samples. NaNbO3 shows 

intense absorption in the UV region only and Eumelanin has a broadband absorption 

spectrum, due to the overlap of a range of absorption peaks of the DHI and DHICA 
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oligomers [56,57]. In Eumelanin, the electronic states do not have a definite low-

energy edge for optical absorption, but tail states [30,56]. Its band gap is associated 

with the transitions π-π* between molecular orbitals in HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular orbital) [39,45,56]. The 

composite maintains the broadband absorption of Eumelanin (Fig. 3a), a little reduced 

due to NaNbO3 nanoparticles that decorate its surface (Fig. 3b), by Van der Waals 

interactions, which is possible due to its strong affinity for metallic cations.  

The photocatalytic activity of the samples was evaluated through the photo-

induced degradation of RhB, where C0 and C indicate the initial concentration and 

concentration at a specific time (h), respectively (Fig. 3c). It is observed that only the 

NaNbO3/Eumelanin composite showed photocatalytic activity, inducing ~96% of dye 

degradation in 5 h. Although Eumelanin presents high absorption in the visible range, 

its photocatalytic activity is unsatisfactory. This is because the π-system allows for 

high mobility of charge carriers, which can easily recombine. To better understand 

the dye degradation mechanism, experiments to identify the active species were 

performed. For this, isopropyl alcohol (C3H8O), silver nitrate (AgNO3), and disodium 

ethylenediaminetetraacetate (EDTA) were used as scavengers for hydroxyl radicals 

(⋅OH), electrons (e-), and holes (h+), respectively. Fig. 3d shows the percentual of 

RhB degradation with the presence of scavengers at the end of 5 h. It is observed 

that the addition of EDTA and C3H8O inhibited the degradation of the dye, indicating 

that the main active species during the photocatalysis process are h+ and ⋅OH. In 

contrast, the addition of AgNO3 no change in the percentual, indicating that the e- are 

not active species. In addition, a reuse test was carried out. After three successive 

cycles, the composite maintained the same photocatalytic efficiency, demonstrating 

that it can be considered a stable photocatalyst. 

Based on the results, a possible mechanism is proposed (Fig. 3b). Under visible 

light irradiation, only the electrons of Eumelanin are excited, from HOMO to LUMO, 

forming an electron/hole pair (e-/h+). The electrons in LUMO are injected into the CB, 

due to the potential difference. The electrons in the CB can react with oxygen (O2) to 

produce superoxide radical (•O2-), that can react with water (H2O) to produce •OH. 

Meanwhile, h+ in LUMO can react with H2O or hydroxyl anion (•OH-) to generate •OH 

and also directly oxidize the RhB dye. With this, an efficient separation of charge and 

a slower recombination are achieved, resulting in a significant increase in 
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photocatalytic activity. This agrees with the results obtained in the experiment of 

active species (Fig. 3d) and also with the photoluminescence analysis (Fig. S1). 

 
 

 

 

Figure 3. (a)  Optical absorbance spectra of the samples, (b) Schematic illustration 
of the possible mechanism for photodegradation of the RhB, under visible light and 
SEM-FEG of the NaNbO3/Eumelanin composite, (c) Photocatalytic degradation of 

the RhB under visible light irradiation, and (d) Percentage of RhB degradation using 
scavengers. 
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Potentials of edge of NaNbO3 were determined by the equation Ecb= Evb – Eg, 

where Ecb is potential of the bottom of the CB, Evb is the potential at the top of the VB 

and Eg is the band gap energy. According to XPS, Evb is +2.40 eV (Fig. 4a). The band 

gap was estimated in 3.60 eV (Fig. 4b), by the Wood/Tauc method [58], resulting in -

1.20 eV the Ecb. The direct location of the HOMO and LUMO of the natural Eumelanin 

is very difficult to determine due to its structural and energetic disorder. Because of 

this, researches asume that it is close to that of PDA [59]. The LUMO of the PDA is 

estimated at -1.4 eV [42,48,60]. Thus, the LUMO of Eumelanin is more 

electronegative than the CB of NaNbO3 making it possible to transfer charges in the 

NaNbO3/Eumelanin composite, as proposed in the Fig. 3b. 

 

 

 

Figure 4. (a) Valence-band XPS spectra of the NaNbO3 and  
(b) Band gap of the NaNbO3. 

 

 

4. Conclusions 

In this work, NaNbO3 nanograins were obtained by microwave-assisted 

hydrothermal method followed by heat treatment. The nanoparticles were used to 

prepare a NaNbO3/Eumelanin composite with photocatalytic activity under visible 

light. The results showed that pure NaNbO3 and pure Eumelanin do not show 

photocatalytic activity, while the composite was able to successfully degrade the RhB 

dye. The heterostructure promoted efficient separation of photogenerated charges 
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and slower recombination, resulting in a significant increase in photocatalytic activity. 

Therefore, this study presents an alternative photocatalyst that uses visible light and 

widely available elements, serving as inspiration for the development of new 

photocatalysts. 
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Supplementary Material for 

NaNbO3/Eumelanin composite: a new photocatalyst under visible light 

 

 

TEXTURAL PROPERTIES 

Textural properties (Table S1) was estimated using equipment (Gemini, VII 2390A) 

in the presence of liquid nitrogen (77 K), using the Multipoint Brunauer, Emmett and 

Teller (BET) equation, done automatically by the instrument. 

 

Table S1: Textural properties. 

Sample 
SBET 

(m2/g) 
Pore volume 

(cm³/g)  
Pore diameter 

(Å) 
NaNbO3 12.0131 0.030793  102.5329 

Eumelanin 3.0677 0.014025 182.8708 
NaNbO3/Eumelanin composite 8.5091 0.032823 154.2940 

 

 

 

PHOTOLUMINESCENCE 

Experimental: 

The photoluminescence (PL) of the samples was analyzed using a miniPL/Raman 

spectrometer (Photon Systems), with excitation laser of 248.6 nm (~5.0 eV), 

monochromator of 1/8 m (Czerny‐Turner), diffraction grating of 600 g/mm, and a 

photomultiplier with detection range 190‐800 nm. 

 

Results and discussion: 

To complement the understanding of the photocatalytic activity of the samples, the 

PL spectroscopy technique was performed, which allows knowing the behavior the 

photogenerated charge recombination process. The spectra are shown in Fig. S1. All 

profiles have a typical behavior of multiphonic processes, resulting in a broadband 

emission [1,2]. It is observed that the NaNbO3/Eumelanin composite showed a 

decrease in intensity luminescence emission, indicating that NaNbO3 inhibits the 

recombination process of the electron/hole pair, favoring photocatalysis. 
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Figure S1: PL spectra. 
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3.3 Artigo 3 

O artigo intitulado “Cu-doped NaNbO3 nanorods: Enhanced photocatalytic 

activity for RhB dye removal and antibacterial activity against E. coli” é apresentado 

conforme publicado no periódico Ceramics International (Online ISSN:1873-3956 

and Print ISSN:0272-8842), classificação A1 na área de Materiais. 

 

 

 

 
Figura 12 - Resumo gráfico Artigo 3. 

Fonte: Elaborado pela autora, 2024. 
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A B S T R A C T 

Sodium niobate (NaNbO3) nanorods with Cu (0.00, 0.01, 0.02 and 0.04 mmol) 

insertion were prepared by the microwave-assisted hydrothermal method and the 

photocatalytic and antibacterial activity was explored for the first time. X-ray diffraction 

confirms the coexistence of two orthorhombic phases (P21ma and Pbma) for all 

samples, with the percentage of each phase being strongly influenced by doping. The 

micrographs reveal that doping did not alter the shape or size of the grains (nanorods, 

with a diameter of ~200 nm and a length of tens micrometers). The samples of pure 

NaNbO3 and those with 0.01 and 0.02 mmol of Cu showed an average band gap 

value of 3.08 eV. However, the sample containing 0.04 mmol of Cu exhibited a slight 

redshift. The photocatalytic activity of the samples was assessed by the removal of 

Rhodamine B dye (RhB), under ultraviolet light. All doped samples exhibited superior 

performance, with the sample containing 0.02 mmol of Cu showing the best 

photocatalytic activity, achieving 100% RhB removal in 50 minutes. This was 

attributed to a lower rate of recombination of photogenerated charges, as evaluated 

through photoluminescence analysis. Additionally, the photocatalyst demonstrated 

excellent recyclability over three cycles. Pure NaNbO3 nanorods showed no 

antibacterial activity, but doping with 0.04 mmol of Cu reduced the growth of 

Escherichia coli. 

Keywords: sodium niobate, nanorods, Cu-doping, photocatalysis, antibacterial 
activity. 
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1. Introduction 

Water pollution represents a global challenge, as this natural resource is vital 

for all biodiversity, and the inadequate disposal of untreated industrial effluents 

exacerbates the problem. Among the contaminants found in wastewater, dyes 

represent a significant fraction due to their wide use in various industrial sectors [1].  

In particular, Rhodamine B (RhB) is a widely used xanthene cationic dye and is highly 

toxic, carcinogenic, and mutagenic. Due to its high chemical stability and resistance 

to degradation, it persists in the environment for long periods, making its removal 

from wastewater crucial [2,3]. Notably, photocatalytic degradation has proven to be 

an effective technology [3-9]. The photocatalytic mechanism involves the activation 

of a semiconductor by the absorption of photons. Electrons are promoted from the 

valence band (VB) to the conduction band (CB), forming electron/hole pairs (e-/h+), 

which then participate in oxidation/reduction reactions. To improve the efficiency of 

photocatalysts, doping has been recognized as a promising approach [7-10]. 

Appropriate insertion of ions into the semiconductor lattice can reduce the band gap, 

thus requiring less energy to generate e-/h+ pairs [7-10]. Additionally, the 

recombination of photogenerated charges can be delayed by the formation of 

intermediate energy levels, which extends their useful life [7-10]. 

Sodium niobate (NaNbO3) is a multifunctional ceramic with a Perovskite-type 

structure. Among its technological applications, it exhibits high photocatalytic activity 

[4,5,11-13]. The possibility of obtaining one-dimensional NaNbO3 through calcination 

of the metastable phase Na2Nb2O6.H2O, synthesized by hydrothermal methods, 

represents a significant advantage [4,5,12]. The nanoscale one-dimensionality, 

higher crystallinity, and anisotropic nature of this type of structure confer superior 

photocatalytic activity when compared to cubic grains [11-13]. Studies on the doping 

of NaNbO3 with several ions have been conducted to evaluate structural and 

luminescent properties [14-22]. However, few have focused on photocatalytic 

applications. Doping with N, Ca, K, V, and Ta has been reported for this purpose [23-

27], demonstrating that a wide range of ions can be explored. In particular, doping 

with copper (Cu) ions has shown promising results [28-30]. 

Antibacterial properties in any material can be an important differentiator, as 

many strains pose a serious public health problem [31]. In particular, Cu is known for 

its strong and effective antibacterial action. Cu ions, especially Cu2+, can penetrate 
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bacterial cells, alter protein synthesis, promote DNA degradation, interfere with 

cellular metabolism and membrane function, resulting in cell death or growth inhibition 

[32-34]. Research incorporating this metal into polymers, activated carbon, and 

semiconductors, for example, has shown outstanding results [35-38]. In this context, 

we report for the first time the synthesis of NaNbO3 nanorods with different 

concentrations of Cu (0.01, 0.02, and 0.04 mmol). The effect of doping on 

photocatalytic and antibacterial activity was investigated through the removal of 

Rhodamine B (RhB) dye and inhibiting the growth of Escherichia coli (E. coli), 

respectively. 

 

2. Materials and methods 

Pure NaNbO3 (SN) was obtained according to our previous studies [4,5], with 

some modifications. 0.25 mol of NaOH (Merck, 99.0%) and 3.76 mmol of Nb2O5 

(supplied by CBMM) were solubilized in 30 mL distilled water by magnetic stirring at 

room temperature. The final solution was heated to 150 ºC in the adapted-microwave 

(800 W, PANASONIC) for 105 min. The obtained precipitate was washed and 

centrifuged until the pH was neutralized and then dried in an oven. The final powder 

was subjected to a thermal treatment at 550 °C for 2 h and naturally cooled. To 

prepare the doped samples, Cu(NO3)2·3H2O (Sigma-Aldrich, 97.0%) was added to 

the solution to obtain 0.01 (SNC1), 0.02 (SNC2) and 0.04 (SNC3) mmol of Cu. 

The crystalline structure was determined by X-ray diffraction (XRD) (Ultima IV, 

RIGAKU) with Cu-Kα radiation (λ=1.5406 Å). Scanning electron microscopy (SEM) 

images were obtained using an electron microscope (Helios Nanolab 600i, FEI), 

operating at 5 kV. Band gap energies were estimated by diffuse reflection 

spectroscopy using an Uv-vis spectrometer (HR2000+, OCEAN OPTICS). The 

photoluminescence (PL) was analyzed using a fluorescence spectrometer (Cary 

Eclipse, AGILENT), with excitation laser of 250 nm.  

The photocatalytic activity was evaluated under ultraviolet light (06 lamps of 15 

W each, λ = 254 nm). The photocatalytic reaction was carried out with 50 mg of each 

photocatalyst dispersed in 50 mL of RhB solution (1×10-5 M), under stirring magnetic 

at room temperature. All samples were stirred in the dark for 30 min to achieve 

adsorption-desorption equilibrium. The variation in RhB concentration was recorded 

by absorbance at 554 nm, using a UV-Vis spectrophotometer (SP200 UV, BEL 
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PHOTONICS). In the reuse experiment, after each analysis the photocatalyst was 

separated by centrifugation and dried overnight.  The proportion between the 

photocatalyst and the dye solution was maintained at 1 mg/1 mL. All experiments 

were carried out in triplicate. 

The antimicrobial test was conducted using the macrodilution method, in 

accordance with CLSI M7-A6. In a glass tube, 1 mL of MacConkey broth (KASVI) 100 

µL of inoculum prepared with the E. coli strain, and 100 µL of the diluted sample (12 

mg of powder and 3 mL of dimethyl sulfoxide (Synth, 99.9%)) were added. For the 

positive control, a tube containing 1 mL of MacConkey broth and 100 µL of inoculum 

was prepared. For the negative control, a tube with only 1 mL of MacConkey broth 

was used. The tubes were incubated under agitation for 24 hours. After this period, 

the contents of the tubes were plated on Petri dishes containing MacConkey agar. 

The experiments were performed in triplicate. 

 

3. Results and discussion 

The diffractograms (Fig. 1) indicate that all samples are composed of two 

orthorhombic symmetries: space group P21ma and space group Pbma. Structural 

refinement using the Rietveld method showed good agreement between theoretical 

and experimental data (Fig. S1a-d). This polymorphism was recently detailed by 

Teixeira et al. [39]. Studies has reported that sub-micrometer particles favor the polar 

P21ma phase [40,41]. The polar phase is also favored by crystallization at relatively 

low temperatures (600 °C), but it transforms at higher temperatures (below 950 °C) 

into the stable centrosymmetric Pbma structure [42]. The second-order Jahn-Teller 

distortion of Nb5+ is pronounced in the P21ma lattice due to the same mirror symmetry 

shared by the two Na atoms. In Pbma, the Na atoms occupy sites with distinct 

symmetries, contributing to competing bonds that render the [NbO6] octahedron less 

distorted and more rigid [42]. The parameters obtained in the refinement are 

described in Table 1. The SN sample showed a higher percentage of the P21ma, in 

accordance with previous descriptions. For doped samples, a significant variation in 

phase proportions is observed. It is widely recognized that Cu (II) induces distortions 

in octahedra due to the pronounced Jahn-Teller effect, resulting from its d9 electronic 

configuration [43]. Although no studies have specifically examined the effect of 

inserting this ion into the NaNbO3 lattice, our preliminary results indicate that it is 
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present in the structure and is capable of inducing accentuated symmetry transitions. 

This investigation has potential to be explored in future research.  

 

 

Figure 1. XRD patterns. 
 

 

The SEM images shown in Fig. 2 (a-d) clearly reveal that the insertion of the 

dopant did not alter the shape or size of the grains. All samples exhibit rod-like shape, 

with average dimensions of ~200 nm in diameter and lengths of tens micrometers. 

Additionally, an elemental analysis of the samples was performed using energy-

dispersive X-ray spectroscopy (EDX). The EDX spectra confirm the presence of Cu 

in all doped samples (Fig. S2a-c). 

Fig. 3a shows the photocatalytic activity of the samples.  C0 is the initial 

concentration of RhB and C is the point concentration over time. The addition of the 

SN sample to the solution induced ~60.7% dye removal in 50 min, a lower activity 

when compared to all doped samples. An improvement in photocatalytic activity is 

observed with increasing doping concentration. Samples SNC1 and SNC2 were able 

to remove 73.2% and 100% of RhB, respectively. However, the sample SNC3 

removed 70.4% of the dye, demonstrating that there is a limit beyond which the 

insertion of impurity ions ceases to be beneficial in the photocatalytic process. In 

additional, reuse and active species experiments were conducted with sample SNC2. 
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The addition of disodium ethylenediaminetetraacetate (EDTA), isopropyl alcohol 

(C3H8O), and p-benzoquinone (C6H4O2) significantly reduced the removal of RhB, 

indicating that h+, •OH (hydroxyl radical), and •O2- (superoxide radical anion) 

respectively, are crucial active species in the photocatalytic reaction (Fig. 3b). With 

the presence of silver nitrate (AgNO3) the discoloration was the same, indicating that 

the e- are not active species (Fig. 3b). The SNC2 sample demonstrated consistent 

performance, confirming its stability and high efficiency as a photocatalyst after three 

consecutive 50-minute cycles. According to the results, a mechanism for 

photocatalytic removal of RhB is proposed. Under UV light, the photocatalyst 

produces e-/h+ pairs in the CB and VB, respectively. The h+ can react with water to 

form •OH or directly oxidize the dye. Meanwhile, the e- can react with oxygen to form 

•O2-, that can react with water to produce •OH. All species are reactive and lead to 

the degradation of RhB. 

 

 

Table 1 

Structural parameters from Rietveld refinement. 

P21ma 

Parameters SN SNC1 SNC2 SNC3 

Wt% phase 81.62 51.84 78.42 35.21 

a [Å] 5.54136 5.56269 5.56611 5.56205 

b [Å] 7.78181 7.78490 7.79443 7.77850 

c [Å] 5.51198 5.51557 5.52143 5.50502 

V [Å3] 237.687 238.852 239.545 238.171 

χ2 1.96 1.65 1.56 1.56 

Pbma 

Parameters SN SNC1 SNC2 SNC3 

Wt% phase 18.38 48.16 21.58 64.79 

a [Å] 5.57206 5.54143 5.57206 5.55378 

b [Å] 15.54886 15.55726 15.54886 15.56148 

c [Å] 5.50672 5.50314 5.50672 5.51143 

V [Å3] 477.098 474.423 475.993 476.326 

χ2 1.96 1.65 1.56 1.56 
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Figure 2. SEM images: (a) SN, (b) SNC1, (c) SNC2 and (d) SNC3. 
 
 
 

 
Figure 3. (a) Photocatalytic activity and (b) Experiment of active species. 

 

 

The band gap energies were estimated using the Wood/Tauc method [44] and 

are presented in Fig. 4a. Although the samples exhibit coexistence of the P21ma and 

Pbma space groups, Gouget et al. [42] reported that the electronic structure of both 

are similar. The CB is mainly composed of Nb4d orbitals and the VB of O2p orbitals, 
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so the optical gap is determined by direct transitions between these orbitals [5,45]. In 

the SN, SNC1, and SNC2 samples, no significant change in the band gap was 

observed, probably due to the low concentration of Cu. The estimated energies for 

these samples averaged 3.08 eV. However, in the SNC3 sample, a slight redshift is 

observed. This occurs because the increased concentration of Cu shifts the Fermi 

level toward the CB due to its higher valence. The reduction of the band gap is 

important in photocatalysis, as it requires less energy to activate the photocatalyst. 

However, in this study, the energies were similar and did not serve as a determining 

factor in explaining the photocatalytic activity. Additionally, it is important to note that 

in the doped samples, an absorption band extending between the yellow and red 

regions was identified. This absorption, also reported by Choudhury et al. [43], is 

attributed to the d-d electronic transition of Cu2+. 

Fig. 4b-e display the photoluminescence (PL) emission spectra. All samples 

presented similar profiles with emission in the blue and green regions, indicating that 

recombination occurs via a multiphonon transitions. Fig. 4f shows that the 

luminescence emission decreases for the SNC1 and SNC2 samples compared to 

SN. This decrease in intensity suggests a reduced rate of photogenerated charge 

recombination, which favors the photocatalytic process [8,24]. This explains the 

superior performance of the SNC1 and SNC2 photocatalysts. For sample SNC3, the 

emission was significantly higher, which explains its lower photocatalytic activity 

compared to the doped samples. Although the emission was also greater than that of 

the SN sample, the smaller band gap likely offset the higher recombination rate of the 

e⁻/h⁺ pairs, resulting in slightly superior activity. 

The antimicrobial activity is shown in Fig. 5. Compared to the positive control, 

the SN sample did not inhibit the growth of E. coli (Fig. 5a). Interestingly, the SNC2 

sample promoted bacterial growth (Fig. 5b). Cu is essential for many organisms, 

including E. coli, acting as a cofactor for various enzymes required for cellular 

processes, thus being considered a nutrient at low concentrations [46]. However, at 

higher concentrations, its toxic effects become predominant, leading to growth 

inhibition or even bacteria death [47]. This behavior is clearly observed in the SNC3 

sample, which inhibited bacterial growth (Fig. 5c). The cell wall of E. coli (Gram-

negative) is composed of anionic surfaces [36,48], which confer a high affinity for 

cation. Consequently, direct contact between the bacterium and the Cu2+ ions may 
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lead to bacterial lysis and also facilitate the penetration of these ions into the cell, 

thereby altering essential metabolic processes. 

 

 

 

Figure 4. (a) Band gap energies and (b-f) PL emission. 
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Figure 5. Antibacterial activity against E. coli: (a) SN, (b) SNC2 and (c) SNC3. 

 

 

4. Conclusions 

In conclusion, pure NaNbO3 nanorods and with different concentrations of Cu 

were successfully prepared using the microwave-assisted hydrothermal technique. 

All samples exhibited the coexistence of two orthorhombic symmetries, and doping 

significantly influenced the percentage of each phase. SEM images revealed that 

doping did not alter the shape or size of the grains. Doping increased the 

photocatalytic activity of NaNbO3. While pure NaNbO3 nanorods did not exhibit 

antibacterial activity, doping with 0.004 mmol Cu led to inhibition of E. coli growth. 
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Overall, the insertion of Cu ions into the NaNbO3 lattice proved beneficial for 

photocatalytic activity and imparted antibacterial properties to the ceramic. Therefore, 

this study is expected to serve as a reference for future research on NaNbO3 doping 

for photocatalytic and antibacterial applications. 
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Supplementary Material for 

Cu-doped NaNbO3 nanorods:  enhanced photocatalytic activity for RhB 

dye removal and antibacterial activity against E. coli 

 

 

 

 

 

 

 

RIETVELD REFINEMENT 

Rietveld refinement of the XRD patterns was performed using the FullProf software. 

The Peak and background profiles were refined according to pseudo-Voigt function. 

 

 

 

 

Figure S1-a: SN Rietveld refinement. 
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Figure S1-b: SNC1 - Rietveld refinement. 

 

 

 

 

Figure S1-c: SNC2 - Rietveld refinement. 
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Figure S1-d: SNC3 - Rietveld refinement. 

 

 

 

ENERGY-DISPERSIVE X-RAY SPECTROSCOPY 

 

 

Figure S2-a: SNC1 - EDX spectrum. 
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Figure S2-b: SNC2 - EDX spectrum. 

 

 

 

 

Figure S2-c: SNC3 - EDX spectrum. 

 

 

 

 

 

 

 

 



  

101 
 

3.4 Artigo 4 

O artigo intitulado “Synthesis of Al-doped NaNbO3 rods with enhanced 

photocatalytic activity” é apresentado conforme publicado no periódico Journal of 

Physics and Chemistry of Solids (Online ISSN:1879-2553 and Print ISSN: 0022-

3697), classificação A2 na área de Materiais. 

 

 

 

 

 
Figura 13 - Resumo gráfico Artigo 4. 

Fonte: Elaborado pela autora, 2024. 
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A B S T R A C T 

In this paper, we synthesized NaNbO3 rods with Al(III) (0.00, 0.05 and 0.1 mmol) by 

the microwave-assisted hydrothermal method and evaluated the influence of doping 

on photocatalytic activity. The diffractograms reveal the coexistence of two 

orthorhombic space groups (P21ma and Pbma) for all samples, with the fraction of 

each varying with the doping concentration. The micrographs show that pure NaNbO3 

exhibits a rod-like shape (diameter of ~200 nm and a length on the order of tens of 

micrometers). Doping did not induce significant morphological changes; however, the 

appearance of some cubic grains of varying sizes was observed. The bandgap of the 

doped samples (3.23 eV) was reduced compared to the pure sample (3.32 eV). The 

doped samples exhibited superior photocatalytic activity, as evidenced by the 

removal of the dye Rhodamine B (RhB). The sample containing 0.1 mmol of the 

impurity ion showed the best photocatalytic discoloration result, achieving 100% RhB 

removal in 45 minutes. The reduced bandgap, greater ability to absorb light, and the 

lower electron-hole recombination rate (as revealed by photoluminescence emission) 

contributed to the enhanced photocatalytic performance of the doped samples.  

Therefore, this study provides a new a reference for future investigations into NaNbO3 

doping for photocatalytic applications. 

Keywords: sodium niobate, rods, Al-doping, photocatalysis. 
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1. Introduction 

The contamination of water has become a global problem, given the importance 

of this natural resource for sustaining life on Earth. Several approaches for water 

purification have been proposed, including heterogeneous photocatalysis [1-3]. The 

photocatalytic process involves the activation of a semiconductor by photons. 

Electrons are promoted from the valence band (VB) to the conduction band (CB), 

thus forming electron/hole pairs (e-/h+). These charge carriers can directly 

oxidize/reduce various pollutants and also generate reactive species, which 

subsequently react with the substance of interest [1-3]. Doping has emerged as an 

effective strategy to enhance the performance of photocatalysts [4-14]. Controlled 

incorporation of impurity ions can reduce the bandgap, thereby decreasing the energy 

required to generate e-/h+ pairs. Furthermore, it can delay the recombination of 

photogenerated charges due to the formation of intermediate energy levels, thus 

improving photocatalytic activity. 

Sodium niobate (NaNbO3) is a semiconductor that has proven to be highly 

efficient as a photocatalyst to degrade various contaminants [1,2,15-17]. In particular, 

presents an interesting grain growth mechanism. Under hydrothermal conditions a 

metastable phase of sodium hexaniobate (Na2Nb2O6·H2O) wires initially forms [18-

22]. As the synthesis progresses, nucleation of cubic crystals occurs on the wires 

through Ostwald ripening process, transforming the shape particles [19,22]. However, 

the calcination of this Na2Nb2O6·H2O phase allows the formation of one-dimensional 

NaNbO3 [18,22] with superior photocatalytic activity when compared to cubes [22-

24]. Regarding the doping of the NaNbO3, studies are primarily focused on structural 

and luminescent analyses [25-33]. Few studies have explored the photocatalytic 

activity [34-38], highlighting the potential for exploring a broad range of ions. Notably, 

studies on doping semiconductors with aluminum (Al) ions show encouraging results, 

with the additional benefit of the low cost of this metal [5-14]. 

Considering the above, we synthesized NaNbO3 rods with Al(III) (0.00, 0.05 and 

0.10 mmol) by the microwave-assisted hydrothermal technique. The impact of doping 

on photocatalytic activity was evaluated by the removal of Rhodamine B (RhB) dye. 

The results obtained were very promising and demonstrate that NaNbO3 doped with 

Al(III) presents good prospects for photocatalytic applications. 
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2. Experimental methods 

2.1. Synthesis 

Pure NaNbO3 (SN) was synthesized based on previous studies, with 

modifications [1-3]. First, 10 g of NaOH (Merck, 99.0%) was dissolved in distilled 

water, and 1 g of Nb2O5 (supplied by CBMM) was added, followed by magnetic stirring 

at room temperature. The solution was then heated to 150 °C in an adapted-

microwave (800 W) for 105 min. The resulting solid was washed with distilled water 

until neutral pH, and dried at 90 °C overnight. The final powder was calcined at 550 

°C for 2 h. For the doped samples, Al(NO3)2·9H2O (Sigma-Aldrich, 97.0%) was added 

to the precursor solution to obtain 0.05 mmol (SNA1) and 0.1 mmol (SNA2) of Al (III), 

repeating the same procedure and conditions. 

 

2.2. Characterization 

All samples were characterized by X-ray diffraction (XRD) (Ultima IV, RIGAKU) 

with Cu-Kα radiation (λ=1.5406 Å). Morphological investigations were carried out by 

scanning electron microscopy (SEM) using a Field Emission Gun-Electron 

Microscope (Supra 35, ZEISS), operating at 5 kV. Band gap energies were estimated 

using the Wood/Tauc method through the diffuse reflection spectroscopy by a UV-

Vis spectrometer (HR2000 +, OCEAN OPTICS). The photoluminescence (PL) was 

analyzed using a fluorescence spectrometer (Cary Eclipse, AGILENT), with excitation 

laser of 260 nm.  

 

2.3. Photocatalytic activity 

The photocatalytic activity was evaluated by removing RhB dye (1×10-5 M) 

under UV irradiation (06 lamps of 15 W each, λ = 254 nm). The photocatalyst dosage 

was 50 mg for 50 mL of dye solution. All samples were stirred for 30 min in the dark 

to achieve adsorption-desorption equilibrium. The variation in RhB concentration was 

determined by absorbance, using a UV-Vis spectrophotometer (SP200 UV, BEL 

PHOTONICS). The removal percentage of RhB was defined by the equation 

(C0 − C)/C0 × 100%, where C0 and C are initial and residual RhB concentrations, 

respectively. The experiments were performed in triplicate. 
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3. Results and discussion 

The XRD patterns (Fig. 1a) indicate the coexistence of two orthorhombic 

symmetries in all samples, space groups P21ma and Pbma, as according to the 

crystallographic cards JCPDS 82-606 and JCPDS 33-1270, respectively. This 

polymorphism is consistent with the literature [39-41]. As observed by Teixeira et al. 

[39] and Htet et al. [41], the two-phase mixture provided the best fit in structural 

refinement compared to individual phases. Structural refinement was performed 

using the Rietveld method (Fig. S1a-c) and the lattice parameters and percentage of 

each phase are presented in Table 1. Gouget et al. [40] reported that crystallization 

at low temperatures (600 °C) favors the acentric P21ma phase, while higher 

temperatures (below 950 °C) promote the formation of the centrosymmetric Pbma 

structure. All samples were crystallized at the same temperature (550 °C), and it was 

observed that the phase ratio varies among the samples. This suggests that the 

lattice structure of NaNbO3 may be influenced by doping with Al(III), possibly due to 

charge compensation. This finding opens up a range of possibilities for future 

research with other impurity ions. 

The SEM micrographs are shown in Fig. 1b-d. The SN sample has rod-like 

shape, with an average diameter of approximately 200 nm and lengths in the range 

of tens of micrometers. Although the incorporation of the dopant did not induce 

significant morphological changes, largely preserving the rod-like shape, the 

emergence of some cubic grains of varying sizes was observed. This result indicates 

that Al(III) may have exerted a catalytic effect, accelerating particle coalescence 

through the Ostwald ripening process. In the study by Valzan et al. [42] using Zr as 

dopant, an inverse effect was observed, where Zr delayed the coalescence of 

particles. Initially, the sample exhibited a cubic morphology, which transformed into 

wire-like structures as the concentration of the impurity ion increased. 

The photocatalytic experiment (Fig. 2a) showed that the doped samples showed 

higher activity, indicating that the doping was highly beneficial. After 45 minutes of 

light irradiation, the percentages of dye removal by the action of photocatalysts SN, 

SNA1 and SNA2 were 57%, 87% and 100%, respectively. To understand the 

photocatalytic mechanism, an experiment with radical scavengers was conducted 

using the SNA2 photocatalyst (Fig. 2b). In the presence of isopropanol (C3H8O), a 

typical hydroxyl radical (•OH) scavenger, and disodium ethylenediaminetetraacetate 
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(EDTA), h+ scavenger, the dye removal decreased to 10% and 25%, respectively. 

This suggests that •OH and h+ are crucial active species. In contrast, the presence of 

silver nitrate (AgNO3) had no effect on discoloration, suggesting that e- are not directly 

active species in the photocatalytic reaction. Additionally, a reuse experiment was 

conducted with the SNA2 sample. After three consecutive cycles, no significant 

decrease in photocatalytic activity was observed. This indicates that the photocatalyst 

can be considered stable. 

 

 

 

Figure 1. (a) XRD patterns and (b-d) SEM images. 
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Table 1 

Structural parameters from Rietveld refinement. 

P21ma 

Parameters SN SNA1 SNA2 

Wt% phase 81.62 61.09 58.85 

a [Å] 5.54136 5.55417 5.56196 

b [Å] 7.78181 7.77939    7.78260 

c [Å] 5.51198 5.51265 5.50417 

V [Å3] 237.687 238.191 238.257 

χ2 1.96 1.88 1.67 

Pbma 

Parameters SN SNA1 SNA2 

Wt% phase 18.38 38.91 41.15 

a [Å] 5.57206 5.51671 5.51193 

b [Å] 15.54886 15.57152 15.55821 

c [Å] 5.50672 5.51456 5.54190 

V [Å3] 477.098 473.721 475.249 

χ2 1.96 1.88 1.67 

 

 

 

 

 
Figure 2. (a) Photocatalytic activity and (b) Experiment of active species. 
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All samples show strong absorption in the UV region (Fig. 3a), referring to the 

electronic transitions from the O2p orbitals in the valence band to the Nb4d orbitals 

in the conduction band [40]. In the doped samples, a slight red shift is observed, 

indicating that the photocatalysts can be excited with lower light energy, which is 

highly beneficial for photocatalytic processes. In addition, the increase in the doping 

concentration gradually led to improved light absorption capabilities. This explains the 

greater activity of the SNA1 and SNA2 samples. The inset shows the estimated band 

gap energies, where the SN exhibits a band gap of 3.32 eV, while the doped samples 

of approximate 3.23 eV. The band gap reduction can be attributed to the difference 

in valence between the metal ions, which introduces intermediate electronic states. 

Additionally, the presence of dopants can cause distortions in the crystal lattice, which 

also affects the overlap of the orbitals and, consequently, the energy of the optical 

gap. This behavior has also been observed in others doping studies with Al(III) 

[9,10,12,14]. 

The photoluminescence analysis (PL) is shown in Fig. 3b-c. The observed 

emissions are similar across all samples and suggest that recombination occurs 

through a multiphoton process, with main contributions in the blue and green regions. 

These emissions are associated with levels of surface and deep defects, respectively 

[43]. The photoluminescence emission is directly related to the recombination velocity 

of the e-/h+ pairs, where a lower emission indicates a lower recombination rate of the 

photogenerated charges [4,5,13,14]. Generally, this is correlated with an increase in 

photocatalytic activity, as it indicates that the e-/h+ pairs have more time to participate 

in oxidation-reduction reactions. This behavior was observed in this study, as 

evidenced by the reduction in blue emission intensity. Therefore, doping at these 

concentrations was able to reduce the recombination rate of photogenerated charges 

at surface levels, resulting in greater photocatalytic activity. 
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Figure 3. (a) Band gap and (b-d) PL emission. 

 

 

4. Conclusions 

NaNbO3 rods with Al(III) (0.00, 0.05, and 0.1 mmol) were prepared using the 

microwave-assisted hydrothermal synthesis. All samples exhibited two orthorhombic 

space groups, with doping altering the proportion of each phase. In contrast, doping 

did not significantly alter the shape or size of the grains. As the concentration of Al(III) 

increased, an enhancement in photocatalytic activity was observed. This 

improvement can be attributed to the reduced recombination of photogenerated 

charge carriers, decrease in the optical gap, and greater ability to absorb light. In 

conclusion, this study demonstrated that doping NaNbO3 with Al(III) was highly 

beneficial for photocatalytic activity. Thus, we hope that this research will serve as a 

new reference to expand investigations into the doping of NaNbO3 for photocatalytic 

purposes. 
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Supplementary Material for 

Synthesis of Al-doped NaNbO3 rods with enhanced  

photocatalytic activity 

 

 

 

 

 

RIETVELD REFINEMENT: Rietveld refinement of the XRD patterns was performed 

using the FullProf software. The Peak and background profiles were refined 

according to pseudo-Voigt function. 

 

 

 

 

Figure S1-a: SN Rietveld refinement. 
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Figure S1-b: SNA1 Rietveld refinement. 

 

 

 

 

 

Figure S1-c: SNA2 Rietveld refinement. 
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3.5 Artigo 5 

O artigo intitulado “Sodium niobate with high photocatalytic activity for the 

removal of organic dye and inactivation of Escherichia coli, Staphylococcus aureus, 

and Klebsiella pneumoniae bacteria: the effect of Zn doping on these properties” é 

apresentado conforme publicado no periódico Ceramics International (Online 

ISSN:1873-3956 and Print ISSN:0272-8842), classificação A1 na área de Materiais. 

 

 

 

 
Figura 14 - Resumo gráfico Artigo 5. 

Fonte: Elaborado pela autora, 2024. 
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A B S T R A C T 

NaNbO3 doped with Zn (0.00, 0.02, and 0.05 mmol) was synthesized by the 

microwave-assisted hydrothermal method. Photocatalytic and antibacterial activities 

were investigated. X-ray diffraction revealed the coexistence of two orthorhombic 

symmetries (P21ma and Pbma), with doping promoting a progressive increase in the 

Pbma fraction. All samples exhibited a fiber-like shape (diameter of ~200 nm), which 

remained unchanged with doping. The low Zn content (0.02 mmol) reduced the band 

gap energy from 3.08 to 2.95 eV. As a result, this sample exhibited superior 

photocatalytic activity, achieving 100% RhB dye degradation within 45 min, under UV 

light. Scavenger tests revealed that hydroxyl radicals, holes, and superoxide radical 

anions were the main active species involved in the photocatalytic reaction. 

Additionally, the photocatalyst demonstrated excellent recyclability over three 

consecutive cycles. Pure NaNbO3 exhibited strong antibacterial activity, completely 

inhibiting the growth of S. aureus, E. coli, and K. pneumoniae at the tested 

concentrations. Although the Zn-doped sample also demonstrated antibacterial 

action, the response was concentration-dependent. This study is the first report on 

Zn doping in NaNbO3, as well as the first investigation of its antibacterial activity 

against K. pneumoniae and S. aureus. 

Keywords: sodium niobate, zinc, doping, photocatalysis, antibacterial action. 
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1. Introduction 

Photocatalysis has been recognized as an effective technology for addressing 

environmental challenges [1]. However, the efficiency of photocatalysts is often 

limited by their narrow light absorption range and the rapid recombination of 

photogenerated electron/hole pairs (e-/h+). Among the various strategies to overcome 

these limitations, doping stands out as a promising approach, as it alters the 

electronic structure of the host material [2,3]. The incorporation of impurity ions can 

reduce the optical band gap and delay the recombination of charge carriers. As a 

result, the photocatalytic activity can be substantially improved. 

Sodium niobate (NaNbO3) has emerged as a promising photocatalyst [1,2,4,5]. 

It is thermodynamically stable, resistant to corrosion, and exhibits low toxicity, 

properties that are particularly attractive for photocatalytic applications. However, 

studies investigating the influence of doping on its photocatalytic activity remain 

scarce. Research involving dopants such as N, Ca, Al, K, V, and Ta has been 

conducted, demonstrating significant improvements in photocatalytic performance 

[2,6-10]. Despite these advances, no studies to date have explored the use of Zn as 

a dopant, although it has shown promising results in other semiconductor lattices and 

offers the additional advantage of low cost [11-13]. 

Despite the growing interest in antibacterial materials, studies on the use of 

NaNbO3 for this purpose remain limited. Most existing research focuses on its ability 

to generate reactive oxygen species under external stimuli, leading to bacterial 

inactivation. For instance, E. coli has been inactivated via photopiezocatalysis using 

NaNbO3 and NaNbO3/ZnO [14,15], while the NaNbO3/CdS proved effective against 

Salmonella through the pyroelectric effect [16]. Notable results against E. coli were 

also obtained using sintered and polarized NaNbO3 ceramics modified with Ca and 

Mg ions [17]. In the absence of external stimuli, antibacterial activity against E. coli 

and S. aureus was only reported for the BiFeO3/ NaNbO3 composite [18]. In this 

context, evaluating the antibacterial activity of NaNbO3 through direct interaction with 

bacteria, without external stimuli, represents a relevant approach. In this context, 

evaluating the antibacterial activity of NaNbO3 through direct interaction with bacteria, 

without external stimuli, represents a relevant approach. Additionally, exploring 

whether Zn doping enhances this response is of particular interest, given that Zn ions 

are recognized for their strong antimicrobial properties [19,20]. 
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In this study, Zn-doped NaNbO3 (0.00, 0.02, and 0.05 mmol) was synthesized 

to investigate the effects of Zn incorporation on its photocatalytic and antibacterial 

properties. The photocatalytic activity was evaluated through the degradation of 

Rhodamine B (RhB), an industrial dye known for its high toxicity, resistance to 

degradation, and carcinogenic and mutagenic effects on biodiversity [21-23]. The 

antibacterial activity was investigated against clinically relevant bacteria: Klebsiella 

pneumoniae (K. pneumoniae), S. aureus, and E. coli.  

 

2. Experimental  

2.1. Synthesis 

NaOH (Merck, 99.0%), N2bO5 (donated by CBMM), and Zn(NO3)2·6H2O (Sigma-

Aldrich,97.0%) were used as precursor materials. The synthesis of the samples was 

based on a previously reported methodology, with some modifications [2]. Briefly, an 

aqueous solution containing NaOH, N2bO5, and varying concentrations of Zn ions 

was prepared. This solution was transferred to a reaction cell coupled to an adapted-

microwave (800 W, 2.45 GHz) and heated at 150 °C for 90 min. The resulting solid 

was washed several times, dried overnight at 90 °C, and calcined at 550 °C for 2 h. 

The samples were designated as SN (undoped), SNZ1 (0.02 mmol), and SNZ2 (0.05 

mmol). 

 

2.2. Characterization 

X-ray diffraction (XRD) analysis was performed using a diffractometer (Ultima 

IV, RIGAKU) with Cu-Kα radiation (λ=1.5406 Å). Morphological characterization was 

carried out by scanning electron microscopy (SEM) using a Field Emission Gun-

Electron Microscope (Supra 35, ZEISS), operating at 5 kV. UV-Vis diffuse reflectance 

was recorded using a UV-vis spectrophotometer (HR2000+, OCEAN OPTICS), and 

the band gap energy was estimated using the Wood/Tauc equation.  

 

2.3. Photocatalytic activity 

The photocatalytic experiment was conducted under UV lamps (6x15 W, 

λmax=254 nm). Firstly, 50 mg of photocatalyst was stirred in 50 mL of RhB dye (1x10-

5 mol.L-1) under dark conditions for 30 min to achieve adsorption-desorption 

equilibrium.  An adsorption experiment was performed (Fig. S1). Subsequently, the 
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solution was exposed to light, and aliquots were collected at specific time intervals. 

The aliquots were analyzed by measuring the absorbance at 554 nm, which 

corresponds to the maximum absorption wavelength of RhB, using a UV-Vis 

spectrophotometer (SP200 UV, BEL PHOTONICS). The removal efficiency of RhB 

was calculated using the C/C0 ratio, where C0 and C represent the initial and residual 

concentrations of RhB, respectively. In the reuse test, the ratio between the 

photocatalyst and the dye solution was maintained at 1 mg/1 mL. The experiments to 

determine the active species were conducted using disodium 

ethylenediaminetetraacetate (EDTA), isopropyl alcohol (C3H8O), silver nitrate 

(AgNO3), and p-benzoquinone (C6H4O2) as scavengers of h+, •OH (hydroxyl radical), 

e-, and •O2- (superoxide radical anion), respectively. 

 

2.4. Antibacterial activity 

Strains of K. pneumoniae (ATCC 10031), S. aureus (ATCC 25923), and E. coli 

(ATCC 25922) were grown on Mueller-Hinton (MH) agar for 24 h at 37 °C. The 

samples were diluted in dimethyl sulfoxide (DMSO) and then added to MH medium 

at concentrations of 2.5 mg/mL and 1.25 mg/mL. The prepared medium was 

immediately dispensed into sterile Petri dishes. The bacterial strains were then 

subcultured on MH agar and incubated for 24 h at 37 °C in the presence of the 

medium containing different sample concentrations. For the negative control, only MH 

medium was used, and for the positive control, the bacteria were inoculated in MH 

medium without the addition of samples. After the incubation period, colony-forming 

units (CFU) were counted and converted to log CFU/mL for graphical analysis. Data 

are expressed as mean ± standard deviation from duplicate measurements. Means 

were compared using two-way analysis of variance (ANOVA), followed by Dunnett’s 

multiple comparison test. p ≤ 0.05 indicated a statistically significant difference. 

 

3. Results and discussion 

3.1. Structural analysis (XRD and SEM) 

XRD patterns (Fig. 1a) show the coexistence of two orthorhombic symmetries, 

corresponding to the space groups P21ma and Pbma (JCPDS82-606 and JCPDS33-

1270, Fig. 1b). This polymorphism is consistent with the literature [2,24-26]. The 

acentric P21ma phase is favored under low-temperature crystallization conditions 
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[25], and indeed, the undoped sample (SN) exhibited a higher fraction of this 

symmetry. Upon doping, a progressive increase in the Pbma phase fraction was 

observed. This evolution can be attributed to the charge disorder introduced into the 

crystal lattice by the incorporation of the dopant. Such disorder contributes to the 

formation of 180° twin domains of the P21ma phase, in which the local polarizations 

are reversed [26]. When these twinned regions are periodically arranged, the 

resulting average structure corresponds to the centrosymmetric Pbma phase [25,26]. 

This mechanism is consistent with the findings reported by Htet et al. [26], who 

observed similar behavior in NaNbO3 doped with Ca/Zr. The structural refinement 

using the Rietveld method showed good agreement between the theoretical and 

experimental patterns (Fig. S2a-c), and the corresponding lattice parameters are 

presented in Table 1. 

SEM images (Fig. 1c) reveal that all samples exhibit a fiber-like shape, with an 

average diameter of ~200 nm and lengths on the order of several tens of micrometers. 

Doping did not induce significant morphological changes (Fig. 2a–d). This one-

dimensional (1D) morphology is obtained through dehydration of the Na2Nb2O6.H2O 

phase [1,4] and offers advantages over the typical cubic grain shape of NaNbO3. Due 

to its greater surface/volume ratio and anisotropy, this 1D structure favors the 

transport and separation of charges, in addition to providing more active sites for 

reactions [1,4,5]. 

 

3.2. UV-vis analysis  

All samples exhibited band gap energies in the UV region (Fig. 2), referring to 

electronic transitions from O2p orbitals in the VB to Nb4d orbitals in the CB [1]. Among 

them, the SNZ1 sample showed the lowest band gap, estimated at 2.95 eV. Zn ions 

have fully filled 3d orbitals, which can easily hybridize with O2p orbitals, shifts the top 

of the VB towards the Fermi level and a consequent reduction in the band gap [27]. 

This slight red shift is beneficial for the photocatalytic process, as it means that less 

energy is required to activate the photocatalyst. However, increasing the doping level 

(SNZ2) resulted in a band gap of 3.08 eV, approaching that of the undoped sample. 

This phenomenon may be attributed to the Burstein-Moss effect. The increase in 

charge carrier density pushes the Fermi level into the CB, thereby increasing the 

energy required for a photon to induce an electronic transition and consequently 
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widening the optical band gap [28]. A similar behavior was observed by X et al. upon 

doping NaNbO3 with Ca [10]. 

 
 

 

Figure 1. (a) XRD patterns, (b) Crystal structures, and (c) SEM images. 

 

 

Table 1 

Crystallographic data obtained from Rietveld refinement. 

Parameters 
Symmetry P21ma Symmetry Pbma 

SN SNZ1 SNZ2 SN SNZ1 SNZ2 

Wt% phase 84.30 65.53 46.62 15.70 34.47 53.38 

a [Å] 5.54980 5.56708 5.56194 5.54020 5.54498 5.53718 

b [Å] 7.78291 7.78730 7.78516 15.61409 15.56814 15.57306 

c [Å] 5.50994 5.52073 5.51741 5.48980 5.50514 5.50471 

χ2 1.82 1.81 1.68 1.82 1.81 1.68 
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Figure 2. Band gap energies. 

 

 

3.3. Photocatalytic activity 

The SNZ1 sample exhibited superior photocatalytic activity, achieving 100% 

RhB decolorization within 45 min (Fig. 3a). In comparison, SN and SNZ2 reached 

approximately 88% removal in the same period. This enhanced response of SNZ1 is 

attributed to its smaller band gap energy, which reduces the energy required to 

generation e-/h+ pairs. These results indicate that the incorporation of a small 

concentration of Zn into the NaNbO3 lattice was highly beneficial for improving the 

photocatalytic performance. 

The experiment to determine the active species involved in the photocatalytic 

process (Fig. 3b) showed that scavenging •OH, h+, and •O2- reduced the RhB removal 

to 8%, 20%, and 9%, respectively. This demonstrates that these are the key reactive 

species in the photocatalytic reaction. In contrast, the elimination of e- did not 

influence the photocatalytic activity, suggesting that they are not directly involved as 

active species. Additionally, the SNZ1 sample was tested over three consecutive 45-

minute cycles, maintaining a consistent photocatalytic response, which confirms its 

stability for RhB pollutant degradation. 
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Figure 3. (a) Photocatalytic activity and (b) Scavenger experiment. 

 

 

 

3.4. Antibacterial activity 

The SN sample exhibited strong antimicrobial activity, completely inhibiting the 

growth of all bacteria at both concentrations tested (Table 2). The SNZ2 sample also 

demonstrated antibacterial action, though in a concentration-dependent manner. At 

2.50 mg/mL, complete inhibition was observed for all bacteria. However, at 1.25 

mg/mL, only K. pneumoniae was fully inhibited, while S. aureus and E. coli showed 

residual growth values of 3.85 and 4.10 log CFU/mL, respectively. The heightened 

sensitivity of K. pneumoniae may be attributed to its anionic surface, which promotes 

stronger interactions with Zn ions, increasing its susceptibility to their toxic effects. 

Although E. coli is also a Gram-negative bacterium, structural differences can 

influence its response to the compound may account for its reduced sensitivity. 

Interestingly, S. aureus, a Gram-positive bacterium, was more easily inhibited than 

E. coli.  This is possibly due to the less complex chemical composition of its cell wall, 

composed predominantly of peptidoglycan [29]. The behavior observed for SNZ2 

sample may be associated to the dual role of Zn in bacterial metabolism [30]. At 

appropriate levels, can act as an enzymatic cofactor, promoting cell growth. However, 

at high levels its toxic effects prevail. Therefore, the antibacterial efficacy of the doped 

sample depends not only on the concentration, but also on the biological 

characteristics of each bacterial strain. Given the pronounced antibacterial action of 
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NaNbO3, doping with Zn did not lead to any significant improvement under the tested 

conditions. 

 

 

Table 2 

Bacterial activity. 

SN  

Concentration 

[mg/mL] 

Positive control 

[Log CFU/mL] 

K. pneumoniae 

[Log CFU/mL] 

S. aureus 

[Log CFU/mL] 

E. coli 

[Log CFU/mL] 

1.25 5.30 0 0 0 

2.50 5.30 0 0 0 

SNZ2  

Concentration 

[mg/mL] 

Positive control 

[Log CFU/mL] 

K. pneumoniae 

[Log CFU/mL] 

S. aureus 

[Log CFU/mL] 

E. coli 

[Log CFU/mL] 

1.25 5.30* 0 3.85* 4.10* 

2.50 5.30* 0 0 0 
         

 Statistical significance was indicated when *p ≤ 0.05. 

 

 

 

4. Conclusions 

In conclusion, Zn-doped NaNbO3 samples were successfully synthesized using 

the microwave-assisted hydrothermal method. Structural analysis confirmed the 

coexistence of orthorhombic symmetries, with doping progressively altering their 

fractions without affecting the fiber-like morphology. The photocatalytic activity of 

NaNbO3 was enhanced by the addition of 0.02 mmol of Zn, which is attributed to a 

reduction in the band gap. The material exhibited effective degradation of RhB dye 

under UV light. However, when the Zn content was increased to 0.05 mmol, the band 

gap widened, reaching a value similar to that of the undoped sample, and the 

photocatalytic activity remained similar to pure NaNbO3. Antibacterial tests revealed 

that undoped NaNbO3 exhibits potent antimicrobial activity against K. pneumoniae, 

S. aureus, and E. coli. The incorporation of Zn introduced a concentration-dependent 

effect and did not enhance the antibacterial response under the tested conditions, 
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highlighting the critical role of this ion in bacterial metabolism. As far as we are aware, 

this is the first report on Zn doping in NaNbO3, as well as the first to explore its 

antibacterial action against K. pneumoniae and S. aureus. These findings not only 

expand the understanding of doping effects on the photocatalytic activity of NaNbO3 

but also highlight its potential application in combating pathogenic microorganisms. 
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Figure S1: Adsorption experiment. 

 

 

 

RIETVELD REFINEMENT: Rietveld refinement of the XRD patterns was performed 

using the FullProf software. The Peak and background profiles were refined 

according to pseudo-Voigt function. 
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Figure S2-a: SN Rietveld refinement. 

 

 

 

 

 

Figure S2-b: SNA1 Rietveld refinement. 
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Figure S2-c: SNA2 Rietveld refinement. 
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4 Considerações finais 

Esta tese foi construída a partir de cinco artigos científicos que investigaram 

o uso do NaNbO3, uma perovskita livre de chumbo, como fotocatalisador e agente 

antimicrobiano. O desenvolvimento da pesquisa aconteceu de forma progressiva, 

partindo da síntese de nanofios e nanogrãos de NaNbO3, passando pela construção 

de uma heteroestrutura com eumelanina e, por fim, modificações via dopagem com 

íons metálicos de Cu(II), Al(III) e Zn(II). 

No primeiro artigo, foi demonstrado que a síntese hidrotérmica assistida por 

micro-ondas é uma técnica eficiente para a obtenção de nanofios de NaNbO3, com 

tempo de síntese inferior aos relatados na literatura. Ademais, o aumento da 

temperatura de calcinação transformou os nanofios em nanogrãos, os quais 

apresentaram desempenho fotocatalítico superior, promovendo a degradação total 

do corante RhB em aproximadamente 50 minutos. Essa alta eficiência foi atribuída 

à combinação entre cristalinidade, que reduz a taxa de recombinação dos pares e-

/h+, e a morfologia dos nanogrãos, devido à maior proporção de átomos com 

coordenação incompleta, que os torna mais reativos.  

No segundo artigo, foi desenvolvido um fotocatalisador heteroestruturado 

composto pelos nanogrãos de NaNbO3, previamente sintetizados, e eumelanina. O 

compósito exibiu alta atividade fotocatalítica sob luz visível, evidenciada pela 

degradação total do corante RhB, representando um avanço significativo em termos 

de aproveitamento energético. A escolha da eumelanina, pigmento abundante na 

fauna e na flora, se deu por sua capacidade de absorver um amplo espectro de luz, 

além de ser um material de baixo custo e de fácil extração. Neste estudo, a fonte do 

pigmento foi resíduo de cabelo humano, que teria como destino o lixo comum. Assim, 

a reutilização desse material reforça a abordagem desta pesquisa, voltada à 

remediação ambiental. 

Nos três artigos seguintes, a influência da dopagem na rede hospedeira do 

NaNbO3 1D foi analisada. A inserção de Cu(II), Al(III) e Zn(II) promoveu alterações 

na simetria cristalina e influenciou significativamente as propriedades ópticas da 

perovskita. Em concentrações otimizadas, a dopagem reduziu o band gap e a taxa 

de recombinação das cargas fotogeradas. Isso resultou em uma maior eficiência na 

degradação do corante RhB, com remoção total em menos de 50 minutos. De acordo 
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com o estado da arte, não há investigações envolvendo NaNbO3 1D dopado com 

esses íons, o que evidencia o ineditismo e a relevância científica desta pesquisa. 

Com relação à atividade antimicrobiana, a dopagem com Cu(II) resultou na 

inibição do crescimento da bactéria E. coli, com a ação influenciada pela 

concentração do íon dopante. Em baixa concentração, o Cu(II) possivelmente atuou 

como cofator enzimático, favorecendo o crescimento bacteriano, enquanto que em 

concentrações mais elevadas o efeito tóxico foi predominante. No estudo com Zn(II), 

o NaNbO3 apresentou atividade antibacteriana expressiva contra E. coli, S. aureus e 

K. pneumoniae. Embora o material dopado também tenha exibido ação 

antibacteriana, sua resposta foi inferior à do material não dopado. Esse 

comportamento pode ser atribuído ao papel duplo do Zn(II), atuando como cofator 

ou agente tóxico. Além disso, nenhuma pesquisa anterior havia reportado a atividade 

antibacteriana do NaNbO3, sem estímulo adicional, contra E. coli, assim como não 

foram encontrados estudos sobre sua ação contra K. pneumoniae e S. aureus, 

evidenciando que esta pesquisa pode contribuir de forma significativa para a 

comunidade científica. 

Dessa forma, os resultados obtidos nesta tese demonstraram o grande 

potencial do NaNbO3, como fotocatalisador para a purificação de águas residuais, 

além de sua atuação como agente antimicrobiano. A dopagem e a formação de 

heteroestruturas mostraram-se abordagens eficazes para aprimorar a atividade 

fotocatalítica. A perovskita também apresentou boa estabilidade nos testes de 

reutilização realizados nos experimentos fotocatalíticos, característica importante 

para aplicações práticas. 

Como perspectivas futuras, há a possibilidade de desenvolver compósitos 

utilizando eumelanina extraída de outras fontes. Existe também uma vasta gama de 

íons dopantes que ainda podem ser investigados, bem como a atividade 

fotocatalítica do NaNbO3 frente a outros tipos de contaminantes. Outra linha de 

pesquisa promissora são estudos mais aprofundados sobre os mecanismos 

envolvidos na inativação bacteriana, assim como a análise do desempenho da 

perovskita frente a outros patógenos, como fungos, por exemplo. 
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