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RESUMO

A morfologia de um material nanoestruturado é determinante para suas propriedades. Tal
dependéncia se da pelo fato de que as regides superficiais de uma nanoparticula possuem atomos
com coordenacdo menor do que aquela exibida pelo material na forma de bulk. Por isso, grandes
esforcos vém sendo feitos para estudar as caracteristicas quimicas e fisicas das superficies por meio
do conhecimento de suas terminagdes, estabilidade e reatividade. A determinacdo destes
pardmetros ainda n&o é trivial para experimentalistas, de modo que célculos de estrutura eletrdnica
baseados na Teoria do Funcional da Densidade (DFT) tem auxiliado neste quesito. O sucesso do
estudo da morfologia de nanoparticulas via modelagem computacional, depende da simulacédo
precisa de cada uma das suas faces, o que significa conhecer qual é o arranjo dos &tomos mais
externos que corresponde a geometria de menor energia. Somente desta forma é possivel fornecer
informacBes a respeito de suas propriedades estruturais e eletrdnicas compativeis com dados
experimentais. Molibdatos e tungstatos metalicos com estrutura do tipo scheelita ABO4, onde A =
Ba, Ca, Cd, Pb ou Sre B = Mo ou W, tém sido fonte de diversos estudos e pesquisas devido a suas
excelentes propriedades dpticas e eletronicas, altas energias de superficie, nimero de sitios ativos
e alta seletividade. Tendo isso em vista, neste trabalho é feita a modelagem e simulagdo
computacional via teoria do funcional da densidade (DFT) aplicada a modelos periddicos dos
compostos ABO4. Foram analisados os efeitos das trocas do formador de rede (B) e dos
modificadores de rede (A) em cada uma das estruturas e na ordem de estabilidade relativa das
superficies. Foi feito um mapeamento geral de transformagdes morfoldgicas para qualquer material
que exiba a simetria do grupo scheelita. Foram propostas rotas de transformacdes morfoldgicas as
quais se associadas a resultados experimentais podem explicar e prever propriedades dependentes
das superficies destes compostos. A presente pesquisa pode auxiliar os experimentalistas a entender
e direcionar o controle da sintese da forma de sistemas ABO4, além de poder fornecer um indicativo

de propriedades desconhecidas e possiveis aplicagdes para estes materiais.

Palavras-chave: Molibdato, Tungstato, Scheelita, Morfologia, DFT, Simulagdo Computacional



ABSTRACT

The morphology of a nanostructured material is decisive for its properties. This dependence is
derived from the nanoparticle surface regions that possess lower coordination atoms than that of
the material in bulk form. Therefore, great efforts have been made to study surface chemical and
physical characteristics through the knowledge of their terminations, stability and reactivity.
Determining these parameters is still not trivial for experimentalists, so electronic structure
calculations based on the Density Functional Theory (DFT) have been useful. The success of
studying the morphology of nanoparticles via computational modeling depends on the accurate
simulation of each of its faces, which means knowing which is the arrangement of the outermost
atoms that correspond to the geometry of lower energy. Only in this way can it provide information
regarding its structural and electronic properties compatible with experimental data. Metallic
molybdates and tungstates with a structure of the ABO4 scheelite type, where A = Ba, Ca, Cd, Pb
or Sr and B = Mo or W, have been the source of several studies and research due to their excellent
optical and electronic properties, high surface, number of active sites and high selectivity. With
that in mind, this work performs modeling and computational simulation via density functional
theory (DFT) applied to periodic models of ABO4 compounds. The effects of changes in the lattice
former (B) and lattice modifiers (A) were analyzed in each structure and the relative stability order
of the surfaces. A general mapping of morphological transformations was done for any material
that exhibits the symmetry of the scheelite group. Routes of morphological transformations were
proposed, which, when associated with experimental results, can explain and predict the surface-
dependent properties of these compounds. The present research can help experimentalists
understand and direct the control of the synthesis of the shape of ABO4 systems, besides indicating

unknown properties and possible applications for these materials.

Keywords: Molybdate, Tungstate, Scheelite, Morphology, DFT, Computational Simulation
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B3LYP: Funcional hibrido (Becke, 3 parametros; Lee-Yang-Parr)
BaMoOa4: Molibdato de Bério

BaWOa: Tungstato de Bério

BC: Banda de conducao

BLYP: Funcional GGA Becke-Lee-Yang-Parr (BLYP)

Bulk: Ente da matéria condensada onde néo h efeitos de borda
BV: Banda de valéncia

CaMo0Oa4: Molibdato de célcio

CaWOa: Tungstato de calcio

CdMoOa4: Molibdato de cadmio

CIP: Ciprofloxacina

CN: Numero de coordenacgéo usual

CTAB: Brometo de Cetiltrimetilamonio

DFT: Density Functional Theory (Teoria do Funcional da Densidade)
DOS: Densidades de estados (density of states)

Egcc: Energia de centro de band gap (band gap center energy)



ECoN: Numero de Coordenacao Efetivo (Effective coordination number)

Egap: Energia do band gap (band gap energy)

El: Primeira energia de ionizagao

Egup: Energia de superficie (surface energy)

GGA: Aproximacdo do Gradiente Generalizado (Generalized Gradient Aproximation)
H,0,: Perdxido de hidrogénio

HF: Hartree-Fock

HSE: Funcional hibrido (Heyd-Scuseria-Ernzerhof)

IC: indigo carmim

KS: Kohn-Sham

LCAO: Linear Combination of Atomic Orbitals (Combinacdo Linear de Orbitais Atdmicos)
LDA: Local Density Aproximation (Aproximacao da Densidade Local)

LSDA: Local Spin-Density Aproximation (Aproximacdo Spin-Densidade Local)
meta-GGA: Meta-Generalized Gradient Approximation

ML: Machine Learning

05 : Radical superoxido

OA: Orbitais atdbmicos

OG: Laranja G

OPW: Ortogonalized Plane Waves (Ondas planas ortogonais)

PBE: Funcional GGA (Perdew-Becke-Ernzerhof)

PBEOQ: Verséo hibrida do funcional PBE com 25% de troca HF

PbMoOQOa4: Molibdato de chumbo



PbWOs: Tungstato de chumbo

PEG600: Polietilenoglicol 600

PVP: Polivinilpirrolidona

PWO91: Funcional GGA (Perdew-Wang)

r;(A%*): Raio idnico dos modificadores de rede A%t = Cd?*, Ca?*, Pb?*, Sr?*ou Ba?*
SA: Acido salicilico

Sal: salicilideno

SCF: Self consistent field (Campo autoconsistente)
SrMoOa4: Molibdato de estroncio

SrWOa: Tungsato de estroncio

TC: Tetraciclina

V(r): Potencial eletrostatico

WCILYP: Funcional hibrido de um pardmetro que combina o funcional de troca WC com 16%

de troca HF e o funcional de correlacdo LYP.
(hKl): indices de Miller

» OH: Radical hidroxila

» OOH: Radical hidroperoxila

[(nkry: Razdo de energia de superficie

p(r): Densidade eletronica

x: Eletronegatividade Mulliken
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1. Introducdo

1.1. A DFT na Ciéncia dos Materiais

A mecénica quantica é a base da quimica moderna, e por meio desta teoria é possivel prever e
entender as propriedades dos materiais. Para isso, € utilizado o conceito de fun¢éo de onda, a qual
descreve o0 estado quéntico de um sistema e contém todas as suas informacGes. Entretanto, o
numero de funcdes de onda necessarias para descrever um sistema via mecanica quantica cresce
exponencialmente com o nimero de particulas (DIRAC, 1929). Dessa forma, ndo é possivel obter
informagdes de sistemas complexos somente usando métodos analiticos. Para superar este
obstaculo, uma nova area cresceu notavelmente nas Ultimas décadas, a quimica computacional,

especialmente devido aos grandes avangos na ciéncia da computacao e suas tecnologias.

Uma revolugdo tem sido vista na area e espera-se que seja intensificada nos préximos anos
devido ao progresso significativo da machine learning (ML). Partindo de certas condi¢des, como
uma quantidade consideravel de dados de treinamento (conjunto de inputs e outputs conhecidos) e
algoritmos apropriados, por meio da ML, é possivel obter uma ampla gama de informacoes e
propriedades de materiais com custo computacional drasticamente reduzido (DRAL, 2020).
Existem inumeros exemplos de seu uso em campos como dinamica molecular (AGRAWAL et al.,
2006), metadinamica (BEHLER et al., 2008; PRUDENTE; ACIOLI; NETO, 1998), simula¢es de
Monte Carlo (BROWN; GIBBS; CLARY, 1998) e simula¢es quimicas de realidade virtual em
tempo real (AMABILINO et al., 2019), além da descoberta de novas drogas em escalas

anteriormente impensaveis (BUTLER et al., 2018).

Neste contexto, espera-se que os métodos de quimica computacional, em especial aqueles que
utilizam a mecénica quantica, fornegcam uma grande quantidade de dados de treinamento com alta
confiabilidade para algoritmos de ML, ocupando papel central na ciéncia dos materiais nos
préximos anos. Dentro da quimica computacional, existem muitas teorias e algoritmos, sendo o
mais utilizado nas Ultimas decadas, a Teoria do Funcional da Densidade (do inglés, DFT). Célculos
de energia total, avaliacdo de potenciais eletrostaticos, e espectros energéticos tanto de estruturas
cristalinas quanto de moléculas e complexos organicos podem ser obtidos de modo direto por meio

de métodos DFT (SCHLEDER et al., 2019). Metais, semicondutores e isolantes podem ter suas
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estruturas de bandas analisadas por meio da DFT. Massas efetivas de elétrons e buracos, bem como
band gaps e transicGes Opticas podem ser estimados.

As origens da DFT remontam ao final da década de 1920 e inicio da década de 1930, com o
surgimento de alguns métodos aproximados para estudar sistemas com varios elétrons, como o
modelo de Hartree (HARTREE, 1928), que busca obter os observaveis a partir da construcdo
aproximada da funcéo de onda e o modelo de Thomas-Fermi-Dirac (THOMAS, 1927) que tentou
descrever os sistemas por meio de sua densidade eletrbnica. Em 1964, Hohenberg e Kohn
(HOHENBERG; KOHN, 1964) publicaram um artigo que se tornou paradigma para a compreensao
das propriedades dos materiais, hoje conhecido como DFT. Atualmente vérios pacotes
computacionais tém sido desenvolvidos para explorar sistemas via DFT, como por exemplo o
VASP (Vienna Ab initio Simulation Package) (HAFNER, 2008), SIESTA (SOLER et al., 2002),
CASTEP (CLARK et al., 2005), QUANTUM ESPRESSO (GIANNOZZI et al., 2017), e 0
CRYSTAL (DOVESI et al., 2005).

1.2. Relacédo bulk-superficie dentro da quimica teorica

Um tdpico emergente na quimica computacional e tedrica € o estudo das formas em nanoescala.
A morfologia de uma nanoparticula é determinante para as propriedades exibidas por um material.
Tal dependéncia é devida as regides superficiais de uma nanoparticula que possuem atomos com
coordenacdo menor do que aquela exibida pelo material na forma de bulk. Por isso, grandes
esforgos vém sendo feitos para estudar as caracteristicas quimicas e fisicas das superficies por meio
do conhecimento de suas terminagdes, estabilidade e reatividade. A determinacdo destes
parametros ainda ndo é trivial para experimentalistas, de modo que célculos de estrutura eletrénica

baseados na DFT tem auxiliado neste quesito.

SimulagGes computacionais sdo vantajosas no que se refere ao controle preciso do meio,
estrutura e composi¢do das superficies. Em modelos computacionais, as superficies se encontram
livres de contaminantes e podem ser construidas com facilidade, além disso, reconstrugdes
metaestaveis complexas também podem ser descritas minuciosamente. Um paradmetro crucial para
o estudo teorico de superficies € a energia de superficie (E,,), a qual descreve qual € a estabilidade
da superficie em relacdo ao bulk. Associando as restricdes geométricas ligadas a simetria do
material com os valores de Eg,,, € possivel descrever quais sdo as taxas de crescimento relativas

das faces de uma nanoparticula. Tais taxas sdo responsaveis pelas transformacdes morfoldgicas
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devido ao aparecimento/desaparecimento das faces. Faces com altas taxas de crescimento

desaparecem mais rapidamente em comparagao as que possuem crescimento lento.

A relagdo entre E,,, e a morfologia de um cristal pode ser descrita através da construgdo de
Wulff, segundo a qual, a distancia interplanar (h;,) de uma face com indices de Miller (hkl) é
proporcional a Ej,,,. Deste modo, quanto maior o valor de E,,, maior sera h;, € menor sera a

area exposta da face correspondente ao plano (hkl) na morfologia final do cristal. Estas ideias,
associadas com os resultados obtidos via DFT, constituem uma abordagem ja consolidada na
ciéncia dos materiais, permitindo a elaboracdo de uma infinidade de rotas de transformacdes
morfologicas, previsbes, associacdes com resultados experimentais, descricdo da forma e
configuracdo atdmica das regides superficiais de um cristal e suas respectivas propriedades
estruturais e eletronicas (ALAMANI; GALE; RIMER, 2021; LACERDA; SAN-MIGUEL, 2021;
LACERDA,; SAN-MIGUEL,; DE LAZARO, 2021; YAN; XUE; MEI, 2021). Esta abordagem pode
orientar o controle de variaveis experimentais como pressdo, temperatura, surfactantes, pH e tempo

de reacdo para a obtencdo de morfologias cujas faces exibam propriedades de interesse.

1.3. Molibdatos e tungstatos scheelita

Dentro da classe dos Oxidos ternarios, molibdatos e tungstatos metalicos formam um
importante e numeroso grupo de compostos, com diversas aplica¢cbes como fibras dpticas (ZHU et
al., 2011), materiais cintilantes (KACZMAREK; DEUN, 2013; NAGORNAYA et al., 2009) e
multiferréicos (EERENSTEIN; MATHUR; SCOTT, 2006; WIEGELMANN et al., 1996), sensores
de umidade (ARULARASU et al., 2017; BLANK; EKSPERIANDOVA; BELIKOV, 2016),
lubrificantes em alta temperatura (GULBINSKI et al., 2003), inibidores de corrosao
(ROBERTSON, 1951; VUKASOVICH; FARR, 1986), baterias (SOTTMANN et al., 2017),
antenas (XI et al., 2015) e catalisadores (LI et al., 2015; RATOVA; WEST; KELLY, 2015).

Entre os molibdatos e tungstatos metalicos, aqueles que possuem estrutura do tipo scheelita
com formula ABQOg4, onde A = Ba, Ca, Cd, Pb ou Sr e B = Mo ou W, tém sido fonte de diversos
estudos e pesquisas devido as suas excelentes propriedades Opticas e eletrdnicas, altas energias de
superficie, nimero de sitios ativos e alta seletividade (DU et al., 2015; PILLAI et al., 2011). O
nome scheelita é devido ao quimico sueco Carl Wilhelm Scheele, responsavel pela descoberta dos
elementos quimicos molibdénio (Mo) e tungsténio (W) (ZHOU et al., 2018). A estrutura scheelita

possui simetria tetragonal de corpo centrado com grupo espacial /44, (n° 88) e grupo de ponto
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C2,. Nestas estruturas, os a&tomos que ocupam os sitios A sdo os modificadores de rede e constituem
poliedros de coordenagéo do tipo [AOg] formando decaedros, enquanto os atomos presentes no
sitio B sdo os formadores de rede e se encontram em poliedros de coordenacdo [BO4] formando

tetraedros.

Estrutura scheelita ABO,

Poliedros de
Coordenacgao [AOg]

W

Poliedros de
Coordenacgéao [BO,]

A =Ba, Ca, Cd,Pbe Sr
B=MoeW

Figura 1. Célula unitaria dos compostos ABO4 scheelita, composta poliedros de coordenagéo
[AQOg] e [BO4].

A relacdo entre os parametros de sintese (pH, temperatura, tempo de reacdo, surfactantes,
precursores) e a morfologia exibida por estes materiais tem sido foco de diversos estudos (DA et
al., 2016), sendo destacados a seguir alguns deles. Wang et al. (2014a) prepararam estruturas
hierarquicas 3D de CdMoOs a partir de nanoplacas via método hidrotermal com alta eficiéncia
fotocalitica na degradacdo da rodamina B sob irradiacdo ultravioleta. A modulagdo morfolégica
dos produtos foi feita alterando a concentracdo de reagentes, temperatura de reacdo, fonte de
molibdénio, valor de pH e tempo de reacdo. O processo de formagdo das estruturas hierarquicas de
CdMoOs ocorreu em duas etapas, onde as nanoplacas principais de CdMoO4 foram formadas

primeiro na sintese, seguida pela autoconstrucao de pequenas nanoplacas ao redor das primeiras.

Lv et al. (2012) reportaram microcristais de CaMoO4 com morfologia variavel e propriedades
luminescentes via método hidrotermal. Por meio do controle do tempo de reacdo, temperatura e

quantidade de aditivos orgéanicos, foram obtidas diversas morfologias como particulas, halteres e
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flores. A luminescéncia das estruturas variou com o tempo de reacdo e a temperatura, sendo
otimizada a 200 °C e 45h. Nobre et al. (2021) estudaram nanoparticulas de CaWO4 via método
hidrotermal utilizando temperaturas de 100 °C até 160 °C por 1h. Poliedros irregulares foram
observados com band gap entre 3,90 eV até 4,01 eV. Nanoparticulas obtidas a 100 °C exibiram a
maior performance efetiva entre as amostras sintetizadas na reacdo fotocatalitica em solucdo de
rodamina B, promovida pela oxidagao das moléculas de rodamina B através da reagdo com radicais

superdxido.

Hernandez-Uresti et al. (2016) analisaram particulas de PbMoO obtidas utilizando método
solvotérmico assistido por microondas e convencional, as quais exibiam diferentes morfologias,
grau de cristalinidade e tamanho. Foi avaliada a atividade fotocatalitica das particulas de PbMoO4
na degradacdo dos compostos indigo carmim (IC), laranja G (OG), tetraciclina (TC), &cido
salicilico (SA) e ciprofloxacina (CIP) em solugdo aquosa sob radiacdo UV-vis. As amostras obtidas
via método solvotérmico assistido por microondas exibiram maiores atividades fotocataliticas na
decomposicdo do TC, CIP, IC, SA e OG, os sistemas obtidos via método solvotérmico tradicional
exibiram maior atividade fotocatalitica para geragdo de H- a partir de solugdes aquosas utilizando
etanol como agente de sacrificio. Wang et al. (2012b) relataram cristais de PbWO4 via método
sonoquimico usando diferentes precursores. Demonstrou-se que 0s precursores desempenham
papel fundamental na sintese deste material, sendo obtidas nanoestruturas com diferentes
morfologias, como flores, bastGes e dendritos, as quais correspondem aos precursores PbCOs,
Pb(NO3)2 e Pb(Ac)., respectivamente.

Zhu et al. (2017) reportaram a sintese de amostras de SrMoO4 via método hidrotermal com
diferentes velocidades de agitacdo. Ao alterar as velocidades de agitacdo, foram obtidas
morfologias fusiformes e com forma de suculentas. Os resultados de UV-vis demonstram que 0
band gap das amostras é sensivel a velocidade de agitacdo. Em relacdo as propriedades
luminescentes e fotocataliticas, os resultados indicam que, em compara¢do com as amostras sem
agitacdo, as atividades luminescentes e fotocataliticas sdo aumentadas com a agitacdo na sintese
hidrotermal. A fotodegradacdo do azul de metila aumenta de 30% para 50% com agitacdo e 0s
autores sugerem que isso pode estar relacionado a pequenos band gaps nas superficies porosas,
deste modo a agitagdo pode ser uma técnica importante para aprimorar propriedades fotocataliticas.

Li et al. (2014) reportaram a sintese de cristalitos de Sr'WO4 com diversas morfologias por meio
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do ajuste da composicéo do eletrélito em um processo de precipitacdo eletroquimica assistida. Os
resultados mostram cristais de SfwWO4 com morfologias do tipo fusiforme, pilar/agulha e flor,
utilizando etileno glicol (DEG), etanol (EG) e polietileno glicol (PEG400) no eletrdlito,
respectivamente. As flores de SrWO4 mostram maior capacidade de absorcéo na regido UV e
fotoluminescéncia mais fraca em 475 nm. Phuruangrat et al. (2012) observaram nanoparticulas
uniformes de BaMoO4 e BaWO4 por meio de rota de solugdo — precipitacdo direta de Ba(NOs)2 e
Na2MOs (M = Mo e W) em etilenoglicol sob agitagdo por 24 h. Foram obtidas nanoparticulas

redondas uniformes.

1.4. Estudos tedrico-experimentais dos compostos scheelita ABOa4

Molibdatos e tungstatos do tipo scheelita ABO4 tambeém tém sido foco de diversas pesquisas
que buscam, por meio de métodos tedricos, relacionar as caracteristicas de suas superficies a nivel
atdbmico com as morfologias e propriedades de suas nanoparticulas observadas experimentalmente.
Oliveira et al. (2016a) em estudo tedrico-experimental relataram a obtengao de cristais de BaMoO4
via método de co-precipitacdo e por meio de calculos DFT/B3LYP verificaram a ordem de
estabilidade (001) > (112) > (100) > (110) > (101) > (111) para suas superficies. Foram propostas
também rotas de transformacdes morfoldgicas a partir do cristal ideal (obtido via célculos DFT)
para se obter as morfologias vistas experimentalmente. Em outro trabalho, Oliveira et al. (2016b)
relata a caracterizagdo e sintese do BawO4 também via método de co-precipitacdo, neste caso a
ordem de estabilidade via calculos DFT/B3LYP observada foi (112) > (001) > (110) > (100) >
(101) > (111), sendo adotada a mesma estratégia do trabalho anterior para a associacdo entre
resultados tedricos e experimentais. Vale a pena notar que mesmo apresentando 0 mesmo
modificador de rede e simetria, a troca de Mo por W resultou em mudancas significativas na ordem

de estabilidade para ambos 0s compostos.

Longo et al. (2011) sintetizaram nanocristais de CaWO4 via método hidrotermal assistido por
micro-ondas em estudo teérico-experimental, onde foi reportada a ordem de estabilidade (001) >
(101) > (100) > (110) > (103) > (111) via calculos DFT/B3LYP. Oliveira et al. (2018) em trabalho
teorico-experimental, estudaram cristais de CaMoO4 obtidos pelo método de co-precipitagdo
controlado e processados em um sistema hidrotermal assistido por micro-ondas com dois
surfactantes diferentes (etil 4-dimetilaminabenzoato e 1,2,4,5-benzenotetracarboxilico dianidrido),
aqui a ordem de estabilidade observada via calculos DFT/B3LYP foi (001) > (112) > (110) > (101)
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> (100) > (111). Comparando estes resultados nota-se que a ordem de estabilidade é praticamente
amesma, exceto por uma troca nas posigdes das superficies (110) e (101), isso se deve as diferentes
terminacOes consideradas para a superficie (101) nestes trabalhos. Enquanto que Oliveira et al.
(2018) reportaram a superficie (101) terminada em poliedros de coordenagdo [MoQs], Longo et al.

(2011) relataram esta superficie terminada em poliedros [CaOs].

Laranjeira et al. (2022a), em estudo tedrico, via calculos DFT/B1IWC reportaram a ordem de
estabilidade (001) > (112) > (111) > (101) > (110) > (103) > (100) para 0 CaM00O4 e CaWOsg,
demonstrando que a terminacdo mais estavel da superficie (101) € aquela que exibe poliedros de
coordenacgdo mais externos [CaOs] e que, ao mesmo nivel de teoria (mesmo funcional e bases), o
formador de rede (Mo ou W) néo influencia na ordem de estabilidade das superficies analisadas,
ao contrario do que sinalizam os resultados relatados por Oliveira et al. (2016a) e Oliveira et al.
(2016b).

Laranjeira et al. (2020) utilizando o CdMoO4 como sistema de prova relataram uma nova
metodologia para 0 mapeamento de rotas de transformac6es morfologicas, a qual se mostrou capaz
de prever as propriedades eletrdnicas de nanoparticulas com diferentes morfologias. Aqui 0s
calculos DFT/WC1LYP indicaram a ordem de estabilidade (001) > (112) > (101) > (110) > (100)
> (111).

Bomio et al. (2013) reportaram um estudo tedrico-experimental para analisar a atividade
fotocatalitica do p6 de PbMoOas preparado via co-preciptacdo e processado em um reator
hidrotermal em 100 °C/10 min o qual exibiu as superficies (111), (100), (011) e (110) expostas; o
controle morfologico foi feito mediante a variacdo de diferentes tipos de modificadores como a
acetilacetona e o polivinilpirrolidona. Neste trabalho a ordem de estabilidade obtida foi (001) >
(100) > (110) > (101) > (111) via calculos DFT/B3LYP.

Laranjeiraetal. (2022b) em estudo DFT analisou as superficies (001), (100), (101), (110), (111)
e (112) do PbMo0O4, PbWO4, SrM00Os, STWO4 sendo utilizados os funcionais B3LYP para o
PbMo00O4, WC1LYP para 0 PbWO4 e SrMo0O4 e BIWC para 0 SfTWO4. Para 0 SrM0O4 e STWO4
foi reportada a mesma ordem de estabilidade (001) > (112) > (101) > (110) > (111) > (100),
enquanto para o PbWO4 a ordem de estabilidade observada foi (001) > (112) > (101) > (110) >
(100) > (111) e para 0 PbM0O4 foi (001) > (112) = (101) > (110) = (100) > (111). Neste trabalho,
por meio do nimero de coordenacéo efetiva, foi verificado que a distorcdo dos poliedros mais
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externos € crucial na estabilidade das superficies. Por meio da analise do alinhamento de bandas
das superficies, verificou-se que 0 PbWOa, SrM0O4 e STWO4 podem apresentar bom desempenho
em processos fotocataliticos, especialmente para a producdo de H» via quebra de moléculas de

agua.

2. Objetivos

Tendo em vista os trabalhos que reportam o estudo de transformac6es morfoldgicas via célculos
DFT de estruturas scheelita ABO4 (A = Ba, Ca, Cd, Sre Pb e M = Mo e W), 0s quais como
mencionado anteriormente, se encontram em desacordo entre si quanto as terminag6es e ordem de
estabilidade das superficies (daqui em diante, faces e superficies terdo o0 mesmo significado), neste
trabalho foi feita uma descri¢do detalhada do bulk e superficies destas estruturas via simulacéo
computacional. Foram analisados os efeitos das trocas do formador de rede (B) e dos modificadores
de rede (A) em cada uma das estruturas e na ordem de estabilidade relativa das superficies.
Utilizando a metodologia proposta por Laranjeira et al. (2020), foi feito um mapeamento geral de
transformag6es morfoldgicas para qualquer material que exiba a simetria do grupo scheelita. Por
meio do conhecimento das caracteristicas eletrdnicas e estruturais das superficies e suas
morfologias foram propostas rotas de transformacdes morfoldgicas. O trabalho foi executado de

acordo com as seguintes etapas:
1. Simulacdo computacional do bulk dos compostos dos compostos ABOg;
2. Estudo das propriedades eletronicas, estruturais e vibracionais dos bulks;

3. Simulacdo computacional das superficies (001), (100), (101), (110), (111) e (112)

dos compostos ABOq;

4. Estudo das propriedades eletronicas e estruturais das superficies;
5. Mapeamento geral das rotas de transformacgdes morfoldgicas dos compostos ABOs;
6. Analise de resultados experimentais relatados na literatura com base nos dados

tedricos aqui reportados.

Por meio do mapeamento completo de rotas de transformagdes morfologicas, foi descrita uma
abordagem mais abrangente do que até entdo. Em trabalhos anteriores, eram apenas propostas rotas

de transformacdes morfoldgicas partindo do cristal ideal para que fossem obtidas as nanoparticulas
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sintetizadas. Por meio desta abordagem € possivel prever qualquer habito cristalino que englobe as
superficies simuladas. Dessa forma, as simula¢es podem se tornar um indicativo muito atil de

possiveis propriedades e aplicacdes para estes materiais, bem como orientar suas sinteses.
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3. Fundamentacéo Tedrica

3.1. Teoria do Funcional da Densidade

Na primeira metade do século XX, a partir da formulacdo matematica da Mecanica Quantica,
passou a ser possivel estudar as propriedades dos materiais em escala atbmica. Boa parte dos
modelos empiricos utilizados pelos quimicos, como por exemplo o conceito de ligacdo proposto
por Lewis, surgiram do formalismo presente na solucdo da equacdo de Schrodinger
(SCHRODINGER, 1926). Entretanto a resolugdo dessa equacdo possui dificuldades intrinsecas
qguando se trabalha com sistemas envolvendo interacdes elétron-elétron, o que levou a famosa
observacdo de Dirac (1929): ‘As leis fundamentais necessarias para o tratamento matematico de
grande parte da fisica e toda a quimica sdo completamente conhecidas, a dificuldade apenas
residindo no fato de que a aplicacéo destas leis leva a equagbes complexas demais para serem
resolvidas’. A partir deste momento, passa a ser necessario um modelo computacional capaz de
abranger a Mecanica Quantica e sua complexidade. No final da década de 1920 e inicio da de 1930,
surgiram alguns métodos aproximados para tornar sistemas de muitos elétrons trataveis. Exemplos
disso sdo o0 modelo de Hartree (HARTREE, 1928) que busca obter os observaveis por meio da
funcdo de onda e 0 modelo de Thomas-Fermi-Dirac (THOMAS, 1927) o qual tentou descrever 0s

sistemas por meio de suas densidades eletronicas.

Em 1964, Hohenberg e Kohn (HOHENBERG; KOHN, 1964) publicaram um trabalho que se
tornou o paradigma para a compreensao das propriedades dos materiais, conhecido hoje como
Teoria do Funcional da Densidade (DFT). A DFT tem por base dois teoremas: (i) o potencial
externo V (r) sentido pelos elétrons ¢ um Gnico funcional da densidade eletronica p(r) e (ii) a
energia do estado fundamental E[p] é minima para a densidade exata, ou seja, conhecendo-se a

densidade eletronica, pode ser obtida a energia precisa do estado fundamental.

Um ano depois, Kohn e Sham propuseram um modo de descrever a densidade eletrénica
(KOHN; SHAM, 1965). Eles propuseram a adicdo de um termo de correlacéo e troca para a energia,
Exc(p) capaz de contabilizar a energia cinética T[p] dos elétrons interagindo no sistema em uma

imagem ndo-interativa Ts[p],

E[p] = Tslp] + Unlp] + Vexelp]l + Exclp] 1)
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onde Uy é o potencial de Hartree e V,,; é 0 potencial externo. Essa formulacdo leva as famosas
equacOes de Kohn-Sham (KS),

(=272 +ver () 8,) = ;) @
Vegs (1) = Veue () + [ 22D dr' + v, (1) )
p(r) = 3, 1,1 @)

onde €; e ¢; sdo os multiplicadores de Lagrange do problema variacional que levam a equagdo de
KS (Eg. 2), usualmente interpretados como os niveis de energia de um sistema de muitos elétrons
e os orbitais de KS respectivamente. v, ¢r € v, = §E/Sp se referem ao potencial efetivo de KS e
ao potencial de correlacgdo e troca, respectivamente (Eq. 3). Com este conjunto de equacdes obtém-
se o ciclo autoconsistente (Eq. 4): comeca-se supondo uma densidade p(r), insere-se uma forma
funcional de v, e constréi-se um potencial efetivo v.¢r. A partir disso sdo os obtidos os
autovalores €; e os autovetores ¢; das equagOes de KS. A densidade eletronica entdo € obtida a
partir do conjunto de valores de €; e 0 processo € repetido até que um critério de convergéncia

(geralmente a energia total do sistema) seja alcangado.

Embora os trabalhos que sdo base da DFT tenham sido publicados na década de 1960,
apenas na década de 1980 veio o reconhecimento desta teoria. Tal demora esta relacionada a dois
motivos, o primeiro é o poder computacional a disposi¢do da comunidade cientifica na época e a
segunda é o desenvolvimento continuo de métodos tedricos que permitiram lidar com problemas
mais complexos com algoritmos de maior capacidade preditiva. A DFT é formalmente exata,

porém na préatica sao necessarias aproximacoes para resolver as equagoes de KS.

Primeiro é necessario escolher o termo de corregéo e troca na Eq. 2. Para isso, uma grande
variedade de funcionais é encontrada na literatura, alguns sem parametros empiricos e outros
semiempiricos, ou seja, obtidos a partir de um ajuste baseado em dados disponiveis. Os primeiros
codigos DFT empregavam a aproximacao Local Spin Density (LSDA ou simplesmente LDA) para

o funcional de correlagéo e troca, descrita pela correspondente energia,

Exe?[pr pi] = [ drn(m)exe? [pr (), py(1)] (5)
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onde p;(r) sdo as densidades de spin uniformes de um géas de elétrons e €524 é a energia de

correlagéo e troca por elétron no sistema. A LDA se mostrou bem-sucedida no estudo de sistemas
onde a densidade eletronica varia lentamente, como bulk de metais, sendo responsavel pelo ganho
de popularidade dos métodos DFT na década de 1970 entre os fisicos. Porém, os quimicos ndo
adotaram o LDA devido a erros sistematicos, como superestimagdo de energias de atomizacao
molecular e superestimacao dos comprimentos de ligacdo. Tais deficiéncias foram atenuadas com
a aproximacdo do gradiente generalizado (GGA) introduzida na década de 1980. Aqui, a energia
de correlagdo e troca é reescrita considerando nao apenas as densidades de spin, mas também suas

variagdes espaciais,

E5¢ipn pul = [ drn(@)egé? o (1), po (), Vor (), Vpy () | (6)

onde eSS4 ¢ a densidade de energia GGA correspondente. Uma caracteristica interessante da

aproximacdo GGA € que ela ndo requer nenhuma forma funcional particular da densidade de
energia de correlacéo e troca. Devido a isso, varios tipos de funcionais de correlacéo e troca dentro
dessa aproximacdo estdo disponiveis, a saber, Perdew-Burke-Ernzerhof (PBE) (PERDEW,;
BURKE; ERNZERHOF, 1996), Perdew-Wang (PW91) (PERDEW; WANG, 1992) e Becke-Lee-
Yang-Parr (BLYP) (BECKE, 1988) sdo alguns exemplos de funcionais amplamente relatados na

literatura.

O proximo passo na complexidade dos funcionais de correlacéo e troca é representado pelo
advento da aproximacdo meta-GGA. Aqui a chamada densidade de energia cinética de KS é

acrescentada 7y, (1),

EXE oy, pil = [ drn(m)exfpr(r), pu(r), Yoy (r), Vo, (1), Ty (1), Ty ()] )

onde a dependéncia implicita da energia cinética na densidade de spin deve ser notada, isto é,
Ty = rm[pm(r)] . A aproximacdo meta-GGA foi uma melhoria dos funcionais GGA,
oferecendo melhores energia de atomizacdo, bem como energias de superficies metalicas.
Funcionais conhecidos nesta aproximacéo sdo o funcional Tao-Perdew-Staroverov-Scuseria (TAO
et al., 2003) e mais recentemente o funcional ndo empirico fortemente restrito e adequadamente
normalizado (SUN et al., 2016). Tentativas bem-sucedidas de funcionais semilocais para band gap
melhorados de diferentes materiais incluem os funcionais Becke-Johnson (mBJ) (BECKE;
JOHNSON, 2006) e ACBNO (AGAPITO; CURTAROLO; NARDELLI, 2015).
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O proximo passo na evolugdo dos funcionais, se trata da proposta inspirada na formulagéo
de Hartree-Fock (HF), aqui é introduzida a ndo-localidade na DFT, misturando uma fracdo do

termo de troca exato,

1  Bi (M) (r)

E)IEIF = Ezi,jfdrfdr r—r'] (8)
na energia de correlacéo e troca dentro do GGA,
EX’ = (1 — a)EGSA + aEfF 9)

onde a € [0,1] € um parametro que da a porcentagem de HF nos calculos de troca, geralmente
escolhido entre 0.15 e 0.25. Essa incorporacdo da formulacdo de HF é o que deu origem aos
chamados funcionais hibridos, os quais corrigiram um problema severo de subestimacéo do band
gap de materiais conhecido por afetar os funcionais GGA. Sua principal deficiéncia se refere ao
custo computacional, pois o célculo do termo nao local na Eg. 8 é uma tarefa intensiva que envolve
a troca de cada orbital ¢; com todos os outros orbitais do sistema. No entanto, alguns funcionais
hibridos sdo muito utilizados, como o PBEO (PERDEW; ERNZERHOF; BURKE, 1998) e a
interacdo de Coulomb rastreada Heyd-Scuseria-Ernzerhof (HSE) (HEYD; SCUSERIA,;
ERNZERHOF, 2003) com base no PBE Ey e o funcional B3LYP (HERTWIG; KOCH, 1997), o
qual se trata do funcional BLYP introduzindo a abordagem HF para os célculos de troca e outros
parametros empiricos. Outro avango importante na DFT foi o tratamento de materiais impondo
ligacBGes na simetria translacional, por meio do teorema de Bloch (BLOCH, 1929), permitindo o
estudo de sistemas mais realistas como superficies, defeitos e impurezas em sistemas amorfos,

clusters etc.

A segunda aproximacao usada em simulacdes DFT se refere ao tratamento dos elétrons de
valéncia e o nucleo. Originalmente, na DFT apenas o chamado tratamento de todos os elétrons
estava disponivel, restringindo a quantidade de sistemas que poderiam ser simulados. Em 1940,
Herring prop6s um método poderoso para a determinacdo de estados eletrdnicos em materiais
cristalinos. Em sua abordagem, conhecida como ondas planas ortogonais (do inglés, OPW),
Herring considera que uma base orbital pode ser considerada como uma combinagdo de estados
centrais e ondas planas (HERRING, 1940). Do ponto de vista formal, foi um sucesso, mas

apresentou dificuldades de convergéncia devido a necessidade de ortogonalizar as ondas planas
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com os orbitais dos estados préximos ao nucleo. Phillips e Kleinman resolveram esse inconveniente
com elegéancia, demostrando que € possivel obter os mesmos autovalores da equagdo do método
OPW com um custo bem menor, por meio do método pseudopotencial (PHILLIPS; KLEINMAN,
1959). Este método descreve basicamente os elétrons de caroco e ndcleos correspondentes de forma
simplificada, por meio de um potencial efetivo ao qual estdo sujeitos os elétrons de valéncia. Na
década de 1970, os métodos ab initio de pseudupotenciais se tornaram uma ferramenta poderosa
para a descri¢do de sistemas de muitos elétrons (LEJAEGHERE et al., 2016). Existem codigos

muito utilizados que se baseiam em ondas planas como 0 CASTEP, VASP ou WIEN, por exemplo.

Um outro tipo de base utilizada, sdo as bases locais. A vantagem das bases locais, é que
qualquer periodicidade pode ser implementada: 0D (moléculas), 1D (polimero com comprimento
finito ou nanotubos), 2D (superficies) ou 3D (bulk). No caso das ondas planas, o sistema é sempre
tratado periodicamente em trés dimens@es. As superficies por exemplo, sdo tratadas como entes
com periodicidade 3D com uma regido de vacuo. Um tipo muito utilizado de base local, séo as

gaussianas, as quais seguem a seguinte estrutura matematica,

(bprimitiva(r - A) = N(X - Ax)a(y - Ay)b(z - AZ)Cexp (-Z(I‘ - A)Z) (10)

onde  sdo os expoentes, N € anormalizacdo da base, A é o ponto em que a gaussiana esta centrada,
geralmente no nucleo. Os valores L = a + b + ¢ sdo usados para classificar as gaussianas como
fungoes do tipo ‘s’ (L = 0), do tipo ‘p’ (L = 1), fungdes do tipo ‘d’ (L = 2) e assim por diante.
Normalmente, os expoentes { sdo dados em unidades atdmicas, ou seja 1/a3 com raio de Bohr
a, = 0,5291772 A. Altos valores de  sdo chamados de ‘apertados’ (importantes para regido
central) e 0s menores (abaixo de 1), como ‘difusas’. As func¢Oes difusas sdo importantes para a
regido de valéncia e a ligacdo quimica e, portanto, deve-se tomar cuidado para que as funcGes

difusas sejam apropriadas para o sistema considerado.

A gaussiana da Eqg. 10 é também chamada de gaussiana primitiva. Normalmente, a regido
central ndo muda muito quando uma ligagdo quimica é formada. Portanto, € feita uma combinacgéo

linear de gaussianas, que descreve bem a regido do nucleo, a qual é chamada de contracao:

¢ —A) =NIL dix—AJ*(y - Ay)b(Z —Apexp (-i(r—A)?")  (11)
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Os coeficientes de contracdo (d;) podem ser obtidos, por exemplo, realizando um célculo
para um atomo e, em seguida, extraindo-os dos orbitais de HF calculados: os coeficientes que séo
obtidos devido & minimizacdo de HF e que descrevem como as gaussianas primitivas devem ser
combinadas para obter os orbitais, podem entdo ser usados como coeficientes de contracéo.
Resolvendo as equacdes de HF ou KS no procedimento do campo autoconsistente, os coeficientes

a;, sdo determinados. Os orbitais moleculares sao entdo obtidos como combinagdes lineares das

funcoes de base ¢,

i(r) = Xy aipdu(r) (12)

Para sistemas periodicos, sdo construidas funcdes de base ¢, (r, k) satisfazendo a condigéo
de Bloch:

b (k) =X, b, (F— A, — 8) exp(ikg) (13)

onde a soma é sobre os vetores de rede direta g, e as funcdes de base dependem de k. Os orbitais

cristalinos sdo entdo obtidos como combinacg6es lineares:
Yi(r k) = Xy ai, (k) (r, k) (14)

Em HF ou célculos DFT, os orbitais sdo obtidos no final do procedimento de campo
autoconsistente. Todas as funcdes de base contribuem para cada orbital, a menos que haja uma

simetria que faga com que a contribuicdo de certas funcdes de base para um orbital desapareca.

Existe uma gama diversificada de aplicativos e ferramentas baseadas na DFT. Calculos de
energia total, avaliacdo de potenciais eletrostaticos, e espectros energéticos tanto de estruturas
cristalinas quanto de moléculas e complexos organicos podem ser obtidos de modo direto por meio
de métodos DFT (SCHLEDER et al., 2019). Metais, semicondutores e isolantes podem ter suas
estruturas de bandas analisadas por meio da DFT resolvendo as equacdes de KS no espaco
reciproco. Massas efetivas de elétrons e buracos, bem como band gaps e transi¢Bes Opticas podem
ser estimados. Os célculos de propriedades estruturais levam em conta tensores de deformacéo,

bulk modulus e espectros de fénons, os quais podem estimar a estabilidade estrutural dos materiais.
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3.2.  Fundamentos de Fisica do Estado Sélido

3.2.1. Cristais

Um cristal é formado pela repeticdo infinita no espaco de um determinado agrupamento de
atomos ou moléculas. Ao arranjo de &tomos, moléculas ou ions que se repetem em todas as direcdes
é dado 0 nome de base; sendo o conjunto matematico de pontos que descrevem a base chamado de
rede. Existem dois niveis de simetria em sélidos cristalinos, sendo o de simetria translacional o
mais diretamente relacionado ao conceito de estrutura cristalina. Neste sentido, existem trés vetores

basicos, a;, a, € as, 0s quais por meio de uma operacéo de translacdo do tipo
l = nya; + nya; + nzag (15),

onde nq, n, e ng s80 nmeros inteiros quaisquer que ligam dois pontos de um cristal os quais
possuem vizinhanca idéntica. O segundo nivel de simetria é representado pelas operacbes de
rotacdo e reflexdo que podem ser feitas com a unidade cristalina sem que esta seja deslocada
translacionalmente. Se imposta a condi¢do de simetria translacional expressa pela Eq. 15, pode ser

obtido um numero limitado de redes cristalinas possiveis: sdo as chamadas redes cristalinas de

Bravais.
AS 14 REDES DE BRAVAIS . TETRAGONAL (P, 1)
CUBICA (P, F, T) 4 Em— ;
TRIGONAL /
J— | J— HEXAGONAL P

MONOCLINICA (P, C) TRICLINICA
- TRIGONAL

Figura 2. As 14 redes cristalinas de Bravais. P é primitiva, F é de face centrada, | € de corpo

-'--.-"“—u-.._

centrado, C é de base centrada, R é romboédrica e T € triclinica. Fonte: adaptado de
https://pt.wikipedia.org/wiki/Rede_de_Bravais

Essas redes estdo inseridas em sete sistemas de acordo com a geometria da célula unitaria:

cubico, hexagonal, monoclinico, ortorrdmbico, tetragonal e trigonal. A célula unitaria corresponde


https://pt.wikipedia.org/wiki/Rede_de_Bravais
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a menor porcdo do cristal a qual associada as operacGes de simetria que conserva as propriedades
do mesmo em qualquer ponto. Em fisica do estado sélido, sdo de particular interesse as células
primitivas e de Wigner-Seitz, a Ultima é obtida por meio da intersec¢do dos planos normais aos

pontos médios das linhas que unem dois pontos vizinhos da rede.

3.2.2. Planos cristalinos, direcdes cristalogréaficas e indices de Miller
Um plano cristalino pode ser dado por quaisquer trés pontos de uma rede de Bravais que ndo
sejam colineares. Um conjunto de planos paralelos e igualmente espacados constituem uma familia
de planos. A notacdo empregada para identificar planos ou uma familia de planos é dada pelos
indices de Miller. Estes indices podem ser determinados pelo seguinte procedimento:

1. Encontra-se a intersec¢cdo do plano cristalino em questdo com os eixos definidos pelos 3

vetores geradores de rede a;, a, € az, que podem ser primitivos ou nao;

2. Toma-se o reciproco destes nimeros fracionarios, reduzindo-os aos 3 menores inteiros que

obedecem a mesma proporcionalidade. O resultado s&o os indices de Miller (hkl).

pe /H\ .

(100) (110)

PRI

(100) (200)

A A

(211)

Figura 3. Indices de Miller de planos comuns na base cubica. Fonte: retirado de
https://pt.wikipedia.org/wiki/%C3%8Dndice_de_ Miller
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3.2.3. Rede reciproca e Zona de Brillouin
A simetria translacional impde que uma certa propriedade fisica de um cristal pode ser descrita

por uma funcao periédica da rede,
f@ =fF+1) (16)

onde [ é um vetor da rede cristalina. Supondo que f(#) seja descrita por uma onda plana,
fG) = e'r (17)

Para um vetor k qualquer, esta funcdo ndo tera a periodicidade da rede cristalina. Apenas

para valores particulares do vetor de onda, a onda plana ird ter a periodicidade da rede. S&o

escolhidos entéo vetores de onda G por meio dos quais pode ser observada a igualdade
ei@.? — ei@.(?+f) (18)
O conjunto de todos os vetores G que satisfazem a Eq. 18 definem a rede reciproca no

espaco dos vetores de onda. Dessa forma, os vetores [ descrevem uma rede cristalina no espago

real e 0s vetores G no espaco-k. Por meio Eq. 18 é possivel obter a rede reciproca uma vez que se

conheca a rede de Bravais associada. Para isso, basta notar a igualdade
el =1 (19)
a qual implica que
G.[ = 2m.n, onde n é um inteiro (20)
Considerando que o vetor [ é definido por
[ =n,a; +n,a; + nsaz (21)

é possivel definir unitarios primitivos da rede reciproca dados por

T @G
by = 2m 2 (22)
b, = 2m —2 10 (23)

ai.(az x a3)



37

a’xa;

b3 = ZHW (24)
pois nota-se que
b,.a@; = 2m, b,. @, =0ou seja EB; = 216 (25)

Assim qualquer vetor da rede reciproca pode ser representado a partir dos vetores geradores,

ou seja
G = hb, + kb, + lb; (26)
em que h, k e [ sdo nimeros inteiros positivos e negativos quaisquer. A Eq. 20 é satisfeita pois,

G.l = (hb, + kb, + Ib3). (NG5 + Ny + n3G3) = hnyb,.a; + kn,a@, + Insbs. a3 =
= 2n(hn, + kn, + In3) =

= 2m.n, onde n é um inteiro.

A célula primitiva de Wigner-Seitz no espaco reciproco é chamada de primeira Zona de
Brillouin (ZB), sendo muito importante para o estudo da estrutura de bandas em solidos cristalinos.
Na Figura 4 tem-se a primeira zona de Brillouin para a estrutura dos compostos scheelita, tetragonal
de corpo centrado.

Figura 4. Zona de Brillouin para a estrutura tetragonal de corpo centrado. O caminho de alta
simetrial - X —-Y—-X—-T—-Z—-%;, — N —P —Y; —Z indicado na figura foi o utilizado para a
elaboracdo das estruturas de bandas. Fonte (SETYAWAN; CURTAROLDO, 2010)
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3.2.4. Teorema de Bloch
Quando se analisa 0 comportamento de um gas de elétrons submetido a presenca de um

potencial periodico da rede, tem-se:
V#E) = V(7 +1) 27)

Considerando este potencial estatico e desprezando a interacdo coulombiana entre elétrons, o
que equivale a considera-los como particulas independentes que obedecem ao principio de exclusdo
de Pauli, a equacdo de Schroedinger do sistema de muitas particulas é separdvel e o problema se

reduz ao de um so elétron:

HY(F) = s-VA(F) + VEW(E) = B (28)

Elétrons independentes que obedecem a equac¢do de Schroedinger com um potencial periddico
na rede dado pela Eg. 27, sdo chamados elétrons de Bloch. Os elétrons descritos por funcdes de

onda de Bloch sdo deslocalizados, mas refletem a simetria da rede.

De acordo com o teorema de Bloch, a solu¢do mais geral da equacdo de Schroedinger é da

forma

e () = e (7), (29)
onde

up (7) = up (7 + Z) (30)

A partir disto, tem-se que v (+) tem a forma de uma onda plana modulada por uma funcéo que

possui a periodicidade da rede.

Observando que
l/)ﬁ(? + Z)) = ei%'(’ijf).u%(? + Z)) (31)
e, usando as Eqg. (23) e (24), nota-se que
P (F+1) = R e (7) (32)

que € uma forma alternativa para escrever a funcéo de onda de Bloch.
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Por simplicidade metodoldgica foi utilizada a equacgéo de Schroedinger aplicada ao modelo
do gés de elétrons para mostrar como pode ser obtida a funcdo de onda de Bloch, porém a DFT
introduz uma abordagem diferente para analisar o comportamento dos elétrons: no lugar da funcéo
de onda, é usada a densidade eletronica do sistema no estado fundamental, que depende apenas das
trés varidveis espaciais, levando-se em conta dentre outros fatores, os efeitos de correlacéo e troca,

ao contrério do que é feito no modelo de gas de elétrons.

3.2.5. Teoria de bandas

Uma primeira ideia de zona de Brillouin foi apresentada anteriormente. Ela € definida como

0 volume no espaco reciproco contendo todos 0s pontos k mais proximos de um determinado ponto
da rede reciproca do que qualquer outro ponto da mesma rede reciproca. Essa definicao se trata de

uma extensdo do conceito de célula de Wigner-Seitz para a rede reciproca.

Pode-se definir a 12 zona de Brillouin também como o conjunto de pontos do espac;o-ﬁ que
podem ser alcancados a partir da origem sem cruzar nenhum plano de reflexdo de Bragg. Esta
definicdo pode ser generalizada para zonas de Brilluoin de ordem superior. A 22 zona de Brillouin
é dada pelo conjunto de pontos do espaco reciproco obtidos a partir da origem cruzando um plano
de Bragg. A 3% zona é obtida ap6s o cruzamento de dois planos de Bragg e assim por diante. A
Figura 5a mostra a energia de um elétron de Bloch definida nos diversos segmentos de reta que
representam as zonas de Brillouin ao longo de uma certa dire¢do no espaco reciproco. Na Figura

5b séo representadas as diversas zonas de Brillouin para uma rede quadrada.
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Figura 5. (a) Energia de um elétron de Bloch definida nos diversos segmentos de reta que

representam as primeira, segunda e terceira zonas de Brillouin ao longo de uma dada dire¢éo no
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espaco reciproco e (b) primeira, segunda e terceira zonas de Brillouin de uma rede reciproca

quadrada.

A representacdo das bandas de energia na Figura 5a onde toda a estrutura periddica da rede
reciproca é usada, é chamada de esquema de zona ampliada. Em geral, representa-se apenas a
energia E(?) dentro do volume da 12 zona de Brillouin. Para construir este esquema, leva-se em
consideracdo que nas situacGes em que o vetor de onda k' estiver fora da 12 zona de Brillouin,
sempre pode-se encontrar um vetor G tal que k=k -G esteja dentro da primeira zona. A este

procedimento da-se 0 nome de reducdo de vetor de onda k' a 1% zona de Brillouin e a representacdo
resultante é chamada de esquema de zona reduzida. A Figura 6 mostra as energias de banda neste

tipo de representacao.
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Figura 6. Representacdo de bandas de energia em esquema de zona reduzida.

Se ocorrerem estados ocupados em mais de uma banda, os valores do vetor de onda nédo se
limitardo ao volume da 1% zona, mas ainda assim, gracas a periodicidade, o problema ¢é

completamente representavel na 12 zona, considerando que a energia é uma funcdo de multiplos

valores do vetor k. H& ainda um terceiro esquema de representacao, trata-se do esquema de zona
periddica, onde todas as bandas sdo representadas para todas as zonas, tal como é mostrado na

Figura 7. Por meio deste esquema € possivel notar a periodicidade da energia no espago reciproco,

ouseja, E(k) = E(k + G).
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Figura 7. Esquema de zona periddica para as energias de banda.

Conhecendo-se como € feita a representacdo dos niveis eletrdnicos permitidos em um sélido
utilizando a periodicidade da rede, agora veremos 0s conceitos decorrentes desta representacdo na

e na ciéncia dos materiais.

A partir da combinagéo linear dos orbitais atdbmicos (LCAO), sabe-se que a combinagao
linear de dois orbitais atbmicos gera dois orbitais moleculares, um ligante e outro antiligante, de
modo que a combinacao de N orbitais atbmicos resulta em 2N orbitais moleculares cuja diferenca
de energia se torna cada vez menor quanto maior for o nimero de elétrons que fazem parte da
ligacdo. Em sistemas de muitos elétrons, o espagamento entre 0s niveis energéticos entre os orbitais
diminui, e como os niveis de energia deixam de ser discretos se tornando continuos, estes intervalos

aos quais é permitido que os elétrons estejam sdo as bandas de energia.

Para se determinar as propriedades eletrénicas de um material, € importante considerar que
a combinacdo de bandas de energia ocupadas e desocupadas, as quais permitem a classificacao dos
materiais em condutores, semicondutores e isolantes. Nos metais as bandas de valéncia e de
conducéo se superpdem de modo que os elétrons podem ser espontaneamente promovidos da banda

de valéncia para a banda de conducéo.

Semicondutores por outro lado, ndo tem suas bandas de valéncia e condugéo sobrepostas,
exibindo uma regido de energia proibida (band gap), a banda de conducédo encontra-se vazia a 0K,
sendo necessario que os elétrons estejam submetidos a algum tipo de excitacdo para que seja
exibida a conducéo eletrbnica, ou seja, para que os elétrons sejam promovidos para a banda de

conducao.
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Nos isolantes a energia de band gap é muito alta, de modo que é necessaria uma energia
muito elevada para que os elétrons da banda de valéncia sejam promovidos a banda de conducdo e

0 processo de condutividade eletrdnica possa ocorrer (Figura 9).
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Figura 8. Esquema ilustrativo para descrever as posi¢des relativas das bandas de valéncia e de

conducdo em condutores, semicondutores e isolantes.

3.2.6. Densidade de Estados

Um parametro importante para entender o modo como as bandas eletrdnicas se encontram
ocupadas, principalmente ao redor do band gap que é onde ocorrem as transicdes eletrdnicas, € a
densidade de estados (DOS). A DOS mostra o nimero de estados presentes em um determinado
nivel de energia. A DOS para uma banda n é dada como o nimero de estados para uma orientacdo
de spin por unidade de volume e unidade de energia,

Ny (E) = ;%, (33)

onde N (k) é o nimero de valores permitidos para o vetor de onda e n é o indice de banda. A
densidade de pontos no espaco reciproco é V/8m3 e, portanto, o niimero de valores permitidos de

k no volume d3k é dado por

dN(k) = —d3k = —dk, $; ) dS (34)

(&) e
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onde o elemento de volume no espago reciproco numa integral sobre uma superficie de energia
constante multiplicada em um elemento infinitesimal da componente do vetor de onda

perpendicular a superficie,

S, (E + dE)

s

&

—

dk

Figura 9. Superficie de energia constante multiplicada em um elemento infinitesimal da

componente do vetor de onda perpendicular a superficie.

Em todo volume do espaco reciproco, o nimero de valores permitidos de k sera

vV
e d dku g gy dSn (35)

substituindo esta integral na Eq. 33, tem-se:

_ 1 dspdk,
N (E) = 8m3 ffsn(E) dEp,

(36)
Sabendo-se que E, = E, (E) é determinada pelas técnicas de calculo de bandas e que

dE, (k) = |V3E,(k)|dk, (37)

E possivel definir a densidade de estados como:

1 dSp
No(E) = o5 Js. ) |V En (K| )

Esse valor pode ser calculado para varios entes fisicos como elétrons, fotons ou fénons.

Enquanto a estrutura de bandas & dependente da escolha dos pontos k da rede reciproca, a

densidade de estados independe do caminho, apenas da energia.
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3.2.7. Espectroscopia Raman
Por meio da Espectroscopia Raman é possivel identificar qual é a estrutura quimica de um
sistema. Estas informacGes sdo obtidas por meio do espalhamento da radiacdo eletromagnética ao
interagir com o material. Quando fotons de radiacao eletromagnética incidem no objeto estudado,
eles podem sofrer espalhamento do tipo eléstico (espalhamento Rayleigh) ou espalhamento

ineléstico (que é particularmente interessante para esse tipo de fenémeno).

No espalhamento inelastico os fétons séo reemitidos com energia ligeiramente maior ou
menor que a inicial. Tal diferenca de energia é devida a energia com que os atomos atingidos pela
radiacdo vibram. Por meio da frequéncia de vibracdo correspondente, é possivel a identificagdo do
modo como o0s 4tomos se encontram dispostos na estrutura, fornecendo informacdes importantes

sobre a geometria do material.

Cada material apresenta um padrdo de deslocamento energético entre os fétons incidentes
e refletidos, conhecido como impressdo digital. Partindo dessas consideracGes é possivel
diferenciar até mesmo compostos que possuem a mesma composi¢ao gquimica, mas estruturas

diferentes.

Neste trabalho, para um monocristal orientado, a intensidade do espalhamento Raman
Stokes associada, por exemplo, a componente xy do tensor de polarizabilidade («) corresponde ao

modo i-vibracional de frequéncia w; e pode ser calculado como:

Ii, o (z;)z (39)

onde L; é a coordenada do modo normal para 0 modo i.

3.2.8. Massa Efetiva
Para descrever 0 movimento do elétron como uma particula, devemos adotar um ponto de

vista diferente e descrevé-lo como um pacote de ondas, construido a partir de ondas de Bloch e

centrado num vetor de onda k. Partindo de um estado |k}, com energia E(E) o fator de fase da

funcdo de onda sera exp [lE(Tk)t] Isto indica que a frequéncia de oscilacdo temporal sera dada por:

wy, =+ E(K) (40)
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A velocidade de grupo do pacote de ondas € dada por:

— 1 7
Vi = Vzwg = EVﬁE(k) (41)

a velocidade de um elétron no estado-k sera entdo o gradiente no espaco reciproco da energia da
banda. Para elétrons livres a Eq. 41 fornece o resultado correto, pois:

E(R) = ey, = 1K (42)

que € exatamente a velocidade de um elétron, considerado como um pacote de ondas movendo-se
no espaco livre.

A aceleracdo de um elétron submetido a uma forca pode ser dada por:

— 0V, _ 10 > 1 _ 19 [9E(K)
G =% =nalVEM] =755 @49

onde usamos a Eq. 41 e trocamos a notacdo para o gradiente da energia no espaco-k. Podemos
reescrever a equagdo acima como:

— 10 [6E(K)] ak _ 1 0%E(k) =
U = nar| ok |a W aRak T (44)

Comparando a Eq. 44 com a segunda lei fundamental da dinamica, definimos o tensor
massa efetiva de um elétron de banda como:

— _ [10%@)] "
mo= [hz okok (45)

cujas componentes podem ser dadas por:

aq—1
« _ |1 0%E(k)
U7 |n? ok;ok; (46)

Assim, um elétron de Bloch excitado por um campo de forgas externo se comporta como

se possuisse uma massa efetiva anisotropica, diferente da massa de repouso m,. Isto ocorre porque

na massa efetiva sdo incorporados implicitamente os efeitos das forcas internas através da energia

de banda E (E) O tratamento dispensado aqui para um elétron pode ser expandido para os buracos,



46

que nada mais sdo que um conceito ficticio para descrever a auséncia de um elétron que se moveu

para algum estado desocupado.

Quando um elétron de massa efetiva negativa e carga negativa se move em uma direcao,
deixa um buraco ao sair de um estado na banda de valéncia para outro ndo ocupado anteriormente.
Este buraco se move em sentido contrério ao do elétron, com massa efetiva e carga elétrica
positivas, que corresponde a uma parabola com concavidade voltada para cima, o que define o

valor positivo da massa efetiva.

No geral, os portadores de carga presentes na banda de conducao serdo os elétrons, ou seja,
particulas de massa positiva m, e carga elétrica negativa —e. Por outro lado, na banda de valéncia
os portadores de carga serdo 0s buracos, ou seja, terdo massa efetiva positiva m;, e carga elétrica
positiva +e, correspondendo ao fato de que a banda de valéncia pode ser aproximada por uma
parabola voltada para baixo, o que resultaria em um elétron de carga negativa com uma massa

efetiva negativa, que na pratica € 0 mesmo que uma carga positiva de massa positiva, a lacuna.

3.2.9. Teorema de Wulff

Em um cristal na forma de bulk, a energia livre de Gibbs na forma diferencial é dada por:
dG = —SdT 4 VdP + N (47)

onde, G é a energia livre de Gibbs, T é a temperatura, S é a entropia, P é pressdo, V é o volume, u

é o potencial quimico e N é o nimero de particulas.

Quando o cristal é submetido ao processo de clivagem, uma energia adicional positiva (pois
trata-se de um processo ndo espontaneo) é incrementada ao sistema, a qual é proporcional a area A

criada. Este parametro é conhecido como energia livre de superficie.
dG = —SdT + VdP + Np + ydA (48)

onde y é a tensdo superficial ou em nosso caso, a energia de superficie (Es,,;,). Tal energia tem a
ver com a energia gasta para quebrar um certo numero de ligagGes quimicas. Desta forma, ela
depende diretamente da estrutura cristalografica e da orientacdo. Superficies com muitos degraus
geralmente séo energeticamente ndo favoraveis quando comparada a superficies com terminagdes

de maior coordenacao.
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De acordo com Gibbs (1878), um cristal em equilibrio termodindmico, deveria assumir a forma
em que a area total de sua superficie multiplicada pela energia livre de superficie seja minima.
Curie (1885) expandiu essa ideia, propondo que as taxas de crescimento das faces de um cristal séo
proporcionais as suas energias de superficie. Finalmente, de acordo com Wulff (1901), as distancias

interplanares (h(ux;)) das faces de um cristal sdo proporcionais as suas energias de superficie

(Esup (hkl) )

Implementando estas ideias no &mbito da quimica computacional, a morfologia de um cristal
em equilibrio pode ser obtida por meio de suas energias de superficie, de acordo com a construcao
de Wulff, expressa por:

hniry = AEgup(nki) (49)
onde A é uma constante de proporcionalidade.

3.2.10. Alinhamento de Bandas

A separacdo fotocatalitica da dgua usando a luz solar para a producdo de oxigénio (O2) e
hidrogénio (H,) e fotodegradacdo de poluentes, sdo consideradas abordagens promissoras para
resolver problemas ambientais. Para desenvolver efetivamente um semicondutor fotocatalisador
capaz de empregar energia solar sustentavel e segura, varias pré-condicfes precisam ser satisfeitas:
(i) band gap baixo para absorver uma fracdo maior da energia solar; (ii) estabilidade a longo prazo,
atoxico, baixo custo, quimicamente e biologicamente inerte; (iii) mobilidade efetiva dos portadores
de carga fotogerados; e (iv) alinhamento apropriado de BC e BV em relacdo ao potencial de
reducdo da agua e oxidacao, respectivamente para atender ao critério termodinamico de separacdo

de agua.

O tamanho do band gap e as posicdes das bordas da BV e BC dos semicondutores sdo 0s
principais parametros para determinar a atividade fotocatalitica sob irradiagdo solar simulada. A
Figura 10 mostra 0 band gap e as posi¢Oes das bordas da BV e BC de fotocatalisadores baseados
em semicondutores mais comuns com referéncia aos potenciais E(H,/H™) e E(0,/H,0). Se o
minimo da BC for mais negativo que o potencial E(H,/H™) e o topo da BV for mais positivo que
o potencial E(0,/H,0) entdo a molécula de agua pode se dividir em H, e O, sob irradiacdo de luz

solar.
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Figura 10. As posicdes relativas das bordas da BC e BV de semicondutores em pH zero com

referéncia ao potencial redox da dgua. Adaptado de Tamirat et al. (2016).

As reacdes fotocataliticas de separacdo da dgua sdo uma rota termodinamica ascendente,
que requer uma energia de 1,23 eV em relacdo ao eletrodo normal de hidrogénio (do inglés, NHE),
bem como altos sobrepotenciais devido ao seu processo ndo espontdneo com um AG°® =
237,2 k] mol™! (2,46 eV vs NHE) por molécula de H,0. Em eletroquimica, sobrepotencial é a
diferenca entre o potencial no qual as reacdes redox sdo determinadas experimentalmente e o
potencial de reducdo observado termodinamicamente. O 1,23 eV versus NHE na Eq. (50) surge da

correspondente e oxidacdo (Eg. (51)) e reducéo (Eq. (52)) da agua.

H,0 - H, +1/20, — 5.63 eV (50)
2H,0 - 0, + 4H* + 4e~ —5.20 eV (51)
2H,0 + 2e~ - H, + 2HO™ — 4.82 eV (52)

As reacdes de reducdo e oxidacdo sdo a base da fotodegradacdo de poluentes e producdo
fotocatalitica de Ho, respectivamente. A sequéncia de reacdes em cadeia que normalmente ocorrem
durante o processo fotocatalitico € amplamente proposta. Geralmente, quando um fotocatalisador
baseado em semicondutor é atingido pela luz solar, elétrons (e~) e buracos (h*) sdo gerados. A
absorcdo de fotons e a excitacdo de um elétron da BV para a BC podem ocorrer na condi¢do de

que a energia dos fotons incidentes seja maior ou igual que a energia de band gap (Ey,,) do

semicondutor.

semicondutor + hv —» e~ + h* (53)
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Os pares elétron-buraco fotogerados (e~/h*) podem ser capturados pelos defeitos na
superficie do semicondutor sofrendo recombinacdo e liberando a energia restante por meio de um

mecanismo nao radiativo.
e” +h* - energia (54)

Posteriormente os portadores de carga fotoinduzidos participam das reagdes redox se o
processo for termodinamicamente vidvel. Aqui, a reacdo redox envolve duas espécies ativas
principais: radicais superoxido (057) e hidroxila (¢ OH). O radical 05~ é gerado quando O, reage
com o elétron fotoexcitado da BC. O 05~ pode ser protonado para formar o radical hidroperoxila

(» OOH) e posteriormente o peroxido (H,0,).

e”+0,- 05 (55)
05" +H* - HOO* (56)
2H00* - 0, + H,0, (57)

A producéo de radicais hidroxila pode ocorrer por duas rotas, (i) H,O e ion OH~ em meio
aquoso sdo oxidados pelo h* fotogerado para gerar o radical « OH, e (ii) 0 H,0, formado na Eq.
(57) pode ainda se decompor para produzir o radical « OH. Além disso, o h*™ pode atuar
diretamente como um oxidante para degradar poluentes nos meios aquosos conforme mostrado na

Eqg. 61 e seu potencial depende das condicdes de oxidacdo e do tipo de catalisador.

h* + H,0 - HO" + H* (58)
h* + HO~ - HO" (59)
H,0, + hv - 2HO" (60)
h* + poluentes — [poluentes]* (61)

Durante a fotodegradacéo de poluentes, os radicais « OH e 05~ s&o 0s principais oxidantes.
Os radicais « OH, 05~ e « OOH atacam 0s poluentes na agua, resultando em varios intermediarios
com base na natureza do poluente. Os intermediarios resultantes subsequentemente reagem para

gerar os produtos da degradacao (por exemplo, CO, e H,0).
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Para elaborar os alinhamentos de bandas, aqui serd usada a abordagem proposta por Toroker
et al. (2011) onde é feito o uso de uma equacdo simples para determinar 0 maximo da BV e o
minimo da BC, nela as posic¢des das bordas das bandas podem ser estimadas pela energia de centro
de band gap (Epgc) em relacdo ao nivel de vacuo. Essa abordagem pode ser expressa pelas

seguintes relacoes:

ECBM/VBM = Epgc t O'SEgap (62)

Ota (2018) validou esta estratégia ao estudar o alinhamento de bandas de estruturas
analogas ao grafeno de nitretos do grupo Il e comparar os resultados com o método mais usual, 0
qual leva em conta a eletronegatividade Mulliken () ao invés da Eg. x é dada pela média entre
a primeira energia de ionizacao (EI) e a afinidade eletronica (AE) também podendo ser calculada

por meio da seguinte formula empirica (supondo um composto de formula A,B;):

1
_ b\a+b
x = (xixg)* (63)
onde x§ e x5 sdo as eletronegatividades absolutas dos atomos A e B, respectivamente. A vantagem
do uso da Egg se deve a ela ser um parametro intrinseco ao sistema avaliado, enquanto o célculo
empirico de y é dependente apenas da estequiometria. 1sso € particularmente importante no estudo
reportado aqui, pois as superficies possuem a mesma estequiometria, mas seus atomos mais

externos se encontram arranjados de modos diferentes, o que leva a diferengas na El e EA que néo

sdo computadas por meio do célculo empirico de y.

3.2.11. Cargas de Hirshfeld
O acumulo de densidade eletrénica que ocorre ao redor dos atomos presentes em uma
estrutura resulta da combinacdo de diversos parametros, tais como a diferenca de
eletronegatividade entre as espécies, carga total da estrutura, efeitos de ressonancia eletrénica, entre
outros. As propriedades fisicas e quimicas de solidos sdo fortemente dependentes da falta ou
excesso de elétrons ao redor de seus atomos, essa influéncia se torna ainda maior quando sdo
levadas em conta as superficies, que apresentam diferentes arranjos atdmicos em suas camadas

mais externas a depender do plano cristalografico (hkl) considerado.

Os métodos de determinacdo das cargas atbmicas particionam a densidade eletronica entre

0s nucleos da estrutura de modo que a cada ndcleo esta associado um namero inteiro ou ndo de
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elétrons. Ao somar-se esse nimero com a carga elétrica positiva do nacleo correspondente, tem-se
cargas eletricas nominais a cada atomo, também conhecidas como cargas atbmicas parciais
(BOTELHO et al., 2021). As cargas atbmicas parciais podem ser Uteis para prever interaces
intermoleculares de repulsdo ou atracdo, na predicdo de sitios ativos de uma estrutura e na

comparacao de propriedades quimicas e fisicas de sistemas semelhantes.

Sdo reportados diversos métodos para o calculo das cargas atdmicas parciais, que Sdo
diferentes de acordo com a abordagem utilizada. Neste trabalho sera utilizado o método de
Hirshfeld (HIRSHFELD, 1977) para a analise das cargas atdmicas parciais, nele parte-se de uma
“promolécula” a qual € constituida de atomos neutros esfericamente simétricos com as mesmas
coordenadas dos atomos da estrutura analisada. As cargas atbmicas sdo dadas considerando-se que
a densidade eletronica em um certo ponto é compartilhada pelos atomos circundantes a depender
da distancia entre esse ponto e 0 nucleo dos &tomos. A contribuicdo de cada atomo é ponderada
por meio da densidade eletrbnica do 4tomo isolado a uma certa distdncia do ndcleo a qual
corresponde a distancia entre o ponto na estrutura e o nacleo desse atomo. A carga de Hirshfeld

em um atomo A (q,) é definida por:

=7, — [LAD_ ) ar (64)
Qa=2a=J3, 2P
onde Z, é o nimero atdémico do atomo 4, p3(r) é a densidade eletrénica para o tomo A isolado
e Y4 p3(r) é adensidade promolecular, ou seja, é a densidade de superposicdo de todos os atomos

neutros esfericamente simétricos.

3.2.12. Nimero de Coordenacéo Efetivo (ECoN)

Os nameros de coordenacdo podem ser utilizados em quimica como uma aproximacao para
descrever o ambiente eletrdnico em que o 4tomo se encontra inserido. Isso é particularmente
importante no caso das superficies, onde a principal diferenca entre elas e o bulk se refere as regides
onde ocorrem as quebras de coordenacgéo. Existe uma relagéo de proporcionalidade entre a falta de
coordenacdo dos atomos de uma superficie e sua resposta a formacao de novas ligacdes. Entretanto
essa falta de coordenacdo ndo pode ser tratada apenas por meio do numero de atomos que
circundam um atomo central, ou seja, pelo nimero de coordenacgéo usual (CN) pois o0s poliedros
de coordenacdo podem estar ou ndo distorcidos e isso possui forte influéncia na tendéncia de

formacéo de novas ligacoes.
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Dessa forma, sdo feitas vérias propostas para o calculo de um nimero de coordenagéo que
seja capaz de descrever com eficiéncia estas tendéncias, para isso pode ser utilizado um modelo
aditivo onde os 4tomos nédo séo contados como atomos inteiros, mas como atomos fracionarios
com numeros entre 0 e 1. Neste modelo o nimero de coordenacéo efetivo (ECoN) para o &tomo
central de um poliedro é definido como (HOPPE, 1979; HOPPE et al., 1989; ROBINSON; GIBBS;
RIBBE, 1971):

ECoN = Ziwi (65)

onde a grandeza chamada “peso da ligagao™ da i-ésima ligacéo é dada por:

w; = exp [1 - (l—‘v)s] (66)

la
em que [; € o comprimento da i-ésima ligacéo e [,,, € um comprimento médio de ligacdo ponderado

definido por:

_ Xili exp[l—(li/lmin)6]
Yiexp [1—(li/lmin)6]

(67)

av

sendo que [,,;;, € 0 menor comprimento de ligacdo no poliedro de coordenacao.
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4. Modelo

A construcdo do modelo computacional aqui utilizado, envolve trés elementos fundamentais: a
escolha do nivel de teoria, ou seja, a escolha do funcional a ser utilizado, conjunto de bases que
irdo descrever a estrutura eletrénica dos elementos que compdem o sistema e seus dados estruturais
obtidos experimentalmente. Um modelo é considerado satisfatorio quando é capaz de reproduzir
com alta acuracia a geometria e as propriedades eletrénicas reportadas experimentalmente.

Uma vez que € obtido um modelo que descreva com precisdo as propriedades da unidade
fundamental, o bulk, sdo geradas as superficies de baixo indice de Miller, as quais terdo suas
propriedades estruturais e eletronicas analisadas, fornecendo a base para o estudo das

transformacdes morfologicas das nanoparticulas.

Na Figura 11 encontram-se sistematizados 0s passos para modelar uma estrutura via DFT.
Primeiramente é feita a escolha do funcional e funcbes de base a serem utilizados, como resultado
da otimizacdo da geometria do bulk e a comparacdo obtida em relacdo aos dados experimentais,
tem-se duas possibilidades: (1) a escolha feita reproduz com alta acuracia as propriedades
eletronicas e estruturais do sistema obtidas experimentalmente ou entdo; (I1) melhorar o modelo

computacional seguindo as etapas descritas no fluxograma.

1. Escolha do funcional e conjuntos de funcéo de base;

2. Otimizacao da estrutura;

3. Comparacao de propriedades eletronicas e estruturais com dados experimentais;

4. Caso a acuracia seja suficiente, este € o modelo a ser utilizado em estudos

posteriores;

5. Do contrério, a porcentagem de Hartree-Fock nos célculos de troca no funcional é
modificada;

6. Se obtido um modelo com acurécia desejada, este € o modelo final;

7. Se ndo, uma otimizagao dos coeficientes e/ou expoentes do conjunto de fungdes de

base escolhidos pode ser feita em fungédo da energia total do sistema fixado aos

parametros experimentais;
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8. Nova otimizagéo da estrutura;
9. Este é o modelo final.
Modelagem de Bulk fEus:f:’llt:‘:af:
. Ef:::atl?r::i (Experimental) conjunto de
) bases

Otimizagdo do bulk

Modificacéo do
pardmetro de HF
nos célculos de
troca

f—

Possui acurécia
em relacdo aos
dados

N&io experimentais?
Otimizagdo do bulk
Sim
Otimizagdo
de Base
Possui acuracia .
em relacdo aos N&o

dados

experimentais? Otimizagdo do bulk

Sim

Melhor
_Aproximagdo

Supercélula

Dopagem

Adsorgéo

Figura 11. Processos para a modelagem de estruturas cristalinas base para o estudo das
superficies e posterior estudo de transformacdes morfoldgicas utilizando a construcdo de Wulff.
Adaptado de (LARANJEIRA et al., 2022b)
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5. Método

As simulactes neste trabalho foram feitas utilizando a DFT implementada no pacote
computacional CRYSTAL17 em conjunto com os funcionais BIWC (BILC et al., 2008), WC1LYP
(DEMICHELIS et al., 2010) e B3LYP (HERTWIG; KOCH, 1997), sendo em alguns casos,
modificado o valor do parametro que define a porcentagem de HF nos célculos de troca. Para os
atomos de Mo e W foram utilizadas as bases 311(d31)G (CORA et al., 1997) e 311(d31)G (CORA
et al., 1996) e para 0 O a base 8-411d1 (BREDOW et al., 2006). Na Tabela 1 constam as bases
utilizadas para os atomos A = Cd, Ca, Pb, Sr e Ba e funcionais utilizados para cada material. Para
0s compostos CdMoO4 e SrMoOs utilizou-se o funcional WC1LYP, para 0 CaM00O4, CaWOQsg,
SrwWO04 e BaMo0O; o funcional adotado foi o BIWC e para o0 PbMoQO4, PbWO4 e BaWO4 foi usado
0 B3LYP, acompanhado da correcéo de dispersédo de Grimme D3 (GRIMME, 2006) nos casos do
BaWO4 e PbWO4.

Tabela 1. Funcionais e bases utilizados para simular os sistemas ABQOj4, 0s valores ao lado dos
funcionais indicam a porcentagem de HF nos célculos de troca, nos casos em que estes foram

modificados em relacdo aos valores originais.
Funcional A = Cd, Ca, Pb,Sr e Ba

CdMoOs WCILYP (12.0%)  s2111p411(d411f1) (LAUN; BREDOW, 2022)

CaMoOs  BIWC (13.2%) s31p31 (KULKARNI et al., 2010)
CaWwO;  BIWC (13.2%) s31p31 (KULKARNI et al., 2010)
PbMoO, B3LYP-D3 211(1d)G (PISKUNOV et al., 2004)
PbWO, B3LYP-D3 (10.0%) 211(1d)G (PISKUNOV et al., 2004)

SrMoOs  WCLLYP (10.0%) s2111p411(d1) (LAUN; BREDOW, 2022)
SfWOs  BIWC (10.0%) s2111p411(d1) (LAUN; BREDOW, 2022)
BaMoOs  BLWC (8.0%) 311(d1) (PISKUNOV et al., 2004)

BawO; B3LYP-D3 (10.0%) 3111(d11) (ZAGORAC et al., 2012)
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Em todos os calculos, o nivel de precisdo das integrais bi-eletronicas foi controlado por cinco
parametros (a;), onde a contribuicdo das sobreposicOes e penetragdo para as integrais de Coulomb,
a sobreposicdo para as integrais de troca de HF, e de pseudo-sobreposicdo sdo desprezadas para
valores menores que 10~%, Aqui os valores utilizados para a; foram 8, 8, 8, 8, 16. O fator de

empacotamento das redes de pontos k de Pack-Monkhorst e Gilat foram definidos em 8.

O critério de convergéncia para o processo de otimizagdo feito a partir das posicOes atdbmicas e
parametros de rede das células unitarias, se baseou nas componentes do gradiente e deslocamentos
nucleares, com tolerancia em seu valor eficaz ajustado para 0,0001 e 0,0004 u.a., respectivamente.
O método numérico de quasi-Newton foi usado combinado com o algoritmo de Broyden-Fletcher-
Goldfarb-Shanno (BFGS) (PERRY, 1977; SHANNO, 1978) para a atualizacéo da matriz Hessiana.

Os pontos estacionarios foram dados como um minimo pela diagonalizacdo da matriz Hessiana
em relacdo as coordenadas atdmicas e aos parametros das células unitarias; a analise dos modos
vibracionais no ponto I' por meio do algoritmo de HF/KS perturbado acoplado (CPKS)
(FERRERO et al., 2008). As estruturas de bandas e densidades de estados (DOS) foram obtidas
por meio da mesma amostragem de pontos k utilizada na diagonalizacdo da matriz Fock no
processo de otimizag&o.

5.1. Energia de Superficie

Os modelos de superficie (slabs) sdo constituidos por sistemas peridédicos no plano xy e
limitados em z. Para analisar a estabilidade relativa das superficies, neste trabalho a energia de
superficie (Es,,) é dada por

_ Estap—MEpuik
Esup - 24 (68)

onde Eg;,;, € a energia do modelo de superficie, n é o nimero de unidades do bulk presente na
superficie e A € a area da célula unitaria do slab. Na modelagem de superficies E,, converge
quando o numero de camadas atdmicas (ou a espessura em z) € suficientemente grande para que
ndo ocorram interacOes entre duas terminacdes opostas, ou seja, para que os dois extremos do
modelo de superficie ndo exibam interacfes significativas. Neste trabalho foram somente

analisados modelos de superficie que cumpriram tal condicao.
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5.2. Mapeamento completo de transformac6es morfoldgicas

O estudo de rotas de transformacBes morfoldgicas utilizado aqui se baseia no relato de
Laranjeira et al. (2020). No modelo proposto, ao invés de se considerar o valor das energias de
superficie, € utilizada a razdo de energia de superficie (Ixx;), @ qual € dada por,

ESu
T(hkry = —2 0 (69)

Esup(hkl)min

em que Egup riry € @ energia de superficie para uma superficie de indices de Miller (hkl) e
Esup(rkymin € 0 Valor de energia de superficie para a superficie (hkl) mais estavel (de menor
energia). Partindo desses valores é possivel montar uma matriz de razdo de energias de superficie
onde cada coluna representa o conjunto de energias para os quais um dos planos (hkl) dominem
totalmente a morfologia da nanoparticula e se encontram dispostas em ordem decrescente de ordem
de estabilidade. Combinando os valores diferentes de I,y para os um plano (hkl) passou a
dominar a morfologia dois a dois, é possivel por meio de um esquema de grafos fornecer uma

quantidade consideravelmente maior de habitos cristalinos que englobam as superficies simuladas.
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6. Resultados e Discussao

6.1. Bulk
Ao longo de toda a secdo Resultados e Discussdo os compostos ABO4 serdo apresentados
nas figuras e tabelas em ordem crescente de raio dos fons A%* (Cd?* < Ca?t < Pb?* < Sr?t <
Ba?*), aqui representado por r;(A%*). Esta estratégia foi adotada em vista das varias propriedades

gue, como sera visto, acompanham este parametro periodico.

Na Tabela 2 encontram-se representados os parametros de rede (a=b e c), 0s
comprimento de ligagdo medios das ligacdes A — 0 (da_o) € B— 0 (dg_o ) € as energias de band
gap (Egap) para o bulk dos compostos ABO4. Os parametros de rede aumentam juntamente com
r;(A%*), com os menores valores ocorrendo para 0 CdMoO4 (a=b = 5,20 Aec= 11,204) e
0s maiores para 0 BaMoOs (a=b = 5,63 Aec = 12,54 A). Em relacdo a energia de band gap

(Egap), se analisados somente os compostos com A pertencente a familia dos metais alcalinos
terrosos (A = Ca, Sr ou Ba), nota-se a tendéncia de aumento de Eg,, com r;(A%*), por outro lado,
os materiais CdMoOs, PbMoO4 e PbWO4 exibem E,,,, consideravelmente menores. O maior valor
de Eg,p, OCOrre para o BaWOs (5,30 eV) e 0 menor para 0 CdMoOa (3,28 eV). Todos os tungstatos

(B = W) exibem E4,, maior que os molibdatos (B = Mo) analogos.
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Tabela 2. Parametros de rede (a = bec), comprimento de ligacdo médio da ligacdo A — O

(da-o0) € B—0 (dg-o) e energia de band gap (Eg,p) calculada.

a(d)  c(d) duo(d) doo(d) Egp V)

CdMo0O4 5,20 11,20 2,41 1,81 3,28
CaMoOg4 5,29 11,49 2,48 1,79 4,43
CaWOq 5,26 11, 52 2,51 1,76 4,93
PbMo0O4 541 11,83 2,57 1,79 3,48
PbWO4 5,41 11,91 2,59 1,76 3,44
SrMoOg4 5,48 12,12 2,62 1,80 4,42
SrWOq 541 11,99 2,60 1,76 5,01
BaMoO4 5,63 12,54 2,73 1,79 4,53
BaWOq 5,61 12,71 2,76 1,76 5,30

Na Figura 12 encontram-se representadas as estruturas de bandas para todos os materiais
ABOj junto ao caminho de alta simetria da zona de Brillouin utilizado (Figura 12j). Para os casos
em que A = Ba, Cae Sr, atransi¢do do band gap € direta no ponto I'. Nestes materiais, as bandas
que se encontram em torno do band gap sd@o relativamente planas, caracterizando uma baixa
mobilidade de portadores. Por outro lado, para os casos em que A = Pb ou Cd o band gap é de
natureza indireta com o maximo da BV no ponto I' e 0 minimo da BC entre ' e Z para A =
Cd.ParaA = Pb, 0 maximo da BV se encontra entre I' e X e 0 minimo da BC no ponto N. As

bandas préximas ao band gap possuem curvatura relativamente maior para A = Cd ou Pb.
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Figura 12. Estrutura de bandas para (a) BaMoQOs, (b) CaMoOQs, (c) CdMoOQs4, (d) PbMoOs4, ()
SrMoOQsg, (f) BaWOs, (g) CaWOs4, (h) PbWO4 e (i) STWO4 e (j) zona de Brillouin junto ao caminho

de alta simetria escolhido.

Todas as estruturas scheelita ABO4 exibiram 18 modos Raman ativos (I' = 3A; + 5B; +
10Ey) levando-se em conta que os modos E, sdo suplamente degenerados e tem-se duas vibragdes

associadas a cada frequéncia com tal modo de vibracdo. Os modos de vibragdo observados foram
Ag, Bg e Eg. O modo Ag é unidimensional e simétrico em relagdo a rotacdo do eixo principal, o
modo Bg é unidimensional e antissimétrico em relacdo a rotacdo do eixo principal e 0 modo Eq é
bidimensional, todos possuem simetria de inversdo. Todas as estruturas exibem um pico de maior
intensidade na regido entre 800 cm™ e 900 cm™ com modo de vibragido Ay associado a um
estiramento nos poliedros [BO4], este modo € precedido por um modo de menor intensidade By, 0
qual por sua vez é precedido por um modo Eg (Figura 13). Em molibdatos ocorrem modos By € Eq
em comprimentos de onda préximos ao do pico Ag, como fica evidenciado nos compostos
CaMo0Os, CdMoOs e SrMoOs, enquanto em tungstatos tais picos ocorrem para menores
comprimentos de onda. Para comprimentos de onda menores que 500 cm™ ocorrem diversos picos
de menor intensidade para todos os modos de vibracdo, onde os de maior intensidade ocorrem entre
300 e 400 cm™,
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Figura 13. Espectro Raman para o (a) BaMoOs, (b) CaMoOs, () CdMoOs, (d) PbMoOs, (e)
SrMoOQs, (f) BaWOs, (g) CaWOs4, (h) PbWOs e (i) SrWOL.

Na Figura 14 sdo mostrados os mapas de potencial eletrostatico (V;(r)) coloridos pela
densidade de carga (p(r)) para todas as estruturas. Em todas as estruturas o potencial associado
aos atomos B se encontra conectado (sobreposto) ao dos atomos de O vizinhos 0 mesmo nao
ocorrendo para 0s &tomos A, 0s quais ndo se sobrepdem ao potencial dos atomos de O vizinhos. A
partir disso, nota-se que a ligacdo B — O nos tetraedros [BO4] destas estruturas possuem carater

covalente, ao contrario do que ocorre nos decaedros [AOs] com carater idnico nas ligacbes A — O.
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Figura 14. Mapa de potencial eletrostatico V (r) colorido pela densidade de carga p(r) para o (a)
BaMoOs, (b) CaM0Os4, (c) CdM0Os, (d) PbM0Os4, (e) SrMoOs, (f) BaWOs, (g) CaWOs, (h) PbWO4
e (i) SrWOsa.

Na Tabela 3 podem ser analisadas as cargas de Hirshfeld para cada uma das espécies
presentes nas estruturas. O atomo A que adquire a maior carga (Q,) €0 Sr(Qa = 2,33 no SrMo0O4
e Qa = 2,16 no SrWQOg4) e a menor ocorre no Cd (Q, = 1,63). No sitio B (Qg), nota-se que o W
possui carga significativamente maior que a do Mo. As cargas dos atomos de O (Qg) sdo maiores
nos tungstatos do que nos molibdatos, com maior valor absoluto de Qg para 0 SfWO4 (Qg =
—1,32) e menor para 0 CdMoO4 (Qg = —0.98).

Em relacéo as constantes dielétricas (e, = €,y € €,,), cOmpostos baseados em Pb exibiram
os maiores valores (e = €,, = 5,04 e 4,87 € €,, = 4,55 € 4,41, para 0 PbM0oO4 e PbWOs4,
respectivamente), enquanto os menores foram observados para os compostos de Sr (exx = €y =
2,92e286¢ec€,, =3,00e 293, parao SrMoO4 e STWO4, respectivamente). A anisotropia é mais
pronunciada nos compostos PbBO4 devido as maiores diferengas observadas entre e, = €,y € €.

Materiais com altos valores de constante dielétrica sdo Uteis para aplicacdo em diversos
dispositivos como baterias, antenas, e transistores de efeito de campo, entre outros dispositivos de

armazenamento de energia. Neste sentido os materiais mais promissores sdo 0os PbBO4 e CdMoOsa.

A respeito das massas efetivas, nota-se que m,, > m, para todas as estruturas, 0 que mostra

que em geral, elétrons promovidos para a banda de conducdo possuem maior mobilidade que
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buracos. Os compostos PbBO4 séo os que possuem maior mobilidade de portadores (menores
massas efetivas) (m, =1,20 e 1,16 e m,, = 1,62 e 1,79, para 0 PbMoOs e PbWOs,
respectivamente). As maiores massas efetivas ocorrem nos compostos SrBOs (m, = 6,29 e 8,51
emy, = 17,22 e 49,78, para 0 SrM0O4 e STWO4, respectivamente). A mobilidade dos portadores
fotogerados € importante para aplicacdes em fotocatélise, sendo possivel inferir que compostos
PbBO4 sdo mais promissores neste campo. Tais resultados também sdo um indicativo de que a
insercdo de Pb em estruturas ABO4 pode modificar a mobilidade de portadores e aprimorar o

desempenho destes materiais em reacGes fotocataliticas.

Tabela 3. Cargas de Hirshfeld para os &tomos A = Cd, Ca, Pb, Srou Ba (Q4), B =W ou Mo (Qg)
e media dos atomos de O (Qo), componentes xx = yy e zz do tensor dielétrico (exx = €y € €;,)
das estruturas ABOs e massas efetivas do elétron (m,) e buraco (m;,) calculadas nos pontos da

transicdo do band gap.
Qa Qs Qo Ex=€y €; m, mp,
CdMoO4 1,63 229 -0,98 4,58 4,45 511 10,75
CaMoO4 2,07 236 -111 3,18 3,31 505 11,64
CaWOq 2,12 3,15  -1,32 3,02 3,10 419 8,88
PbMo0O4 1,75 2,33 -1,02 5,04 455 120 1,62
PbWO4 1,87 3,07 -1,24 4,87 441 116 1,79
SrMoQg4 2,33 2,09 -110 2,92 3,00 6,29 17,22
SrWO4 2,16 3,11 -1,32 2,86 2,93 851 49,78
BaMo0O4 1,93 2,24 -1,04 3,39 3,37 4,69 14,06
BaWO, 2,03 3,08 -1,28 3,22 3,18 3,90 10,19

Em relagdo a DOS (Figura 15), tanto a BV quanto a BC sdo dominadas por estados
associados aos dtomos de O, mudando apenas a contribuicéo relativa dos metais. Em todos os
compostos sdo verificadas pequenas contribui¢cdes dos atomos B na BV nas proximidades do band
gap, no CdMoOs, PbMoO4 e SrMoOs também ocorrem contribuicbes do metal A. Na BC as



64

contribui¢cbes do metal B se comparam as do O. Em alguns casos a quantidade de estados
associadas aos atomos A é consideravel como no CdMoQO4, PbM0QO4, PbWO4 e SrM00Qs.

No méximo da BV e no minimo da BC dos compostos PbBO4 ocorre uma baixa DOS em
comparagao com os niveis de menor e maior energia, respectivamente, 0 mesmo pode ser notado
no minimo da BC para 0 CdMoO4. Analisando tais regides nas estruturas de bandas (Figura 12),
nota-se que elas correspondem as bandas com maior mobilidade de portadores (com maior

curvatura).

Bulk
b sr IEEI Vo' ITH N

DOS (unid. arb.)

Egop= 5.30 €V 1
9-8-7-6-5-4-3-2-101 2 3
E (eV)

Figura 15. Densidade de estados por atomo para os compostos (a) CdMoOa, (b) CaMoOs, (c)
CaWOsa, (d) PbMoOs, (€) PbWOs4, (f) SrMoOs, (g) SrWOs, (h) BaMoOs e (i) BaWO4 na forma de
bulk.

6.2. Superficie (001)
Na Figura 16 encontram-se representadas as vistas laterais dos modelos de superficie (001)
apos a otimizag&o estrutural. Todas sdo terminadas em poliedros de coordenacéo do tipo [AOe¢] e
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[BO4]. As quebras de coordenagdo ocorreram apenas nos poliedros [AOs] pois a coordenacéo do
bulk se manteve nos poliedros [BO4].

By e
\ 1
P )

. g
'

00O ®00

Figura 16. Vista lateral da estrutura atbmica da superficie (001) dos compostos ABOa.

Analisando a DOS para todas as superficies (001) (Figura 17), verificam-se caracteristicas
gerais, como a predominancia de estados associados aos atomos de O, seguido por B e A. Na BC
a DOS associada aos 4tomos B é similar a do O, enquanto os atomos A seguem apresentando menor
DOS. Para os sistemas CdMoO4, PbMoO4 e PbWO, ocorre maior contribuicéo relativa dos atomos
A. Nota-se também que para estas superficies o nivel de Fermi e a E,,, sdo maiores em tungstatos
do que em seus andlogos molibdatos. Considerando serparadamente tungstatos e molibdatos a

energia de Fermi e Eg,, crescem com r; (A%H),

Tais consideracdes sdo importantes na medida em que permitem o direcionamento de
mecanismos de troca de cations A%* nestas estruturas para que sejam observados efeitos
particulares. Por exemplo, a troca do céation A%* nas posices mais externas por outro com menor

r;(A**) deve produzir o abaixamento da E,,, e do nivel de Fermi.
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Superficie (001)
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Figura 17. Densidade de estados calculada por &tomo nas superficies (001) dos compostos (a)
CdMo004, (b) CaM0OQ4, (c) CaWOsa, (d) PbMoOQa, (e) PbWO4, (f) STM0o0Osa, (g) SrWO4, (h) BaMoO4
e (i) BawOs..

Na Tabela 4 sdo apresentados os dados estruturais de cada uma das superficies. Verifica-se
que dentre os poliedros [AOx], 0s que possuem maiores distor¢cdes sdo o0 [PbOs] no PbWOsg
( ECoNpppo,; = 4,99 ). Os que exibiram menores distorcdes foram o [SrOs] no SrMoOs
(ECoN[sro,] = 5,95) € 0 [BaOe] no BaWOs (ECoN[ga0,) = 5,99). O comprimento de ligagao
médio nos poliedros [AOx] aumenta de acordo com r;(A%%) considerando separadamente

molibdatos (maior no BaMoO4 com dg,_o = 2,70 A e menor no CdMoOs com dgq_o = 2,37 A)
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e tungstatos (maior no BaWO4 com dg,_o = 2,74 A e menor no CaWOs com dg,_o = 2,46 A).
O mesmo ndo ocorre nos poliedros [BOx], ndo sendo possivel verificar uma tendéncia periddica.
Entre mobibdatos o maior e 0 menor comprimentos de ligacdo médio ocorrem para 0 CdMoO4
(dpo-o = 1,81 &) e BaM0O; (dyo_o = 1,76 A), respectivamente. Entre tungstatos, o maior e
menor comprimentos de ligacdo médios ocorrem no BaWO4 (dyw_o = 1,79 A) e SrIWO4 (dy_o =

1,76 A), respectivamente.

Tabela 4. Numero de Coordenagdo (CN), Numero de coordenagdo Efetivo (ECoN) e comprimento
de ligagdo médio nos poliedros [AOx] (da—o) € [BOx] (dg—_o) para a superifice (001) dos compostos
ABOsa.

CNiao,] CNgo,] ECoNpao,) ECoNpo, da_o(d) dp_o(A)

CdMoOg4 6 4 5,47 3,92 2,37 1,81
CaMoO4 6 4 5,86 3,97 2,46 1,79
CaWOq 6 4 5,85 3,94 2,46 1,76
PbMoO4 6 4 5,64 3,87 2,52 1,80
PbWOQO4 6 4 4,99 3,72 2,53 1,77
SrMoOq 6 4 5,95 3,98 2,59 1,80
SrWOq 6 4 5,93 3,96 2,58 1,76
BaMoO4 6 4 5,99 3,97 2,70 1,76
BaWO, 6 4 5,99 3,97 2,74 1,79

Na Figura 18 sdo  mostrados os padrées de  distribuicdo  de
Vs (r) coloridos por p(r). O padrdo é similar para todos os materiais, com regibes de maior
densidade de carga positiva localizadas nos atomos A e regibes menores com alta densidade de
carga negativa nos atomos de O mais externos. Nota-se que a intera¢cdo B — O possui maior carater
covalente que a interacdo A — O devido a maior sobreposi¢do dos V;(r) associados aos atomos de
B e O. A sobreposicdo nas ligages A — O diminui com o aumento de r;(A%*). Para os casos em
que A = Cd, Ca, Pb ou Sr, € verifica-se a sobreposi¢édo dos potenciais associados aos &tomos A e

B, que diminui com o aumento de r;(A%").
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Figura 18. Vista de topo das isosuperficies de potencial eletrostatico (Vi(r)) coloridas pela

densidade eletrénica (p(r)) para a superficie (001) dos compostos ABOa.

Em relacdo as cargas de Hirshfeld na superficie (001) (Tabela 5), os &omos mais externos
A possuem menores cargas no CdMoOs (Qcq = 1,58) e maiores no SfWO4 (Qg, = 2,11). Para 0s
atomos A fora da familia dos alcalino-terrosos, as cargas sdo significativamente menores, casos do
Cd e Pb. Nositio B, as cargas dos atomos de W (Qw(mediay = 3,03) sdo consideravelmente maiores
que as do Mo (Qmomedia) = 2,24). Analisando molibdatos ou tungstatos separadamente os cargas
no sitio B ndo mudam significativamente, com as cargas Qg variando entre 2,18 (BaMoOa4) e 2,29
(CaMo00s) para 0 Mo, e entre 2,96 (PbWO.) e 3,08 (CaWO4) para o W. Nos atomos de O as cargas
acompanham os valores de Qg, sendo maiores em mddulo em tungstatos do que em molibdatos,

com maiores valores no CaWOas (Qp = —1,15) e menores no CdMoO4 (Qg = —0,83).



69

Tabela 5. Cargas de Hirshfeld para os &omos de A, B e O mais externos ( Qa ,

Qg e Qo, respectivamente) na superficie (001) dos compostos ABO.a.

Qa Qs Qo
CdMoOs 1,58 2,23 -0,83
CaMoOs 2,04 2,29 -0,95
CaWOq4 2,08 3,08 -1,15
PbMoO; 1,58 2,25 -0,83
PbWO4 1,62 2,96 -1,02
SrMoOs 2,05 2,26 -0,97
SrWO4 2,11 3,05 -1,17
BaMoOs 1,88 2,18 -0,92
BaWO4 1,93 3,02 -1,15

De acordo com o alinhamento de bandas das superficies (001) dos compostos ABO4 (Figura
19), verifica-se que as energias do topo da BV versus NHE sdo consideravelmente mais altas nos
compostos CdMoO4 e PbBO4, 0 que indica uma baixa eficiéncia em processos de reducdo como a
geracgdo de ions superdxido (0,/057) e na producdo de Hz. Todos os tungstatos exibiram méaximo
da BV com energia maior que os analogos molibdatos. Em relagdo ao minimo da BC todas os
sistemas exibiram posi¢Oes adequadas para a ocorréncia dos processos H,0/0, e HO™/HO*®, com
maiores r;(A%*) favorecendo a ocorréncia destes processos devido a posicdo de mais alta energia

em relacdo aos potenciais associados.
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Energia versus NHE

Figura 19. Alinhamento de bandas para as superficies (001) dos compostos ABO4 scheelita.

6.3. Superficie (100)
Na superficie (100) é verificada a quebra de coordenacdo somente nos poliedros [AOs]
formando modelos de superficie terminados em poliedros [AOs] e [BOa] para todos os compostos

ABO; (Figura 20). Visualmente, ndo € possivel notar alteracGes consideraveis na geometria dos
poliedros mais externos.
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Figura 20. Vista lateral da estrutura atbmica da superficie (001) dos compostos ABOa.
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Analisando a DOS para as superficies (100), (Figura 20),a energia de Fermi aumenta com

r;(A%*) juntamente com os valores de E exceto para 0s compostos SrBOa, onde os valores de

gap!
Egap S30 consideravelmente menores que o esperado. O nivel de Fermi no CdMoOs €
consideravelmente menor do que nos outros compostos, para 0s quais ndo ocorreram variagdes
maiores que 0,5 eV. Verifica-se que tungstatos possuem nivel de Fermi menor do que molibdatos

e maiores valores de E

gap- ENtre molibdatos, o maior e menor valores de Eg,, sdo do BaMoOs e

CdMoOg, respectivamente. Por outro lado, para tungstatos, o maior e menor valores de Eg,,, estdo

associados ao BaWO4 e CaWOQyg, respectivamente.

Notam-se maiores contribui¢cGes na DOS associadas aos atomos de O para a BV e BC em
todos os materiais. Na BC as contribuicdes do metal B se tornam similares as do O, e para 0s
PbMoO4, PbWO4 e BaWOs sdo notadas contribui¢Ges consideraveis dos atomos A. Na borda da
BV dos compostos PbBO4, a DOS ¢ significativamente pequena quando comparada & dos outros,
onde ela é interrompida abruptamente no inicio do intervalo de band gap. As contribui¢bes do
metal A sdo quase iguais a do O, o que pode resultar em estados de maior mobilidade de portadores
nesta regido, como observado para o bulk. O mesmo ocorre na borda da BC também para os

CdMo0O4 e CaWOQg4, porém sem contribuices consideraveis do metal A.
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Figura 21. Densidade de estados calculada por atomo das superficies (100) dos compostos (a)
CdMo00y4, (b) CaMoOQa, (c) CaWOs, (d) PbM0oO4, (€) PbWOs, (f) SrM0oO4, (g) SFWO4, (h)
BaMoO: e (i) BaWOa.

De acordo com a Tabela 6, os poliedros [PbOs] sdo consideravelmente mais distorcidos do
que os outros (ECoNppo,; = 3,19 e 3,16 para 0 PbMoO4 e PbWOs, respectivamente), as menores
distor¢des ocorrem nos poliedros [CaOs] (ECoN{ca0,] = 4,85 € 4,84, respectivamente). Os
comprimentos de ligacdo médios nos poliedros [AOz] sdo parecidos quando comparados
molibdatos e tungstatos andlogos (mesmo modificador de rede A), com diferencas menores que
0,04 A. Em geral estes comprimentos aumentam com r;(A%*), o Unico desvio para esta tendéncia

ocorre no PbWO4 onde dpy,_q € maior do que para o seu analogo mais préximo com maior r; (A2%),
0 SrWOsa.
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Tabela 6. Nimero de Coordenagdo (CN), Numero de coordenagéo Efetivo (ECoN) e comprimento
de ligagdo medio (d) dos poliedros [AOx] e [BOx] para a superifice (100) dos compostos ABOa.

CNiao,] CNgo,j ECoNpao,) ECoNpo, dao(A) dp_o(A)

CdMoOg4 5 4 4,78 3,78 2,25 1,81
CaMoOq 5 4 4,85 3,86 2,36 1,79
CaWOq 5 4 4,84 3,71 2,36 1,76
PbMoO4 5 4 3,19 3,84 2,49 1,80
PbWO4 5 4 3,16 3,63 2,50 1,77
SrMoOq 5 4 4,75 3,88 2,51 1,80
SrWO4 5 4 4,77 3,76 2,49 1,76
BaMoO4 5 4 4,53 3,88 2,64 1,79
BaWO4 5 4 4,48 3,75 2,67 1,76

De acordo com os padrdes de distribuicdo de V(r) coloridos por p(r) nas superficies (100)
(Figura 22) notam-se faixas horizontais de densidade de carga positiva onde os metais A se
alternam entre si e faixas horizontais de densidade de carga negativa associadas aos atomos de O.
Tais faixas se tornam mais acentuadas de acordo com o aumento de r;(A%*). Para os atomos de O
partilhados entre os &tomos de A e B mais externos, verifica-se maior sobreposi¢cdo do potencial
com os atomos de B, enquanto em relacdo aos atomos de A ha sobreposicdo somente nos compostos
CdMoO4, PbMo00O4 e PbWO4, nestes casos a ligacao entre A e O possui maior carater covalente.
No PbWO. ocorre maior densidade de carga negativa para os oxigénios das camadas mais internas

comparativamente aos outros compostos.
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Figura 22. Vista de topo das isosuperficies de potencial eletrostatico coloridas pela densidade
eletrdnica para a superficie (100) dos compostos ABO..

Por meio da andlise das cargas de Hirshfeld (Tabela 7), nota-se que para a superficie (100)
0s atomos no sitio A possuem menores cargas nos PbBOs (Qpp, = 1,40 € 1.46 para 0 PbMoO4 e
PbWO4, respectivamente), os maiores valores ocorrem nos compostos SrBO4 (Qs, = 2,06 € 2,12
para 0 PbMoOs e PbWOs, respectivamente). As cargas nos compostos CdMoO4 e PbBO4 séo
consideravelmente menores do que nos compostos baseados em metais alcalinos terrosos. As
cargas dos atomos B sdo maiores em tungstatos do que em molibdatos (Qumo(mediay = 2,24 €
Qw(media) = 3,03), com maiores valores de Qp, ocorrendo no CaMoOs (Qu, = 2,29) € menores
no BaMoOs (Qumo = 2,18), considerando Qyy, 0S maiores ocorrem para 0 CaWOs (Qyw = 3,08) e
0s menores para 0 PbWO4 (Qw = 2,98). Quanto as cargas dos atomos de O, observa-se que séo
maiores em tungstatos do que em molibdatos, com diferencas de aproximadamente 0,20, entre

molibdatos. Os maiores e menores de Qg valores ocorrem no SrMoOs (Qp = —0,69) e CdM00O4
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(Qo = —0,62), enquanto entre tungstatos os maiores ocorrem no BaWOs (Qg = —0,91) e os

menores no CaWOs (Qg = —0.88), respectivamente.

Tabela 7. Cargas de Hirshfeld para os &omos de A, B e O mais externos ( Qa ,

Qg e Qo, respectivamente) na superficie (100) dos compostos ABO..

CdMo0O4
CaMoO4
CaWOq
PbMoO4
PbWO4
SrMoQg4
SrWOq
BaMoO4
BaWO4

Qa

1,54
2,05
2,10
1,40
1,46
2,06
2,12
1,82
1,86

Qs

2,21
2,29
3,08
2,26
2,98
2,27
3,05
2,18
3,01

Qo

-0,62
-0,68
-0,88
-0,69
-0,87
-0,69
-0,90
-0,68
-0,91

A respeito do alinhamento de bandas para a superficie (100) (Figura 23), nota-se que todos

0s sistemas, exceto o CdMoOQ4 possuem alinhamento de bandas apropriado para a ocorréncia dos

processos de reducdo 0,/05~ e H* /H,. Enquanto para os processos de quebra da agua (H,0/0,)

e formacédo de radicais HO®, os sistemas SrBO4 e BaBO4 ndo possuem alinhamento de bandas

adequado devido ao fato de 0 maximo da BV estar abaixo destes potenciais (versus NHE). Sistemas

nanoestruturados baseados nos compostos CaBOs e PbBO4 em que a superficie (100) se encontra

exposta podem exibir a capacidade de propiciar a ocorréncia de producédo de H, via quebra da agua

e a formacdo de radicais HO® e 05.
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Figura 23. Alinhamento de bandas para as superficies (100) dos compostos ABO4 scheelita.

6.4. Superficie (101)

Na superficie (101) as quebras de coordenacdo acarretam modelos terminados em poliedros
de coordenacéo do tipo [AOs] e [BOs4] (Figura 24). Diferentemente dos casos anteriores, o poliedro

[AOs] se encontra mais exposto que o poliedro [BO4].

) Vs 2
T VTR L
& i ”

atin

”

s
i

Figura 24. Vista lateral da estrutura atbmica da superficie (101) dos compostos ABO..

A respeito da DOS (Figura 25), ocorrem maiores contribui¢cdes dos &tomos de O na BV e
BC. Na BV as contribui¢bes do metal B sdo maiores que as do A, e maiores para intervalos de
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menor energia. Na BC as contribui¢cGes do metal B s&o relativamente maiores, se igualando as do
O para alguns intervalos de energia. Para 0 PbMoO4 e PbWOg, nas bordas BV e BC a DOS &
reduzida, com as contribui¢fes do Pb se aproximando as do O. Uma baixa DOS ¢ verificada na

borda de conducdo para 0 CdMoOQsa.

Em relacdo aos valores de E,,,,, exceto pelos compostos PbBOs, verifica-se a tendéncia de

gap’
aumento de acordo com o aumento de r;(A%*). Isso esta relacionado as regides de baixa DOS com
contribuicdes do Pb e O no maximo da BV. O menor valor de Eg,, € de 3,43 eV para 0 CdMoO4 e

0 maior € de 5,31 eV para 0 BaWOs. Tungstatos possuem maiores Eg,, do que molibdatos.

Superficie (101)
Pb. Sr [EEN ‘Mo ITH IEH

\Egap= 4,46 eV, '
| E

DOS (unid. arb.)

Figura 25. Densidade de estados calculada por atomo das superficies (101) dos compostos (a)
CdMo0s4, (b) CaM00O4, (c) CaWOs4, (d) PbM0oOs4, () PbWOs, (f) SrM0Os4, (g) SrTWO4, (h) BaMoO4
e (i) BawOs..

Analisando a Tabela 8, nota-se que os poliedros [PbOs] sdo consideravelmente mais

distorcidos comparativamente aos outros (ECoNppo,) = 4,15 € 3,62 para 0 PbMoO4 e PbWOs4,
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respectivamente), sendo tal distor¢do maior no PbWOs. Os poliedros [SrOg] s&o 0s menos
distorcidos (ECoN(sro,) = 4,96 para 0 SrMoO4 e SrWOa), ndo havendo mudanga com a troca de
Mo por W. Quanto aos poliedros [BO,] as maiores distor¢des sdo exibidas nos compostos PbBO4
(ECoN[go,; = 3,95 e 3,89 para 0 PbMoO4 e PbWOj, respectivamente), sendo maior no PbWOsa.
Por outro lado, as menores distor¢des ocorrem nos compostos BaBO4 (ECoNgo,; = 3,99 € 3,98

para 0 BaMoOs e BaWOyg, respectivamente). Comparando os andlogos tungstatos e molibdatos,

somente para 0 PbBO;4 as distor¢bes nos poliedros [AOs] e [BO4] variam consideravelmente.

Os valores de d,_o aumentam de acordo com r;(A%*), sendo o maior de 2,66 A no BawOq
e 0 menor de 2,27 A no CdMoO4. Os valores de d,_q S&0 ligeiramente maiores em tungstatos.
Quanto aos valores de dg_q, ndo se verifica tendéncia periddica, sendo eles similares, com o maior

de 1,80 A no CdMoO4 e 0 menor de 1,76 A para 0 CaWO4 e STWO4.

Tabela 8. Nimero de Coordenacdo (CN), Nimero de coordenacgéo Efetivo (ECoN) e comprimento

de ligagdo medio (d) dos poliedros [AOx] e [BOx] para a superifice (101) dos compostos ABOs.

CNiao,] CNgo,] ECoNpao,) ECoNpo, da_o(d) dp_o(d)

CdMoOg4 5 4 4,86 3,99 2,27 1,80
CaMo0O4 5 4 4,95 3,99 2,37 1,79
CaWO0Oq4 5 4 4,95 3,98 2,37 1,76
PbMoO4 5 4 4,15 3,95 2,44 1,79
PbWO4 5 4 3,62 3,89 2,47 1,76
SrMoOq 5 4 4,96 3,99 2,51 1,80
SrWO4 5 4 4,96 3,98 2,49 1,76
BaMo0O4 5 4 4,95 3,99 2,63 1,79

BaWO, 5 4 4,94 3,98 2,66 1,76
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A respeito da distribuicdo de Vy(r) colorida por p(r) nas superficies (101) (Figura 26),
observa-se que ocorrem faixas de densidade de carga positiva associadas aos metais A e de
densidade de carga negativa associadas ao O, que se tornam mais intensas de acordo com o aumento
de r;(A%*). Os atomos de O mais externos que se encontram simultaneamente ligados aos atomos
de A e B, somente possuem o potencial sobreposto com A no CdMoOQ4, com 0 aumento de r;(A21)

a distancia entre os potenciais de A e de O aumenta.

Figura 26. Vista de topo das isosuperficies de potencial eletrostatico coloridas pela densidade

eletronica para a superficie (101) dos compostos ABOa.

Avaliando as cargas de Hirshfeld nas superficies (101) (Tabela 9) verifica-se que as
menores estdo associadas aos atomos de Cd (Qcq = 1,55) e de Pb (Qp, = 1,46 € 1,51, para o
PbMoO4 e 0 PbWO4, respectivamente), por outro lado, os maiores valores das cargas no sitio A
foram observadas para 0 SrWOs (Qs, = 2,11), tais valores sdo ligeiramente maiores para
tungstatos. O valor da carga dos atomos no sitio B sdo maiores para 0 W (Qwmedia) = 3,06) do
que para 0 Mo (Qumo(mediay = 2,28). No caso em que B = Mo, os maiores e menores valores
foram exibidos pelo CaMo0O4 (Qpm, = 2,33) € pelo BaMoOs (Qum, = 2,22), respectivamente. Para
B = W, os maiores e menores valores foram exibidos pelo CaWOs (Qw = 3,11) e pelo PbWO4
(Qw = 3,00), respectivamente. A respeito da carga dos atomos mais externos de O, nota-se que
elas exibem valores maiores em tungstatos, com menor valor no CdMoO4 (Qo = —0,88) e maior
no SrIWO4 (Qp = —1,23).
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Tabela 9. Cargas de Hirshfeld para os &omos de A, B e O mais externos ( Qa ,

Qg e Qop, respectivamente) na superficie (101) dos compostos ABO..

Qa Qs Qo
CdMoOs 1,55 2,26 -0,88
CaMoOs 2,03 2,33 -1,01
CaWOq4 2,08 3,11 -1,22
PbMoOs 1,46 2,29 -0,86
PbWO, 1,51 3,01 -1,08
SrMoOs4 2,05 2,30 -1,02
SrWO4 2,11 3,08 -1,23
BaMoOs 1,85 2,22 -0,96
BaWOg 1,88 3,04 -1,18

Verificando o alinhamento de bandas para as superficies (101) dos compostos ABO4
(Figura 27), pode-se inferir que somente o0 CdMoO4 possui alinhamento de bandas apropriado para
todos os processos destacados. Todos 0s materiais possuem minimo da BC com energia menor que
os E(0,/057) e E(H*/H,), a capacidade de geracdo de radicais 05~ torna morfologias com a
superficie (101) exposta propensas a degradar poluentes utilizado radicais superéxido. Além do
CdMo0s, os compostos CaBO4 e PbBO4 podem quebrar moléculas de dgua (H,0/0,) e gerar gas

hidrogénio (H*/H,). S6 no CdMoOQs é possivel a geracdo de radicais hidroxila HO".
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Figura 27. Alinhamento de bandas para as superficies (101) dos compostos ABOs scheelita.

6.5. Superficie (110)

De acordo com a Figura 28, na superficie (110) ocorrem poliedros mais externos do tipo

[AOg] e [BO,] com atomos de O com coordenacgdo 1 mais expostos.
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Figura 28. Vista lateral da estrutura atbmica da superficie (110) dos compostos ABOa.

Na DOS (Figura 29) os estados associados ao atomo de O dominam a BV e a BC. Na BC,
as contribuicGes do metal B sdo maiores que na BV, sendo a contribuicdo do metal A menor em
ambos os intervalos. Nos PbMoOs, PbWO4 e CdM00O4, as contribuigdes associadas ao metal A na
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BV sdo relativamente maiores que nos outros materiais. Na BC, a quantidade de estados do metal
A é maior para o0 PbMoOs, PbWO4 e BaWOs. Considerando somente molibdatos ou tungstatos
separadamente, o nivel de Fermi aumenta com r;(A%*). Excetuando-se as estruturas PbBOa, onde
o valor de Eg,,, € menor que o esperado, é notado o0 aumento da Eg,,, de acordo com o aumento de
r;(A%*). O menor valor de Egap € obtido para 0 CdMoOs, enquanto o maior € corresponde ao

BaWOs.
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Figura 29. Densidade de estados calculada por atomo das superficies (110) dos compostos (a)
CdMo0s4, (b) CaM00Oy4, (c) CaWOs4, (d) PbM0oOs4, () PbWOs, (f) SrM0Os4, (g) SrTWO4, (h) BaMoO4
e (i) BawOs..

Do ponto de vista estrutural (Tabela 10), considerando os poliedros [AOs], quando A =

Pb sdo verificadas as maiores distor¢des (ECoN(po.) = 3,64 € 3,48, para 0 PbMoO4 e PbWO4,

respectivamente), enquanto para A = Ba sdo notadas as menores distorgoes (ECoNga0,.) = 4,97
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e 4,96 para 0 BaMoO4 e BaWOs, respectivamente). N&o séo verificadas diferencas significativas
comparando molibdatos e tungstatos andlogos. Nos poliedros [BO4] a maior distorcao é observada
no PbWO4 (ECoN(go,; = 3,55) e @ menor ocorre para 0 BaMoO4 (ECoN go,; = 3,90).

Analisando a Tabela 10, para os valores de d,_g Vverifica-se a tendéncia de aumento com
r;(A%1), em geral estes valores sdo maiores em tungstatos do que em molibdatos, com excecéo dos
compostos SrBOs. Em relacdo a dg_q, 0 maior valor ocorre para 0 CdMoO4 (dyo_o = 1,81 A) e

0 menor para 0 CaMoO4 (dyo—o = 1,76 A).

Tabela 10. Numero de Coordenacdo (CN), Numero de coordenacdo Efetivo (ECoN) e

comprimento de ligacdo médio (d) dos poliedros [AOx] e [BOx] para a superifice (110) dos

compostos ABOa.

CNiao,] CNppo, ECONjao,; ECoNpo, da_o(A) dg_o(A)
CdMo0O4 ) 4 4,89 3,77 2,29 1,81
CaMoOg4 5 4 4,95 3,86 2,40 1,79
CaWOq4 5 4 4,94 3,71 2,40 1,76
PbMoO4 5 4 3,64 3,79 2,48 1,80
PbWO4 5 4 3,48 3,55 2,49 1,77
SrMoQq4 ) 4 4,95 3,89 2,54 1,80
SrWOq 5 4 4,96 3,77 2,52 1,76
BaMoO4 5 4 4,97 3,90 2,65 1,80
BaWO4 5 4 4,96 3,80 2,69 1,77

Analisando a Figura 30, pode ser notada a ocorréncia de um padréo de densidades de cargas
em faixas horizontais localizadas no metal A e regides espacadas de alta densidade de carga
negativa associadas aos atomos de O mais externos, ambas se tornam mais intensas de acordo com

o0 aumento de r;(A%*). O mesmo pode ser verificado para os &tomos de O mais internos, que passam
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a ter maior densidade de carga negativa com o aumento de r;(A%*). No CdMoOs é notada a
sobreposicao dos potenciais dos atomos de O que se encontram ligados simultaneamente ao metal
A e B com o A, porém com o aumento de r;(A%*) essa sobreposicdo diminui, de modo que as

ligacGes A — O passam a ter maior carater iénico.
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Figura 30. Vista de topo das isosuperficies de potencial eletrostatico coloridas pela densidade

eletrnica para a superficie (110) dos compostos ABOa.

De acordo com a Tabela 11, nota-se que as cargas de Hirshfeld para os 4&tomos mais
externos no sitio A possuem menores valores no CdMoO4 (Q¢q = 1,55), PbM00O4 (Qpp, = 1,44) €
PbWO4 (Qp, = 1,50) e maior valor para o0 SrWO4 (Qs, = 2,11). Nota-se que entre molibdatos e
tungstatos analogos os atomos no sitio A adquirem maiores cargas nos tungstatos. Quanto aos
metais no sitio B, 0 W (Qwmedia) = 3,00) possui carga maior que 0 Mo (Qumomedia) = 2,21). Os
maiores e menores valores de Qy, ocorreram para 0 CaMoOas (Qum, = 2,25) e para 0 BaMoO4
(Qmo = 2,16), respectivamente; enquanto os maiores e menores valores de Qyy, 0correram para o
CaWOs4 (Qw = 3,04) e para 0 PbWO4 (Qw = 2,94), respectivamente.
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Tabela 11. Cargas de Hirshfeld para os aomos de A, B e O mais externos ( Q, ,

Qg e Qop, respectivamente) na superficie (110) dos compostos ABO..

Qa Qs Qo
CdMoOs4 1,55 2,20 -0,64
CaMoOs 2,04 2,25 -0,71
CawO, 2,08 3,04 -0,95
PbMoOs 1,44 2,22 -0,71
PbWO4 1,50 2,95 -0,91
SrMoOs 2,05 2,24 -0,74
SrWOq 2,11 3,01 -0,94
BaMoOs 1,86 2,16 -0,74
BawO; 1,90 2,99 -0,96

De acordo com a Figura 31, as superficies (110) dos compostos ABOs, exceto para A = Cd,
possuem alinhamento de bandas propicio para a ocorréncia dos processos 0,/05", H*/H,,H,0/
0, e HO™/HO", portanto morfologias que possuem a superficie (110) exposta possuem potencial
para a producdo de gas hidrogénio a partir da quebra da agua além da geracdo de radicais 05~ e
HO*. No CdMoOs os processos H,0/0, e HO™/HO* podem ocorrer, porém o minimo da BC esta

abaixo do necessario para a ocorréncia dos processos de reducéo 0,/05~ e HT /H,.
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Figura 31. Alinhamento de bandas para as superficies (110) dos compostos ABO4 scheelita.

6.6. Superficie (111)

A superficie (111) é a que exibe geometria mais complexa dentre todas as analisadas (Figura
32). Nela ocorrem diversos poliedros do tipo [AOx] com coordenagdo menor que a do bulk. Aqui
serdo analisados os poliedros de coordenagdo mais externos como feito nos casos anteriores. Nao
ocorrem alteragdes na coordenacao de poliedros [BO4].

”!J‘._-I;/\ oL 7
l 7 vyl
» /‘“I/A, '
BaMoO,
4 "v////l/[“vj o0,

200®0 000

Figura 32. Vista lateral da estrutura atbmica da superficie (111) dos compostos ABOa.
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A desordem mencionada se reflete nas propriedades eletrénicas das superficies (Figura 33).
N&o é possivel observar a tendéncia periddica com r;(A?*) para o nivel de Fermi ou Egap COMO
nos casos anteriores. Em todos os modelos € verificada a predominancia de estados associados ao
atomo de O na BV e BC. Na BC, a contribuicao dos metais se torna mais pronunciada, em especial
para 0s metais B, que para alguns intervalos de energia se equipara a do O. As contribui¢6es do Pb
sdo relativamente maiores para os compostos PbBOs na BC. Os valores de Eg,,, variam entre
1,94 eV para 0 BaWO4 e 4,97 eV para 0 STWOs. Os sistemas que exibiram menores valores de
Egap (1,94 eV para 0 BaWOs, 2,57 eV para 0 PbWOs4, 3,01 eV para 0 CdMoOs, 3,18 eV para o
SrMoOs e 3,98 eV para 0 PbMo0O4) possuem baixa DOS para intervalos de energia de até 1 eV na
borda da BV.

Superficie (111)
oI Bal i w| o

DOS (unid. arb.)

Figura 33. Densidade de estados calculada por &tomo das superficies (111) dos compostos (a)
CdMo0s, (b) CaM00Oy4, (c) CaWOs, (d) PbM0Os4, (€) PbWO4, (f) SrM0Os4, (g) SFTWO4, (h) BaMoO4
e (i) BawOa.
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De acordo com a Tabela 12, no PbWO. e SrWO4, as superficies (111) sdo terminadas em
poliedros do tipo [AQs], enquanto para 0s outros materiais as superficies (111) possuem poliedros
expostos do tipo [AOs]. Nota-se que o poliedro [PbOs] € o mais distorcido (ECoNppo,) = 3,56),
enquanto o menos distorcido € pertencente a0 CaMoOs (ECoNca0,) = 4,95). Em relagdo aos
poliedros [BO4] a maior distor¢do € notada para o0 PbWO4 (ECoNwo,; = 3,35) e a menor esta

associada a0 CdMoO4 (ECoNye0,] = 3,91).

A respeito dos valores de dy_g, a tendéncia de aumento com o aumento de r;(A%*) é
observada com desvios nos casos do PboWO4 (dpp—o = 2,31 A), com 0 menor valor de d,_ € do
SrWOq (ds,_o = 2.50 A) que exibiu menor valor do que para o seu molibdato anélogo (ds,_g =
2,53 A), diferentemente do observado para as outras superficies. Essas consideracdes indicam a
ocorréncia de uma compressdo no processo de otimizacdo das superficies em poliedros [AO4].
Sobre os valores de dg_o, 0 maior ocorre para 0 CdMoOs (dyo—o = 1,83 A) e 0 menor para
SIWO; (dw_o = 1,76 &), nota-se que estes valores sio menores em tungstatos do que em

molibdatos, exceto pelos compostos PbBOsa.

Tabela 12. Numero de Coordenacdo (CN), NUmero de coordenacdo Efetivo (ECoN) e

comprimento de ligacdo médio (d) dos poliedros [AOx] e [BOx] para a superifice (111) dos

compostos ABOg.

CNjao,) CNpso, ECONjao,; ECoNigo,j da-o(A) dp-o(A)
CdMoQq4 5 4 4,26 3,91 2,34 1,83
CaMoOq4 5 4 4,95 3,88 2,38 1,79
CaWOq4 5 4 4,94 3,74 2,39 1,76
PbMo00O4 5 4 3,56 3,83 2,47 1,80
PbWO, 4 4 3,72 3,35 2,31 1,80
SrMoQq 5 4 4,94 3,89 2,53 1,80

SrWQO;4 4 4 3,90 3,88 2,50 1,76
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BaMoO4 5 4 4,53 3,54 2,69 1,82
BaWO4 5 4 4,86 3,80 2,69 1,76

Quanto ao potencial eletrostatico (Figura 34), ndo podem ser observados padrdes idénticos
para todos os materiais como nos casos anteriores. Os centros de densidade de carga positiva
localizados no metal A se encontram distribuidos aproximadamente em faixas diagonais. Nota-se
centros de densidade de carga negativa nos atomos de O mais expostos, que se encontram

apontados para fora do plano xy.

Analisando o tamanho e intensidade das regiGes com alta densidade de carga positiva, é
possivel notar a tendéncia periddica de aumento com o aumento de r; (A%*). O mesmo ndo ocorre
para as regides de alta densidade de carga negativa, onde nas camadas mais internas, ocorrem
padrdes de cores no PbMoOs e BaMoOs similares ao do CdMoOs, 0s quais tendem para a
neutralidade de cargas. Nestes materiais sdo observados as maiores distor¢des (ECoNjcqo,) =
4,26 , ECoNppo,} = 3,56 € ECoNgao,] = 4,53 para o CdMoOs, PbMoOs e BaMoOs,
respectivamente) para CN = 5 nos poliedros [AOx], 0 que caracteriza uma alta dispersdo nos
comprimentos das liga¢des A — O, de modo que alguns &tomos se encontram téo distantes que nem

mesmo interagdes idnicas ocorrem, acarretando maior neutralidade de cargas nas vizinhangas.

Figura 34. Vista de topo das isosuperficies de potencial eletrostatico coloridas pela densidade
eletrnica para a superficie (111) dos compostos ABOa.
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A Tabela 13 mostra as cargas de Hirshfeld para os &tomos mais externos da superficie (111)
dos compostos ABO4. No sitio A, as menores cargas ocorrem no CdMoOs (Qcq = 1,54), PbM00O4
(Qpp, = 1,42) e PbWOs4 (Qpp, = 1,46) e as maiores no SrM0oOs (Qcq = 2,06) € SfWO4 (Qcq =
2,08). As cargas no sitio B sdo consideravelmente menores para 0 Mo (Qumomediay = 2,20) do que
para 0 W (Qw(mediay = 3,03). Os maiores e menores valores de Qu, ocorrem para 0 CaMoO4
(Qmo = 2,27) e para 0 BaMo00O4 (Qu, = 2,09), respectivamente; para 0 Qy 0S maiores e menores
valores s&o observados para CaWO4 (Qyw = 3,06) e para 0 BaWOs (Qw = 2,99). Em geral Qg é
maior em tungstatos do que em molibdatos, com maior no BaWOs (Qo = —1,19) e menor no
BaMoO4 (Qp = —0,70).

Tabela 13. Cargas de Hirshfeld para os aomos de A, B e O mais externos ( Qa ,

Qg e Qg, respectivamente) na superficie (111) dos compostos ABOa.

Qa Qs Qo
CdMoOs 1,54 2,23 -0,94
CaMoOs 2,04 2,27 -0,71
CaWOq4 2,08 3,06 -0,92
PbMoO, 1,42 2,21 -0,72
PbWO4 1,46 3,05 -0,92
SrMoOs 2,06 2,23 -0,99
SrWOq 2,08 3,02 -1,00
BaMoOs 1,82 2,09 -0,70
BaWO, 1,89 2,99 -1,19

O alinhamento de bandas (Figura 35) indica que a superficie (111) dos compostos CaMoO4,
CaWOs, PbM0oO4 e BaWO4 possui alinhamento de bandas necessario para a ocorréncia de todos
0s processos representados. O CdMoOs é 0 Unico a ndo exibir topo da BV com energia maior que
os potenciais E(0,/057) e E(H*/H,), deste modo sistemas baseados em CdMoOs com a (111)
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superficie exposta podem ndo ter boa performance em processos de reducdo. Por outro lado, 0s
sistemas PbWO4, STM00O. e BaMoOs ndo sdo propicios para a ocorréncia dos processos H,0/0,

e HO™/HO*, devido ao fato de o minimo da BC estar acima do potencial destes processos.
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Figura 35. Alinhamento de bandas para as superficies (111) dos compostos ABO4 scheelita.

6.7. Superficie (112)
Na superficie (112) a quebra de coordenagdo nos dtomos mais externos resulta em dois
poliedros diferentes do tipo [AOs], sendo mantida a coordenagdo dos atomos mais externos B.

Juntamente com a superficie (001), sdo as Unicas que exibem poliedros mais externos [AOs],
conforme mostrado na Figura 36.



92

" B “.’?‘ Ll . S~ P\ ~7
20020000
Figura 36. Vista lateral da estrutura atbmica da superficie (112) dos compostos ABOa.

Analisando a DOS para as superficies (112) (Figura 37), sdo verificadas maiores
contribuicdes de estados associados aos atomos de O na BV e BC. Ocorrem maiores contribuigdes
dos metais na BC em comparacdo a BV, em particular do metal B. Nos compostos PbMo0Qg,
PbWO, e BaWOQy4, 0s metais A possuem maior contribuicio na BC. E notada a tendéncia periodica
de aumento do nivel de Fermi e Eg,, com o aumento de r;(A%*). A excecdo sdo 0s compostos
baseados em Pb (PbBO4) que apresentam niveis de Fermi anormalmente altos, valores de Eg,p,
menores que o esperado (3,51eV e 3,48 eV para 0 PbMoOs e PbWOg, respectivamente) e
intervalos de energia em torno de 1 eV na borda da BV com baixa DOS associada ao metal A e O,
como observado nos casos anteriores. O menor e o maior valor de Ej,, observados foram de
3,33 eV para 0 CdMoO4 e de 5,00 eV para 0 BawOs. Também é notada a tendéncia de tungstatos
exibirem maior E,,, do que molibdatos. Nas estruturas ABO4 baseadas em metais alcalinos

terrosos é notada uma particularidade: a ocorréncia de intervalos com auséncia de estados na BC.
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Figura 37. Densidade de estados calculada por atomo das superficies (112) dos compostos (a)
CdMo0g4, (b) CaM00O4, (c) CaWOs4, (d) PbM0oOs4, () POWOs, (f) SrM0Os4, (g) SrTWO4, (h) BaMoO4
e (i) BawOa.

A partir da Tabela 14, observa-se que como nos casos anteriores, maiores distor¢cdes nos
poliedros [PbOs] nos compostos PbBO4 (ECoNppo, = 5,46 € 4,99 para o0 PboMoOs e PbWOs,
respectivamente) e aumento nos valores de d,_ de acordo com o aumento de r;(A%*), sendo estes
valores maiores em tungstatos do que em molibdatos (maior valor para dy_o = 2.73 A no BawO,
e menor de dy_o = 2.35 A para 0 CdMoO4). Os maiores valores de ECoN40,; sd0 observados
para 0 CaMoQOs, SrM00O4 e BaM0O4 (ECoN{a0,; = 5,91), 0 que mostra que variando-se 0 metal A

dentro da familia dos metais alcalinos terrosos, ndo séo verificadas mudancas significativas na
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superficie (112), de acordo com o observado na DOS, onde os valores de E,, variam em no

méaximo 0,08 eV para molibdatos e 0,21 eV para tungstatos.

Tabela 14. Numero de Coordenacdo (CN), Numero de coordenacdo Efetivo ( ECoN) e

comprimento de ligacdo médio (d) dos poliedros [AOx] e [BOx] para a superifice (112) dos

compostos ABOa.

CNpao,] CNppo, ECONao,; ECoNpo, da_o(A) dg_o(A)
CdMo0O4 6 4 5,80 3,78 2,35 1,81
CaMoOg4 6 4 5,91 3,87 2,44 1,79
CaWOq 6 4 5,89 3,74 2,44 1,76
PbMoO4 6 4 5,46 3,80 2,51 1,80
PbWO, 6 4 4,99 3,60 2,54 1,77
SrMoOg4 6 4 591 3,90 2,58 1,80
SrWOq 6 4 591 3,79 2,56 1,76
BaMo0Og4 6 4 591 3,91 2,69 1,79
BaWO4 6 4 5,83 3,81 2,73 1,76

A respeito da distribuicdo de cargas (Figura 38), notam-se faixas horizontais onde os metais
A associados aos dois poliedros [AOg] se encontram dispostos em um padrdo de zigzag. O metal
A compartilha um O com os atomos B vizinhos, a ligacdo entre A e O possui sobreposi¢do dos
potenciais no CdMoOs, CaMoO4 e CaWOs4, a qual vai diminuindo com o aumento de r;(A%*), até
estarem distantes, caracterizando uma interagdo de carater ibnico no restante dos compostos. Com
o aumento de r;(A%*) a densidade de cargas passa a ser mais intensa nas camadas atémicas

inferiores.
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Figura 38. Vista de topo das isosuperficies de potencial eletrostatico coloridas pela densidade
eletronica para a superficie (112) dos compostos ABOa.

Analisando as cargas de Hirshfeld dos atomos mais externos (Tabela 15), verifica-se que
no sitio A os compostos CdMo0O4 (Qcq = 1,58), PbM0Os (Qp, = 1,54) € PbWO4 (Qp, = 1,63)
s80 0s que exibem menores cargas, enquanto no SrWO4 ocorre a maior carga (Qs, = 2,13). Como
em todos 0s casos anteriores, 0s metais alcalinos terrosos possuem carga consideravelmente maior
que o Cd e Pb. Quanto ao sitio B, notam-se cargas consideravelmente maiores para 0 W
(Qw(médiay = 3,06) em comparagdo a0 Mo (Qumo(mediay = 2,26). Os maiores e menores valores de
Qo 0correm para 0 CaMoOs (Qu, = 2,29) € para 0 BaMoOs (Qy, = 2,20), respectivamente.
Para Qy, 0S maiores e menores valores ocorrem para 0 CaWOs (Qw = 3,09) e para 0 BaWOq
(Qw = 3,03), respectivamente. As cargas adquiridas pelos atomos de O sdo maiores em tungstatos
do que em molibdatos, com maior valor de Qg para 0 BaWOs (Qo = 0,93) e menor para 0
CdMo0O4 (Qo = 0,62).
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Tabela 15. Cargas de Hirshfeld para os aomos de A, B e O mais externos ( Q, ,

Qg e Qo, respectivamente) na superficie (112) dos compostos ABO..

CdMoO4
CaMoO4
CaWO0Og4
PbMo0O4
PbWO4
SrMoOg4
SrWO,
BaMo0O4

BawO.

Qa

1,58
2,05
2,10
1,54
1,63
2,07
2,13
1,88

1,93

Qs

2,25
2,29
3,10
2,27
3,05
2,29
3,06
2,20

3,03

Qo

-0,62
-0,68
-0,89
-0,66
-0,88
-0,71
-0,91
-0,71

-0,93

Avaliando o alinhamento de bandas para as superficies (112) (Figura 39) nota-se que

somente no caso do CdMoO4, onde 0 maximo da BV possui energia maior que 0s potenciais

E(0,/057) e E(H*/H,) e no caso do SrMoOa, onde o minimo da BC esta abaixo do potencial

E(HO™/HO*®), ndo ocorrem todos os processos indicados. Nos outros materiais o alinhamento é

propicio para a producdo de radicais O3~ e HO® e producdo de H, via quebra da agua. Portanto,

morfologias em que a superficie (112) se encontra exposta nos compostos ABQO4 sdo favoraveis a

ocorréncia destes processos, exceto para 0s casos mencionados.
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Figura 39. Alinhamento de bandas para as superficies (112) dos compostos ABO4 scheelita.
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6.8. Estabilidade Relativa das Superficies dos Sistemas ABO4

Na Tabela 16 sdo mostradas as ordens de estabilidade relativa das superficies dos
compostos ABOs. Em todos os casos a superficie (001) é a mais estavel, seguida pela (112), exceto
no BaWOQs onde a segunda mais estavel é a (101). A superficie (111) foi a que exibiu maior
instabilidade para os compostos CdMoQO4, PbWO4, BaM00O4 e BaWOs4, nos outros foi a (100). A
estabilidade das superficies (001) e (112) na maioria dos compostos estd associada a maior
coordenacao dos atomos A mais externos formando poliedros do tipo [AOs]. Dentre as superficies
com poliedros de coordenacdo mais externos [AOs] (todos os casos exceto as (001) e (112)), a
(101) é mais estavel que as outras, isso se deve ao arranjo particular exibido por seus &tomos mais
externos, sendo a Unica onde os &tomos B mais externos se encontram em camadas mais internas
que os atomos A mais externos.

Nota-se, portanto, que a coordenagdo dos atomos A mais externos € importante para suas
estabilidades. Entretanto, 0 modo como os atomos de A e B estdo distribuidos nas camadas mais
externas também exerce forte influéncia, determinando a estabilidade quando os atomos mais

externos possuem a mesma coordenacao.
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Tabela 16. Ordem de estabilidade relativa dos compostos ABOjs scheelita.
Ordem de Estabilidade Relativa
CdMoOg4 (001) > (112) > (101) > (110) > (100) > (111)
CaMoOq (001) > (112) > (111) > (101) > (110) > (100)
CaWOq (001) > (112) > (111) > (101) > (110) > (100)
PbMo0O4 (001) > (112) = (101) > (111) > (110) = (100)

PbWO, (001) > (112) > (101) > (100) > (110) > (111)
SrMoOq (001) > (112) > (101) > (110) > (111) > (100)
SrWOq4 (001) > (112) > (101) > (110) > (111) > (100)
BaMoO4 (001) > (112) > (101) > (110) > (100) > (111)
BaWO4 (001) > (101) > (112) > (110) > (100) > (111)

De acordo com a Figura 40, na maioria dos casos a morfologia néo otimizada (Ej,, sem
considerar a otimizacdo de geometria) sdo poliedros onde as superficies (101) e (001) se encontram
expostas. Nestes casos ndo é possivel notar diferencas visuais, as excecdes sdo 0 PbMoQO4, PbWO4
e BaWOs. Nos PbMoO4 e PbWO4, a morfologia ndo otimizada possui as superficies (001), (100),
(112) e (111) expostas, a principal diferenca consiste na taxa de exposicao relativa das superficies
(111) (15,70% e 73,90% nos PbMo0O4 e PbWOs, respectivamente) e (112) (48,20% e 1,77% nos
PbMoOs e PbWOQy, respectivamente); a morfologia exibida pelo BaWO, é similar a do PbWO.,

exceto por a superficie (112) ndo estar exposta.

Quanto as morfologias considerando os efeitos da otimizagao (Ej,, apos a otimizacdo de

geometria), para todos 0s materiais notou-se 0 mesmo padrdo com as superficies (001), (112) e
(101) expostas. Em alguns casos, além das mencionadas, verifica-se a presenca da superficie (111)
nos CaMoO4, PbM0O4 e BaWOQg4, enquanto a (110) aparece no SrMoO4 e no BaWOa.

Analisando as variagOes de E,,, devido a otimizacdo de geometria, nota-se que elas sdo
maiores no PbMoO4 e PbWO4, onde os valores de Ej,,, antes da otimizagdo sdo proximos a 10

JIm? e depois da otimizagdo decrescem se tornando menores do que 1 J/m?. Isso pode explicar a
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maior distorgdo dos poliedros mais externos [AOx] e [BOs4] nas superficies baseadas nestes
sistemas, mostrando que a quebra de coordenacdo induz a maiores deformacdes para que as
superficies estabilizem suas energias. Isso se deve a estrutura eletrdnica do Pb, Unico para o qual o
subnivel p mais externo se encontra parcialmente preenchido, causando hibridizacées no Pb

diferentes daquelas observadas para os outros elementos.
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Figura 40. Energias de superficie (Es,;,) € morfologias com taxa de exposicéo relativa antes e
depois da otimizagdo de geometria para (a) CdMoOs, (b) CaM00Qs4, (c) CaWOs4, (d) PbM0Os4, (e)
PbWOs, (f) SrMoOs, (g) SrWO4, (h) BaMoOs e (i) BaWOs.
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Muitas das diferencas observadas também podem ser relativas ao modelo computacional
adotado. Quando utilizados os mesmos funcionais e fungdes de base, como no caso do CaMoOg e
CaWO, observa-se que a ordem de estabilidade € a mesma e os valores de Eg,,, antes e depois da
otimizagdo séo praticamente iguais. Para os SrMoOs e SrWQO4, mesmo com a utilizagédo de
diferentes funcionais, nota-se a mesma ordem de estabilidade e morfologias relativamente similares
apos a otimizagdo. Para os compostos PbBOs, a principal diferenga € relativa a estabilidade da
superficie (111), considerando que as outras ocupam posi¢des analogas na fila de estabilidade, aqui
também somente foi modificado o funcional. No caso dos compostos BaBOa, ocorre mudanga na
funcdo de base utilizada para descrever os atomos de Ba, levando a morfologias antes da otimizacédo
significativamente diferentes, além disso, apds a otimizacdo no BaWOQs a superficie (111) é mais
estavel que as (100) e (110), o que ndo ocorre no BaMoOs, onde diferentemente do que ocorre para
todos os outros, a superficie (101) é mais estavel que a (112). Uma perspectiva futura de estudo
seria avaliar qual a influéncia do modelo computacional utilizado na ordem de estabilidade destes
compostos quando fixado o elemento do sitio A, dado que por serem estrutural e quimicamente
analogos, seria esperado que exibissem a mesma ordem de estabilidade, como foi observado no
caso dos CaBOs4, onde o modelo computacional utilizado foi 0 mesmo.

6.9. Rotas de Transformacdes Morfoldgicas

De acordo com a secdo Modelo Computacional, utilizando os valores de razéo de energia
de superficie podem ser construidos grafos para fazer um mapeamento completo de rotas
morfologicas. O uso dos valores de I € particularmente importante, pois demonstra que na
descri¢do de uma morfologia o que importa é apenas a razdo entre as energias de superficie. Devido
ao fato de os materiais aqui analisados pertencerem ao mesmo grupo de simetria, utilizando os
mesmos valores de [,y sdo obtidas as mesmas morfologias. Como o CdMoO4 € o primeiro
material em ordem crescente dos r;(A%"), ele sera utilizado como referéncia para elaboragio dos
mapas. Vale a pena ressaltar que o procedimento seria 0 mesmo adotando qualquer um dos

materiais, alterando somente os valores de Iy, Sua ordem nas matrizes, e portanto, a ordem das

morfologias caracteristicas de cada superficie exibida nos grafos.

Para elaboragdo do grafo parte-se da morfologia ideal, obtida a partir dos valores de Eg,,,
apos a otimizagdo estrutural (v,) e a partir dela € diminuido o valor de Iy para cada uma das

superficies, obtendo assim as morfologias intermediarias (e; _¢) e finalmente aquelas em que ocorre
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maior taxa de exposicdo relativa para cada plano (v;_g). Logo ap6s, as morfologias v;_¢ Sa0
combinadas duas a duas por meio de modificagdes nos valores de Iy, resultando nas morfologias
e7_21 (Figura41lb, ced). NaFigura41d € mostrada a matriz dos valores de Iy, onde cada coluna
representa os valores de I,y para as morfologias v,_, e a Figura 41e mostra quais sdo as

modificagdes ocorridas em v; _¢ que quando combinadas resultam nas morfologias e;_,;.

b w @
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Figura 41. Rede de transformacdes morfoldgicas (a) englobando as superficies (001), (112), (101),
(110), (100) e (111), todas as combinacGes possiveis duas a duas para as estabilizacdes ocorridas

em v;_g que geram e;_,; (b), () e (d), matriz das razGes de energia de superficie I,y para o

CdMoO:4 (e), e matriz modificacdo associada as transformagfes morfol6gicas mostrada nos grafos

().

Na Figura 42 é mostrado o mapa completo de rotas morfoldgicas que pode ser obtido
aplicando a metodologia descrita. Por meio da analise das morfologias v, _¢ € possivel distinguir
qual é a morfologia caracteristica de cada superficie (hkl). Estabilizacdes na superficie (001)
favorecem morfologias que se assemelham a discos, por outro lado, nas superficies (112), (101) e
(111) sdo obtidas morfologias octaédricas e por fim, morfologias que possuem forma de
nanobastfes estdo associadas as superficies (100) e (110). Uma quantidade consideravel de

sistemas multifacetados pode ser obtida ao serem combinadas alteragdes na [y como
exemplificado nas morfologias e;_,; . Alterando livremente os valores de [y € possivel

determinar quais séo o0s planos expostos em diversas morfologias observadas experimentalmente.
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Figura 42. Morfologias dos cristais de CdMoOs4 (que podem também ser obtidas para quaisquer

dos compostos ABOs, a partir das mesmas modulacdes de I'(;)) obtidas combinando os valores

de [(xkr) dois a dois. Todas as estruturas e;_»; (b-d) representam particulas intermediarias entre
v1_6 ().

Gong et al. (2006) relataram sintese de cristais octaédricos de CdMoOQ via rota hidrotermal
mediada por microemulsdo a 120 °C por 10 horas, segundo os autores a morfologia observada esta
associada a superficie (101), correspondendo ao cristal v3 no mapa de rotas morfoldgicas (Figura
42). Shahri et al. (2013) reportaram a sintese de nanocristais de CdMoO4 via método de co-
preciptacdo usando Cd(Sal). (Sal = salicilideno) e (NH4)sM07024.4H,0 sendo obtidas morfologias
octaedrais (Figuras 43c e 43d) similares as relatadas por Gong et al. (2006) em ambas utilizou-se
CTAB como surfactante, porém ao utilizar os surfactantes PVP e PEG600 nota-se que a superficie
(110) passa a estar exposta juntamente com a (101) (Figuras 43e e 43f), com maior taxa de
exposicdo relativa para o PEG600. Na Figura 43a sdo mostradas as rotas para se obter as
morfologias mencionadas. Nota-se que morfologias octaedrais podem estar associadas aos planos
(112), (101) e (111).
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F(112) = 0,4'6
F(101) = 0,42
F(lll) = 0,30
F(112) = 0,46
F(101) — 0,50

Figura 43. Morfologias tedricas geradas por meio do modelo de Wulff (a) para representar cristais
octaédricos de CdMoO4 via rota hidrotermal mediada por microemulsdo por Gong et al. (2006) (b),
nanocristais de CdMoOs via método de co-preciptacdo usando Cd(Sal). (Sal = salicilideno) e
(NH4)sM07024.4H20 por Shahri et al. (2013) (c), (d), (e) e (f).

Wang et al. (2014b) obtiveram nanoplacas de CdMoOQs via rota hidrotermal. Notou-se que
ao modificar a concentracdo dos precursores, 0 modo como as nanoplacas se encontravam
agregadas era modificado. As nanoplacas estdo associadas a maior taxa de exposicao da superficie
(001), como pode ser visto na Figura 44. Os autores demonstraram também que estes sistemas sdo
promissores na foto-degradacao de rodamina B quando submetidas a radiacdo UV com um band
gap de 3.26 eV, o que corrobora os resultados apresentados aqui, onde por meio do alinhamento
de bandas demonstrou-se que na superficie (001) € possivel a producdo de radicais HO® e o band
gap calculado para ela foi de 3.25 eV. Ren et al. (2007) via método hidrotermal, porém utilizando
precursores diferentes dos utilizados por (WANG et al., 2014b) fabricaram diversas nanoestruturas
(Figuras 44b e 44c), sendo que para valores de pH de 3.5 e 4.5 s&o obtidas também nanoplacas.
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Figura 44. Morfologias tedricas geradas por meio do modelo de Wulff (a) para representar
nanoestruturas de CdMoO4 obtidas via método hidrotermal por (c) e (c) (REN et al., 2007).

Wang et al. (2012a) reportaram a obtencdo de nanobastdes de CaMoOs do método de
micro-ondas de alta eficiéncia de agente quelante assistido por irradiacdo (Figura 45b).
Considerando a ordem de estabilidade descrita na Tabela 16 espera-se que as morfologias estejam

associadas a exposicao da superficie (110), correspondendo ao cristal v, da Figura 42.

Figura 45. Morfologia teérica geradas por meio do modelo de Wulff (a) para representar

nanobastdes de CaMoO4 obtidos via método de micro-ondas de alta eficiéncia de agente quelante

assistido por irradiacdo e relatadas por Wang et al. (2012a) (b).

Zhang et al. (2017) observaram atividade fotocatalitica na degradag¢do de MO para nano-
poliedros de PbMoOs preparados via método hidrotermal, sendo um dos poliedros obtidos
caracterizado na Figura 46b. A atividade fotocatalitica relatada para estas estruturas esta de acordo
com a andlise feita para os alinhamentos de bandas, onde verificou-se que as superficies (101) e
(112) séo capazes de gerar radicais O;~ e HO* que podem degradar o MO e estdo expostas nas
nanoparticulas. Bi et al. (2009) sintetizaram nanoestruturas de PbMoO4 via método solvotermal,
sendo exibidas na Figura 46c¢ as rotas de modulacdo morfoldgica para se obter uma das morfologias
experimentais. De acordo com os resultados obtidos, os nanocristais de PbMoO4 possuem atividade
fotocatalitica na degradacdo do acido salicilico, estes nanocristais possuem as superficies (112),
(110) e (100) expostas, todas elas possuem alinhamento de bandas propicio para a geracdo de

radicais O, e HO".
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F(OOl) =0,76
F(101) =0,76
Ta12) = 0,76
F(112) = 0,33
Feuggy = 0,33
F(IOO) =0,33

Figura 46. Morfologia tedrica geradas por meio do modelo de Wulff (a) para representar nano-
poliedros de PbMoOs preparados via método hidrotermal por Zhang et al. (2017) (b) e
nanoestruturas de PbMoO4 obtidas via método solvotermal por Bi et al. (2009) (c).

Huo e Chu (2006) sintetizaram nanobastdes de PbWO, via método solvotermal baseado em
microemulsdo. Na Figura 47b se encontram caracterizadas a rota de modulacdo morfolégica para
se obter tais estruturas. Yu et al. (2013) também reportaram nanoestruturas baseadas em PbWOs,,
sendo observados alguns poliedros que podem ser obtidos também via modulacdo morfoldgica
(Figura 47c). Os autores observaram atividade fotocatalitica aprimorada para estas estruturas, a
qual pode estar associada a exposicdo superficie (001) que é capaz de produzir radicais 05, (101)
que pode gerar radicais HO® ou (112) que pode gerar ambos de acordo com os alinhamentos de
bandas. Geng et al. (2006) via rota sonoquimica relataram diversas nanoestruturas de PbWO4
(Figuras 47d e 47¢) sendo algumas delas associadas a exposi¢cdo das superficies (001), (100) e

(101) conforme Figura 47.
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F(112) = 0,55
F(100) =0,16 ‘
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F(lOO) — 1,27
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To1) = 0,95
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Figura 47. Morfologia teodrica geradas por meio do modelo de Wulff (a) para representar
nanobastdes de PbWO4 sintetizados via método solvotermal baseado em microemulsédo por HUO
e CHU (2006) (b), nanopoliedros baseados em PbWO4 reportados por (YU et al., 2013) (c),
nanoestruturas de PbWO, preparadas via rota sonoquimica por GENG et al. (2006) (d) e (e).

7. Consideracoes Finais

Neste trabalho € feita a modelagem e simulacdo computacional via teoria do funcional da
densidade (DFT) aplicada a modelos periédicos dos compostos ABO4 (A =Ba, Ca, Cde SrePbe
B = Mo e W). Foram analisados os efeitos das trocas do formador de rede (B) e dos modificadores

de rede (A) em cada uma das estruturas e na ordem de estabilidade relativa das superficies.

Tais consideragfes sd@o importantes, na medida em que permitem o direcionamento de
mecanismos de troca de céations A2* nestas estruturas para que sejam observados efeitos
particulares. Por exemplo, a troca do cation A" nas posi¢des mais externas por outro com menor
r;(A%*) deve produzir o abaixamento da Egap € do nivel de Fermi. Em geral, as maiores distor¢oes
nos poliedros de coordenagdo [AO,] foram observadas nos compostos PbBOs, enquanto nos
compostos baseados em metais alcalinos terrosos as distor¢des sao significativamente menores A
= Ba, Ca e Sr. Também se verifica que, os comprimentos de ligacdo A — O nestes poliedros
aumentam de acordo com o aumento de r;(A%*). Porém a troca de Mo por W no sitio B néo resulta
em mudangas significativas nas distor¢des dos poliedros mais externos [AO] e [BO,], além de ndo

serem verificadas mudangas significativas nos comprimentos das ligacbes B — O em todos os



107

compostos, mostrando que o metal presente no sitio A tem maior influéncia nas propriedades
estruturais das superficies destes materiais. As maiores distor¢des significam que as superficies dos
compostos CdMoO4 e PbBO4 possuem maior tendéncia de formar novas ligacdes sendo mais

propensos a interagir com outras substancias.

Quanto as propriedades eletronicas, verificou-se que o méximo da BV, que aqui pode ser
confundido com o nivel de Fermi, devido ao fato de os calculos estarem sendo feitos a 0 K,
aumentam de acordo com o aumento de r;(A%*) em quase todas as superficies, exceto na (111).
Em todos os casos, as menores cargas dos &tomos A mais externos ocorrem no CdMoO; e PbBOs,
comparando somente entre os metais alcalinos terroros ndo ocorrem diferencas consideraveis nas
cargas. Os metais no sitio B possuem cargas consideravelmente maior quando B = W, em
comparacdo a B = Mo. No nivel do bulk também é notado o0 mesmo comportamento, sendo 0s
elementos no sitio A decisivos para as propriedades das estruturas, é significativa a diferenca nas
constantes dielétricas dos compostos PbBO4 e CdMO4 para aqueles baseados em metais alcalinos
terrosos que possuem constantes dielétricas consideravelmente menor. A insercdo de metais de
transicdo ou semimetais da familia IVA nestas estruturas pode resultar no aumento da constante
dielétrica, da mobilidade de portadores e no potencial de interacdo com outras moléculas, o que é

importante para mecanismos de fotodegradacéo.

Foi feito um mapeamento geral de transformacgdes morfoldgicas para qualquer material que
exiba a simetria do grupo scheelita. Para qualquer material com esta estrutura, estabilizacdes na
superficie (001) irdo gerar morfologias similares a discos, nas (110) e (100), préximas a
nanobastdes e nas (101), (112) e (111), morfologias octaedrais. Se combinadas as estabilizacbes
em mais de uma superficie com as energias de superficie variando livremente, somente
considerando estes 6 planos é possivel obter uma infinidade de morfologias. Isso foi demonstrado
em parte por meio da combinag&o das estabiliza¢des ocorridas para cada superficie duas a duas no
esquema de grafos aqui utilizado, sendo obtidas 21 morfologias. Por meio do mapeamento feito foi
possivel compreender como cada superficie cresce em um cristal o que permitiu que fossem
propostas rotas de transformacgdes morfologicas, as quais se associadas a resultados experimentais

podem explicar e prever propriedades dependentes das superficies destes compostos.

Foi aplicado o conceito de modulagcdo morfologica para descrever morfologias experimentais

relatadas dos sistemas scheelita ABO4, 0s quais associados as informagdes obtidas nos célculos
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DFT podem explicar diversos fendbmenos como a degradacdo de poluentes ou a producdo de
hidrogénio via quebra da &4gua, que sdo aplicacfes amplamente reportadas para estas estruturas. A
presente pesquisa pode auxiliar os experimentalistas a entender e direcionar o controle da sintese
da forma de sistemas ABOg, além de poder fornecer um indicativo de propriedades desconhecidas

e possiveis aplicacBes para estes materiais.

8. Publica¢des no periodo
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ARTICLE INFO ABSTRACT

Keywaords: Nanotubes have become the focus of interest in recent years because of their unique properties that make them
Alloy nanatube natural candidates for many devices. The junction of two different nanotubes can form alloys imparting new
DET properties or enhance existing properties associated with one or both starting materials. The present study aims

Piezoelectricity
Nitride nanotubes
Strain
Functionalization

to investigate the properties of aluminum and gallium nitride (AIN and GaN, respectively) single- and double-
walled nanotubes and double-walled alloy nanotubes (Aly 5Gag sN and Gag sAly sN) by using the density fune-
tional theory (DFT). It is observed that the emission of single-walled nanotubes (SWNT) changes from deep-UV
to the blue region of the electromagnetic spectrum for double-walled GaN nanotubes (DWGaN). For the alloy
nanotubes, the emission occurs at UVA and UVB regions for Aly 5Gag sN and Gag sAlg 5N, respectively. Also, the
impact of the applied mechanical strain is investigated for all nanotubes. It is observed that with tensile strain,
the band gap energy decreases while the piezoelectricity increases. Of all the zigzag nanotubes investigated,
SWAIN, DWAIN, and the AlpsGagsN alloy nanotube exhibit larger piezoelectric constants. The analysis of
electron density revels that the alloy nanotubes can be used to fabricate a selective dual gas sensor and that the
functionalization, using an interface or by the application of strain, can be used to modulate the properties of
materials.

1. Introduction

Nowadays, materials engineering is increasingly concerned with the
development of new materials, as well as the functionalization of ex-
isting materials for application to specific devices. Functionalization
can be achieved by doping, vacancies, adsorption, or by inducing de-
fects in the crystal lattice, ereating new materials that are more efficient
than the starting materials. Another type of functionalization of current
interest is the creation of a junction of two different materials in order
to fabricate alloys. The alloys so obtained could either have very dis-
tinct properties or have similar, but significantly enhanced properties,
as compared to the starting materials.

Among the different alloys, those of aluminum nitride (AIN) and
gallium nitride (GaN), of the type GaN/AIN or Al,Ga,. N, are widely
used in electronie devices [1-3]. Theoretical and experimental studies
have shown that the aluminum content in these materials can be
regulated to obtain higher efficiencies for applications in optoelectronic
devices, in particular, those that utilize deep-UV radiation [4-7]. Fur-
thermore, it was verified that the Al,Ga, N band gap energy depends
on the thickness of the layer, as well as on the concentration of Al atoms
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E-mail address: jr.sambrano@unesp.br (J.R. Sambrano).
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[8,9]. Ambacher et al. [10], have established that the formation of the
two-dimensional (2D) electron gas in non-doped GaN and AlGaN/GaN
doped heterostructures depends both on the piezoelectric and sponta-
neous polarization effects. It has been shown that by introducing the
piezotronics effect in the AlGaN/AIN/GaN heterostructure, the con-
ductance increases up to 165% under compression along with an in-
crease in the heterojunction electron gas, which has a wide application
in high electron mobility transistors and other high-performance
quantum electronics [11].

Despite many studies that report different GaN/AIN hetero-
structures, to the best of our knowledge, only a few correspond to one-
dimensional (1D) materials, such as nanowires [12], nanorods [13],
and nanotubes [14] that exhibit significant potential for applications in
opto-electronics, magnetism, photonics, and catalysis [14.15]. The po-
tential technological applications for nanotubes may be very different
from those for which other 1D materials are natural candidates. In
particular, nanotubes with small diameters serve as excellent high-
performing structures that can be used as electrocatalysts, super-
conducting materials, in electrical devices, and in nano-sized sensors
[16].
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Detailed studies of inorganic nanotubes, among them, AIN and GaN
nanotubes, began to advance, from the discovery of carbon nanotubes
by lijima et al. [17,18] The AIN and GaN nanotubes can be used in
nanoscale photodetectors for the removal of toxic ethylene-acetylene
gas from the environment and in formaldehyde sensors, in addition to
having potential applications in the medical, electronic, optoelectronic,
and piezoelectronic devices. Such broad-scale applicability can be at-
tributed to their outstanding dielectric and piezoelectric properties,
thermal conductivity, and possible quantum confinement effect
[19-23].

Theoretical studies of AIN and GaN nanotubes highlight interesting
properties, such as low strain energy involved in wrapping a surface to
form a nanotube, good thermal stability, and increase in the band gap
energy with increasing nanotube diameter, until a diameter of ap-
proximately 20 A, when the band gap energy associated with the na-
notube converges to that of the respective surface [24-27].

Although AIN and GaN nanctubes have shown great potential for
various applications, very few studies have analyzed their synthesis,
application, and functionalization. Furthermore, the nanotubes of AIN/
GaN and Al,Ga;.,N heterostructures have not yet been synthesized. In
fact, there is only one theoretical study by Almeida et al., wherein
Al,Ga; 4N and GaN/Al,Ga; _4N nanotubes (0 < x < 1) [28] were
investigated, in which it was shown that single-walled Al,Ga, N na-
notubes displayed a direct band gap energy, with emission in the ul-
traviolet region for all concentrations of Al

Modeling and computational simulations are fundamental tools for
research in recent years, and can be used to model functionalized ma-
terials at the atomic level, as well as to predict their properties. As
stated, the chemical bonds formed by the heterostructures significantly
change the properties in comparison to that of the original material.
Additionally, it is known that structural modifications produced by
mechanical strain, as shown by Fabris et al. [29], increase the piezo-
electricity, with a corresponding reduction in the band gap energy. The
present study aims to theoretically analyze the main properties of the
double-walled (DW) and alloy nanotubes, Aly sGag sN, and Gag sAlp sN.
In particular, the piezoelectricity and band gap energy were evaluated
as a function of the simulated mechanical strain as applied along the
periodic axis of the nanotubes. We also report an estimate of the me-
chanical limit of these structures as a function of tensile strain.

2. Method and computational details
2.1. Computational models

The theoretical equilibrium bulk structure of AIN and GaN, the
(0001) surfaces and the single-walled nanotubes were previously stu-
died, and the results can be found in reference [25]. The choice of the
nanotube size originates from this study, in this sense, according to the
low strain energy, which represents high stabilityn of formation for na-
notubes, the nanotubes with diameters of 20 A were chosen. The
computational setup and model system of this previous work allowed us
to select the nanotube size (diameters of ~ 20 A) to make a double-
walled nanotube model. The alloy nanotube models were constructed
from double-walled aluminum nitride nanotube by the substitution of
Al by Ga atom, thus forming AlysGagsN or Gag sAlpsN, depending on
whether aluminum or gallium forms the inner layer of the nanotube.
Fig. 1 shows the schematic representation of the construction of the
nanotubes,

To measure the relative junction stability between AIN and GaN, the
junction energy (Ejn,) was determined using the relation
Ejn = (Eg — Egan — Eav)/2S, where Eg corresponds to the alloy na-
notube energy, the Eg,y and Eay are the energies that correspond to
each wall of the alloy nanotube, calculated separately by removing the
other wall, and S is the surface area of the alloy nanotube.
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2.2. Computational method

Periodic computational simulations using Density Functional
Theory (DFT) with the B3LYP [30] hybrid functional were made by
using the CRYSTAL17 package [31]. The aluminum, gallium, and ni-
trogen atomic centers were described by 86-21G* [32], 86-4111d41G
[33] and 6-21G* [34] all-electron basis sets, respectively. The func-
tional and basis set choice is based on the results of previously pub-
lished research [25,35]. The accuracy of the calculation was de-
termined by a set of five-threshold values: 10”5, 1075, 1075, 10 ® and
10~ %, which correspond, respectively, to the overlap and penetration
of the Coulomb integrals, the overlap of the HF exchange integrals, with
the last two values corresponding to the threshold for the pseudo-
overlap in the HF exchange series. Also, the shrinking factor (Pack-
Monkhorst and Gilat net) was set to 10, which corresponds to six in-
dependent k-points in the irreducible part of the Brillouin Zone in-
tegration.

The methodology for the calculations of elastic (c;;) and piezo-
electric (e;;) constants, along the periodic direction of the nanotube
was previously tested by our group and was shown to be in good
agreement with experimental data [25,35-37].

The applied strain was taken to be along the periodic direction and
simulates the mechanical influence on the piezoelectric constants and
band gap energy, until the nanotube ruptures. Negative strain corre-
sponds to compression, while positive strain corresponds to the tensile
strain on the nanotube.

3. Results and discussion
3.1. Analysis of main properties

Table 1 lists the geometric parameters for all the nanotube models
analyzed. It was observed that the DWNT maintain the geometrical
characteristics of the correspondent SWNT and (0001) surfaces, with an
average Al-N and Ga-N bond length of ~1.99 A, Al-N-Al and Ga-N-Ga
bond angle of ~127°, and nanotubes diameter of 18.84 A and 19.50 A
of for DWAIN and DWGaN, respectively.

For alloys nanotubes, the higher diameter of Gag 5Aly sN, 19.38 A, is
due to the incorporation of Ga atoms in the internal wall, once the Ga-N
bonds length and diameter are greater than Al-N. The AI-N = 2,02 A
and Ga-N = 2.10 A bond lengths between walls are approximately the
same for both alloy nanotubes. The calculated values for bond lengths
and bond angles are found to be within the range reported for experi-
mental and theoretical studies of these systems in the literature
[2,5,38], and are similar to bulk and surfaces.

The Ej,, values obtained for the alloy nanotubes were —0.0959 eV/
unit and —0.0957 eV/unit for AlysGagsN and GagsAlgsN, respec-
tively, which indicate good interaction between them, suggesting that,
experimentally, each can form a good substrate for the other and, once
synthesized, they will have small structural defects.

Interestingly, both the nanotube diameter and the wall thickness
appear to affect the Eg,, as well as the emission range in the electro-
magnetic spectrum (ERES). Fig. 2 depicted the influence of the wall
thickness and the composition in the alloy nanotube concerning the
Egqp- As can be seen in Fig. 2, the SWNTs have higher values of Egg,, and
by adding a second wall, Eyq, decreases for the DWNTs, with values that
are closer to the Eg, value of the corresponding bulk material. These
results are in agreement with many theoretical and experimental works
[5,39,40]. Park et al. [41] and Goldberger et al. [40] obtained values of
Egqp between 3.2 and 3.9 eV for GaN nanotubes, and have demonstrated
the effect of nanotube wall thickness on its electronic properties, once
the structure starts to resemble the bulk structure. So far, the experi-
mental determination of Eg, for the AIN nanotube has not been re-
ported. However, many theoretical studies have reported a direct band
gap energy for both single-walled and faceted AIN nanotubes, which
were simulated at different levels of theory [15.25].
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Replacement of Inner/
Outer layer by AIN or GaN

Fig. 1. Schematic representation of the construction of DW and alloy nanotubes.

Furthermore, it is known that the difference between the optical and
electronic band gap energies is small [6], and so, the calculated theo-
retical band gap energy can be used to estimate the emission range of
the nanotubes in the electromagnetic spectrum. The DWGaN is the only
nanotube in this study with its emission in the visible region. For the
AlpsGagsN and GagsAlpsN alloy nanotubes, the emission occurs at
UVA and UVB regions, respectively. It is well-known that in AIN/GaN
heterostructures the cation content is related to the photoluminescence
(PL) emission, which increases with the percentage of Al in the sample
[28,42,43]. In our models, the percentage of Al and Ga is 50% each;
therefore, the change in the electromagnetic emission spectrum de-
pends on which material is exposed, i.e., forms the outer layer of the
DWNT. Park et al. [44] have experimentally demonstrated the re-
lationship between the valence and conduction bands with respect to
the exposed surface of GaN nanowires and nanotubes. Accordingly,
DWNTs and alloy nanotubes can be used for different applications, such
as deep-UV LEDs for water purification, medical diagnosis, ultraviolet A
and B (UVA and UVB, respectively) radiation sensors based on photo-
diodes, among others [45].

The electronic properties were investigated by the calculation of the
density of states (DOS), which can help to predict the main difference
between the different types of nanotubes studied here. In Fig. 3 the DOS
of DWNTs and alloy nanotubes are shown, and the main orbital con-
tributors in each range are highlighted. For DWNTs, the electron
transition probably occurs between the N-2p,p, atom in the valence
band (VB) and Al-s or Ga-s in the conduction band (CB), for DWAIN and
DWGaN, respectively. The contributions found in the DOS of DWNTs is
similar to the SWNTs, monolayer (0001) surface, as well as the re-
spective GaN and AIN bulk. In the case of the alloy nanotubes, the
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Fig. 2. Band gap energy (E,q, €V) and emission range in the electromagnetic
spectrum (ERES) as a function of nanotube diameters.

electron transition occurs between the atoms of the external wall, al-
though the difference of internal/external wall contribution for N atoms
in GagsAlpsN is more pronounced. In this sense, for the GagsAlpsN
nanotube the electron transition occurs between N-2p,p, and Al-s, while
for the Alp sGao sN, the transition occurs between the N-2p,p, and Ga-s.
In both cases, the contribution of the cation-internal wall interaction
appears above ~5 eV in the CB. Moreover, the E,q, of alloy nanotubes is

Table 1
Nanotube diameter (D; A), bond length (X-N; A) (X = Al or Ga) of the inner layer (in), outer layer (out) and between layers (bet) and bond angle X-N-X (degree).
D XN X-N X-Nepen X-Npeny X-N-X X-N-X

SWAIN 19.78 1.79 - - - 119.75 -
SWGaN 20.38 1.84 - - - 119.72 -
DWAIN 18.84 1.79n) 1.92(0un 2.01 2.02 119.32(in) 119.53(0ut)
DWGaN 19.50 1.85(in) 2.04(0un) 219 212 119.50Gn) 119.70(0ury
GagsAlg sN 19.38 1.84in) 2.030un) 2.020v.A1) 21055 119.67 iy 119.23gup)
AlpsGag sN 19.00 1.81¢y) 1.990un 233008 2,051 119.156n) 119.62(0uny
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Fig. 3. Density of states for DWAIN, DWGaN, and Gag sAlpsN and AlgsGag sN alloy nanotubes with respect to the inner and outer walls.

more affected by the AIN wall, as compared to that corresponding to the
DWNTs, when the displacement of the AIN conduction band is ~1 eV to
the forbidden region, i.e., closing the E,,, whereas the displacement is
minimum in the case of GaN.

The charge distribution on the isodensity surface based on the
electronic charge density and the electrostatic potential of nanotubes is
depicted in Fig. 4, with isolines being drawn at increments of 0.001 |e|/
A. The SWNTs and DWNTs show a homogeneous charge distribution (8)
along all the nanotube, as expected. The negative charge (8) is more
pronounced around N atoms in the GaN nanotubes, corresponding to a
greater positive net charge (8§*) on the Ga atoms than that on Al atoms,
and is consistent with the charge density for SWNTs as calculated by
Almeida et al. [28] However, when the interface AIN/GaN is formed, it
was observed that charges flow in the Al to N direction, the nitrogen
atom becomes more negative and the electron density is higher around
the Al-N bond, for all the models analyzed here. The Mulliken charges
are listed in Table S1 and validate the analyses described above. The
difference found in the charge distribution for the alloy nanotubes can
induce the adsorption or confinement of molecules. For example, for
molecules that tend to withdraw electron density, the AIN nanotube is

the more favorable adsorbent, such as NH; and NO,, while for the
molecules that tend to donate electronic density, the GaN nanotube is
the preferred adsorbent, such as CH;COOH and C¢HsCOCHj3.

The overlap population (see Table S2), based on Mulliken analysis,
is an usual and simple method for describing electronic interactions
between bonded atoms. The overlap values for Aly sGag sN are 121 m|e|
and 165 m|e|, for Ga-N and Al-N, respectively, whereas for Gag sAlj sN,
the overlap values are 138 m|e| and 131 m]e|, for AlI-N and Ga-N, re-
spectively. Once a high overlap population represents a greater cova-
lent character of the bond, the results show that the Ga-N and Al-N
bonds are more ionic compared with the single- and double-walled
nanotubes, that have an overlap population of ~290 m|e| and
~298 m|e| for Al-N and Ga-N bonds, respectively. However, the Al-N
bonds in all the models investigated here are seen to have a more
pronounced covalent character, which might explain why the AIN na-
notubes are observed to be more rigid than the GaN nanotubes, as in-
dicated by their elastic constants listed in Table 2. These values are in
good agreement with the bulk, (0001) surface and SW nanotube data
[15,25,46]. In contrast to the electronic properties of the alloy nano-
tubes, the elastic constant is affected to a greater extent by the material
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Fig. 4. Charge distribution on the isodensity surface of (a) SWAIN, (b) SWGaN, (c) DWAIN, (d) DWGaN, (e) AlpsGagsN and (f) Gag sAlpsN nanotubes.

Table 2
Elastic (c;;, GPa) and piezoelectric (e;;, C/m?) constants.
Cir en

SWAIN [25] 387.31 0.83
SWGaN [25] 367.46 0.62
DWAIN 351.61 0.14
DWGaN 311.48 0.08
Gag sAlg.sN 300.52 0.08
Alg5GagsN 321.19 0.11

which forms the internal wall of the nanotube. The rigidity of the inner
wall adds to the rigidity of the nanotube. In this sense, the Gag sAly sN
nanotube is ~6.54% less rigid than Al sGagsN, which corroborates
with the above-mentioned hypothesis of the rigidity of the internal
wall.

The addition of the outer wall in the nanotube appears to lead to a
decrease in the piezoelectric properties (Table 2). Thus, the SWAIN and
SWGaN are ~83% and 87%, respectively, more piezoelectric than the
corresponding DWNTs. Unexpectedly, the alloy nanotubes seem to ex-
hibit the low piezoelectricity observed in the DWNTs. When AIN, the
most piezoelectric material among them [25,47,48], forms the inner
wall of the nanotube, the piezoelectric constant of Al, sGay sN nanotube
is 21% lower than that for the DWAIN, but is seen to be 28% higher
than the corresponding values for the DWGaN and Gag sAlp sN nano-
tubes. These results show that DWGaN, DWAIN and the corresponding
alloy nanotubes are all piezoelectric, just like the SWNTs.

3.2. Strain versus piezoelectricity and band gap energy

One way to modify the material properties is by the application of
mechanical strain. In this process, the structure is modified and it is
known that these structural changes can regulate the properties of the
material, and could also induce new properties hitherto not associated
with the starting material. In order to investigate this, the mechanical
strain was applied along the periodic axis of the nanotubes, which was
varied between —20% to 24%, so as to analyze the maximum possible
compression and stretch of the nanotube. The piezoelectric constants
and band gap energy are shown in Fig. 5, as a function of the applied
strain and the detailed results are given in the Supplemental Material
(Tables S3-S5). Additionally, the nature of the bond (overlap popula-
tion) as well as the Mulliken charges of the strained nanotubes were
evaluated and are listed in Tables S6-S8.

As can be seen in Fig. 5, the SWNTs appear to be more sensitive to
strain and the piezoelectric constants are found to oscillate. For all the
nanotube models, the application of a compressive strain is seen to lead
to a slight increase in the piezoelectric constant. Despite SWNTSs are
more rigid than DWNTs and the alloy nanotubes, all can be compressed
until a limit of —12%, after which the piezoelectric constants were
observed to start decreasing and the bonds AlI-N and Ga-N become
weaker. An abrupt decrease in piezoelectric constants is seen for a
compressive strain of —16%. In the limit of compression, the overlap
population is greater between the atoms and the bond character is al-
tered. In all cases, the AIN and the Al, 5Gag sN nanotubes appear to be



N.L. Marana, et al.

s (21) SWAIN and SWGaN
7:0 ] —o—AIN [[7¢
—a—CaN|[ 65

in
1

N:
g 604 6.0
O 554 F55
\E« 5.0 F5.0
£ 4.5 F4S
2 4.0 40 »
= o
e 354 s
“ z
£ :.n« F30 8
.54 F2.5
2 204 F2.0
2 1.5 F15
8 104 F1.0
& 054 Fos
0.0 F0.0
-0.5 T T T T -0.5

Tt T
24 20 -16 -12 -8 4 0 4 8 12 16 20 24 28
Strain (%)

(¢) Al Ga, N and Ga, Al N

113

Computational Materials Science 177 (2020) 109589

(b) DWAIN and DWGaN

1.04
0.5+

Piezoelectric constant (|C/m2|)
»
>
1

0.0

0.5

5.5 35
AIN |
= 5.04 A Gax—.\.o
o, 45 F4.5
E
>3 4.0+ 4.0
= 354 K
- =
- 3.0 F30 <
£ 25 25 =
o ¥
2 2.0 F2.0 =
=
% 1.5 F1.5
§ 1.04 rLo
£ ol W B
= 0.0 L0
V5t 1711177105
-24 <20 <16 <12 -8 -4 0 4 8 12 16 20 24 28
Strain (%)
—— 4.5
oAl Ga N |
—— Ga, Al N| [
t3.s
3.0
F2.s ~
sl
¥
F20 =
13
1.5 =
F1.0
0.5
Fo.0
0.5

2420-16-12 8 4 0 4 8 12 16 20 24 28

Strain (%)

Fig. 5. Piezoelectric constants and band gap energy of (a) SW, (b) DW and (c) alloy nanotubes under compressive and tensile strain.

more resistant to the strain. This is consistent with the fact that AIN
materials are more rigid, and the fact that Al constitutes the inner wall
in the AlpsGag sN, which increases the rigidity of the alloy nanotube.

In contrast, the tensile strain affects the properties of the nanotubes
to a greater extent. The SWNTs are found to exhibit a greater oscillation
in piezoelectric constants, with the values being less than that of the
unstrained nanotube, until a tensile strain of 8%. The piezoelectric
constants increase significantly beyond a tensile strain of 12% for
SWGaN, while such an increase for SWAIN only appears in response to a
tensile strain of 16%. The present study indicates that 16% represents
the limit of the tensile strain for both SWNTs, beyond which the na-
notube starts to broken. The bond lengths of Ga-N and Al-N are found to
be around 2.18 i\, which indicates that there is no chemical bond, but
only an electrostatic interaction between a cation and an anion. The
overlap population decreases potentially from this limit, indicating the
change in the bond character (see Table S6).

In contrast to what is observed for the SWNTs, it was observed that
the piezoelectric constant of DWAIN starts to increase beyond a tensile
strain of 4%, while for DWGaN, this occurs from 8% onwards. The
DWGaN exhibits a noteworthy increase in percentage in the piezo-
electric constants, ~600%, and the value achieved is similar to that
observed for the SWGaN (0.62C:m?). It is seen that 20% is the limit of
tensile strain for both DWNTs in this study, and at 22% tensile strain,
the rupture of the nanotube occurs. However, the changes in the
overlap population and Mulliken charges appear at 16% for DWAIN and
only at 20% for DWGaN. This behavior is consistent with the softness of
the GaN materials compared with AIN. Nevertheless, despite the rapid
increase in piezoelectric constants given by tensile strain, the values did
not permit the DWNTs to be classified as a good piezoelectric material.

The limit of tensile strain for the alloy nanotubes is taken to be 20%,

since they are observed to rupture at a 22% tensile strain. The
Alp sGag sN is the most rigid nanotube and presents the higher increase
in the piezoelectric constant before the rupture, with an increase of
1292% with respect to the unstrained nanotube, which makes it the
most piezoelectric nanotube in the present study. For the alloy nano-
tubes, the piezoelectric properties depend on the material constituting
the inner wall. Since the Al-N bond is seen to be sensitive to deforma-
tions, when the strain is applied, it creates a large tension on the AIN
wall, which translates to an increase in piezoelectric constants.
Additionally, it seems that in both alloy nanotubes the Al-N bond suf-
fers more the tensile strain effect than Ga-N bonds. In this sense, the
abrupt decrease in the properties is caused by changes in the overlap
population of the Al-N bonds (of the wall and between them).

In all the models analyzed here, the applied strain leads to a de-
crease in Egq, values. However, as all nanotubes can be more stretched
than compressed, the nanotubes exhibited smaller E,q, values when 8%
of tensile strain (rather than 8% of compressive strain) was applied. For
SWNTs, the band gap decreases by almost 35% before the nanotube
ruptures, and the Egq, for both DWNTs decrease considerably with the
tensile strain, which makes them more conducting than the SWNTs
(both with and without strain), as well as the DWNTs (0% strain), the
bulk material and (0001) monolayer surface. Consequently, the range
of emission in the electromagnetic spectrum is also modified. The
Gag sAlpsN nanotube was not the most piezoelectric nanotube, even
after the application of tensile strain, but the reduction in Eg, was
enough to change the emission in the electromagnetic spectrum, from
UVB (0% strain) to blue (16% strain) and red (20% strain). These re-
sults suggest that structural manipulation can be used to modify the
properties of materials.

Interesting, small changes were found in DOS analysis. As expected,
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with the compression strain, the orbitals become more concentrated
around the gap region, however, the main behavior of the contribution
of the orbitals was not modified. The tensile strain alters the con-
tribution of the s orbitals of the Al and Ga in the conduction band,
closing the band gap. In special, the inner and outer layer of the DWNTs
and alloy nanotubes have similar contribution of s orbital in the for-
bidden region.

To resume and clarify the effect of the strain in the alloy nanotubes
properties, the charge distribution on the isodensity surface is depicted
in Fig. 6. As can be seen, with the increase of the tensile strain, the
nanotube diameter decrease, and the electronic density between the
bonds become narrower, suggesting a weakening between the bonds.
However, in both cases, the N atoms bonded with Al atoms have the
more pronounced negative charges (as can be confirmed by Mulliken
charges in Table S8). In contrast, with the compressive strain, the
electronic density between the bonds are more scattered, indicating an
increase in electron sharing between atoms.

In this sense, the piezoelectric properties of the nanotubes studied
here can be efficiently increased with the application of tensile strain.
The nitride nanotubes are known to be more resistant to the tensile
strain, as compared to other materials, and the piezoelectric response
attained with the application of tensile strain in this study is higher than
that exhibited by DWZnONT, DWGaN, ZnO@GaN, and GaN@ZnO na-
notubes [35], but is less than that exhibited by ZnO@GaN and GaN@
ZnO nanotubes, when subjected to tensile strain.

4. Conclusions

DFT was used to theoretically investigate the properties of AIN and
GaN nanotubes, as well as the AlysGagsN and GagsAlysN alloy

nanotubes. The effect of strain applied along the periodic axis of na-
notube on the piezoelectric constants and band gap energy was in-
vestigated. The single-walled nanotubes, both with and without appli-
cation of the external strain, are found to be more piezoelectric than the
double-walled nanotubes. Also, it was shown that all nanotubes re-
spond satisfactorily to the tensile strain until ~16%. Without the ex-
ternal strain, the band gap energy of double-walled is reduced, by the
addition of the second wall, in comparison with the single-walled na-
notubes. The influence of the external wall is intensified when the alloy
is constructed; thus, the alloy nanotube acquires the band gap energy
value of the material that constitutes the outer layer. Additionally, the
analyzed of the Mulliken charges of the alloy nanotubes showed that
the charge is concentrate around Al-N bond, and this behavior can
contribute to the rigidity of AlpsGagsN nanotube. When the strain is
applied, the band gap is altered and nanotubes are found to become
more conducting, however no significant changes were found in DOS of
the strained nanotubes. The present study clearly demonstrates that
both, creation of an interface and application of an external strain, can
be used to manipulate the material to enhance or modify selected
properties. In this sense, with the alloy nanotubes, the difference in
atomic charges between the walls can be used to fabricate a selective
gas sensor. Also, the strained nanotube can be applied in some elec-
tronic device that requires a band gap energy of about 2.6 eV.

Credit authorship contribution statement

Naiara L. Marana: Conceptualization, Investigation, Methodology,
Software, Validation, Formal analysis, Writing - original draft, Writing -
review & editing. Giovanne B. Pinhal: Data curation, Formal analysis,
Visualization. José A.S. Laranjeira: Data curation, Visualization.



N.L. Marana, et al.

Prescila G.C. Buzolin: Writing - original draft. Elson Longo: Funding
acquisition. Julio R. Sambrano: Conceptualization, Funding acquisi-
tion, Investigation, Methodology, Project administration, Resources,
Software, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work was supported by the Brazilian Funding Agencies CAPES
(grant no. 8881.068492/2014-01) and FAPESP (2013/07296-2, 2016/
25500-4 and 2019/08928-9). The computational facilities were sup-
ported by resources supplied by Molecular Simulations Laboratory, Sao
Paulo State University, Bauru, Brazil.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.commatsci.2020.109589.

References

1]

[2]

[3

=

[4]

[5]

(6]

[7

=

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]

J. Zheng, L. Wang, X. Wu, Z. Hao, C. Sun, B. Xiong, Y. Luo, Y. Han, J. Wang, H. Li,
J. Brault, S. Matta, M. Al Khalfioui, J. Yan, T. Wei, Y. Zhang, J. Wang, A PMT-like
high gain avalanche photodiode based on GaN/AIN periodically stacked structure,
Appl. Phys. Lett. (2016).

H. Pan, Y.P. Feng, J. Lin, Electronic structures of AlGaN2 nanotubes and AIN-GaN
nanotube superlattice, J. Chem. Theory Comput. (2008).

G. Kipshidze, V. Kuryatkov, B. Borisov, S. Nikishin, M. Holtz, S.N.G. Chu,

H. Temkin, Deep ultraviolet AlGalnN-based light-emitting diodes on Si(111) and
sapphire, Phys. Status Solidi Appl. Res. (2002).

Q. Li, P.K. Dasgupta, H. Temkin, M.H. Crawford, A.J. Fischer, A.A. Allerman,
K.H.A. Bogart, S.R. Lee, Mid-ultraviolet light-emitting diode detects dipicolinic
acid, Appl. Spectrosc. (2004).

Y.F. Zhukovskii, A.I. Popov, C. Balasubramanian, S. Bellucci, Structural and elec-
tronic properties of single-walled AIN nanotubes of different chiralities and sizes, J.
Phys. Condens. Matter. (2006).

D. Bayerl, S. Islam, C.M. Jones, V. Protasenko, D. Jena, E. Kioupakis, Deep ultra-
violet emission from ultra-thin GaN/AIN heterostructures Germanium-on-silicon
nitride waveguides for mid-infrared integrated photonics Deep ultraviolet emission
from ultra-thin GaN/AIN heterostructures, Cit. Appl. Phys. Lett. (2016).

Sergey A. Nikishin, Mark Holtz, Henryk Temkin, Digital alloys of AIN/AlGaN for
deep UV light emitting diodes, Jpn. J. Appl. Phys. 44 (10) (2005) 7221-7226,
https://doi.org/10.1143/JJAP.44.7221.

A. Pérez-Tomads, G. Catalan, A. Fontsere, V. Iglesias, H. Chen, P.M. Gammon,
M.R. Jennings, M. Thomas, C.A. Fisher, Y.K. Sharma, M. Placidi, M. Chmielowska,
S. Chenot, M. Porti, M. Nafria, Y. Cordier, Nanoscale conductive pattern of the
homoepitaxial AlIGaN/GaN transistor, Nanotechnology (2015).

Y. Taniyasu, M. Kasu, T. Makimoto, An aluminium nitride light-emitting diode with
a wavelength of 210 nanometres, Nature (2006).

O. Ambacher, J. Smart, J.R. Shealy, N.G. Weimann, K. Chu, M. Murphy, W.J. Schaff,
L.F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, J. Hilsenbeck,
Two-dimensional electron gases induced by spontaneous and piezoelectric polar-
ization charges in N- and Ga-face AlGaN/GaN heterostructures, J. Appl. Phys. 85
(1999) 3222-3233.

X. Wang, R. Yu, C. Jiang, W. Hu, W. Wu, Y. Ding, W. Peng, S. Li, Z.L. Wang,
Piezotronic effect modulated heterojunction electron gas in AIGaN/AIN/GaN het-
erostructure microwire, Adv. Mater. (2016).

V. Piazza, A.V. Babichev, L. Mancini, M. Morassi, P. Quach, F. Bayle, L. Largeau,
F.H. Julien, P. Rale, S. Collin, J.C. Harmand, N. Gogneau, M. Tchernycheva,
Investigation of GaN nanowires containing AIN/GaN multiple quantum discs by
EBIC and CL techniques, Nanotechnology (2019).

Y.B. Tang, Z.H. Chen, H.S. Song, C.S. Lee, H.T. Cong, H.M. Cheng, W.J. Zhang,

1. Bello, S.T. Lee, Vertically aligned p-type single-crystalline GaN nanorod arrays on
n-type Si for heterojunction photovoltaic cells, Nano Lett. (2008).

M. Law, J. Goldberger, P. Yang, Semiconductor nanowires and nanotubes, Annu.
Rev. Mater. Res. 34 (2004) 83-122.

R.A. Evarestov, Theoretical modeling of inorganic, Nanostructures (2015).

C. Koenigsmann, M.E. Scofield, H. Liu, S.S. Wong, Designing enhanced one-di-
mensional electrocatalysts for the oxygen reduction reaction: probing size- and
composition-dependent electrocatalytic behavior in noble metal nanowires, J. Phys.

[17]
(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

115

Computational Materials Science 177 (2020) 109589

Chem. Lett. (2012).

S. lijima, Helical microtubules of graphitic carbon, Nature (1991).

S. lijima, T. Ichihashi, Single-shell carbon nanotubes of 1-nm diameter, Nature
(1993).

Y. Arakawa, Progress in GaN-based quantum dots for optoelectronics applications,
IEEE J. Sel. Top. Quant. Electron. (2002).

A. Ahmadi Peyghan, A. Omidvar, N.L. Hadipour, Z. Bagheri, M. Kamfiroozi, Can
aluminum nitride nanotubes detect the toxic NH 3 molecules? Phys. E Low-
Dimension. Syst. Nanostruct. (2012).

M. Noei, A.A. Salari, N. Ahmadaghaei, Z. Bagheri, A.A. Peyghan, DFT study of the
dissociative adsorption of HF on an AIN nanotube, Comptes Rendus Chim. (2013).
H. Li, C. Liu, G. Liu, H. Wei, C. Jiao, J. Wang, H. Zhang, D.D. Jin, Y. Feng, S. Yang,
L. Wang, Q. Zhu, Z.G. Wang, Single-crystalline GaN nanotube arrays grown on c-
Al20 3 substrates using InN nanorods as templates, J. Cryst. Growth (2014).

H. Morkog, S. Strite, G.B. Gao, M.E. Lin, B. Sverdlov, M. Burns, Large-band-gap SiC,
111-V nitride, and I1-VI ZnSe-based semiconductor device technologies, J. Appl.
Phys. (1994).

M. Zhao, Y. Xia, D. Zhang, L. Mei, Stability and electronic structure of AIN nano-
tubes, Phys. Rev. B - Condens. Matter Mater. Phys. (2003).

G.B. Pinhal, N.L. Marana, G.S.L. Fabris, J.R. Sambrano, Structural, electronic and
mechanical properties of single-walled AIN and GaN nanotubes via DFT/B3LYP,
Theor. Chem. Acc. (2019).

S.M. Lee, Y.H. Lee, Y.G. Hwang, J. Elsner, D. Porezag, T. Frauenheim, Stability and
electronic structure of GaN nanotubes from density-functional calculations, Phys.
Rev. B - Condens. Matter Mater. (1999).

M. Zhao, Y. Xia, Z. Tan, X. Liu, F. Li, B. Huang, Y. Ji, L. Mei, Strain energy and
thermal stability of single-walled aluminum nitride nanotubes from first-principles
calculations, Chem. Phys. Lett. (2004).

J.M. de Almeida, T. Kar, P. Piquini, AIN, GaN, AlxGal - xN nanotubes and GaN/
AlxGal - xN nanotube heterojunctions, Phys. Lett. Sect. A Gen. At Solid State Phys.
(2010).

G.S.L. Fabris, N.L. Marana, E. Longo, J.R. Sambrano, Piezoelectric response of
porous nanotubes derived from hexagonal boron nitride under strain influence, ACS
Omega (2018).

A.D. Becke, Density functional thermochemistry. 3. The role of the exact exchange,
J. Chem. Phys. 98 (1993) 5648-5652.

R. Dovesi, A. Erba, R. Orlando, C.M. Zicovich-Wilson, B. Civalleri, L. Maschio,

M. Rérat, S. Casassa, J. Baima, S. Salustro, B. Kirtman, Quantum-mechanical con-
densed matter simulations with CRYSTAL, Wiley Interdiscip, Rev. Comput. Mol. Sci.
(2018).

B. Montanari, B. Civalleri, C.M. Zicovich-Wilson, R. Dovesi, Influence of the ex-
change-correlation functional in all-electron calculations of the vibrational fre-
quencies of corundum (a-Al 203), Int. J. Quant. Chem. (2006).

R. Pandey, J.E. Jaffe, N.M. Harrison, Ab initio study of high pressure phase tran-
sition in GaN, J. Phys. Chem. Solids. 55 (1994) 1357-1361.

R. Dovesi, M. Causa, R. Orlando, C. Roetti, V.R. Saunders, Ab initio approach to
molecular crystals: a periodic Hartree-Fock study of crystalline urea, J. Chem. Phys.
92 (1990) 7402-7411.

N.L. Marana, S. Casassa, E. Longo, J.R. Sambrano, Computational simulations of
ZnO@GaN and GaN@ZnO core@shell nanotubes, J. Solid State Chem. (2018).
G.S.L. Fabris, N.L. Marana, E. Longo, J.R. Sambrano, Theoretical study of porous
surfaces derived from graphene and boron nitride, J. Solid State Chem. 258 (2018)
247-255.

N.L. Marana, S.M. Casassa, J.R. Sambrano, Piezoelectric, elastic, Infrared and
Raman behavior of ZnO wurtzite under pressure from periodic DFT calculations,
Chem. Phys. 485-486 (2017) 98-107.

E.A. Pentaleri, V.A. Gubanov, C. Boekema, C.Y. Fong, First-principles band-struc-
ture calculations of p- and n-type substitutional impurities in zinc-blende aluminum
nitride, Phys. Status Solidi Basic Res. (1997).

D.C. Camacho-Moyjica, F. Lopez-Urias, GaN Haeckelite single-layered nanos-
tructures: monolayer and nanotubes, Sci. Rep. (2015).

J. Goldberger, R. He, Y. Zhang, S. Lee, H. Yan, H.J. Choi, P. Yang, Single-crystal
gallium nitride nanotubes, Nature (2003).

Y.S. Park, G. Lee, M.J. Holmes, C.C.S. Chan, B.P.L. Reid, J.A. Alexander-Webber,
R.J. Nicholas, R.A. Taylor, K.S. Kim, S.W. Han, W. Yang, Y. Jo, J. Kim, H. Im,
Surface-effect-induced optical bandgap shrinkage in GaN nanotubes, Nano Lett.
(2015).

Y. Taniyasu, M. Kasu, Polarization property of deep-ultraviolet light emission from
C-plane AIN/GaN short-period superlattices, Appl. Phys. Lett. (2011).

S.M. Islam, K. Lee, J. Verma, V. Protasenko, S. Rouvimov, S. Bharadwaj, H. Xing,
D. Jena, MBE-grown 232-270 nm deep-UV LEDs using monolayer thin binary GaN/
AIN quantum heterostructures, Appl. Phys. Lett. (2017).

P.L. McEuen, J.-Y. Park, Electron transport in single-walled carbon nanotubes, MRS
Bull. 29 (2004) 272-275.

J. Theyirakumar, G. Gopir, B. Yatim, H. Sanusi, P.S. Megat Mahmud, T.C. Hoe,
Testing and calibration of an ultraviolet-A radiation sensor based on GaN photo-
diode, Sains Malaysiana (2011).

K. Kim, W.R.L. Lambrecht, B. Segall, Elastic constants and related properties of
tetrahedrally bonded BN, AIN, GaN, and InN, Phys. Rev. B — Condens. Matter Mater.
Phys. (1996).

M.N. Blonsky, H.L. Zhuang, A.K. Singh, R.G. Hennig, Ab Initio prediction of pie-
zoelectricity in two-dimensional materials, ACS Nano (2015).

K. Shimada, First-principles determination of piezoelectric stress and strain con-
stants of wurtzite I1I-V nitrides, Jpn. J. Appl. Physics Part 2 Lett. (2006).



116

New two-dimensional zinc oxide nanosheets: Properties, stability, and

interconversion

Materials Letters 275 (2020) 128067

journal homepage: www.elsevier.com/locate/mlblue

Contents lists available at ScienceDirect

Materials Letters

materials letters

New two-dimensional zinc oxide nanosheets: Properties, )

stability, and interconversion

Ghack for
updates

Guilherme S.L. Fabris *°, Naiara L. Marana®, José A.S. Laranjeira ", Elson Longo®, Julio R. Sambrano "

# Materials Science and Engineering Postgraduate Program, Federal University of Rio Grande do Norte, Natal, RN, Brazil
" Modeling and Molecular Simulation Group, Sdo Paulo State University, UNESP, Bauru, SP, Brazil

© Chemistry Institute COMF, Federal University of Sdo Carlos, Sdo Carlos, SF, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 26 March 2020

Received in revised form & May 2020
Accepted 28 May 2020

Available online 30 May 2020

Keywaords:

Zinc oxide
Graphene-like
Graphenylene-like
Zn0 surfaces
Nanosheets

studies.

1. Introduction

In recent years, materials engineering has made significant pro-
gress in obtaining, developing, and improving materials with speci-
fic applications. One way to guarantee this specificity is through
the functionalization of the material, which can enhance or give
rise to new properties. This procedure is useful in materials with
high energy efficiency, that can be applied in many sophisticated
devices [1,2]. In this regard, pores materials have been studied,
and because of their unique properties, they can be applied to
catalysis, separation, molecular sensing, and other purposes [3].
Besides, inorganic porous materials provide alternatives to the
metallic character of graphene, such as porous graphene [4,5],
and porous boron nitride [5].

Many experimental studies of ZnO porous structures [6] usually
refer to systems that have some defects or random shape pores and
showed the efficiency and applicability of these new classes of
materials. However, as far as we know, none of the researchers
have achieved well-organized 2D structures of ZnO nanosheets
by experimental methods and computational simulations. This
theoretical investigation aims to demonstrate the existence of
the H-gZn0 and IGP-ZnO nanosheets. Also, we aim to prove the

* Corresponding author at: Modeling and Molecular Simulation Group, Sio Paulo
State University, UNESP, Bauru, SP, Brazil.
E-mail address: jr.sambrano@unesp.br {J.R. Sambrano).

https;//doi.org/10.1016/j.matlet.2020,128067
0167-577X/© 2020 Elsevier B.V. All rights reserved.

For the first time, 2D symmetric hydrogenated zinc oxide (H-gZn0) and inorganic graphenylene-like zinc
oxide (IGP-Zn0) nanosheets have been proposed computationally. Both nanosheets show be stable, and
they retain the semiconducting properties. A van der Waals interaction between the hydrogen atoms on
H-gZnO is found. It was theoretically demonstrated that the dehydrogenation of H-gZnO leads to spon-
taneously convert to the IGP-ZnO. The structural differences between 2D nanosheets can lead to different
applications. This theoretical prediction is open to experimentalists and other theoreticians for further

© 2020 Elsevier B.V. All rights reserved.

stability of these new ZnO structures that can have different char-
acteristics and applications, and give subsidies for future experi-
ments and other theoretical studies.

2. Computational details

The computational simulations were conducted under the peri-
odic density functional theory in conjunction with the B3LYP [7,8]
functional via CRYSTAL17 [9] software. The Zn, O, and H atoms
were described by 86-411d31G [10], 6-2111d1G [11], and TZVP
[12] all-electron basis set, respectively. The chemical bonds and
electron density properties were investigated applying the Quan-
tum Theory of Atoms in Molecules and Crystal (QTAIMC) [13],
implemented on CRYSTAL.

The computational models were obtained from the optimized
wurtzite ZnO structure [14] to subsequently construct the
graphene-like ZnO structure (gZnO, Fig. 1a). As a second step, the
H-gZn0 and IGP-ZnO unit cells were constructed and fully opti-
mized (Fig. 1b and ¢, respectively). It was determined that the H-
£Zn0 belongs to the P-6 space group, having the cell parameter
of a = 9.79 A, while the IGP-Zn0O belongs to the P6/m space group
and a = 8.87 A as the cell parameter. The theoretical Crystallo-
graphic Information File of these structures is proposed for the first
time and is available in the Supplementary Material.

Several calculations to prove the stability of the H-gZnO and
IGP-ZnO nanosheets were performed. Among then, in order to con-
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Fig. 1. (a) gZnO, (b) H-gZn0 and (c) IGP-ZnO nanosheets.

firm that absence of reconstruction, supercell models were con-
structed, optimized, structurally perturbated, and re-optimized to
confirm the proposed structures.

3. Results and discussion

The formation energy (Efrm) is an important measurement for
experimentalists and it was calculated by the following equation:
Eform = Enanosheet — Y Nifti; Where Enanosheer is the total energy of the
2D nanosheet, i =Zn, O, H, and (; is the respective chemical poten-
tials. According to the Ep,,, the stability order is: gZnO(—-2.63 eV/
atom) > IGP-ZnO(-2.46 eV/atom) > H-gZn0O(-1.67 eV/atom). A more
detailed discussion can be found in the Supplementary Material.

From the geometrical point of view, the ZnO nanosheets have a
planar structure (see Fig. 1). The H-gZnO structure has a hydrogen
bonded to both zinc and oxygen atoms, Zn-H, and O—H, with bond
lengths of 1.58 A and 0.97 A, respectively, and also has two differ-
ent Zn-0 bond lengths, 1.94 A and 1.89 A. The pore diameters of H-
¢Zn0 and IGP-ZnO are 4.99 A and 7.18 A, respectively, and they
have higher diameter pores than the carbon- and BN-based similar
structures [5]. Therefore, it enables its use as a molecular sieve,
especially to the molecules which are correlated with the H atoms.

According to QTAIMC, all bond critical points (BCPs) of Zn-O and
Zn-H bonds in IGP-ZnO and H-gZnO, show a transitory bond char-
acter. Although the Zn-O bond in both nanosheets has a covalent
degree smaller than other ZnO structures [14]. The O—H bond in
H-gZnO has all the characteristics of covalent bonds, along with a
non-concentrated electronic density around one nucleus.

Interestingly, the topological analysis showed a BCP between
the closer hydrogen atoms, a van der Waals interaction
(Zn —H’" -.-H’* — 0) is found. The Bader charges of the hydrogen
atoms bonded to Zn and O atoms are —0.38 and 0.59 a.u, respec-
tively, and the Zn and O charges are 0.86 and —1.10 a.u., respec-
tively. The hydrogen charge behavior is consistent with the
chemical nature of the Zn-H and O-H bonds. Without the hydro-
gen, the Zn and O atomic charges are ~1.04 and —1.00a.u., respec-
tively, therefore, the hydrogen leads to a decrease in their atomic
charges. For the IGP-ZnO, the charges of Zn and O atoms are 1.00
and —1.01 a.u, respectively. The atomic charge modification in
the pore and also the interaction between the neighboring hydro-
gen atoms in H-gZnO can lead to being selective to the molecules
adsorbed.

Fig. S1 displays the Laplacian of the electron density, the BCPs,
and the trajectory of the electron density for H-gZnO and IGP-
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ZnO. These maps reveal that the density is more concentrated at
the center of the rings and in the nanopore edge area, in particular
in the IGP-ZnO. Therefore, the structures favor the adsorption of
the molecules that are electronic density attractors, such as NO,,
N, CO, CO,, NH3, and others [15].

The bandgap energy of H-gZnO and IGP-ZnO is 6.06 and 5.42 eV,
respectively, which is higher than gZnO (4.55 eV), and other ZnO
structures [16]. Fig. 2 shows the band structures and density of
states (DOS) of the nanosheets. Minor differences were observed
in the band structures and DOS of the new nanosheets when com-
pared to gZnO. The selected atomic orbitals for the nanosheets
indicated that the valence band consisted mainly of O 2p,-
orbitals, while the conduction band had a dominant influence for
the Zn s-orbitals. For H-gZnO, the contribution of the H-s orbital
is small in comparison to the other atoms, along with all analyzed
energy ranges. The major 3d contributors are 3d,3y and 3d,, at ~
—1eV for H-gZnO, while for the IGP-ZnO the major contributor is
3d,, at ~ —6eV. This difference can direct influence in the doping
and adsorption processes.

The elastic constants, Young’s modulus (Y), and Poisson’s ratio
(v) are shown in Table 1. The IGP-ZnO has higher constants than

Table 1
Elastic constants (Cy, GPa), Young's modulus (Y, GPa), and Poisson’s ratio (v) of ZnO
nanosheets.

Cii Ciz Y \Y
gZn0 313.59 202.24 183.16 0.65
H-gZnO 105.99 48.98 83.36 0.46
IGP-ZnO 250.70 135.54 177.43 0.54

I DOS (arb. units)

Fig. 2. Band structure and DOS of (a) H-gZnO and (b) IGP-ZnO.

the H-gZnO, meaning that the IGP-ZnO is more rigid over-
compression in all directions; and also indicates that it has a higher
Y and v than H-gZnO. Compared to the gZnO, the IGP-ZnO has a
smaller v indicating higher resistance to deformation on the
transversal direction. Moreover, only H-gZnO exhibit piezoelectric-
ity (0.07 C.m2). This can be explained due to the H-gZnO has the
presence of hydrogen, which generates a difference in the surface
polarizability. Details about the mechanical stability can be found
in the Supplementary Material.

The structural stability was checked with the absence of imag-
inary frequencies (see Table S1), and the vibrational properties
were measured based on the Raman spectra, and the main active
vibrational modes are depicted in Fig. 3. The H-gZnO has thirty
active modes, where the most intense modes are related to the
hydrogen stretching vibration, while the IGP-ZnO has ten active
modes. As far as we know, the organized H-gZnO and IGP-ZnO have
not been synthesized yet, and this analysis intends to provide a ref-
erence for future experimental research, serving as a basis for com-
parison of the experimental and theoretical Raman spectra of those
structures.

It is known that PG and PBN spontaneously interconvert into GP
and IGP-BN [5], when a dehydrogenate process occurs. Therefore,
to verify that the interconversion also occurs for the H-gZnO, a
study of dehydrogenated H-gZnO (dH-gZnO) was made. After the
full optimization process, it was observed that dH-gZnO sponta-
neously interconverts into IGP-ZnO (see Fig. S2). The hexagonal
rings alternately rotate by ~30°, the lattice parameter contracts
by ~6%, a square ring formation is observed, and causes a contrac-
tion of ~26% in the pore diameter. The vibrational modes of the
IGP-ZnO generated by the interconversion process have the same
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Fig. 3. Raman spectra of H-gZn0 and IGP-ZnO.

pattern as presented before. This analysis confirms the stability of
the IGP-ZnO structure.

Therefore, both 2D ZnO nanosheets are stable and can be
applied in many electronic devices that require wide bandgap
energy, besides act as a nanofilter for medium/large molecules.
Also, many graphene-like structures have been proposed as anode
in lithium batteries, and the structural organization of IGP-ZnO and
H-gZn0 can facilitate the redox reactions in these systems.
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ABSTRACT: The development and advancement of nanomaterials engineering
have become essential points in the goal of designing new materials with applications
of particular interest. Therefore, computer simulations at the atomic level have the
upper hand in being able to predict the behavior, shapes, and properties of materials.
In this sense, a new theoretical methodology was developed to run a complete
analysis of the morphological transformation network of nanoparticles through a
roadmap, in addition to establishing a direct relationship between computational
models and real particles, beginning with the surface characteristics. This procedure
includes the assessment of the electronic characteristics of nanoparticles as a
function of the exposed surface area contribution of each nanoparticle, and it also
unravels essential questions regarding the morphological contribution to the
properties of this system, For the application of this methodology, the transition-
metal molybdate CdMoO, was chosen as the probe system. A computational routine

able to estimate the electronic properties of nanoparticles according to the different nanoparticle morphologies was also performed.

B INTRODUCTION

Small-scale particulate systems have gained attention in the
past decade because their properties are strongly dependent on
size and morphology."” The fine-tuning of the surface
characteristics of particles as a function of the different
synthesis methods can dramatically modify the properties.™*
These morphological modifications may optimize material
properties, or even direct the material to different applica-
tions.” > At this point, it is important to emphasize that the
changes in the shape of particles modify the relative amount of
different exposed surface areas. Therefore, the realm of the
mechanisms that influence the morphological transformations
is considered an important factor for property control.

In this sense, and from an experimental point of view, it is
highly complex to separately determine the characteristics of
different surfaces. The greater the number of types of surfaces
that make up the particle, the higher the complexity. Thus,
theoretical support regarding the surface details of a specific
system, including the particle shape information, may clear up
significant questions about the influence of the morphology on
the properties.

In previous studies, our group used a scheme of
morphological modification according to the surface energy
perturbation of metal oxides.”” This scheme provides
quantitative information regarding the energetic modification
involved in morphological variations between particles of
different shapes. More specifically, it is possible to evaluate the
percentage of contribution of different kinds of surfaces from
the adjustment of their stability.

© 2020 American Chemical Society

7 ACS Publications
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In general, the articles dealing with simulations of
morphological transformations of nanoparticles have not
adopted a single and rational strategy. They are limited to
describing particular cases, comparing the simulated morphol-
ogies to experimentally obtained particles. However, these
methodologies suggest the incorporation of more elaborate
computational and mathematical methods, in order to better
understand the network of morphological transitions in real
systems. Such an implementation allows the conception of an
innovative way of seeing the growth control and morphological
modulation of crystalline materials.

On the basis of the points mentioned above, this study aims
to carry out a novel strategy to run a complete analysis of the
morphological transformation network of nanoparticles with a
roadmap, taking as an example the particular case of the
CdMoO, metallic molybdate. Therefore, for the first time, an
effective way of calculating and quantitatively comparing the
electronic structure differences as a function of the nano-
particle shape is proposed. These results were used to design a
detailed guide regarding all possible morphological trans-
formations and the respective changes in the electronic
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structure, aiming for an easy way of comparison with real
systems.

B PROBE SYSTEM

Metal molybdates of the scheelite structure (MeMoQO,, Me =
Ca, Sr, Ba, Pb, Cd, etc.) are examples of cases in which the
evaluations of its properties are always related to the surfaces
and morphological characteristics of its nanoparticles.”'" This
family of compounds is considered an attractive group of
materials due to their potential of application in several fields,
such as catalysis, photoluminescence, scintillation, sensor,
corrosion inhibition, and batteries.''~'*

Among the scheelite structure molybdates, CdMoO, stands
out as an exciting material mainly for photoluminescence and
photocatal}vsis purposes,' " with a wide band gap energy of
~3.25 eV.”! Several synthesis methods have been applied to
CdMoO,, which include coprecipitation, solvothermal meth-
ods (conventional and microwave-assisted), and microemul-
sion-mediated sonochemical methods,”> ** which result in
particles with high structural diversity. On the other side, there
are few quantum-theoretical studies devoted to CdMoO,.
Among then, Abraham et al.”® performed a comparative study
of the optical and electronic properties of CdMoO, and
CdWO, using a linearized augmented plane wave method
(LAPW) with a Perdew—Wang functional®® via density
functional theory (DFT). In the aforementioned study, the
obtained properties were correlated with the coordination
difference of the molybdenum and tungsten ions. Madhusudan
et al.'” used a plane-wave method with the PBE functional®” to
describe the electronic structure of CdMoO,, in order to assist
in the explanation of its photocatalytic activity. Wang et al.”
performed a molecular-cluster model within the framework of
the fully relativistic self-consistent Dirac—Slater theory to study
CdMoO,. They observed new absorption bands when F-type
centers were added to the structure. Xi-En and co-workers>’
determined the electronic structure of CdMoO, with the
insertion of Mn®" as a dopant in the Cd sites using a relativistic
self-consistent discrete variation embedded cluster method.

However, as far as we know, there have been no theoretical
studies regarding the electronic characteristics and morpho-
logical transformation of CdMoQ, surfaces.

The understanding of the contribution of each surface linked
to the morphology of the material requires an accurate
computational model to assess the relative stability, as well as
the structural and electronic properties of common CdMoQ,
surfaces.

B COMPUTATIONAL PROCEDURE

CdMoQ, belongs to the scheelite family with a tetragonal cell and
space group I4,/a (symmetry Cg,,) with two formula units per
primitive cell. The lattice parameters are a = b = 5.156 A and ¢ =
11.196 A, the angles are @ = f# = y = 90°, and the atom sites in
fractional coordinates are Cd (0.000, 0.250, 0.625), Mo (0.000, 0.250,
0.125), and O (0.240, 0.091, 0.042).*° In this structure (see Figure 1),
the Mo site is tetracoordinated by oxygen atoms, which form a
[MoO,] cluster in a tetrahedral configuration, while the Cd atoms
share corners with eight adjacent oxygen atoms of the [MoO,] cluster
to form a [CdOy] cluster.

The computational simulation of the CdMoQ, was done using the
periodic density functional theory (DFT) implemented in the
CRYSTALI17 package.”'

Better practices in DFT simulations require a systematic choice of
an exchange-correlation functional. It is well-known that even though
many functionals exist in the literature, some of them can describe
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Figure 1. (a) Conventional CdMoO, unit cell (b) tetragonal [MoO,]
and (c) octahedral [CdO4] clusters shown in green and blue,
respectively.

only the structural or electronic parameters with accuracy, not always
both at the same time, which leads to an underestimation of some
properties: for example, the case of the generalized gradient
approximation (GGA) and local density approximation (LDA).
This shows that the choice of the functional has a fundamental role
in the realistic description of the properties of the materials in DFT
simulations.*”** In the literature, it is possible to find some studies
that compare how much some functionals can be accurate to describe
the electronic, structural, and vibrational properties of the
materials.****

Recently, Gomes et al.”’ showed that the precision to describe
structures can be better approximated if a basis set optimization is
used together with the hybrid functional modulation of the Hartree—
Fock exchange term.

In order to select the best combination of the functional and basis
set for a description of the structural and electronic properties of
CdMoQ,, a set of calculations was previously done with a wide range
of functionals and basis sets, which are available on the CRYSTAL
webpage (https://www.crystal.unito.it/basis-sets.php). The structural
parameters and band gap energies of all tested functionals with the
TZVP,* 8-411d1," and 311(d31)G® basis sets for Cd, O, and Mo
centers are depicted in Figure Sl in the Supporting Information.
According to Figure S1, all functionals present a high precision in the
lattice parameters, with a deviation of less than 3%; meanwhile for the
band gap energy (Egﬂp) there is a higher deviation, around 40%,
depending on the functional used. Meanwhile, it was observed that
the WCILYP functional describes the structural parameters and band
gap energy with the best average precision of the experimental
reference system.

Even with good theoretical results, the adjustment of the exchange
and correlation parameters can also provide a better approximation to
the experimental parameters.’” The standard WCILYP functional is
described by the following equation: E,. = 0.84EY“ + 0.16Ey" + E¢'",
where EYC is the WC exchange functional, E}" the HF exchange
functional, and EX" the LYP correlation functional. As described in
the equation, the WCILYP functional has a contribution of 16% of
the HF exchange functional term. Therefore, a routine of modification
of this contribution was performed, reducing the EY" parameter and
increasing the percentage of EY'“ to the compensation; thus, the
contribution of 12% for the Ei' described electronic and structural
results closer to the experimental data.

In our simulations, the precision of the convergence criteria for
bielectronic integrals was controlled by a set of five thresholds (107%,
107%, 1075, 1078, 107'¢). These five parameters represent the overlap
and penetration for Coulomb integrals, the overlap for HF exchange
integrals, and the pseudo-overlap, respectively. The shrinking factor
(Pack—Monkhorst and Gilat net) was set to 8.

The bulk structure was characterized as a minimum by diagonal-
izing the Hessian matrix concerning atomic coordinates and unit cell

1[}3
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parameters and analyzing the vibrational modes at the I" point using
the numerical second derivatives of the total energies. The
convergence was checked on gradient components and nuclear
displacements with tolerances on their root-mean-square set to 0.0001
and 0.0004 au, respectively, for both bulk and surfaces.

Beyond the bulk, surfaces were also simulted with lower Miller
indices: (001), (100), (101), (110), (111), and (112). The definition
of the most stable terminations of each direction was performed on
the basis of the tests of all possible terminations, taking into account
the stoichiometry and symmetry conditions. To better understand the
structural behavior of our system, the morphology of the nanoparticle
was determined using the classical Wulff construction theory, where
we can relate the E ¢ value with the distance of the normal planes
(hkI) to the crystal center.”” The surface energy (E,,) can be defined
as Egye = (Eqa — nEyu)/24, where E,, is the total energy per unit
cell of the slab in the (ikl) direction, E,, is the total energy of the
bulk per molecular unit, n is the number of layers, and A is the surface
unit cell area. The use of the Wulff theory to describe nanoparticles
have been applied with success to describe the morphology and
mapping the possible crystal growth in different conformations.*"**

The surface energies (E,.) as a function of the number of layers
(or molecular units) are shown in Figure S2. This figure shows the
E,¢ values of the (001), (100), (101), (110), (111), and (112)
surfaces presented convergence in slab models from 10, 12, 8, 8, 14,
and 8 molecular units, respectively. Also, it is important to observe
that all DFT calculations performed here are without inclusion of
solvent effects.

The band structure and density of states (DOS) were analyzed,
using the same k-point sampling employed for the diagonalization of
the Fock matrix in the optimization process along the high-symmetry
Brillouin zone path.

The planar distortion density (pp) of the polyhedra [CdOy] and
[MoO,] as a function of the position of the central atom of the
polyhedron was calculated according to eq 1

dab ; ~bulk "
D;/D; 1

=—F0— b=-X
A n

4, - <d>‘

{d)

P,

’ (1)
where D;is the distortion index of the jth polyhedron, A is the area of
the bidimensional unit cell, d; is the distance of the oxygen to the
central atom of the polyhedron, and (d) is the average M—O bond
length in the polyhedron. The bulk polyhedron distortion was used as
a reference (Dicgo, = 1.8 X 107% and Dipon, = 2.0 X 1074).

Bl RESULTS AND DISCUSSION

Table 1 depicts the structural parameters and the band gap
energy (Eg,,) values calculated with the standard WCILYP
functional after the Fock-exchange percentage adjustment.
Some experimental data of lattice parameters and optical band
gap energies, including the percentage of deviation of the
theoretical results in comparison to the experimental results,

can also be found in the table.

Table 1. Lattice Parameters (A) and Band Gap Energies
(eV) for WCILYP and WCILYP (12%)“

functional a=b @ B
WwCILYP” 5191 (0.84)  11.200 (0.15)  3.64 (12.00)
WCILYP (12%)”  5.198 (0.97)  11.196 (0.12)  3.28 (0.92)
exptl™® 5.148 11.183 328
exptl™ 5.148 11.183 3.42, 349
exptl”! 5.148 11.183 331
exptl™ 5.156 11.196 3.17, 3.22, 325, 3.16

“The values in parentheses indicate the percent differences in
comparison to the experimental values. " This work. “Referential
values compared to the theoretical models.
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According to Table 1, the new parametrization of the
WCILYP estimated an Eg,, = 3.28 eV, very similar to the
experimental samples, with an error of 0.92%. The standard
WCILYP was also added to highlight the improvement of the
performed parametrization. In addition, the lattice parameters
were reproduced with good accuracy with the experimental
parameters.

The band structure (Figure S3) shows an indirect band gap
energy between the I'=X points. In addition, the conduction
band (CB) region shows a sparse character in comparison to
the valence band (VB). In a general way, the DOS depicts a
higher contribution of O states in the VB region near the
prohibited zone, and the Mo states in the CB.

Figure 2 shows a side view of the outermost layers of the
(oo1), (112), (110), (101), (100), and (111) surfaces after
structural relaxation, including the atomic coordination of the
exposed ions and the respective clusters.

In the surface models, it is possible to observe that the
outermost layers of (001) and (112) surfaces (Figure 2a,b) are
composed of [CdOg] and [MoQ,] clusters, the (101), (110),
and (100) surfaces (Figure 2c—e) are composed of [CdOs]
and [MoOQ,] clusters, and the (111) surface (Figure 2f) is
composed of [CdO;] and [MoOg] clusters. Therefore, in all
models, the outermost Cd-centered clusters have coordination
lower than those under the bulk condition ([CdOg]). On the
other hand, the outermost Mo-centered clusters remain in
their original bulk coordination, except for the (1 11) surface,
where there is the presence of [MoO;] clusters. This
coordination difference in the Mo—O cluster suggests a
considerable local change, since the site occupied by Mo atom
tends to a covalent character.

It is important to highlight that the (112), (100), (110), and
(111) surfaces contain dangling bonds: ie., singly bonded
oxygen atoms. Therefore, additional optimization calculations
for the (112), (110), and (100) surfaces were performed.
Furthermore, (2 X 2) supercell models were built, enabling an
increase in the degrees of freedom for the polyhedral distortion
and atom migration in the optimization process. The results
showed that, in all supercell models, the final structure is the
same as that initially reported (1 X 1). In particular, Figure S4
depicts the (112) surface with the initial and final geometries
and respective optimization step energies, highlighting the
oxygen migration from the molybdenum to the cadmium
polyhedron.

Table 2 depicts the surface energies (E,,), slab thicknesses
(L), surface areas, and E,,, values (relaxed and nonrelaxed) of
all surfaces.

From Table 2, it is possible to observe that the surface
stability order after optimization is (001) > (112) > (101) >
(110) > (100) > (111). We cannot fail to emphasize the
importance of the optimization process, since the order of
stability of nonoptimized surfaces is different and may lead to
wrong conclusions.

Figure 3 shows the details of the evaluation of the polyhedral
distortion density as a function of the slab thickness of all
surface models. These data provide a basis for understanding
the relative surface stability. In this analysis, the distortion
increases from the core toward the outermost layers for all
surfaces. However, the polyhedral distortion in the (111)
surface is spread over several layers, which also contributes to
its higher surface energy. The additional coordination of the
surface [MoO,] clusters and the distortions of the entire (111)

gap

https://dx.doi.org/10.1021/acs.cgd.0c00423
Cryst. Growth Des. 2020, 20, 4600-4611

123



Crystal Growth & Design

pubs.acs.org/crystal

[ a [Cd\oa] Ocze) [M/oo41 b |

Vi ik ¥

Side view

I ///////{{/{2/{///// I,

g O(1c)
n[Moo4] [Cd05] |“’ E[M°O4] i

(001)

Y

sfiss

W/
e (110)

O(1c)
[M004] ‘

[Cd\Oe] Y

[MOO4]
O(2¢) \ [CdOy]
'/ |

Y Y

0,
(101)

[i] 0(10) (CdO)

[hd()()5] //

15K

[CdOs|
¥

% 7///{4/{)//// T

(111)

Figure 2. Side view of the outermost layers of CdMoO, surfaces (a) (001), (b) (112), (c) (101), (d) (110), (e) (100), and (f) (111) after
structural relaxation. The local cluster and atomic coordination are indicated, where the green, blue, and red spheres represent Mo, Cd, and O

atoms, respectively.

Table 2. E"¢ (J/m?) and E%* (J/m?) Surface Energies,
before and after Optimization, Respectively, Thicknesses
(L, A), Unit Cell Areas (A, A%) and Band Gap Energies
(Egopr €V) of the CdMoO, Surfaces

surface Tt Ty L A Eop
(oo1) 0.63 0.50 27.12 27.02 325
(112) 2.07 0.53 15.82 49.24 333
(101) 1.00 0.57 17.03 32.09 343
(110) 2.66 0.64 15.48 41.17 3.34
(100) 1.51 0.78 20.89 5822 3.08
(111) 219 0.98 11.38 86.66 3.01

surface models show a symmetry breaking and, consequently,
induce spontaneous polanzatlon between building blocks

In order to study BaMoO,,” CaMoO,* and PbMoQ,,** the
surface modeling and the morphological evaluation of
molybdates in the scheelite phase were also performed by
other researchers. In those papers, it is possible to observe that
the (101) surface is among the most unstable surfaces in these
kinds of structures. This difference is due to the two possible
stoichiometric and symmetric terminations of the (101)
surface with a relatively significant difference in E, values.
Therefore, the cited studies presented the O-terminated
surface, followed by the Mo layer, which proved to be unstable
in our models. Our configuration, depicted in Figure 2c,
classified the (101) among the most stable surfaces. The Eg,,
values of the surfaces (see Table 2) are also essential
advantages of the models, providing a better correlation of
our schemes with the properties. The (001) surface was the
one with the closest bulk E,,,. On the other hand, the (100)
and (111) surfaces showed a decrease in the E,,, values, and
the (110), (112), and (101) surfaces revealed an increase in
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the Eg,, values. Figure 4 illustrates the projected DOS of all
modeled surfaces in comparison to the DOS of the CdMoO,
bulk.

From the density of states, it is possible to observe that the
band gap energy of the surfaces ranges from 3.01 to 3.43 eV,
with AEg,, = 0.42 eV. In general, the valence bands (VB) of all
surfaces are dominated by the oxygen states, and the
conduction bands are made for the molybdenum states
followed by oxygen states. In addition, it is interesting to
observe that the maximum of the VB of the (101) surface has
the highest energy; therefore, it is the one that should
determine the maximum of the nanoparticle valence band
containing it (see Figure 9).

The band alignment and the electrostatic isosurface
potential of the surfaces can be seen in Figure S.

The surface electrostatic potential (Figure Sa—f) shows a
clear difference between the charge densities of the surfaces
under ideal conditions. The (112) surface has the smallest
positive density in the exposed regions, which suggests a
favorable interaction with cationic systems. On the other hand,
the (101) surface has the smallest negative density in the
exposed regions, which indicates an opposite interaction
characteristic in comparison to the (112) surface. The (100)
surface shows an unusual behavior with continuous positive
regions interspersed with continuous negative regions. The
information described in Figure Sa—f requires a case by case
assessment in comparison to the experimental system, in order
to aid in the understanding of the interaction mechanisms with
the environment. In addition to the interaction behavior,
Figure Sg gives a comparison of the band displacements among
all surfaces. The two dashed lines indicate the E°(H*/H,) and
E°(0,/H,0) redox potentials. It is possible to observe that the
bottom of the CB of the (101) surface is the only value higher

https://dx.doi.org/10.1021/acs.cgd.0c00423
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i T m existence of the (101) surface in the sample, even though the

{Epe= 3250V, ERR0 particles appear to be of octahedral-like morphology composed

e TOTAL by such a surface. It is important to emphasize that these values

represent the estimated conditions without the influence of

external interactions, as an aspect that may drastically modify

E 3336V the surface characteristics. Also, the photocatalytic properties

LR depend on other factors, such as the strong redox reaction
capability and high charge separation efficiency.**

The determination of the surface energies also allows for

—~ _ morphology estimation using the Wulff method. Figure 6

= CE =343eV shows the surface energies, with and without optimization, and

g D < the respective Wulff crystals. The surface energies before the

. slab optimization represent the cutting planes of the unit cell
Q with the same parameters of the bulk.

& According to Figure 6, there was a great relaxation of the

%) surfaces, which produced a considerable change in the particle

o morphology, except for the (001) surface. The morphology

a : _ before the optimization has only (001) and (101) as exposed

{E =3.05eV. surfaces, while the system after the optimization also contains a

e contribution of the (112) surface, as seen in Figure 6b. As far

: ' as we know, there is no evidence of experimental particles of

(111) CdMoO, with this morphology. However, it is essential to

E =301eV highlight that the ideal morphology represents the system with

- 5 no environmental influences, and this external interaction

A ‘A ; ‘ h needs to be taken into account in order to assess the

12 -10 8 6 4 5 0 morphological changes obtained in real experiments. The

- - - h - - influence of surfactants, impurity, solvent, temperatures, and

Energy (eV) other characteristics of different synthetic routes is expected.

Therefore, it is possible to impose an energy stabilization or

Figure 4. Density of states of CdMoO), surfaces (in the stability order, destabilization to circumvent the external potential difference

from top to bottom: (001), (112), (101), (110), (100), and (111)). and find all possible morphology pathways, which include the

studied surfaces.

Using the expected Wulff crystal from the E,; value
than the E°(H*/H,) reduction potential. This suggests that (thermodynamic crystal) as a starting point, it is possible to
this surface can act as a photocatalyst in water splitting. Sethi suppose an energy modulation between all surface index (hkI)
and co-workers"” showed the photocatalytic properties for H, employing graphs (Figure 7) and elaborate a complete
production for pure and Ag-decorated CdMoO,. However, roadmap to the morphological transformations network of
more detailed studies should be performed so as to prove the crystal shapes. On consideration of our studied surfaces by
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on the panel. (b) Theoretical morphology, according to unrelaxed (top) and relaxed surfaces (bottom).

DFT, it is possible to build a graph G = (V, E, ¢) = (7, 21, 6),
where V is the number of vertices (denoted v,—v-), E is the
number of edges (e,—e,;), and ¢b is the incident function
(constant) of the vertices. With the exception of the central
vertice (v5), which is the thermodynamic crystal, each vertex
(v,—vg) represents a Wulff crystal built to expose the highest
percentage area of a specific cutting plane (hkl). The edges
represent the modification paths of the crystal shape between
two vertices.

The diagrams of Figure 7 can be illustrated with the crystals
arranged systematically if, instead of the surface energy values
E ) of each surface, we use the ratio (dimensionless) between
these and those of lower value I'(y) (eq 2). In this way, each
crystal can be associated with a vector y'(1 X 6) whose
elements 'y are obtained by the product of the vector
associated with the thermodynamic crystal, yfe(1 X 6) and
the diagonal matrix of modification 7(6 X 6), eq 3. The
elements of the vector y7, eq 4, are enough to elaborate the
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crystals in the vertices and any position of the edges (Figure
8b—d).

relax

E
(hkl)
l—ih’d): relax
(001) (2)
Toory 0 0
7T=YgFTT=[IE001) l—l‘:lll)] :
0 © T (3)
r" =Mooy Ty Tooy Tiney Tueoy Tl (4)

Since the reference crystal (v;) is that obtained by the DFT
calculation, its modification matrix is the identity matrix. For
the other vertices (v,—v,), the modification matrix corresponds
to the related matrices to the variation of one surface energy at
a time to reach the highest value of I'j; to the maximum

https://dx.doi.org/10.1021/acs.cgd.0c00423
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Crysra{Mapping Network
G=(V,E)=(7,21)

Figure 7. Crystal morphological diagram network represented as the graph G = (7, 21), where (a) six vertices (v,—v,) describe the morphologies in
which a selected (hkl) surface is predominantly exposed and one central node (1) represents the thermodynamic crystal. (b) Edges e,—¢;
representing the path that links the thermodynamic crystal directly to crystals v,—vs. The links between (c) the next neighbor (e;—e,,), (d) the
second neighbor (e,3—¢,3), and (e) the third neighbor (e,g—¢,,) of idealized crystals are represented by the edges that avoid the thermodynamic

crystal (v;).

surface area exposure in each vertex of the graphs (Figure 8f).
In the case of the v,, v, and v, vertices, the intersection among
the (112), (101), and (111) cutting planes, respectively, allows
for obtaining the shape with 100% exposure of a single plane
when I'( 15y = 0.55, ['(gy) = 042, and 'y = 0.31. To the v,
vy, and v vertices having only one exposed plane, their energies
related to the (001), (110), and (100) planes, respectively,
should tend to zero (I'yyy) — 0), and the crystals would be 2D
films without thickness. Therefore, the truncated criteria for
the modification matrix values were those that led to only two
exposed surfaces in the v, (I'(10) = 0.58) and vs (I'109) = 0.43)
vertices, and three surfaces in v; (') = 0.40).

After the criteria for the growth of the nanoparticles in the
vertices of the graph were defined, the characteristic nano-
particle of each edge was determined for the midpoint, where
the weights @; of each vertex are equal and are represented in
Figure 8a—d. In this sense, the elements of the shape
modification matrices for the edges, which connect the i and
j vertices, (T}, have a coefficient given by the weighted
arithmetic mean (eq 5)

N e
<T)eclge||J =
@; + (5)
Figure 8g shows the adjacency matrix that generates the
vertices responsible for connecting the pair v, and v; vertices. As
an example, Figure 8h shows an ¢, edge that connects v, and v,
vertices and their respective crystal shapes at the midpoint.

Another application of the surface matrix energy elements
and the Wulff construction is the determination of the DOS of
crystal particles, Ppani:le(5)~ If a simple additive linear model is
assumed on the basis of the contribution of each surface to the
electronic structure, it is possible to determine the DOS of the
desired morphology. Broadly speaking, the particle DOS can
be predicted as shown in eq 6:

th! [Ahkljparticlsphk;(e)
Zk!d [Akkf]p.lrticle

'aarlic e{e) =
pees ©)
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where Ay is the total area of the (hkl) surface in the particle
and pyy is the DOS.

An example of the DOS estimation can be seen in Figure 9.

The utility of our entire proposed procedure can be
demonstrated by the explanation of certain morphological
changes of particles found in the literature. In Figure 10, it is
possible to observe experimental CdMoQ, particles from the
literature and their comparison to the theoretical morphologies
of our method. In the study by Ren et al,” different
morphologies were obtained using the hydrothermal method
with pH control in the reaction environment. In such a study,
the precursors were Cd(NO,),-4H,0 and Na,MoO,2H,0
dissolved in water, and the pH was changed using HCI and
NaOH. The two different faceted morphologies synthesized by
Ren are presented in Figure 10a,b (experimental particles are
shown in Figure 10d,e). With our ideal model as a starting
point, the morphology of Figure 10a can be achieved by
decreasing the relative surface energy I'gg;) from 1.00 to 0.70
and I'(39y) from 1.16 to 0.42. This point is the first morphology
presented by Ren and coworkers, with a pH of 3.5, and the
estimated relative surface energies can be found in Figure 10 as
indicated by A, The second morphology (pH 4.5) can be
achieved bystarting from the thermodynamic crystal (v;) by
drastically decreasing the Iy to 0.10 (in addition to
modification of other relative surface energies, as described
by 43,). In a general way, the morphology path between the first
and the second morphology is mainly produced by a decrease
in the (001) surface, indicating an increase in OH™, which acts
preferentially on this surface, causing its stabilization. A
different morphology was obtained by Gong et al.’' using a
microemulsion method with CdCl, and Na,MoO, in n-
octane/CTAB/n-butanol systems, as seen in Figure 10c
(experimental particle in Figure 10f). In their study, the
particles have an octahedral morphology with high homoge-
neity. From our thermodynamic crystal, the octahedral
morphology can be achieved just by decreasing the (o)
value from 1.16 to 0.23. The relative energy of this morphology
is indicated in Figure 10 by A. Therefore, the method of

https://dx.doi.org/10.1021/acs.cgd.0c00423
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Figure 8. Crystal shapes of CdMoO, designed by linking idealized surface energy ratios. All edges (e,—e,,) represent a continuous energy path that
transforms the particles located at the vertices (v,—v;). To ensure a better view of nanoparticles, the mapping network was divided into four panels
(a—d), according to the length of a link between the vertices. Two additional theoretical crystals (e) can be designed from the energies of truncated
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lower triangular matrix elements representing the adjacent matrix, from which the continuous transformation of the crystal shape occurs by
changing the specific surface energy. (h) For all edges, only the crystal shape at the midpoint (where the relative surface energies are half of their

values on vertices) is shown.

microemulsion used by Gong does not stabilize the (001)
surface in the order of the microwave method used by Ren.
The difference in the ') values between these two methods
is equal to or greater than 30%.

The total DOS and the contribution of each surface of the
discussed particles can also be seen in Figures 10a—c.

This proposed model of calculation is expected to work well
for microscopic particles, where the vertices and edges do not
play a primordial role in the valence and conduction band
levels. The DOS of all particles showed in Figure 10 and all
other possibilities that take into account the studied surfaces
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described in the present study can be generated by using the
program found in the Supporting Information. In such a
program, it is only necessary to include the relative percentage
of the areas of the system to be assessed. The junction of the
possible morphological change paths with the DOS that takes
into account the relative exposed surfaces is an essential step
for the theoretical understanding of the properties of the solid-

state materials at small size scales.

https://dx.doi.org/10.1021/acs.cgd.0c00423
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B CONCLUSION

A new roadmap about morphological transformation was
developed in order to allow for a better understanding of the
structural and electronic characteristics of the surface regions
of nanoparticles. This scheme was first applied to the CdMoO,
system, both to present the new proposal regarding the
roadmap of morphological changes and also to unravel
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essential questions the morphological contribution to the
properties of this system.

As the first stage of the method, the CdMoO, model was
created by employing DFT with a comparative study of
different functionals and new parametrization. The model
showed lattice parameters and band gap energy with
divergences in values of less than 1% of the experimental
results found in the literature. The surface models of common

https://dx.doi.org/10.1021/acs.cgd.0c00423
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indices of this structure type were also performed showing a
stabilization order of (001) > (112) > (101) > (110) > (100)
> (111).

As the second stage, the surface energy was used to estimate
the morphology of the relaxed particle and, from this point,
stabilization changes taking into account the truncation
imposed by the space group of the material were proposed.
The results were organized as a roadmap that can be used as a
reference for understanding morphological changes obtained
from different synthesis routes. Finally, the combined
electronic structure of each surface was used with the
morphological information presented in the roadmap to
determine the density of states of particles with different
morphologies. An easy to use program is available in the
Supporting Information that allows for the density of states of
the desired relative surface rates to serve as a guide to
experimental studies.

We believe that this method is of great importance for a
better description of the materials, as well as including
information about how to modulate the properties in response
to structural changes.
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Computational simulations via Density Functional Theory were carried out to study the effect of Ag-doping on
SrTiO3 and its properties. For accurate results, the coefficients of the Ag basis set were optimized, and the
Hartree-Fock exchange parameter of the PBEO functional was modified. It was found that the doping reduces the
Eyqp by 0.15 eV, modifying the indirect band gap to direct and transforming it from an n-type to a p-type
semiconductor. The Crystal Orbital Hamilton Population (COHP) analysis revealed that the Ag-O bond was

stronger for the anti-ligand states. The vibrational results showed that doping with Ag promoted a short-range
structural disorder in the STO with the appearance of active Raman modes (Ag, Big, Bag, and Bag). Therefore,
Ag is an appropriate metal for the doping of SrTiO; since it improves its optical absorption properties, thus
opening up new possibilities for technology.

1. Introduction

The development of new materials with a wide range of applications
occurs in several stages. The main one is through the creation of theo-
retical models close to real systems based on computational simulations
linked to high-performance modeling software packages and the
advancement of computational technology, which allow one to under-
stand, among others, the structural, electronic, optical, vibrational,
magnetic, thermoelectric and mechanical properties of such materials
[1-12]. F90.

This work highlights a member of the perovskite family that is
considered a functional material, SrTiO3 (STO) [13-16] — an n-type
semiconductor, which has an indirect band gap energy (Egqp) (—3.2 eV)
and a cubic structure (Pm-3 m, a = 3.9 Al 17-19]_ Its properties can be
improved or modified by the introduction of dopants [20-23]. In this
context, Ghasemifard and coworkers [ 24] synthesized Ag- and Ba-doped
STO by the combustion method and found a transition phase from cubic
to tetragonal symmetry with a reduction of 0.06 eV in the band gap
energy.

Among a wide variety of dopants, silver stands out for its well-known
ability to improve the antimicrobial properties of materials when used in
the form of ions [25-27], nanoparticles [28], and microstructures [29].
Nowadays, silver is regarded as a potent agent to fight SARS-Cov-2

* Corresponding author.
E-mail address: sambrano@fc.unesp.br (J.R. Sambrano).

https://doi.org/10.1016/j.commatsci.2022.111693

[26.27]. For example, Tremiliosi et al. [30] developed an Ag-based
polycotton fiber by the dry-pad-cure method and observed that the Ag
nanoparticles promoted antimicrobial activity against S. aureus, E. Coli,
C. Albicans, and SARS-CoV-2. Liu et al. [31] used Ag" ions to show the
antibacterial activity and photoluminescent properties of Pr’*-doped
CaTiO3. On the other hand, silver has also been used in plasmonic
nanostructures with wide band gap semiconductors to remove the
extension of light absorption to the visible range and improve their
photocatalytic activity [12,24,32,33]. It must be mentioned that the use
of silver to fight diseases has been a big challenge for experimental
research groups and experts aiming to confirm or discard its efficiency.
Indeed, this is also part of the challenges and achievements of modeling
and computational research.

Concerning the theoretical research on STO, Van Benthem and co-
workers [34], who carried out simulations based on the Density Func-
tional Theory (DFT) in conjunction with the local density approximation
(LDA) and an experimental study. The authors reported a conflicting
result between the theoretical and experimental data, i.e., an indirect
Egqp of 1.89 €V and a direct Egq, of 3.25 eV, respectively. Although a
discrepancy between these observations was already expected since the
LDA functional tends to overestimate the band gap value, there was a
disagreement over the nature of the direct or indirect transition.

On the other hand, Garcia-Lépez et al. [35] synthesized the STO by
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the Pechini synthesis method and obtained an indirect Egqp of 3.2 eV,
corroborating the theoretical local density approximation (LDA) results
on indirect Egqp reported by Benthen [34].

It is noteworthy that the indirect character of the gap involves the
transition via phonons, which causes part of the incident energy to be
wasted in these transitions, consequently impairing the efficiency of this
material in optical applications [36]. To improve the optical efficiency
of semiconductors, substitutional doping is the preferred method both to
reduce the Egq, and to change the transition nature from indirect to
direct [10].

Other theoretical studies corroborate the indirect nature of the Egqy of
STO. For instance, Gillani et al. [9] simulated the STO using the DFT
implemented in the CASTEP software with generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof functional (PBE)
and calculated an indirect Egqp (R —T) of 1.792 eV and lattice parameters
0f 3.94 A. Chen et al. [37] studied the STO using the DFT in the SIESTA
code with GGA and a Hubbard correction parameter of 5 eV, and ob-
tained an indirect gap (R-I') of 3.06 eV.

Pernot et al. [38] performed a benchmarking and validation study
using the CRYSTAL14 code. The authors analyzed the lattice parame-
ters, bulk modulus, and Egq, of a set of 28 crystals with cubic symmetry,
and compared 18 different density functionals (local, semi-local, and
hybrid functionals). The results indicated that the hybrid functionals are
much superior to semi-local functionals in solid Egq, calculations due to
the inclusion of the Hartree-Fock (HF%) exchange in the generalized
Kohn-Sham formalism. Among the hybrid functionals, the PBEO renders
an accurate Egqp calculation for cubic structures, with an error of 0.55%.

There are several types of experimental research on metal-doped
STO [10,36,39,40]. Particularly concerning the Ag-doped STO,
although there is some theoretical research on this structure available in
the literature, only a few studies focus on its electronic properties. For
example, Qiu et al. [41] used plane wave functions to calculate the Egq,
of Ag-doped STO at the Ti site, resulting in an indirect Egqp of 1.253 eV.
Zhu et al. [42] used the DFT/PBE implemented in the Vienna Ab Initio
Simulation Package (VASP) and the B3LYP functional in the CRYSTALO6
code to simulate Ag-doped STO at two metallic sites. According to the
authors, Ag-Sr doping is more energetically favorable and promotes a
drastic reduction in the Egqp in both software packages used (VASP 2.04
eV to 1.87 eV CRYSTALO6 3.44 eV to 2.88 eV). This research does not
describe the Ag-Ti doping Eggp.

Considering the materials studied, STO is a stable semiconductor
with several properties that make it an excellent ceramic material for
doping and Ag is a metal with a high potential application. Therefore,
the doping of STO with Ag aiming at new functional materials becomes
extremely viable. Consequently, it is necessary to understand the effects
of Ag on STO to develop a theoretical basis to support future experi-
mental research and offer crucial information for the discovery of new
properties of this material. Herein, the DFT applied to the systematic
methodology is used to investigate the structural, electronic, and
vibrational properties of Ag-doped STO. The results are discussed based
on the analyses of the Density of States (DOS), band structures, Crystal
Orbital Hamilton Populations (COHP), and Raman and infrared (IR)
active modes, and compared with available experimental and theoret-
ical data from the literature.

2. Computational method and model system

The computational simulations were performed within the frame-
work of periodic DFT implemented in the CRYSTAL17 code [43]. This
software is based on an original expansion of the crystalline wave
function into a localized Gaussian-type basis set to represent the crys-
talline orbitals as a linear combination of Bloch functions. This work was
used the PBEO functional [44-46] and described strontium (Sr), titanium
(Ti) and oxygen (O) using the Sr HAYWSC-311(d11)G[43], Ti_8-6411
(d311f)[47] and O_8-411 [48] basis set, respectively, where [HAYWSC]
refers to the Hay-Wadt non-relativistic pseudopotential [49]. All basis
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sets are available in the Crystal library (www.crystal.unito.it/basis-sets.
php). The crystallographic data of the STO cubic structure (Pm-3m) was
obtained from JCPDS card No. 35-0734. Computational details can be
found in the Supplementary Material.

Once the functional and the atomic basis set are established, it is
necessary to select the best basis set for the Ag atom. To this end, two
types of basis set were tested to describe the Ag atom valence double-
zeta polarization (DZVP) [50] and Ag_extended_ruiz_2003 [43].

The energetically favorable metallic site was determined for the
substitutional doping with Ag. Therefore, a 2x2x2 supercell containing
40 atoms (8 Sr, 8 Ti, and 240) and eight bulk units (SrTiO3) was con-
structed (Fig. 1a). To determine the most stable metallic site for doping,
the doping energy (Eg [51,52] was calculated according to the
following formula

Eq = Edoped =5 Ewldaped — Upg + ux(x =S8ror Ti)x where Edaped) Eundoped»
upg and uy are the total energies of the doped, undoped bulk, and
chemical potential of Ag and Sr (or Ti) atoms, respectively, obtained
from the total energy of each most stable metallic structure of the
element [42].

As already expected, the Sr-site is more energetically favorable for
doping, with E; = 4.66 eV, while doping at the Ti-site has an Eg = 15.86
eV, confirming literature data [42]. Thus, STO doping was performed
with both bases of Ag replacing Sr in the central position of the supercell
(see Fig. 1b), resulting in a Sr;AgTigO24 stoichiometry (Ag-STO) and a
doping percentage of 12.5%, which is compatible with experimental
data [53,54].

Table 1 shows the results obtained from both Ag basis sets compared
to those found in the literature [55]. It is possible to observe a good
agreement between the experimental lattice parameters for both Ag
basis sets however, the Egqp is significantly overestimated, and the
doping does not change the nature of the Egqp.

It should be noted that the basis sets are not always adapted to the
target system for this reason, when different basis sets already used for
other systems are selected, it may be necessary to perform a new opti-
mization of contraction coefficients or exponents [55]. However, each
selected basis set is pre-designed and adapted to other systems. Conse-
quently, when put together to simulate a new system, this may require

a)

}—w CYETT )

Fig. 1. a) STO bulk and b) Ag-STO 2x2x2 supercell.
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Table 1

Lattice parameters (a, A) and band gap energy (Egap, €V) of Ag-STO.
Stoichiometry a Egap Nature
1Ag-STO* 3.89(-0.01) 4.15(+0.95) Indirect (R -1
1Ag-STO** 3.90 3.33(+0.13) Indirect (R - T)
1Ag-ST pr® 3.88(-0.02) 3.19(-0.01) Direct (I' - I')
2Ag-STO 3.91 1.87 -
2Ag-STO 3.94 2.88 -
3Ag-STO 3.89 1.25 Indirect (R - T)
sTO 3.90 3.20 Indirect (R - I')

The brackets show the difference in relation to experimental data [17]. **Ag
DZVP; Ag sll-electron (extended_ruiz_2003) [43], ***Ag optimized all-electron
(extended_ruiz_2003) [47]. 'This work (A = 16.5%); ?DFT [42]. *DFT [41].
4F_)q:uerimental [17].

an adaption to the target system.

Therefore, an optimization process of the selected Ag basis set must
take place. Additionally, the computational cost, the steps for choosing
the functional and the basis set, and the basis set optimization along
with the Hartree Fock exchange percentage (HF) of the hybrid func-
tional must also be considered.

At this point, an adequate procedure is to follow the algorithm
proposed by Gomes et al. [55]. In this work, such a procedure was
initially done by modifying the HF percentage and, when necessary, by
performing a subsequent basis set optimization. Powell’s [56] algorithm
method was used for basis set optimization with the 10" Hartree energy
convergence threshold [55]. The original basis set and the optimized
coefficients are available in the Supplementary Material,

In the case of this study, the optimization process to minimize the
total energy as a function of the exponents of the external basis set
valence parameters a, and a4 for the basis set Ag extended ruiz_2003
[43] aimed to obtain results of Eyp and lattice parameter closer to
experimental ones (Tables 1 and 2).

The optimization of the Ag basis set led to an Egqg, reduction of 0.14
eV compared to the original basis set (extended ruiz 2003[43]) and
0.01 eV in relation to the reference band gap reported in the literature
[17].

Table 3 shows the Ag-STO structure with the optimized Ag basis set,
where it is possible to observe that the Ag-Ti (3.33 fx) bond length is
smaller than the Sr-Ti (3.40 A) bond, causing deformation in the [TiOg]

cluster and a reduction of 1.2°in the [O— Ti— 0] bonding angle.
Structural data demonstrate that doping with Ag slightly modifies the
structural parameters of the STO, corroborating a similar result previ-
ously reported in theoretical studies on Ag-TiO2 doping [57,58]. On the
other hand, bond length and angles reflect a short-range disorder that
creates new active vibrational modes, implying a change in the vibra-
tional properties of the structure,

The band structure, DOS, and COHP were analyzed with the same k-
point sampling employed for the diagonalization of the Fock matrix in
the optimization process. The vibrational modes at the [-point were

Table 2
Optimized outer valence shell functions, a,, and @, of the selected basis set.
Ag Ag®

ap 2.505 1.907

1.042 1.797

g 310.274 310.312

91.144 91.271

33.219 33.315

12.983 13.108

5.013 5.122

3.391 5.207

1.599 0.708

0.628 0.671

% Ag basis set coefficients (extended_ruiz_2003)[43] and beoefficients
after optimization.
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Table 3

Bond length (‘5\) and bond angle (degree) of Ag-STO.
Length Angle
Sr—Ag = 3.88 [0—Ag—0] = 60°
Ti—Ag = 3.33 [Ti—Ag—Ti] = 70.5°
Ag—0=274 [0—Ti—0] = 178.8°
Ti—0 = 1.96
Sr—Ti = 3.40
Sr—0 =276

evaluated using the numerical second derivatives of the total energies
estimated with the coupled perturbed HF/Kohn-Sham algorithm [59].

The parameters described below were used in all calculations per-
formed in the present study. The precision of Coulomb and exchange
infinite series was controlled by five thresholds, i.e., 10'8, 10'3, 10’5, 10
8 and 107'°, which represent the overlap and penetration for Coulomb
integrals, the overlap for HF exchange integrals, and the pseudo-overlap,
respectively. Energy convergence parameters based on the self-
consistent field theory for the geometrical optimization and frequency
calculations were set to 10°'? Ha. In contrast, the shrinking factor (Pack-
Monkhorst and Gilat nets) was set to 8 for the STO and Ag-STO[60]. The
Raman modes were calculated using the coupled perturbed Hartree-
Fock/Kohn-Sham method[61].

3. Results and discussion
3.1. Electronic properties

Fig. 2a and 2b illustrate the band structure of the STO and Ag-STO.
The results show that the Egqp of the STO is indirect (3.34 eV) atR - T’
points, which is in agreement with what was predicted in the literature
[17]. Substitutional doping with Ag decreased the Egyy by 0.15 eV.
Furthermore, Ag changed the nature of the band gap from indirect to
direct (I' - T), increasing the Fermi energy (Ep) by 1.17 eV and resulting
in the allocation of the valence band (VB) and the conduction band (CB)
to more significant energy levels. This was attributed to the formation of
[Ag—O] bonds, and consequently to the emergence of the new states
near the region of the VB maximum and the CB minimum. On the other
hand, metallic silver increased electron transfer from the semi-
conductor. These modifications in the STO may enhance the photo-
catalytic activity and the two-way photoconductivity of the material as a
result of improved radiation absorption caused by the increased elec-
tronic recombination compared to the undoped STO - where phonon
emission is a necessary step before the occurrence of radiative recom-
bination in the system|[36]. These results had already been confirmed in
an experimental study carried out by Shi et al.[62], who synthesized
STO with the (11 1) surface deposition of Ag nanoparticles. The authors
observed a better dynamic in electron transfer and a reduction in the
radiative recombination rate, indicating the occurrence of a direct band
gap due to the improved optical properties of the STO. The band
structure of Ag-STO suggests that doping with Ag may develop photo-
luminescent properties in the STO. This corroborates the work by Longo
et al. [63], who conducted a theoretical and experimental study on STO
and verified that structural changes in the lattice modifier (Sr) can create
a short-range disorder in the [TiOg] cluster, with a consequent reduction
in the Egq, caused by new states above Ey, resulting in photoluminescent
properties in the STO semiconductor.

The DOS of the STO (Fig. 2¢) shows that the O and Ti atoms have the
highest electronic contributions in the VB and CB, respectively, while
the Sr atom has the lowest contribution in both bands. Furthermore, the
region close to the VB maximum is formed primarily by [Ti—O] in-
teractions, implying that the optical properties of STO are slightly
associated with these interactions.

Regarding the Ag-STO, the DOS (Fig. 2d) demonstrates that the Ag-
doping altered the electronic states in the band gap region, with the
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Fig. 2. a) and b) STO and Ag-STO band structures, respectively, ¢) and d) STO and Ag-STO DOS, respectively, and e) first Brillouin zone with high symmetry points.

oxygen atom retaining a higher DOS in the VB and the Ag atom influ-
encing the reduction of Ti states in the VB with predominant bonding
states [Ag—O] in the VB maximum region. In contrast, the electronic
states in the CB are derived from Ti, O and Ag atoms, with a predomi-
nance of electron density arising from [Ti—O] bonds and a reduction of
0.15 eV in E; — which occurs due to the introduction of new states from
the linear combination of orbitals (d, p, and s) of [Ag—0O] bonds at the
VB maximum and [Ti—O] and [Ag—Ti] bonds at the CB minimum. It
should be noted that the Sr atom does not exhibit states at the VB
maximum and the CB minimum.

The partial density of states (PDOS) for the Ag-STO orbitals (Fig. 3)
indicates that the electron density of O atoms comes from triply
degenerate p-type orbitals. While the Sr atom has no d-type orbital
density in the VB, converging with the configuration of the Sr** ion
(which has a 4p°55° valence configuration), the Ti atom has a valence
configuration in the Ti™* (45°3d%) oxidation. However, as shown in
Fig. 3, the DOS derives from 4p, and 4p, degenerate orbitals and the
hybridization occurs in the sp-type CB (5 s + 4p,), which has unfolding in
the crystalline field of d orbitals due to a breakdown of symmetry of dyy,
dy; and dy; (symmetry tz) as well as dﬁy and d; (symmetry eg). The Ag
atom in the CB region has a DOS arising from 4d orbitals, with a slight

unfolding in the crystalline field between the diy, & (symmetry eg) and
dyy, dys, dy; (tag symmetry) orbitals. It should be highlighted that the
orbitals with e, symmetry has lower energy, and consequently higher
electron contribution. Because the electronic interaction in the VB oc-
curs in the [Ag—0] bond (with a predominance of d Ag and p O states),
the substitution of Ag by Sr favors a short-range disorder in the [TiOg]
octahedron,

Overall, the doping significantly altered the electronic properties of
the STO by inhibiting Sr states in the VB region and significantly
changing the crystalline unfolding of Ti and Sr d orbitals in both the VB
and the CB (Figure S2 in the Supplementary Material).

Fig. 4a and 4b reveal the charge maps of the STO and Ag-STO
structures, with a cut section in the (110) plane exhibiting the chemi-
cal bonds of the atomic species inside the structure. The red region
represents an accumulation of negative charges caused by polarization
of the covalent bond, whereas the blue region corresponds to an area of
low polarization of negative charges.

By analyzing the charge density map of the STO and Ag-STO struc-
tures, the interactions observed between Ti and O atoms are covalent
bonds, while between Sr and O atoms, there are electrostatic in-
teractions characterized by ionic bonding. Despite the higher
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Fig. 3. Projected DOS for the orbitals of Ag-STO.

Fig. 4. Charge density map a) STO and b) Ag-STO.

electronegativity of Ag to Sr, the replacement of Sr by Ag in both
structures demonstrates that the substitutional doping does not promote
any changes in the nature of chemical bonds in the structure, as both
structures are characterized by electron clouds referring to covalent and
ionic bonds.

The analysis of atomic charges of the STO (Sr = +1.919, Ti =

+2.456, O = -1.468) and Ag-STO (Ag = +0.836, Sr = +1.800, Ti =
+2.232, O = -1.368 and —1.256) by the Hirshfeld's method [64.65]
shows that Ag decreases the charge of Ti and Sr and increases the charge
of O as a result of the electron-hole reorganization promoted by the
appearance of a hole created by the oxidation difference during the
replacement of Sr?* by Ag!™ in the doping process, causing the Ag-STO
to become an extrinsic p-type semiconductor.

COHP calculations were carried out to interpret the Ag interaction, in
which the energy of the band structure is partitioned, yielding infor-
mation about the bonding and antibonding nature of the chemical bond
between two elements [66]. In the VB region of the COHP plot (Fig. 5a),
there is a predominant Ag-O interaction with a combination of anti-
bonding orbitals in the regions with energy of —4.0 eV. In addition, it
can be seen that the bond is stronger at the top of the VB due to over-
lapping bonding orbitals. Because of the electron density of these ele-
ments in their respective valence layers, the region of negative overlap
of Ag-Ti orbitals reveals a weak covalent bond between these two spe-
cies. The ICOHP data were obtained by integrating the COHP curve,
which indicated that the strongest Ag bond occurs in the Ag-O interac-
tion due to a smaller number of antibonding molecular orbitals arising
from the overlapping orbitals of the elements.

The Ag-O bond is formed by the interaction of d orbitals of Ag and p
orbitals of O. The COHP data (Fig. 5b) of these interactions demonstrate
the strongest bond of the combination of Ag orbitals (dyy, dxz, dyz) and O
orbitals (py, py, p;) resulting from the out-of-plane interactions config-
uring a n-type chemical bond.

3.2. Vibrational properties

At room temperature, the cubic structure of STO has 3 acoustic and
12 optical modes [10]. At point I', there are 3 polar optical modes along
with acoustic modes and a non-polar triply degenerate mode (with all
active vibrational modes of the structure in the infrared (IR) region),
where the 3 IR active degenerate F;, modes correspond to the acoustic
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Fig. 5. COHP of the Ag-STO structure a) interaction between constituents and
b) interaction of Ag-O orbitals.

mode, while the inactive Fy, modes correspond to an optically silent
mode (see Figure S3 in the Supplementary Material).

Fig. 6 shows the infrared and Raman spectra of the Ag-STO structure.
It can be observed that the structure has irreducible symmetric I'=Ag +
Big + B3g + Bag + Byy + Bay + By with 120 vibrational modes, among
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Wavernumber (cm'l)

Fig. 6. IR and Raman spectra of Ag-STO. (For more details, see the video in the
Supplementary Material).
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which 62 are IR active modes (20By, + 21By, + 21B3,), 48 are Raman
active modes (14Ag + 12B1g + 11B3g + 11Byg) and 10 are optically silent
inactive A,-type modes.

The By, symmetry in the region of 199 cm ! in the active IR modes
refers to symmetrical axial deformations in all structure atoms. On the
other hand, at 503 em™!, that is, the region with higher vibrational
absorption in the IR, there is a symmetrical angular deformation in the
plane of O atoms in the [Ti—O] bond. The By, symmetry represents a
bending angular deformation of O atoms in the [Ti—O] bond. At 80
cm,“1 there is a symmetrical angular twist outside the plane of Sr atoms.
Finally, the low-frequency B3, modes are symmetrical and asymmetrical
angular deformations in the plane. At 772 cm ", it is possible to observe
an axial deformation due to symmetrical stretching (see Figure S4 in
Supplementary Material).

In the IR active modes, the Ag symmetry refers to symmetrical and
asymmetrical angular deformations in the plane of the [Ti—O] bond,
except for the 825 cm™! frequency mode, which corresponds to the
symmetrical stretching mode of the [Ti—O] bond. By is the out-of-plane
symmetrical angular strain of the [Ti—O] bond. Regarding By, at a
frequency of 165 cm ! it is an out-of-plane asymmetrical angular strain
of Ti atoms of the [TiOg] cluster, whereas, at 212 cm,‘1 there is a sym-
metrical angular deformation in the plane of O atoms in the [Ti—O]
bond. Lastly, the B3 symmetry is an asymmetrical, angular deformation
outside the plane of Ti atoms at 143 cm ™! and O atoms at 521 cm ™! of
the [TiOg] cluster (see Figure S4 in the Supplementary Material).

In summary, the vibrational results show that at low frequencies, the
metals present in the structure suffer more significant vibrational effects.
In addition, the structure stability is strongly dependent on the [TiOg]
cluster, considering that the most crucial number of vibrational modes
are vibrations of the [Ti—O] bonds. In contrast, at high frequencies the
vibrational modes are stretching in both spectra (IR and Raman).

Therefore, the emergence of Raman active modes as a result of the
replacement of Sr by Ag in the doping process promotes a short-range
disorder in the interaction between titanium and oxygen atoms of the
Ti-O cluster. The existence of Ag, Big, Big, and B3y symmetry modes
suggests that there may be a change in symmetry in the doped system
from Pm-3m to I4-mcm — which in the STO structure only occurs at
temperatures below 105 K[67].

4. Conclusion

The computational study using DFT simulations was fundamental to
understanding the effects of Ag-doping on SrTiO3. Based on the findings,
it can be inferred that the optical absorption and emission properties of
the Ag-STO structure are derived from Ag, since the interactions of states
near the top and bottom of the valence and conduction bands are
dominated by the [Ag—O] bond, resulting in a band gap change from
indirect (R — I') to direct (I' - I') and a reduction in the STO band gap
value. The STO doping with Ag creates an electron hole, causing the Ag-
SrTiO3 to become a p-type semiconductor. The COHP data show that the
Ag has a strong bonding with O and an almost non-existent bonding with
Sr. Additionally, the [Ag - O] bond has a strong antibonding region in the
innermost part of the VB and a strong bonding interaction at the VB
maximum.

According to the analysis of vibrational properties of the material,
there are 120 new active modes resulting from a short-range disorder in
the chemical bonds.

For such reasons, Ag appears to be an appropriate metal for doping,
as it does not cause changes in the STO symmetry and improves its
electronic properties by switching the band gap from indirect to a direct
gap, making this semiconductor more effective in optical applications.
Therefore, the STO doping with Ag is a promising alternative for the
development of new materials with multiple functionalities.
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The knowledge about the mechanisms of the morphological control of nanoparticles (NPs) is directly correlated
with the atomic configurations of their exposed surfaces, which can facilitate materials functionalization ac-
cording to the surface-dependent properties. In this context, this study focused on modeling via the density
functional theory (DFT) the (001), (100), (101), (103), (110), (111), and (112) surfaces of the CaXO4 (X = Mo or
W) (scheelite phase) to offer a comprehensive study of their structural and electronic properties. Additionally, a
systematic mapping of the NPs morphology was elaborated as a function of the modulation of the surface en-
ergies. For the surfaces of both systems, a stability order of (001) > (112) > (111) > (101) > (110) > (103) >
(100) was observed. Differences were observed in both systems concerning the outermost polyhedral distortion
and their atomic charges. The band alignment analysis revealed the potential use of both materials in photo-
catalytic environmental remediation. The methodology and results presented herein can be useful for targeting

the synthesis and functionalization of CaXO4 and related materials.

1. Introduction

The control of nanoparticle (NP) morphology has received much
attention in recent years due to its influence on the properties of the
materials [1-4]. The morphology control depends on several parame-
ters, such as reaction time, temperature, pressure, surfactants, and pH,
and can be adjusted according to several synthesis methods [3,5 9]. In
this context, theoretical research has been dedicated to studying special
features of NPs, including the atomic configuration of their exposed
surfaces and their respective electronic properties [10-20]. In partic-
ular, the NP morphology is directly connected with the surface energy of
their facets by an inversely proportional relation, where the lower the
surface energy is, the greater their exposed area. However, the experi-
mental determination of surface energies at the nanoscale is still a
challenge for experimentalists. In this sense, theoretical methods have
been used to estimate these values, According to the classical Wulff
theory [21], the crystal equilibrium shape is determined by minimizing
the total surface energy for a given volume.

In this study, the particular interest is in the molybdate and tungstate

* Corresponding author.
E-mail address: jr.sambrano@unesp.br (J.R. Sambrano).

https://doi.org/10.1016/j.mtcomm.2022.104178

families, which have been applied in optical fibers, [22], scintillators,
23,24, multiferroic materials, [25,26], humidity sensors, [27,28],
high-temperature lubricants, [29], corrosion inhibitors, [30,31], battery
materials, [32], antenna materials [33] and catalysts [34,35]. Among
these compounds, calcium molybdate (CaMoO4) and calcium tungstate
(CaWOy), both scheelite-type ABO4 (A = Cd, Ca, Sr, Pb or Ba and B = Mo
or W), have interesting thermal and luminescent properties and can be
applied in phosphors, scintillators, optical fibers and gas sensors [36,37]
or used as hosts for components emitting green color in white LEDs [38].

CaXO, (X = Mo or W) compounds have been the focus of theoretical
and experimental studies evaluating the effects of their morphological
transformations [2,39-41]. In particular, Longo et al. [42] synthesized
CaWO04 NPs with octahedron with flattened tips morphology via the
microwave-assisted hydrothermal method. In addition, the relative
stability and electronic properties of the surfaces were also calculated,
resulting in the following stability order: (001) > (101) > (100) > (110)
= (103) = (111). In contrast, Oliveira et al. [40] obtained
dodecahedron-shaped CaMoO4 NPs by MAH and calculated the stability
order (001) > (112) > (110) = (101) = (100) > (111). The authors
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proposed surface energy stabilization routes from these theoretical re-
sults representing the experimental nanoparticle shapes achieved.
Comparing these two studies, it is possible to observe differences in the
relative stability order and two different terminations of the (101) sur-
face. Longo et al. [42] reported that such a surface is terminated in
[CaOs] polyhedra, while Oliveira et al. [40] found the termination of
[MoO4] polyhedra.

In this sense, it is important to highlight that the success of surface
simulations depends directly on the knowledge of the most stable atomic
configurations of the outermost layers [4,43-45]. Therefore, consid-
ering the differences observed in the abovementioned studies, it is
noteworthy that a consensus regarding the atomic configuration of the
outermost layers of the exposed NP facets and their stability order is
crucial for the success and accuracy of the simulation results. Therefore,
it is possible to modulate the electronic characteristics and their tech-
nological applications [46-48].

Due to the direct correlation between the surface-dependent prop-
erties and morphology of NPs [49-54], this study aimed to carry out
computational simulations based on density functional theory (DFT)
|55] to evaluate the electronic and structural properties as well as the
relative stability of the (001), (100), (101), (103), (110), (111) and
(112) surfaces of CaXQ4 (X = Mo or W). The selection of surfaces was
made according to the Bravais-Friedel-Donnay-Harker law [56-58]
which states that the most important facets are those with greater
interplanar distances due to space-group symmetry. The results of the
relative stability of the surfaces were used to generate the ideal NP
morphology and elaborate a complete mapping of the morphological
transformations of their NPs. Additionally, the densities of states of the
NPs were simulated, considering the surface contributions.

2. Computational procedure

The simulations were performed using the periodic DFT methodol-
ogy implemented in the CRYSTAL17 program [59]. The atomic centers
of Ca, Mo, W, and O were described by the triple-zeta valence with
polarization (TZVP) [60], Hay-Wadt-311(d31)G, [61], cora_1996 [62]
and 8-411d1 [63] basis sets, respectively.

Initially, both CaMoO4 and CaWO, bulk structures were optimized,
starting from the respective experimental lattice parameters. Both sys-
tems have a scheelite-type structure and belong to the space group 141/a
(symmetry C‘gh) and lattice parameters a =b =5.233 A and ¢
=11.448 A for CaMoO4 and a =b =5.243 A and ¢ =11.376 A for
CaWOy, which are formed by [CaOg] and [MoO4] (or [WO4]) polyhedra
[64]. Fig. 1 depicts the respective structures.

It is known that the crucial point to designing accurate models via
DFT formalism is the choice of the functional to be used in the target
systems. For this reason, several tests were made in the set of the
following seven hybrid density functionals: BIWC [65], B3LYP [66],
HSE06 [67,68], PBEO [69] and WCILYP [70]. Compared to the exper-
imental parameters for both systems, the BIWC was the functional that
provided the best results for lattice parameters and band gap energy
(Egqp) for the CaXO4 compounds (see Table 1). The equation that defines
the BIWC functional is Eje" ¢ = E§%* + P(ERF —E5°*), where E{°% is the

GGA exchange energy, Eif is the Hartree-Fock (HF) exchange energy,
and P = 16% is the HF exchange parameter. By adopting the same
methodology reported by Gomes et al. [71], a scan of the P parameter
was performed in the range from 10% to 20%, where P = 13.2% showed
better accuracy.

Table 1 lists the percentage differences from the experimental pa-
rameters of the BIWC functional, showing the lattice parameters and
Egqp (before and after the P parameter scan). Although there was no
considerable change in the approximation to the lattice parameters,
there was a significant improvement in the E,,, accuracy, from 11.1% to
6.5% for CaMoQ4 and from 7.2% to 1.4% for CaWQ,.

To better understand the structural behavior of both systems in an
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[Caly]
polyhedron

|[Xho'g Caxo,
polynedron X = (Mo or W)

Fig. 1. The unit cell of CaXO4 (X = Mo or W) and octahedral [CaOg] and
tetragonal [XO4] (X = Mo or W) polyhedra are highlighted.

equilibrium state, the NP morphology was determined using the clas-
sical Wulff's theory [4,21] and the calculated surface energies (Egy),
whose general formula is defined by Egyy = (Emoder —NEpui)/2A, where
Epnoder is the total energy of the surface model, Ey,y is the total energy of
the bulk, n is the number of bulk units in the surface model, and A is the
unit cell surface area. The (001), (100), (101), (103), (110), (111), and
(112) surfaces were analyzed using models that have reached the Ej,,¢
convergence (AEg,(z) < 0.01J/m? ) with the stoichiometric increases
of atomic layers in the z-direction. A morphological network diagram
was elaborated from a combination of surface energies of the exposed
surfaces according to the methodology used by Laranjeira et al. [4].
The parameters described below were used in all simulations. The
precision of the infinite Coulomb and HF exchange series is controlled by
five parameters o, with i = 1, 2, 3, 4, and 5, where a; is the overlap, and
@y is the penetration for Coulomb integrals, a3 is the overlap for HF
exchange integrals and a4 and a5 are the pseudo-overlap (HF exchange
series). The five parameters «; were set to 8, 8, 8, 8, and 16, respectively.
The two-electron contributions are neglected when the overlap between
atomic functions is below 10~*, The convergence criteria for the elec-
tronic energy were set to 107° u.a. For periodic systems, the only
mandatory parameter is the shrinking factor, which generates a pro-
portional grid of k-points in reciprocal space, according to the

Table 1

Lattice parameters (a = b and ¢) (A) and band gap energy (Egap) (eV) for CaXOy4
within the BIWC (13.2%) functional. The values in parentheses indicate the
percentage differences compared to the experimental data.

Functional a==~h ¢ Egop

CaMoO, BIWC 5.23 (0.0%) 11.29 (1.4%) 4.62 (11.1%)
B1WC (13.2%) 5.29 (1.1%) 11.48 (0.3%) 4.43 (6.5%)
Exp.[64,72] 5.23 11.45 4.16

CaWo, B1WC 5.26 (0.3%) 11.50 (1.1%) 5.21 (7.2%)
BIWC (13.2%) 5.26 (0.3%) 11.51 (1.1%) 4.93 (1.4%)
Exp.[72,73] 5.243 11.376 4.86

Table 2

Hirshfeld atomic charges (q) in elementary charge units (|e|) for the bulk and
outermost atoms of the CaXO, surfaces.

CaMoO4 CaWO,

Charge Ca Mo (o} Ca w (o}

Bulk 2.067 1.322 -1.108 2118 3.151 -1.317
(001) 2.038 2.288 -0.946 2.081 3.080 -1.152
(112) 2.054 2.310 -0.677 2.098 3.079 -0.888
(111) 2.041 2.266 -0.708 2.083 3.057 -0.918
(101) 2.032 2.327 -1.009 2.078 3.111 -1.216
(110) 2.035 2.252 -0.710 2.076 3.038 -0.918
(103) 2.030 2181 -1.118 2.071 2.995 -1.318
(100) 2.049 2.204 -0.677 2.095 3.081 -0.884
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Monkhorst-Pack method. The reciprocal space integration used was an
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3. Results and discussion

8 x 8 x 8 k-point mesh (8 x 8 x 1 for surface models) in the irreducible

Brillouin zone. The geometry optimization calculations demonstrate
that the optimized structures are in agreement with the space group

symmetry for both materials.

Fig. 2 shows a side view, the outermost polyhedra, and a top view of
their respective electrostatic potential surfaces of the most stable ter-

minations of the (001), (112), (111), (101), (110), (103), and (100)
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Fig. 2. Side view of the outermost layers of CaXO, surfaces, effective coordination number (ECoNcymo or w) and ECoN(y, or w)), average bond length (dea—omo or w)
and d(uo or w)—0) for the outermost Ca (Mo or W), Mo (or W)-centered polyhedra, respectively, and electrostatic surface potentials (V,(r)) top view for (a) (001), (b)

(100), (¢) (110), (d) (112), (e) (101), () (103), and (g) (111) surfaces), where Mo and W refer to CaMoO, and CaWO,-based systems, respectively.

Table 3

Surface energy after (Eqs) (J/m?) and before (E:':,'j’f“" ') (J/m?) optimization, model thickness (L) (A), and band gap energy (Egap) (eV) for CaXOy surface models.

Surface Equf 5"“;"’}’“"' L Egop
(001) 0.61-0.61 0.71-0.71 39.15-39.25 4.39-4.88
(112) 0.71-0.68 2.36-2.42 18.26-18.24 4.24-4.79
CaMO,4 — CaWO4 (111) 0.80-0.77 4.71-4.84 32.66-32.48 4.31-4.88
(101) 0.82-0.80 1.14-1.15 21.17-21.15 4.46-4.97
(110) 0.87-0.84 2.98-3.02 26.97-26.77 4.08-4.71
(103) 1.06-1.04 2.73-2.77 13.45-13.33 4.20-4.80
(100) 1.19-1.16 1.88-1.92 22.22-22.05 3.45-3.98
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Fig. 3. Differences between optimized (colorful bars) and non-optimized (gray bars) indicate the E,s behavior due to the optimization process for (a) CaMoO4 and
(b) CaWOy,, the morphologies from Eg, after optimization for CaMoOy, (c) and CaWOy, (d), respectively, the CaXO4 morphologies of the system generated from non-
optimized Eq,; values (e), and sphere-shaped crystal with equal E,; values for CaXOy in both systems for visual purposes (f).

surfaces of CaXOj4. The outermost layers of the (001) and (112) surfaces
(Figs. 2a and 2d, respectively) are composed of [CaOg] and [XO4], and
the (100), (101), (103) (110), and (111) surfaces (Figs. 2b, 2¢, 2d, 2e,
and 2 f) are composed of [CaOs] and [XO4] outermost polyhedra. All
outermost Ca-polyhedra have coordination lower than those under the
bulk ([CaOg]). On the other hand, the outermost X-centered clusters
remain in their original bulk coordination ([XO4]).

Since the surfaces only have terminations with five-fold (5 f) and six-
fold (6 f) coordinated Ca-centered polyhedra and four-fold (4 f) coor-
dinated X-centered polyhedra, it is necessary to use a parameter that
considers the different geometric distortions of each polyhedra. A
parameter that allows the distortion analysis is the effective coordina-
tion number (ECoN) [74]. ECoN is calculated by adding all surrounding
atoms of a center through a weighting scheme, with the atoms counted
as fractional atoms with values between 0 and 1. This parameter tends to
zero according to the increase in the distance of the surrounding atom
from the central atom. Therefore, an analysis based on the ECoN should
consider that for the higher differences between ECoN and usual coor-
dination values, the polyhedra will be most distorted. The ECoN has
been employed in studying diverse compounds with considerable suc-
cess [75-80].

Concerning the [CaOg] polyhedra, the (112) surface has the highest
ECoN values, while for [CaOs] polyhedra, the (101), (110), (111) and

the (100) surfaces exhibit the lowest ECoN. Regarding the [XO4] poly-
hedra, the (001) surface has the highest, and the (100) surface has the
lowest ECoN. The outermost polyhedra are more distorted at the (100)
surface, which results in the most unstable surface for CaXOj (see Eqs
values in Table 3).

The (101) surface has the lowest density of negative charges indi-
cating its tendency to interact with anionic systems. On the other hand,
the (112) surface has the opposite characteristic, i. e., a higher density of
negative charges suitable for interacting with cationic systems. All sur-
faces have similar behavior, with continuous layers of negative charge
and islands of positive charge density, except for the (100) surface,
which has continuous layers of interspersed negative and positive
charge densities. Visually, there are no differences in the electrostatic
potential due to the X = Mo or W atom. Therefore, the Hirshfeld atomic
charges (q) were calculated (Table 2).

Table 2 shows higher charges module (|q|) for CaWO4-based systems
than for the analogs of CaMoO,. In addition, the bulk has higher |q|
values for all atoms compared to the surfaces due to the coordination
breakdowns generating oxygen vacancies, causing the lowest coordi-
nation in the outermost polyhedra, which suggests that the concentra-
tion of atom charges is higher in the innermost surface layers. The (103)
surface has the highest |g| value for outermost O atoms since, in these
systems, the atoms are bonded with a single atom with only one close
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Fig. 4. Diagram of morphologies represented by graph G = (8,28), in which (a) the seven vertices (v;— v;) represent the morphology for which a given (hkl) plane
dominates the crystal morphology, and the central apex (vg) is the thermodynamic crystal. (b) The edges e; — e; are the paths that connect (vg) to the crystals (v; —
v7). The paths that connect (c) the next neighbor (es—eq4), (d) the second neighbor (e;5— e21), and (e) the third neighbor (ez2— es5) to the vertices of the crystals are

given by the edges that do not pass through the thermodynamic crystal (vg).

neighbor in the same atomic layer to share the charge.

In the (101) surface, the outermost X atom is localized in an atomic
layer below the outermost Ca atomic layer and possesses the highest |q|,
which corroborates the tendency of such atoms to exhibit a greater |g| in
the innermost atomic layers. The highest values of ECoN and |q| were
observed for X- and Ca-centered outermost polyhedra in the (101) and
(112) surfaces, respectively (Fig. 2), indicating that smaller distortions
are associated with greater atomic charges.

Table 3 depicts the surface stability order: (001) > (112) > (111)
> (101) > (110) > (103) > (100) for CaXO4. The most similar coordi-
nation of Ca-centered polyhedra with respect to the original bulk is
responsible for the high relative stability, which can be evidenced by the
lower Eg,¢ of the (001) and (112) surfaces.

Due to the cutting process are generated oxygen vacancies in the
outermost Ca-centered polyhedra, and the outermost atoms rearranged
themselves in the optimization process, generating the E,,s variations
for each (hkl) surface. Considering the Eg,s values and using Wulff's
model, the morphologies associated with the Ey,y values before and after
optimization were determined (Fig. 3).

After structural optimization, it was observed that the (112) surface
has the largest exposed area, with a small contribution of (111) for
CaMoOj,. The only difference between CaMoO4 and CaWOy, is the rela-
tive exposure rate of the (111) surface, which is most exposed in
CaMoOj4. These morphologies (Figs. 3¢ and 3d) correspond to the ideal
system, i. e., without considering the influence of external parameters.
Indeed, the influence of surfactants, impurities, solvents, temperature,
and synthesis methods, among other factors, can lead to different
morphologies.

Therefore, through E;,; modulations, one can represent the
morphological transformation routes that result in morphologies with
maximum relative exposure for each surface, allowing associations be-
tween the calculated properties and the experimental data. Thus, it is
possible to elaborate a map of the morphological transformations using
a graph G = (V,E,¢) = (8,28,7) representation (Fig. 4 and 5).

Instead of using the direct Eg, values, this study was based on the
surface energy ratio values (/"()), which are given by the expression:

hkl)  (001) hikd)
Ty = E;wa/Em,f , where E;w_f

and E.Egg,” is the Eg,y for the (001) surface, which was chosen as a

is the Eqy for the index (hkl) surface

reference value for being the most stable. It should be mentioned that
Tpiy) is a convenient parameter that shows that the morphology of a
particle is given by the ratio between the Eg,; values.

The I' values were arranged in matrices for CaMoOQy4 (Fig. 6a) and
CaWO0, (Fig. 6b), where each column corresponds to I' values for
maximum exposure of each (hkl) plane in ascending order of Ey,y, while
the last column shows the I” values for the ideal morphology.

The morphological route map of the CaMoO4 presented in Fig. 5 can
also be used to represent the morphological transformation routes of
CaWOy, since these materials have the same symmetry group and rela-
tive surface stability order and are only necessary to change the I'jp,
values (Fig. 7).

These maps can be directly applied to compare and complement
experimental results according to NPs morphologies. To this end, the
theoretical Egqpy of two NPs with morphology observed experimentally
[41,81] was estimated through the density of states (DOS) weighted by
the relative exposure of their exposed surfaces (Fig. 8). In addition, the
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Fig. 5. Morphologies of CaMoO, crystals associated using surface energy ratio values (/")). All edges (e; — ezs) provide the energetic pathway to reach the particles

located at the vertices (v; — vg).
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Fig. 6. Surface energy ratios (assuming the energy of the (001) surface as the reference) are used for morphological modulation during vertex determination (v; —

vg). The image shows the 28 edges that connect the vertices (e; — ezg).

surface exposed in the CaMoOj4 synthesized by He et al. [82] was eval-
uated using a band alignment of surfaces scheme to give information
about the photocatalytic activity in acid orange 7 (AO7) degradation
(see Fig. 9).

Fig. 8a shows the FEG-SEM micrograph of CaMoO4-oriented nano-
octahedra obtained by the microwave-assisted hydrothermal method

at 120 °C for 60 min. In this study, the increase of the microwave time
resulted in morphological and Eg, changes. For long time intervals, it
was not possible to determine a particular morphology because of the
agglomeration of the NPs. Fig. 8b displays the micrograph of a nano-
particle with an octahedral morphology. The respective synthesis with
p-cyclodextrin-assisted hydrothermal synthesis to prepare 3D flower-
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Fig. 7. The lower triangular matrix represents the adjacent matrix, which was used to illustrate the morphology by changing the energy of a specific surface. For all

edges, only the crystal shape at a midpoint is shown.

like CaMoOy structures self-assembled from octahedral crystals.

Both experimental NPs have similar morphologies, and as it is un-
known which surfaces are exposed, two morphologies were proposed
according to the modulation of the Eg, values. Figs. 8d and 8g shows the
modifications made to the E,y value to obtain the proposed morphol-
ogies. The first morphology (Fig. 8c) has (101) and (111) exposed sur-
faces and an Egq of 2.92 eV, which was determined by the sum of the
weighted DOS. Similar to the first morphology, the second morphology
(Fig. 8f) has (101) and (112) exposed planes and an Egq, of 2.80 eV.

He et al. [82] prepared CaMoO4 by the hydrothermal method using
different pH values of synthesis, a fact that can influence the
morphology of crystals, and evaluated the sonocatalytic performance of
each synthesized system in the removal of AO7 [83,84]. According to
the results, at pH = 7, the microspheres showed superior sonocatalytic
performance, which is attributed to the generation of hydroxyl radicals
(#OH), superoxide anion radicals (*0,—) and holes (h*). Observing the
micrographs referring to CaMoOQg4-7, it is not possible to visualize a
well-defined morphology, although there are some octahedral shapes in
the agglomerate nanoparticle.

Based on the methodology proposed by Toroker et al. [85], to
evaluate band edge positions in potential transition metal oxides, the
band alignment was built for the CaXO, surfaces. According to this
methodology, the positions of the conduction band minimum (E¢g) and
the valence band maximum (Eygy) are defined by Ecpum/vem
Epgc + 0.5Egqp — E,, where Eggc is the energy of the band gap center,
and E. is the normal hydrogen electrode (NHE) potential (4.5¢V). To
evaluate the applicability of the systems studied for photocatalysis, four
dashed lines representing the E°, E°(0, /H»0), E° and E” redox potentials
are introduced in Fig. 9.

As observed in Fig. 9, all CaMoOQ4 surfaces have photocatalytic po-
tential for AO7 removal except for (101). He et al. [82] analyzed the
XRD data and showed a peak associated with the (112) surface, which in
its energetic stabilization for this surface generates octahedral shapes (v,
in Fig. 5a) and exhibits band alignment conditions for the degradation
mechanism.

4. Conclusions

The same surface stability order of the studied systems and other
similar characteristics can be explained by the fact that the lattice-
forming atoms (Mo and W) have very similar properties, confirming
that, among scheelite-type ABO4 molybdates or tungstates, the stability
of the surfaces is determined by the A% cation. It was also demonstrated
that the complete acknowledgment of surface terminations and their
electronic and structural properties could provide a basis to estimate
phenomena and the types of interactions that can occur in the experi-
mental environment. Furthermore, the results show that almost all
surfaces of both systems have band alignment propitious for the
occurrence of important mechanisms in photocatalytic environmental
remediation.

Using the ideal morphology as a starting point and performing var-
iations in the Eg,; values, a complete map of morphological trans-
formations of CaX04 compounds was proposed. These results can be
used to understand morphological transformations, growth control, and
photocatalysis mechanisms based on DFT simulations. Such information
can be very useful to experimentalists to analyze and discuss results
obtained by scanning electron microscopy and transmission electron
microscopy.
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Fig. 8. (a) FEG-SEM micrograph of CaMoQy-oriented nano-octahedra obtained by the microwave-assisted hydrothermal method at 120 °C for 60 min. Copyright
2011 American Chemical Society; and (b) nanoparticle obtained by p-cyclodextrin-assisted hydrothermal synthesis used for preparing 3D flower-like CaMoO4
structures, which are self-assembled from octahedral crystals. On the left: (c¢) particle built from the Wulff model showing the exposed (101) and (111) surfaces, (d)
their respective energy modulations, and (e) an estimate of its Eyq, through the density of states weighted by the percentage of the exposed area on each surface. On
the right: (f) another Wulff particle that corresponds to the morphologies observed experimentally highlighting their exposed (101) and (112) surfaces, (g) their
respective energy modulations, and (h) Ey,, through the density of states weighted by the percentage of the exposed area of each surface.

Adapted with permission from ref [41].
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Recently, the knowledge of surface-dependent properties has attracted a lot of attention since it is crucial for
materials functionalization based on the morphological control of nanoparticles (NPs). This study describes the
surface-dependent properties and morphological transformation routes of rutile germanium dioxide (r-GeO,)
using the density functional theory (DFT) and the Wulff construction procedure. The calculations revealed the
following order of relative surface stability: (110) > (100) > (321) > (311) > (201) > (211) >(101) > (103)
> (001) > (111), with the Ge-O bonds being attributed to Ges, —0O2, and Ge4, —Oy, interactions. The results
demonstrate that the different coordination breakages on the outermost polyhedra are related to atomic charges,
band gap, relative stability, and Fermi energy. Additionally, a map of the morphological transformation routes
and the band alignment were elaborated, showing that cubic, octahedral, or hexadecahedral morphologies can
have photocatalytic activity for Hy production via water splitting. The methodology and results reported herein

can help target the synthesis and functionalization of rutile-type materials.

1. Introduction

The class of ultra-wide band gap (UWBG) materials has attracted the
attention of researchers and industries due to their potential use as
luminescent phosphors, oxygen sensors [1-3], quantum computer
components [4], deep-ultraviolet optoelectronic devices [5,6], photo-
sensitive sensors [7], water purifying and food sterilizing agents [8],
among others [9]. Furthermore, UWBG materials are promising candi-
dates for high-power and efficient electrical energy conversions [10].
Inside this class of compounds, rutile germanium dioxide (r-GeOa) has a
band gap energy of ~ 4.68 eV and exhibits high transmittance, dielectric
constant [11], thermal stability [12], and carrier mobility [13]. On the
other hand, it is known that the nanoparticle (NP) morphology depends
on synthesis parameters, such as reaction time, temperature, pH, sur-
factants or the presence of dopants [14,15]. In this regard, Wang et al.
[16] synthesized r-GeO, NPs with square prism morphologies via the
hydrothermal method, which proved to have superior photocatalytic
activity compared to the r-TiO, for H, production by water splitting.

* Corresponding author.
E-mail address: jr.sambrano@unesp.br (J.R. Sambrano).

https://doi.org/10.1016/j.apsusc.2022.155321

Associations between morphology and nanomaterial features can be
made from the knowledge of the structural and electronic properties of
its exposed (hkl) surfaces. However, a complete description of these
properties cannot be easily obtained experimentally. In this sense,
computational methods such as electronic structure calculations based
on density functional theory (DFT) have been widely used in materials
science and engineering [17-20]. The Wulff model [21] allows
morphological characterization through the relation between the
surface-dependent properties and its relative exposure rate [22]. When
combined with theoretical methods, this approach becomes a useful tool
to explain or predict experimental results [23-27].

Tamijani et al. [28] showed that the relative stability order of r-GeO,
surfaces is (110) > (100) > (101) > (001), in agreement with to
observed for other rutile-type materials [29-33]. However, these studies
are limited to low miller indices surfaces. Especially regarding the r-
GeOy, no studies dealing with the characteristics and routes of
morphological transformations of their NPs were found. Furthermore,
including non-conventional (hkl) indices in surface modeling can open
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new perspectives for experimental studies aiming to obtain them for a
specific application.

Motivated by this literature gap, the present research focuses on the
structural and electronic study of r-GeO3 surface-dependent properties
based on (DFT) simulations. For this purpose, the (001), (100), (101),
(103), (110), (111), (201), (211), (311) and (321) surfaces were
simulated. The results allow the construction of a morphological map-
ping that can describe all crystalline habits that encompass any surface
studied herein. This approach can help experimentalists in the synthesis
control to obtain and describe desired NP shapes.

2. Computational setup

The simulations were performed using the DFT methodology
implemented in the CRYSTAL17 [34] package in conjunction with the
B3LYP-D3 [35], which is the B3LYP functional with the empirical and
semi-classical Grimme dispersion correction D3 [36]. The Ge and O
atomic centers were described by the 9-7631(511d)G [37] and 6-
2111d1G [38] all-electron basis sets, respectively. A modified version
of the B3LYP-D3 functional (23.3 % HF exchange) was adopted using the
same methodology applied by Gomes et al. [39] to improve its
approximation to the experimental reference data [40,41].

In the simulations, the precision of the infinite Coulomb and the HF
exchange series was controlled by five parameters «;, withi=1, 2, 3, 4
and 5, where o is the overlap, ay is the penetration for Coulomb in-
tegrals, g is the overlap for HF exchange integrals, and o4 and a5 are the
pseudo-overlaps (HF exchange series). As two-electron contributions are
neglected when the overlap between atomic functions is below 10~™,
the five parameters «; were set to 8, 8, 8, 8, and 16, respectively. The
convergence criteria were 1.5 x 107> Ha Bohr ! for the largest force
component, and for electronic energy were set to 10~ hartree/cell. The
reciprocal space integration used an 8x8x8 k-point mesh in the irre-
ducible Brillouin zone.

The Hirshfeld-I charge calculation model [42] was used to calculate
the atomic charges. This model is a modification of the original Hirshfeld
method, where the superposition density of all atoms is replaced by
calculating iteratively optimized weighted symmetric functions.

3. Model system

The tetragonal r-GeOj3 structure belongs to the space group P4(2)/
mnm (n° 136). This structure is formed by [GeOg] polyhedron and
characterized by two lattice parameters (a =b = 4.3975A and ¢ =
2.959A) and the internal parameter u = 0.3059 [40], which determines
the positions of the O atom with respect to the Ge atom (Fig. 1).

The results of bulk structural optimization using the B3LYP-D3 and
B3LYP-D3 (23.3 %) functionals for a, ¢, u and Eyq, and the experimental
reference data [40,43-45] are shown in Table 1.

The HF modification considerably improved the Egq, value from 4.23

[001]

r-Ge0O, bulk [GeOg] polyhedra

[010]
[100]

Fig. 1. (a) Unit cell of r-GeO, and (b) [GeOg| polyhedron present in the
structure. The green and red spheres represent the Ge and O atoms,
respectively.
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Table 1
r-GeO; lattices parameters (:\) and band gap energy (Eggp) (eV).
Functional a=b c u Egap
B3LYP-D3 4.3796 2.8992 0.3053 4.23 (9.62
(0.54 %) (0.17 %) (0.21 %) %)
B3LYP-D3-(23.3 4.3720 2.8944 0.3052 4.68 (0.00
%) (0.72 %) (0.00 %) (0.24 %) %)
Experimental - - - 4.68 [15]
4.3975 [40] 2.9590 [40] 0.3059 [40] -
4.397 [43] 2.863 [43] 0.3061 [43] -
4.397 [44] 2.8619 [44] 0.3060 [44] -

The values in parentheses are the deviations calculated by the mean of the
experimental data.

eV to 4.68 eV, in agreement with the experimental reference data [45].
This process increased the reliability of predicting the electronic and
structural properties of the surfaces. From the optimized bulk structure,
it was possible to build symmetrical and stoichiometric 2D slab models
(finite in the z-direction but periodic in the x- and y-directions), which
were optimized as a function of its internal coordinates.

The number of slab layers (thickness) plays a significant role in the
accuracy of surface modeling. The slab thickness was selected as a
function of surface energy (E,y) convergence, i.e., when the energy
difference between two consecutive slab models is smaller than 0.01 J/
m?. Herein the Egys isdefined by: Eqyy = (Egtab —NEpux )/ 2A, where Eggy is
the total energy of the surface model in the (hkl) direction, Ep,y is the
total energy of the bulk per molecular unit, n is the number of molecular
units in the model, and A is the unit cell area of the slab. The conver-
gence of Eg,r was reached with slab thicknesses of 32.16, 21.65, 18.48,

13.94, 30.40, 26.72, 17.21, 19.29, 7.73 and 11.31 A for the (001),
(100), (101), (103), (110), (111), (201), (211), (311) and (321)
surfaces, respectively. Fig. 2 shows all surface models and the atomic
arrangement of its outermost layers. No reconstruction was observed
during the surface simulations.

Taking into account the outermost [GeO,] polyhedra, the (100),
(101) and (110) surfaces have the coordination number (CN) equal to 5
(CN = 5); the (001), (201), (211), (311) and (321), CN = 4; and the
(111), CN = 3. Furthermore, all surfaces are terminated in two-fold
oxygen atoms (Ozf)).

The coordination number (CN) is used as an approximation to
describe the electronic environment in which each atom is inserted.
However, using a parameter that counts atoms without distinguishing
their distance from a central atom may not accurately describe relatively
distorted polyhedra. For example, despite having the same coordination
(CN = 5), the (100), (110), and (101) surfaces can differ structurally
due to distortions from the optimization process (Table 2). Therefore, it
is necessary to use the effective coordination number (ECoN) [46,47] as
a descriptor that quantifies such distortions. In the ECoN calculation,
bonds are not counted as integers but fractions, with values between
0 and 1 that get closer to zero for larger distances from the central atom.
The difference between CN and ECoN expresses how distorted a poly-
hedron is.

4. Results and discussion

The E;'I:’;_“‘“ expresses the cutting slab energy, while the Eg,y in-
corporates this energy and its variation due to structural optimization
(Table 2). The calculated stability order after optimization is (110) >
(100) > (321) > (311) > (201) > (211) > (101) > (103) > (001) >
(111). It should be noted that the lower the E(hkl), the greater the
relative stability of the (hkl) surface.

The (100) and (110) surfaces are almost degenerate, in agreement
with what was observed by Tamijani et al. [28]. The high instability of
the (111) surface can be associated with the lowest coordination of the
[GeOs] polyhedra, which appears only on this surface (Fig. 2).
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Fig. 2. Side view of the a) (110), b) (100), ¢) (321), d) (311),e) (201), f) (211), g) (101), h) (103), 1) (001) and j) (111) surfaces.

Table 2
Surface energy before (g ") and after (Eqyy) structural optimization, band

gap energy (Egqp) and effective coordination number (ECoN) for the outermost
[GeOy] polyhedra with coordination breakdown.

Surface Eq(J.m™?) Eln ' (Jm™?) Eggp(eV) ECoN
(110) 2.03 12.47 4.05 4.94
(100) 2.04 9.26 4.83 4.76
(321) 2.39 6.64 4.33 3.88
(311) 2.43 5.53 4.21 3.88
(201) 2.45 7.58 4.41 3.97
(211) 2.47 9.48 4.51 3.84
(101) 2.52 9.06 3.82 4.55
(103) 2.88 8.08 3.85 3.96
(001) 3.00 14.50 3.60 3.99
(111 4.31 12.67 4.16 2.99

As already mentioned, the (110), (101), and (100) surfaces have
CN = 5. The (110) and (100) are the most stable, probably due to the
high values of ECoN (4.94 and 4.76, respectively) when compared to
(101) (4.55). On the other hand, the (001), (103),(201),(211),(311)
and (321) surfaces possess CN = 4.

The (103),(201),(211), (311), and (321) surfaces have more than
one polyhedron with coordination breakdown (see Figure S1 in Sup-
plementary Material), which become impossible to associate the ECoN
or CN with their relative stabilities. The (201),(211),(311),and (321)
surfaces have the lowest E,,s values than the conventional surfaces
(101), (001) and (111), and can be more likely to appear in NP
morphology. Additionally, these surfaces possess more distorted outer-
most polyhedra, susceptible to interactions that recover the lost sym-
metry due to coordination breakdowns.

According to Fig. 3, the smallest differences between E,"~ " and

Eqqf can be observed for the (201), (321) and (31 1) surfaces, indicating
that these structures were slightly modified in the optimization and

non-opt
Esury E surf

FE G G S G
o N b O
I I 1 ! I

8

Esurf (l/mz)

0 (110) (100) (321) (311) (201) (211) (101) (103) (001) (111)

Fig. 3. Equy (J/m?) (grey) and E;':,;""p‘ (J/m?) (colorful) before and after opti-
mization, respectively.

could explain their higher stability in comparison with other surfaces
that also have CN = 4. Considering that these differences may not
represent surface stability (being only a tendency), the results demon-
strate the importance of considering the optimization effects.

Since dimensionality is crucial for the electronic structure and de-
termines the macroscopic optical properties of NPs, the density of states
(DOS) is shown for r-GeO, surfaces (Fig. 4). The valence bands (VB) are
dominated by states associated with O atoms, while for the conduction
bands (CB) the Ge and O contributions are almost equal. Regarding the
Egqp, it can be noted that the surface with the highest value is the (100),
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Fig. 4. Projected density of states (DOS) of r-GeO, surfaces following the relative stability order (from top to bottom): (110), (100), (321), (311), (201), (211),
(101), (103), (001) and (111), and top view (on the right side) of the electrostatic potential surfaces (Vs(r)) of each one of them.

i.e., 4.83 eV, in agreement with G. Deng et al. [48], which reported
(100) films of r-GeOy with Egq, = 5.12 eV, value superior to the bulk
(4.68 eV). The (001), (101), and (1 03) surfaces have E,q, values below
4.00 eV and are among the most unstable. These differences allow band
gap engineering mechanisms to be proposed through the r-GeO,
morphological control.

Arranging the surfaces to increase the Fermi energy (Er) (which
corresponds to the top of the VB), that is, (100) < (110) < (101) <
(201) < (211) < (321) < (311) < (103) < (001) < (111), it can be
seen that the surfaces with higher CN in their outermost polyhedra are
those with lower Er values, suggesting that the more modified a surface
concerning the bulk, the higher its chemical potential.

The electrostatic potential isosurfaces (Fig. 4) show different charge
distribution patterns for each surface. For example, there is a pattern of
continuous bands of negative charges interspersed with positive charges
for the (110), (100), and (101) surfaces. The (100) and (11 0) surfaces
show wider bands of positive charge density. The (001), (103), (111),
(201),(211), (311), and (321) surfaces exhibit more significant areas

associated with charge neutrality (in green), evidencing that NPs with
these exposed surfaces generally have a greater tendency to exhibit long-
distance interactions.

Fig. 5 shows the analysis results performed using the Crystal Orbital
Hamilton Population (COHP) [49] method for the Ge — O bonds on each
surface. Table S1 (more details in Supplementary Information) includes
the different contributions of the orbital pairs and the corresponding
energies observed from curve integration for the intervals considered
(ICOHP). On all surfaces, only anti-bonding interactions occur in the CB,
and in the VB has a predominance of bonding interactions. Furthermore,
it can be verified that the (001), (101), and (103) surfaces exhibit
lower ICOHP values, suggesting more intense Ge-O bonds in the coor-
dination polyhedra on these surfaces.

The Gesq —Oa and Gesg —O,, interactions were not considered, as
they did not exhibit significant values of ICOHP. The Ge — O bonds are
interactions predominantly of the Ges, —O2, and Ges —Oa, type, indi-
cating the occurrence of hybridization between s and p orbitals of the Ge
atom. The Ges, —Oa, and Gess —Op orbital interactions result in anti-
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Fig. 5. Crystal Orbital Hamilton Population (COHP) for the Ge — O bonds on the (001), (100), (101), (103),(110),(111),(201),(211), (311)and (321) r-GeO>
surfaces and ICOHP (eV) values calculated up to Fermi level. The positive and negative values correspond to anti-bonding and bonding states, respectively.

bonding orbitals, with the Ges, —Oz, being responsible for the most
significant number of anti-bonding states.

Table 52 (more details in Supplementary Information) shows the
Hirshfeld atomic charges of the outermost polyhedra. For comparison, in
the r-GeOjy bulk, the O atom has a charge of —1.159, while on the (111)
surface, this value is —0.460. The (110), (001), (101), and (100)
surfaces are those with the greatest charge module values for the total
charge average of the O atom, These surfaces also have higher ECoN
values, demonstrating that the charge of O atoms is associated with
polyhedra distortions: the greater the distortions, the higher the charges
of the O atoms.

The total charge associated with Ge atoms varies between +2.254 for
the (110) surface and +1.039 for the (111). Except for the (111) sur-
face (which has a lower charge on the outermost Ge atoms due to its low
coordination), the charges of each central Ge atom are always greater
than +2.000. Regarding the average charge of the outermost [GeO,]
polyhedra (Qpuyheara = (1.Qo + Qg )/ (1 + 1)), the highest charges can be
seen for the (100), (110), and (101) surfaces. In addition, these sur-
faces exhibit greater Q,yhcqr. values, as demonstrated in Fig. 4, in which
it is possible to observe that these surfaces also have greater charge
density (areas in red or blue).

In the r-GeO3 bulk, the charges of Ge atoms are higher due to the
absence of bond breakages. In contrast, the charges were redistributed
due to O vacancies in the outermost atomic layers of the surfaces.
Moreover, the charge modules tend to increase in the innermost layers of
the surface models, considering that they reproduce the bulk structure.

Using the Wulff model together with the E;f;’c'p[ and Eg,y values (see
Table 1), it was possible to represent the crystals referring to these two
states. As it can be seen, in the crystal obtained from the E[, ", only the
(311)and (103) surfaces become exposed, with a relative exposure rate
of 92.8 % and 7.2 %, respectively (see Fig. 6).

As a result of optimization, the (110), (100), (321), (101), (201),
(211)and (311) become exposed. The (100) and (11 0) surfaces are the
most stable and almost degenerate for Eg,y values exhibit very close

relative exposure rates, i.e.,, 22.2 % and 22.7 %, respectively. The
exposure of each surface is not strictly related to its Eq,y, since the (101)
plane has greater E;, than the (100) and (110) surfaces and a relative
exposure of 24.1 %. This occurs because of the different growth dy-
namics of each plane, where different variations in the relative exposure
rate are observed for the same variations of Eg,y. If the (1 01) surface had
Equy close to that of the (100) and (110) surfaces, the NPs would look
similar to v, (Fig. 7).

According to the model used by Laranjeira et al. [51,52], it is possible
to impose the modulation of the Ej,y value for each surface to obtain a
crystal corresponding to the highest possible exposure for each (hkl)
surface (v; —v10), which is represented by the ratio of surface energies
(I") matrix, where all Ey,s values were divided by the Eg,s value of the
most stable surface (in this case, the Elllulfm).

In Fig. 7, the crystals e; 1o correspond to the combinations of Egy
modulations occurred in v;_19. For example, in crystal e; the Eg,s are
simultaneously changed for the (110) and (100) surfaces, as occurred
in v; and vy, respectively. As the I decreases, the characteristic
morphology of each (hkI) surface becomes evident, as are the cases of
["110) and ["(1gq). According to the graph, the morphologies are rod-like.
The morphologies obtained by decreasing T'201) ,[(101) and Tyqy),
exhibit an octahedral shape, while those associated with decreases in
['(321), ['(311) and 217, have hexadecahedral geometric shapes. For the
[ipo1y and ['(1q1), the crystals become increasingly flattened. As a
consequence, when [ is closer to zero, the lateral facets practically
disappear, forming disk-like morphologies.

Considering that the surfaces with the corner of the coordination
polyhedra exposed have the biggest growth rate compared to those with
the face exposed [531, C. Jing et al. [54] proposed the velocity surface
growth order: (111) > (001) > (101) > (100) > (110) for r-GeO». This
order agrees with the stability order calculated here; most stable sur-
faces have the lowest velocity growth. The authors also described a
growth mechanism for rod-like r-GeO; nanoparticles (Fig. 8a and 8b).
Take into account that the surfaces with lower E,s have preferential
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Fig. 6. Morphology obtained from (a) E;';’,"f P and (b) Egyy values [50] and the respective percentages of exposed surface area.
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Fig. 7. (a) Graph of morphologies with all possible variations for surfaces with maximum exposed areas and combined two by two, highlighting morphologies with
exposed surfaces with possible photocatalytic activity for H, production via water splitting, and (b) matrix modification of the represented morphologies in (a).

growth in NPs, here was proposed a new growth mechanism for rod-like

r-GeO, (Fig. 8c), where the sharps that before were associated with

(111) surface growth can be due to (321).

Wang et al. [16] compared the r-GeO, and r-TiO; based on their

photocatalytic activities for Hy production via water splitting. These

authors synthesized r-GeO by the hydrothermal method and obtained a
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oy 7]
i10)

-

(110)
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Y (110) = 0.20 T(100) = 0.25 1"(100) =029
Fguo) =022 [(321) = 0.64 T(oor) = 1.08
Ideal  [(3) = 0.54 Tloor) = 1.33
Morphology Ty, = 1.48

Alternative proposed morphological transformation route

Fig. 8. (a) Transmission Electron Microscopy (TEM) images of rod-like r-GeO, obtained via liquidus phase deposition for 0.5-2 h, (b) proposed morphological
transformation route by C. Jing et al. [54] and (c) alternative route using the results reported here.

square prism morphology (Fig. 10c). From TEM data, it can be verified
that one of the exposed surfaces in the crystal is the (110). However,
according to the band alignment (Fig. 9), the (110) surface does not
have photocatalytic activity for the H* /H, process. This suggests the
occurrence of another exposed surface, the (001). Through modulations
in I'igo1) and 1,y (Fig. 9a and 9b), it is possible to obtain the theoretical
morphology corresponding to experimentally observed NP.
Furthermore, the (001), (103), (201), (211), (311) and (321)
surfaces have a band alignment favorable for the production of Hy
(Fig. 9). Nonetheless, this does not mean that under experimental con-
ditions, it would be possible to produce H; in the same way for all
mentioned surfaces since factors such as the kinetics of different re-
actions for each surface must be considered. The surfaces with CN =5 in
their outermost polyhedra do not have a conduction band minimum

Potential vs NHE (eV)
N

e~
w NN
—_ O =
. =N

— —
-i w
o N
o —
~— ~—
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(L)
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(
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Fig. 9. Band alignment for r-GeO, surfaces, based on the methodology reported
by Toroker et al. [55]. The positions of the conduction band minimum (Ecgy)
and the valence band maximum (Eygy) are defined by Ecpujvem =
Epge + 0.5Egq, —E., where Epgc is the energy of the band gap center, and E, is
the Normal Hydrogen Electrode (NHE) potential (4.44eV).

favorable for the occurrence of the H*/H, process.

In addition to the (001) surface, it is observed that the NPs with
(111), (201), (211), (311), and (321) exposed facets tend to have
photocatalytic activity for Hy production. In short, cubic, octahedral or
hexadecahedral morphologies have possible photocatalytic activity for
r-GeOy-based systems (Fig. 10).

5. Conclusions

The relative surface stability order (110) > (100) > (321) > (311)
>(201)>(211)>(101)>(103)>(001) > (111) was determined for
r-GeOs. The (211), (201) and (321) surfaces occupy the middle part of
the stability order and exhibit chemical and structural characteristics of
interest with low ECoN values in the outermost polyhedra, demon-
strating the importance of considering surfaces with (hkl) indices higher
than the low Miller indices. The COHP analysis showed that the (001),
(101) and (103) surfaces exhibit a greater number of bonding in-
teractions, indicating that the Ge — O bonds present in the coordination
polyhedra on these surfaces are more intense and that the Ge,, —O4, and
Gegs —0y, couplings are responsible for bond stabilization in all
analyzed systems.

It was also demonstrated that the (001) surface possesses the lowest
Eyqp value (3.60 eV), while the (100) surface has the highest (4.83 eV),
evidencing that the optoelectronic properties of r-GeOs-systems can be
significantly altered according to morphology. Based on the E,;s values
and the Wulff construction, it was possible to make a systematically
morphological transformation mapping and to know the characteristic
morphology of each (hkl) surface. This approach allows a better un-
derstanding of the relationship between the NP morphology and the
material properties, as exemplified in the determination of morphol-
ogies with photocatalytic activity for Hs production via water splitting.
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