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RESUMO

Este trabalho objetivou investigar o efeito da adicdo de agua e da temperatura na
eletrodeposi¢do de antimonio (Sb) sobre platina (Pt), bem como a influéncia da composi¢ao da
solucdo eletrolitica na eletrodeposi¢do conjunta de estanho e antimonio (SnxSb(ix)) sobre
substrato de cobre (Cu). As resisténcias a corrosdo dos eletrodepdsitos SnySbi.x) foram
investigadas em meio de NaCl 0,1 mol L™!. Todos os eletrodepdsitos foram obtidos utilizando
solucdes eletroliticas baseadas na mistura de cloreto de colina (ChCl) e etilenoglicol (EG). A
morfologia, a estrutura cristalina e a composi¢ao quimica dos eletrodepdsitos foram analisadas
por Microscopia Eletronica de Varredura (MEV), Difracdo de Raios X (DRX) e Espectroscopia
por Dispersao de Elétrons (EDS), respectivamente. Adicionalmente, foram conduzidos estudos
computacionais para compreender as interagdes entre os ions Sb** e os demais componentes
das solugdes eletroliticas, empregando os métodos computacionais de Dinamica Molecular
(DM) ¢ Teoria Quantica de Atomos em Moléculas (QTAIM). Os resultados voltamétricos dos
jons Sb** indicaram que o aumento no teor de 4agua do eletrélito catalisou a reducdo das
espécies. Os eletrodepodsitos obtidos na auséncia e na presenga de agua apresentam diferentes
morfologias. As simulagdes de DFT indicaram que a interagdao Sb-Cl ¢ mais forte, o que sugere
a formacao de complexos Sb-Cl. A adi¢ao de H20 favorece a afinidade eletronica dos sistemas,
e os resultados de QTAIM sugerem que este aditivo diminuiu a densidade eletronica dos ions
Sb**. Para os eletrodepositos de SnxSbi.x), as imagens MEV revelaram que os revestimentos
exibiram graos e aglomerados. Os resultados de DRX indicaram a formac¢ao das fases SbSn,
como CuxSb, CusSns e Cus(Sn,Sb)s. As curvas de polarizagdo potenciodinamicas (PP)
mostraram que todas as ligas de SnxSb(ix) apresentaram uma regido de dissolucao ativa, seguida
por uma regido passiva. Os testes de imersao foram realizados por 24 h, e os resultados de DRX
revelaram as fases Cu, Sn, SnO, SbSn e Sb,O4. Para as amostras imersas por 48 h, as fases Cu,
CuSn, SnO; e SnSb foram identificadas. Os valores de resisténcia a polarizagcdo (Rp) de 4.60,
14.69, 1.81 kQ cm? foram alcangados para Sn, Sn77Sba; e Sn37Sbes, respetivamente. Para os
revestimentos Sn77Sb2z, Sn e Sn37Sbes, 0s valores obtidos das respectivas resisténcias a
transferéncia de carga (Rtc), obtidas por espectroscopia de impedancia eletroquimica, foram:
10.5, 1.15 e 1.46 kQ cm?. Portanto, estes resultados mostram que a camada Sn77Sb,3 é a mais

resistente a corrosao.

Palavras-chave: Sb; SnySb(i.x); eletrodeposicdo; corrosdo; modelagem molecular.



ABSTRACT

The objective of this study was to investigate the effect of the addition of water and temperature
on the electrodeposition of antimony (Sb) on platinum (Pt), as well as the influence of the
composition of the electrolyte solution on the joint electrodeposition of tin and antimony
(SnxSbqi-x)) on copper (Cu) substrate. The corrosion resistance of the SnySb(i-x) electrodeposits
was investigated in 0.1 mol L' NaCl medium. All electrodeposits were obtained using
electrolyte solutions based on the mixture of choline chloride (ChClI) and ethylene glycol (EG).
The morphology, crystal structure and chemical composition of the electrodeposits were
analyzed by Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and Electron
Scattering Spectroscopy (EDS), respectively. Additionally, computational studies were
conducted to understand the interactions between Sb** ions and the other components of
electrolyte solutions, using the computational methods of Molecular Dynamics (MD) and
Quantum Theory of Atoms in Molecules (QTAIM). The voltammetric results of the Sb** ions
indicated that the increase in the water content of the electrolyte catalyzed the reduction of the
species. The electrodeposits obtained in the absence and presence of water have different
morphologies. The DFT simulations indicated that the Sb-Cl interaction is stronger, which
suggests the formation of Sb-Cl complexes. The addition of H,O favors the electron affinity of
the systems, and the QTAIM results suggest that this additive decreased the electron density of
the Sb>" ions. For the SnxSb(i.x) electrodeposits, SEM images revealed that the coatings
exhibited grains and agglomerates. The XRD results indicated the formation of SbSn phases,
such as CuxSb, CusSns and Cus(Sn,Sb)s. The potentiodynamic (PP) polarization curves showed
that all SnxSb.x) alloys had an active dissolution region, followed by a passive region.
Immersion tests were performed for 24 h, and XRD results revealed Cu, Sn, SnO, SbSn, and
Sb204 phases. For the samples immersed for 48 h, the Cu, CuSn, SnO; and SnSb phases were
identified. Polarization resistance (R,) values of 4.60, 14.69, 1.81 kQ cm? were achieved for
Sn, Sn77Sb23 and Sn37Sbes, respectively. For the coatings Sn77Sb2z, Sn and Sn37Sbes, the values
obtained from the respective charge transfer strengths (R«), obtained by electrochemical
impedance spectroscopy, were: 10.5, 1.15 and 1.46 kQ cm?. Therefore, these results show that

the Sn77Sbas layer is the most resistant to corrosion.

Keywords: Sb; Sn,Sb(i.x); electroplating; corrosion; molecular modeling.
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1 INTRODUCAO

A eletrodeposicdo ¢ uma técnica praticada ha anos sendo reconhecida por sua
versatilidade para as mais diversas aplicagdes. Esta técnica permite a formagdo de
revestimentos com fins decorativos, para protecdo contra corrosao, além de pegas cromadas
para uso automotivos, joias banhadas com metais nobres, como ouro, prata, platina e suas ligas,
entre outros. Tradicionalmente, os eletrdlitos formulados para o processo de eletrodeposi¢ado
sdo obtidos a partir de solugdes aquosas, que em sua grande maioria necessitam do uso de
agentes complexantes para promover a estabilidade das espécies em solugdo, garantindo assim,
um bom acabamento do revestimento. No entanto, alguns dos agentes complexantes sdo a base
de cianeto o que resulta em solucdes eletroliticas prejudiciais para a saide dos operadores e
para o meio ambiente (GAMBURG; ZANGARI, 2011).

Assim, a substituicdo de eletrélitos aquosos por meios ndo aquosos € necessaria
para a otimizacao dos processos de eletrodeposicao, considerando questdes de seguranca e
ambientais. Nesse contexto, os solventes eutéticos t€ém ganhado destaque nas aplicacdes
eletroquimica. Os solventes eutéticos representam uma nova geracao de solventes verdes,
caracterizados por seu facil preparo, baixo custo, amplo intervalo eletroquimico, boa solvatagao
de sais e elevada condutividade i06nica, o que os torna particularmente interessantes para
aplicacdes eletroquimicas. Além disso, sua natureza ambientalmente amigével tem motivado
um numero crescente de pesquisas cientificas e a adogao desses solventes (ABBOTT, 2022; DE
OLIVEIRA VIGIER; JEROME, 2019; PERNA; VITALE; CAPRIATI, 2020; RAMON,
DIEGO J.; GUILLENA, 2019; TOME et al., 2018).

Este trabalho esta organizado em trés se¢des. A primeira secdo apresenta uma breve
visdo geral sobre os solventes eutéticos e suas aplicacdes em eletroquimica, principalmente
direcionados ao processo de eletrodeposicao. Discute-se a influéncia da adi¢do de aditivos e
agua ao solvente eutético, bem como os principais aspectos que tém sido considerados na
eletrodeposicdo de metais e ligas, além do uso de simulagdes computacionais para uma
compreensao tedrica do sistema experimental. Na segunda secdo, ¢ apresentado um manuscrito
sobre o estudo da influéncia da adi¢do de agua no processo de eletrodeposi¢do de antimdnio a
partir de uma abordagem experimental e tedrica. Na terceira e ultima se¢do, sdo apresentados
os resultados da investiga¢do de Sn e SnxSb(1-x) eletrodepositados sobre substrato de cobre e
estuda-se a resisténcia a corrosdo dos revestimentos. E importante destacar que essas pesquisas
foram conduzidas com sucesso em meio de solventes eutéticos. Por fim, sdo apresentadas as

conclusdes desta pesquisa.
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1.1 Solventes eutéticos

O termo solventes eutéticos profundos, do inglés, Deep Eutectic Solvents (DES),
foi relatado pela primeira vez por Abbott e colaboradores para descrever uma nova geracao de
solventes verdes. Os DES sdo também considerados uma nova classe de liquidos ionicos (LI),
por compartilharem caracteristicas e propriedades semelhantes, como por exemplo: baixa
pressdo de vapor, alta estabilidade térmica, boa condutividade, entre outras. No entanto, os DES
e os liquidos 16nicos sdo dois tipos diferentes de solventes. Um liquido i6nico ¢ considerado
como um composto formado exclusivamente de espécies i0nicas, ou seja, pela associacao de
um cation e um anion, enquanto o DES ¢ a combinagdo de dois ou mais componentes que,
quando misturados em uma propor¢ao molar adequada, formam uma mistura eutética liquida a
uma temperatura de fusdo inferior as dos seus componentes individuais. Além disso, a mistura
¢ chamada de eutética por conta do ponto de fusdo, a uma dada composi¢ao (ou fracdo) molar
e possuir temperatura de fusao constante cuja composicao nao pode ser separada termicamente.
O diagrama de fases temperatura-composicao para os componentes fundamentais do DES ¢
mostrado na Figura 1 (ABBOTT et al., 2001, 2003, 2004; RAMON, DIEGO J.; GUILLENA,
2019).

Figura 1 — Diagrama temperatura-fracdo molar dos componentes de um solvente eutético, em
que a mistura do HBA (hydrogen bond aceptor, ou recebedor da ligacdo de hidrogénio) e HBD
(Hydrogen bond donator, ou doador de ligagdo de hidrogénio) formam, a uma dada

composi¢ao, um valor de temperatura de fusao constante.
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Fonte: Elaborada pela autora.
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Em uma revisdo posterior, a definicdo de DES e liquidos i6nicos foi ampliada de
forma a incluir a extensa variedade de espécies que podem formar liga¢des de hidrogénio. Com
isso, o conceito de DES evoluiu e é agora considerado como compostos formados a partir de
misturas eutéticas de acidos e bases de Lewis ou de Brensted, incorporando também diversas
espécies anidnicas e/ou catidnicas. Dessa forma, os DES podem ser preparados a partir da
mistura de dois ou mais componentes que interagem entre si por meio de liga¢des de hidrogénio,
geralmente, formadas entre um aceitador de ligagdes de hidrogénio, do inglés, Hydrogen Bond
Aceptor (HBA) e um doador de ligagdes de hidrogénio, do inglés, Hydrogen Bond Donor
(HBD) (ABO-HAMAD et al., 2015; GARCIA-ALVAREZ, 2015; KUDLAK; OWCZAREK;
NAMIESNIK, 2015; LI; ROW, 2016; MARTINS; PINHO; COUTINHO, 2019; MBOUS et al.,
2017; RAMON, DIEGO J.; GUILLENA, 2019; SMITH; ABBOTT; RYDER, 2014; TANG;
ZHANG; ROW, 2015).

Em geral, os DES podem ser classificados de acordo com o HBA e HBD e ser
descrito pela formula padrdo (Cat"™XzY), em que o Cat' refere-se principalmente ao céation
amonio, mas também pode ser cation fosfonio ou sulfonio, 0 X ¢ um anion haleto que funciona
como uma base de Lewis, X e Y (um acido de Lewis ou base de Bronsted) se combinam para
gerar as espécies anionicas complexas e por fim, a quantidade de moléculas de Y que interagem
com o anion ¢ representada pelo simbolo z. De acordo com as defini¢des mais recentes, os DES
podem ser classificados em cinco tipos conforme a natureza dos seus constituintes. Os DES do
tipo I, representados por zMCl, podem ser feitos a partir de sais de amodnio quaternario e haletos
metalicos; os do tipo 11, MCl,zH>0, podem combinados de sais de amodnio quaternario e haletos
metalicos hidratados; os do tipo III, zZRZ, sais de amonio quaterndrio e doadores de ligagdes de
hidrogénio (HBDs); os do tipo IV, haletos metalicos e doadores de ligagdes de hidrogénio
(HBDs); e por tltimo, os DES do tipo V, formados exclusivamente pela mistura de um aceitador
de ligagdes de hidrogénio (HBA) e um doador de ligagdes de hidrogénio (HDB). Entre os
aceitadores de ligagdes de hidrogénio, o cloreto de colina, do inglés, choline chloride (ChCl)
se destaca e ¢ um dos componentes mais utilizados para produzir DES. O ChCl quando
misturado com doadores de ligagdes de hidrogénio tem a capacidade de solvatar uma ampla
gama de espécies de metais e metais de transi¢ao, incluindo cloretos e 6xidos. Vale destacar que
o cloreto de colina ¢ um sal barato, biodegradavel e nao toxico (ABBOTT et al., 2004;
KUDLAK; OWCZAREK; NAMIESNIK, 2015; LI; ROW, 2016; SMITH; ABBOTT; RYDER,
2014).


https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
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Tabela 1 — Formula geral para classificagdo dos DES em fungao do seu tipo.

Tipos Férmula geral Exemplo

I Cat™X™ + zMCl, ChCl + ZnCl>

II Cat*X™ + MCl,zH,O ChCl + CoCl2-6H20
I Cat*X™ +zRZ ChCl + Ureia

v MCl, + zZRZ ZnCl> + Ureia

\" HBAs + HBDs Timol + Mentol 1:1

Fonte: Elaborada pela autora.

Os DES sao de facil sintese e apresentam baixo custo de produgdo. Além disso, a
possibilidade de ajustar suas propriedades os torna candidatos ideais para serem usados em uma
ampla gama de aplicagdes. Apesar dos DES exibirem propriedades semelhantes aos liquidos
i0nicos, os DES sdo biodegradaveis e seguros, € economicamente mais baratos que oS
componentes necessarios para a fabricagdo de liquidos i6nicos. Com essas vantagens e
caracteristicas, os DES tém sido empregados em inumeras aplicagdes, incluindo sintese,
extracao e eletroquimica. Além do crescente interesse em aplicacdes modernas, como em
células solares, dispositivos de armazenamento de energia e obtengdo de eletrocatalisadores.
Na literatura hd um expressivo nimero de excelentes artigos publicados sobre os DES e suas
aplicacdes, a maioria referenciados nesta introdugdo (ABO-HAMAD et al., 2015; AZZOUZ;
HAYYAN, 2023; GARCIA-ALVAREZ, 2015; HANSEN et al.,2021; LI; ROW, 2016; MBOUS
et al., 2017; Q. ZHANG, K. DE OLIVEIRA VIGIER, S. ROYER, 2012; SMITH; ABBOTT;
RYDER, 2014; TANG; ZHANG; ROW, 2015; TROTER et al., 2016; WAGLE; ZHAO;
BAKER, 2014).

Entre as areas de pesquisa que utilizam os DES como solventes, a eletroquimica se
destaca e apresenta um numero crescente de publicagdes cientificas. Isso se deve ao fato das
caracteristicas atrativas dos DES como solventes para o uso em eletroquimica, dentre as quais
pode-se citar: alta condutividade idnica, amplo intervalo eletroquimico, boa solubilidade
de ions metalicos, boa estabilidade térmica, baixo custo e facil preparagdo. Além dos principais
atributos para aplicagdes em eletroquimica, que sdo: os DES sdo solventes verdes e
ambientalmente amigaveis, o que proporciona seguranga aos operadores e diminui a quantidade
de efluentes toxicos langcados a0 meio ambiente. Sao essas qualidades, que o torna um solvente
promissor como alternativas verdes para a substituicdo de solventes convencionais empregados

em eletroquimica.
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1.2 Solventes eutéticos e o uso em eletroquimica

Em eletroquimica, a deposi¢do de metais e ligas para a obten¢do de revestimentos
de superficies ¢ uma pratica bem estabelecida e diversos processos sdo utilizados de modo a
alcangar uma variedade de revestimentos com diferentes caracteristicas e finalidades, desde
decoragdo a prote¢do contra corrosdo. No entanto, quando o processo de eletrodeposicao ¢
conduzido em meio aquoso, algumas limitagdes sao encontradas. E embora a d4gua tenha sido a
escolha mais comum para formulacdo de eletrélitos de galvanizagdo, alguns interferentes
dificultam esse processo e devem ser considerados. Entre os principais inconvenientes em
eletrolitos aquosos, pode-se citar: intervalo de potencial eletroquimico restrito, reatividade da
agua a metais especificos e a alta evolucao de hidrogénio em potenciais de eletrodeposi¢ao
negativos, o que compromete diretamente a eficiéncia do processo e provoca efeitos deletérios
ao revestimento. Para contornar essas dificuldades encontradas em banhos aquosos, o uso de
agentes complexantes como o ion cianeto tem sido utilizado para manter a estabilidade espécies
eletroativas em solucdo (ABBOTT et al., 2015; BERNASCONI et al., 2017; SUDAGAR;
LIAN; SHA, 2013; XUE; ZHAO; MU, 2019).

Nessa perspectiva, os DES sao uma classe de solventes promissora para contornar
todos esses problemas encontrados em sistemas aquosos. Além disso, os DES possuem
caracteristicas que afetam diretamente na composi¢ao e morfologia dos eletrodepositos obtidos,
0 que consequentemente contribui para uma melhoria nas propriedades finais dos
revestimentos, desde aplicacdes para protecao contra a corrosao, bem como aplicacdes em
tecnologias modernas. No entanto, para o uso de DES como solventes em eletroquimica, alguns
pardmetros operacionais devem ser ajustados de modo a garantir um processo de
eletrodeposicdo vidvel nesse meio. Entre os principais parametros em meio de DES, pode-se
destacar: temperatura, viscosidade, condutividade e o uso 4gua e de aditivos no banho
eletroquimico.

Dessa forma, dentre os parametros que influenciam a eletrodeposi¢do de metais em
meio de DES, a temperatura, a viscosidade e a condutividade tém sido exaustivamente
investigadas devido a sua relevancia pratica e industrial na eletrodeposi¢do de metais e ligas.
Os DES apresentam elevada viscosidade em temperatura ambiente, o que pode ser atribuida a
presenca de extensas redes de ligacdes de hidrogénios entre os seus constituintes. Um dos
efeitos praticos da elevada viscosidade dos DES ¢ a menor mobilidade das espécies
eletroquimicas em solucdo. Devido ao seu potencial como meio verde, o desenvolvimento de

solugdes baseadas em DES com baixa viscosidade ¢ altamente desejavel. Nesse sentido, a
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influéncia da temperatura na eletrodeposi¢do em meio de DES tem sido investigada em
inameros trabalhos. Uma vez que o aumento da temperatura do sistema leva a uma diminuigao
da viscosidade, resultando em um aumento significativo da condutividade elétrica e da
mobilidade dos ions no meio. O aumento da temperatura pode ainda influenciar na morfologia
dos revestimentos obtidos. Em temperaturas mais altas a taxa de crescimento do eletrodeposito
¢ elevada, favorecendo o crescimento de graos na superficie do eletrodo (ABBOTT et al., 2014;

ALCANFOR et al., 2017; LI; ROW, 2016; RU et al., 2015; XIE et al., 2016).

1.3 O uso de aditivos e agua nos solventes eutéticos

O uso de aditivos em eletrodeposi¢ao pode influenciar em varias propriedades dos
eletrodepositos, como tamanho de grao, brilho e composicdo quimica. Em DES, o uso de
aditivos para melhorar a eletrodeposicdo de metais e ligas tem sido amplamente descrito na
literatura. E entre os mais utilizados, pode-se citar: os aditivos moleculares (acido nicotinico,
nicotinato de metila, 5,5-dimetilhidantoina e acido borico); aditivos contendo amina (tioureia,
amonia, etilenodiamina); e aditivos quelantes (EDTA, HEDTA e Idranal VII). Além do uso de
surfactantes, como CTAB e SDS. A influéncia da agua como aditivo também foi amplamente
investigada. (ABBOTT et al., 2017, BEZERRA-NETO et al., 2018, 2020; MESSIER, 1994;
PEREIRA et al., 2012; SONG et al., 2017; STEFANOVIC et al., 2017; ZHEKENOV et al.,
2017).

1.4 O uso de simulacio computacional em solventes eutéticos

Com a rapida evolugdo dos DES e sua ampla gama de aplicacdes em diversas areas,
tais como, nanotecnologia, eletroquimica, transformacao de biomassa, produtos farmacéuticos,
tecnologia de membrana, desenvolvimento de biocompositos, impressdo 3D moderna e muitos
outros. A compreensdo da relagdo fundamental entre a estrutura e as propriedades dos DES
permitiu novas abordagens em técnicas de simulacdo computacional, fornecendo uma
abordagem frutifera com inUimeros trabalhos na literatura. O emprego de simulacdo
computacional para o entendimento do DES pode prever e revelar mecanismos fisicos e serem
facilmente vinculadas a experimentos. Assim, teoria e pratica podem ser aliadas para o
entendimento dos solventes eutéticos e o meio em que esta sendo aplicado (AMORIM et al.,
2023; BEZERRA-NETO et al., 2018, 2020; BEZERRA et al., 2022, 2024; KOVACS et al.,
2020; PERKINS; PAINTER; COLINA, 2014; PINHEIRO et al., 2023; SOUSA et al., 2023;
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TOLMACHEV et al., 2022; VELEZ; ACEVEDO, 2022; VERISSIMO DE OLIVEIRA ef al.,
2022).

1.5 Eletrodeposicao de ligas meio em solventes eutéticos e suas aplicagoes

Em eletroquimica, a eletrodeposicdo de ligas ¢ importante porque as ligas
geralmente possuem propriedades superiores as dos metais individuais. A obtengdo de
revestimentos de ligas em relagdo aos seus elementos separados pode apresentar caracteristicas
de ser mais resistentes a corrosdo, além de apresentar melhores propriedades cataliticas, por
exemplo. Assim, o empenho na eletrodeposi¢ao de ligas em meio de DES estd aumentando,
especialmente porque o numero de combinagdes de ligas ¢ vasto. Em meio de DES ja foram
relatadas a obtengdo de ligas bindrias, ternarias e quartenarias, além da obtengdo de ligas
multicomponentes. Os parametros de eletrodeposicao de ligas sdo semelhantes aos dos metais
puros, e as caracteristicas fisicas e quimicas dependem de fatores experimentais como
composi¢cdo do banho, a densidade de corrente aplicada, o sobrepotencial e temperatura de
trabalho. Além disso, a aplicacdo da eletrodeposi¢ao pulsada e eletrodeposicao de camadas,
permite o controle do tamanho dos graos e da composi¢cao dos depositos obtidos. As principais
aplicacoes de ligas obtidas em meio de DES tém sido como revestimentos para prote¢ao contra
corrosdo. Mas as propriedades promissoras destes materiais também levaram a sua aplicacao
em outros campos de pesquisa, como a fabricagdo de semicondutores e recentemente muitas
pesquisas no desenvolvimento de eletrocatalisadores (ALCANFOR et al., 2017; ANICAl et al.,
2013; CASCIANO et al., 2017; DOS SANTOS et al., 2019; FASHU et al., 2014; GRAY;
LUAN, 2002; LIU et al., 2016; OLIVEIRA et al., 2021, 2022; PEREIRA et al., 2022, 2021,
RODRIGUES-JUNIOR et al., 2023; SEMEDO et al., 2023; SIMKA; PUSZCZYK; NAWRAT,
2009; SMITH; ABBOTT; RYDER, 2014; SOUSA et al., 2019; URCEZINO et al., 2016;
VIJAYAKUMAR et al., 2013).

Portanto, os DES constituem atualmente uma nova e essencial alternativa para a
obtencao de eletrodepositos inovadores e sofisticados, com aplicagdes nos mais diversos ramos
de pesquisa. Além disso, os DES apresentam uma contribui¢do significativa para o
desenvolvimento de novos processos eletroquimicos sustentaveis, eficientes, econdomicos e

ambientalmente amigaveis.
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2 MANUSCRITO 1: ON THE ROLE OF WATER IN ANTIMONY
ELECTRODEPOSITION FROM CHOLINE CHLORIDE/ETHYLENE
GLYCOL/WATER MIXTURE

Disponivel em: https://doi.org/10.1016/j.molliq.2024.124416

Resumo

Por meio de pesquisa experimental e calculo tedrico, investigou-se o efeito da adicdo de dgua
e da temperatura na eletrodeposicdo de antimonio (Sb) em eletrodo de platina (Pt) utilizando
uma solugcdo de eletrodeposi¢ao preparada pela mistura de cloreto de colina (ChCl),
etilenoglicol (EG) e 4gua (W) com a adicio de SbCls 0,05 mol L' As solugdes de
eletrodeposi¢cdo foram preparadas misturando-se ChCl, EG e W na seguinte propor¢ao molar:
1ChCIL:2EG (banho 1), 1ChCI:2EG:0,45W (banho 2) e 1ChCI:2EG:1,62W (banho 3). Além
disso, o revestimento Sb foi eletrodepositado a 297 e 338 K. A morfologia e a estrutura cristalina
dos eletrodepositos de Sb foram analisadas por microscopia eletronica de varredura (MEV) e
difracio de raios-X (DRX). Além disso, para entender as interacdes das espécies de Sb>" com
os demais componentes da solucdo de eletrodeposicao, modelos foram criados e calculados
utilizando a teoria do funcional da densidade (DFT) e a teoria quantica de &tomos em moléculas
(QTAIM). Os resultados do comportamento voltamétrico das espécies de Sb>* indicaram que o
potencial de reducao foi deslocado para valores mais positivos com o aumento do teor de agua
no eletrélito, indicando que a 4gua catalisa a reduciio eletroquimica das espécies de Sb>*. Os
valores dos coeficientes de difusdo para as espécies Sb*" foram calculados aplicando-se a
equacdo de Cottrell. Os eletrodepositos de Sb obtidos na auséncia e presenca de agua
apresentam morfologias diferentes. Além disso, os revestimentos eletrodepositados de Sb foram
obtidos com sucesso sem adi¢cdo de um agente complexante, indicando que o procedimento
adotado para a eletrodeposicdo de Sb ¢ ecologicamente correto. Os resultados de DRX
revelaram filmes de fases puras de Sb. As simulagdes DFT indicaram que a interagdo Sb-Cl ¢
mais forte, o que sugere a formacgdo de complexos Sb-Cl. A adi¢do de moléculas de H>O
favorece a afinidade eletronica dos sistemas, e os resultados do QTAIM sugerem que este

aditivo diminuiu a densidade eletrénica dos ions Sb>".

Palavras-chave: Antimdnio; Solvente eutético profundo; Teor de 4gua; DFT; QTAIM.
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Abstract

Through experimental research and theoretical calculation, it was investigated the effect of
water and temperature on the electrodeposition of antimony (Sb) on a platinum (Pt) electrode.
The plating solutions were prepared by the addition of 0.05 mol L' SbCl; to the mixtures of
choline chloride (ChCl), ethylene glycol (EG) and water (W) in the following molar ratio:
IChCI:2EG (bath 1), 1ChCl:2EG:0.45W (bath 2), and 1ChCL:2EG:1.62W (bath 3).
Furthermore, the Sb coatings were electrodeposited at 297 and 338 K. The surface
morphologies and crystalline structures of Sb electrodeposits were analysed by scanning
electron microscopy (SEM) and X-ray diffraction (XRD), respectively. In addition, to
understand the interactions of Sb>" species with the other components of the plating solution,
models were created and calculated using density functional theory (DFT) and quantum theory
of atoms in molecules (QTAIM). The results of the voltammetric behaviour of Sb*" species
indicated that the reduction potential was shifted towards more positive values with increasing
water content on the electrolyte, indicating that the water catalyses the electrochemical
reduction of the Sb** species. The values of the diffusion coefficients for the Sb>" species were
calculated by applying the Cottrell equation, which increased with the addition of water and
temperature increment. The water content and temperature increase affect the surface
morphologies of the Sb electrodeposited coatings, which is attributed to the improvement of Sb
electrodeposition rate. Moreover, Sb electrodeposited coatings were successfully obtained
without adding a complexing agent, indicating that the procedure adopted for the Sb
electrodeposition is environmentally friendly. The XRD results revealed the pure phase Sb
films. DFT simulations indicated that the Sb-Cl interaction is stronger, which suggests the
formation of Sb-Cl complexes. Adding H>O molecules favours the electron affinity of the
systems, and QTAIM results suggested that this additive decreased the electron density of Sb>*

ions.

Keywords: Antimony electrodeposition; Deep eutectic solvent; Water content; DFT; QTAIM.
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1 Introduction

Antimony (Sb) and Sb-based alloys are promising materials due to the wide range
of applications in modern technologies, such as semiconductors [1], thermoelectric [2],
electrocatalysts for the CO> reduction reaction [3], and recently, increased interest has been
given to the development of anodic materials for rechargeable batteries, such as Li/Na-ion
batteries [4,5]. In general, electrodeposition is one of the most employed methods to produce
Sb coatings, and it stands out for being an effective technique to produce coatings on a large
scale, with low cost and easy control of deposition parameters such as coating thickness and
coating composition.

The Sb electrodeposition is reported in aqueous baths, either in acid electrolytes [6—
10] as well in alkaline solutions [11,12]. However, one of the disadvantages that aqueous
solutions can present is a restricted electrochemical potential range that can promote a
competition on the surface of the working electrode between the hydrogen evolution reaction
(HER) and the electrodeposition of chemical species of interest [13]. In addition, some metals
require complexing agents in aqueous electroplating solutions to facilitate deposition, but some
conventional complexing agents are not environmentally friendly, which can lead, in an
industrial practice, to a non-suitable wastewater discharge.

Other electrolytes have been employed to overcome the cited disadvantages of
aqueous solutions, such as the ionic liquids used for the electrodeposition of Sb and Sb alloys
[14-17]. Among advantages, ionic liquids have a wide electrochemical range, good salt
solubility and high conductivity. Additionally, the last two decades of the 21st Century saw the
increasing use of deep eutectic solvents (DES) as a solvent for the formulation of electroplating
solutions for electrodeposition of metals and alloys [18]. In general, DES can be obtained by
mixing a quaternary ammonium salt with hydrogen bond donors in appropriate proportions. In
addition to offering advantages to ionic liquids, DES are easy to prepare, biodegradable, non-
toxic and environmentally friendly, which is very attractive for market prospects. Furthermore,
the real potential of DES for the formulation of industrial commercial plating solutions has been
evaluated by pilot projects in the Abbott Group [19]. These authors demonstrated that DES has
the potential to become actual electrolytes for the industrial electroplating process, with
emphasis on the electroplating of Ni, Fe and Zn.

The electrodeposition of Sb from DES based on choline chloride has been studied
in mixtures with urea [20,21], oxalic acid [22] and ethylene glycol [23—-28]. Additionally, the

effect of adding water to DES has been investigated in recent years, especially in the
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electrodeposition of metals and metal alloys [29-31]. Some researchers have demonstrated that
adding water promotes the electrodeposition process of the species of interest and a significant
reduction of viscosity in the plating solution, thus producing improvements in electrodeposition
processes [32—-34]. Furthermore, computational modeling studies have helped to elucidate the
influence of temperature and water addition on DES properties [35-37].

Although the electrodeposition of Sb in eutectic solvent medium has been studied,
the effect of water addition to the medium has yet to be reported. Thus, this work focuses on
studying the effect of water addition and the temperature increase on the electrodeposition of
Sb from mixtures containing choline chloride and ethylene glycol in the absence and presence
of water. In the theoretical approach, Molecular Dynamics (MD), Density Functional Theory
(DFT) and Quantum Theory of Atoms in Molecules (QTAIM) were used to analyse the
behaviour of the DES and SbCl3 system with different amounts of H>O molecules to verify the
behaviour of the system without and with additive, analysing the results on the electronic
affinity of all systems, in addition to the strength of the interactions, on the type of interactions

(intramolecular or intermolecular) of Sb** ions.

2 Experimental

2.1 Chemicals and viscosity measurements

All chemicals were used without any further purification. The eutectic mixture was
prepared by mixing choline chloride (ChCl, Sigma-Aldrich®, >99%) and ethylene glycol (EG,
Sigma-Aldrich®, >99.8%) in a molar ratio of 1:2 (1ChCl:2EG) and heated at 353 K until the
formation of a colourless liquid [38]. Then, a required amount of water, treated by the Milli-Q
system (18.2 MQ cm), was added to the 1ChCI:2EG to form solutions with a water molar ratio
of 0.45 (1ChCl:2EG:0.45W) and 1.62 (1ChCl:2EG:1.62W). The plating solutions were
prepared by the addition of 0.05 mol L™! of anhydrous antimony (III) chloride (SbCls, Sigma-
Aldrich®, > 99%) in each one of the prepared solvents: 1ChCl:2EG, 1ChCI:2EG:0.45W and
1ChCl:2EG:1.62W, to form the baths 1, 2, and 3, respectively. Finally, the viscosity (1) of the
electroplating solutions was measured at 297 and 338 K temperatures using an Anton Paar®

viscodensimeter model SVM-3000.
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2.2 Electrochemical measurements

All electrochemical experiments were carried out using a conventional three-
electrode electrochemical cell and carried out at 297 and 338 K. A potentiostat/galvanostat
(Autolab PGSTAT30, Metrohm) controlled by NOVA software version 2.1.4 were used for the
acquisition and analyses of the electrochemical data. Two Pt electrodes were used as a working
electrode for the electrochemical experiments. The first was a disk electrode with a diameter of
0.5 mm (geometric surface area of 0.0019 cm?), which was used in the cyclic voltammetry and
chronoamperometry measurements. The second was a foil, with 0.5 cm? of geometric area,
which was used to obtain the Sb electrodeposits under potentiostatic control. Before each
electrochemical experiment, the working electrodes were sanded on SiC silicon carbide 600
grit sandpaper, washed with Milli-Q water (18.2 MQ cm), and dried with airflow. The auxiliary
electrode was a Pt plate, with 1.0 cm? and an Ag/AgCls) wire immersed in 1ChCl:2EG
mixture was used as the reference electrode. Using 25 mV s™! at 297 and 338 K, the cyclic
voltammetry (CV) results were achieved between +0.6 and —1.5 V to characterize the electrode
surface in the choline chloride and ethylene glycol mixture in the absence and presence of water,
while the electrochemical reduction of Sb®" species was assessed by scanning the potential
between +0.4 and —0.6 V. Chronoamperometric measurements were made to achieve the
diffusion coefficients (D) of the Sb*" species using Cottrell’s Equation. The current-time
transient curves were obtained by applying 0.4 V for 10 s, followed by a jump to —1.0 V for 60
S.

Lastly, the Sb electrodeposits were obtained by applying the values of cathodic peak
potentials derived from the cyclic voltammograms of the Sb*" species in electrolytic solutions
in the absence and presence of water, such as —0.35 V; —0.33 V and —0.30 V at 297 K, and —
0.29 V; —0.27 V and —0.24 V at 338 K, for the baths 1, 2 and 3, respectively. Finally, the
electrodeposition time was fixed in 1800 s, and Faraday’s Equation was used to estimate the

amount of Sb electrodeposited.

2.3 Morphological and structural characterization

The surface morphology of the Sb electrodeposits was characterized by a field-
emission scanning electron microscope (FEG-SEM FEI-Quanta 450). X-ray diffraction (XRD)
analyses were conducted using a PANalytical® diffractometer model X-Pert PRO with CoKa
(L = 1.789 A) radiation, operating at 40 kV and 40 mA in the range 10° to 100°. The
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experimental data was treated using PANalytical® X Pert HighScore Plus® software, and the
crystalline phases presented in diffractograms were indexed in the crystallography PDF-22004
card files from the International Centre for Diffraction Data (ICDD).

2.4 Computational simulations

To describe the system without water, one molecule of SbCls, two molecules of EG
and one molecule of ChCl were drawn. The number of water molecules (X = 3, 5, 10 and 15)
was gradually added to describe the systems with water. To obtain the optimized geometries of
the studied systems, the software XTB version 6.5.0 [39] was used, and molecular dynamics
simulations were carried out, obtaining 2000 geometric structures (frames). Finally, the Molclus
software version 1.9.9.7 [40] was used to rank the energy of the 2000 structures, and the system
with the lowest energy was chosen for the geometries optimization at the DFT level. The DFT
calculations were carried out in PBE-D3BJ/Def2-TZVP [39,41] and Def2/J auxiliary basis [42]
in the ORCA 5.0.4 software [43,44]. The calculation of the vertical electron affinity energy
(VEA) [45,46] in (Equation 1) was used to obtain a correlation between the addition of water
and the susceptibility of the system to the reception of electrons, thus being associated with the
reduction of antimony cation (Sb**) and addition of H»O. Finally, the relative VEA was

calculated (AVEA), where the reference value for energy is that of the system without water

(Equation 2).
VEA = (Gneutral) - (Ganion) (1)
AVEA = (VEA system 4) — (VEA system x 1,0) (2)

In these equations, Gyeyerqr 18 the free energy of the uncharged system, Ggp;0r, 1 the free energy
of the system after adding an electron; VEA gy stem 4 1S the electron affinity of the system
without water, and VEA system x n,0 18 the electron affinity of the system with X H>O
molecules.

Bader's "atoms in molecules" (AIM) theory, also referred to as the "quantum theory
of atoms in molecules" (QTAIM), is utilized to analyse the electronic density [47]. The electron
density gradient vector (Vp) is obtained by calculating the first derivative of p is 0 for potential
effective electron density over all coordinates. A critical point (CP) is a point in space where

each derivative of Vp is zero (Vp = 0). The second derivatives of electron density are used to
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differentiate critical points from local minimums, local maximums, or saddle critical points.
Four types of stable critical points exist, all having three non-zero eigenvalues. Two negative
eigenvalues of the function's Hessian matrix characterize a second-order saddle point. The bond
critical point (BCP), commonly found between attractive atomic pairs in electron density
analysis, has a classification of (3,-1) [48]. The AIM data were obtained by the MULTIWFN
3.8 software [49] and visualized by the VMD software [50].

3 Results and discussion

3.1 Electrochemical studies

Initially, the cyclic voltammograms (CVs), shown in Fig. S1 (Supplementary
Material), were achieved between +0.6 and —1.5 V, at 25 mV s~! and 297 K (Fig. S1(a)) and at
338 K (Fig. S1(b)) to evaluate the addition of water on the electrochemical range of the
1ChCI:2EG mixture. In these CVs, it can be noted that any electron transfer reaction is observed
between +0.6 and —0.8 V. For potentials more negative than —0.8 V, there is an increase in
cathodic current density with the addition of water, which can be attributed to the reduction of
hydroxyl groups of EG, choline ions (Ch") and water molecules [51]. An anodic process around
—0.2 V is present for all scans towards more positive values. This process is attributed to the
oxidation of water and groups of EG. Therefore, these results indicate that the water and the
solvent molecules are simultaneously electrochemical reduced at potentials more negative than
—0.8 V. Moreover, for applied potentials more negative than —0.8 V, the current density values,
displayed in Fig. S1(b), are higher than those shown in Fig. Sl(a), which means the
electrochemical reduction rates of all chemical species increase with the temperature. These
results agree with previously reported works investigating the electrochemical potential
window onto Pt electrode on 1ChCIl:2EG with water additions [30,31].

The effect of water addition on the electrochemical behaviour of Sb>* species on
the Pt electrode was investigated by the CVs shown in Fig. 1. The experiments were conducted

at 25 mV s between +0.4 and —0.6 V, at 297 K (Fig. 1(a)) and 338 K (Fig. 1(b)).
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Fig. 1. Cyclic voltammograms obtained on Pt electrode in baths 1, 2 and 3 containing 0.05 mol

L' SbCls at 297 K (a) and 338 K (b). All cyclic voltammograms were obtained at 25 mV s

According to the results of Fig. 1(a-b), it is observed that all direct scans (scanning
towards more negative potentials) presented a cathodic peak (c1), which is attributed to the
reduction of the Sb** to Sb. The peak potentials are located at —0.35 (bath 1), —0.33 (bath 2),
and —0.30 V (bath 3) at 297 K and —0.29 (bath 1), —0.27 (bath 2), and —0.24 V (bath 3) at 338
K, respectively. These results indicate that the water addition in the plating solutions catalyses
the electrochemical reduction of the Sb*" species, because, for both temperatures and in all
plating solutions, the Sb electrodeposition potential shifts towards more positive values with
the increase in the water content in the plating solutions. Furthermore, with increasing the water
content from 0 up to 1.62 molar ratio, the peak reduction potential cl of Sb*" becomes less
negative from —0.35 to —0.30 V at 297 K and from —0.29 to —0.24 V at 338 K. These results
from Fig. 1(a-b) are listed in Table 1. Also, the cathodic peak current densities (ipc) become
increasingly pronounced with a further increase in water content in the electrolytic solution,
which means that water improves the Sb electrodeposition rate.

Moreover, Table 1 also displays the viscosity for all tested plating solutions at both

working temperatures. It can be noted in this table that at each working temperature, the
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viscosity decreases with water addition, and consequently, this led to an increase in the plating
solution conductivity with the increase of the water content. This fact was confirmed by the
increase of the diffusion coefficient values of Sb*" species (D) with the increase in the water
content in each investigated temperature, which is displayed in Table 2. The D values were
obtained from the experimental chronoamperometric curves, shown in Fig. S2. According to
the values listed in Table 2, the D values obtained in this work increase with the addition of
water, and the variation of 41 K promotes an increase of one order of magnitude in the D values.
Moreover, the D values achieved in this work at 297 K are in the same order of magnitude as
those D values published in the literature for eutectic solvents and ionic liquids. Besides that,
for the electrolytic solution with the addition of water and at 338 K, the D values present the
same order of magnitude as those reported in the literature for aqueous solutions. Therefore,
there is a good agreement between the D values reported in this work and those already
published in the literature. Thus, the changes in the D values with water content result in higher
ionic mobility and, consequently, increase the electrochemical reduction rate of the Sb**

species, which justifies the increase in the cathodic current density values.

Table 1. Effect of water addition on the voltammetric profiles during the reduction of Sb**/Sb

on Pt electrode.

Water molar ratio in

T/K Ep./V ip./mMAcm? n/mPas
the plating solutions
0.00 —0.35 —2.086 43.198
297 0.45 —0.33 —2.438 32.841
1.62 —0.30 —3.592 20.162
0.00 —0.29 —4.054 11.113
338 0.45 —0.27 =5.717 8.9119

1.62 -0.24 —7.108 5.9378
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Table 2. Comparison of diffusion coefficients of Sb** obtained in this investigation with those

already reported in the literature for plating solutions based-formulated in DES, ionic liquids

and in water.

Reference D/cm?s! System T/K
[9] 1.051 x 1073 H>SO4-NH4F 298
[9] 2.120 x 107 H>SO4-NH4F 318
[55] 3.76 x 10°° Citrate Bath 293
[13] 5.27x10° 6 M HCI 318
[14] 2.98 x 1077 EMI-CI-BF, 303
[15] 6.07 x 1077 [EMIm]BF4 298
[16] 1.23 x 1077 BMP-DCA 308
[56] 1.65%x 107 LiCl-KCl molten salt 673
[21] 2x 1077 1ChCI:2U 353
[27] 4719 x 1077 1ChCI:2EG 333
[23] 8.86 x 1077 1ChCIL:2EG 343
In this work 1.79 x 107”7 1ChCIL:2EG 297
In this work 3.13x 1077 1ChCI:2EG:0.45W 297
In this work 4.76 x 1077 1ChCI:2EG:1.62W 297
In this work 1.01 x 10°¢ 1ChCI:2EG 338
In this work 1.10x 10°¢ 1ChCI:2EG:0.45W 338
In this work 1.29 x 1076 1ChCI:2EG:1.62W 338

For the reverse scan, an anodic peak (al) is observed in all cyclic voltammograms

obtained at 297 K and 338 K. The al peak is ascribed to the electrochemical oxidation process

of Sb to Sb** [23,25]. In addition, despite the electrochemical behaviour of the Sb** species

being similar in the absence and the presence of water, it can be noted that the al peak is larger

than the cl peak, and it increases more than the cl peak as the water content increases. The

explanation for the al peak being larger and higher than the c1 peak is related to the fact that

the total amount of Sb electrodeposited on the Pt surface is the sum of the Sb mass

electrodeposited in the direct scan with the Sn mass electrodeposited in the reverse scan

between —0.6 V and the potential in which the electric current becomes zero. Additionally, the

Sb electrodeposition efficiencies (€eq), which are shown in Table 3, were estimated by the ratio

between the electric charge related to electrochemical dissolution of Sb coating (peak al, Qeca)
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and electrodeposition charge (Qec), which was calculated taking into consideration the electric
charge related to the electrochemical reduction of Sb>* species to Sb in the direct scan summed
with that related to the formation of Sb coating in the reverse scan. The Table 3 shows that the
€ed values are higher, varying from 91% up to 95%. Furthermore, the €4 values increase with
the temperature and water addition, and for each tested temperature, the €.q values improve with
the addition of water, which is explained by the increment in the ionic mobility related to the
rise in the water content. Therefore, all these results evidence that the addition of water catalyses
the electrochemical reduction of the Sb** species to form the Sb electrodeposited coating.
Lastly, these results are in close agreement with research previously reported in the literature
about the influence of water content and temperature for deep eutectic solvent-based

electrochemical systems [31,33,34,37].

Table 3. Influences of water molar ratio and temperature on the electrodeposition efficiency of
Sb from choline chloride/ethylene glycol/water mixture. The data listed in this table were

derived from the cyclic voltammograms shown in Fig. 1.

Water malar ratio in

T/K Qeca / C Qec /C €ed/ %o
the plating solutions
0.00 0.061 £0.00141  0.067 £0.00152 91
297 0.45 0.0735+0.00212 0.0795 + 0.00232 92
1.62 0.101 +£0.00283  0.107 £ 0.00354 94
0.00 0.120 +£0.00111  0.130+ 0.00121 92
338 0.45 0.149 £0.00151  0.160 £0.00142 93
1.62 0.167+0.00212  0.175 + 0.00283 95

It is known that the metal ions in DES can form complexes with chloride ions and
ethylene glycol. For instance, Hartley et al. [52] investigated the speciation of 25 metal salts in
four DES and five imidazolium-based ionic liquids using the EXAFS technique. The authors
demonstrated that monovalent metal ions formed two complex species in solution (MCl2)™ and
(MCl3)*>" complexes, while the divalent metal ions (M>") formed the (MCls)*~ complexes.
Furthermore, these authors also demonstrated that the addition of water did not affect the
formation of these complexes. In addition, Oelkers et al. also used the EXAFS technique to
identify the occurrence of Sb** species complexed with CI™ ions in highly concentrated HCI

solution from 25 up to 250 °C and at pressures corresponding to the liquid-vapor equilibrium
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curve for water [53]. These authors pointed out that the stability of the SbCls [SbCls] ", [SbCle]*~
complexes increased with temperature. Besides that, the Potential - pH diagram of the Sb-H>O
system [54] shows that the [Sb(OH)s]” and HSbO; are the soluble complex species at pH 7.
Therefore, from this reports [54—56], it is suggested that the mechanism of the electrochemical
deposition of Sb is associated with the presence of these Sb complex species in the

1ChC1:2EG:0.45W and 1ChCl:2EG:1.62W plating solutions.

3.2 Morphological and structural characteristics of Sb films

Fig. 2 shows the SEM images of the antimony electrodeposits at 297 K (Fig. 2(a-
¢)) and 338 K (Fig. 2(d-f)) in the baths 1, 2 and 3. For the Sb coating obtained at 297 K and
without the addition of water, the surface morphology is uniform without the presence of
agglomerates (Fig. 2(a)). For those obtained the in presence of water from baths 2 and 3 (Figs.
2(b) and 2(c)), a dendrite-like morphologies can be observed. Additionally, with increasing
water content, dendritic structures predominate. In contrast, for all electrodeposits obtained at
338 K, a hierarchical structure in sheets is observed, as shown in Fig. 3(d-f). For greater clarity
of the description of Sb sheets, it is given the magnification of the samples obtained at 338 K
in the Fig. S3 (Supplementary Material). The change in the surface morphology of the Sb
electrodeposited coatings change with temperature and water content is attributed to the fact
that the rate of the mass transport of the Sb>" species from the solution to the electrode surface
becomes greater with the increases of the temperature and water content, leading to an
improvement in the kinetics of the Sb electrodeposition. The Table 4 shows that the Q. and,
consequently, the Sb electrodeposited masses (meq) are increasing with the increases of water
content and temperature, which is experimental evidence that the kinetics of the Sb
electrodeposition became greater when the temperature and water content are increased.
Therefore, the change in the surface morphology of the Sb electrodeposits with water and
temperature is attributed to the improvement in the electrodeposition rate of the Sb

electrodeposits related to the increase of both water and temperature.
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Bath 1

Bath 2

Bath 3

Fig. 2. SEM micrographs of Sb electrodeposits onto Pt electrode obtained at 297 K (a-c) and
338 K (d-f) in baths 1, 2 and 3 containing 0.05 mol L' SbCls, and under potentiostatic control
at (a) 0.35 V, (b) 0.33 V, (¢) -0.30 V, (d) -0.29 V, (e) —0.27 V and at (f) —0.24 V for 1800 s.



31

Tabel 4. Electrodeposition potential (Egep), electrodeposition charge (Qeq) and mass of the

electrodeposited Sb coating (meq) at different temperatures and water contents. The Sb

electrodeposited mass values were obtained from Faraday’s Equation.

Water malar ratio in

T/K Eqep / V Qec / mMC Meq / MG
the plating solutions
0.00 -0.35 298 £0.135 0.08 = 0.060
297 0.45 -0.33 3.89 £0.063 0.11 £0.030
1.62 —0.30 5.61 £0.013 0.15 £ 0.006
0.00 -0.29 34.89 £ 0.190 0.94 +0.080
338 0.45 -0.27 37.31 £0.120 1.00 = 0.050
1.62 -0.24 39.32 +0.130 1.06 £ 0.050

The X-ray diffraction was accomplished to investigate the effect of water content
and temperature on the crystalline structure of Sb films. The Fig. 3(a-f) presents the diffraction
patterns for the Sb electrodeposits on the Pt surface obtained in baths 1, 2 and 3, at 297 and 338
K. For diffractograms of Fig. 3(a-f), peaks referring to the Sb phase of the rhombohedral crystal
structure and space group (R-3mH, #166) at the 20 positions of 27.57°, 29.29°, 33.45°, 49.15°,
56.92°, 57.00°, 60.73°, 70.26°, 74.74°, 81.87°, 90.81°, 91.57° and 92.07° were indexed.
Additionally, Pt peaks referring to the substrate with the face-centered cubic crystal structure
(FCC) and space group (Fm-3m, #225) at the 20 positions of 46.57°, 54.29°, 80.32° and 98.26°
were indexed. The phases of Sb and Pt were identified according to the patterns of ICDD #01 -
085-1323 and #01-087-0646 card files, respectively. No peaks resulting from contaminations
were identified. Fig. 3 shows the diffraction peaks from metallic Sb phases. It can be observed
that there is an increase in the number of metallic Sb phases with the addition of water and an
increase in the bath temperature. This may suggest that Sb electrodeposition was favoured under

these conditions.
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Fig. 3. X-ray diffraction pattern of Sb electrodeposits onto Pt electrode at 297 K (a-c) and 338
K (d-f) in baths 1, 2 and 3 containing 0.05 mol L' SbCls, obtained under potentiostatic control
at (a) -0.35 V, (b) -0.33 V, (c) -0.30 V, (d) -0.29 V, (e) —0.27 V and at (f) —0.24 V for 1800 s.
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3.4 Computational results

The molecular dynamics simulations were carried out using the XTB software, and
after ranking the energy of each frame, the frame with the lowest energy was selected. The
geometry was then optimized at the DFT- PBE-D3BJ/Def2-TZVP level of theory for System
(A) (0 H20); System (B) (3 H>0); System (C) (5 H20); System (D) (10 H>0); and System (E)
(15 H20) as can be seen in Fig. 4. The simulations work using the molecular dynamics approach
tries to carry out its approach with the most faithful numbers of atoms and molecules possible
in a box of nanometric dimensions, with numbers of atoms of approximately tens of thousands
of units, in a molecular dynamic simulation box [33,37,57]. The simulation of a system is
limited and is generally chosen through a relationship between precision and computational
cost. An approach involving Density Functional Theory (DFT), such as in the simulation and
prediction of material properties, as well as thermodynamic and electronic properties,
depending on the levels of approximation and theory chosen, the maximum system size
achieved is around 1000 atoms [58]. Increasing the size of the system is impractical due to the
high cost associated with DFT (its computational cost is proportional to N*). Applying a real
system in reduced quantities, keeping the proper proportions of SbCls, ChCl, EG and H>O, the
number of atoms in the system is still around thousands of units. The configurations of the
molecules and their respective conformations were obtained using the XTB and Molclus
software, thus obtaining the best minimum energies for each system, and starting from this
minimum energy conformation, the DFT calculations were carried out. Therefore, the aim was
to apply a methodology that can describe a qualitative and approximate, but pioneering, result,
applying a slight and gradual increase in the number of waters in the system to obtain a

correlation of the effect of water in deep eutectic solvent (DES) for the Sb electrodeposition.
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Fig. 4. Optimized geometries of the molecules of the system without H>O molecules (a), 3 H.O
molecules (b), 5 H>O molecules (c), 10 H>O molecules (d), and 15 H>O molecules (¢). Bond

lengths are in Angstroms.

To represent each system's electronic reception (reduction), 1, 2 and 3 electrons
were added, referring to the reduction of Sb*™ and their respective energies were calculated at
the DFT level. The difference between the neutral system and the anion system gives us the
electronic affinity of the system (Equation 1). Table 5 provides the data obtained for the VEA
of the systems. Table 5 shows that the VEA of the systems increases as the number of waters

increases, so the trend is towards adding 1, 2 and 3 electrons. Furthermore, Table 6 shows the
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AVEA (Equation 2), where the system without water is taken as a reference. Therefore, the
inclusion of quantities of water in DES systems favours the electrodeposition of metals
[33,35,59,60]. The model proposed by computational methods suggests an increase in the
electron receptivity of the DES system with the addition of water due to the linear increase in
AVEA with the increase in water in the system, compared to the system without water. The
AVEA values for 1 electron are 14.50, 14.78, 22.25, and 24.84 kcal mol™! for System B, C, D,
and E, respectively (Table 6). The trend is also observed for 2 and 3 electron reduction. The
tendency for the electronic affinity of systems to increase with increasing water content so that
antimony can be favored for electronic reception it may explain its contribution to adding water
to favor the electrochemical reduction process of Sb*'. In addition, the coefficient of
determination (R?) between AVEA and the number of water molecules added to the systems is
shown in Fig. 5. The R?>= 0.822 represents a good correlation between the increase in electron

affinity and the increase in water molecules in the systems studied.
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Fig. 5. Plot of AVEA (in kcal mol™) in function of the number of H>O molecules.
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QTAIM is a mathematical approach in computational chemistry that aims to
provide insights into the nature of chemical bonding and molecular properties. The central
concept of QTAIM is using mathematical functions to analyse the electron density in a
molecule, which allows the identification of critical points, such as bonding critical points, that
define the location of chemical bonds [61]. This study deals only with the antimony cations
(Sb*3) critical bond points (BCP). The analysis was carried out using the parameters All-
Electron density (py), Laplacian of the electron density (V2 p, ) and Energy density (Hb). If the
V2p, and Hb are less than zero, this indicates a strong covalent interaction between the
antimony and the molecules in the system (EG, ChCl and water). On the other hand, if the
values are more significant than zero, there is a weak electrostatic interaction between them.
Notably, the interaction can be partially covalent when V?2p, is more significant than zero, but
H, is less than zero [62]. The QTAIM analysis indicates that in all systems V2 p,, has a positive
value and H,, has a negative value, indicating that the BCP interactions of the molecules in the
system (EG, ChCl and water) around Sb** are partially covalent. Moreover, the electron density
values (pp,) of the chlorine BCPs (BCPs 1, 2 and 3) have higher p, values (=
7 X 1072 a.u.) than the other interactions in BCPs 4, 5, 6 and 7 (= 2 X 1072 a.u.) (see
Tables S1-S5 in the Supplementary Material), as evidenced by the that the Sb-Cl bond lengths
are closer than the others (Fig. 4), and, consequently, the Sb-Cl interaction is the stronger which
suggest the formation of Sb-Cl bond. The SbCls complex has an experimentally favourable
formation constant, and possible bonds between EG and H>O with the SbCl; complex can also
be considered for the system [63—65]. However, the gradual addition of H,O decreased the
electronic density with Sb**, seen at 0.319 a.u. for System A (without H,O), and there is a
downward trend until 0.311 au. for System E (15 H>O molecules) (see Tables S1-S5
Supplementary Material). Plotting the R? between the number of water molecules added and
the sum of the electronic density (Xp,) shown in Fig. 6, we obtained a R? of 0.932, indicating
a very good correlation. In addition, after the addition of 3 waters, shown in Fig. 7, there is a
substitution of the bonds of the SbCl; complex with EG, being replaced by bonds with H>O,
and just as in the 10 H2O system, there is another substitution of EG for H>O, and maintaining

these bonds with 15 molecules of H»O.
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Fig. 6. Plot of sum of the electronic density (X' p;,) in function of the number of H,O molecules.

The QTAIM results obtained in this study may corroborate the efficiency of water

in weakening the interaction of Sb*>* ions with the H,O molecules in the system, thus facilitating

its electrodeposition. This can be associated with a more easily displacement of the Sb** ions

in the solution to be deposited on the electrode surface, corroborating the diffusion coefficient

results. The idea of the QTAIM study is to associate the mobility of Sb** to electrodeposition,

in which this lower electronic density due to the higher number of H>O molecules would

facilitate the ionic mobility.
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Fig. 7. The molecular graphs Sb** BCPs of the studied system without H,O molecules (a), 3
H>0 molecules (b), 5 H>O molecules (c), 10 H2O molecules (d), and 15 H>O molecules (e) were
obtained by QTAIM analysis.

The NCI study was carried out to ascertain each system's intermolecular
interactions. Comparing each system, initially in the system without water (Fig. 8(a)), a greater
amount of green isosurfaces was observed, indicating a predominance of Van der Waals forces.
With the addition of H>O to the systems Fig. 8(b), Fig. 8(c), Fig. 8(d) and Fig. 8(e), the most
significant number of strong intermolecular interactions is highlighted by the blue density,
following an upward trend up to system E (Fig. 8(e)). This is related to the addition of
intermolecular interactions of the hydrogen bond type carried out by H,O - H,O and H,O - HO

in EG [62]. In addition, H>O carries out moderate-strength Van der Waals-type interactions with
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the SbCls complex in systems D (Fig. 8(d)) and E (Fig. 8(e)). The increase in H>O also ensures

an increase in the number of strong interactions with the Cl™ ion in DES.

Fig. 8. RDG isosurface for Intermolecular interactions for molecules of the system without H,O
molecules (a), 3 H.O molecules (b), 5 HoO molecules (¢), 10 H,O molecules (d), and 15 H>O

molecules (e).

The CI ion performs strong interactions in the system, being related to its negative
charge, interacting with the partially positive hydrogens of the hydroxyls of EG (Fig. 8(a)),
remaining with the addition of H>O. The DES urea molecule has moderate Van der Waals
interactions in all systems. The map of RDG vs. (A2) p on the X and Y axes, respectively, Fig.

9, indicates a decrease in the repulsive effect with increasing H>O, represented with red dots
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highlighted in the yellow circles, with a higher density of points up to 0. 015 a.u (Fig. 9(a)), the
density decreasing with an increase of 3 H,O (Fig. 9(b)), remaining at an increase of 5 and 10
H>O (Fig. 9(c-d)), reaching a minimum of 0.010 a.u. at 15 H2O (Fig. 9(d)). There was also an
increase in the strong intermolecular effect, represented with blue dots highlighted in the purple
circles, with a higher density of dots at —0.040 a.u (Fig. 9(a)), with the density increasing to
—0.045 a.u. with an increase of 3 H>O (Fig. 9(b)), remaining at an increase of 5 H>O (Fig. 9(c)),
reaching a maximum of value —0.050 a.u., in the system with 10 and 15 H>O with RDG 0.2

(Fig. 9(d-e)).
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Fig. 9. RDG vs. sign(A2)p from the results of the NCI of the molecules of the system without
H>0O molecules (a), 3 H2O molecules (b), 5 H2O molecules (c), 10 H2O molecules (d), and 15

H>O molecules (e).
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4 Conclusions

The eutectic mixture based on choline chloride-ethylene glycol in the absence and
presence of water was successfully used in this study for electrodeposition of Sb on Pt surface
at 297 K and 338 K without the necessity to add complex additives. The cyclic voltammogram
performed on the Pt electrode of the electrolyte solution containing the Sb®" showed, in the
direct scan, a well-defined cathode peak corresponding to the reduction of Sb**/Sb. SEM
analysis showed similar dendritic morphologies for Sb films obtained with water addition at
297 K. Meanwhile, sheet structures for all Sb films at 338 K were obtained. Finally, XRD
characterization revealed that the Sb electrodeposits had a rhombohedral crystalline structure
with pure phases for all samples. The DFT simulations for DES and SbCl; systems without H,O
and with varying amounts of H,O molecules favoured the system in increasing electron affinity.
Furthermore, there was a strong tendency for H>O to be added, causing a decrease in the
electronic density of the Sb®" ions with the atoms in all the studied systems. These results
indicated a possible explanation for electrodeposition being favoured in this type of system's
presence of H>O molecules. This work is also expected to serve as a basis for obtaining Sb films
with varied structures with promising properties and potential applications in the wide range of
uses of Sb and its alloys. Lastly, the quantum computational simulations indicated that the Sb-
Cl interaction is stronger, which suggests the formation of Sb-Cl complexes and that the
addition of water molecules favours the electron affinity of the systems, and QTAIM results

suggested that this additive decreased the electron density of Sb*" ions.
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Supplementary material

On the role of water in antimony electrodeposition from choline chloride/ethylene

glycol/water mixture

(a) b
<+ <+
-20 -20 -
G
5
< -40 -40 -
g
S~
60 - 60
T=297K ] T=338K
-80 —— 1ChCI:2EG -80 —— 1ChCI:2EG
——— 1ChCI:2EG:0.45W | ——— 1ChCI:2EG:0.45W
—— 1ChCI:2EG:1.62W —— 1ChCI:2EG:1.62W
—100 T T T T T T T T T ‘100 T T T T T T T T T
-1.5 -1.0 -05 00 05 -1.5 -1.0 -05 00 05
E vs (Ag/AgCI/DES) / V

Fig. S1. Cyclic voltammograms obtained on Pt electrode immersed in 1ChCIL:2EG,
IChCIL:2EG:0.45W and 1ChCl:2EG:1.62W at 297 K (a) and 338 K (b). All cyclic

voltammograms were obtained at 25 mV s™'.
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Fig. S2. Current versus time transients for the reduction of Sb>*/Sb on Pt electrode in baths 1,

2 and 3 containing 0.05 mol L' SbCls at 297 K (a-c) and 338 K (d-f) at an applied potential of

—1.0 V for 60 s in triplicate. The inset graphs show Cottrell”s plots.
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Bath 1

=-0.29V

Bath 2

E=-0.27V

Bath 3

E=-0.24V

Fig. S3. SEM micrographs of Sb electrodeposits onto Pt electrode at 338 K obtained under
potentiostatic control at (d) —0.29 V, (e) —0.27 V and (f) —0.24 V for 1800 s, in baths 1, 2 and 3
containing 0.05 mol L' SbCls. SEM scale bar 1 micron.
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Table S1. The Electron density (p;,), Laplacian of the electron density (V2p,) and Energy

density (Hp) at Bond Critical Points (BCPs) of Sb** bonding from system A. All values are in

a.u..

BCP Pb V2py Hy
1 7.78 x 1072 9.72 x 1072 —2.50 x 1072
2 6.51 x 1072 8.00 x 1072 ~1.76 x 1072
3 6.79 x 1072 8.61 x 1072 ~1.91 x 1072
4 2.03 x 1072 493 x 1072 1.46 x 107
5 2.95 x 1072 6.41 x 1072 -1.76 x 1073
6 2.52 x 1072 5.85 x 1072 ~7.43 x 10~
7 3.32 x 1072 7.04 x 1072 -3.01 x 1073

2pp 0.319 0.506 —-0.067

Table S2. The Electron density (p,), Laplacian of the electron density (V2p,) and Energy

density (Hp) at Bond Critical Points (BCPs) of Sb*" bonding from system B. All values are in

a.u..

BCP Pb V2py H,
1 7.36 x 1072 9.35 x 1072 —2.24 x 1072
2 6.33 x 1072 7.81 x 1072 ~1.66 x 1072
3 7.28 x 1072 9.13 x 1072 —2.19 x 1072
4 3.55 x 1072 7.37 x 1072 —3.54 x 1073
5 1.62 x 1072 4.06 x 1072 6.94 x 10~
6 3.15 x 1072 7.23 x 1072 —2.16 x 1073
7 2.37 x 1072 535 % 1072 —6.71 x 10

2pp 0317 0.503 —0.067
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Table S3. The Electron density (p,), Laplacian of the electron density (V2p, ) and Energy
density (H,) at Bond Critical Points (BCPs) of Sb®>" bonding/interaction from system C. All

values are in a.u..

BCP Pb V2py Hy
1 7.45 x 1072 9.42 x 1072 —2.29 x 1072
2 5.96 x 1072 7.50 x 102 ~1.47 x 1072
3 7.33 x 1072 9.14 x 1072 —2.22 x 1072
4 3.95 x 1072 8.06 x 1072 —4.85 %10
5 2.04 x 1072 493 x 1072 1.48 x 107
6 3.02 x 1072 7.04 x 1072 -1.78 x 1073
7 2.00 x 1072 4.66 x 1072 3.03 x 10°°

2pp 0.318 0.507 —-0.066

Table S4. The Electron density (p,,), Laplacian of the electron density (V2p, ) and Energy

density (H,) at Bond Critical Points (BCPs) of Sb*" bonding/interaction from system D. All

values are in a.u..

BCP Py 72p, H,
1 7.92 x 10~ 9.77 x 102 —2.58 x 1072
2 7.00 x 10~ 8.87 x 102 ~2.02 x 1072
3 5.69 x 1072 7.68 x 1072 ~1.32 % 102
4 3.30 x 102 6.75 x 1072 ~2.96 x 1073
5 2.01 x 102 5.42 x 1072 4.93 x 10
6 5.36 x 1072 1.18 x 107! ~9.59 x 1073

o 0.313 0.503 ~0.071
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Table S5. The Electron density (p,), Laplacian of the electron density (V2p, ) and Energy

density (H,) at Bond Critical Points (BCPs) of Sb** bonding/interaction from system E. All

values are in a.u..

BCP Pb V2py Hy
1 7.59 x 1072 9.77 x 1072 —2.37 x 1072
2 7.66 x 1072 9.46 x 1072 —2.41 %1072
3 7.25 x 1072 9.39 x 1072 —2.16 x 1072
4 2.04 x 1072 5.07 x 1072 224 x 1074
5 2.90 x 1072 6.48 x 1072 -1.82 x 1073
6 3.71 x 1072 8.67 x 1072 -3.50 x 10~3

20, 0.311 0.488 0.075
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3 MANUSCRITO 2: ELECTROCHEMICAL CORROSION EVALUATION OF SnSb
ELECTRODEPOSITED COATINGS

Disponivel em: https://doi.org/10.21577/0100-4042.20250086

Resumo

Os revestimentos de SnxSb(ix) foram eletrodepositados a partir de 1ChCI:2EG em cobre. A
resisténcia a corrosdo dos eletrodepositos foi avaliada em 0,1 mol dm™ de NaCl. A
caracterizacao foi realizada por microscopia eletronica de varredura (MEV), espectroscopia de
raios X por dispersdo de energia (EDS) e difracdo de raios X (DRX). Os perfis voltamétricos
mostraram que o potencial de eletrodeposi¢ao se deslocou para valores menos positivos com o
aumento da concentragio de Sb**. As imagens de MEV revelaram que os revestimentos exibiam
graos e cachos. As andlises de EDS mostraram que o teor de Sb aumentou com a concentracdo
de Sb**. Os resultados da DRX indicaram a formacdo das fases SbSn, como Cu,Sb, CusSns e
Cue(Sn,Sb)s. As curvas de polarizagdo potenciodinamica (PP) mostraram que Sn e Sn77Sbas
apresentaram uma regido de potencial passivo, enquanto Sn37Sbes; apresentou uma dissolugao
ativa no eletrélito. Os testes de imersdao foram realizados por 24 h e os resultados da DRX
revelaram as fases, Sn, SnO, SbSn e Sb2O4. Considerando 48 h, foram identificadas as fases,
CuSn, SnOz e SnSb. Os valores de resisténcia a polarizacdo de 4.60, 14.69 e 1.81 kQ cm? foram
alcancados para Sn, Sn77Sb23 € Sn37Sbss, respectivamente. Os resultados do EIS sugeriram que
a adi¢o de Sb>* melhora a resisténcia a corrosdo para amostras de SnSb com maior teor de Sn.
Para Sn77Sbys, a resisténcia a transferéncia de carga foi de 10.5 kQ cm?, para Sn € Sn37Sbez 1.15

e 1.46 kQ cm?, respectivamente.

Palavras-chave: Revestimentos SnySbi.x); eletrodeposicdo; solvente eutético profundo;

COrrosao.
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Abstract

SnxSbyi-x) coatings were electrodeposited from 1ChCI:2EG on copper. The corrosion resistance

3 of NaCl. The characterization was

of the electrodeposits was evaluated in 0.1 mol dm™
performed by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD). Voltammetric profiles showed that the electrodeposition
potential shifted towards less positive values with increasing Sb** concentration. SEM images
revealed that the coatings exhibited grains and clusters. EDS analyses showed that the Sb
content increased with the Sb*" concentration. XRD results indicated the formation of the SbSn
phases such as CuxSb, CusSns, and Cus(Sn,Sb)s. The potentiodynamic polarization (PP) curves
showed that Sn and Sn77Sby; presented a passive potential region, while Sn37Sbes had an active
dissolution in the electrolyte. Immersion tests were performed for 24 h and XRD results
revealed Cu, Sn, SnO, SbSn and Sb,0O4 phases. Considering 48 h, Cu, CuSn, SnO; and SnSb
phases were identified. The polarization resistance values of 4.60, 14.69 and 1.81 kQ cm? were
achieved for Sn, Sn77Sby3, and Sn37Sbes, respectively. The EIS results suggested that adding
Sb** improves corrosion resistance for SnSb samples with higher Sn content. For Sn77Sbas, the

charge transfer resistance was 10.5 kQ cm?, for Sn and Sn37Sbe; 1.15 and 1.46 kQ cm?,

respectively.

Keywords: SnxSb(ix) coatings; electrodeposition; deep eutectic solvent; corrosion.
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INTRODUCTION

Currently, tin (Sn), antimony (Sb) and SnxSb(1-) alloys are promising materials for
a variety of applications. These include their use as alloys for welding,'? semiconductors,’
thermoelectrics,* anode materials for metal-ion batteries,® anticorrosive coatings® and as
electrocatalysts for electrochemical reduction of CO,.° The electrodeposition technique, one of
the several methods for preparing these coatings, is particularly attractive for industrial practice.
It offers a low cost, easy handling, the ability to control the thickness of the electrodeposited
coating, and the capacity to obtain electrodeposited layers on metallic substrates of different
geometries and shapes. Most importantly, the electrodeposits have excellent adherence to the
substrate.®!!
However, Sn and Sb have several problems with using water as a solvent or
electrolyte for electroplating baths since there is a known hydrolysis in a neutral solution that

Sn** undergoes: '

Sn**(aq) + H2O() — SnO¢s) + 2H (ag) (1)

This reaction leads to a formation of SnO, which is unstable in an aqueous solution and brings

other hydrolysis reactions:

SnO¢) + H2Oy — SnOxs) + 2H g + 267 (2)

Also, Sb**cations can present problems with solvating in water once their solubility can be

improved only by using strong acidic solutions:

Sb** (aq) + H2O() — SbO ™ (ag) + 2H " (ag) 3)

In this context, deep eutectic solvents (DES) offer a promising alternative for using
as supporting electrolytes. Unlike traditional aqueous solutions, many chemical reactions that
typically occur in water do not take place in DES. Since DES often contains only a small
percentage of water, the hydrolysis reactions involving Sn and Sb mentioned earlier are less
likely to occur. Also, the solubility of those compounds is very high in those solvents as the
DES polarity can be tuned by choosing the appropriate components to achieve a polar or apolar

behavior. In this context, known insoluble salts, such as SnCl, or SbCls, are highly soluble and
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can be used as a solvent and supporting electrolyte without adding any chemical in the solvent
solution. At the same time, the viscosity of the DES can be a problem for this property.

There is increasing interest in developing ambiently more sustainable processes,
which means searching for new processes and technologies that mitigate the environmental
impacts of the traditional industrial processes. Since the beginning of the first decade of the
current century, DES have been investigated as an environmentally friendly alternative to water
plating solutions for the electrodeposition of transition metals and their metallic alloys because
they are stable, widely available, relatively inexpensive, biodegradable, non-toxic, the metallic
salts are soluble, chemically stable in DES' and, therefore, electrodeposited metallic layers can
be obtained from these solvents without the addition of complexing agents.

Therefore, the interest in the electrodeposition of metals and alloys from DES is
rising, as demonstrated in the literature review papers related to this subject, which have already
been published in the literature.'®!8 Abbott et al.'"® have used pilot projects for electroplating
Ni, Fe and Zn to show that plating solutions based on DES have real potential for application
in industrial practice.

Considering the deposition of Sn coatings, Brandio et al.'” used oxidized multi-
walled carbon nanotubes (0x-MWCNT), pristine multi-walled carbon nanotubes (P-MWCNT)
and reduced graphene oxide (rGO) over a metallic matrix using a glassy carbon electrode (GC)
for comparison. The linear voltammograms showed a reduction peak around 0.6 V vs Ag. The
chronoamperometric analysis showed a 3D instantaneous process with diffusion-controlled
growth. The Sn coating presented a topography by AFM showing round particles with different
roughness in the function of the carbon electrode: the GC along ox-MWCNT presented higher
values of roughness in comparison to P-MWCNT and rGO electrodes.

Considering the electrodeposition of Sn alloys, Gao et al.?*® studied the
electrodeposition of SnBi alloy coatings using ethaline with boric acid at 90 °C over a Cu
electrode. The morphology of the alloy varies with the applied potential from a compact layer
with small grain sizes to an unevenly distributed large grain, which shows the effect of the
potential on the Sn-Bi alloy morphology.

Anicai et al.?!

presented Snln electrodeposition using reline, whose coating had 10-
65 % wt. of In. The authors present that the In content in the electrodeposited layer is inversely
proportional to the applied current density. The morphology showed irregular particles covering
the substrate under direct electrodeposition conditions at 3 mA cm™. Also, the Snln
electrodeposits can be used as an anti-corrosion barrier by the potentiodynamic polarization and

impedance spectroscopy results in 0.5 mol L™' NaCl. Also, the authors performed a
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thermogravimetric analysis that showed that the electrodeposited coating had a melting point
of 400.7 K and 391.8 K, which justifies the Snln use as a lead-free welding solder.
A few reports in the literature related to SnSb alloys were obtained from DES. Su

et al.??

successfully electrochemically prepared submicrometric SnSb alloy powders on a
titanium substrate in DES medium formed by choline chloride-ethylene glycol (ChCI-EG, 1:2
molar ratio) containing 0.2 mol dm~ SbCls and 0.2 mol dm~ SnCl; at 343 K, showing that the
applied electrodeposition potential had a significant effect on the alloy composition, but little
influence on the morphology. Ma and Prieto? reported that the electrodeposition of pure phase
SnSb as alloy-type anode material exhibits high stability for sodium-ion batteries. These authors
electrodeposited SnSb thins films from ethylene (1:2 by weight ChCI:EG), and the
electrochemical rests demonstrated that independent of SnSb composition, the electrode
retained 95% of its initial capacity after 300 cycles at 0.5 A-g".

This concern arose from the inadequate disposal of Pb waste arising from the
manufacturing process and manufactured products.>*? The interest in the welding process of
SnSb alloys is due to their good thermal fatigue resistance and high fracture strength properties,
as pointed out by Wang et al.! Furthermore, these authors investigated the welding reliability of
SnSb with different Sb contents on the Cu substrate. Therefore, due to the outstanding
properties of SnSb alloys and the concern with the creation of a sustainable electroplating
process for these alloys, this work aimed to electrodeposited SnxSb(—x) alloys from a plating
solution based on 1ChCl:2EG, without the addition of complexing agents, and to evaluate the

effect of Sb content on the corrosion behavior of the SnSb(1—x) electrodeposited coatings.

EXPERIMENTAL

Chemicals and electrolyte preparation

All chemicals in this study were used as received without any further purification.
The eutectic mixture was prepared by mixing choline chloride (ChCl, Sigma-Aldrich®, >99%)
and ethylene glycol (EG, Sigma-Aldrich®, >99.8%) in a molar ratio 1:2 (1ChCI:2EG) at 353 K
until the formation of a colorless liquid. Next, salts anhydrous salts of tin (I) chloride and
antimony (III) chloride (SnCl, and SbCls, Sigma-Aldrich®, >99%) were added to 1ChCl:2EG

to form the plating solutions. The compositions of all plating solutions are listed in Table 1.
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Table 2. Chemical compositions of the plating solutions prepared by the addition of SnCl, and
SbCl3 to 1ChCI:2EG solvent.

Electrolyte composition

Bath
[Sn?>"]/ 102 mol dm™  [Sb**]/ 107> mol dm™
I 50 -
II 50 10
III 50 50

Electrochemical measurements

The electrochemical experiments were conducted on a potentiostat/galvanostat
model PGSTAT30 (Autolab, Metrohm-Eco Chemie) connected to a computer, using NOVA®
software version 2.1.4. To investigate the electrochemical behavior of the Sn** and Sb>* species
in solution and to electrodeposit the SnxSb(1-x) coatings, a glass electrochemical cell with a
Teflon® lid was used, which was coupled to a thermostatic bath for temperature control under
atmospheric conditions. Before each electrochemical measurement, the working electrode was
sanded on SiC silicon carbide 600 grit sandpaper, washed with Milli-Q water (18.2 MQ cm),
and dried with airflow. Initially, to characterize the surface of the working electrode in
the IChCIL:2EG mixture, cyclic voltammetry was obtained between —0.4 and —1.5 V. Next, to
evaluate the electrochemical reduction of Sn** and Sb®* species (baths I-III), linear sweep
voltammetry was performed in the electrochemical range of —0.4 to—1.0 V. All voltammograms
were recorded at 10 mV s ! and 353 K. Cu disc (geometric surface area of 0.023 cm?), a Pt plate
(with 1.5 cm?) and an Ag(/AgCls) wire immersed in 1ChCl:2EG mixture, were used as the

working, auxiliary and reference electrodes, respectively.

Electrodeposition and characterization

All SnySbyi ) coatings were electrodeposited on Cu discs (geometric area 0.18 cm?)
to characterize the surface morphologies, chemical compositions, and crystalline structures.
The electrodeposits were obtained under potentiostatic control at —0.55 V and 353 K, with
electric charge control to obtain coatings with a nominal thickness of 2 pm, estimated from
Faraday’s Equation. The morphologies and chemical compositions of the obtained coatings

were analyzed by a scanning electron microscope (FEG-SEM, FEI-Quanta 450) coupled to an
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energy-dispersive X-ray spectrometer (EDS, Oxford Instruments INCA X-MAX). The size
analysis of the coatings was determined using the ImageJ-Fiji software. Finally, X-ray
diffraction (XRD) analyses were carried out using a Bruker Diffractometer, model D8 Advance,
equipped with a LynxEye detector. The measurements were made with a Cu tube, operating at
40 kV and 40 mA, arange of 20 to 100 degrees, with a step size of 0.02 degrees and a counting
time of 0.2 s/step. The experimental data was treated using PANalytical® X Pert HighScore
Plus® software, and the crystalline phases were indexed using the crystallography PDF-22004
card files from the Inorganic Crystal Structure Database (ICSD).

Electrochemical Corrosion Tests

An electrochemical cell composed of three electrodes was used for corrosion tests.
Ag(s)/AgCl(s)/Cl™ (saturated KCI) was used as the reference electrode, a platinum foil of 1 cm?
was the counter electrode, and the Cu recovered with the SnxSb(1—x) coatings was the working
electrode. Before each experiment, the open circuit potential (£,.») was recorded as a function
of time for 1 h. The potentiodynamic polarization curves were obtained in 0.1 mol dm= NaCl
at 298 K and 0.5 mV s ! and between —0.25 V and +1.00 V around the E,,. All the experiments
were performed in duplicate. After sample preparation, their morphology was evaluated after
24 h and 48 h immersion in a 0.1 mol dm™ NaCl solution. The effect of the potential applied in
a 0.1 mol dm~ NaCl medium, —0.1 V and 0.2 V for 1 h was also evaluated. A copper disc with
a geometric area of 0.28 cm? was used for these experiments. The electrochemical impedance
spectroscopy results were obtained in 0.1 mol dm~ NaCl at 298 K, applying 0 V to the E,, in
the frequency range of 20 kHz to 6 mHz with a sinusoidal amplitude of 12 mV. Twelve points

were collected by frequency decade. The validation of results considered Lissajous method.

RESULTS AND DISCUSSION

Electrochemical analyses

The insert in Figure 1 shows the cyclic voltammetry, at 353 K, obtained from
IChCI:2EG on a copper surface in the potential range of —0.4 V to —1.5 V. In this potential
range, there is an increase in the cathodic current density at potential values from —1.2 V. This
process is associated with the reduction of ethylene glycol hydroxyl groups, choline chloride

cationic ions and traces of water.%®
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Figure 4. Linear sweep voltammetry of the copper electrode in baths I, IT and III at 353 K and

10 mV s7'. The inset shows a linear sweep voltammetry obtained for a copper electrode in

1ChCI:2EG mixture at 353 K and 10 mV s

The electrochemical behavior of Sn** and Sb** species was investigated by linear
sweep voltammetry using a Cu electrode immersed in baths I-III, applying a potential range
between —0.4 and —1.0 V at 10 mV s! and 353 K. The recorded voltammograms are shown in
Figure 1. For bath I (black line), a single well-defined cathodic peak can be observed at —0.56
V, which is attributed to the electrochemical reduction of Sn?>" to metallic Sn. A similar
voltammetric profile was reported in a previous investigation for the electrodeposition of Sn.>”-
29

Since the Sb content increases in baths II and III (blue and red lines), the
voltammograms change regarding cathodic peak potential and total electrochemical charge. A
similar system was used for Sb electrodeposition in the literature, but a Pt disc was used as the
working electrode. In this context, the peak potential of Sb** reduction at 298 K was located

before —0.4 V since this electrode presents more electrochemical stability than the Cu substrate.
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Once undesired electrochemical reactions occur before —0.4 V in DES, the
voltammogram for bath III (red line) presents a so-called “semi-peak” between —0.4 and —0.5
V due to the diffusion process of Sb>* reduction. The subsequent peak around —0.58 V is related
to the Sn?" reduction, which was slightly shifted towards more negative potentials than pure
Sn*" bath I (black line). In bath II (blue line), having less Sb** than bath III, the cathodic peak
seen in bath III does not appear, having the Sn** reduction process at —0.58 V. Although the
hypothesis of co-deposition of the Sn?" and Sb** was reported in the literature. But, as shown
in Figure 1, the increase of Sb>" concentration does not change the cathodic peak potential of

Sb** process.

Morphology, composition, and structural results

The SEM images shown in Figure 2 presented an evolution of the structure from a
cuboid-like in pure Sn to a pentagonal-like structure in Sn37Sbe3. In Figure 21, it is possible to
see the body-centered tetragonal, once the cuboid structure is elongated in metallic islets. When
Sb is added, there is a transition in the structure, as shown in Figure 2II, in which those islets
do not appear due to the rhombohedral structure of Sb, which modulates the alloy grain size.
Still, in this image, they are tiny alloy grains with pentagonal and hexagonal shapes, which
could be related to the atomic position of the elements in the alloy that mixes both cuboid (from
Sn) and rhombohedral (from Sb) structures. This observation is clearer in Figure 2III, which
shows many pentagonal-like structures in the SnSb and other regular shapes, such as trigonal
and cuboid. With increased Sb content in the coatings, the rhombohedra structure is
predominant, which causes those variations in the alloy grains. Compared with the pure Sn
image (Figure 2I), Figures 2II and 2III exhibit a regular and compact layer, which is not seen
in the pure Sn image. The Sn islets are deposited over an Sn layer; the electrodeposited Sn layer
can be attributed to the voltammetric results in Figure 1, which shows a small peak at circa
—0.47 V. Although the system is similar having Sn*" in ethaline using a copper electrode, the
Snedsy — Snebs) step was not observed within the potential window of the copper electrode.
SnSOj4 rather than SnCl, probably creates an extra step with the so-called “absorption” of the
deposited Sn layer. Therefore, this Sn layer before the bulk Sn deposition was observed in both
voltametric and SEM experiments.

Figure 21 shows that grain clusters are present in pure Sn deposits. When Sb*" is
added to the electrolytic solution (Figure 2II), a reduction in the average size to 1.05 pm was

observed, in addition to a non-uniform overlayer.*® In Figure 2111, obtained from an equimolar
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solution of Sn?* and Sb**, grains with distinct shapes (circular, pentagonal, and hexagonal) were
observed, covering the entire surface. This organization of the morphology was related to the
reduction in the average particle size (0.49 pum), approximately 10 times smaller than the
coating containing only Sn (Figure 2I).

1.>! found a similar morphology for Sn electrodeposition in 1ChC1:2U

Azpeitia et a
on a copper substrate at 343 K, applying a potential of —0.75 V. The atom percentages of Sn
and Sb in each electrodeposited coating are displayed in Table 2. From this table, it can be
observed that increasing the concentration of Sb** species in the plating solution composition
led to an increase in the Sb content in the coating and that the ratio between the Sb and Sn
content in the coatings is higher than this ratio in the plating solution, indicating that under the
used operational conditions, the electrodeposition of SnySb(1—) is classified as normal, based

on the comparative analysis of the ration Sn/Sb in the bath and Sn/Sb in the electrodeposited

layer.
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Figure 5. SEM micrographs electrodeposit of Sn (I), Sn77Sb2s (II) and Sn37Sbes (III) onto Cu
electrode —0.55 V at 353 K. Histograms of the particle size of coatings.

Table 3. Chemical composition of electrodeposited coatings from EDS results and samples

labelling.
Film composition by EDS
Bath Film
Sn/ at. % Sb / at. %
I 100 - Sn
11 77 23 Sn77Sb2s

111 37 63 Sn37Sbes
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X-ray diffraction analyses were performed to investigate the effect of electrolytic
bath composition on the crystal structure of SnxSb(-x) coatings. Figure 3 shows the XRD
patterns for the electrodeposits of Sn, Sn77Sb»3 and Sn37Sbes obtained on the Cu surface from
baths I, IT and III, applying a potential of —0.55 V at 353 K. In all diffractograms in Figure 3,
peaks corresponding to the Cu substrate were indexed at 20 =43.2°, 50.4°, 74.0° and 89.9° with
a crystal structure cubic (space group Fm-3m, #225, ICDD #00-003-1005). For the
diffractograms in Figure 3a-b, a pure Sn phase was indexed at 26 = 30.6°, 31.9°, 43.8°, 44.8°,
55.3°,62.5°,63.7°, 64.5°, 73.1° and 79.4°, referring to planes (200), (101), (220), (211), (301),
(112), (400), (321), (411) and (312), respectively, with a tetragonal crystal system (space group
[41/amd, #141, ICDD #03-065-0296). In addition, a diffraction peak of the intermetallic phase
CueSns with a monoclinic crystal structure (space group C2/c, #15, ICDD #00-045-1488) was
indexed for the diffractograms of Figure 3a-b. The pure Sn and intermetallic CusSns phases

were observed, as Zhao et al. > reported.
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Figure 6. Diffraction patterns electrodeposit of Sn (a), Sn77Sb2z (b) and Sn37Sbes (c) onto Cu
electrode —0.55 V at 353 K.
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Additionally, for diffractograms of Figure 3b-c, it was observed that the presence
of Sb*" in the electrolytic baths II and III favored the formation of the SnSb alloy, evidenced by
the pure phase SbSn, with a rhombohedral crystal system (space group R-3m, #166, ICDD #00-
033-0118).** Finally, for the diffractogram of Figure 3c, phases referring to the intermetallic
Cu,Sb and Cue(Sn, Sb)s were indexed, with tetragonal crystal structure (space group P4/nmm,
#129, ICDD #01-087-1176) and hexagonal crystal system (space group P63/mmc E, #194,
ICDD #00-49-1055), for Cu,Sb and Cus(Sn, Sb)s, respectively. The formation of these CuSn
and CuSb intermetallic phases is attributed to the metallic bonding between the Cu atom on the
surface of the Cu electrode and the first SnSb electrodeposited layer on the Cu surface.
Considering the different phases and morphologies obtained in the coatings, a test was carried

out to evaluate the applicability of the coatings for corrosion.

Electrochemical corrosion tests

Potentiodynamic Polarization (PP)

The potentiodynamic polarization curves obtained for the SnxSb(1-x) coatings in 0.1
mol dm~ NaCl are shown in Figure 4. The results suggest an anodic behaviour of the SnxSb(—x)
alloys, meaning that deposits are less noble than pure Sn deposits. Those differences can be
explained by the coating morphology: the pure Sn has a layer combined with a bulk layer of the
metal, whereas the SnSb alloy presented no apparent layer. When the Sb content increases, the
alloy grain decreases, and the electroactive area increases. The corrosion resistance of the
investigated samples was evaluated by the polarization resistance (Rp) derived from the PP
curves since the corrosion rate of a sample decreases with the increase of the R, values. The Rp
values were calculated from the fitted slope of the PP curves in the region of corrosion potential
(Ecorr) £10 mV, as shown in Figure S1. The obtained Rp values and Ecorr are presented in Table
3. The Ecorr values for Sn and Sn77Sb23 were statistically similar, considering the standard
deviation at a 95% confidence level. When adding Sb to the coating, a three-fold increase in the
obtained R;, value was observed compared to the coating containing only Sn. Initially, it can be
noted that the sample with higher Sb content presents a less negative corrosion potential than
those with higher Sn content. The cathodic branches of the PP curves are related to the oxygen
reduction reaction (ORR), which is the cathodic reaction of the corrosion process in a neutral
medium. For the anodic branches, it can be noted that the PP anodic curves obtained for the Sn

and Sn77Sbos are similar and characterized by three potential regions. The first region is related
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to the current increase with applied potential until it reaches a maximum current, attributed to
the active dissolution of both electrodeposited coatings. The second region is evidenced by the
current plateaus, which are associated with the deposition of SnO or SnO> on the coating

surfaces,>*3¢

acting as a physical barrier against the corrosion of both coatings. The third region
presents an increase of the current with the applied potential due to the breakdown of oxide
film, which allows the active dissolution corrosion of Sn and Sn77Sb»3 coatings. These results

are in close agreement with those reported by Dias et al.**

which investigated the corrosion
behavior of SnSb solder alloys varying the Sb content between 2 and 10 wt%. Finally, the
anodic curve achieved for the sample richer in Sb (Sn23Sbe7) shows the corrosion in the working
electrolyte without the formation of oxides on its surface. Figure 5 shows the SEM images and

diffractograms for the Sn, Snx3Sb77, and Sn37Sbes coatings after 24 and 48 h of immersion.
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Figure 4. The potentiodynamic polarization curves of different coatings in 0.1 mol dm~ NaCl

at 298 K and 0.5 mV s~.
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Table 3. Electrochemical parameters for coatings Sn, Sn77Sba3 and Sn37Sbes in 0.1 mol dm™

NaCl obtained for Figure 4.

Samples —Ecorr / mV R, / kQ cm?
Sn 347 £ 55 4597 + 235
Sn77Sbas 348 £ 41 14692 + 817

Sn37Sbes 299 + 70 1806 + 306
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Figure 5. SEM images and DRX results for Sn (a-d), Sn77Sb23 (b-e) and Sn37Sbes (c-f) at different immersion times (24 h and 48 h) in NaCl in 0.1

mol dm at 298 K.
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Analyzing the coatings obtained for Sn (a and d), it was observed that when immersed in
the NaCl solution, there was a reduction in the number of grains observed at 48 h, compared to 24 h,
where it was possible to observe vacancies in the coating due to exposure. For the Sn77Sb23 coatings
(b and e), it was observed that the immersion time did not alter the morphology. The Sn37Sbs3 coatings
30,37,38

(c and f) presented a dendritic morphology resembling pine trees

0.022 pm for 24 h and 0.19 pm for 48 h, demonstrated in Figure S2. The analysis of XRD data from

with size of approximately

the samples immersed in 0.1 mol dm™ NaCl solution for 24 h allowed for the identification of five
distinct crystalline phases: Cu, Sn, SnO, SbSn and Sb,O4. Characteristic peaks of the SnSb phase
were observed in both the Sn23Sb77 and Sn37Sbes materials for 24 h of immersion. Identifiable peaks
related to the SnO phase were observed in Sn23Sby7, and identifiable peaks related to SboO4 phases
were found in the Sn37Sbes material. Considering 48 h of immersion, the analysis of XRD data
allowed for the identification of four distinct crystalline phases: Cu, CuSn, SnO; and SnSb.
Characteristic peaks of the SnSb phase were observed in both Sn23Sb77 and Sn37Sbe; materials for 48
h of immersion. Identifiable peaks related to the SnO phase were observed in both samples mentioned,
and identifiable peaks related to the Sb,O4 phases were found only in the Sn37Sbez material. Analyzing
the SnSb polarization curves and the XRD analysis of the samples after immersion (Figures 4 and 5)
showed that the formation of Sn and Sb oxides occurred in all coatings. For Sn and Sn77Sbas, the first
level appeared due to the high Sn content. For the Sn»7Sbes coating, the first level referring to Sn did
not appear because all the Sn present in the coating was used to combine with Sb. In this last league,
Sb is in excess (63%).

For the coatings, Figure 4 shows at potential with values close to —0.1 V, a maximum
current density, and stability in the current density values at 0.2 V. Polarization tests were conducted
by applying the mentioned potential for 1 h to evaluate the influence of the potential applied to the
Sn and SnSb coatings. Figure 6 shows the SEM images and diffractograms for the Sn, Sn»3Sb77, and
Sn37Sbes coatings, obtained by polarizing the electrode for 1 h, at —0.1 and 0.2 V.

At —0.1 V, Figure 6 (a-c), the analysis of XRD data allowed for identifying five distinct
crystalline phases: Cu, CuSn, SnO, SnO; and SnSb. Characteristic peaks of the SnSb phase were
observed in the Sn23Sb77 and Sn37Sbes coatings at —0.1 V, confirming the formation of the SnSb alloy.
Identifiable peaks referring to the SnO phases were observed in the two samples mentioned. Figure
6 (d-f) shows the SEM images and diffractograms for the Sn, Sn23Sb77, and Sn37Sbss coatings obtained
by polarizing the coating at 0.2 V for 1 h.

The analysis of XRD data allowed for identifying eight distinct crystalline phases: Cu,
Cu20, Cus3Sn, SnO, SbSn, SnSb, Sb.O3 and SbO,. Characteristic peaks of the SnSb phase were
observed in the Sn23Sb77 and Sn37Sbss coatings. Identifiable peaks related to the SbO, and SboO3
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phases were also detected. For the coatings containing only Sn Figure 6 (a and d), it was observed
that the negative potential ended up removing the grains observed in Figure 5. In contrast, at 0.2 V, a

morphology like that obtained in Figure 5 was observed.
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Figure 6. SEM images and DRX results for Sn (a-d), Sn77Sb2s (b-e) and Sn37Sbes (c-f) after 1 h at polarization on —0,1 V (a-c) and 0,2 V (d-f) on
0.1 mol dm™ NaCl at 298 K.
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Electrochemical Impedance Spectroscopy (EIS)
EIS experimental data were collected for Sn, Sn37Sbe3, and Sn77Sbos coatings at 298
K in open circuit potential after 1 h of immersion in 0.1 mol dm NaCl. Figure 7 presents the

Nyquist diagrams obtained.

O Sn
A Sn,,Sb,,

O Sny,Sby,
Fitting

RS RCTZ

RCTI

o e

CPE,

Figure 7. (a)Nyquist diagrams of coatings in the 0.1 mol dm~ NaCl at 298 K. Empty symbols
indicate experimental results and filled symbols indicate the fitting values using the EEC model.
(b) shows an example of better visualization at high frequencies. EEC model used to explain

and fit the experimental EIS results.
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The EIS diagrams were obtained at open circuit potential after 1 h of immersion of
the samples in 1 mol L' NaCl. The potentials of —0.37 V, —0.30 V, and —0.24 V, determined by
OCP after 1 h, were applied to Sn, Sn77Sbz3, and Sn37Sbes, respectively, during the EIS
experiment. The evolution of open circuit potential values with immersion time is shown in
Figure S3.

Since the highest corrosion resistance is associated with the largest capacitive arc,
the results indicate a greater susceptibility to corrosion for the coating with a higher Sb content
(Sn37Sbe3) and a greater tendency towards corrosion resistance for the binary coating with a
higher Sn content (Sn77Sb23). A similar trend was observed in the study of potentiodynamic
polarization curves.

Sn77Sba; coating was analyzed during 24 h of immersion in 0.1 mol dm™ NaCl. The
data corresponding to immersion times of 1, 2, 4, and 24 h are presented in Figure 8. Nyquist
diagram profile showed no change from 4 h to 24 h. These results indicate an increase in

susceptibility to corrosion of the coating with an increase in immersion time.

12
104
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5 8-
G
-
\éﬁ 6 .
N Immersion time / h
[ 4 A1
L)
X 4
27 A 24
I Fitting
0 I T I T I T I

O 2 4 6 8 10 12
7./ kKQ cm’
Figure 8. Nyquist diagrams of Sn77Sbas in the 0.1 mol dm™ NaCl at 298 K in different
immersion times. Empty symbols indicate experimental results and filled symbols indicate the

fitting values using the EEC model.
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EIS data (Figure S4) reveal the presence of two-time constants regardless of the
analyzed coating. Analysis of the Nyquist diagrams shows capacitive time constants with
elongated characteristics, indicating the overlap of two-time constants. A first-time constant is
observed in the high to medium-frequency region, and the second-time constant is characterized
in the low-frequency region (below 0.1 Hz). A similar result was reported by Dias et al.>*

The X-ray diffraction (XRD) obtained after experiments in 0.1 mol dm—3 NaCl
reveal the formation of oxides as corrosion products. This result allows for the association of
the two-time constants with the oxides/electrolyte interface and the coating/oxides interface.
The corrosion product layer’s resistance and capacitance are linked to the time constants at a
high frequency region. The capacitance and resistance of the electrical double layer between
the interface of corrosion products and coating are linked to the time constants at a low
frequency region.

Taking into consideration the coating surface characteristics and the formation of
oxides, the proposed model (Insert of Figure. 7b) comprises the solution resistance, Rs, in series
with two parallel elements: charge-transfer resistance (Rct) and constant phase element (CPE).
The first-time constant (Rcri-CPE1) couple corresponds to the oxides/electrolyte interface,
while the second-time constant (Rct2-CPE») couple, characterized in the low-frequency region,
is associated with the coating/oxides interface. This configuration aligns with observations from
other studies of Sn-based coatings in the literature.>***! The CPE is essential as it accounts for
the distribution of relaxation times arising from physical, chemical, or geometrical
inhomogeneity.*>*

Equation (4) describes the CPE impedance (Zcpg), which is characterized by a

non-ideal double-layer capacitance.

|
Zcpg= YoGoe 4)

Where j is an imaginary number, ® is the angular frequency of sinusoidal
perturbation, and Y, is the capacity parameter that considers the combination of properties
related to the surface and electrochemical species and proportional to the electroactive area.*’
The parameter a is the dimensionless non-linearity coefficient that ranges between 0 and 1. A
value of 1 corresponds to an ideal capacitor, 0 corresponds to a resistor, and 0.5 can be
associated with diffusion phenomena. Additionally, a value of —1, indicating inductive

behavior.***
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The quality of the fit was assessed using chi-squared values, which ranged of 10~*
to 107°.Considering fitting criteria such as the "number of model parameters" and "Chi-square
values",*®, the NOVA software version 2.1.5 was utilized to develop the electric equivalent
circuit (EEC) model and determine the values of its components, resulting in a very good
approximation to the experimental data. EEC parameter values obtained by modeling the
experimental data of Sn, Sn37Sbe3, and Sn77Sboz coatings after 1 h of immersion are presented
in Table 4. EEC parameter values for the Sn77Sb23 coating, analyzed for 24 h of immersion, are

presented in Figure 8.

Table 4. Parameters obtained by fitting the experimental result of the EIS on the different
coatings using the EEC model.

_ Rs Reri Yo Rem Yo2
Coating oLl o2
Qcm?>  kQcm?  pFs®Dcem? kQcm?  puF s@Y cm?
Sn 89 1.15 55.2 0.85 12.5 1.32 0.95
Sn77Sb2s 76 10.5 538.9 0.88 7.43 422.2 0.85
Sn37Sbss 93 1.46 2744.4 0.71 2.7 515.0 0.45

Figure 9 illustrates a decrease in Rct2 with increasing immersion time. This trend
may be attributed to the release of Sn>* ions into the solution, which reduces the corrosion
resistance of the coating. A slight increase in Rct1 value accompanies this decline in resistance.
The action of the chloride ion results in the dissolution of the coating's passivation film to some
extent. Concurrently the passivation film is repaired due to the coating’s corrosive processes.
This behavior corroborates the values of the first-time constant (Rcti-CPE1) couple, as they
exhibited little variation with immersion time. For SnSb electrodeposited alloys (Figures 211
and 2I1I), the SEM images reveal that the electrodeposited coating is granular, and it is possible
to observe the occurrence of smaller hexagonal and circular grains in the presence of Sb, making

the coatings more homogeneous and with a larger surface area.
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Figure 9. Relationship between parameters obtained from the EIS result of Sn77Sb»; in the 0.1

mol dm~ NaCl at 298 K across different immersion times.

This result aligns with the capacity parameter (Y,) observed in the Sn37Sbes; and
Sn77Sbas coatings, as they exhibited higher values. The a values obtained for the Sn37Sbes and
Sn77Sbas coatings after 1 h of immersion in 0.1 mol dm= NaCl support diffusion phenomena,
with values close to 0.5. The diffusion phenomena observed at low frequencies suggest rapid
coating corrosion, likely due to the inadequate formation of an efficient protective film. Rer

values for the Sn and Sn77Sba; coatings were 12.6 kQ cm? and 10.4 kQ cm?, respectively, while
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the Sn37Sbes coating exhibited the lowest value at 2.7 kQ cm?. Consistent with the polarization
curves, the results obtained from EIS suggest a correlation between corrosion resistance and
the percentage of Sn, indicating an increase in corrosion resistance increases with higher Sn
content.

The XRD data reveals a single Sn matrix, with Sb appearing in intermetallic forms
such as SnSb dispersed within the Sn matrix. The proportion of intermetallics increases with
Sb content, potentially forming multiple galvanic couples that can affect the resulting corrosion
resistance. #4647

The formation of Sn-based oxides and hydroxides has been extensively reviewed
in the literature. Kapusta and Hackerman®® elucidate the pathways leading to the formation of

Sn(OH)> and SnO, corresponding to reactions 5 and 6, respectively. The redox potentials of

these half-reactions exhibit proximate values and are contingent upon pH variations.*’

Sngg) +20H™ (4q) = Sn(OH), ) + 2¢” (5)
Sn(s) + 2OH_(aq) = SnO(S) + HZO(I) + 2e” (6)

Since Sn(OH), can be considered as an H>O-containing SnO. Dehydration of
Sn(OH), can indeed produce result in the production of SnO, as indicated by equation 7.3+
This transformation occurs specifically when the Sn-based surface is exposed to a dry
atmosphere.’® However, the experimental conditions in the present study do not involve a dry
atmosphere. The formation of SnO, validated by the XRD spectrum presented in Figure 5, is

attributed to reaction 7.

SD(OH)Z(S) — SHO(S) + HZO(l) (7)

The literature suggests the formation of Sn(OH)4 and SnO> according to equations
8 and 9, respectively.>*¥*-*> However, these compounds were not observed in the XRD spectrum
provided in Figure 5. Kapusta and Hackerman®® indicate that these reactions exhibit slow

kinetics, and an increase in the anodic potential may promote the formation of these compounds.

SnO() +20H o) = Sn(OH)y(y +2¢7  (8)
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Sn(OH)4(S) +20H" (aq) — Snoz(s) + 2H20(1) (9)

The experimental investigation conducted in 0.1 mol dm= NaCl was performed
under open circuit potential conditions. The absence of Sn(OH)4 and SnO; as corrosion products

on the Sn77Sbos coatings can be attributed to this specific experimental setup.
CONCLUSIONS

SEM and EDS analyses demonstrated that the electrodeposits' morphology
exhibited a uniform distribution of dendritic clusters, and the occurrence of grains with different
sizes was evident with increasing Sb content (63%). Characterization by XRD revealed the
presence of crystalline phases of Sn, Sb, SbSn and intermetallic phases Cu2Sb, CusSns and
Cue(Sn,Sb)s. Polarization tests in 0.1 mol L~! NaCl medium determined R, values equal to
4597, 14692 and 1805 kQ cm 2. Immersion tests were carried out for 24 h and 48 h, and it was
observed that the morphology of Sn77Sb; did not change with the immersion time. XRD
analyses for the coatings showed the presence of SnO, SnSb and Sb,Os for both immersion
times. When polarizing the coatings in NaCl for 1 h, SnO,, SnSb and SnO phases were observed
for —0.1 V and SnO, CuxO, Sb>03, SnSb, Sb,0s for 0.2 V. By EIS, the Rcri values for the Sn,
Sn77Sbas and Sn37Sbe; coatings were 1.15; 10.5 and 1.46 kQ cm?, respectively. Rerz values were
12.5; 7.43 and 2.7 kQ cm?. Consistent with the R, values, the results suggested a correlation
between corrosion resistance and the percentage of Sb, indicating increased corrosion resistance

for Sn77Sbss.
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Supplementary Material

Electrochemical corrosion evaluation of SnSb electrodeposited coatings
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Figure S2. SEM images for Sn37Sbe; coating for (a) 24 h and (b) 48 h of immersion tests, both
treated with ImageJ.
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4 CONCLUSOES

Portanto, neste trabalho o solvente eutético formado pela mistura de cloreto de
colina e etilenoglicol foi empregada com sucesso para os dois manuscritos desenvolvidos.

No primeiro manuscrito, o solvente eutético na auséncia e presenca de agua foi
utilizada com sucesso para eletrodeposicdo de Sb na superficie de Pt a 297 K e 338 K sem a
necessidade de adicao de aditivos complexos. O voltamograma ciclico realizado no eletrodo de
Pt da solucdo eletrolitica contendo o Sb>* mostrou, na varredura direta, um pico catddico bem
definido correspondente a redugdo de Sb*>*/Sb. A analise SEM mostrou morfologias dendriticas
semelhantes para filmes de Sb obtidos com adicdo de agua a 297 K. Enquanto isso, foram
obtidas estruturas de folha para todos os filmes de Sb a 338 K. Finalmente, a caracterizag¢ao por
DRX revelou que os eletrodepdsitos de Sb apresentavam uma estrutura cristalina romboédrica
com fases puras para todas as amostras.

As simulagdes DFT para sistemas DES e SbCls sem H>O e com quantidades
variadas de moléculas de H>O favoreceram o sistema no aumento da afinidade eletronica. Além
disso, houve forte tendéncia de adi¢cao de H,O, causando diminui¢do da densidade eletronica
dos ions Sb** com os 4tomos em todos os sistemas estudados. Esses resultados indicaram uma
possivel explicagdo para a eletrodeposicao ser favorecida neste tipo de sistema na presenga de
moléculas de H>O. Por fim, as simula¢des computacionais quanticas indicaram que a interagao
Sb-Cl ¢ mais forte, o que sugere a formagao de complexos Sb-Cl e que a adigdo de moléculas
de 4agua favorece a afinidade eletronica dos sistemas, e os resultados do QTAIM sugeriram que
este aditivo diminuiu a densidade eletronica de fons Sb>".

No segundo manuscrito, conclui-se que os revestimentos de SnxSb-x)
eletrodepositados a partir de 1ChCl:2EG em cobre apresentam diferentes comportamentos de
corrosdo dependendo da composi¢io e do teor de Sb. A adicdo de Sb** aos revestimentos de Sn
resulta em uma modificagdo nas propriedades eletroquimicas, melhorando a resisténcia a
corrosdo, especialmente para as amostras com maior teor de Sn. O Sn77Sbas, por exemplo,
mostrou boa resisténcia a corrosdo, com uma regido passiva observada nas curvas de
polarizacgdo e valores elevados de resisténcia a polarizacdo (R,). Em contraste, o Sn37Sbes exibiu
uma dissolugao ativa no eletrdlito, indicando menor resisténcia a corrosao. As analises de DRX
confirmaram a formacao de fases SbSn, como CuxSb e CueSns, com a evolucao das fases
durante os testes de imersao, sugerindo que a composicao do revestimento afeta diretamente a
estabilidade das fases e sua resisténcia a corrosdo. Os testes de EIS corroboram a tendéncia de

que a presenca de Sb** melhora a resisténcia a corrosdo, particularmente nas amostras com
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maior conteido de Sn, como o Sn77Sbys. Esses resultados indicam que o controle da
concentragdo de Sb no revestimento pode ser uma estratégia eficaz para otimizar as

propriedades de resisténcia a corrosdo de revestimentos eletrodepositados de SnSb.
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Sn,Sb,_,, coatings were electrodeposited from 1ChCI:2EG on copper. The corrosion resistance of the electrodeposits was evaluated
in 0.1 mol dm™ of NaCl. The characterization was performed by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD). Voltammetric profiles showed that the electrodeposition potential shifted towards
less positive values with increasing Sb** concentration. SEM images revealed that the coatings exhibited grains and clusters.
EDS analyses showed that the Sb content increased with the Sb** concentration. XRD results indicated the formation of the SbSn
phases such as Cu,Sb, Cu,Sns, and Cu(Sn,Sb);. The potentiodynamic polarization (PP) curves showed that Sn and Sn,,Sb,; presented
a passive potential region, while Sn;,Sbg; had an active dissolution in the electrolyte. Immersion tests were performed for 24 h and
XRD results revealed Cu, Sn, SnO, SbSn and Sb,0, phases. Considering 48 h, Cu, CuSn, SnO, and SnSb phases were identified.
The polarization resistance values of 4.60, 14.69 and 1.81 kQ cm? were achieved for Sn, Sn,,Sb,,, and Sn,,Sby;,, respectively. The EIS
results suggested that adding Sb** improves corrosion resistance for SnSb samples with higher Sn content. For Sn,,Sb,;, the charge

Article

transfer resistance was 10.5 kQ cm?, for Sn and Sn,;Sby;, 1.15 and 1.46 kQ cm?, respectively.

Keywords: Sn,Sb,_, coatings; electrodeposition; deep eutectic solvent; corrosion.

INTRODUCTION

Currently, tin (Sn), antimony (Sb) and Sn Sb,_,, alloys are
promising materials for a variety of applications. These include
their use as alloys for welding,'? semiconductors,? thermoelectrics,*
anode materials for metal-ion batteries,* anticorrosive coatings®
and as electrocatalysts for electrochemical reduction of CO,.® The
electrodeposition technique, one of the several methods for preparing
these coatings, is particularly attractive for industrial practice. It offers
a low cost, easy handling, the ability to control the thickness of the
electrodeposited coating, and the capacity to obtain electrodeposited
layers on metallic substrates of different geometries and shapes.
Most importantly, the electrodeposits have excellent adherence to
the substrate.*!!

However, the electrodepositions of Sn and Sb present several
problems when carried out in an aqueous-based plating solution since
there is a known hydrolysis in a neutral solution that Sn?* undergoes
(Equation 1).!*!* This reaction leads to a formation of SnO, which is
unstable in an aqueous solution and brings other hydrolysis reactions
to form the SnO, (Equation 2). Finally, the Sb* cations can present
problems with solvating in water once their solubility can be improved
only by using strong acidic solutions (Equation 3).

Sn*, + H,0, = SnO, + 2H* (1)
SnO, + H,O) = SnO,,, + 2H* ) + 2€ (2)
Sb* ., + H,04 — SbO* ) + 2H" ) 3)

*e-mail: adriana@ufc.br
Associate Editor handled this article: Lucia Mascaro

In this context, deep eutectic solvents (DES) offer a promising
alternative for preparing electroplating solutions containing Sn** and
Sb** ions since, unlike the traditional aqueous electroplating solutions,
many chemical reactions that typically occur in water do not take place
in DES. These organic solvents often contain only a small percentage
of water, and consequently, the hydrolysis reactions involving Sn**
and Sb** ions, as mentioned earlier, are less likely to occur. Also, the
solubility of these metal salts is very high in these solvents as the
DES polarity can be tuned by choosing the appropriate components
to achieve polar or apolar behavior. In this context, SnCl, and
SbCl, are highly soluble in DES-based formulation, and, therefore,
electroplating solutions using these solvents can be prepared without
adding any complexing addictive to maintain the Sn** and Sb** ions
stable in the solution.

Nowadays, there is an increasing interest in developing ambiently
more sustainable processes, which means searching for new
processes and technologies that mitigate the environmental impacts
of traditional industrial processes. Since the beginning of the first
decade of the current century, DES have been investigated as an
environmentally friendly alternative to water plating solutions for the
electrodeposition of transition metals and their metallic alloys because
their ions are stable in these solvents. In addition, DES are widely
available, relatively inexpensive, biodegradable, and non-toxic'® and,
therefore, electrodeposited metallic layers can be achieved from these
solvents without the addition of complexing agents, which gives to
the electrodeposition of individual metal or metallic alloys in DES a
potential to become, in the future, an industrial electroplating process
associated to the sustainable development. Therefore, the interest
in the electrodeposition of metals and alloys from DES is rising, as
demonstrated in the literature review papers related to this subject,
which have already been published.!!® Furthermore, Abbott'® has
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used pilot projects for electroplating Ni, Fe and Zn to show that
plating solutions based on DES have real potential for application
in industrial practice.

Considering the deposition of Sn coatings in ethaline, Brandao e al."
used oxidized multi-walled carbon nanotubes (0x-MWCNT), pristine
multi-walled carbon nanotubes (P-MWCNT) and reduced graphene
oxide (rGO) over a metallic matrix using a glassy carbon electrode (GC)
for comparison. The cyclic voltammograms showed a reduction peak
around 0.6 V vs. Ag. The chronoamperometric analysis showed a
3D instantaneous process with diffusion-controlled growth. The Sn
coating presented a topography by atomic force microscopy (AFM)
showing round particles with different roughness in the function of
the carbon electrode: the GC along ox-MWCNT presented higher
values of roughness in comparison to P-MWCNT and rGO electrodes.
Concerning the electrodeposition of Sn alloys, Gao et al.”’ studied the
electrodeposition of Sn-Bi alloy coatings using ethaline with boric
acid at 90 °C over a Cu electrode. The morphology of the alloy varied
with the applied potential from a compact layer with small grain sizes
to an unevenly distributed large grain, which shows the effect of the
potential on the Sn-Bi alloy morphologies. Anicai et al.*' presented Snln
electrodeposition using reline on copper, whose coating had 10-65 wt.%
of In. The authors present that the In content in the electrodeposited
layer is inversely proportional to the applied current density. The
morphology showed irregular particles covering the substrate under
direct electrodeposition conditions at 3 mA cm™. Moreover, corrosion
electrochemical tests in 0.5 mol L' NaCl demonstrated that the
electrodeposited Snln coatings acted as an anticorrosion barrier. Lastly,
the authors performed a thermogravimetric analysis, which showed
that the electrodeposited coatings had a melting point of 400.7 K
(Sn:In 50:50%) and 391.8 K (Sn:In 48:52%), which justifies the Snln
use as a lead-free welding solder.

Presently, there are few reports in the literature related to the
electrodeposition of SnSb alloys from DES. For instance, Su ef al.”
successfully electrochemically prepared submicrometric SnSb alloy
powders on a titanium substrate in DES medium formed by choline
chloride-ethylene glycol (ChCI-EG, 1:2 molar ratio) containing
0.2 mol dm SbCl; and 0.2 mol dm™ SnCl, at 343 K. These authors
showed that the applied electrodeposition potential had a significant
effect on the alloy composition, but little influence on the morphology.
Ma and Prieto® reported that the electrodeposition of pure phase
SnSb as alloy-type anode material exhibits high stability for sodium-
ion batteries. These authors electrodeposited SnSb thins films from
ethylene (1:2 by weight ChCL:EG), and the electrochemical tests
demonstrated that independent of SnSb composition, the electrode
retained 95% of its initial capacity after 300 cycles at 0.5 A g'. This
concern arose from the inadequate disposal of Pb waste arising
from the manufacturing process and manufactured products.?*? The
interest in the welding process of SnSb alloys is due to their good
thermal fatigue resistance and high fracture strength properties, as
pointed out by Wang et al.! Furthermore, these authors investigated
the welding reliability of SnSb with different Sb contents on the Cu
substrate. Therefore, due to the outstanding properties of SnSb alloys
and the concern with the creation of a sustainable electroplating
process for these alloys, this work aimed to electrodeposited Sn,Sb,_,
alloys from a plating solution based on 1ChCI:2EG, without the
addition of complexing agents, and to evaluate the effect of Sb content
on the corrosion behavior of the Sn,Sb,_,, electrodeposited coatings.

EXPERIMENTAL
Chemicals and electrolyte preparation

All chemicals in this study were used as received without any
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further purification. The eutectic mixture was prepared by mixing
choline chloride (ChCl, Sigma-Aldrich®, > 99%) and ethylene glycol
(EG, Sigma-Aldrich®, > 99.8%) in a molar ratio 1:2 (1ChCI:2EG)
at 353 K until the formation of a colorless liquid. Next, anhydrous
salts of tin(II) chloride and antimony(III) chloride (SnCl, and SbCl,,
Sigma-Aldrich®, > 99%) were added to 1ChCl:2EG to form the
plating solutions. The compositions of all plating solutions are listed
in Table 1.

Table 1. Chemical composition of the plating solutions prepared by adding
SnCl, and SbCl, to 1ChC1:2EG solvent

Electrolyte composition

Bath
[Sn*]/ (10" mol dm™) [Sb*]/ (10 mol dm)
1 50 -
I 50 10
11 50 50

Voltammetric measurements

The voltammetric experiments were conducted on a potentiostat/
galvanostat model PGSTAT30 (Autolab, Metrohm-Eco Chemie)
connected to a computer, using NOVA® software version 2.1.4. To
investigate the electrochemical behavior of the Sn** and Sb** species
in solution and to electrodeposit the Sn,Sb,_,, coatings, a glass
electrochemical cell with a Teflon® 1id was used, which was coupled
to a thermostatic bath for temperature control under atmospheric
conditions. Before the obtention of the cyclic voltammograms,
the working electrode was sanded on SiC silicon carbide 600 grit
sandpaper, washed with Milli-Q water (18.2 MQ) cm), and dried with
airflow. Initially, to characterize the surface of the working electrode
in the 1ChCI:2EG mixture, cyclic voltammetry was obtained
between —0.4 and —1.5 V. Next, to evaluate the electrochemical
reduction of Sn** and Sb** species (baths I-III), linear sweep
voltammetries were performed in the electrochemical potential
range between —0.4 and —1.0 V. All voltammograms were recorded at
10 mV s and 353 K. Cu disc (geometric surface area of 0.023 cm?),
a Pt plate (with 1.5 cm?) and an Ag./AgCl, wire immersed in
1ChCI:2EG mixture, were used as the working, auxiliary and
reference electrodes, respectively.

Electrodeposition and characterization

All Sn,Sb,,_,, coatings were electrodeposited on Cu discs (geometric
area 0.18 cm?) to characterize the surface morphologies, chemical
compositions, and crystalline structures. The electrodeposits were
obtained under potentiostatic control at —0.55 V and 353 K, with electric
charge control to obtain coatings with a nominal thickness of 2 pm,
estimated from Faraday’s equation. The morphologies and chemical
compositions of the obtained coatings were analyzed by a field emission
gun-scanning electron microscopy (FEG-SEM, FEI-Quanta 450)
coupled to an energy-dispersive X-ray spectrometer (EDS, Oxford
Instruments INCA X-MAX). The particle size of electrodeposited
coatings was determined using the ImageJ-Fiji software.”® Finally,
X-ray diffraction (XRD) analyses were carried out using a Bruker
diffractometer, model D8 Advance, equipped with a LynxEye detector.
The measurements were made with a Cu tube, operating at 40 kV and
40 mA, arange of 20 to 100 degrees, with a step size of 0.02 degrees and
acounting time of 0.2 s step™. The experimental data was treated using
PANalytical® X’Pert HighScore Plus® software,” and the crystalline
phases were indexed using the crystallography PDF-22004 card files
from the Inorganic Crystal Structure Database (ICSD).
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Electrochemical corrosion tests

An electrochemical cell composed of three electrodes was used
for corrosion tests. Ag/AgCl/CI (saturated KCI) was used as the
reference electrode, a platinum foil of 1 cm? was the counter electrode,
and the Cu recovered with the Sn,Sb,_,, coatings was the working
electrode. Before each experiment, the open circuit potential (E,,) was
recorded as a function of time for 1 h. The potentiodynamic polarization
curves were obtained in 0.1 mol dm™ NaCl at 298 K and 0.5 mV s’!
and between —0.25 and +1.00 V around the E,,. All experiments were
performed in duplicate. After sample preparation, the morphologies
of the tested samples were evaluated after 24 and 48 h immersion in
a 0.1 mol dm™ NaCl solution. The effect of the potential applied in a
0.1 mol dm NaCl medium, —0.1 and 0.2V for 1 h was also evaluated.
A copper disc with a geometric area of 0.28 cm? was used for these
experiments. The electrochemical impedance spectroscopy results were
obtained in 0.1 mol dm? NaCl at 298 K, applying 0 V to the E,, in
the frequency range of 20 kHz to 6 mHz with a sinusoidal amplitude
of 12 mV. Twelve points were collected by frequency decade. The
validation of results considered Lissajous method.

RESULTS AND DISCUSSION
Electrochemical analyses

The insert in Figure 1 shows the cyclic voltammetry, at 353 K,
obtained from 1ChCIl:2EG on a copper surface in the potential range
between —0.4 and —1.5 V. In this potential range, there is an increase
in the cathodic current density at potential values from —1.2 V. This
process is associated with the reduction of ethylene glycol hydroxyl
groups, choline chloride cationic ions and traces of water.”
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Figure 1. Linear sweep voltammetry of the copper electrode in baths I, Il
and Il at 353 K and 10 mV s”'. The inset shows a cyclic profile obtained for
a copper electrode in 1ChCI:2EG mixture at 353 K and 10 mV s/

The electrochemical behaviors of Sn** and Sb** species were
investigated by linear sweep voltammetry using a Cu electrode
immersed in baths I-III, applying a potential range between
—0.4and-1.0V at 10 mV s and 353 K. The recorded voltammograms
are shown in Figure 1. For bath I (black line), a single well-defined
cathodic peak can be observed at —0.56 V, which is attributed to
the electrochemical reduction of Sn** to metallic Sn. A similar
voltammetric profile was reported®-! in a previous investigation for
the electrodeposition of Sn.

Since the Sb content increases in baths II and III (blue and red
lines), the voltammograms change regarding cathodic peak potential
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and total electrochemical charge. A similar system was used for
Sb electrodeposition in the literature,* but a Pt disc was used as
the working electrode. In this context, the peak potential of Sb**
reduction at 298 K was located before —0.4 V since this electrode
presents more electrochemical stability than the Cu substrate. Once
undesired electrochemical reactions occur before —-0.4 V in DES,
the voltammogram for bath III (red line) presents a so-called “semi-
peak” between —0.4 and —0.5 V due to the diffusion process of Sb*
reduction. The subsequent peak around —0.58 V is related to the Sn**
reduction, which was slightly shifted towards more negative potentials
than pure Sn?* bath I (black line). In bath II (blue line), having less
Sb** than bath III, the cathodic peak seen in bath IIT does not appear,
having the Sn** reduction process at —0.58 V. Although the hypothesis
of co-deposition of the Sn** and Sb** was reported in the literature.®

Morphology, composition, and structural results

The SEM images shown in Figure 2 present an evolution of the
grain structure from a cuboid-like in pure Sn to a pentagonal-like
structure in Sn,;Sbg;. In Figure 2a, it is possible to see the body-
centered tetragonal, once the cuboid structure is elongated in metallic
islets. When Sb is added, there is a transition in the structure, as
shown in Figure 2b, in which those islets do not appear due to the
rhombohedral structure of Sb, which modulates the alloy grain size.
Still, in this image, they are tiny alloy grains with pentagonal and
hexagonal shapes, which could be related to the atomic position
of the elements in the alloy that mixes both cuboid (from Sn) and
rhombohedral (from Sb) structures. This observation is clearer in
Figure 2c¢, which shows many pentagonal-like structures in the
SnSb and other regular shapes, such as trigonal and cuboid. With
the increase in the Sb content in the coatings, the thombohedral
structure is predominant, which causes those variations in the alloy
grains. Compared with the pure Sn image (Figure 2a), Figures 2b
and 2c exhibit a regular and compact layer, which is not seen in the
pure Sn image. The Sn islets are deposited over an Sn layer; the
electrodeposited Sn layer can be related to the voltammetric results
shown in Figure 1, which shows a small peak at circa —0.47 V.
Although the system is similar, having Sn** in ethaline using a
copper electrode, the Sn,,, — Sn,,, step was not observed within
the potential window of the copper electrode. Therefore, this Sn layer
before the bulk Sn deposition was observed in both voltammetric and
SEM experiments.

Furthermore, Figure 2a shows the grain clusters in pure Sn
deposits. When Sb** is added to the electrolytic solution (Figure 2b),
areduction in the average size to 1.05 um was observed, in addition
to a non-uniform overlayer.?> In Figure 2c, obtained from an
equimolar solution of Sn** and Sb*, grains with distinct shapes
(circular, pentagonal, and hexagonal) were observed, covering the
entire surface. This organization of the morphology was related to
the reduction in the average particle size (0.49 um), approximately
10 times smaller than the coating containing only Sn (Figure 2a).

Azpeitia et al.?® found a similar morphology for Sn
electrodeposition in 1ChCl:2U on a copper substrate at 343 K,
applying a potential of —0.75 V. The atom percentages of Sn and
Sb in each electrodeposited coating are displayed in Table 2. From
this table, it can be observed that increasing the concentration of
Sb** species in the plating solution composition led to an increase
in the Sb content in the coating and that the ratio between the Sb
and Sn content in the coatings is higher than this ratio in the plating
solution, indicating that under the used operational conditions, the
electrodeposition of Sn,Sb,_,, is classified as normal, based on the
comparative analysis of the ratio Sn?>*/Sb* in the bath and Sn/Sb in
the electrodeposited layer.
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Figure 2. SEM micrographs electrodeposit of Sn (a), Sn,,Sb,; (b) and
Sn;;Sby; (¢) onto Cu electrode —0.55 V at 353 K. Histograms of the particle
size of coatings

Table 2. Chemical composition of electrodeposited coatings from EDS results
and samples labelling

Film composition by EDS

Bath Film
Sn/at.% Sb / at.%

1 100 - Sn

I 77 23 Sny;Sb,,

111 37 63 Sny,;Sby,

X-ray diffraction analyses were performed to investigate the
effect of electrolytic bath composition on the crystal structure
of Sn,Sb,_,, coatings. Figure 3 shows the XRD patterns for the
electrodeposits of Sn, Sn,;Sb,; and Sn;,Sby; obtained on the Cu
surface from baths I, II and III, applying a potential of —0.55 V at
353 K. In all diffractograms in Figure 3, the peaks corresponding
to the Cu substrate are indexed at 20 = 43.2, 50.4, 74.0 and
89.9° with a crystal structure cubic (space group Fm-3m, 225,
ICDD 00-003-1005). For the diffractograms in Figures 3a-3b, a
pure Sn phase is indexed at 20 = 30.6, 31.9, 43.8, 44.8, 55.3, 62.5,
63.7, 64.5, 73.1 and 79.4°, referring to planes (200), (101), (220),
(211), (301), (112), (400), (321), (411) and (312), respectively,
with a tetragonal crystal system (space group [41/and, 141,
ICDD 03-065-0296). In addition, a diffraction peak of the
intermetallic phase CuSns; with a monoclinic crystal structure
(space group C2/c, 15, ICDD 00-045-1488) is indexed for the
diffractograms of Figures 3a-3b. The pure Sn and intermetallic
Cu,Sn, phases were also reported by Zhao et al.**

Additionally, for diffractograms of Figures 3b-3c, it was
observed that the presence of Sb* in the electrolytic baths II and III
favored the formation of the SnSb alloy, evidenced by the pure phase
SbSn, with a rhombohedral crystal system (space group R-3m, 166,
ICDD 00-033-0118).% Finally, for the diffractogram of Figure 3c,
phases referring to the intermetallic Cu,Sb and Cu¢(Sn, Sb);
were indexed, with tetragonal crystal structure (space group
P4/nmm, 129, ICDD 01-087-1176) and hexagonal crystal system
(space group P63/mmc E, 194, ICDD 00-49-1055), for Cu,Sb and
Cu,(Sn, Sb)s, respectively. The formation of these CuSn and CuSb
intermetallic phases is attributed to the metallic bonding between
the Cu atom on the surface of the Cu electrode and the first SnSb
electrodeposited layer on the Cu surface. Considering the different
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Figure 3. Diffraction patterns electrodeposit of Sn (a), Sn,,Sb,; (b) and
Sny,Sb; (¢) onto Cu electrode —0.55 'V at 353 K

phases and morphologies obtained in the coatings, a test was carried
out to evaluate the applicability of the coatings for corrosion.

Electrochemical corrosion tests

Potentiodynamic polarization (PP)

The potentiodynamic polarization curves obtained for the
Sn,Sb,,_,, coatings in 0.1 mol dm= NaCl are shown in Figure 4.
Initially, it can be noted that the corrosion potential (E,,) of the
Sn,Sb,_,, alloys slightly shift towards more positive values compared
to the Sn coating and with the Sb content in the electrodeposit. This
behavior is attributed to Sb being a nobler metal than Sn. However,
the E_,,, values for Sn and Sn,,Sb,;, shown in Table 3, were statistically
similar, considering the standard deviation at a 95% confidence
level. For the cathodic branches, the achieved current densities are
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Figure 4. The potentiodynamic polarization curves of different coatings in
0.1 mol dm?” NaCl at 298 K and 0.5 mV s
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Table 3. Electrochemical parameters for coatings Sn, Sn,,Sb,; and Sn;;Sbg;
in 0.1 mol dm™ NaCl obtained for Figure 4

Sample -E.,,/ mV R,/ (kQ cm?)
Sn 347 £ 55 4.60 +0.24
Sn,,Sb,, 348 + 41 14.69 +0.82
Sy, Sbys 299 + 70 1.81+0.31

R,;: polarization resistance; E,,,: corrosion potential.

related to the oxygen reduction reaction (ORR), which is the cathodic
reaction of the corrosion process in a neutral medium. For the anodic
branches, it can be noted that the PP anodic curves obtained for the
Snand Sn,Sb, , alloys are similar and characterized by two potential
regions. The first region is related to the current increase with applied
potential until it reaches a maximum current, attributed to the active
dissolution of both electrodeposited coatings. In contrast, the second
region is evidenced by the current plateaus, which are associated with
the formation of tin oxides (SnO or Sn0,)** and antimony oxides
(Sb,0; or Sb,0,) on the electrodeposited Sn,Sb,_,; coatings. These
oxides can act as a physical barrier against the corrosion of both
coatings. These results are in close agreement with those reported by
Dias et al.,’® who investigated the corrosion behavior of SnSb solder
alloys, varying the Sb content between 2 and 10 wt.%.

The corrosion resistance of the investigated samples was
evaluated by the polarization resistance (R,) derived from the PP
curves since the corrosion rate of a sample decreases with the increase
of the R, values. The R, values were calculated from the fitted slope
of the PP curves in the region of the E . (+ 10 mV), as shown in
Figure 1S (Supplementary Material). The obtained R values are also
displayed in Table 3. For Sn,Sb,_,, samples, a three-fold increase
and a two-and-a-half-fold decrease in the obtained R, values were
observed for Sn,,Sb,; and Sn,Sbg;,, respectively, compared to the Sn
coating. Therefore, the R, values indicate that the Sn;;Sb,; sample is
the most corrosion-resistant among the tested samples.

Figure 5 shows the SEM images and diffractograms for the Sn,
Sn,;Sb,;, and Sn,,Sbg; coatings after 24 and 48 h of immersion.

Analyzing these SEM images obtained for Sn after 24 and 48 h
in 0.1 mol dm™ NaCl solution (Figures 5a and 5d, respectively), it is
observed that there is a reduction in the number of grains observed at
48 h, compared to 24 h, where it was possible to observe vacancies
in the coating for the longest exposure time. For the SEM images
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of Sn,,Sb,; coatings (Figures 5b and 5e), no significant modification
was observed on the surface of this sample. The Sn,;Sbg; coatings
(Figures 5c and 5f) presented a dendritic morphology resembling pine
trees*>8 with size of approximately 0.022 pm for 24 h and 0.19 um
for 48 h, demonstrated in Figure 2S (Supplementary Material).

The analysis of XRD data achieved for the Sn Sb,_,) samples
immersed in 0.1 mol dm™ NaCl solution for 24 h, allowed the
identification of five distinct crystalline phases: Cu, Sn, SnO, SbSn
and Sb,0,. Characteristic peaks of the SnSb phase are also observed in
the corresponding X-ray diffractograms of both Sn,;Sb,; and Sn;,Sby;,
samples after 24 h of immersion. Considering 48 h of immersion, the
analysis of XRD data allowed for the identification of four distinct
crystalline phases: Cu, CuSn, SnO, and SnSb. Characteristic peaks of
the SnSb phase were observed in both Sn,;Sb,, and Sn,,Sb,; materials
for 48 h of immersion. Identifiable peaks related to the SnO phase
were observed in both samples mentioned, and identifiable peaks
related to the Sb,0, phases were found only in the Sn;,Sby; material.
Analyzing the SnSb polarization curves and the XRD analysis of the
samples after immersion (Figures 4 and 5) showed that the formation
of Sn and Sb oxides occurred in all coatings. For Sn and Sn,,Sb,;,
the first level appeared due to the high Sn content. For the Sn,,Sbg;,
coating, the first level referring to Sn did not appear because all the
Sn present in the coating was used to combine with Sb. In this last
league, Sb is in excess (63%).

For the coatings, Figure 4 shows at potential with values close
to —0.1 V, a maximum current density, and stability in the current
density values at 0.2 V. Polarization tests were conducted by applying
the mentioned potential for 1 h to evaluate the influence of the
potential applied to the Sn and SnSb coatings. Figure 6 shows the
SEM images and diffractograms for the Sn, Sn,;Sb,,, and Sn;,Sby;,
coatings, obtained by polarizing the electrode for 1 h, at —0.1 and
0.2 V.At-0.1 V, Figures 6a-6c¢, the analysis of XRD data allowed for
identifying five distinct crystalline phases: Cu, CuSn, SnO, SnO, and
SnSb. Characteristic peaks of the SnSb phase were observed in the
Sn,;Sb,; and Sny;Sbg;, coatings at —0.1 V, confirming the formation of
the SnSb alloy. Identifiable peaks referring to the SnO phases were
observed in the two samples mentioned. Figures 6d-6f shows the
SEM images and diffractograms for the Sn, Sn,;Sb,,, and Sn,;Sbg;,
coatings obtained by polarizing the coating at 0.2 V for 1 h. Therefore,
the analysis of XRD data allowed for identifying eight distinct
crystalline phases: Cu, Cu,O, Cu,;Sn, SnO, SbSn, SnSb, Sb,0, and
SbO,. Characteristic peaks of the SnSb phase were observed in the
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Figure 5. SEM images and DRX results for Sn (a-d), Sn,,Sb,; (b-e) and Sn,Sby; (c-f) at different immersion times (24 and 48 h) in 0.1 mol dm™ NaCl at 298 K



6 Alcanfor et al. Quim. Nova
Bath 0.1V 0.2V
I
Sn L J
*
*
A ll i j i
= g% o« C
Z 2
3 e
Sny;Sby; g ‘E z
5 a m o« g 2 L
E S 2 8 8 =
K] Ak aa o k=] A o
O R o )
s *Cu  #SbSn
B X Cup0 OSusb
B0 € CuzSn * Sby03
# * SnOy oSn0  +SbOy
Sn,-Sb, 4 SnSb g g 8 =
S O ENalpealt st tiliae
R N R ) e O O o i
10 pum 30 40 50 60 70 80 90 100 10 pum 30 40 50 60 70 80 90 100
260 / degree 20/ degree

Figure 6. SEM images and DRX results for Sn (a-d), Sn,,Sb,; (b-e) and Sn;,Sbg; (c-f) after 1 h at polarization on —0,1V (a-c) and 0,2 V (d-f) in 0.1 mol dm™ NaCl

at 298 K

Sn,;Sb,; and Sn;,Sbg; coatings. Identifiable peaks related to the SbO,
and Sb,0, phases were also detected. For the coatings containing only
Sn (Figures 6a and 6d), it was observed that the negative potential
ended up removing the grains observed in Figure 5. In contrast, at
0.2V, a morphology like that obtained in Figure 5 was observed.

Electrochemical impedance spectroscopy (EIS)

EIS experimental data were collected for Sn, Sn;,Sbg;, and
Sn,;,Sb,; coatings at 298 K in open circuit potential after 1 h of
immersion in 0.1 mol dm™ NaCl. Figure 7 presents the Nyquist
diagrams obtained. The EIS diagrams were obtained at open circuit
potential after 1 h of immersion of the samples in 1 mol L' NaCl. The

a o s
(2) £8a,

O Sn,,Sh,
— Fitting

02 03 05
el KQ c0

“real

0 T T T T
0 1 2 3 4 5 6
2
Z ../ kQcm
CPE,

(b)

CPE,

Figure 7. (a) Nyquist diagrams of coatings in 0.1 mol dm™ NaCl at 298 K and
obtained after 1 h of immersion. Empty symbols indicate experimental results,
and the lines indicate the fitting values using the EEC model. (b) Shows an
example of better visualization at high frequencies. The EEC model was used
to explain and fit the experimental EIS results

potentials of —0.37,-0.30, and —0.24 V, determined by OCP after 1 h,
were applied to Sn, Sn,;Sb,,, and Sn,,Sby; during the EIS experiment.
The evolution of open circuit potential values with immersion time
is shown in Figure 3S (Supplementary Information).

Since the highest corrosion resistance is associated with the
largest capacitive arc, the EIS data indicate that, among the tested
samples, the one with the highest Sb content (Sn;;Sbg;) is more
susceptible to corroding in a neutral medium and that the binary
coating with a higher Sn content (Sn,,Sb,;) presents the greatest
corrosion resistance. These data corroborate the R, values displayed
in Table 3.

The Sn,;Sb,; coating was analyzed during 24 h of immersion in
0.1 mol dm™ NaCl. The data corresponding to immersion times of
1, 2, 4, and 24 h are presented in Figure 8. Nyquist diagram profile
showed no change from 4 to 24 h. A change in the impedance
diagrams is observed for the first four hours, indicating an increase
in susceptibility to corrosion of this coating in the first four hours.
For immersion time between 4 and 24 h, no significant changes in the
EIS diagrams are observed, suggesting that the corrosion resistance
of the Sn;;,Sb,; reaches a constant value with the immersion time,
which is attributed to the formation of SnO and Sb,0, on the coating
surface, acting as a barrier against the corrosion of the tested sample.
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Figure 8. Nyquist diagrams of Sn,,Sb,; in 0.1 mol dm” NaCl at 298 K in
different immersion times. Empty symbols indicate experimental results and

filled symbols indicate the fitting values using the EEC model
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EIS data (Figure 4S, Supplementary Material) reveal the presence
of two-time constants regardless of the analyzed coating. Analysis of
the Nyquist diagrams shows capacitive time constants with elongated
characteristics, indicating the overlap of two-time constants. A first-
time constant is observed in the high to medium-frequency region,
and the second-time constant is characterized in the low-frequency
region (below 0.1 Hz). A similar result was reported by Dias et al.*

The X-ray diffraction (XRD) obtained after experiments in
0.1 mol dm NaCl reveal the formation of oxides as corrosion
products. This result allows for the association of the two-time
constants with the oxides/electrolyte interface and the coating/oxides
interface. The resistance and capacitance of the corrosion product
layer are linked to the time constants in a high frequency region. The
capacitance and resistance of the electrical double layer between the
interface of corrosion products and coating are linked to the time
constants in a low frequency region.

Taking into consideration the coating surface characteristics and
the formation of oxides, the proposed model (Figure 7b) comprises
the solution resistance, Rg, in series with two parallel elements:
charge-transfer resistance (Rq;) and constant phase element (CPE).
The first-time constant (R,-CPE,) couple corresponds to the oxides/
electrolyte interface, while the second-time constant (R.p,-CPE,)
couple, characterized in the low-frequency region, is associated
with the coating/oxides interface. This configuration aligns with
observations from other studies of Sn-based coatings in the
literature.***! The CPE is essential as it accounts for the distribution
of relaxation times arising from physical, chemical, or geometrical
inhomogeneity.*>*

Equation 4 describes the CPE impedance (Zcpg), which is
characterized by a non-ideal double-layer capacitance.

Zepy = ;cx )
YO GO))

where j is an imaginary number, o is the angular frequency of
sinusoidal perturbation, and Y, is the capacity parameter that
considers the combination of properties related to the surface and
electrochemical species and proportional to the electroactive area.*’
The parameter o is the dimensionless non-linearity coefficient
that ranges between 0 and 1. A value of 1 corresponds to an ideal
capacitor, 0 corresponds to a resistor, and 0.5 can be associated
with diffusion phenomena. Additionally, a value of —1, indicating
inductive behavior.**4

The quality of the fit was assessed using chi-squared values,
which ranged of 10 to 10”°. Considering fitting criteria such as the
“number of model parameters” and “chi-square values”,* the NOVA
software version 2.1.5 was utilized to develop the electric equivalent
circuit (EEC) model and determine the values of its components,
resulting in a very good approximation to the experimental data. EEC
parameter values obtained by modeling the experimental data of Sn,
Sn;,Sbg,, and Sn,,Sb,; coatings after 1 h of immersion are presented
in Table 4. EEC parameter values for the Sn,,Sb,; coating, analyzed
for 24 h of immersion, are presented in Figure 8.

Figure 9 illustrates a decrease in R, with increasing immersion
time. This trend may be attributed to the release of Sn** ions into the
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solution, which reduces the corrosion resistance of the coating. A
slight increase in R, value accompanies this decline in resistance.
The action of the chloride ion results, to some extent, in the dissolution
of the passivation film of the coating. Concurrently the passivation
film is repaired due to the corrosive processes of the coating. This
behavior corroborates the values of the first-time constant (R¢p,-CPE))
couple, as they exhibited little variation with immersion time. For
SnSb electrodeposited alloys (Figures 2b and 2c¢), the SEM images
reveal that the electrodeposited coating is granular, and it is possible
to observe the occurrence of smaller hexagonal and circular grains
in the presence of Sb, making the coatings more homogeneous and
with a larger surface area.
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Figure 9. Relationship between parameters obtained from the EIS result
of Sn,,Sb,; in 0.1 mol dm? NaCl at 298 K across different immersion times

This result aligns with the capacity parameter (Y,) observed in
the Sn;;Sbg; and Sn,,Sb,; coatings, as they exhibited higher values.
The o values obtained for the Sny;Sbg; and Sn,,Sb,; coatings after
1 hof immersion in 0.1 mol dm= NaCl support diffusion phenomena,
with values close to 0.5. The diffusion phenomena observed at
low frequencies suggest rapid coating corrosion, likely due to the
inadequate formation of an efficient protective film. Ry, values for
the Sn and Sn,,Sb,, coatings were 12.6 and 10.4 kQ cm?, respectively,
while the Sn,;Sbg, coating exhibited the lowest value at 2.7 kQ cm?.
Consistent with the polarization curves, the results obtained from
EIS suggest a correlation between corrosion resistance and the
percentage of Sn, indicating an increase in corrosion resistance with
higher Sn content.

The XRD data reveals a single Sn matrix, with Sb appearing in
intermetallic forms such as SnSb dispersed within the Sn matrix. The
proportion of intermetallics increases with Sb content, potentially
forming multiple galvanic couples that can affect the resulting
corrosion resistance.4647

Table 4. Parameters obtained by fitting the experimental result of the EIS on the different coatings using the EEC model

Coating Ry / (Q cm?) Rer / (kQem?) Y, / (uF sV cm™) o, Rep / (kQem?) Y, / (UF s cm?) o,
Sn 16 1.15 55.2 0.85 12.5 1.32 0.95
Sn;,Sb,y 14 10.5 538.9 0.88 743 4222 0.85
Sny;Sbes 26 1.46 2744.4 0.71 27 515.0 0.45

Rg: solution resistance; Rq: charge-transfer resistance; Y,: capacity parameter; o: dimensionless non-linearity coefficient.
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The formation of Sn-based oxides and hydroxides has been
extensively reviewed in the literature. Kapusta and Hackerman*®
elucidate the pathways leading to the formation of Sn(OH), and
SnO, corresponding to Equations 5 and 6, respectively. The redox
potentials of these half-reactions exhibit proximate values and are
contingent upon pH variations.*

Sn, + 20H ,,, = Sn(OH),,, (5)
Sny, + 20H, = SnO,, + H,0,, + 2¢ 6)

Since Sn(OH), can be considered as an H,O-containing SnO.
Dehydration of Sn(OH), can indeed result in the production of SnO,
as indicated by Equation 7.%** This transformation occurs specifically
when the Sn-based surface is exposed to a dry atmosphere.™ However,
the experimental conditions in the present study do not involve a dry
atmosphere. The formation of SnO, validated by the XRD spectrum
presented in Figure 5, is attributed to reaction 7.

Sn(OH),,, — SnO, + H,0, (7)

The literature suggests the formation of Sn(OH), and SnO,
according to Equations 8 and 9, respectively.****%> However, these
compounds were not observed in the XRD spectrum provided in
Figure 5. Kapusta and Hackerman* indicate that these reactions
exhibit slow kinetics, and an increase in the anodic potential may
promote the formation of these compounds.

Sn0,,, + 20H, = Sn(OH),, + 2¢ ®)

Sn(OH),, + 20H,,) = SnO,, + 2H,0y, 9

The experimental investigation conducted in 0.1 mol dm NaCl
was performed under open circuit potential conditions. The absence
of Sn(OH), and SnO, as corrosion products on the Sn,,Sb,; coatings
can be attributed to this specific experimental setup.

CONCLUSIONS

SEM and EDS analyses demonstrated that the morphology of the
electrodeposits exhibited a uniform distribution of dendritic clusters,
and the occurrence of grains with different sizes was evident with
increasing Sb content (63%). Characterization by XRD revealed the
presence of crystalline phases of Sn, Sb, SbSn and intermetallic phases
Cu,Sb, Cu,Sn, and Cuy(Sn,Sb)s. Polarization tests in 0.1 mol L' NaCl
medium determined R, values equal to 4597, 14692 and 1805 kQ cm?.
Immersion tests were carried out for 24 and 48 h, and it was observed
that the morphology of Sn,,Sb,; did not change with the immersion
time. XRD analyses for the coatings showed the presence of SnO,
SnSb and Sb,0, for both immersion times. When polarizing the
coatings in NaCl for 1 h, SnO,, SnSb and SnO phases were observed
for —0.1 V and SnO, Cu,0, Sb,0;, SnSb, Sb,0, for 0.2 V. By EIS,
the R, values for the Sn, Sn,,Sb,; and Sn;,Sb, coatings were 1.15;
10.5 and 1.46 kQ cm?, respectively. R, values were 12.5; 7.43 and
2.7 k@ cm®. Consistent with the R, values, the results suggested a
correlation between corrosion resistance and the percentage of Sb,
indicating increased corrosion resistance for Sn,,Sb,;.

SUPPLEMENTARY MATERIAL

Complementary material for this work is available at
http://quimicanova.sbq.org.br/, as a PDF file, with free access.

Quim. Nova

ACKNOWLEDGMENTS

This study was financed in part by Coordenag@o de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES), Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq) and Fundacao
Cearense de Apoio ao Desenvolvimento Cientifico e Tecnoldgica
(FUNCAP). A. N. C. gratefully acknowledges the funding provided
by CNPq (proc. 305103/2022-9). P. L. N. thanks the financial support
received from CNPq (proc. 302825/2022-3). N. G. S. thanks CNPq
(proc. 141171/2021-9). A. A. C. A. thanks CAPES for her grants.
The authors thank the Central Analitica-UFC/CT-INFRA/MCTI-
SISANO/Pré-Equipamentos CAPES and Laboratério de Raios-X
(UFC) for their support.

REFERENCES

1. Wang, R. Y;; Yuan, Z. F;; Zhao, H. X.; Yang, X.; Hao, Y. H.; Trans.
Nonferrous Met. Soc. China 2023, 33, 1839. [Crossref]
2. Wang, X.; Zhang, L.; Li, M. L.; J. Mater. Sci.: Mater. Electron. 2022,
33, 2259. [Crossref]
3. Lakshmi, D.; Jayapandi, S.; Nalini, B.; Selvin, P. C.; Semicond. Sci.
Technol. 2020, 35, 045008. [Crossref]
4. Huang, H. H.; Fan, X.; Singh, D. J.; Zheng, W. T.; J. Mater. Chem. C
2019, 7, 10652. [Crossref]
5. Schneider, M.; Langklotz, U.; Korsten, O.; Gierth, U.; Mater. Corros.
2023, 74, 920. [Crossref]
6. Lucas, E. W. S.; Lima, F. H. B.; ChemElectroChem 2020, 7, 3733.
[Crossref]
7. Gamburg, Y. D.; Zangari, G.; Theory and Practice of Metal
Electrodeposition, 1* ed.; Springer: New York, 2011.
8. Li, A.; Bai, X.; Xie, Y.; Xia, P.; Bao, H.; He, M.; Zeng, X.; Yang, W.; Li,
X.; Chemosphere 2023, 336, 139097. [Crossref]
9. He, Z.; Yu, C.; Liu, J.; Miao, Z.; Wang, Y.; Coatings 2023, 13, 866.
[Crossref]
10. Liu, S.; Ma, L.; Zhen, C.; Li, D.; Wang, Y.; Jia, Q.; Guo, E;; Appl. Energy
2023, 352, 121997. [Crossref]
11. Schulze, M. C.; Belson, R. M.; Kraynak, L. A.; Prieto, A. L.; Energy
Storage Materials 2020, 25, 572. [Crossref]
12. Han, C.; Liu, Q.; Ivey, D. G.; Electrochim. Acta 2008, 53, 8332.
[Crossref]
13. Huang, F. F;; Huang, M. L.; J. Electrochem. Soc. 2018, 165, D152.
[Crossref]
14. Hashimoto, H.; Nishimura, T.; Umetsu, Y.; Mater. Trans. 2003, 44, 1624.
[Crossref]
15. Smith, E. L.; Abbott, A. P.; Ryder, K. S.; Chem. Rev. 2014, 114, 11060.
[Crossref]
16. Endres, F.; Abbott, A.; Macfarlane, D. R.; Electrodeposition from lonic
Liquids, 2" ed.; John Wiley & Sons: New Jersey, 2017.
17. Chu, Q.; Wu, A.; Tan, T.; Guo, H.; Xiong, P.; Huang, S.; He, Y.; Appl.
Surf. Sci. 2021, 550, 149322. [Crossref]
18. Abbott, A. P.; Curr. Opin. Green Sustainable Chem. 2022, 36, 100649.
[Crossref]
19. Brandio, A. T. S. C.; Anicai, L.; Lazar, O. A.; Rosoiu, S.; Pantazi, A.;
Costa, R.; Enachescu, M.; Pereira, C. M.; Silva, A. E.; Coatings 2019,
9, 798. [Crossref]
20. Gao, Y.; Hu, W.; Gao, X.; Duan, B.; Surf. Eng. 2014, 30, 59.
[Crossref]
21. Anicai, L.; Petica, A.; Costovici, S.; Moise, C.; Brincoveanu, O.; Visan,
T.; Coatings 2019, 9, 800. [Crossref]
22. Su, Z.; Xu, C.; Hua, Y.; Li, J.; Ru, J.; Wang, M.; Xiong, L.; Zhang, Y.;
Int. J. Electrochem. Sci. 2016, 5, 3325. [Crossref]
23. Ma, J.; Prieto, A. L.; Chem. Commun. (London) 2019, 55, 6938.
[Crossref]



Vol. 48, No. 3

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Abtew, M.; Selvaduray, G.; Materials Science and Engineering: R:
Reports 2000, 27, 95. [Crossref]

Cheng, S.; Huang, C. M.; Pecht, M.; Microelectron. Reliab. 2017, 75,
77. [Crossref]

Rasband, W.; ImageJ, version 0.4.0; National Institutes of Health, USA,
2021.

HighScore Plus, version 5.2; PANalytical B.V., Almelo, Netherlands,
2021.

Vieira, L.; Schennach, R.; Gollas, B.; Electrochim. Acta 2016, 197, 344.
[Crossref]

Rosoiu, P. S.; Costovici, S.; Moise, C.; Petica, A.; Anicai, L.; Visan, T.;
Enachescu, M.; Electrochim. Acta 2021, 398, 139339. [Crossref]
Sousa, N. G.; Oliveira, R. V.; Alcanfor, A. A. C.; Feitosa, F. X.;
de Sant’Ana, H. B.; Schwarzacher, W.; de Lima Neto, P.; Monteiro, N.
K. V.; Correia, A. N.; J. Mol. Lig. 2024, 390, 122973. [Crossref]
Anicai, L.; Petica, A.; Costovici, S.; Prioteasa, P.; Visan, T.; Electrochim.
Acta 2013, 114, 868. [Crossref]

Alcanfor, A. A. C.; da Silva, L. P.; de Oliveira, R. C.; Paulo, G. A.;
Sousa, C. P;; Campos, O. S.; Dias, D. F; Feitosa F. X.; de Sant’Ana,
H. B.; Monteiro, N. K.V.; Correia, A. N.; de Lima Neto, P.; J. Mol. Lig.
2024, 399, 124416. [Crossref]

Azpeitia, L. A.; Gervasi, C. A.; Bolzin, A. E.; J. Electroanal. Chem.
2023, 944, 117637. [Crossref]

Zhao, J.; Sun, K.; Liang, G.; Xu, C.; Zhao, J.; Xue, F.; Zhou, J.; J. Mater.
Res. Technol. 2021, 15, 6726. [Crossref]

Park, M. S.; Needham, S. A.; Wang, G. X.; Kang, Y. M.; Park, J. S.; Dou,
S. X.; Liu, H. K.; Chem. Mater. 2007, 19, 2406. [Crossref]

Dias, M.; Verissimo, N. C.; Regone, N. N.; Freitas, E. S.; Cheung, N.;
Garcia, A.; Corros. Eng., Sci. Technol. 2021, 56, 11. [Crossref]

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.
48.

49.

50.

Electrochemical corrosion evaluation of SnSb electrodeposited coatings 9

Shen, H. M.; Han, X. Y.; Zheng, X. M.; Muniyandi, B.; Wang, J. K.;
Kang, Q. L.; Chen, M. G.; Wu, Q.; Zhang, P.Y.; Electrochim. Acta 2023,
438, 141529. [Crossref]

Bu, J.; Ru, J.; Wang, Z.; Hua, Y.; Xu, C.; Zhang, Y.; Wang, Y.; Adv.
Powder Technol. 2019, 30, 2859. [Crossref]

Liu, J.; Park, S.; Nagao, S.; Nogi, M.; Koga, H.; Ma, J.; Zhang, G.;
Suganuma, K.; Corros. Sci. 2015, 92, 263. [Crossref]

Liao, B.; Cen, H.; Chen, Z.; Guo, X.; Corros. Sci. 2018, 143, 347.
[Crossref]

Jaiswal, D.; Kumar, S.; Behera, C. K.; Mater. Today Commun. 2022, 33,
104627. [Crossref]

Losiewicz, B.; Budniok, A.; Rowinski, E.; Lagiewka, E.; Lasia, A.; Int.
J. Hydrogen Energy 2004, 29, 145. [Crossref]

Kramer, M.; Tomkiewicz, M.; J. Electrochem. Soc. 1984, 131, 1283.
[Crossref]

Hukovi¢, M. M.; Babi¢, R.; Corros. Sci. 2007, 49, 3570. [Crossref]
Burashnikova, M. M.; Kazarinov, I. A.; Zotova, 1. V.; J. Power Sources
2012, 207, 19. [Crossref]

Yan, Q.; Zhang, H.; Man, C.; Pang, K.; Wang, X.; Cui, Z.; Cui, H,;
J. Mater. Eng. Perform. 2023, 33, 11494. [Crossref]

Zhang, Q.; Li, Q.; Chen, X.; RSC Adv. 2021, 11, 1332. [Crossref]
Kapusta, S. D.; Hackerman, N.; Electrochim. Acta 1980, 25, 1625.
[Crossref]

Pourbaix, M.; Atlas of Electrochemical in Aqueous Solutions, 1% ed.;
National Association of Corrosion Engineers: Ann Arbor, 1974.

Yan, Z.; Xian, A. Ping.; Metall. Mater. Trans. A 2013, 44, 1462.
[Crossref]

This is an open-access article distributed under the terms of the Creative Commons Attribution License.



108

ANEXO B - MANUSCRITO 2



Journal of Molecular Liquids 399 (2024) 124416

Contents lists available at ScienceDirect

Journal of Molecular Liquids

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

ELSEVIER

Check for

On the role of water in antimony electrodeposition from choline chloride/ &

ethylene glycol/water mixture

Ana Aline C. Alcanfor?, Leonardo P. da Silva®, Raissa C. de Oliveira®, Gabrielle A. Paulo?,
Camila P. Sousa®, Othon S. Campos ", Diego F. Dias®, Filipe X. Feitosa ¢,

Hosiberto B. de Sant’Ana‘, Norberto K.V. Monteiro °, Adriana N. Correia® , Pedro de Lima-
Neto *

@ Departamento de Quimica Andlitica e Fisico-Quimica, Centro de Ciencias, Universidade Federal do Ceard, Campus do Pici, 60440-900, Fortaleza, CE, Brazil

b Departamento de Quimica e Fisica, Centro de Ciencias Exatas, Naturais e da Satide, Universidade Federal do Espirito Santo, Campus de Alegre, 29500-000, Alegre, ES,
Bragzil

¢ Programa de Pés-Graduagao em Fisica, Centro de Ciéncias, Universidade Federal do Ceard, Campus do Pici, 60440-900, Fortaleza, CE, Brazil

d Departamento de Engenharia Quimica, Centro de Tecnologia, Universidade Federal do Ceard, Campus do Pici, 60455-760, Fortaleza, CE, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Antimony electrodeposition
Deep eutectic solvent
Water content

DFT

QTAIM

Through experimental research and theoretical calculation, it was investigated the effect of water and temper-
ature on the electrodeposition of antimony (Sb) on a platinum (Pt) electrode. The plating solutions were prepared
by the addition of 0.05 mol L™! SbCls to the mixtures of choline chloride (ChCl), ethylene glycol (EG) and water
(W) in the following molar ratio: 1ChCl:2EG (bath 1), 1ChCl:2EG:0.45 W (bath 2), and 1ChCl:2EG:1.62 W (bath
3). Furthermore, the Sb coatings were electrodeposited at 297 and 338 K. The surface morphologies and crys-
talline structures of Sb electrodeposits were analysed by scanning electron microscopy (SEM) and X-ray
diffraction (XRD), respectively. In addition, to understand the interactions of Sb3* species with the other com-
ponents of the plating solution, models were created and calculated using density functional theory (DFT) and
quantum theory of atoms in molecules (QTAIM). The results of the voltammetric behaviour of Sb" species
indicated that the reduction potential was shifted towards more positive values with increasing water content on
the electrolyte, indicating that the water catalyses the electrochemical reduction of the Sb®" species. The values
of the diffusion coefficients for the Sb®* species were calculated by applying the Cottrell equation, which
increased with the addition of water and temperature increment. The water content and temperature increase
affect the surface morphologies of the Sb electrodeposited coatings, which is attributed to the improvement of Sb
electrodeposition rate. Moreover, Sb electrodeposited coatings were successfully obtained without adding a
complexing agent, indicating that the procedure adopted for the Sb electrodeposition is environmentally
friendly. The XRD results revealed the pure phase Sb films. DFT simulations indicated that the Sb-Cl interaction is
stronger, which suggests the formation of Sb-Cl complexes. Adding H,O molecules favours the electron affinity of
the systems, and QTAIM results suggested that this additive decreased the electron density of Sb®* ions.

1. Introduction employed methods to produce Sb coatings, and it stands out for being an

effective technique to produce coatings on a large scale, with low cost

Antimony (Sb) and Sb-based alloys are promising materials due to
the wide range of applications in modern technologies, such as semi-
conductors [1], thermoelectric [2], electrocatalysts for the CO, reduc-
tion reaction [3], and recently, increased interest has been given to the
development of anodic materials for rechargeable batteries, such as Li/
Na-ion batteries [4,5]. In general, electrodeposition is one of the most

* Corresponding author.
E-mail address: adriana@ufc.br (A.N. Correia).

https://doi.org/10.1016/j.molliq.2024.124416

and easy control of deposition parameters such as coating thickness and
coating composition.

The Sb electrodeposition is reported in aqueous baths, either in acid
electrolytes [6-10] as well in alkaline solutions [11,12]. However, one
of the disadvantages that aqueous solutions can present is a restricted
electrochemical potential range that can promote a competition on the
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surface of the working electrode between the hydrogen evolution re-
action (HER) and the electrodeposition of chemical species of interest
[13]. In addition, some metals require complexing agents in aqueous
electroplating solutions to facilitate deposition, but some conventional
complexing agents are not environmentally friendly, which can lead, in
an industrial practice, to a non-suitable wastewater discharge.

Other electrolytes have been employed to overcome the cited dis-
advantages of aqueous solutions, such as the ionic liquids used for the
electrodeposition of Sb and Sb alloys [14-17]. Among advantages, ionic
liquids have a wide electrochemical range, good salt solubility and high
conductivity. Additionally, the last two decades of the 21st Century saw
the increasing use of deep eutectic solvents (DES) as a solvent for the
formulation of electroplating solutions for electrodeposition of metals
and alloys [18]. In general, DES can be obtained by mixing a quaternary
ammonium salt with hydrogen bond donors in appropriate proportions.
In addition to offering advantages to ionic liquids, DES are easy to
prepare, biodegradable, non-toxic and environmentally friendly, which
is very attractive for market prospects. Furthermore, the real potential of
DES for the formulation of industrial commercial plating solutions has
been evaluated by pilot projects in the Abbott Group [19]. These authors
demonstrated that DES has the potential to become actual electrolytes
for the industrial electroplating process, with emphasis on the electro-
plating of Ni, Fe and Zn.

The electrodeposition of Sb from DES based on choline chloride has
been studied in mixtures with urea [20,21], oxalic acid [22] and
ethylene glycol [23-28]. Additionally, the effect of adding water to DES
has been investigated in recent years, especially in the electrodeposition
of metals and metal alloys [29-31]. Some researchers have demon-
strated that adding water promotes the electrodeposition process of the
species of interest and a significant reduction of viscosity in the plating
solution, thus producing improvements in electrodeposition processes
[32-34]. Furthermore, computational modeling studies have helped to
elucidate the influence of temperature and water addition on DES
properties [35-37].

Although the electrodeposition of Sb in eutectic solvent medium has
been studied, the effect of water addition to the medium has yet to be
reported. Thus, this work focuses on studying the effect of water addi-
tion and the temperature increase on the electrodeposition of Sb from
mixtures containing choline chloride and ethylene glycol in the absence
and presence of water. In the theoretical approach, Molecular Dynamics
(MD), Density Functional Theory (DFT) and Quantum Theory of Atoms
in Molecules (QTAIM) were used to analyse the behaviour of the DES
and SbCl; system with different amounts of H,O molecules to verify the
behaviour of the system without and with additive, analysing the results
on the electronic affinity of all systems, in addition to the strength of the
interactions, on the type of interactions (intramolecular or intermolec-
ular) of Sb3* ions.

2. Experimental
2.1. Chemicals and viscosity measurements

All chemicals were used without any further purification. The
eutectic mixture was prepared by mixing choline chloride (ChCl, Sigma-
Aldrich®, >99 %) and ethylene glycol (EG, Sigma-Aldrich®, >99.8 %)
in a molar ratio of 1:2 (1ChCl:2EG) and heated at 353 K until the for-
mation of a colourless liquid [38]. Then, a required amount of water,
treated by the Milli-Q system (18.2 MQ cm), was added to the
1ChCL:2EG to form solutions with a water molar ratio of 0.45
(1ChCL:2EG:0.45 W) and 1.62 (1ChCl:2EG:1.62 W). The plating solu-
tions were prepared by the addition of 0.05 mol/L of anhydrous anti-
mony (III) chloride (SbCls, Sigma-Aldrich®, > 99 %) in each one of the
prepared solvents: 1ChCl:2EG, 1ChCl:2EG:0.45 W and 1ChCl:2EG:1.62
W, to form the baths 1, 2, and 3, respectively. Finally, the viscosity (1) of
the electroplating solutions was measured at 297 and 338 K tempera-
tures using an Anton Paar® viscodensimeter model SVM-3000.
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2.2. Electrochemical measurements

All electrochemical experiments were carried out using a conven-
tional three-electrode electrochemical cell and carried out at 297 and
338 K. A potentiostat/galvanostat (Autolab PGSTAT30, Metrohm)
controlled by NOVA software version 2.1.4 were used for the acquisition
and analyses of the electrochemical data. Two Pt electrodes were used as
a working electrode for the electrochemical experiments. The first was a
disk electrode with a diameter of 0.5 mm (geometric surface area of
0.0019 cm?), which was used in the cyclic voltammetry and chro-
noamperometry measurements. The second was a foil, with 0.5 cm? of
geometric area, which was used to obtain the Sb electrodeposits under
potentiostatic control. Before each electrochemical experiment, the
working electrodes were sanded on SiC silicon carbide 600 grit sand-
paper, washed with Milli-Q water (18.2 MQ cm), and dried with airflow.
The auxiliary electrode was a Pt plate, with 1.0 cm?, and an Ag(s)/AgCl)
wire immersed in 1ChCl:2EG mixture was used as the reference elec-
trode. Using 25 mV s ! at 297 and 338 K, the cyclic voltammetry (CV)
results were achieved between + 0.6 and -1.5 V to characterize the
electrode surface in the choline chloride and ethylene glycol mixture in
the absence and presence of water, while the electrochemical reduction
of Sb>* species was assessed by scanning the potential between + 0.4
and -0.6 V. Chronoamperometric measurements were made to achieve
the diffusion coefficients (D) of the Sb®" species using Cottrell’s Equa-
tion. The current-time transient curves were obtained by applying 0.4 V
for 10 s, followed by a jump to -1.0 V for 60 s.

Lastly, the Sb electrodeposits were obtained by applying the values
of cathodic peak potentials derived from the cyclic voltammograms of
the Sb3" species in electrolytic solutions in the absence and presence of
water, such as -0.35 V; -0.33 Vand -0.30 V at 297 K, and -0.29 V; -0.27
Vand -0.24 V at 338 K, for the baths 1, 2 and 3, respectively. Finally, the
electrodeposition time was fixed in 1800 s, and Faraday’s Equation was
used to estimate the amount of Sb electrodeposited.

2.3. Morphological and structural characterization

The surface morphology of the Sb electrodeposits was characterized
by a field-emission scanning electron microscope (FEG-SEM FEI-Quanta
450). X-ray diffraction (XRD) analyses were conducted using a PAN-
alytical® diffractometer model X-Pert PRO with CoKa (A = 1.789 fo\)
radiation, operating at 40 kV and 40 mA in the range 10° to 100°. The
experimental data was treated using PANalytical® X'Pert HighScore
Plus® software, and the crystalline phases presented in diffractograms
were indexed in the crystallography PDF-22004 card files from the In-
ternational Centre for Diffraction Data (ICDD).

2.4. Computational simulations

To describe the system without water, one molecule of SbCls, two
molecules of EG and one molecule of ChCl were drawn. The number of
water molecules (X = 3, 5, 10 and 15) was gradually added to describe
the systems with water. To obtain the optimized geometries of the
studied systems, the software XTB version 6.5.0 [39] was used, and
molecular dynamics simulations were carried out, obtaining 2000 geo-
metric structures (frames). Finally, the Molclus software version 1.9.9.7
[40] was used to rank the energy of the 2000 structures, and the system
with the lowest energy was chosen for the geometries optimization at
the DFT level. The DFT calculations were carried out in PBE-D3BJ/Def2-
TZVP [39,41] and Def2/J auxiliary basis [42] in the ORCA 5.0.4 soft-
ware [43,44]. The calculation of the vertical electron affinity energy
(VEA) [45,46] in (Equation (1) was used to obtain a correlation between
the addition of water and the susceptibility of the system to the reception
of electrons, thus being associated with the reduction of antimony cation
(Sb®") and addition of H20. Finally, the relative VEA was calculated
(AVEA), where the reference value for energy is that of the system
without water (Equation (2).
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VEA = (Gnﬂutral) - (Gam'on) (€8}
AVEA = (VEAS)'-WW‘&) - (VEAS)‘51€I71XH20) (2)

In these equations, Gpeurq is the free energy of the uncharged system,
Ganion is the free energy of the system after adding an electron; VEAsysema
is the electron affinity of the system without water, and VEAgysemxm,0 is
the electron affinity of the system with-H>O molecules.

Bader’s “atoms in molecules” (AIM) theory, also referred to as the
“quantum theory of atoms in molecules” (QTAIM), is utilized to analyse
the electronic density [47]. The electron density gradient vector (Vp) is
obtained by calculating the first derivative of p is O for potential effective
electron density over all coordinates. A critical point (CP) is a point in
space where each derivative of Vp is zero (Vp = 0). The second de-
rivatives of electron density are used to differentiate critical points from
local minimums, local maximums, or saddle critical points. Four types of
stable critical points exist, all having three non-zero eigenvalues. Two
negative eigenvalues of the function’s Hessian matrix characterize a
second-order saddle point. The bond critical point (BCP), commonly
found between attractive atomic pairs in electron density analysis, has a
classification of (3,-1) [48]. The AIM data were obtained by the MUL-
TIWFN 3.8 software [49] and visualized by the VMD software [50].

3. Results and discussion
3.1. Electrochemical studies

Initially, the cyclic voltammograms (CVs), shown in Fig. S1 (Sup-
plementary Material), were achieved between + 0.6 and -1.5 V, at 25
mV s~! and 297 K (Fig. S1 (a)) and at 338 K (Fig. S1 (b)) to evaluate the
addition of water on the electrochemical range of the 1ChCl:2EG
mixture. In these CVs, it can be noted that any electron transfer reaction
is observed between + 0.6 and -0.8 V. For potentials more negative than
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than -0.8 V, the current density values, displayed in Fig. S1 (b), are
higher than those shown in Fig. S1 (a), which means the electrochemical
reduction rates of all chemical species increase with the temperature.
These results agree with previously reported works investigating the
electrochemical potential window onto Pt electrode on 1ChCl:2EG with
water additions [30,31].

The effect of water addition on the electrochemical behaviour of
Sb3* species on the Pt electrode was investigated by the CVs shown in
Fig. 1. The experiments were conducted at 25 mV s~ between + 0.4 and
—-0.6 V, at 297 K (Fig. 1(a)) and 338 K (Fig. 1(b)).

According to the results of Fig. 1(a-b), it is observed that all direct
scans (scanning towards more negative potentials) presented a cathodic
peak (c1), which is attributed to the reduction of the Sb3* to Sb. The
peak potentials are located at — 0.35 (bath 1), —0.33 (bath 2), and —
0.30 V (bath 3) at 297 K and — 0.29 (bath 1), —0.27 (bath 2), and — 0.24
V (bath 3) at 338 K, respectively. These results indicate that the water
addition in the plating solutions catalyses the electrochemical reduction
of the Sb" species, because, for both temperatures and in all plating
solutions, the Sb electrodeposition potential shifts towards more posi-
tive values with the increase in the water content in the plating solu-
tions. Furthermore, with increasing the water content from 0 up to 1.62
M ratio, the peak reduction potential c1 of Sb>* becomes less negative
from — 0.35 to — 0.30 V at 297 K and from — 0.29 to — 0.24 V at 338 K.
These results from Fig. 1(a-b) are listed in

Table 1. Also, the cathodic peak current densities (i,.) become
increasingly pronounced with a further increase in water content in the
electrolytic solution, which means that water improves the Sb electro-
deposition rate.

Table 1
Effect of water addition on the voltammetric profiles during the reduction of
Sb*/Sb on Pt electrode.

2

-0.8 V, there is an increase in cathodic current density with the addition T/K  Water molar ratio in Epc /V ipc / mA cm™ n/mPas
of water, which can be attributed to the reduction of hydroxyl groups of the plating solutions
EG, choline ions (Ch™) and water molecules [51]. An anodic process 297 0.00 -0.35 —2.086 43.198
around -0.2 V is present for all scans towards more positive values. This 045 -0.33 —2.438 32.841
i ibuted to th idation of water and groups of EG 1.62 030 —3.592 20.162
process is attributed to the oxi group. . 338 0.00 029 _4.054 11113
Therefore, these results indicate that the water and the solvent mole- 0.45 —0.27 _5.717 8.9119
cules are simultaneously electrochemical reduced at potentials more 1.62 —0.24 ~7.108 5.9378
negative than -0.8 V. Moreover, for applied potentials more negative
30 () 304 (b)
T=297K T=338K
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Fig. 1. Cyclic voltammograms obtained on Pt electrode in baths 1, 2 and 3 containing 0.05 mol L SbCl; at 297 K (a) and 338 K (b). All cyclic voltammograms were

obtained at 25 mV s~
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Moreover, Table 1 also displays the viscosity for all tested plating
solutions at both working temperatures. It can be noted in this table that
at each working temperature, the viscosity decreases with water addi-
tion, and consequently, this led to an increase in the plating solution
conductivity with the increase of the water content. This fact was
confirmed by the increase of the diffusion coefficient values of Sb®*
species (D) with the increase in the water content in each investigated
temperature, which is displayed in Table 2. The D values were obtained
from the experimental chronoamperometric curves, shown in Fig. S2.
According to the values listed in Table 2, the D values obtained in this
work increase with the addition of water, and the variation of 41 K
promotes an increase of one order of magnitude in the D values.
Moreover, the D values achieved in this work at 297 K are in the same
order of magnitude as those D values published in the literature for
eutectic solvents and ionic liquids. Besides that, for the electrolytic so-
lution with the addition of water and at 338 K, the D values present the
same order of magnitude as those reported in the literature for aqueous
solutions. Therefore, there is a good agreement between the D values
reported in this work and those already published in the literature. Thus,
the changes in the D values with water content result in higher ionic
mobility and, consequently, increase the electrochemical reduction rate
of the Sb>* species, which justifies the increase in the cathodic current
density values.

For the reverse scan, an anodic peak (al) is observed in all cyclic
voltammograms obtained at 297 K and 338 K. The al peak is ascribed to
the electrochemical oxidation process of Sb to Sb3* [23,25]. In addition,
despite the electrochemical behaviour of the Sb®" species being similar
in the absence and the presence of water, it can be noted that the al peak
is larger than the c1 peak, and it increases more than the c1 peak as the
water content increases. The explanation for the al peak being larger
and higher than the c1 peak is related to the fact that the total amount of
Sb electrodeposited on the Pt surface is the sum of the Sb mass elec-
trodeposited in the direct scan with the Sn mass electrodeposited in the
reverse scan between —0.6 V and the potential in which the electric
current becomes zero. Additionally, the Sb electrodeposition efficiencies
(€ed), which are shown in Table 3, were estimated by the ratio between
the electric charge related to electrochemical dissolution of Sb coating
(peak al, Qecq) and electrodeposition charge (Qe.), which was calculated
taking into consideration the electric charge related to the electro-
chemical reduction of Sb>* species to Sb in the direct scan summed with
that related to the formation of Sb coating in the reverse scan. The
Table 3 shows that the e.4 values are higher, varying from 91 % up to 95
%. Furthermore, the e.q values increase with the temperature and water
addition, and for each tested temperature, the e.q values improve with
the addition of water, which is explained by the increment in the ionic

Table 2

Comparison of diffusion coefficients of Sb>* obtained in this investigation with
those already reported in the literature for plating solutions based-formulated in
DES, ionic liquids and in water.

Reference D/cm?s7? System T/K
[91 1.051 x 107° H,S04-NH4F 298
[9] 2.120 x 107° H,S04-NH4F 318
[50] 3.76 x 10°° Citrate Bath 293
[13] 5.27 x 107° 6 M HCl 318
[14] 2.98 x 1077 EMI-CI-BF, 303
[15] 6.07 x 1077 [EMIm]BF4 298
[16] 1.23 x 1077 BMP-DCA 308
[51] 1.65 x 107° LiCl-KCl molten salt 673
[52] 2x1077 1ChCL:2U 353
[26] 4719 x 1077 1ChCL:2EG 333
[22] 8.86 x 107/ 1ChCL:2EG 343
In this work 1.79 x 1077 1ChCL:2EG 297
In this work 3.13 x 1077 1ChCl:2EG:0.45 W 297
In this work 4.76 x 1077 1ChCl:2EG:1.62 W 297
In this work 1.01 x 107 1ChCL:2EG 338
In this work 1.10 x 10°° 1ChCl:2EG:0.45 W 338
In this work 1.29 x 107° 1ChCl:2EG:1.62 W 338
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Table 3

Influences of water molar ratio and temperature on the electrodeposition effi-
ciency of Sb from choline chloride/ethylene glycol/water mixture. The data
listed in this table were derived from the cyclic voltammograms shown in Fig. 1.

T/K  Water malar ratio Qeca/ C Qec/ C €ea/ %
in
the plating
solutions
297 0.00 0.061 + 0.00141 0.067 + 0.00152 91
0.45 0.0735 + 0.0795 + 92
0.00212 0.00232
1.62 0.101 + 0.00283 0.107 + 0.00354 94
338 0.00 0.120 + 0.00111 0.130 + 0.00121 92
0.45 0.149 + 0.00151 0.160 + 0.00142 93
1.62 0.167 + 0.00212 0.175 + 0.00283 95

mobility related to the rise in the water content. Therefore, all these
results evidence that the addition of water catalyses the electrochemical
reduction of the Sb>" species to form the Sb electrodeposited coating.
Lastly, these results are in close agreement with research previously
reported in the literature about the influence of water content and
temperature for deep eutectic solvent-based electrochemical systems
[31,33,34,37].

It is known that the metal ions in DES can form complexes with
chloride ions and ethylene glycol. For instance, Hartley et al. [52]
investigated the speciation of 25 metal salts in four DES and five
imidazolium-based ionic liquids using the EXAFS technique. The authors
demonstrated that monovalent metal ions formed two complex species
in solution (MCly)~ and (MClg)Z’ complexes, while the divalent metal
ions (M%") formed the (MCl4)2’ complexes. Furthermore, these authors
also demonstrated that the addition of water did not affect the formation
of these complexes. In addition, Oelkers et al. also used the EXAFS
technique to identify the occurrence of Sb3+ species complexed with C1~
ions in highly concentrated HCI solution from 25 up to 250 °C and at
pressures corresponding to the liquid-vapor equilibrium curve for water
[53]. These authors pointed out that the stability of the SbCls [SbCl4] ™,
[SbClg13~ complexes increased with temperature. Besides that, the Po-
tential - pH diagram of the Sb-H2O system [54] shows that the [Sb
(OH)6]” and HSbOs, are the soluble complex species at pH 7. Therefore,
from this reports [54-56], it is suggested that the mechanism of the
electrochemical deposition of Sb is associated with the presence of these
Sb complex species in the 1ChCl:2EG:0.45 W and 1ChCl:2EG:1.62 W
plating solutions.

3.2. Morphological and structural characteristics of Sb films

Fig. 2 shows the SEM images of the antimony electrodeposits at 297
K (Fig. 2(a-c)) and 338 K (Fig. 2(d-f)) in the baths 1, 2 and 3. For the Sb
coating obtained at 297 K and without the addition of water, the surface
morphology is uniform without the presence of agglomerates (Fig. 2(a)).
For those obtained the in presence of water from baths 2 and 3 (Fig. 2(b)
and 2(c)), a dendrite-like morphologies can be observed. Additionally,
with increasing water content, dendritic structures predominate. In
contrast, for all electrodeposits obtained at 338 K, a hierarchical struc-
ture in sheets is observed, as shown in Fig. 3(d-f). For greater clarity of
the description of Sb sheets, it is given the magnification of the samples
obtained at 338 K in the Fig. S3 (Supplementary Material). The change
in the surface morphology of the Sb electrodeposited coatings change
with temperature and water content is attributed to the fact that the rate
of the mass transport of the Sb>* species from the solution to the elec-
trode surface becomes greater with the increases of the temperature and
water content, leading to an improvement in the kinetics of the Sb
electrodeposition. The Table 4 shows that the Q. and, consequently, the
Sb electrodeposited masses (meq) are increasing with the increases of
water content and temperature, which is experimental evidence that the
kinetics of the Sb electrodeposition became greater when the
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Fig. 2. SEM micrographs of Sb electrodeposits onto Pt electrode obtained at 297 K (a-c) and 338 K (d-f) in baths 1, 2 and 3 containing 0.05 mol L' SbCls, and under
potentiostatic control at (a) —0.35 V, (b) -0.33 V, (c¢) -0.30 V, (d) -0.29 V, (e) -0.27 V and at (f) -0.24 V for 1800 s.

temperature and water content are increased. Therefore, the change in
the surface morphology of the Sb electrodeposits with water and tem-
perature is attributed to the improvement in the electrodeposition rate
of the Sb electrodeposits related to the increase of both water and
temperature.

The X-ray diffraction was accomplished to investigate the effect of
water content and temperature on the crystalline structure of Sb films.
The Fig. 3(a-f) presents the diffraction patterns for the Sb electrodeposits
on the Pt surface obtained in baths 1, 2 and 3, at 297 and 338 K. For
diffractograms of Fig. 3(a-f), peaks referring to the Sb phase of the
rhombohedral crystal structure and space group (R-3mH, #166) at the
20 positions of 27.57°, 29.29°, 33.45°, 49.15°, 56.92°, 57.00°, 60.73°,
70.26°, 74.74°, 81.87°, 90.81°, 91.57° and 92.07° were indexed. Addi-
tionally, Pt peaks referring to the substrate with the face-centered cubic
crystal structure (FCC) and space group (Fm-3 m, #225) at the 26 po-
sitions of 46.57°, 54.29°, 80.32° and 98.26° were indexed. The phases of
Sb and Pt were identified according to the patterns of ICDD #01-085-
1323 and #01-087-0646 card files, respectively. No peaks resulting
from contaminations were identified. Fig. 3 shows the diffraction peaks
from metallic Sb phases. It can be observed that there is an increase in
the number of metallic Sb phases with the addition of water and an
increase in the bath temperature. This may suggest that Sb electrode-
position was favoured under these conditions.

3.3. Computational results

The molecular dynamics simulations were carried out using the XTB
software, and after ranking the energy of each frame, the frame with the
lowest energy was selected. The geometry was then optimized at the
DFT- PBE-D3BJ/Def2-TZVP level of theory for System (A) (0 Hy0);
System (B) (3 H20); System (C) (5 H30); System (D) (10 Hy0); and
System (E) (15 H20) as can be seen in Fig. 4. The simulations work using
the molecular dynamics approach tries to carry out its approach with the
most faithful numbers of atoms and molecules possible in a box of
nanometric dimensions, with numbers of atoms of approximately tens of
thousands of units, in a molecular dynamic simulation box [33,37,57].
The simulation of a system is limited and is generally chosen through a
relationship between precision and computational cost. An approach
involving Density Functional Theory (DFT), such as in the simulation
and prediction of material properties, as well as thermodynamic and
electronic properties, depending on the levels of approximation and
theory chosen, the maximum system size achieved is around 1000 atoms
[58]. Increasing the size of the system is impractical due to the high cost
associated with DFT (its computational cost is proportional to NZ).
Applying a real system in reduced quantities, keeping the proper pro-
portions of SbCls, ChCl, EG and H»0, the number of atoms in the system
is still around thousands of units. The configurations of the molecules
and their respective conformations were obtained using the XTB and
Molclus software, thus obtaining the best minimum energies for each
system, and starting from this minimum energy conformation, the DFT
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Fig. 3. X-ray diffraction pattern of Sb electrodeposits onto Pt electrode at 297 K
(a-c) and 338 K (d-f) in baths 1, 2 and 3 containing 0.05 mol L' SbCls, obtained
under potentiostatic control at (a) -0.35 V, (b) -0.33 V, (¢) -0.30 V, (d) -0.29 V,
(e) —-0.27 V and at (f) -0.24 V for 1800 s.

Table 4

Electrodeposition potential (Eqcp), electrodeposition charge (Qeq) and mass of
the electrodeposited Sb coating (meq4) at different temperatures and water con-
tents. The Sb electrodeposited mass values were, obtained from Faraday’s
Equation.

T/K Water malar ratio in Egep / V Qec / mC Meq / Mg
the plating solutions

297 0.00 - 0.35 2.98 +0.135 0.08 + 0.060
0.45 —0.33 3.89 £ 0.063 0.11 £+ 0.030
1.62 - 0.30 5.61 +0.013 0.15 + 0.006

338 0.00 - 0.29 34.89 + 0.190 0.94 + 0.080
0.45 -0.27 37.31 £ 0.120 1.00 + 0.050
1.62 —0.24 39.32 +£ 0.130 1.06 + 0.050

calculations were carried out. Therefore, the aim was to apply a meth-
odology that can describe a qualitative and approximate, but pioneer-
ing, result, applying a slight and gradual increase in the number of
waters in the system to obtain a correlation of the effect of water in deep
eutectic solvent (DES) for the Sb electrodeposition.

To represent each system’s electronic reception (reduction), 1, 2 and
3 electrons were added, referring to the reduction of Sb™ and their
respective energies were calculated at the DFT level. The difference
between the neutral system and the anion system gives us the electronic
affinity of the system (Equation (1). Table 5 provides the data obtained
for the VEA of the systems. Table 5 shows that the VEA of the systems
increases as the number of waters increases, so the trend is towards
adding 1, 2 and 3 electrons. Furthermore, Table 6 shows the AVEA
(Equation (2), where the system without water is taken as a reference.
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Therefore, the inclusion of quantities of water in DES systems favours
the electrodeposition of metals [33,35,59,60]. The model proposed by
computational methods suggests an increase in the electron receptivity
of the DES system with the addition of water due to the linear increase in
AVEA with the increase in water in the system, compared to the system
without water. The AVEA values for 1 electron are 14.50, 14.78, 22.25,
and 24.84 keal mol ™! for System B, C, D, and E, respectively (Table 6).
The trend is also observed for 2 and 3 electrons reduction. The tendency
for the electronic affinity of systems to increase with increasing water
content so that antimony can be favored for electronic reception it may
explain its contribution to adding water to favor the electrochemical
reduction process of Sb>*. In addition, the coefficient of determination
(R?) between AVEA and the number of water molecules added to the
systems is shown in Fig. 5. The R% = 0.822 represents a good correlation
between the increase in electron affinity and the increase in water
molecules in the systems studied.

QTAIM is a mathematical approach in computational chemistry that
aims to provide insights into the nature of chemical bonding and mo-
lecular properties. The central concept of QTAIM is using mathematical
functions to analyse the electron density in a molecule, which allows the
identification of critical points, such as bonding critical points, that
define the location of chemical bonds [61]. This study deals only with
the antimony cations (Sb+3) critical bond points (BCP). The analysis was
carried out using the parameters All-Electron density (p,), Laplacian of
the electron density (V2p,) and Energy density (Hb). If the V2p, and Hb
are less than zero, this indicates a strong covalent interaction between
the antimony and the molecules in the system (EG, ChCl and water). On
the other hand, if the values are more significant than zero, there is a
weak electrostatic interaction between them. Notably, the interaction
can be partially covalent when V2p, is more significant than zero, but H
is less than zero [62]. The QTAIM analysis indicates that in all systems
V2p, has a positive value and Hj has a negative value, indicating that the
BCP interactions of the molecules in the system (EG, ChCl and water)
around Sb®' are partially covalent. Moreover, the electron density
values (p,) of the chlorine BCPs (BCPs 1, 2 and 3) have higher p, values
(=7 x 1072a.u.) than the other interactions in BCPs 4, 5, 6 and 7
(~ 2 x 1072a.u.) (see Tables S1-S5 in the Supplementary Material), as
evidenced by the that the Sb-Cl bond lengths are closer than the others
(Fig. 4), and, consequently, the Sb-Cl interaction is the stronger which
suggest the formation of Sb-Cl bond. The SbCl3 complex has an experi-
mentally favourable formation constant, and possible bonds between EG
and H,0 with the SbCl3 complex can also be considered for the system
[63-65]. However, the gradual addition of Hy0 decreased the electronic
density with Sb3*, seen at 0.319 a.u. for System A (without H0), and
there is a downward trend until 0.311 a.u. for System E (15 H,O mol-
ecules) (see Tables S1-S5 in the Supplementary Material). Plotting the R?
between the number of water molecules added and the sum of the
electronic density (Xp,) shown in Fig. 6, we obtained a R? of 0.932,
indicating a very good correlation. In addition, after the addition of 3
water molecules, shown in Fig. 7, there is a substitution of the bonds of
the SbCl3 complex with EG, being replaced by bonds with Hy0, and just
as in the 10 H,O system, there is another substitution of EG for H,0, and
maintaining these bonds with 15 water molecules of Hy0.

The QTAIM results obtained in this study may corroborate the effi-
ciency of water in weakening the interaction of Sb>" ions with the Hy0
molecules in the system, thus facilitating its electrodeposition. This can
be associated with a more easily displacement of the Sb®" ions in the
solution to be deposited on the electrode surface, corroborating the
diffusion coefficient results. The idea of the QTAIM study is to associate
the mobility of Sb®" to electrodeposition, in which this lower electronic
density due to the higher number of H;O molecules would facilitate the
ionic mobility.

The NCI study was carried out to ascertain each system’s intermo-
lecular interactions. Comparing each system, initially in the system
without water (Fig. 8(a)), a greater amount of green isosurfaces was
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Fig. 4. Optimized geometries of the molecules of the system without H,O molecules (a), 3 H,O molecules (b), 5 H,O molecules (c), 10 HO molecules (d), and 15
H,0 molecules (e). Bond lengths are in Angstroms.

Table 5 30
Absolute VEA values (in kcal/mol) for adding 1, 2 and 3 electrons in the system .
without H,O molecules (A), 3 H,O molecules (B), 5 H,O molecules (C), 10 H,O P
molecules (D), and 15 H,O molecules (E). _ R4 ’ °
System VEAle VEA2 e VEA3 e 5 °.r
E 20 N . s
A —-18.77 —109.44 —236.56 - -
B —4.27 ~87.03 —223.60 s L7
C -3.99 -79.12 —210.93 f o _-
D 3.48 —65.38 —187.68 < P
E 6.08 —54.64 -170.05 23] .7
> 104
<
Table 6
Relative values for VEA (AVEA, in kcal/mol) for the addition of 1, 2 and 3
electrons in the system without H,O molecules (A), 3 HO molecules (B), 5 H,O 0 : : :
molecules (C), 10 H,O molecules (D), and 15 H,0 molecules (E). 4 8 12 16

Number of H,0O molecules

System AVEA1e™ AVEA 2 ¢~ AVEA 3 ¢~

A 0 0 0 . . . .

B 14.50 29.42 12.96 Fig. 5. Plot of AVEA (in kcal/mol) in function of the number of H>O molecules.
C 14.78 30.32 25.63

D 22.25 44.06 48.87

E 24.84 54.80 66.51
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observed, indicating a predominance of Van der Waals forces. With the
addition of H,O to the systems Fig. 8(b), Fig. 8(c), Fig. 8(d) and Fig. 8(e),
the most significant number of strong intermolecular interactions is
highlighted by the blue density, following an upward trend up to system
E (Fig. 8(e)). This is related to the addition of intermolecular interactions
of the hydrogen bond type carried out by Hy0 - HoO and H20 - HO in EG
[62]. In addition, HyO carries out moderate-strength Van der Waals-type
interactions with the SbCl3 complex in systems D (Fig. 8(d)) and E (Fig. 8
(e)). The increase in H,O also ensures an increase in the number of
strong interactions with the C1™ ion in DES.

The Cl™ ion performs strong interactions in the system, being related
to its negative charge, interacting with the partially positive hydrogens
of the hydroxyls of EG (Fig. 8(a)), remaining with the addition of H5O.
The DES urea molecule has moderate Van der Waals interactions in all
systems. The map of RDG vs. (A2) p on the X and Y axes, respectively,
Fig. 9, indicates a decrease in the repulsive effect with increasing H,0O,
represented with red dots highlighted in the yellow circles, with a higher
density of points up to 0. 015 a.u (Fig. 9(a)), the density decreasing with
an increase of 3 HyO (Fig. 9(b)), remaining at an increase of 5 and 10
H50 (Fig. 9(c-d)), reaching a minimum of 0.010 a.u. at 15 Hy0 (Fig. 9

Fig. 7. The molecular graphs Sb3+ BCPs of the studied system without H,O molecules (a), 3 HO molecules (b), 5 H>O molecules (c), 10 H,O molecules (d), and 15

H,0 molecules (e) were obtained by QTAIM analysis.
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Fig. 8. RDG isosurface for Intermolecular interactions for molecules of the system without H,O molecules (a), 3 H,O molecules (b), 5 H;O molecules (c), 10 H,O

molecules (d), and 15 H,O molecules (e).

(d)). There was also an increase in the strong intermolecular effect,
represented with blue dots highlighted in the purple circles, with a
higher density of dots at — 0.040 a.u (Fig. 9(a)), with the density
increasing to — 0.045 a.u. with an increase of 3 HyO (Fig. 9(b)),
remaining at an increase of 5 HyO (Fig. 9(c)), reaching a maximum of
value — 0.050 a.u., in the system with 10 and 15 H>O with RDG 0.2
(Fig. 9(d-e)).

4. Conclusions

The eutectic mixture based on choline chloride-ethylene glycol in the
absence and presence of water was successfully used in this study for
electrodeposition of Sb on Pt surface at 297 K and 338 K without the
necessity to add complex additives. The cyclic voltammogram per-
formed on the Pt electrode of the electrolyte solution containing the
Sb3+ showed, in the direct scan, a well-defined cathode peak corre-
sponding to the reduction of Sb®*/Sb. SEM analysis showed similar
dendritic morphologies for Sb films obtained with water addition at 297
K. Meanwhile, sheet structures for all Sb films at 338 K were obtained.
Finally, XRD characterization revealed that the Sb electrodeposits had a

rhombohedral crystalline structure with pure phases for all samples. The
DFT simulations for DES and SbCls systems without HpO and with
varying amounts of HoO molecules favoured the system in increasing
electron affinity. Furthermore, there was a strong tendency for H,O to be
added, causing a decrease in the electronic density of the Sb®* ions with
the atoms in all the studied systems. These results indicated a possible
explanation for electrodeposition being favoured in this type of system’s
presence of HoO molecules. This work is also expected to serve as a basis
for obtaining Sb films with varied structures with promising properties
and potential applications in the wide range of uses of Sb and its alloys.
Lastly, the quantum computational simulations indicated that the Sb-Cl
interaction is stronger, which suggests the formation of Sb-Cl complexes
and that the addition of water molecules favours the electron affinity of
the systems, and QTAIM results suggested that this additive decreased
the electron density of Sb>* ions.
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