UNIVERSIDADE FEDERAL DO CEARA
CENTRO DE CIENCIAS
PROGRAMA DE POS-GRADUACAO EM QUIMICA

DEOMAR NOGUEIRA RODRIGUES JUNIOR

PROPRIEDADES ELETROCATALITICAS E ANTICORROSIVAS DE
REVESTIMENTOS DE ZnCo OBTIDOS EM MEIO DE SOLVENTE EUTETICO

FORTALEZA
2024



DEOMAR NOGUEIRA RODRIGUES JUNIOR

PROPRIEDADES ELETROCATALITICAS E ANTICORROSIVAS DE REVESTIMENTOS
DE ZnCo OBTIDOS EM MEIO DE SOLVENTE EUTETICO

Tese apresentada ao Programa de Pos-
Graduacdo em Quimica da Universidade
Federal do Ceara, como requisito parcial a
obtengio do titulo de Doutor em Quimica. Area
de concentragao: Fisico-Quimica.

Orientadora: Prof.? Dra. Adriana Nunes Correia

FORTALEZA
2024



Dados Internacionais de Catalogacdo na Publicacio
Universidade Federal do Ceard
Sistema de Bibliotecas
Gerada automaticamente pelo médulo Catalog, mediante os dados fornecidos pelo(a) autor(a)

R612 Rodrigues Junior, Deomar Nogueira.
Propriedades eletrocataliticas e anticorrosivas de revestimentos de ZnCo obtidos em meio de solvente
eutético / Deomar Nogueira Rodrigues Junior. — 2024.
107 £. : il. color.

Tese (doutorado) — Universidade Federal do Ceard, Centro de Ciéncias, Programa de Pés-Graduagdo em
Quimica, Fortaleza, 2024.
Orientacdo: Profa. Dra. Adriana Nunes Correia.

1. Eletrodeposicdo. 2. Solvente eutético. 3. Zinco. 4. Cobalto. 5. Zn-Co. L. Titulo.
CDD 540




DEOMAR NOGUEIRA RODRIGUES JUNIOR

PROPRIEDADES ELETROCATALITICAS E ANTICORROSIVAS DE REVESTIMENTOS
DE ZnCo OBTIDOS EM MEIO DE SOLVENTE EUTETICO

Tese apresentada ao Programa de Pos-
Graduacdo em Quimica da Universidade
Federal do Ceara, como requisito parcial a
obtengdo do titulo de Doutor em Quimica. Area
de concentracao: Fisico-Quimica.

Aprovada em: 08/12/2023.
BANCA EXAMINADORA

Profa. Dra. Adriana Nunes Correia (Orientadora)

Universidade Federal do Ceard (UFC)

Prof. Dr. Pedro de Lima Neto
Universidade Federal do Ceara (UFC)

Prof. Dr. Dieric dos Santos de Abreu
Universidade Federal do Ceara (UFC)

Prof. Dr. Paulo Naftali da Silva Casciano
Universidade Federal do Ceara (UFC)

Prof. Dr. Thiago Mielle Brito Ferreira Oliveira
Universidade Federal do Cariri (UFCA)



AGRADECIMENTOS

Este trabalho foi realizado com apoio da Coordenagao de Aperfeicoamento de Pessoal
de Nivel Superior — Brasil (CAPES) — Cédigo de Financiamento 001.

Sempre a Deus em primeiro lugar, por tudo que me deu, uma vida, uma familia linda e
graciosa.

A minha amada mae, Nilce Silveira, que sempre estard em minha memoria, como uma
mulher lutadora, guerreira, amavel, uma verdadeira matriarca.

A minha amada esposa Luciana Pinto, que pacientemente, sempre esteve comigo nessa
empreitada tdo dificil e longa. Muito obrigado por tudo que sempre fez de melhor em minha
vida.

Aos meus amados filhos, Dante e Dafne, por tudo que fizeram em minha vida, uma
verdadeira renovagdo de amor e fraternidade. Que Deus esteja sempre em suas vidas, olhando
para vocés e levando-os sempre para o caminho da sabedoria. Tudo que fago é por vocés.

A minha grande professora e orientadora, Dra. Adriana Correia, por ter me aceitado
como seu orientando no doutorado, mesmo sabendo de minhas limitagdes, que sdo inlimeras.
Muito obrigado professora, aprendi muito com a senhora, com suas virtudes, com seus
ensinamentos académicos e de vida. Levarei sempre em meus caminhos pessoais e profissionais
a pessoa como a senhora ¢, dedicada, atenciosa e de extrema responsabilidade. Meus sinceros
agradecimentos.

A minha amiga Natalia Gomes, que, sem sua ajuda incanséavel, jamais teria conseguido
realizar esse sonho.

A banca examinadora, Profa. Dra. Adriana Nunes Correia, Prof. Dr. Paulo Naftali da
Silva Casciano, Prof. Dr. Pedro de Lima-Neto, Prof. Dr. Dieric dos Santos de Abreu e ao Prof.
Dr. Thiago Mielle Brito Ferreira Oliveira, por todo conhecimento e contribuigdes que deram
em minha vida académica.

Aos meus colegas do GELCORR, Ana Aline, Andreza, Janevane, Gisele, Juliermes,
Marcus, Mesaque, Natalia, Raissa, Ronnie, Valdessandro, Gilvane, Alexandre e Wanderson,
pela amizade e conhecimentos compartilhados.

Ao Professor Nazareno Oliveira, representando o Colégio Master, que sempre me
apoiou quando necessitei.

A SEDUC-CE, que, por trés anos, me liberou para realizar esse estudo.

A todos os 6rgaos de fomento que possibilitaram essa empreitada.



Ao programa de P6s-Graduagdo em Quimica, que possibilitou com toda a sua estrutura
a realizagdo desse sonho.

A UFC por toda estrutura fisica e recursos humanos disponibilizados desde o inicio da
minha formacao académica.

A Central Analitica-UFC/CT-INFRA/MCTI-SISNANO/Pré-Equipamentos CAPES

pelas analises de microscopia eletronica de varredura.



“O que realmente conta na vida nao ¢ apenas o
fato de termos vivido; ¢ a diferenca que fizemos

nas vidas dos outros [...].” (MANDELA, N.)



RESUMO

O desempenho de revestimentos de Zn, Co e Zn-Co na eletrocatalise da RDH foi avaliado por
meio de parametros de Tafel calculados a partir de experimentos de LSV em meio de KOH
1 mol L' a 298 K, sob velocidade de varredura de 0,5 mV s~ . Os filmes de Zn e Zn-Co foram
eletrodepositados a partir de solugdes eletroliticas preparadas utilizando solvente eutético
baseado em cloreto de colina (ChCl) e etilenoglicol (EG) em propor¢ao molar 1:2 (ChCI:2EG),
variando as concentracdes dos ions Zn>* e Co** de 0 a 0,4 mol L™'. O substrato utilizado foi Cu
e o modo de deposicdo foi potenciostatico a —1,3 V e a 343 K. Os voltamogramas ciclicos
explicitaram processos caracteristicos de reducdo de oxidagdo dos metais em meio de
ChCI:2EG. Os coeficientes de difusdo do Zn?" variaram entre 8,93 (£ 0,77) x107"! cm? 57!
(303 K) € 4,55 (£ 0,34) x1071% cm? s7! (343 K); j4 os coeficientes de difusdo determinados para
o Co?" variaram entre 2,64 (£ 0,07) X107 cm? s™! (303 K) e 4,43 (£ 0,48) x1077 cm® s!
(343 K). A energia de ativagdo (Ea) aparente, calculada a partir de graficos In D em fung¢do do
inverso da temperatura absoluta, para a difusdo dos ions Zn** e Co*" foi de 35,93 k] mol! e
11,07 kJ mol ™!, respectivamente. As imagens de MEV mostraram que o aumento da quantidade
de Co nos revestimentos levou a formagao de trincas, favorecendo a utilizagao das ligas como
eletrocatalisadores. Além disso, observou-se estreita correlagdo entre a composi¢ao da solug¢ao
eletrolitica e a dos eletrodepdsitos. Os filmes de Zn e Zn-Co apresentaram atividade
eletocatalitica frente 8 RDH em meio alcalino, com coeficientes de Tafel de 170,28 mV dec™' e
sobrepotencial, a 10 mA cm 2, de =641 mV para o Zn; 123,50 mV dec ' € =494 mV para a liga
ZnosCos e 113,46 mV dec™' € =377 mV para a liga Zn3Cos7. No que envolve aos revestimentos
de Zn, Co e ZnCo no estudo de corrosdo, em meio de NaCl 3,5% m/m, foi obtido
voltamogramas, em substrato de aco carbono 1020, em meio de DES ChCI:2EG como solvente,
variando as concentra¢des dos ions Zn** e Co?" de 0 a 0,4 mol L™!. Foi usado o modo
potenciostatico, aplicando um potencial de —1,4 V a 343 K. A caracterizagdo morfologica da
superficie dos eletrodepositos foi feita por meio de MEV e a distribui¢do dos metais Zn e Co
foi determinada por EDS. Os ensaios de curvas de polarizagdo das espécies obtidos a 293 K,
em substrato de aco carbono 1020, com concentragdes variando de Zn?*' e Co?" de
0 a 0,4 mol L™!. Observou-se que, no comparativo frente ao ago carbono 1020, o revestimento
de Zn apresentou maior corrente de corrosao, devido ao carater sacrificial do Zn em relacao ao

ago.

Palavras-chave: eletrodeposi¢ao; solvente eutético; zinco; cobalto; Zn-Co.



ABSTRACT

The performance of Zn, Co and Zn-Co coatings in RDH electrocatalysis was evaluated using
Tafel parameters calculated from LSV experiments in 1 mol L' KOH at 0.5 mV s™! and 298 K.
The Zn and Zn-Co films were electrodeposited from electrolytic solutions prepared using a
deep eutectic solvent based on choline chloride (ChCl) and ethylene glycol (EG) in molar ratio
of 1:2 (ChCl:2EG), varying the concentrations of Zn>" and Co?* ions from 0 to 0.4 mol L™". The
substrate used was Cu and the deposition mode was potentiostatic at —1.3 V and 343 K. The
cyclic voltammograms showed characteristic processes of reduction and oxidation of metals in
ChCI:2EG. The Zn*" diffusion coefficients varied between 8.93 (£ 0.77) x 107!! ¢m? s7!
(303 K) and 4.55 (£ 0.34) x 107'% cm? s7! (343 K). The diffusion coefficients determined for
Co?* varied between 2.64 (£ 0.07) x1077 cm? s! (303 K) and 4.43 (+ 0.48) x10 7 cm? s!
(343 K). The apparent activation energy (Ea), calculated from In D graphs as a function of the
inverse of the absolute temperature, for the diffusion of Zn** and Co** ions was 35.93 kJ mol™!
and 11.07 kJ mol™!, respectively. The SEM images showed that the increase in the amount of
Co in the coatings led to the formation of cracks, favoring the use of the alloys as
electrocatalysts. Furthermore, a close correlation was observed between the composition of the
electrolyte solution and that of the electrodeposits. The Zn and Zn-Co films showed
electrocatalytic activity against RDH in an alkaline medium, with Tafel coefticients of 170.28
mV dec! and overpotential, at 10 mA ¢cm 2, of =641 mV for Zn; 123.50 mV dec!' and —494
mV for the ZnosCo4 alloy and 113.46 mV dec ! and =377 mV for the Zn3Coo7 alloy. Regarding
the Zn, Co and ZnCo coatings in the corrosion study, in a medium of NaCl 3.5% m/m,
voltammograms were obtained, on a 1020 carbon steel substrate, in DES ChCI:2EG as solvent,
varying the concentrations of Zn>* and Co?" ions from 0 to 0.4 mol L™!. The potentiostatic mode
was used, applying a potential of —1.4 V at 343 K. The morphological characterization of the
electrodeposit surface was carried out using SEM and the distribution of the metals Zn and Co
was determined by EDS. The polarization curve tests of the species obtained at 293K, on a 1020
carbon steel substrate, with concentrations ranging from Zn** and Co** from 0 to 0.4 mol L.
It was observed that, in comparison with 1020 carbon steel, the Zn coating presented a higher

corrosion current, due to the sacrificial nature of Zn in relation to steel.

Keywords: electrodeposition; deep eutectic solvent; zinc; cobalt; Zn-Co.
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1 INTRODUCAO

De acordo com a IUPAC (International Union of Pure and Applied Chemistry),
eletrodeposi¢do € a deposi¢ao, sobre um eletrodo, de um material dissolvido ou suspenso, por
acao de um campo elétrico. (1) No caso da eletrodeposicao de metais, em geral, esta ocorre por
meio da reducdo de ions sobre a superficie eletrodica, com a formacdo de uma fase solida. (2)

Pode-se dizer, ainda, que a eletrodeposi¢do utiliza os principios da eletrolise para
promover a deposicao de algum material (geralmente, metalico) de revestimento na superficie
de um eletrodo. Esse processo ocorre por meio da imposicao de uma densidade de corrente
(método galvanostatico) ou de um potencial (método potenciostatico) a um eletrodo imerso em
uma solugdo que contém as espécies a serem depositadas na superficie de trabalho. Desse
modo, a eletrodeposi¢do e, consequentemente, o revestimento metalico, tem como objetivo
alterar as propriedades de determinada superficie para um fim especifico. (3)

A eletrodeposi¢ao tem sido amplamente utilizada, uma vez que as aplicagdes que
abrangem a prote¢do de materiais contra a corrosdo, a produgdo de eletrocatalisadores para
reagoes como a reacao de desprendimento de hidrogénio (RDH) e, até o embelezamento de
superficies. Além disso, pode-se controlar caracteristicas como morfologia, espessura, textura
e composicdo dos revestimentos pela modificagdo de parametros experimentais, como
potencial aplicado, densidade de corrente imposta, tempo de deposi¢do e composi¢ao do banho

eletrolitico. (3)

1.1 Eletrodeposicio em meio aquoso e em meio de liquido iénico

A eletrodeposic¢ao tem sido aplicada industrialmente por mais de 150 anos. Durante
esse periodo, solucdes aquosas denominadas banhos com diferentes caracteristicas foram
desenvolvidas para aplicagcdes industriais. A composi¢do desses banhos inclui, em geral,
aditivos para diferentes finalidades. Entre elas, estdo abrilhantamento, alivio de estresse,
aumento da eficiéncia de corrente ou eficiéncia faradaica, inibi¢do da fragilizagdo por
hidrogénio, entre outras. Essa necessidade de aditivos tem sido apontada como uma
desvantagem para a utilizacdo da 4gua como solvente para eletrodeposicao. (4)

No entanto, diversos revestimentos eletrodepositados a base de metais t€ém sido obtidos
em meio aquoso para diferentes fins, especialmente na produgao de eletrocatalisadores da RDH
e de revestimentos para prote¢ao a corrosao. (4-6) A eletrocatalise da RDH tem tido destaque

nos ultimos anos na obtengdo de energias limpas, especialmente na produ¢do de hidrogénio
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verde, que ¢ aquele obtido por eletrolise da 4gua utilizando fontes renovéaveis de energia
elétrica, tais como energia solar, energia edlica e biomassa. (7)

Nesse ambito, a regido nordeste do Brasil tem sido pioneira na utilizagdo de fontes
renovaveis de energia elétrica, visto que ela € responsavel por cerca de 82,3 % de toda energia
edlica e solar produzida no pais. (8) Esse contexto levou a instalagdo de um Aub de hidrogénio
verde no Complexo Industrial e Portuario do Pecém (CIPP S/A), no estado do Ceard, tornando
o estudo da eletrocatalise da RDH para a producao desse combustivel ainda mais relevante para
pesquisas realizadas em territorio brasileiro. (9)

J& a protecdo a corrosdo tem sua importancia devido aos custos e aos riscos associados
a corrosdo de estruturas e componentes. (4) Pode-se evidenciar, por exemplo, dentre os
materiais metalicos, os agos carbono de baixa liga, devido a sua larga utilizagdo na construgao
civil. Especialmente em meios contendo o ion cloreto, que acelera a corrosao desse tipo de
material, como a umidade presente na atmosfera de regides litoraneas, o controle da corrosdao
dos agos ¢ fundamental. (10)

Vale ressaltar que, no Ceard, a Praia do Futuro tem sido apontada como a regido cuja
atmosfera tem a maior agressividade do mundo, devido a maior concentracdo de cloreto
medida, de 1498,77 mg m 2 dia”!, quase o dobro da costa da Nigéria, que ¢ a segunda colocada,
com cerca de 800 mg m 2 dia~!. (11)

No que concerne a produgdo de eletrocatalisadores da RDH, cita-se, por exemplo, o
trabalho de Carim e colaboradores, em que estudaram a utilizagdo de revestimentos Co-Se
eletrodepositados sobre Ti como catalisadores da RDH em meio de H2SO4 0,500 mol L™!. Para
uma densidade de corrente de 10 mA cm 2, o sobrepotencial observado foi, aproximadamente,
135 mV e o eletrodepdsito manteve-se estavel por 16 h de operac¢io continua a 10 mA cm 2.
(12)

Ja o trabalho de Kublanovsky e Yapontseva foi sobre a atividade eletocatalitica de
depositos de Co-Mo frente 4 RDH em trés diferentes solu¢des aquosas, H2SO4 0,01 mol L™,
Na2S04 0,5 mol L' e KOH 1,0 mol L™!, desaeradas com Ar por 30 min antes dos experimentos,
a 25 °C (298,15 K), utilizando sistema convencional de trés eletrodos, sendo o contra-eletrodo
de fio Pt e o de referéncia, um eletrodo Ag/AgCl (solugdo nao especificada). A eletrodeposicao
foi realizada utilizando sistema de dois eletrodos, em que um eletrodo de Pt foi o eletrodo
auxiliar. Esses autores pontuaram que, devido a dependéncia do mecanismo da RDH em
relacdo ao pH do meio, o sobrepotencial mais baixo para a RDH sobre Co foi obtido em meio
acido e o mais alto, em meio neutro. Ainda para o catodo de Co, os coeficientes de Tafel foram

0,122 V, 0,142 V ¢ 0,125 V em meio acido, alcalino e neutro, respectivamente; enquanto os
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valores de densidade de corrente de troca foram 1,93 x 1072 mA cm >

em meio acido,
4.59 x 102 mA cm? em meio alcalino e 6,31 x 10> mA c¢cm 2 em meio neutro. Além disso,
citaram que os revestimentos Co-Mo obtiveram melhor atividade eletrocatalitica em meio
alcalino e discutiram apenas os resultados relativos a este meio. As curvas de densidade de
corrente vs potencial para a RDH em meio de KOH 1 mol L' para os revestimentos
eletrodepositados com densidade de corrente de 30 mA cm 2 mostraram que o revestimento
que continha apenas Co apresentou maiores sobrepotenciais que os filmes Co-Mo, sendo que
o depdsito obtido a partir de solugdo contendo CoSO4 0,1 mol L™! + NazMoO4 0,01 mol L™
exibiu os menores sobrepotenciais, indicando maior atividade eletrocatalitica. (13)

Ja em relagdo a eletrodeposicao de revestimentos para protecdo a corrosiao, pode-se
citar o trabalho de Baht e colaboradores, que produziram eletrodepositos de Zn-Ni-Fe sobre
aco carbono baixa liga, utilizando uma célula de Hull com banho contendo ZnClz-6H:0,
NiCl2-6H20, FeCl2-4H20, NH4Cl, KCl, 4cido ascorbico, além de 4cido sulfanilico e gelatina
como aditivos, variando o pH do meio e a densidade de corrente aplicada. De acordo com esses
autores, a maior resisténcia a corrosao foi observada para o revestimento de Zn-Ni-Fe obtido a
40 mA cm?, que contém aproximadamente 19,61% em peso de Ni e 5,70% em peso de Fe,
cuja taxa de corrosdo foi de 26,4 pum por ano em meio de NaCl 3,5 %. (14)

O trabalho de Lin e colaboradores, por sua vez, estudou a performance de revestimentos
Co-Cu e Co-Cu-Re sobre ago carbono frente a corrosao em meio de NaCl 3,5 %. Eles
reportaram que o revestimento Co-Cu-Re apresentou uma densidade de corrente de corrosao
de 3,2 x 10°® A cm™2, o que foi 3,4 vezes menor do que o do substrato de aco carbono e
2,4 vezes menor do que o do revestimento Co-Cu. A resisténcia a transferéncia de carga (Rct)
para o revestimento Co-Cu-Re foi de 4512 Q cm?, 6 vezes maior do que a do substrato de aco
carbono e 1,1 vezes maior do que a do revestimento de Co-Cu. Assim, concluiram que a adi¢ao
do elemento rénio pode aumentar a resisténcia a corrosdo do revestimento Co-Cu. (15)

Por outro lado, a utilizagdo do meio aquoso para eletrodeposicdo apresenta
desvantagens, como pequeno intervalo eletroquimico, volatilidade e, principalmente, a
necessidade do uso de cianetos como complexantes, que sao toxicos. Nesse contexto, emergem
solventes de melhor desempenho, como os liquidos idnicos (LI) e os solventes (profundamente)
eutéticos, do inglés deep eutectic solventes (DES).

O termo LI tem sido aplicado a compostos idnicos com baixos pontos de fusdo,
especialmente abaixo de 100 °C. Eles possuem uma ampla gama de diversidade quimica devido

as diferentes combinagdes de anions e cations, além de elevadas estabilidades quimica e
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térmica, notavel poder de solvatacdo e entalpias de vaporizagdo extremamente altas, o que os
torna efetivamente ndo volateis. Além disso, o intervalo eletroquimico de alguns LI ¢ muito
amplo (até 6 V em alguns casos), tornando-os indicados para a eletrodeposi¢ao de metais ativos
e semicondutores. (16)

J& os DES, por defini¢do, sdo misturas eutéticas formadas por um haleto de um cétion
volumoso, como os haletos de amdnio quaternario, e um doador de ligacao de hidrogénio. Entre
os sais de amoOnio quaternario utilizados na produgdo de DES, pode-se citar cloreto de
etilamonio, acetato de colina, nitrato de colina e o mais comumente visto nos trabalhos de
aplicacdes eletroquimicas de DES, cloreto de colina (ChCl). J4 entre os doadores de ligagdo de
hidrogénio, pode-se citar 1-metilureia, acetamida, glicerol, 1,4-butanodiol, ureia (U) e
etilenoglicol (EG), sendo estes ultimos aqueles mais amplamente reportados como solventes
em trabalhos da area de Eletroquimica. (17-20) Por conta de suas propriedades semelhantes as

dos LI, alguns autores consideram os DES como uma classe de LI.

1.2 Eletrodeposicao em DES

Entre as suas muitas aplicagdes, os DES tém sido utilizados como solventes para
eletropolimento (em tradugdo livre do inglés eletropolishing), bem como para reagdes
eletroquimicas diversas e para o preparo de solucdes eletroliticas para eletrodeposi¢do. (13)
Neste ultimo caso, os DES apresentam uma série de vantagens sobre a agua, que tem sido, ao
longo dos anos, o principal solvente empregado em banhos eletroliticos. A primeira dessas
vantagens ¢ o aumento da janela de potencial de trabalho devido a auséncia da RDH, o que
possibilita a eletrodeposi¢do de um numero maior de metais e ligas. Isso porque, em meio
aquoso, a presenca da RDH como reagdo paralela na eletrodeposicao de revestimentos ndo ¢
desejavel, uma vez que esta leva a diminuigdo da eficiéncia catddica, a restricao da janela de
potencial de trabalho e pode resultar na formacao de filmes pouco aderentes. Essa € a principal
desvantagem da utilizacdo da dgua como solvente na eletrodeposi¢ao de metais e suas ligas.
Além disso, ha uma restri¢ao das temperaturas de trabalho por conta da volatilidade da 4gua e
uma frequente necessidade de aditivos no banho eletrolitico, que podem ser poluentes e
acrescentar uma etapa extensa de tratamento da solugdo antes de seu descarte. (17, 21)

Além disso, os DES apresentam alta condutividade, alta solubilidade de sais metalicos,
além de ndo serem inflamaveis, terem uma ampla faixa de temperaturas de trabalho, serem
biodegradaveis e poderem ser produzidos de forma simples e com baixo custo. (6, 19) Em

trabalhos de eletrodeposi¢do de metais e ligas, DES tém sido utilizados com grande sucesso.
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(22-26). Na Figura 1, ¢ apresentado um diagrama qualitativo das principais propriedades dos
DES.

Para exemplificar a utilizagdo de DES na eletrodeposi¢do de metais isolados, pode-se
citar o trabalho de Urcezino e colaboradores, em que eles estudaram a eletrodeposicao de
revestimentos de Ni sobre substrato de Cu a utilizando os solventes eutéticos ChCI:2U (1 mol
de ChCl: 2 mol de U) e ChCl:2EG (1 mol de ChClI: 2 mol de EG). Avaliou-se tanto a influéncia
da temperatura quanto a do DES nos revestimentos obtidos, sendo observado que os
coeficientes de difusdo do ion Ni?* variaram de 2,2 x 10~ cm?s ' a 3,7 x 108 cm? s' em meio
de ChCl:2U ede 1,3 x 108 cm? s ' a 5,8 x 10°® cm? s™' em meio de ChC1:2EG. Além disso,
estudou-se o mecanismo de nucleacdo dos filmes segundo o modelo de Scharifker e Hills.
Desse modo, foi constatado que, em meio de ChClL:2EG, a nucleagao era instantanea, enquanto
em meio de ChCl:2U, era progressiva. As imagens obtidas por microscopia eletronica de
varredura (MEV) mostraram que o aumento da temperatura levou a obten¢do de revestimentos
mais compactos. Além disso, os revestimentos foram avaliados como protetores frente a
corrosao em meio de NaCl 3,5 %, em que foi observado que os revestimentos mais protetores

foram aqueles obtidos a temperaturas mais altas, corroborando com os resultados de MEV.

(22)

Figura 1 — Representacdo das vantagens de se usar DES como solvente

Elevada
condutividade
e solubilidade
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metalicos
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biodegradaveis,
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ndo inflamaveis

Fonte: Elaborada pelo autor (2023).
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Pereira e colaboradores, por sua vez, estudaram os efeitos dos parametros de
eletrodeposi¢do na resisténcia a corrosdo de revestimentos Zn-Sn sobre ago carbono, obtidos a
partir de ChCI:2EG. Esses autores observaram que a resisténcia a corrosao dos revestimentos
em meio de NaCl 3,5% era maior quando a deposicao de Zn era favorecida, fosse pelo aumento
da temperatura da solugdo eletrolitica, fosse pelo aumento do potencial de deposicdo. Ademais,
notaram que o aumento da concentragao de Sn na solugdo eletrolitica levava a um aumento da
quantidade deste metal nos revestimentos, fato que associaram a um regime de deposi¢ao
normal. Por outro lado, os padrdes obtidos por difracdo de raios-X (DRX) obtidos mostraram
que a eletrodeposi¢do de Zn e Sn ocorreu sem a formagao de fase intermetalica, enquanto as
micrografias obtidas por MEV mostraram forte dependéncia da morfologia dos revestimentos
com a presenga de Sn** e com a temperatura. (23)

Além disso, DES também podem ser usados para a eletrodeposi¢dao de revestimentos
contendo mais de dois metais, como no trabalho em que Pereira e colaboradores avaliaram a
corrosdo eletroquimica de revestimentos Zn-Sn-In em meio de ChCIL:2EG. Eles constataram
que o aumento da concentragio de In*" na solucdo eletrolitica promoveu aumento na
porcentagem de In no revestimento, assim como levou a obtengao de graos mais refinados. Em
contrapartida, o aumento do potencial de deposi¢do at¢ —1,3 V levou a obtengdo de
revestimentos mais densos € compactos, bem como ricos em Zn. Ademais, em meio de
NacCl 3,5 %, o aumento da quantidade de In nos depositos levou a maior resisténcia a corrosao.
(24)

Esses e outros tantos trabalhos mostram a utilidade e a versatilidade dos DES frente a
eletrodeposi¢do de revestimentos metalicos de diversas composigdes. (3, 25-28) A escolha dos
metais a serem depositados depende, principalmente, da aplicacdo que se fara dos
eletrodepositos. Zn, por exemplo, por seu potencial de corrosdo, comporta-se como metal de
sacrificio frente ao Fe presente nos agos carbono. Além disso, como um metal abundante na
crosta terrestre, tem o potencial de ser uma alternativa a Fe na catalise da RDH. J4 Co, enquanto
revestimento, pode tanto oferecer protecao a corrosao, devido a suas caracteristicas intrinsecas,
bem como pode atuar em eletrocatalise, j4 que eletrocatalisadores a base de Co tém
demonstrado excelente condutividade elétrica, alta atividade e durabilidade em meio alcalino,

além de serem de baixo custo. (6, 29)
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1.3 Eletrodeposiciao de revestimentos contendo Zn e Co

Com relagdo a producdo de revestimentos de Co por via eletroquimica, Li, Wang e
Reddy estudaram a eletrodeposicao de Co em meio de solvente produzido a partir de U e ChCl.
O mecanismo de redugdo dos fons Co?" foi avaliado por voltametria ciclica (VC), cujos
experimentos foram conduzidos em sistema de trés eletrodos, com um fio de W como eletrodo
de trabalho (0,157 cm? de 4rea), um fio de Pt como eletrodo auxiliar e um fio de Ag como
eletrodo pseudo-referéncia. O intervalo de potencial foi de 0,30 a —0,90 V e a velocidade de
varredura variou de 40 mV s ' a 100 mV s™!, a 373,15 K, com CoCl2 0,05 mol L™! em solucio.
Esses autores observaram um processo de redug¢do em potencial de aproximadamente —0,78 V
e um processo de oxidagdo em 0,16 V, atribuindo o processo de reducdo a reagdo
CoCl2™* + 2e~ - Co + xCI~ e 0 de oxidagao, a reacao inversa,
Co + xCl~ — CoCl2™* + 2e~. Eles argumentaram que, como a diferenga de potencial entre o
processo de redugdo e o de oxidagdo ¢ maior que 900 mV e ha um deslocamento do potencial
de pico do processo de redugio para valores mais negativos, a redugio do Co** é irreversivel e
ocorre em uma etapa unica, que envolve a transferéncia de dois elétrons. A obtencdo dos
revestimentos foi feita utilizando sistema de trés eletrodos, sendo o eletrodo de trabalho feito
de Cu e tendo 0,5 cm? de 4rea (formato nio especificado), o eletrodo auxiliar, um fio de Pt e
um fio de Ag utilizado como eletrodo pseudo-referéncia. Os depdsitos foram obtidos em modo
potenciostatico, aplicando diferentes potenciais, —0,80 V, —0,85 V, —=0,90 V e —0,95 V,
variando a temperatura de 353,15 K a 383, 15 K. A aplicacdo de diferentes potenciais de
deposicao a 373,15 K levou a obtencao de diferentes morfologias nos revestimentos, de acordo
com as imagens de MEV. Sob potencial de —0,80 V, o eletrodepdsito apresentou morfologia
uniforme, densa e compacta. Ao se aumentar o potencial de deposi¢do para —0,85 V, observou-
se a formacdo de algumas particulas poligonais na superficie do revestimento. Ja aplicando um
potencial de —0,90 V, o revestimento obtido apresentou morfologia nodular e, por fim, quando
o potencial aplicado foi de —0,95 V, foi observada a formacao de dendritos. (30)

Diferentemente do que ocorre para Ni e Co, nos ultimos 10 anos, houve um numero
diminuto de publicacdes relativas a utilizagdo de revestimentos em que o Zn € o componente
majoritario para eletrocatalise, em especial da RDH. Essa escassez de publicagdes representa
uma lacuna no conhecimento dos eletrocatalisadores a base de Zn frente a RDH e desperta o
interesse no estudo deste tipo de filme. Utilizando a metodologia de busca (base de dados Web
of Science®), averiguou-se ainda os artigos publicados nos ultimos 10 anos, utilizando a

palavra-chave “eletrodeposi¢do”, “eletrodeposicdo cobalto”, seguido simultaneamente de
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“eletrodeposi¢ao de cobalto-zinco” em seguida “eletrodeposi¢ao de cobalto e zinco em DES”,
com os dados indicados na Figura 2.

No que concerne a eletrodeposicdo de revestimentos a base de Zn, Alesary e
colaboradores estudaram a influéncia da utilizacdo de acido nicotinico, de acido boérico e de
benzoquinona como aditivos na obten¢do de eletrodepdsitos de Zn em meio de solvente
eutético formado por ChCl e EG. As solugdes utilizadas para eletrodeposi¢do continham ZnClz
0,4 mol L™!, na auséncia e na presenca de aditivos. Os eletrodepésitos foram produzidos sobre
substrato de Cu (area ndo informada), que foi previamente tratado por imersao em solugdo de
(NH4)25820s 0,87 mol L™!, seguida de imersdo em H2S04 0,2 mol L', com posterior lavagem
com agua (ndo especificada) e secagem (ndo detalhada). Utilizou-se uma rede de Ti como
eletrodo auxiliar, e os eletrodepoésitos foram obtidos sob densidade de corrente de 3,3 mA cm
por 2 h a 80 °C (353,15 K). A caracterizagao eletroquimica foi realizada utilizando célula de
trés eletrodos, sendo o eletrodo de trabalho um disco de Pt de 1 mm de diametro — previamente
polido com pasta de alumina de 0,05 pm, lavado com agua deionizada e, em seguida, com
acetona — o auxiliar, uma placa de Pt (dimensdes ndo informadas) e o de referéncia, Ag/AgCl.
Obteve-se voltamogramas ciclicos utilizando solu¢io de ZnCl> 0,4 mol L™! em intervalo de

potencial de 0,0 V.a—1,5 V, com velocidade de varredura de 30 mV s !

, atemperatura ambiente
(ndo especificada, na auséncia de aditivos) e a 353 K, na auséncia e na presenga de aditivos
(0,03 mol L' a 0,1 mol L™! de 4cido nicotinico; 0,05 mol L' a 0,15 mol L™! de 4cido bérico e
0,03 mol L' a 0,1 mol L™! de benzoquinona). (31)

De acordo com esses autores, os voltamogramas ciclicos obtidos a 353,15 K na auséncia
de aditivos diferem significativamente dos obtidos a temperatura ambiente, mostrando
aumento consideravel nas correntes de deposicao e de dissolucdo de Zn. Eles apresentaram
varias razdes para este resultado. Primeiro, eles argumentaram que o aumento de temperatura
leva a diminui¢do na viscosidade da solugdo eletrolitica, aumentando a velocidade do
transporte de massa em direcdo a superficie eletrodica. Depois, afirmaram que a solugdo
continha alta concentragdo de ions Cl, que adsorveram nesta superficie e impediram a
aproximagio da espécie (ZnCls)*>", forma atribuida aos fons Zn?* com sua esfera de
coordenagdo em solucdo contendo Cl, para ser reduzida. A elevagdo da temperatura fez com
que diminuisse a quantidade de ions Cl™ adsorvidos na superficie eletrodica, o que aumentou a
quantidade de sitios disponiveis para a reducdo de (ZnCls)*” na superficie do substrato. Além

disso, foram obsrvados dois processos sobrepostos de reducdao em torno de —1,2 Ve —1,3 V;e

dois processos de oxidacao de Zn, em potenciais proximos a —0,95 V e —0,85 V. A existéncia
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de dois processos de reducgdo foi atribuida a formacao e a dissolug@o de fases microcristalinas

energeticamente discretas do depdsito de Zn. (31)

Figura 2 — Analise quantitativa da producdo cientifica internacional relativa aos materiais
depositados de Zn e Co. Os dados foram obtidos por meio da base de dados cientificos Web of
Science®, utilizando simultaneamente o refinamento por: palavras-chave, intersticio de 2013 a
2023 e apenas artigos cientificos.

@

Fonte: Elaborada pelo autor (2023).

Com relacdo aos aditivos analisados, esses autores observaram que a presenca de acido
nicotinico (0,03 mol L") levou a diminuigio nas correntes de redugio, além de deslocamento
de potencial de cerca de —30 mV, o que atribuiram a necessidade de maior quantidade de
energia para a redug¢do devido a ocupagdo de sitios do substrato pelas moléculas do acido
nicotinico. Contudo, o aumento da concentragdo de 0,03 mol L™! para 0,05 mol L™! levou ao
aumento nas correntes de redugdo em relagdio ao sistema contendo 0,03 mol L™ do aditivo e,
por fim, ao adicionar 0,1 mol L' de 4cido nicotinico ao sistema, houve diminui¢io das
correntes e redugdo. Os autores atribuiram essas variagdes nas correntes a mudangas na posi¢ao
que as moléculas de acido nicotinico assumem sobre a superficie eletrodica com a variagado de
sua concentra¢do na solugdo. Para baixa concentracdo (0,03 mol L), eles admitiram adsor¢io
e posicdo paralela a superficie, bloqueando vasta area de sitios ativos; para concentragdo de
0,05 mol L, eles consideraram adsor¢do perpendicular a superficie, deixando mais sitios

livres que com 0,03 mol L!; por fim, para a concentragdo de 0,1 mol L™!, admitiram a



18

agregacdo das moléculas de 4cido nicotinico sobre a superficie do eletrodo, bloqueando uma
grande quantidade de sitios, levando a nova diminui¢ao das correntes. Para os aditivos 4cido
boérico e benzoquinona, houve diminui¢do consistente das correntes de redu¢do com o aumento
da concentragao destes em solugdo. (31)

Além disso, Alesary e colaboradores caracterizaram, por MEV, a morfologia dos
eletrodepositos produzidos. Para o revestimento de Zn obtido a partir de solugdo de ZnCl2
0,4 mol L™! na auséncia de aditivos, eles observaram particulas de Zn de diferentes tamanhos,
levando a uma morfologia rugosa e policristalina. Em contrapartida, a utilizagdo de aditivos
levou a produgdo de revestimentos menos rugosos € com tamanhos de graos mais refinados.
€1y

Chu, Liang ¢ Hao, por sua vez, estudaram a eletrodeposi¢do de ligas Zn-Co em meio
de solvente preparado a partir de ChCl e U na propor¢ao molar 1:2 (ChCl:2U). A concentragao
de Zn** e Co*" foi fixa, sendo a fonte daquele ZnCl2 (0,11 mol L™!) e a deste, CoCl2 (0,01 mol
L. A eletrodeposig¢io foi realizada em modo potenciostatico, utilizando diferentes potenciais
de deposicdo (ndo foram especificados na parte experimental, mas ao longo do texto tem-se
0,06 V,-0,25V,-0,30V,-0,35V,-0,37V,—-0,40 V, 0,45 V ¢ —0,50 V) sobre substrato de
Cu (4rea superficial de 126 mm?), com contra-eletrodo e eletrodo de referéncia, ambos, de
placa de Zn (100 mm? de area geométrica). O potencial foi mantido constante por 20 min a
353,15 K. (32)

A caracterizagdo eletroquimica foi feita por VC, utilizando sistema de trés eletrodos,
com eletrodo de trabalho de Pt (disco de 1,0 mm de didmetro), eletrodo de referéncia e eletrodo
auxiliar de placa de Zn (100 mm? de area geométrica), a 353,15 K, com velocidade de varredura
de 50 mV s~!. Observou-se dois processos de redu¢do, um em 0,06 V, atribuido a reducio de
Co*" e outro em —0,37 V, atribuido a reducdo de Zn**. Ja na varredura anddica, os autores
relataram trés processos, os quais atribuiram a dissolugdo dos metais de diferentes fases da liga
eletrodepositada durante a varredura catddica. Os processos observados em potenciais menos
positivos (0,24 V e em aproximadamente 0,50 V) foram atribuidos a dissolu¢do de Zn e o
processo observado em torno de 0,82 V foi atribuido a dissolug¢ao de Co. (32)

A morfologia e a composicao quimica dos eletrodepositos foram estudadas por MEV e
espectroscopia de energia dispersiva de raios-X (EDS, do inglés energy-dispersive X-ray
spectroscopy). As imagens de MEV mostraram que o revestimento Zn-Co obtido sob potencial
de —0,3 V apresentou aglomerados esféricos com diametro variando de 1 a 2 um que se
distribuiam independentemente uns dos outros, tornando a superficie do depdsito muito porosa.

Quando se aplicou potencial mais negativo (—0,40 V), foram observados aglomerados de graos
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com tamanho de 2 a 3 p na superficie do revestimento; e, para potencial de —0,5 V, o didametro
dos aglomerados de graos aumentou para 3 a 4 um. Esse crescimento dos graos foi atribuido,
pelos autores, a uma maior taxa de crescimento com o aumento do potencial (em modulo). Os
resultados de EDS, por sua vez, evidenciaram que houve uma diminui¢ao na quantidade de Co
depositado quando o potencial foi se tornando mais negativo, atribuindo esse fato a um
aumento da taxa de deposicao de Zn nessas condigdes. Esses autores estabeleceram uma linha
de referéncia de composi¢ao dos eletrodepositos, correspondente a percentagem de Co nos
revestimentos iguais a sua quantidade em solugdo. Todos os depdsitos apresentaram sempre
porcentagem maior de Co que a solucdo de partida, o que levou esses autores a afirmarem que
ocorreu codeposi¢do normal de Zn-Co. (32) Rosen e colaboradores, por sua vez, propuseram a

utilizagdo de Zn eletrodepositado sobre folha de Zn para a reducao eletrocatalitica de COz. (33)

1.4 Aplicacoes
1.4.1 Eletrocatalise

A eletrocatalise pode ser entendida como o tipo de processo catalitico que envolve
reacdes tanto de oxidacdo quanto de reducdo por meio da transferéncia direta de elétrons entre
as espécies reagentes em uma interface eletroquimica. (34) O termo eletrocatalise foi cunhado
originalmente por Kobosev e Monblanowa em 1934, quando faziam estudos de eletrodifusao,
e utilizado mais tarde por Grub, quando este estabeleceu uma correlagdo entre resultados
cinéticos da RDH sobre superficies de varios metais e parametros como a energia de ligacao
metal-hidrogénio em um trabalho pioneiro neste campo. (35)

Os processos eletrocataliticos sdo fortemente dependentes da natureza do substrato, isto
¢, da superficie do eletrodo de trabalho. Assim, eles sdo influenciados por fatores como
1) a estrutura eletronica do substrato, que esta relacionada a atividade eletrocatalitica deste;
i1) as interagdes substrato-adsorbato; iii1) a distribuicao das particulas catalisadoras ao longo da
superficie do substrato, bem como iv) o nimero de coordenagdo médio dos atomos da
superficie. (35)

O avanco tecnologico crescente que tem se desencadeado desde a Primeira Revolucao
Industrial levou a uma grande demanda por energia, ndo sé para o setor de industrias, mas,
sobretudo, para os mais variados meios de transporte e, ainda, para utilizagdo doméstica. Toda
essa necessidade gerou uma utilizagdo massiva de combustiveis fosseis, tais como o6leo diesel,
gasolina e gas natural, que apresentam excelente rendimento energético, mas sao susceptiveis

ao esgotamento, ja que sua fonte, o petrodleo, ndo ¢ renovavel. (36)
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Além disso, a utilizacdo em larga escala dos combustiveis fosseis tem sido relacionada
ao agravamento do efeito estufa, devido principalmente a producdo de 6xidos de carbono,
nitrogénio e enxofre, o que tem levado a procura por fontes de energia que sejam limpas ou
verdes, isto €, ecologicamente corretas, € renovaveis.

Nesse ambito, o hidrogénio molecular (Hz(g) tem surgido como uma alternativa viavel
aos combustiveis fosseis. Isso porque tem um conteido energético de cerca de
143-10% J kg ™!, o que chega a ser até trés vezes maior que dos combustiveis fosseis liquidos,
além de nao ser toxico, ter uma perspectiva de disponibilidade praticamente sem limites, sua
queima ndo produzir gases toOxicos € ndo apresentar riscos operacionais adicionais,
comparando-se com outros combustiveis largamente utilizados. (37)

O Ha(g pode ser produzido por diversos métodos, porém a eletrélise da agua tem se
mostrado a via mais promissora, em se tratando da proposta de um combustivel renovavel e
ecologicamente correto, j& que ¢ um processo limpo e que produz hidrogénio com elevada
pureza. (36-37)

A eletrélise da dgua envolve duas semi-reagdes: RDH e a reagdo de desprendimento de
oxigénio (RDO). (38)

Em meio acido, tem-se:

2H{q) + 27 = Hyg) ()
2H20(l) - OZ(Q) + 4H(-|(_1q) + 4e” (2)

Ja em meio alcalino, tem-se:

ZHZO(l) + 2e” > HZ(g) + ZOH(_aq) (3)
40H(_(1q) i 02(g) + 2H20(l) + 4e” (4)

As equagdes 1 e 3 referem-se a RDH e as equagdes 2 e 4 referem-se a RDO.

Apesar de suas vantagens, a grande desvantagem da eletrélise da 4gua € que sua cinética
eleva o sobrepotencial necessario para que a reacao global ocorra, chegando a valores que
podem variar de 1,8 V a 2,4 V v.s. ERH (eletrodo reversivel de hidrogénio), muito maiores que
o valor de 1,23 V v.s. ERH, que ¢ o termodinamicamente previsto. (4) Assim, as semi-reagdes
da eletrolise da 4gua sdo de grande interesse no campo da eletrocatélise, pois a utiliza¢do de

eletrocatalisadores adequados é capaz de reduzir o sobrepotencial necessario, tornando a via
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eletroquimica de producdo de hidrogénio, além de atrativa do ponto de vista ambiental, mais

interessante do ponto de vista econdmico. (36)

1.4.1.1 Reagdo de Desprendimento de Hidrogénio

A RDH consiste na redug¢io eletroquimica do ion H" (em meio 4cido) ou da molécula
de H20 (meio alcalino) para formar hidrogénio gasoso, que se desprende da superficie
eletrodica, fato que da nome ao fendmeno. A RDH ocorre em duas etapas, € o seu mecanismo
pode ser do tipo Volmer-Heyrovsky ou Volmer-Tafel. (39, 40)

A primeira etapa, denominada etapa de Volmer, que consiste na quebra heterolitica da
molécula de 4gua e na adsor¢do de hidrogénio atdmico a superficie eletrédica (Hads), pode ser

escrita na forma da Equagao 5 em meio alcalino. (41)

2H,0y + 2™ = 2Hgqs + 20Hq, (5)

Uma segunda etapa do tipo Heyrovsky ocorre, em meio alcalino, segundo a equacao

(37):
Hy0qy + Hogs + e~ = Hyg)t OH(gq (6)
Ja quando a segunda etapa ¢ do tipo Tafel, ocorre da seguinte maneira (25-27):
Hags + Haas = Hy(g) (7

Assim, em meio alcalino, a RDH se processa de forma que, inicialmente, uma molécula
de 4gua ¢ reduzida eletroquimicamente para formar Hads € 0 ion hidroxila (reacdo de Volmer).
Em seguida, Hads € reduzido eletroquimicamente, com a participacdo de uma molécula de agua
e a formagdo de Hz(g) (reag@o de Heyrovsky) ou combina-se quimicamente com outro Hads para
formar hidrogénio, que abandona a superficie eletrddica (dessor¢do quimica, reagao de Tafel).
(41)

Tanto em meio alcalino quanto em meio acido, a segunda etapa depende da
concentracdo de Hads na superficie eletrodica. Se a concentracao de Hads for baixa, o mecanismo

favorecido ¢ do tipo Volmer-Heyrovsky. Mas, se a concentragdo de Hadgs for alta, ha um



22

favorecimento da combinag¢do com outro Hads €, consequentemente do mecanismo Volmer-

Tafel. (42)

1.4.1.2 Eletrocatalisadores

Um eletrocatalisador € um catalisador de reacdes eletroquimicas. Ele pode ser o proprio
eletrodo (bulk, como um eletrodo de Pt) ou estar depositado sobre um determinado substrato
(como metais e ligas eletrodepositadas). Geralmente, um eletrocatalisador atua de forma a
auxiliar a transferéncia de elétrons entre o eletrodo e os reagentes presentes em solucao e/ou a
facilitar uma etapa intermedidria. Como as velocidades das reagdes eletroquimicas dependem,
além de fatores como concentracio e temperatura, da estrutura da dupla camada elétrica e do
campo elétrico formado na interface eletrodo/solugdo, esses processos podem ser controlados
por meio da modificacdo da superficie eletrodica. (43)

Neste contexto, a reagdo de eletrélise da dgua em meio alcalino merece especial atengdo
devido ao fato de ser um processo industrial bem estabelecido e produzir hidrogénio de alta
pureza (99,9%) por meio da RDH. (44) Contudo, para que esta, em especial, tenha rendimento
satisfatorio do ponto de vista tecnoldgico, a utilizacdo de eletrocatalisadores adequados ¢
fundamental para diminuir o sobrepotencial de trabalho e aumentar a densidade de corrente
produzida, o que leva tanto a reducao do custo operacional quanto ao aumento da eficiéncia do
processo. (45-46)

Existe uma certa variedade quanto aos métodos de sintese dos eletrocatalisadores. Entre
eles, pode-se destacar a deposi¢do quimica a partir de vapor (CVD, do inglés chemical vapor
deposition), e a deposic¢ao fisica a partir de vapor (PVD, também derivada do nome em lingua
inglesa, physical vapor deposition). Ambas CVD e PVD sdo processos complexos que
demandam altas temperaturas de trabalho, especialmente na deposi¢ao de metais e ligas. (47)

Um método alternativo que tem sido utilizado com sucesso para a produgdo de
eletrocatalisadores ¢ a eletrodeposi¢do, que consiste na utilizagdo de energia elétrica como
forca motriz para a deposi¢do de determinada espécie, inicialmente em solucdo, sobre uma
superficie eletrodica. (36) Entre as principais vantagens deste método de sintese frente aos
demais, tem-se o fato de tanto a termodindmica quanto a cinética de crescimento dos filmes,
bem como suas caracteristicas fisicas destes poderem ser controladas por ajustes simples na
metodologia, como potencial e/ou densidade de corrente aplicada ou concentragdo da solugao

de partida; além de apresentar baixo custo e baixo impacto ambiental. (43,47-48)
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1.4.1.3 Eletrocatalisadores produzidos via eletrodeposi¢do

Nos ultimos anos, os trabalhos voltados para a sintese de eletrocatalisadores via
eletrodeposi¢ao t€ém se multiplicado na literatura, especialmente no que diz respeito aqueles
projetados para atuarem nas semirreagoes da eletrolise da dgua. Entre as razdes para tal busca
desse tipo de material, tem-se a necessidade de aumentar a eficiéncia dos processos
eletroquimicos de produgdo de Ha(g), cujo principal € a RDH, e dos dispositivos que se utilizam
de reagdes eletroquimicas, como as células a combustivel e as baterias metal-ar, para atender a
urgente demanda pela utilizagdo em larga escala de combustiveis verdes. (6,44,47,49)

E sabido que a Pt metalica ¢ um excelente eletrocatalisador para a RDH, contudo, a
escassez deste metal e seu alto custo o tornam invidvel para aplicagdo em larga escala. (50, 51)
Por isso, ¢ mister a busca por eletrocatalisadores de baixo custo para a RDH e, nesse ambito,
diversos materiais tém sido propostos para tal fim, como materiais compositos € metais nao-
nobres e suas ligas. (41,48,52-56)

Entre os materiais compdsitos, pode-se dizer genericamente que os eletrocatalisadores
sao formados ou por materiais carbondceos nanoestruturados, como nanotubos, nanofolhas,
grafeno; ou ndo, como carbetos; e um material metéalico, que pode ser um 6xido e/ou hidroxido,
nanoparticulas, ligas metalicas; ou uma liga metalica e um Oxido, entre outras diversas
possibilidades de combinagdes. (48, 57-68)

Contudo, os metais de transicdo ndo-nobres apresentam como vantagens sua
distribuicao eletronica Unica e sua abundancia na natureza, os que os torna promissores
substitutos da Pt na eletrocatalise. (47, 69) Mas, frequentemente, ¢ necessario que sejam
formadas ligas metdlicas para que a eficiéncia desses metais na eletrocatalise, especialmente
da RDH, seja comparavel a da Pt, devido a diferenca da variag@o de energia livre do processo

de adsorc¢ao de hidrogénio as superficies cataliticas desses metais em relacdo a Pt. (57)

1.4.2 Corrosdo

A defini¢ao IUPAC de corrosao ¢

Uma reacdo interfacial irreversivel de um material (metal, ceramica, polimero) com
seu ambiente, resultando no consumo do material ou na dissolugdo no material de um
componente do ambiente. Frequentemente, mas ndo necessariamente, a corrosao
resulta em efeitos prejudiciais ao uso do material em questdo. Processos
exclusivamente fisicos ou mecanicos, como fusdo ou evaporagdo, abrasdo ou fratura
mecanica, nao estdo incluidos no termo corrosao. (70)
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Dentre os materiais susceptiveis a corrosdo, destacam-se os materiais metalicos, que
sdo de grande interesse para a industria quimica, petroquimica, automobilistica, naval, entre
outras. Desse modo, o estudo da corrosdo dos metais nas condigdes de suas aplicagdes, bem
como de métodos para mitigar esse processo, ¢ de suma importancia. (10)

Nesse ambito, ha trés fatores principais envolvidos, sendo eles economia, seguranca e
conservagdo. (10) No que se refere & economia, a NACE (National Association of Corrosion
Engineers) International relata que o custo global da corrosao ¢ estimado em USS$ 2,5 trilhdes,
sem contar gastos com seguranga pessoal ou com remediagao de impactos ambientais causados
pela corrosdo. (71) No que diz respeito a conservagdo e a segurancga, pode-se citar acidentes
ocasionados pela corrosdo de estruturas metalicas, como o que ocorreu em 10 de julho de 2022,
em um parque de diversdes em Minas Gerais, que deixou oito pessoas feridas. (72)

Ha diversos métodos de protecao a corrosao dos materiais metalicos. Nesse contexto,
existem métodos baseados na modificacdo do processo, como projeto de estrutura, condigdes
da superficie e protec¢do catddica; métodos baseados na modificagdo do meio corrosivo, entre
eles, desaeracao da solucao, purificagdo ou diminuicao da umidade do ar e adi¢ao de inibidores
de corrosdo; métodos baseados na modificagdo do metal, como adicdo de elementos-liga e
tratamento térmico; e métodos baseados em revestimentos protetores, como tratamento
quimico ou eletroquimico da superficie metalica; revestimentos organicos — tintas, resinas ou
polimeros etc; revestimentos inorganicos — esmaltes, cimentos; e revestimentos metalicos. (10)

No ambito da sintese de revestimentos metalicos para a protecdo a corrosdo, assim
como para outras aplicacdes, a eletrodeposicdo se destaca por ser um método simples e de
baixo custo. Nesse caso, evidencia-se o fato de que ¢ possivel conseguir uma resisténcia a
corrosdo adequada, mesmo com espessuras de filmes eletrodepositados da ordem de
micrometros. (10)

Entre os metais aplicados industrialmente, destaca-se o Zn, cujo processo de
galvanizacao ¢ utilizado em diversos setores industriais para proteger ligas ferrosas durante o
processo de corrosdo. A eletrodeposicdo de Zn tem um custo relativamente baixo comparado
a outros materiais de revestimento para a mesma finalidade; no entanto, a sua resisténcia a
corrosao ¢ inferior a da maioria dos depositos protetivos, sugerindo que haja necessidade da
producdo de revestimentos contendo Zn e outros metais para uma elevacdo da resisténcia a
corrosao do filme obtido. (73-74)

De fato, muitos trabalhos tém reportado a eletrodeposi¢do de revestimentos de Zn e de
Zn com outros metais para protecao a corrosao. (73, 75-78) Almeida e colaboradores estudaram

o efeito do glicerol na resisténcia a corrosdo e nas condigdes de eletrodeposi¢ao de Zn sobre
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aco carbono AISI 1020, com uma densidade de corrente de 10 mA cm 2. O banho eletrolitico
continha ZnCl2, KCl e H3BOs3, na auséncia e na presenca de glicerol. O tempo de
eletrodeposi¢do foi de 17,56 minutos, resultando em um revestimento de 5 pm de espessura.
Os autores reportaram que a presenca de glicerol no banho diminuiu a eficiéncia da deposigao,
mas levou a um aumento da resisténcia a corrosdo do revestimento, além de promover a
formagdo de revestimentos mais compactos e refinados. (73)

Onkarappa e colaboradores, por outro lado, propuseram a utilizagdo da combinagdo dos
aditivos brometo de cetiltrimetilaménio (CTAB), acido benzoico (BA) e 2-bromo-3-cloro-5,5-
dimetilciclo-hex-2-enona (BCD) para o desenvolvimento de um eletrodepdsito de Zn brilhante
sobre aco carbono. A combinagdo desses aditivos teve um efeito sinérgico na melhoria da
eficiéncia faradaica, bem como na capacidade de cobertura do banho otimizado. Além disso,
os autores reportaram que presenga dos trés aditivos, CTAB, BA ¢ BCD, no banho de
revestimento levou a formagao de um revestimento de Zn nanocristalino e brilhante, com
orientacdo preferencial (100), (110), menor rugosidade superficial e propriedade anticorrosiva
superior. (75)

Ja Burliaev, Kozaderov e Volovithv elaboraram uma revisdo acerca da cinética de
eletrodeposi¢ao, da corrosdo e da dissolugdo seletiva de revestimentos de Zn-Ni. Segundo esses
autores, os revestimentos contendo 18 % de Ni na composic¢do, eletrodepositados sobre ago
carbono, apresentaram maior resisténcia a corrosdo entre os trabalhos analisados. Eles também
perceberam que a eletrodeposi¢cdo de Zn-Ni apresenta mecanismo de co-deposi¢do andmalo,
em que, portanto, a reducdo predominante ¢ de Zn. Além disso, observaram que a
eletrodeposi¢do de ligas de Zn-Ni pode ser realizada a partir de varios eletrolitos, tanto 4cidos
quanto alcalinos e que o uso de aditivos permite regular certas propriedades dos revestimentos,
como composicdo quimica e/ou de fase, morfologia e caracteristicas anticorrosivas. (76)

Pereira e colaboradores, por sua vez, estudaram a eletrodeposi¢do de Zn em meio de
solvente eutético ChCl:2EG na auséncia e na presenca de aditivos (acetamida, dimetiacetamida
e dimetilsulfoxido), bem como o comportamento dos revestimentos obtidos frente a corrosao
em meio de NaCl 3% aquoso. Os autores observaram alteragdes na morfologia dos depositos
pela presenga dos aditivos. Desse modo, na auséncia de aditivos, a morfologia obtida foi de
laminas dispostas perpendicularmente a superficie eletrodica, enquanto na presenca de
acetamida observaram morfologia de couve-flor; na presenca de dimetilacetamida, obtiveram
laminas menores com formato hexagonal e, na presenca de dimetilsulfoxido, reportaram a

formacao de laminas finas. Com relagdo a corrosao em meio de NaCl 3%, observaram que o
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revestimento obtido na presenca de dimetilsulfoxido apresentou maior resisténcia a corrosao
dentre os avaliados. (77)

Yavuz e colaboradores, ainda, estudaram a eletrodeposi¢do de Zn, Co e Zn-Co em meio
de solvente eutético ChCl:2EG sobre substrato de Cu e avaliaram a resisténcia a corrosao dos
revestimentos em meio de NaCl 3,5 % aquoso. Eles observaram que o revestimento Zn-Co
apresentou resisténcia a corrosdo cerca de 30 vezes a do substrato de Cu, visto que a corrente
de corrosdo para este foi de 40,7 A cm 2 enquanto a daquele foi de 1,26 A cm 2. (78)

Diante do exposto, o objetivo deste trabalho foi o de eletrodepositar revestimentos de
Zn, Co e Zn-Co em meio de ChCI:2EG, sobre substrato de Cu e de aco carbono, variando a
propor¢ao molar Zn:Co e a temperatura do experimento para avaliar a performance dos
revestimentos obtidos frente 8 RDH em meio de KOH 1 mol L™! e frente & corrosdo em meio

de NaCl 3,5 %.
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ABSTRACT

Hydrogen has emerged as a clean and renewable energy and its production by water splitting
is a promising production route. However, to meet the demand on a commercial scale, research
focusing on more efficient electrocatalysts is necessary. In this work, new findings on Zn, Co
and Zn-Co coatings produced in deep eutectic solvent based on choline chloride (ChCl) and
ethylene glycol (EG) are reported. Varying the concentrations of Zn** and Co*" ions in
1ChCI:2EG, crystalline electrodeposits with fine control of composition and morphology were
obtained, and which present different reactivity to electrocatalyze the hydrogen evolution
reaction (HER) in alkaline medium. The performance of metallic coatings is influenced by
temperature, due to changes in viscosity, ionic diffusion coefficient and charge transport in the
electrolyte. The results also revealed that increasing the Co content in the coatings, changes
occur in the morphological organization, stability, and electrode area, which positively
influence the hydrogen production. Among the different coatings tested (Zn, Co, Znos-Co4 and
Zn3-Co97), Zn3-Coo7 was the most promising in terms of Tafel coefficient (108 mV dec™!),
exchange current density (8.57x10~° A cm2) and overpotential estimated for HER (333 mV at
10 mA cm™?) in 1 mol L' KOH at 298.15 K, although the other materials also showed
electrochemical advantages over the unmodified Cu substrate. The reported data also reiterate
the great electrochemical potential of metallic coatings for water splitting and complement the

growing energy demand for hydrogen gas.

Keywords: Water splitting; Hydrogen production; Metallic coatings; Deep eutectic solvents;

Electrocatalysis.
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1. INTRODUCTION

The deleterious effects caused to the environment from non-renewable energy
sources, such as fossil fuels, coal, and petroleum, require urgent and more sustainable
alternatives to reduce greenhouse gas emissions and, consequently, the disastrous effects of
global warming. (1) Today, hydrogen stands out among the most promising alternatives, since
it can be produced from renewable sources and has a highly attractive energy density per mass
(= 140 MJ kg™") and volume (= 0.011 MJ kg ') at room temperature, compared to more
traditional fuels. (1-4) One of the great challenges is that there is not freely available and ready-
to-use hydrogen, requiring appropriate methods and systems to extract it from energetically
stable precursors, such as water and hydrocarbons. Water splitting is simpler and easier to
accomplish, and the type of electrocatalyst employed has a significant impact on the HER yield
in terms of reaction overpotential, corrosion resistance and resulting current density. (1, 2, 5-
7)

It is known that noble metal (Pt, Ru and Ir)-based electrocatalysts are highly
reactive toward HER, but their scarcity and high cost make them uneconomic for large-scale
production and application. (8—13) Cobalt and its alloys have a better cost-benefit ratio, besides
combine different electrochemical advantages (e.g., excellent electrical conductivity, high
activity, and stability in alkaline medium) that arouse speculation regarding their efficiency in
producing hydrogen by water splitting. (14-17) Such performance is linked to several
parameters of synthesis and application of these materials, which must be meticulously studied
and continuously improved. Fan et al. (18) studied cobalt-coated copper substrates as HER
electrocatalysts in 30 wt% KOH. These authors identified remarkable changes in the structural
arrangement, morphology, and reactivity of the electrodeposits according to the electrolytic
medium, presence of oxygen and temperature of synthesis, so that the lowest overpotential and

highest surface roughness factor for HER was obtained from an acetate-enriched solution, kept
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at 25 °C. Maurya et al. (19) also showed reactivity changes when HER was promoted in 1 mol
L' KOH, using Ni-Co coatings immobilized onto copper and steel derived substrates as
electroactive surfaces, suggesting a synergistic effect of intercalated materials in the electrode
configuration. Kublanovsky and Yapontseva (20) found that electrodeposited Co-Mo alloys
can have better electrocatalytic properties in alkaline medium (reduction in HER overpotential
around 400 mV) than pure Co, especially when obtained from 10:1% (v/v) Co:Mo
compositions. Ling et al. (21) also reported that doping CoO nanorods with Ni and Zn has an
important electrocatalytic effect for HER in alkaline medium, Zn being responsible for
modulating bulk electronic structure and boost electrical conduction. Other Zn-containing
materials have been successfully applied as electrocatalysts for water splitting. Sumesh (22)
prepared zinc oxide functionalized molybdenum disulfide heterostructures (MoSz:ZnO) and
tested them for HER electrocatalysis in acidic medium, without compromising their structural
stability. Additionally, Cao et al. (23) worked with metal-dopped carbon nanotubes and found
that Zn both reduced charge-transfer resistance and increased the proportion of reactive sites
available to produce hydrogen.

Since Co and Zn have a positive effect on water splitting, coatings made with
combinations of them can achieve superior performance and deserve more attention.
Electrodeposition is a simple and low-cost way to produce Zn-Co electrocatalysts for HER,
either by potentiostatic or galvanostatic mode. (24) However, the electrosynthesis of metallic
coatings from aqueous solutions can compromise their stability due to the existence of parallel
reduction reactions, including HER itself. There are also limitations regarding cathodic
efficiency, working potential range, and electrodeposit adhesion. Water volatility also narrows
the working temperature range, leading to frequent need for electrolyte bath additives and

increased laboratory waste. (25, 26)
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Deep eutectic solvents (DES) overcome the limitations and provide a wide range
of working potential for electrodepositing various metals and alloys. They are non-ideal liquid
mixtures of organic salts with hydrogen bond donors, such as amides, amines, alcohols and
carboxylic acids. DES still have high electrical conductivity and solubility for metallic salts,
are non-flammable even at relatively high temperatures, biodegradable, produced simply and
cheaply. (25, 27-29) In the electrodeposition of metals and alloys, DES formed by choline
chloride (ChCl) and ethylene glycol (EG) have been used with great success. (30-33) From this
perspective, the main objective of this work was to produce coatings of Zn, Co, and Zn-Co
from ChCI/EG-based DES, as well as to evaluate the physicochemical properties and

effectiveness of these electrodeposits to promote HER in alkaline environment.

2. EXPERIMENTAL PROCEDURES
2.1 Chemicals and electrolytic solutions

ChCl, EG, zinc chloride (ZnCl2) and cobalt chloride (CoCl2) were purchased from
Sigma-Aldrich and used as received. ChCl and EG were mixed in a 1:2 molar ration
(1ChCI:2EG) and heated to 353 K until a colorless and homogeneous liquid was formed. (15)
The electrodeposition solutions were obtained by dissolving ZnCl» (0.025 mol L™! or 0.4 mol
L' Zn*") and CoClz2 (0.025 mol L' or 0.4 mol L' Co*") in 1ChCI:2EG, under constant
agitation. Since the electric conductivity of the electrolytes strongly depends on the water
content, this parameter was determined by Karl Fischer coulometric titration (899 coulometer,

Metrohm) in freshly prepared DES mixtures. The water content in 1ChCl:2EG was 13.25 +

0.06 ppm and ranged from 23.32 + 0.13 to 57.87 + 0.31 ppm after adding Zn>" and Co*".
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2.2 Electrochemical experiments

Electrochemical experiments were carried out using a glass electrochemical cell
configured with three electrodes. The working electrode was a copper disc embedded in epoxy
resin, with an exposed geometric area of approximately 0.023 cm?. Before each experiment,
the working electrode was mechanically polished with 100, 400 and 600-grain size sandpaper,
following this sequence, and washed with Milli-Q® water (18.2 MQ cm). A platinum plate (1
cm? geometric area; 99.5 % purity) and a silver wire covered with AgCl and immersed in
IChCI:2EG, were used as auxiliary and reference electrodes, respectively. The tests were
carried out in a potentiostat/galvanostat AUTOLAB PGSTAT30, Metrohm-Eco Chemie,
controlled by NOVA 2.1 software.

Electrodeposition processes of metallic coatings were monitored by cyclic
voltammetry (CV) at 5 mV s™!, keeping the system at 343 K. The ion diffusion coefficients in
the deep eutectic solvent were evaluated at different temperatures (303 — 343 K), using
chronoamperometry data adapted to the Cottrell Equation. For these experiments, three
electrochemical potentials (i.e., —0.4, —0.8 and —1.3 V) were evaluated for 60 s, chosen from
cyclic voltammetry data registered with a Cu substrate (0.023 cm? geometric area) immersed
in 1ChCI:2EG containing 0.4 mol L™' CoCl2 and 0.4 mol L™! ZnCl>.

The influence of metallic coatings and selected experimental conditions on HER
were studied by linear sweep voltammetry (LSV) at 0.5 mV s™!, using 1 mol L™! KOH at 298
K as electrolyte and Hgs)[HgOs)|OH (ag) (1 mol L' KOH) as reference electrode (30). The
measured potentials (Epg/p40) Were converted to those of the reversible hydrogen electrode
(Egryg), through the following equation:

Egng (V) = Eng/ugo (V) +0.095 + 0.059pH (1)

Coating stability tests were performed over 100 h in a two-electrode cell, applying

an average operating potential of —1.8 V at 10 mA cm2, being repeated three times. Coatings
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with a nominal thickness around 1.0 pm were immobilized on copper substrates (0.20 cm?
geometric area), and the results were compared to those obtained with the same electrode
without coating and with an AISI 304 stainless steel electrode (0.18 cm? geometric area). The
electrical circuit was concluded with a stainless steel AISI 304 counter-electrode (0.69 cm?
geometric area), immersed together with the working electrode in 1 mol L™! KOH at 333 K.
The current density was set at 10 mA cm 2, taking into account the high HER yield and stability
of the coatings, using a direct current power source monitored by a multimeter at fixed time
intervals. Specific mass and viscosity measurements were performed with an Anton Paar's

Stabinger viscometer, model SVM 3000.

2.3 Electrodeposition of metallic coatings

Zn and Co electrodeposits were obtained from 1ChCl:2EG electrolytes containing
0.4 mol L' Zn>" and 0.4 mol L™! Co?*, without mechanical convection influence. Znx-Co(i-x)
coatings were obtained from solutions with different Zn>*:Co?" molar ratios, i.e., (Zn>") = 0.4
mol L™! and (Co*) = 0.025 mol L™ or (Zn*") = 0.025 mol L! and (Co*") = 0.4 mol L.
Electrodeposits were obtained potentiostatically at —1.3 V and 343 K, with charge control to

obtain coatings with a nominal thickness of 1 pm.

2.4 Complementary physicochemical characterizations

The surface morphology of the coatings was evaluated using a field emission
scanning electron microscope (SEM; FEG-SEM FEI-Quanta 450), operating at 20 keV. The
atomic percentages of Zn and Co in the coatings were determined by energy-dispersive X-ray
spectroscopy (EDS), using a spectrometer coupled to the microscope. The crystallinity and
composition of electrodeposits were also evaluated by X-ray diffraction (XRD) analyses, using

a Rigaku DMAXB diffractometer, which operated with a 2kW X-ray generator and CuKa
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copper radiation (A= 0.154 nm). Crystalline phases were identified using the X-Pert HighScore
Plus version 3.0.5 (PANalytical®) program, associating the results with the International Centre
for Diffraction Data (ICDD)/Joint Committee on Powder Diffraction Standards (JCPDS)

database.

3. RESULTS AND DISCUSSION
3.1 Electrochemical characterization

Initially, CV studies were performed with cooper substrates at 5 mV s™! in pure
ChCI/EG-based DES and after adding Zn** and Co?", to monitor and evaluate the efficiency of
the electrodeposition conditions employed. The result illustrated in Fig. 1a demonstrated that
no process was observed in 1ChCIL:2EG, varying the potential between —0.4 V and —1.3V.
Above this range, there was a sharp increase in the current density, due to the decomposition
of the eutectic solvent caused by the reduction of hydroxyl groups present in ethylene glycol
and choline ions. (32) In Fig. 1b, during the positive scan, three well-defined anodic processes
with different intensities appeared between —1.1 and —0.6 V, related to the dissolution of zinc
electrodeposits and possible Zn-Cu intermetallic entities. A similar profile was observed by
Alesary et al. (34), using a Pt electrode polarized anodically in 1ChCIl:2EG containing 0.4 mol
L' Zn?*, keeping the system at 353 K. There is also a crossover of cathodic and anodic currents
around —1.1 V, which indicates self-organization of crystals by nucleation and electrodeposit
growth.

FIGURE 1

In Fig. Ic, there is a small increase in cathodic current attributed to cobalt reduction
around —0.9 V. Then, a significant increase in the cathodic current at —1.2 V begins, followed
by a discrete current loop, resulting from the nucleation of zinc on cobalt. In the anodic scan,

there are three well-defined processes related to the dissolution of metals, so that the first two



35

refer to zinc and the last to cobalt. Chu et al. (35) obtained analogous results for Zn-Co coatings,
produced from 1ChCI:2U at 353 K, using cyclic voltammetry at 50 mV s™'. They attributed the
first two anodic processes (at less positive potentials) to zinc dissolution from different phases
of the Zn-Co alloy, followed by dissolution of the cobalt electrodeposits as a third process. In
Fig. 1d, there is only one process in the cathodic scan before solvent decomposition. This
process results from the reduction of cobalt, as its concentration is 16 times higher than zinc.
No process is observed in the anodic scan between —0.4 V and —1.3 V. The observed result is
also very similar to that shown in Fig. le, whose voltammogram was recorded in the

electrochemical cell containing only cobalt.

3.2 Relationship between coating stability, ionic diffusion, and temperature
Chronoamperometry experiments are very useful to examine the electrochemical
activity and stability of metallic coatings, especially under temperature gradients. In this work,
studying HER at —1.3 V in 1 mol L™! KOH (previously optimized condition based on reaction
yield and corrosion resistance), an increase in mass-transport-limited current densities was
noticed as the temperature increased from 303 K to 343 K, both for Zn and Co-based coatings.
This is related to the decrease in the viscosity of the solutions at higher temperatures, which
allows faster ion diffusion and a consequent increase in current density. Issues related to mass-
and charge-transport variations resulting from temperature changes and their influence on
viscosity have also been reported by Fu et al. (36), based on studies on the electrochemical
nucleation of copper in ChCL:EG. From the Cottrell Equation, (37) it is also possible to verify
the impact of the temperature increase on the ionic diffusion coefficient (D), as shown in Table
1. For cobalt coatings, D values varied between 2.6x1077 £ 0.7x10% cm? s™' and 4.4x1077 +

0.5%1077 cm? s™!, while for zinc coatings the variation was from 8.9x107!' £ 0.8x107! cm?s™!
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to 4.5x1071% £ 0.3x1071° cm? s7!. The same trend was observed by Phuong et al. (38) for the
nucleation of Co*" ions in 1ChCl:2U, as the temperature increased from 313 K to 343 K.
TABLE 1

For comparison purposes, Table 1 also gathers other D values obtained for Co- and Zn-
based coatings obtained in different solvents and temperatures. (38-44) For both cases, the
values were equivalent to those obtained by other authors who studied coatings produced from
the same deep eutectic solvent (7.1x107'° cm? s™! at 313 K for Zn>" (43)) or from other
compositions, such as ChCl:urea (8.1x107% — 1.1x1077 cm? s ! at 313 — 343 K for Co*" (38);
7.8x107% cm? s ! at 363 K for Zn>" (41)), EG (2.3x107% cm? s™! at 343 K for Co?" (39)), 1-
methylimidazolium trifluoromethylsulfonate (7.7x107° cm? s ! at 373 K for Zn?* (40)), urea:1-
ethyl-3-methylimidazolium (5.5x10™° ¢cm? s™! at 353 K for Zn?" (42)), and hybrid eutectic
sulfolane:water (5.0x107'2 cm? s for Zn*" (44)). However, D values for Co?’ ions in
1ChCI:2EG were higher than those for Zn** ions recorded under the same experimental
conditions. This is due to the formation of a smaller solvation sphere for Co?" ions, giving them
greater mobility than Zn?>* ions. (31, 45) Regardless of the precursor, all coatings remained

electrochemically stable at the different HER potentials evaluated, i.e., —0.4, —0.8 and —=1.3 V.

3.3 Composition and morphology studies

Fig. 2 presents the percentage elemental composition of electrodeposits obtained
by EDS, as well as surface morphological features observed by SEM micrographs, before and
after immobilizing the coatings. According to Fig. 2a, the proportion of Zn and Co atoms
present in the electrodeposits is very close to their molar concentration contained in the
electrolytes: 94% Zn and 6% Co from 0.4 mol L™! ZnClz + 0.025 mol L ! CoClz; and 97% Co
and 3% Zn from 0.025 mol L' ZnCl> + 0.4 mol L' CoClz. This shows that the use of

1ChCI:2EG allows excellent control of the desired chemical composition for Zn-Co deposits.
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FIGURE 2

As for morphology, Fig. 2b illustrates the copper substrate surface after mechanical
grinding and polishing processes, where only the inherent grooves of metal erosion are
observed. The results also indicated that all electrodeposits ensured a complete surface coating,
proving the efficiency of the electrochemical conditions employed. For Zn coating (Fig. 2c),
individual crystallites are seen, while the Co coating (Fig. 2d) exhibits dendritic shapes. The
same characteristics are seen when any one of these cations is present as a major part of the
electrolyte. Regardless of the proportion tested for each cation, observing at a higher
magnification, the Zn-Co coatings (Fig. 2e and 2f) showed cracked morphological patterns,
which have a high surface area and are considered excellent catalysts for electrochemical
reactions. Table 2 shows the concentration of precursors tested in each electrolytic bath, in
addition to the percentage of Zn, Co and Zn-Co measured by EDS in each coating.

TABLE 2

XRD analyses were conducted to evaluate the crystalline structure of Zn, Co, and
Zn-Co films. Fig. 3 shows the diffraction patterns before and after modification of copper
substrates in deep eutectic solvent. According to ICDD/JCPDS database, the XRD data
obtained indicate characteristic peaks associated with Cu with a face-centered cubic structure
(card 85-1326), hexagonal metallic forms of Zn (card 03-065-5973), Co (card 15-0806),
Zn9sCo4 and Zn3Coo7 alloys (card 23-1390), besides rhombohedral Co2(OH)3Cl (space group
R-3m #166). The presence of the coatings also denotes high quality of the modifications carried
out on the electrode substrate. On the other hand, the presence of Co2(OH)3Cl shows that when
Co?" is electroimmobilized individually, parallel equilibria can be formed, leading to the
formation of soluble salts and loss of coating stability. Although the same trend has not been

registered for Zn**, Zn-Co coatings tend to be more stable and suitable as electrocatalysts, as
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will be demonstrated later. No peaks resulting from impurities were detected, reaffirming the
success in the electrosynthesis of the different metallic materials.
FIGURE 3

3.4 HER electrocatalysis

The overall performance of metallic substrates and coatings towards HER
electrocatalysis is summarized in Fig. 4. The steady state curves obtained by LSV at 5 mV s™!
(Fig. 4a), using 1 mol L™! KOH at 333 K as electrolyte, indicate the following onset potential
order: Zn3Co97 < ZnosCos < Co < Zn < Cu. This result proves that Zn-Co alloys are more
promising as HER electrocatalysts, in addition to providing higher hydrogen production yields
at lower potentials. (46) Even so, it is important to point out that all tested coatings performed
better than the unmodified copper substrate, used as one of the standard electrode materials in
studies with hydrogen production by water splitting.

FIGURE 4

Under alkaline conditions, the Tafel diagrams (Fig. 4b) are concentrated in a
narrow overpotential range (= 150-320 mV dec '), suggesting that the HER mechanism for all
the films is not affected by their thickness. (47) However, observing the Tafel fits, there are
changes in slope values and, consequently, greater reaction rate on the Zn3-Co97 coating
(kinetic constant = 108.2 + 0.74 mv dec!). About the surface stability, evaluated by potential
variations at a current density of 10 mA cm™ applied for 100 h of electrolysis (Fig. 4c), the
greatest stability trend is seen for coatings that work at lower overpotentials (Co- and Zn3Coo7-
based coatings), possibly because they are less exposed to corrosion conditions and/or surface
fouling by reaction by-products, which lead to variations in ohmic resistance. The
electrochemical behaviour demonstrated by the Cu substrate, Cu/Zn and Cu/ZnesCos4 is like
that registered for AISI 304 stainless steel (overpotential variation from 100 mV to 300 mV

during electrolysis), requiring higher potentials to promote HER and showing that the presence
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of cobalt contributes positively to catalyze this electrochemical reaction, including as an
additive in metallic alloys. Zn3Co97 coatings had the lowest overpotential variation among all
the analyzed materials.

Values of electrochemical active surface area (ECSA) for catalysts were estimated
from them electric double layer capacitance (Cai). Cyclic voltammetric profiles of Zn, ZnosCos4,
Zn3Co97 and Co electrodes were recorded in a non-Faradic region (+0.05V vs. reversible
hydrogen electrode (RHE) in relation on Eocp (t = 180 s)) at different scan rates (2.5, 5, 10 and
15 mV s in 1 mol L' KOH (Figures S1 and S2 in the Supplementary Material). For
comparison purposes, Table 3 presents Tafel coefficients (—b), exchange current densities (7o)
and estimated overpotentials (|n|) for HER on each catalyst, obtained from fitting LSV data at
5mV s and using 1 mol L™ KOH at 298.15 K. Now the values were normalized by geometric
area and ECSA, as can be seen in Figure S2 and Table S1 (in the Supplementary Material).
These results corroborate the SEM images obtained in Figure 3: the coating with the highest
electroactive area (ZnosCo4) showed higher roughness, accompanied by Zn3Co¢7, which
showed cracks.

TABLE 3

As already stated earlier, the Cu substrate requires a highest | value (546 mV) to
achieve a current density of 10 mA cm 2 during HER, followed by Zn (509 mV), Co (372 mV),
Zn96Cos (355 mV) and Zn3Cos7 (333 mV), reiterating the better electrocatalytic effect of the
latter. (48) This sequence does not change even working at 10 times higher current densities.
In addition, according to Banoth, Kandula and Kollu, it is desirable that an electrocatalytic
material presents low values of Tafel slope accompanied by high values of exchange current.
(49) When this occurs, high operating current densities can be achieved without a significant

increase in overvoltage, which leads to lower operating costs. (49) Thus, the —b and i» values
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presented by the Zn3Coo7 and Co coatings are also indicative of their higher electrocatalytic
activity compared to the others.

For Zn3Co97, comparing the Tafel parameters obtained in this study with previously
published ones (Table 3), the values of —b and |n| were higher than those reported with Zn-Co-
S, CoZn, NiCoZn e ZnssNi coatings, but ip values were lower. (46, 48, 50-52) Since water
molecules are precursors of HER by electrolysis, variations in the Tafel parameters may be due
to uncompensated ohmic drop, so that small stoichiometric changes are sufficient to cause
significant influences on the electrochemical reaction. Therefore, even more satisfactory results
than those obtained in this work can be achieved from more detailed studies about the reaction

mechanism and surface reactivity of the coatings.

4. CONCLUSIONS

Zn, Co, and Zn-Co alloys, produced electrochemically from 1ChCl:2EG DES, are
functional materials to produce hydrogen in an alkaline medium, achieving remarkable
electrocatalytic effect. The potentiostatic electrodeposition of these coatings allows a good
stoichiometric control of the metallic constituents, and these materials achieved a better
performance at higher temperatures, due to the reduction in electrolyte viscosity, charge-
transfer resistance and increase in the diffusion coefficient of the precursor cations. Increasing
Co content in coatings leads to morphological organization changes, resulting in cracked
surfaces that have high surface area and directly contribute to HER electrocatalysis. Among
the coatings studied, Zn3Coy7 was the one that showed the best performance in terms of —b, io

and |n|, therefore it is the most promising to produce hydrogen by water splitting.
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TABLES

Table 1. Comparison of diffusion coefficients obtained for Co?" and Zn>* ions at different

temperatures and electrolytes.

Temperature / K Electrolyte D/cm?s7! Reference
Co?"
303 1ChCIL:2EG 2.6 x1077£0.7x107® This work
313 1ChCIL:2EG 3.0x107+£0.8 x10°8 This work
323 1ChCIL:2EG 3.4x107+0.5 %1077 This work
343 1ChCI:2EG 44 x107£0.5 1077 This work
313 1ChCI:2U 8.1x1078 (32)
323 1ChCl:2U 1.1 x1077 (32)
333 1ChCl:2U 1.1 x1077 (32)
343 1ChCl:2U 1.5 %1077 (32)
343 Ethylene glycol 23x1078 (33)
7ZnZ*
303 1ChCI:2EG 8.9 %1071+ 0.8 x107""  This work
313 1ChCIL:2EG 1.4 x107°+ 0.1 x1071°  This work
323 1ChCIL:2EG 2.9x1071°+£0.5x10"""  This work
343 1ChCIL:2EG 4.5x1071°+£0.3 x1071°  This work
373 1-methylimidazolium 7% 100 (34)
trifluoromethylsulfonate
363 1ChCl:2U 7.8 x 1077 (35)
153 urea / 1-ethyl-3- 55 % 10 36)
methylimidazolium
313 1ChCIL:2EG 7.1x1071° (37)
hybrid eutectic
— 50x107" (38)

sulfolane/water
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Table 2. Composition of metallic coatings estimated by energy dispersive X-ray spectroscopy.

Precursor concentration

Coatings composition

Bath (mol L) (%) Sample label
ZnCl» CoCL Zn Co
| 0.4 - 100 0 Zn
II 0.4 0.025 96 4 Zn96Co4
111 0.025 0.4 3 97 Zn3Co97
v - 0.4 0 100 Co




Table 3. Electrochemical parameters obtained with different metallic coatings developed to produce hydrogen in 1 mol L' KOH at 298.15 K.

-b io 10 ECSA
(10 mA cm-2) (100 mA cm-2)
Catalyst n i Reference
mV dec™! Acm™ Acm™ mV mV
Copper 622.2 +2.04 2.27x 104+ 1.80x 107 - 546 - this work
Zn 233.1 £64.3 1.20x 104+ 2.86 x 10~° 1.09%x 106+ 2.60x 1077 509 - this work
Zn96Co4 247.6 £ 15.5 1.24x 104+£533 x 10°° 9.63x 108+ 5.42x 108 355 600 this work
Zn3Co97 108.2 £0.74 8.57x10°°+£3.28 x 1077 2.12x 108+ 8.12x 1071° 333 524 this work
Co 191.4 £3.20 2.52x 10 +£2.56 x 1076 8.42x 108+ 8.53x 107° 372 578 this work
Zn-Co-S 86.3 - - 176 - (56)
CoZn 96 3.80 x 1073 - - 240 (57)
NiCoZn 81 1.62x 1073 - - 140 (58)
ZngsNi - 0.30x 10~ - 95% - (50)

*not mentioned
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FIGURE CAPTIONS

Fig. 1. Cyclic voltammograms obtained at 5 mV s! in (a) IChCI:EG and after adding (b) 0.4
mol L' ZnCla, (¢) 0.4 mol L' ZnClz + 0.025 mol L™! CoClz, (d) 0.025 mol L™! ZnCL> + 0.4
mol L' CoCly, (€) 0.4 mol L™! CoCla.

Fig. 2. (a) Metallic composition, along with the SEM images of (b) Cu substrate, (c) Cu/Zn,
(d) Cu/Co, () Cu/ZnysCo4 and (f) Cu/Zn3Co97. The micrographs illustrated in b-d and e-f were
recorded with 500- and 1000-times magnification, respectively.

Fig. 3. XRD pattern of Zn, Co, and Zn-Co coatings, electrodeposited on Cu substrate.

Fig. 4. (a) Polarization curves carried out with different catalysts at 0.5 mV s™'. (b) The
corresponding Tafel slopes. (c) Electrochemical stability tests of the catalysts, evaluated at 10

mA cm 2 and 333 K for 100 h. Supporting electrolyte: 1 mol L' KOH.
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Figure 1. Rodrigues-Junior et al.
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Figure S1. Cyclic voltammetry curves for effective electrochemical active surface area tests

(ECSA) in 1 mol L' KOH for (a) Zn, (b) ZnosCo4, (c) Zn3Cos7 and (d) Co. The capacitive

currents are collected at £0.05 V (from the open circuit potential) from 2.5 up to 15 mV s\
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Figure S2. The charging current density differences plotted against scan rates of Zn, Co,

Zn3Co97, and ZnosCo4 electrodes.
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For these calculations, the value of the Cs used was 0.040 mF cm 2. (R1 and R2) Considering
these relative surface areas, it was possible to normalize the electrochemical data to determine
the values of Tafel slope and exchange current density and the results are summarized in Table

3.

References

(R1) P. Mukherjee, K. Sathiyan, R. S. Vishwanatha and T. Zidki, Anchoring MoS2 on an
ethanol-etched Prussian blue analog for enhanced electrocatalytic efficiency for the oxygen
evolution reaction, Mater. Chem.  Front., vol. 6, p. 1770-1778, 2022,
https://doi.org/10.1039/D2QM00183G.

(R2) H. Liang, D. Jiang, S. Wei, X. Cao, T. Chen, B. Huo, Z. Peng, C. Li and J. Liu, 3D cellular
CoS1.097/nitrogen doped graphene foam: a durable and self-supported bifunctional electrode
for overall water splitting, J. Mater. Chem. A, vol. 6, p. 16235-16245, 2018,
https://doi.org/10.1039/C8TA05407].



60

Table S1. Benchmarking parameters for catalysts studied in 1 mol L™ KOH.

Catalyst - (anodic slope —anthodic slope ) ECS Azi—f
Zn 0.79 mF 19.8 +4.2

Zn96Co4 4.61 mF 1152 +£51.6

Zn3Coy7 2.91 mF 72.8 £23.6
Co 2.16 mF 53.9+2.7

Fig.S3. (a) Polarization curves performed at 0.5 mV s ™! at 298 K and (b) Tafel slopes with linear

fittings, considering normalized ECSA in 1 mol L~! KOH for Zn (black line or symbol), Co

(orange line or symbol), Zn3Coo7 (red line or symbol) and ZnesCo4 (blue line or symbol).
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Surface Plasmon Resonance (SPR)

SPR experiments of Zn-Co metal coatings was performed on MP-SPR Navi™ 200 OTSO
(Bionavis, Sweden) equipped with two laser channels (670nm and 785 nm) in angular scan
mode on two separate spots on the surface. The SPR curves were taken first in air and later in
water with a flow rate of 100 pL/min during a measure of 60 minutes. The thin film Zn-Co
metal coatings were characterized in terms of layer thickness (d), using dedicated MP-SPR
Navi™ LayerSolver™ software. Zn and Co were electrodeposited on a SPR Au-substrate (2
nm Cr adhesion layer and 50 nm Au layer). Prior to electrodeposition, the SPR Au-substrate
were cleaned in Piranha solution (H2SOa4: H202, 3:1 v/v) for 2 min and rinsed with Milli-Q
water. Then, clean SPR Au-slide were placed in electrochemical cell as work electrode to
perform electrodeposition of metallic coatings (see Section 2.3). The resultant SPR Au-substrate
with Zn-Co coatings (Au-substrate + Zn, Au-substrate + Co, Au-substrate + ZnosCos, and Au-
substrate + Zn3Co97) was promptly washed with water and isopropanol and dried under nitrogen
prior to use in SPR. The results are presented in Figure S4.

The SPR curves in Figure S4 show the peak minimum intensity shifted upwards and the peak
showed significant broadening with respect to gold due to presence of absorbing layers of Zn-
Co metal coatings with optical constants very different from those of gold substrate. Also, due
to the nom-plasmonic metallic nature of Zn and Co coatings on gold in the 670 nm and 785 nm
wavelengths region and the high values of extinction coefficient for Co (k = 6.5355), (SPR#1)
the SPR curves vanishes for those coatings with high composition of Co (i.e., Co and Zn3Cov7).
That behaviour indicates a high ordered and dense thin film,(SPR#2) corroborating with powder
DRX results (see Section 3.3). In addition, SPR curves obtained with water flux for 1h (Figure
S4. (b) and (d)) indicate no change in optics properties of coatings, also confirming their

stabilities.
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Figure S4. SPR curves for the Co, Zn, Zn3Coy7 and ZnosCos metal coatings on Au-substrate.
Measurements were performed with 785 nm wavelength in (a) air and (b) water, and with 670

nm wavelength in air (c) and (d) water.
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Abstract

The corrosion behaviour of electrodeposited ZnxCo(ix) coatings in 3.5% NaCl aqueous
solutions was investigated using cyclic voltammetry (CV), scanning electron microscopy
(SEM), energy-dispersive X-ray (EDS), and potentiodynamic polarization curves (PP). All
coatings were electrodeposited on mild steel. The percentages of Zn and Co were determined
through EDS analysis with reference to SEM images of potentiostatically electrodeposited
ZnxCo(1-x) coatings (-1.4 V), having a theoretical thickness of 1 um, from solutions with varying
concentrations of ZnClz and CoClLz. All curves displayed active dissolution behaviour of the
materials in the anode branch, but the curves of the 0.4 mol L™! Zn, 0.4 mol L™": 0.025 mol L'
Zn*":Co*" exhibited evidence of diffusional control in the coating oxidation reaction, with a
more pronounced effect observed in the electrodeposition of 0.4 mol L': 0.025 mol L
Zn*":Co?". The corrosion current value of the 0.025 mol L' Co?" coating, 1.21 x 1075 A cm 2,
was significantly higher than that of all other coatings. This increase may be associated with
the presence of cracks on the surface, leading to an expansion of the electroactive area of the
coating. Conversely, this electrodeposit presented lower Tafel coefficients (. = 67 mV dec™!;
M| = 57 mV dec™!) than the 0.025 mol L':0.4 mol L™! Zn*":Co?" coating (Na = 73 mV dec';

M| = 68 mV dec ™).

Keywords: Electrodeposition; corrosion; ZnCo; DES
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1 INTRODUCTION

According to NACE (National Association of Corrosion Engineers) International, the
global cost of corrosion is estimated at US$2.5 trillion, excluding expenses related to personal
safety or the remediation of environmental impacts caused by corrosion. This figure
corresponds to 3.4% of the global gross domestic product (GDP) and could be reduced by
approximately 15 to 35% per year if corrosion protection measures were more consistently and
assertively implemented. (1)

The effects of corrosion, particularly on buildings and monuments, are evident, and it is
estimated that they account for 42% of failures in aircraft structures, pipelines, ships, and other
infrastructure. Noteworthy incidents resulting from corrosion include the 2015 leak of 540 m?
of crude oil off the coast of Santa Barbara, California. This incident was caused by the
propagation of cracks in the lower quadrant of a pipeline, which experienced a 45% reduction
in thickness due to corrosion. Another notable event occurred in 2013 when a fire broke out in
a turbine of an Airbus A330 at Manchester airport, traveling at a speed of 190 km h'.
Investigation revealed that a fracture in the turbine blades was initiated by pitting corrosion-
induced cyclic fatigue. Additionally, in the 1980s, the Union Carbide India Limited pesticide
plant in Bhopal experienced the release of toxic gases into the atmosphere due to corrosion in
the structures, resulting in the death of more than 2,000 people, according to official figures.
2)

So, it is necessary to develop corrosion-resistant materials, whether to better manage
financial resources, to avoid environmental catastrophes, and, above all, to avoid loss of human
life. Industrially, carbon steel is one of the most widely used materials due to its versatility.

However, its low corrosion resistance leads to the need for corrosion protection methods in
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carbon steel applications. This includes, for example, the use of protective metallic coatings for
steel. (3)

In this context, Cr coatings have found wide application due to their resistance to heat,
corrosion, and erosion and the high hardness and attractive appearance of this metal. However,
most electrolytic baths to obtain these coatings use Cr®* as a source of Cr, an ion that poses
environmental and health risks. This has led to the research for other materials that can replace
Cr, providing protection without the severe environmental impacts it causes. (4, 5)

Among the metals proposed to replace Cr, Zn can be highlighted, which, due to its
anodic electrochemical behaviour against Fe, corrodes preferentially to the carbon steel
substrate. Zinc electrodeposition is an economical Zn coating process compared to the
conventional galvanic process. The galvanizing process is used in several industrial sectors to
protect ferrous alloys during the corrosion process. Zn electrodeposition is relatively cheap
compared to other coating materials for the same purpose. (6,7)

Zn is commonly considered an effective material for coating reactive metal surfaces and
the electroplating of Zn coatings has received great attention due to its corrosion resistance. (8)
In recent years, several researchers have carried out investigations into Zn electrodeposition
using deep eutectic solvents (DES) as the solvent. Jiang et al. performed metallic Zn coating in
a medium of choline chloride (ChCl) and ethylene glycol (EG) on a Cu substrate using ZnClz
as the source of Zn. The results showed that the Zn coating obtained had good adherence to the
surface of the Cu substrate, with a corrosion current density of 7,99 uA cm 2 and a corrosion
potential of =1.97 V at 40 mA cm 2 in 3.5 % NaCl. (9)

Chen et al. developed a method to improve the electrodeposition rate of Zn in ChCI-
based DES and investigated the effects of the electrodeposition temperature and of the current
density on Zn coating properties. A high electrodeposition rate was observed for the DES

mixture containing 2 mol L™! ZnCl2. When the current density was 12 mA cm 2, only 5 min
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were required to deposit almost 15 um of the Zn coating. Regarding the dependence between
the electrodeposition temperature and the density of the Zn coating, it was found that in a
specific temperature range of 28 to 60 °C, the higher the temperature, the denser the Zn coating.
When the temperature was elevated (e.g., 80 °C), the specific mass of the Zn coating decreased.
(10, 11)

However, due to environmental conditions, the use of solely Zn coatings sometimes
does not provide the desired protection. Therefore, attempts have been made to increase the
corrosion resistance of pure Zn coatings through the co-deposition of other metals, such as Co.
(12, 13)

Nakano et al. used a bath containing ZnO, CoSO4-7H20, NaOH, and, as a complexing
agent, triethanolamine in deionized water to electrodeposit Zn-Co coatings on Cu substrate. The
deposits were obtained in both coulostatic (5 x 10* C m2) and galvanostatic (2 to 500 A m2)
mode at 308 K. They observed that for current densities below 3 A m2, codeposition of Zn and
Co was normal. For current densities above 6 A m2, there was an anomalous codeposition.
Furthermore, these authors noticed a drastic increase in deposition efficiency for the current
density of 6 A m 2, which they attributed to the observed potential of —1.27 V vs RHE, which
corresponds to the equilibrium potential for Zn deposition, according to them. The morphology
of the deposits, observed by scanning electron microscopy (SEM), changed from laminar
crystals to aggregates of granular crystals (with diameters less than 1 pm) when the current
density varied from 5 Am2to 20 Am 2. (14)

Garcia et al. studied the electrodeposition of Co-rich Zn-Co coatings on a graphite
substrate using aqueous solutions containing ZnSO4-6H20, CoSO4-5H20 and Na3CsHsO7. The
percentages of Co obtained in the Zn-Co coatings ranged from 30.25% m/m to 92.38% m/m.
The increase in the percentage of Co in the coatings led to a decrease in grains and a more

homogeneous distribution of them in the micrographs obtained by SEM. The polarization
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curves obtained by linear voltammetry in 0.5 mol L' NaCl medium showed that, for the coating
containing 92.38% m/m of Co, the corrosion current was 7.0 A cm > and the corrosion
potential was —1.1190 V vs SCE. (15)

Bhat et al. electrodeposited Zn-Co coatings on carbon steel from a bath containing
ZnCl2-6H20, CoCl2-6H20, NH4Cl, KCl, and the additives sulfanilic acid (CsH7NO3S) and
gelatin  (CeHsOg), in demineralized water (pH 3.0). The deposition mode used was
galvanostatic, and according to these authors, the optimized current was 20 mA cm 2. They
obtained coatings whose amount of Co varied from 0.78% (m/m) to 3.75% (m/m) and observed
that the coating containing 1.74% (m/m) of Co presented more excellent resistance to corrosion
in 3.5% NaCl medium. The thickness of this film was 10.5 pm, while its corrosion potential
was —1.081 vs SCE, and its corrosion current was 9.021 pA cm 2. (16)

Pandiyarajan et al. studied the electrodeposition of Zn-Co using supercritical CO2 from
an electrolyte containing CoSO4 and ZnSO4 in a 1:1 molar ratio and 0.3 mol L' H3BOs. The
films were prepared at high pressure to create a supercritical atmosphere and atmospheric
pressure for comparison. The substrate was steel, and the deposition mode was galvanostatic
(3 Adm™2, 30 min) at 50 °C. The coatings were evaluated against corrosion in 3.5% NaCl. From
the polarization curves, the corrosion current and the corrosion potential were determined,
which were 191.7 pA cm ™2 and 138.7 pA cm 2 and —900.1 mV and —887.3 mV vs Ag/AgCl
(unspecified concentration) for deposits obtained at atmospheric pressure and in a supercritical
atmosphere, respectively. From electrochemical impedance spectroscopy (EIS) experiments,
the coatings obtained in a supercritical atmosphere obtained polarization resistance (Rp) of
251.3 Q cm? and those obtained under atmospheric pressure of 61.3 Q cm?. (17)

As can be seen, water has been widely used as a solvent for the electrodeposition of Zn-
Co alloys due to the versatility and availability of this solvent. However, the hydrogen evolution

reaction (HER) strongly influences electrodeposition in aqueous medium, which reduces
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deposition efficiency. Furthermore, additives such as complexing agents and surfactants are
frequently used to reduce the production of gaseous Hz and stabilize metal ions in solution. In
this context, DES have stood out as a viable alternative for the electrodeposition of metals and
alloys, including Zn-Co. (18-22)

Chu et al. electrodeposited nanocrystalline Zn-Co coatings from electrolyte containing
ZnCl2 and CoCl2-6H20 in choline chloride (ChCl) and urea (U) medium in 1:2 molar ratio
(ChCIL:2U) on AMB60B magnesium alloy. An alternating current of an average density of
3.5 mA cm 2 was imposed for 2 h to obtain the coatings. They observed that the concentration
of Co?" ions in the bath strongly influenced the amount of Co present in the coatings and the
morphology of these. (23)

Yavuz et al. electrodeposited Zn, Co and Zn-Co coatings from ChCl and ethylene glycol
(EG) in a 1:2 molar ratio (ChCl:2EG) containing ZnClz and/or CoCl.. The substrate was Cu,
and the deposition mode was potentiostatic, applying —1.5 V vs Pt for 300 s at 55 °C. The pure
Zn and Co electrodeposits presented homogeneously distributed nanometric structures, while
the Zn-Co presented agglomerates of different sizes. The corrosion currents obtained from the
polarization curves for the electrodeposits in 3.5% NaCl medium were 3.89 pA cm 2 for the Co
coating, 8.91 pA cm 2 for the Zn coating and 1.26 nA cm? for the Zn-Co coating. (24)

So, it was observed that Zn-Co coatings can be successfully obtained from electrolyte
solutions of salts of these metals in DES. However, there still needs to be more to be filled in
the study of these electrodeposits. Therefore, this work aims to obtain ZnxCo(1-x) coatings in a

ChCl:2EG medium for corrosion protection of carbon steel in a 3.5% NaCl medium.
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2 EXPERIMENTAL
2.1 Chemicals

Choline chloride, ChCl (Sigma-Aldrich®, 99%), ethylene glycol, EG (Sigma-Aldrich®),
zinc chloride, ZnCl2 (Sigma-Aldrich®), cobalt chloride, CoClz (Sigma-Aldrich®) and sodium
chloride, NaCl (VETEC®), were used as received.

To prepare the eutectic solvent, ChCl and EG were mixed in a beaker at a molar ratio of
1:2 (1ChCIL:2EG) and heated at 353 K until a colorless and homogeneous liquid was formed
(21). The electrodeposition solutions were formulated by dissolving ZnCl> and CoClz in
1ChCI:2EG, under constant stirring. The concentrations of the electroactive species used in
these solutions were (Zn*") = 0.025 mol L™}, (Co*") = 0.025 mol L', (Zn**) = 0.4 mol L"! and
(Co*")=0.4 mol L™'. The electrolyte solution utilized in the potentiodynamic polarization curve

(PP) tests was 3.5% NaCl dissolved in distilled water.

2.2 Measurements

The electrochemical experiments were conducted utilizing a glass electrochemical cell
with a 20 mL capacity and a conventional three-electrode system. The working electrode was
an AISI 1020 mild steel disc embedded in epoxy resin, with an exposed geometric area of
approximately
0.0314 cm? for cyclic voltammetry tests and 0.17 cm? for polarization curve tests. Before each
electrochemical experiment, the working electrode was mechanically polished with 100, 400
and 600 grit sandpaper consecutively; then, the mild steel electrodes were washed with Milli-
Q® water (18.2 MQ cm).

A platinum plate (99.5% purity) measuring 1 cm? and a silver wire covered with AgCl
and immersed in saturated AgCl were used as auxiliary and reference electrodes, respectively.

The acquisition and processing of electrochemical data were carried out by the AUTOLAB
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PGSTAT30 potentiostat/galvanostat, Metrohm-Eco Chemie®, controlled by the NOVA version
2.1.

The voltammetric profiles of the AISI 1020 mild steel substrate in solutions containing
the individual species Zn?*, Co®" and in solutions containing both Zn** and Co*" ions in
1ChCIL:2EG were obtained using the cyclic voltammetry technique at a temperature of 343 K,
with scan rate of 4 mV s! and potential range from — 0.2 V to —1.4 V.

Zn electrodeposits were obtained from [Zn**] = 0.4 mol L™! colution, and Co coatings
were electrodeposited from [Co*'] = 0.4 mol L™! solution, both in 1ChC1:2EG. The Zn-Co
coatings were obtained from solutions with different proportions Zn**:Co*" in 1ChCI:2EG:
[Zn*] = 0.4 mol L' and [Co*] = 0.025 mol L'; [Zn*] = 0.025 mol L' and
[Co**]1=0.4 mol L. Under all these conditions, Zn-Co electrodeposits on AISI 1020 mild steel
were obtained potentiostatically at —1.4 V at 343 K, with charge control to obtain coatings with
a theoretical thickness of 1 um.

The surface morphology of the obtained coatings was evaluated using a field emission
scanning electron microscope (FEG-SEM FEI-Quanta 450), operating at an accelerated voltage
of 20 keV. The Zn and Co atomic percentages in the layers were determined by energy
dispersive X-ray spectroscopy (EDS) coupled to SEM.

The corrosion behaviour of AISI 1020 mild steel and electrodeposited Zn, Co, and Zn-
Co coatings on it in 3.5% NaCl was evaluated using potentiodynamic polarization (PP) tests.
For this purpose, a potential window ranging from —0.2 V to —1.0 V was applied, with a prior

1

stabilization of the open circuit potential (OCP) for 3600 s, and a scan rate of | mV s at

343 K.



72

3 RESULTS AND DISCUSSION

Regarding the characterization of the electrochemical behaviour of the systems, Fig. la
shows the cyclic voltammogram obtained for AISI 1020 mild steel in 1ChCI1:2EG at 4 mV s
at 343 K. It is observed that there is no electrochemical process in the potential range of
—0.3 V to —1.0 V, both in cathodic and in anodic scanning. However, at potentials below
—1.0 V, an increase in current may be associated with the decomposition of DES, possibly
involving the reduction of both the hydroxyl groups of ethylene glycol molecules and choline
cations. (25) There is also an evident process at potentials around —0.2 V in the anodic scan.

Fig. 1b shows the cyclic voltammogram obtained for the AISI 1020 mild steel substrate
in 1ChC1:2EG medium containing 0.4 mol L™ ZnCl», with a scan rate of 4 mV s™! at 343 K. In
the cathodic scan, there is a loop around —1.1 V and a well-defined process around —1.3 V,
attributed to the nucleation of the zinc film electrodeposited on the substrate. (26) In the anodic
scan, an undefined process is observed around —1.0 V and two well-defined processes at
potentials of —0.8 V and —0.7 V, which can be attributed to the dissolution of the film of Zn
deposited in the cathodic scan. (26)

Fig. 1c presents the cyclic voltammogram relative to the system in which the AIST 1020
mild steel substrate is immersed in 1ChCI:2EG with 0.4 mol L' ZnClz and 0.025 mol L™
CoClz, obtained at 4 mV s! at a temperature of 343 K. In contrast to the voltammogram
obtained only in the presence of ZnClz> (Fig. 1b), there is no evidence of nucleation in the
voltammogram of Fig. 1c, but only an undefined reduction process around —1.0 V, possibly
related to the reduction of Co?" ions, and another well-defined peak around —1.3 V, already
attributed to the reduction of Zn** ions on the substrate. (19,20) In the anodic scan, two well-

defined processes were observed: one with a higher peak current, around —0.8 V, related to the
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dissolution of the Zn film electrodeposited during the cathodic scanning, and another less
pronounced, around —0.3 'V, corresponding to the dissolution of the Co film. (26, 27)

Fig. 1d displays the cyclic voltammogram corresponding to the electrochemical
behaviour of the system containing 0.4 mol L' CoClz in 1ChCl:2EG, with a scan rate of
4 mV s ! at 343 K. In the cathodic scan, a process around —0.95 V is observed, which can be
related to the reduction of Co*" ions on the surface of the AISI 1020 mild steel substrate. (20)
In the anodic scan, there is the onset of a process around —0.3 V, attributed to the dissolution of
the electrodeposited cobalt film during the cathodic scan. (27)

In Fig. le, the cyclic voltammogram corresponds to the AISI 1020 mild steel substrate
in 1ChCI1:2EG containing 0.025 mol L™! ZnCl: and 0.4 mol L™! CoClz, at 4 mV s—1 and 343 K.
It is noticeable that this voltammogram closely resembles that in Fig. 1d, possibly because the
molar ratio between the concentrations of ZnCl> and CoClz in the electrolyte masked the
processes related to Zn.

Fig. 2 presents the results of the physical characterization of the electrodeposited
surfaces. In Fig. 2a, the percentages obtained by EDS referring to SEM images of
potentiostatically electrodeposited ZnxCo(1—x) coatings (—1.4 V), with a theoretical thickness of
1 um, from solutions with different concentrations of ZnCl> and CoClz, are depicted. It is
noticeable that the chemical composition of the coatings mirrors the proportion of Zn and Co
salts present in the solutions used in the electrodeposition processes. This correlation arises
from considering the molar concentrations of ions in the solution. For a total of 0.425 mol L™!
Zn*" and Co?" ions dissolved in 1ChC1:2EG, 0.4 mol L™! of ions is equivalent to approximately
94% of the ions in solution, and 0.025 mol L™! represents 6% of the total dissolved ions.
Comparing this proportion of molar concentration of ions in solution with the proportion of the
number of atoms present in electrodeposits, there is a close relationship between the

concentration of electrolyte solutions and the relative number of metals present in the coatings.
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In this context, the electrodeposit obtained from the solution of 0.4 mol L' ZnCl> +
0.025 mol L' CoClz, whose molar percentage of Zn is approximately 94%, contains 96% Zn
atoms and 4% of Co; while the coating obtained from the solution of 0.025 mol L™! ZnCl» +
0.4 mol L™ CoClz presents 3% Zn and 97% Co. This is an indication that the use of 1ChCl:2EG
allows an excellent control of the desired chemical composition for ZnxCo(1-x) deposits. On the
other hand, Chu et al., when working with Zn-Co alloys electrodeposited from a solution
containing a fixed concentration of 0.11 mol L™ ZnClz and 0.01 mol L™ CoClz in ChCl:2U,
applying different potentials of deposition, observed that the percentage of Co present in their
deposits was always more significant than that present in the electrolyte solution and that an
increase in the deposition potential led to a deposition of a smaller relative quantity of Co and,
consequently, a more significant amount of Zn. (28)

In the images in Figs. 2b — 2f, there are the micrographs obtained for the coatings
obtained from solutions containing (b) 0.4 mol L' Zn**; (c) 0.4 mol L™': 0.025 mol L
Zn*":Co?"; (d) 0.025 mol L™!: 0.4 mol L™! Zn**:Co?"; (e) 0.4 mol L' Co?", electrodeposited on
AISI 1020 mild steel substrate in 1ChCI:2EG medium at 343 K and for (f) AISI 1020 mild steel
substrate without coating.

In Fig. 2b, a coating is observed distributed over the entire surface of the substrate, with
the presence of nodules and multifaceted crystallites of varying sizes. In comparison, Alesary
et al. electrodeposited Zn from a 0.4 mol L™! ZnCl: solution in ChC1:2EG onto a Cu substrate
in galvanostatic mode (i = 3.3 mA cm? for 2 h) at 353.15 K. These authors noted that SEM
images revealed the presence of Zn particles of different sizes, resulting in a rough and
polycrystalline morphology, like that obtained in the present work. In Fig. 2c, a change in
morphology is observed, with the coating homogeneously distributed over the surface, with
evidence of it being thinner due to the visualization of the grooves inherent to the sanding of

the substrate.
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In Figs. 2d and 2e, the electrodeposits showed cracks, possibly due to more remarkable
film growth, generating tension in the material. Li et al., when electrodepositing Co on Cu
substrate from a 0.05 mol L™! CoClz solution in 1ChCI:2U at 373.15 K, noticed changes in the
morphology of the coatings with the change in deposition potential. Thus, their SEM images
showed that, for a potential of —0.80 V, the electrodeposit presented a uniform, dense and
compact morphology, like what was obtained in the present work, but without showing cracks.
By varying the deposition potential to more negative values, they observed the formation of
some polygonal particles on the coating surface, followed by the formation of nodules and,
finally, when the applied potential was —0.95 V, the formation of dendrites. (30) In Fig. 2f, only
the lines inherent to sanding are observed, as expected for the uncoated substrate.

Regarding the behaviour of materials against corrosion in 3.5% NacCl, Fig. 3 shows the
polarization curves obtained at 343 K for the AISI 1020 mild steel substrate and for the Zn,
Zn96Co4, Zn3Coo7 and Co electrodeposited films onto AISI 1020 mild steel substrate at 343 K.
All curves exhibit active dissolution behaviour of the materials in the anode branch, but the
curves of the Zn and ZnosCo4 coatings present evidence of diffusional control in the coating
oxidation reaction, more pronounced in the ZnosCo4 coating.

Table 1 presents the parameters calculated from the polarization curves. For AISI 1020
mild steel, the corrosion potential was —0.63 V, and the corrosion current was
5.62 x 10 A cm™. The Tafel coefficients were 73 mV dec™! for the anodic reaction and
—171 mV dec™! for the cathodic reaction. The Zn and ZnosCos coatings showed close corrosion
potentials, —0.97 V and —0.91 V, respectively. The corrosion current of the Zn coating,
7.17 x 107 A cm™, was more than double the corrosion current of the ZnosCo4 coating,
3.27 x 107® A cm 2. Comparing the Tafel coefficients, for the oxidation reaction, the ZnosCo4
coating presented a coefficient (33 mV dec™!) slightly higher than the electrodeposited Zn

(26 mV dec ™). As for the reduction reaction, Zn coating presented a higher modulus coefficient
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(115 mV dec™!) than ZnosCoscoating (38 mV dec™!). It is observable that, compared to AISI
1020 mild steel, Zn coating showed a higher corrosion current, possibly due to the sacrificial
nature of Zn in relation to steel. Adding Co to the ZnysCo4 coating led to the lowest corrosion
current.

On the other hand, Zn3Co97 and Co coatings showed similar corrosion potentials,
—0.57 V and —0.60 V, respectively. However, the corrosion current of the Co coating,
1.21 x 107> A cm 2, was significantly higher than that of all coatings, which may be associated
with the presence of cracks on the surface, as showed in Fig. 2e, increasing the electroactive
area of the coating. On the other hand, this electrodeposit presented lower Tafel coefficients (na
= 67 mV dec’!; mef = 57 mV dec!) than the Zn3Coo7 coating (a = 73 mV dec!;
M| = 68 mV dec ™).

Gharahcheshmeh and Sohi obtained a corrosion potential of —1.120 V vs SCE for Zn
coating and corrosion potentials from —1.124 V to —1.130 V vs. SCE for Zn-Co electrodeposits
in which the percentage of Co varied from 0.52 to 3.34 %m/m. The corrosion current values
were 6.76 x 107* A cm™2 for pure electroplated Zn and ranged from 1.298 x 107> A cm™? to
3.880 x 1073 A cm 2 for the coatings containing Co. (13) Bhat et al obtained corrosion potentials
between —1.081 V and —1.129 V vs. SCE and corrosion currents ranging from 9.021 x 107¢ A

cm 2 t0 3.232 x 107> A cm 2 for Zn-Co coatings whose Co content was 0.78 % to 3.75 % m/m.

(16)

Conclusions

ZnxCo(1-x) coatings were successfully obtained by electrodeposition by potentiostatic
mode at 343 K. The Co content in the films obtained by EDS data increased with the Co*" ions
concentration in the electrodeposition solution. SEM images showed the presence of cracks on

the coating surface with an increase in the Co content. Finally, the corrosion current density of
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the ZnosCos coating (3.27 x 10 A cm2) was almost half that of the mild steel substrate
(5.62 x 107°% A cm™2), showing a promising protective behaviour of the ZnosCo4 coating against

corrosion of the mild steel in a 3.5% NaCl medium.
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Table — Values of Ecor, 10, Na and 1 obtained from PPC experiments in 3.5 %mm NaCl
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Material Ecorr /' V io /A cm™ Na/mV dec! | ne/mV dec™!
Mild steel —0.63 5.62x107°° 73 -171

7n —0.97 7.71 x 107° 26 -115
Zn96Co4 -0.91 3.27x107° 33 —38
Zn3Co97 —0.57 456 x 107° 73 —68

Co —0.60 1.21 x 107 67 =57
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FIGURE CAPTIONS

Figure 1 — Cyclic voltammograms at 4 mV s ' and 343 K in (a) 1ChCI:2EG DES and with
addition of (b) 0.4 mol L' ZnCl, (¢) 0.4 mol L' ZnClr + 0.025 mol L' CoCl,
(d) 0.4 mol L' CoClz, and 0.025 mol L™! ZnCl> + 0.4 mol L™! CoClz to the DES.

Figure 2 — (a) Metallic composition by EDS, along with the SEM images of (b) Zn, (c) ZnyCos4,
(d) Zn3Coy7, () Co and (f) mild steel substrate.

Figure 3 — Potentiodynamic polarization curves obtained in 3.5 % NaCl solution at 343 K, and

at 1 mV s~! for Zn, ZnosCo4, Zn3Cos7 and Co coatings.
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and application of these materials, which must hmbulymﬁzd
:ndwlyunpvml.?meul [18] studied cobalt-coated copper

in frechly prepared DES mixtures. The water content in 1ChCL2EG was
13.25 + 0.06 ppm and ranged from 23.32 + 0.13 to 57.57 + 0.31 ppm
after adding Zn** and Co™*.

az HER el lystz in 30 wt36 KOH. These authors

identfial remarkable changes in the ctructural amangement, 22 Blecrochemical experimens

'le"n’ ",dd&' .‘r- ao:a\!inghoﬁe
lectrolytic medium, p of oxygen and temp of zy Bl hemical were mm:ﬂud&w
20 that the lowest P "md‘;‘ nnfnm&wfu wc‘nm&“;‘wﬁ&m 1 Jes. The J-_‘
HER was ob i from an d 3 kept at 25 °C. waz a copper dizc embedded in epoxy resin, with an exposed geometric
Mauzya et al. [19] alzo chowed ivity changes when HER was pro- mdwmom@’ Before each experiment, the working
mdmlml/l.kOH,quHJo ings i bilized onto copp waa ically poliched with 100, 400 and 600-grain zize
and steel derived a: ive surfaces, suggesting 33Y™  _yninaper following this sequence, and washed with Milli-Q® water
ergistic effect of i lated ialz in the el Je configuration. (18.2 MQ cm). A platinum plate (1 cm® geometric arex; 99.5% purity)
MMNYM[QIMMMC"W da:ﬁummﬂm&&dmﬂw&dml&@m
al.byacanh:wbem' ,u-,. > in alkaline medium wsma’ £, 1 : mm“‘
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of metallic coatings were monitored by
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ion diffusion coefficients in the deep eutectic solvent were evaluated at
different temperatures (303-343 m,wqchwmcydm
a.hpedno:he(.‘oadl!q\nm?ocd:ee

mmm)adw&mhﬂmdwymmm&mdm

g their | seability. Additionally, Cao etal
[23] woddwuhmul—doppdmbonmbumdfounldn:h
both and i J the proportion of

L 1,

zites available to prods

m&mdbh\!;mmeﬁgctmmaﬂ;mm
made with combinations of them can achieve superior performance and
Jeserve moce ion. Blectrodepocition iz a simple and low-cozt way
to produce Zn-Co electrocatalyzts for HER, either by potentiostatic or
phmcmle ["4] Hovmrer the electrocynthesic of metallic
mpromise their stability due to
&mammmmmwm
are alzo limitations reganding cathodic efficiency, working potential

ial for

:ndalloytﬂzymmdulhqudmmofagmnlum&

LI wl Ms .‘., |l|n’ = e
an&DBmllhawhgh‘ ical Juctivity and solubility for
xmzall.u:ualna:'enu:-F ble even at rel ,b.gh

po&aoedunvly:n]chap}y[..s 29). Indaeeleo
trodepocition of metals and alloys, DES formed by choline chlocide
(ChCl) and ethylene glycol (BO) have been used with great success
[30-33). Prom this perspective, the main objective of thiz work was to
MWJEQMMMWMamﬂ
as to evaluate the phyzicoch ',,'ndﬁ.‘ of theze
] J HER in alkaline environment.

eposits to p
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2.1. Chemical: and elecerolytic solutions

Chd, BG, zinc chloride (ZnCl,) and cobalt chloride (CoCly) were
purchased from Sigma-Aldrich and wed az received. ChCl and BG were
mixed in 3 1:2 M ration (1ChCl:2BG) and heated to 353 K until a

lorless and homog liquid was formed [15]. The electrodepo-
sition solutions were obtained by dizsolving ZnCl; (0.025 mol/L or 0.4
mol/L Za**) and CoClz (0.025 mol/L or 0.4 mol/L Co**) in 1ChCL2EG,
under constant agitation. Since the electri Juctivity of the el
lytuunndydwnhcnd:mmdmmmde@
mined by Kazl Pizcher coul i ion (899 coul M

h | potentiaks (ie., - 0.4, -0.8and - lSV)wueenhmdforco
2, chosen from cyclic voltammetry data registered with a Cu subctrate
(0.023 cm” geometric area) immersed in 1ChCL2EG containing 0.4 mol/
L Cocl, and 0.4 mol/L ZaCl,.

The influence of metallic 1g2 and selected i ] condi-
wm?ﬂmmﬂﬂbylmrmvdmmy(lﬁv)nOva
&}, using 1 mol/L KOH at 298 K az electrolyte and Hg,)|HgOy,)|OHz,,)
(1 mol/L KOH) a2 reference elecode [30]. Tbemmtdpomn:h
(Byeg/4g0) Weze convested to those of the ible hydrog:

(Byye), through the following equation:

Exsx (V) = Euu0 (V) +0095 +0.059pH m

Coating stability tests were perf ] over 100 k in a two-elecrode
cell, spplying an average operating potential of ~1.8 V a2 10 mA em™?,
I.Oummhmobﬂi:doncoppcaubanm(o.ﬁcm geometric
area), and the d wese J to thoce obtained with the zame
) Je with ndm:thSlmmmlﬂmddm
(o.lam’mmmwmwsmhkdm&a
sexinless steel AIST 304 counter-electrode (0.69 cm” geometric area),
immersed together with the working electrode in 1 mol/LKOH at 333 K.
The current density was et at 10 mA em™ %, taking into account the high
HER yield and seability of the coatings, using a direct current power
mmmdbyamﬂmnﬁzdmm:h%aﬁcm
and were pezfy J with an Anton Paxr’s Sta-
mem.mklmm.

2.3. Blectrodeposition of mezdllic coating:

Zn and Co el Jepocitz were obtained from 1ChCl:-2EG eleczro-
lyucmO4nd/Lh"ml&4nol/L(b" without mechan-
ical convection influence. Zn,-Coy;_,) coatings were obtained from
solutions with different Zn**:Co™* molar ratios, ie., [Zn**] = 0.4 mol/L
and [Co™] = 0.025 mol/L or [2a™*] = 0.025 mol/L and [Co™] = 0.4

mol/L. Blecrodepoxitz were obtained p ically at —1.3 V and
343 K, with ch ! to obeai with 3 J thich
of l ym.

24 Compl hyzicochemical characeer

J )

T&w&emphdogyd&ecmwswﬂuudumaﬁeu
pe (SEM; FEG-SEM FEI-Quanta
450), opeann;azohv The atomic percentages of Zn and Co in the
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coating: were determined by energy-dizp X-ray op Py
(EDS), using a sp led to the pe. The cryzeallinity
and ition of el Jep were alzo evaluated by Xeray

iffraction (XRD) analyses, uamg 3 Rigaku DMAXB diffractometer,
which operated with a 2 kW X-ray g and CuKa copper radias

(. = 0.154 nm). Crystalline phases were identified using the X-Pert
ighScore Plus version 3.0.5 (PANalytical®) program, associating the
results with the Intemational Centre for Diffraction Data (ICDD)/Joint

Committee on Powder Diffraction Standards (JCPDS) databace.

3. Results and discuszion
S.1. Blectrochemicadl charoctericasion

'..“,,w ¥ 3 mr o, Im P - B

' nmmhﬂmmﬂﬁwm&l"
and 1 the efficiency of the e Jep

employed. The recult illustrated in Fig. 1a demonserated that no process
was oboerved in 1ChCL2BG, varying the potential between ~0.4 V and
~1.3 V. Above thiz range, there waz a charp increase in the current
ition of the ic sol caused by the
in ethylene glycol and choline ionz
[32]. In Fig. lb,dmd:epoummduuwdl«kﬁndmdx
wmm&&ﬂuﬂ:mwm -1.1and 0.6V,
related to the dizsolution of zinc e J ible Zn-Cu
mdhcmAmlxpvﬂcwebmdbyMsuydal
[34], unnga?t 1 Je pol d anodically in 1ChCl-2BO containing

atSmV
and Co**, to
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cobalt reduction around 0.9 V. Then, a zignificant increxse in the
cathodic current at — 1.2 V beginz, followed by a discrete current loop,
mddqﬁm&emdea&nd:h:mwbal&h&emkmm
are three well-defined p lazed to the dizcolution of lz, 20
:hs:beﬁmmmfexwmanddthwcohkdmetal[ssl

dez for Zn-Co coati duced from 1Chcl:2U
xSSSk.umcychcwlmmyaSOnVr' They attributed the
firse ewo anodic p (at less pocitive potentiak) to zinc dizsolution
ﬁm&ﬂm&phsaof&emdby followed by dizsolution of the
cobalt electrodeposits a2 a thind procesz. In Fig. 1d, there iz only one
proces: in the cathodic scan before zol Jecompocition. Thiz pr
rezult: from the reduction of cobalt, az itz concentration iz 16 times
higher than zinc. No process iz obcerved in the anodic scan between
-0.4 Vand 1.3 V. The oboerved result iz alzo very similar to that shown
in Fig. le, whooe voltammogram waz recorded in the electrochemical
cell containing only cobale.

3.2 Relasionship b ing seabilizy, ionic diffusion, and
temperanre

Ch amp ic experi mveyuad\llwthe
], chemical ity and seability of especially

unduwpthmnhdnawudgamimm: 1.3Vinl
MW(mﬂymmemyﬁdud

0.4mol L Zn*, iupq&ema&&kﬂ:uenahoa
of cathodic and anodic currents around 1.1 V, which indicates zelf-
organization of crystals by nucleation and electrodepocit growth.

In Pig. lc, there iz 3 small increase in cathodic current attributed to

an in mass-transp
Jencities was u&e emp J from 303 Kto 343 K,
both for Zn and Co-bazed ngz. Thiz iz related to the d inthe
iscocity of the solutions at higher temp 2, which allows faster ion
diffuzion and a g i in Jenzity. lasues related to
mxe and ch iath lting from

dmsnl:hﬂrn&mquh\!ahobemmbyh

etal [36], based on studies on the el h
in ChClEG. PmudxeCoudquumn[S"] uuabopeeaucwvulfy
the & of the on the ionic diffuzion coefficient

=Y

(D),sahovmmTab.cl Por cobalt coatingz, D values varied between
26x 107 +07x 10 %em®s ' and 44 % 107+ 05 x 1077 em® s,
vvhﬂefnrz'ncmthemwﬁm&Qx 100" 5 08
107 em®s ' t04.5% 10719 £ 0.3 % 107" em® 57" The same wend was
obcerved by Phuong et al. [33] for the nucleation of Co** ion: in
1ChCl:2U, az the temperature increased from 313 Kto 343 K.
MmmTabﬁelabgadﬂno&chﬂweb-
tained for Co- and Zn-based coating: obtained in different solvent and

() L ]
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-
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-5 - -+ - - +
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Fig. 1. Cyclic voltammograms cbtained at 5 mV s™' in (a) 1ChCLEG and after
adding (b) 0.4 mal L Zac1;, (¢) 0.4 mol L' ZnCl; + 0.025 mol L' Codly, (d)
0.025 mal L' Zncl; + 0.4 mol L™ Cocly, (¢) 0.4 mol L7 Cocly.

[38-44]. Pabothcss,thevalusmmnlmxw
d:meobnmdbyo&aauﬂhunwbomﬂndmpmdmdfxm&e
same deep eutectic solvent (7.1 x 107'% em” 27" 3¢ 313 K for Zn** [43])
or from other compositions, such az ChClrurea (8.1 x 107%1.1 x 1077
em”® 57! at 313-343 K for Co™* [38]; 7.8 x 107" em® =™! at 363 K for
2‘ [411), BG (2.3 107* cm® & 3 343 K for Co** [39]), 1-methyl-
mﬂ:uumed:yhdfcnmﬂ?xlr'cm’r‘amkfc
Zn" [40]), urex1-ethyi-3-methylimidazolium (5.5 x 107” em® ™ xt
mu«h" [421), and hybeid eutectic sulfolane:water (5.0 x 10~
=~} for Zn** [44]). However, D values for Co** ions in 1ChCL:220
mh@u&ndﬁn&fuh"iﬂnmoﬂhdmkzhmupeﬁ-
mental conditions. This iz due to the formation of 3 amaller solvation
qheefw&bimgmthmmmhhcy&mhz‘ i
[31,45). Regardless of the , all
émnﬂynu&sdn«hﬂuuxlﬂkmhmhml,u., ~0.4,
~08and -13V.

3.3. Compozition and morphology studic:

Fig. 2 p the percentage el ] composition of electrod
poscitz obtained by EDS, az well as surface morphological features
ingz. Acconding to Fig. 2a, the proportion of Zn and Co atoms prezent in
the elecrodepocits iz very cloze to their molar concentration contained
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Table 1
Comparison of diffusion coefficients obeained for Co®* and Zn®" jons at different
temperatures and electrolytes.

Jounal of Bectroanalytical Chawiszry 947 (2023) 117785

inh & of metal moboen'e\l'l‘bemulnahouxh
cated that all el Jep ': mplete surface g,
ptwugd:e-ff of the el h | Jies loyed. For

Temperature/  Electrolyte D/ em’s™ Rt
K
Q),’
303 1ChCE280 26107+  Thswork
Qa7 x 107
313 1ChC2280 20 %107+ Thswark
as x 10
323 1ChC2280 24 2107 This wark
as x 107"
343 1ChCr280 107 This wark
as x 10"
313 122U &1« 107 (52)
323 1ChC2U 11 x 1077 132)
333 122U 11 %1077 (32)
343 12U 1S x 1077 (32)
343 Ethylene gyl 23 <107 [33)
hiQ
303 1ChC2280 89 x 107" This work
as « 107"
313 1ChC2280 14 x 107" This wark
a1l x 107"
323 1ChC2280 29« 107" This wark
as x 107"
343 1ChCE280 45210+  Thswark
as < 107"
373 1 enetdyli smidazolium 7.7 x 107° [34)
triflucevesethylvalionate
363 1ChCE2U 7.8 % 107° (3s)
353 urea/] <yl 3- SSx 107 [36)
metdylimidaxdium
313 1ChC2280 7.1 x 107" 371
hyteid estextic S0 x 1079 [38)
suliolane,/'water

in the electrolytes 9496 Zn and 69 Co from 0.4 mol L' ZaCl; + 0.025
mol L' CoCl; and 97% Co and 39 Za from 0.025 mol L' ZnCl, + 0.4
mdL'mrmmu&udld:chmMu«nm
conwol of the desired chemical comp for Zn-Co d i

Az for phology, Fig. 2b ill the be surface
mmdmwpda.hmgpmwbenmlydn

Zn g (Pig. .&thw&aalcmnﬂxmmmwhﬂe:he(‘a:m
(Fig. .J)exhahuden.lnn:dnpu The zame characteristics are seen
when any one of these cations iz present az a3 major part of the elecxro-
lyte. Regardles: of the proportion tested for each cation, obcerving at a
higher magnification, the Zn-Co coatings (Fig. 2e and f) chowed cracked
mcrpbongal pattems, which have a high nxface area and are

I excellent ¢ for el h 1 Table 2
chows the of pe tested in each electrolytic bath, in
addition to the percentage of Zn, Co and Zn-Co measured by EDC in each
coating.

XRD analyses were conductad to evaluate the crystalline structure of
Zn, Co, and Zn-Co films. Fig. 3 chows the diffraction pattems before and
after modification of b in deep eutectic solvent. Ac-
m»mb/mbnhn,dumduobmndnhax
h istic peaks iated with Cu with a face-centered cubic
structure (card 85-1326), hexagonal metallic forms of Za (card 03-065-
5973), Co (card 15-0806), Zn,, Co, and ZnyCoy; alloys (cand 23-1390),
bezides rl:nmbohalnl Co{OH)sCl (space group R-3m #166). The
p of the alzo d high quality of the modifications
cxrwdmm&ed«mkvkm(mﬂwéemeplm
resonance results, Fig. 54 in Supplementary Material). On the other
hand, the presence of Co(OH)4Cl chows that when Co™* iz eleczo-
immobilized individually, parallel equilibria can be formed, leading to
the formation of zoluble zaltz and loz of coating stability. Although the
same trend has not been registered for Zn**, Zn-Co coatings tend to be

Table 2
Composition of metallic coatings estimated by emergy dispersive X.ray

Bah Precursce concestration Costings composition Sample labed
(moll") (W)
ZoQ1, CoQl, Za Co

1 04 100 ] n

n s .0 2% 4 TheCog

m ams o4 3 7 Z0,Co,,

v o4 4] 100 Co

Fig. 2. (a) Metallic compaosition, along with the SEM images of (b) Cu substrate, (¢) Cu/Zn, (d) Cu/Co, (¢) Cu/ZnuCos and (f) Cu/ZnyCog. The micrographs
illustrated in b.d and e-f were recorded with 500- and 1000-times magnification, respectively.

4
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Fig. 3. XRD pattern of Zn, Co, and Zn-Co coatings, electrodeposited on
Qu substrate.

more stable and suitable az elec ‘,_,uwillbedmanted
later. No peaks reculting from impurities were d 1, reaffirming the
mmtheelxuwyuhuaofdndﬁumnﬁ:lhzmah

S.4. HER dlectrocatalysiz

The Il perf of metallic sub and ags towards
HER electrocatalyzis is summarized in Fig. 4. The steady state curves
obtained by LSV 3t 5 mV ¢! (Fig. 43), using 1 mol/L KOH 2t 333 K =
electrolyte, indicate the following oncet potential order: ZnyCowr <
ZnsCos < Co < Zn < Cu. This result proves that Zn-Co alloyz are more

ising as HER el lysez, in addition o providing higher
hy«kogmmdmymhhthpmah[%] Bven oo, it is
important to point out that all tested coatings performed better than the
wnmodified copper subctrate, used az one of the standard eleczrode
materials in studies with hydrogen production by water splitting.

Under alkaline conditions, the Tafel diagrams (Fig. 4b) are concen-
trated in 3 nurow overpotential range (= 150-320 mV dec™), sug-
gesting that the HER mechanizm for all the films iz not affected by their
thick [47]. H , observing the Tafel fits, there are change: in
clope values and, quently, gr ion rate on the Zny-Coyr
coating (kinetic constant — 108.2 + 0.74 mV dec™'). About the surface
stability, evaluated by potential variations at a current denzity of 10 mA
em™ applied for 100 h of electrolysis (Fig. 4¢), the greatest stability
trend iz seen for coatings that work at lower overpotential: (Co- and
ZnyCoyr-based coatingz), pocsibly because they are less 1 to
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5 -0
a
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Fig. 4. (a) Polarization curves carried out with different catalysts at 0.5 mV
5. (b) The corresponding Tafel lopes. (¢) Electrochemical stability tests of the
catalysts, evaluated at 10 mA cm™ * and 333 K for 100 h. Supporting electrolyte:
1 mol L'} KOH.

Supplementary Material). Ror P purposes, Table 3 po
Tafel coefficientz (7b), exchange current dencities (i) and estimared
overpotentialz (|n]) for HER on each catalyzet, obtained from fitting LSV
dats 3t SmV e and wing 1 mol L' KOH at 298.15 K. Now the values
were normalized by geometric area and BCSA, az can be zeen in Fig. 52
and Table 51 (in the Supplementary Material). These results corroborate
the SEM images obtained in Fig. 3: &emm&&eb@eadec
troactive area (ZnpsCoy) showed higher roughness, spanied by
ZnyCoyy, which chowed cracks.

b !I?B!l'll\’aht

oflOIm\

As already stated earlier, the Cu
(546 mV) to achieve a J
fwhhmmﬂa(ﬂﬁmﬂb’.@.(ﬂmﬂﬂm
(333 mV), reiterating the better electrocatalytic effect of the latter [43].
Thiz cequence does not change even working at 10 times higher current
Mhmmwmmﬂbﬂquu

mcmﬁmﬂw:@fﬁmhmw
which lead to varistions in ohmic resiztance. The el

desirable that an el low values of Tafel

behavior demonstrated by the Cu subctrate, Cu/Zn and Cu/ZngsCoy iz
MMWbMGWMM(WM
from 100 mV to 300 mV during e lysis), iri

wwwmm‘mmhﬂ W'hendm

[49). Thus, the banllov:hmp(wmdby:bgbﬁowmdco

o p HER and ch &.\tthe ofoobahmibutu

pocitively to catalyze this el chamical ion, including az an ad-

&mmmﬂxaﬂmh&w tings had the | P ial
mh 1, 1 O |

Values of el chemical active surface area (BCSA) for canalyzes

were estimated from them electric double layer cap (Ca). Cyclic

voltammetric profiles of Zn, ZnpsCoy, ZnyCoyr and Co electrodes were
recorded in 3 non-Paradic region (+0.05 V vz reversible hydrogen
electrode (RHE) in relation on Eocy (¢ = 180 2)) at different scan rates
(25, 5, 10 and 15 mV 2~') in 1 mol/L KOH (Figz. 51 and 52 in the

ingz are aloo indicative of their higher el y Y
compared to the otherz.
Poc ZnyCoyy, comparing the Tafel p besined in this study

with previously publiched ones (Table 3), the values of b and |n| were
higher than those reported with Zn-Co-5, CoZn, NiCoZn e ZngNi coat-
ingz, but ip values were lower [46,40,50-52]. mmmdecuh:m
of HER by el lyzis, variations in the Tafel p
unnmmmnumm
chlngummﬁctnzwcme ignifi infl on the el

Theref mvmnmb:mynmln&mtbme
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Table 3
Hectroch | beained with different metallic coatings developed
mpro&mhy&quh: mol L' KOH at 298.15 K.
Catdyw b o o mxa Il oo Mlow  Refamce
mV Aem™ Aam™? oAl sAeD
e’ wmV wmV
Copper 6222 227 x - 546 - this woek
+204 107+
180 x
107
In 2331 1.20 1.09 x 509 - this work
+643 107'% 107"+
286 x 2.60 x
107 1077
ZouCoy 24756 1.24 9.68 x 3sS 600 this woek
+ ISS 107+ 107+
533 x 5.42 x
10 10"
20,Co0 1082 &S7 x 212 x 333 S24 this work
+074 10 107"+
328 x 8.12
107 107"
Co 1914 252 x 8.42 « 372 s78 this work
+320 107+ 107+
256 8.53 x
10 1w
Z0CoS 863 - - 176 - (50}
Cola % 380 x - - 240 s1
10
NiCoZa 81 162 x - - 140 1)
107
Za N - Q30 x - 95° - [46)
10"
*not mentioned.

obtained in thiz work can be achieved from more detailed studies about
the reaction mechanizm and surface reactivity of the coatingz.
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Figure S1. Cyclic voltammetry curves for effective electrochemical active surface area tests
(ECSA) in 1 mol L™! KOH for (a) Zn, (b) ZnosCo4, (c) Zn3Cos7 and (d) Co. The capacitive

currents are collected at £0.05 V (from the open circuit potential) from 2.5 up to 15 mV s\,
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Figure S2. The charging current density differences plotted against scan rates of Zn, Co,

Zn3Co97, and ZnysCo4 electrodes.
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For these calculations, the value of the Cs used was 0.040 mF cm 2. [R1 and R2] Considering
these relative surface areas, it was possible to normalize the electrochemical data to determine

the values of Tafel slope and exchange current density and the results are summarized in Table

3.
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Table S1. Benchmarking parameters for catalysts studied in 1 mol L™! KOH.

Catalyst - (anodic slope —anthodic slope ) ECSA= %il
Zn 0.79 mF 19.8 +4.2

Zn96Co4 4.61 mF 1152+ 51.6

Zn3Co97 2.91 mF 72.8 £23.6
Co 2.16 mF 53.9+2.7
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Fig.S3. (a) Polarization curves performed at 0.5 mV s at 298 K and (b) Tafel slopes with linear
fittings, considering normalized ECSA in 1 mol L~! KOH for Zn (black line or symbol), Co

(orange line or symbol), Zn3Coo7 (red line or symbol) and ZnesCo4 (blue line or symbol).
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Surface Plasmon Resonance (SPR)

SPR experiments of Zn-Co metal coatings was performed on MP-SPR Navi™ 200 OTSO
(Bionavis, Sweden) equipped with two laser channels (670nm and 785 nm) in angular scan
mode on two separate spots on the surface. The SPR curves were taken first in air and later in
water with a flow rate of 100 pL/min during a measure of 60 minutes. The thin film Zn-Co
metal coatings were characterized in terms of layer thickness (d), using dedicated MP-SPR

Navi™ LayerSolver™ software. Zn and Co were electrodeposited on a SPR Au-substrate (2
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nm Cr adhesion layer and 50 nm Au layer). Prior to electrodeposition, the SPR Au-substrate
were cleaned in Piranha solution (H2SO4: H202, 3:1 v/v) for 2 min and rinsed with Milli-Q
water. Then, clean SPR Au-slide were placed in electrochemical cell as work electrode to
perform electrodeposition of metallic coatings (see Section 2.3). The resultant SPR Au-
substrate with Zn-Co coatings (Au-substrate + Zn, Au-substrate + Co, Au-substrate + ZnosCos,
and Au-substrate + Zn3Co97) was promptly washed with water and isopropanol and dried under
nitrogen prior to use in SPR. The results are presented in Figure S4.

The SPR curves in Figure S4 show the peak minimum intensity shifted upwards and the peak
showed significant broadening with respect to gold due to presence of absorbing layers of Zn-
Co metal coatings with optical constants very different from those of gold substrate. Also, due
to the nom-plasmonic metallic nature of Zn and Co coatings on gold in the 670 nm and 785 nm
wavelengths region and the high values of extinction coefficient for Co (k = 6.5355), [SPR#1]
the SPR curves vanishes for those coatings with high composition of Co (i.e., Co and Zn3Cov7).
That behavior indicates a high ordered and dense thin film,[ SPR#2] corroborating with powder
DRX results (see Section 3.3). In addition, SPR curves obtained with water flux for 1h (Figure
S4. (b) and (d)) indicate no change in optics properties of coatings, also confirming their

stabilities.
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Figure S4. SPR curves for the Co, Zn, Zn3Co97 and ZnysCo4 metal coatings on Au-substrate.
Measurements were performed with 785 nm wavelength in (a) air and (b) water, and with 670

nm wavelength in air (c) and (d) water.
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