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RESUMO

Conhecidas pela elevada energia especifica tedrica, as baterias de litio-ar compreendem uma
tecnologia atrativa para o armazenamento de energia elétrica e podem tornar os veiculos
elétricos amplamente acessiveis. Adicionalmente, as baterias de Zn-ar possuem aplicagdes no
setor médico e de telecomunicagdes, como aparelhos auditivos em miniatura e dispositivos de
mensagens sem fio. Ambas as tecnologias exigem catodos de ar para acelerar as lentas taxas de
reacOes de reducdo (descarga) e evolucdo (carga) de O». Apesar dos esfor¢os dos pesquisadores,
os eletrocatalisadores atuais carecem de atividade e estabilidade suficientes. Nesse contexto,
esta tese propds avaliar os parametros envolvidos na eletrodeposicio de catalisadores
bimetalicos e na ciclagem da bateria de Li-O2. No estudo com Co-W foram avaliados a
influéncia da densidade de corrente elétrica e da concentracdo de W na eletrodeposi¢do em
espuma de niquel e malha de aco com posterior aplicacdo na bateria de Li-O,. O estudo com
Ag-Co propds avaliar a influéncia da densidade de corrente elétrica e pressdo de Oz durante a
ciclagem na bateria de Li-O,. Para Zn-Co, foi proposto avaliar a influéncia da temperatura do
banho eletrolitico e da velocidade de rotacdo catédica durante a eletrodeposi¢do e como essa
configuracdo impactava na ciclagem dos eletrodos na células de Li-O,. No sistema de Zn-ar
foram avaliados como o pH da solucdo de W-Co e o tempo de eletrodeposi¢ao influenciavam
a eficiéncia da bateria. A andlise estatistica para a eletrodeposi¢ao de Co-W demonstrou que
maiores concentracoes de W e densidade de corrente elétrica aumentaram a eficiéncia de
eletrodeposi¢do, no entanto as quantidades de depdsito nos substrato ndo se mostraram
benéficas para o sistema de Li-O». Para a eletrodeposicao de Ag-Co, a pressao de O de 2 atm
e densidade de corrente elétrica de 50 pA cm™ na bateria de Li-O» apresentaram os maiores
valores de capacidade de descarga, sendo 336 mAh g''c (malha de ago) e 115 mAh g’ (espuma
de niquel). Os eletrodos contendo Zn-Co apresentaram resultados benéficos para a reagdo de
evolucdo de oxigénio, de acordo com o valores obtidos por voltametria ciclica de voltametria
de varredura linear. Para o substrato de espuma de niquel a temperatura de 70 °C e velocidade
de rotagdo catédica de 100 rpm demonstrou o maior valor de capacidade de carga, sendo de
182 mAh g'lc. Para a malha de aco os pardmetros a 25 °C e 30 rpm forneceu uma capacidade
de carga de 399 mAh g'l.. Para o estudo com Co-W em baterias de Zn-ar, o tempo de
eletrodeposi¢ao de 15 min e pH do banho eletrolitico com valor de 7.5 proporcionou eficiéncia

préxima de 60% a 20 mA cm™, sendo um excelente eletrocatalisador bifuncional para ambas



as reacoes de Oz com resultado superior ao catalisador comercial de Pt-Ru. A anélise de energia
dispersiva de raios-X demonstrou que W foi solubilizado durante a ciclagem na bateria de Zn-ar
e pelo microscopio eletronico de transmissao foi verificado que houve a formacdo de uma

estrutura de espinélio de ZnCo0,04, devido a presenga de Zn na composicao do eletrélito.

Palavras-chave: Armazenamento de energia; Eletrodeposicdo; Baterias; Eletr6litos;

Catalisadores.



ABSTRACT

Known for their high theoretical specific energy, lithium-air batteries comprise an attractive
technology for storing electric energy that can make electric vehicles widely accessible.
Additionally, Zn-air rechargeable batteries have medical and telecommunication applications
such as miniature hearing aids and wireless messaging devices. Both technologies require air
cathodes to accelerate slow rates of O reduction (discharge) and evolution (charge) reactions.
Despite the researchers' efforts, current electrocatalysts lack sufficient activity and stability. In
this context, this thesis proposed to evaluate the parameters involved in the electrodeposition
of bimetallic catalysts and in the Li-O2 battery cycling. In the Co-W study, the influence of
electric current density and W concentration on the electrodeposition in nickel foam and steel
mesh was evaluated with subsequent application on the Li-O2 battery. The Ag-Co study
proposed to evaluate the influence of electric current density and Oz pressure during cycling on
the Li-O, battery. For Zn-Co, it was proposed to evaluate the influence of electrolytic bath
temperature and cathodic rotation speed during electrodeposition and how this configuration
impacted the cycling in Li-Oz cell. In the Zn-air system were evaluated how the pH of the W-Co
solution and the electrodeposition time influenced the battery efficiency. Statistical analysis for
Co-W electrodeposition demonstrated that higher W concentrations and electric current density
increased the electrodeposition efficiency, however the amount of deposition on the substrates
was not beneficial for the Li-O2 system. For the electrodeposition of Ag-Co, the Oz pressure of
2 atm and electrical current density of 50 uA cm™ in the Li-O> battery presented the highest
discharge capacity values, being 336 mAh g!¢ (steel mesh) and 115 mAh g’ (nickel foam).
The electrodes containing Zn-Co showed beneficial results for the oxygen evolution reaction,
according to the values obtained by linear scanning voltammetry and cyclic voltammetry. For
the nickel foam substrate the temperature of 70 °C and cathodic rotation speed of 100 rpm
showed the highest load capacity value, being 182 mAh g’'.. For the steel mesh the parameters
at 25 °C and 30 rpm provided a charge capacity of 399 mAh g'l.. For the study with Co-W in
Zn-air batteries, the electrodeposition time of 15 min and pH of the electrolytic bath with a
value of 7.5 provided efficiency close to 60% at 20 mA cm™, being an excellent bifunctional
electrocatalyst for both O> reactions with better results than the commercial Pt-Ru catalyst.

Energy dispersive X-ray showed that W was solubilized during cycling in the Zn-air battery



and by transmission electron microscope it was verified that a spinel structure of ZnCo0,04 was

formed due to the presence of Zn in the electrolyte composition.

Keywords: Energy-Storage; Electroplating; Batteries; Electrolytes; Catalysts.
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1. 1. General Introduction

With the increase of population income, the automobile industry is experiencing
numerous sales of vehicles composed of internal combustion engine, which consume fossil
fuels and emit harmful gases to the environment such as carbon oxides, hydrocarbons and
nitrogen oxides (TIE; TAN, 2013). In order to overcome environmental and energy issues,
electric vehicles have been developed in recent years, however, they are less accessible to the
population due to the high cost. Electric vehicles provide a significant improvement in fuel cost
savings and contribute against the emission of greenhouse gases. Electric cars can be fully
electric or battery powered cars that are powered by one or several electric motors and extract
their propulsion energy from only one electric battery. Plug-in hybrid cars are vehicles that: (1)
are equipped with an internal combustion engine and one or multiple electric motors, (2) extract
their fuel propulsion energy and / or electricity, and (3) may be charged from an external source
of electricity (WEISS; ZERFASS; HELMERS et al., 2019).

The rechargeable Li-air battery is considered one of the most promising
technologies for electric vehicles due to its high theoretical specific energy (over 3500 Whkg™),
which could allow a longer driving distance (greater than 300 miles). The Zn-air battery has the
advantages of low cost, excellent safety, environmentally friendly properties and flexibility
with theoretical specific energy of 1350 Wh kg!, approximately three times higher than current
Li-ion batteries (PARK; PARK; NAM,; LEE et al., 2015).

The issue related to decreased efficiency in the Li-O> system is due to the
overpotential generated after the discharge, which impairs the kinetics of the O> reactions,
which is caused by the irreversibility of the formed discharge product (usually Li202).
Discharge product, if not decomposed, may clog the air electrode pores after a few discharge
and charge cycles, impairing battery performance (FREUNBERGER; CHEN; DREWETT;
HARDWICK et al., 2011; FREUNBERGER; CHEN; PENG; GRIFFIN ef al., 2011). Dendrite
formation, which is a limiter for Li-O; batteries is also a limiter for Zn-air batteries. Zinc oxide
solid powder that acts as an insulator leads to dendrite formation, affecting Zn-air cell charge-
discharge cycles (LEE; TAI KIM; CAO; CHOI et al., 2011). Experimental research has shown
that the use of additives such as potassium fluoride and surfactants may inhibit zinc dendrite
growth (LAN; LEE; CHIN, 2007).

In order to achieve high efficiency and cycle stability, metal electrocatalysts are

introduced into the metal-air battery cathode. Electrocatalysts can be deposited by several
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techniques, such as electroplating (XIONG; IVEY, 2018), sonochemical (ANGELUCCI;
D’VILLA SILVA; NART, 2007), sol-gel (HU; CHEN; XIA, 2014), ultrasonic (RONG;
JIANG; SARNEY; CHU, 2010), co-reduction (XU; SONG; LIU; ZHANG et al., 2018), among
others. The electroplating stands out and presents as advantages: (1) fast deposition speed, (2)
profitability and (3) simplicity of control over the thickness of metallic films. The morphology
and properties of coatings can be adjusted by electrolyte composition (solution types, metal salt
concentration and additives) or by electrochemical parameters including deposition potential
and electric current density (LIU; DENG; HAN; HU et al., 2016; SIMKA; PUSZCZYK;,
NAWRAT, 2009).

Transition metal oxides have been considered an alternative to conventional noble
metal electrocatalysts for air battery applications due to reasonable activity and alkaline
electrolyte stability, low cost and wide availability (YUAN; WU; XIE; LOU, 2014). Among
them, MnOx has a relevant catalytic activity for the O reduction reaction in the non-aqueous
Li-air system (CHENG; SCOTT, 2010) and Zn-air (XIONG; CLARK; LABBE; IVEY, 2018).
The reduction reaction activity is mainly related to the occupation of the s* orbital and the
extent of oxygen transition metal covalence at site B, which serves as a descriptor of secondary
activity! (SUNTIVICH; GASTEIGER; YABUUCHI; NAKANISHI et al, 2011).
Hybridization affects performance and in order to improve it, multivalence transition metals,
e.g. cobalt, are used as electrocatalysts (XIONG; IVEY, 2017).

Silver nanoparticles supported on reduced graphene oxide embedded in cobalt and
nitrogen had detachable catalytic activity for oxygen reduction reaction (QASEEM; CHEN;
WU; ZHANG et al., 2017). The electrocatalyst showed platinum-like activity and superior
stability in an alkaline environment, providing an excellent specific capacity of 789 mAh g'!z,
with an energy density of 947 Wh Kg! at a current density of 20 mA cm-? at a Zn-air battery.
Zn-Co electrocatalysts have also been applied to Oz reduction reactions (LU; WANG; HU; LIU
etal.,2019). Coordinated Zn-Co atomic pairs on nitrogen-doped carbon support exhibited good
performance under alkaline and acidic conditions, with a maximum power density of
230 mW cm™. In this context, this thesis proposes to study the influence of electrodeposition
and cycling parameters in different cobalt-based electrocatalysts for application in Li-O2 and

Zn-air systems aiming at high system efficiency and stability.

! The transition metals present in the electrode surface control the ORR steps due to their electronic structure that
allows the control of the catalytic activity. The study reflects the influences of s* orbital and metal-oxygen
covalence on the competition between O,2/OH" displacement and OH" regeneration on surface transition metal
ions as limiting steps of ORR.
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1.2. Justification

The purpose of this thesis was to use electrodeposition, a simple technique capable
of depositing active material on substrates, making them suitable for application in Li-O; and
Zn-air batteries by controlling operating parameters that modify several characteristics, like
morphology, composition and catalytic activity.

Commercial Pt-Ru and IrO: electrocatalysts are known for their high catalytic
activity, good retention, and cycle stability. However, they are expensive, as are Au-based
electrocatalysts.

Therefore, the justification for this thesis was to consider cobalt-based
electrocatalysts with other metals, such as W, Ag, and Zn to become a viable alternative to
conventional electrocatalysts. Especially the application of the Co-W electrocatalyst, which is
not addressed in the literature with applications for catalysis of oxygen evolution and reduction
reactions.

The prospect is that in future these electrocatalysts will be applied in the

development and technology of electric vehicles.

1.3. Objectives

1.3.1. General Objective

This thesis proposed the evaluation of the electrodeposition of tungsten, silver and
zinc cobalt binary alloys in three different substrates (nickel foam, steel mesh, and carbon), and
the characterization of these alloys, aiming at their applications as catalysts in Li-O2 and Zn-air

batteries.

1.3.2. Specific Objectives

The research involved electrodeposition assays, physicochemical characterization
and catalytic activity of electrocatalysts, Li-O> and Zn-air battery charge and discharge assays,
and electrochemical impedance spectroscopy analysis, according to the following specific

objectives:
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* To perform tungsten, silver or zinc cobalt electroplating testing for two types of
substrates, nickel foam and steel mesh

* To characterize Co-W, Ag-Co and Zn-Co alloys by Scanning Electron Microscope
(SEM) with chemical analysis by X-ray Dispersive Energy (EDX) and X-ray Diffraction (XRD)

* To characterize the discharge products with Raman spectroscopy

* To evaluate the catalytic activity of electrocatalysts by cyclic voltammetry (CV) and
linear sweep voltammetry (LSV)

* Indirectly to estimate the electrochemically active surface area through electrical double
layer capacitance (DLC)

* To evaluate charging and discharging performance on Li-O; and Zn-air batteries by
varying cathode electrodeposition and cycling parameters

* To determine the most effective electrocatalyst for the Zn-air battery and perform carbon
electroplating tests

* To characterize the W-Co electrocatalyst by Transmission Electron Microscopy (TEM)
and Field Emission Scan Electron Microscopy (FESEM)

* To evaluate the interfacial changes that occur on the Zn-air battery cathode electrode

using the Electrochemical Impedance Spectroscopy (EIS) technique

1.4. Thesis Structure

The steps of this thesis are presented in 8 chapters. In Chapter 1 - General
Introduction, Justifications, Objectives and Thesis Structure were presented in detail the
theme of the thesis, the justification, the proposed objectives and the steps for its realization.
Figures 1.1 and 1.2 highlights the procedures developed in each chapter and the stage of the
thesis. Li-O2 battery-related experiments were developed at UNICAMP, LabPEA (Laboratory
of Electrochemical Processes and Anticorrosion). The experiments involving Zn-air batteries

were conducted at the University of Alberta at the Donadeo Innovation Centre for Engineering.
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In Chapter 2 - Literature Review - Electrocatalysts for Li-O2 and Zn-air
batteries, the trends of electrocatalysts used in energy storage systems are contextualized. The
chapter reports the basic composition of a Li-O2 and Zn-air battery, the challenges regarding
these technologies, and the importance of battery development for electric vehicles and the
environment. Several high-performance electrocatalysts compositions have been shown over
the last 10 years, emphasizing that the research area is in broad development, looking for
innovative and efficient solutions.

In Chapter 3 - Co-W electroplating for Li-O2 battery application, the influence
of electric current density and tungsten concentration on Co-W electrodeposition on steel mesh
and nickel foam substrates is reported. The objective of applying Co-W bimetallic alloy as an
electrocatalyst in Li-O; batteries arose from studies by the research group, which studied the
alloy’s application as an anti-corrosion coating. The article reports a statistical analysis
involving the electrodeposition parameters, the alloy characterization, a fluid-dynamic analysis,
and the electrodes’ application in the Li-O> battery, in need of improvement for more effective
cycling.

In Chapter 4 - Ag-Co electroplating for Li-O2 battery application the influence
of O pressure and the applied electrical current density during cycling is studied. The cycled
electrodes were characterized by relation and morphology and composition, exhibiting the
presence of AgCoO:. The article shows that the steel mesh electrodes presented more effective
maximum discharge capacities than the nickel foam substrate. The cyclic voltammetry and
linear sweep voltammetry techniques showed the catalytic activity of Ag-Co when compared
to the pure substrate.

Chapter 5 - Zn-Co electroplating for Li-O:2 battery application is a study of the
influence of cathodic rotation and solution temperature on the Zn-Co electrodeposition on steel
mesh and nickel foam substrates. Consequently, these electrodes influenced the cycling results
in the Li-O; battery. The article addresses the morphological characterization and composition
of the electrodes after cycling, showing the presence of Zn2;Cos and Co304. Catalytic activity
is demonstrated by cyclic voltammetry and linear sweep voltammetry. The found electric
double layer capacitance for nickel foam (3.10 mF cm?) and steel mesh 1.34 (mF cm™)
compared to the null value of non-deposited substrate, demonstrated an estimate of
electrochemically active surface area for these materials. The maximum load capacity was

obtained using steel mesh, proving appropriate for the Oz evolution reaction.
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Chapter 6 - W-Co oxide electrodeposition for Zn-air batteries application
reports the influence of W and Co ratio, annealing at 300 °C, solution pH, and electrodeposition
time on the catalytic activity of the electrodes. The article discusses the characterization of
W-Co oxide deposition on carbon, demonstrating that the catalytic activity also occurred due
to ZnCo204 nanoparticles formed during cycling. Cycling tests lasting 50 h presented the
electrocatalyst’s excellent activity and stability against the O2 reduction and evolution reaction.

Chapter 7 - General Discussion broadly addresses the results obtained during the
doctorate period, bringing relevant discussions from Chapter 2 to 6.

Chapter 8 - Conclusions, suggestions, and memory of the doctoral period are
presented the main conclusions of the thesis, suggestions for future research in search of results,
and discoveries that provide advances in research. The doctorate period’s memory listed the
activities performed by the doctoral student, such as courses attended and teaching internships.
Listed are bibliographic production, such as book chapters, expanded abstract, articles
published, submitted, and in partnership with the LabPEA research group.

Appendix A presents the electrodeposition and cycling parameters of chapters 3,
4,5, and 6.

Appendix B presents an expanded abstract published in the Proceedings of the
International Congress on Chemical Reaction Engineering in Mexico.

Appendix C discusses the effect of electric current density and forced convection
on the Zn-Fe-Mo ternary alloy electrodeposition. The article is the result of the co-orientation
of an undergraduate student (July/2017 to June/2018).

Appendix D presents an article about the effect of Co and W concentration on the
anticorrosion properties of Co-W alloys.

Appendix E presents a review published on the use of ultrasound on the coating
electrodeposition process.

Appendix F brings a review addressing supercritical carbon dioxide technology for
the synthesis of nanocatalysts with applications in energy storage systems.

Appendix G presents a chapter book published on the influence of operating
parameters on the electrodeposition process of the Ni-Co-W ternary alloy.

Attachments are the copyright-related publications in this thesis.
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New approaches for renewable energy using metal electrocatalysts

for lithium-O:2 and zinc-air batteries

Josiel Martins Costa and Ambrdsio Floréncio de Almeida Neto

Chapter book published by Springer Publishing
Book: Sustainable Green Chemical Process and their Allied Applications
p. 45-61, 2020, ISSN: 978-3-030-42284-4. DOI: 10.1007/978-3-030-42284-4_3

Abstract

By 2050, electricity is expected to shift from 18 to 50 percent of the world's energy resources,
renewable energy sources will enlarge approximately four times the current deployed capacity,
and meanwhile, the expectation is that the release of carbon dioxide will be reduced by 50
percent of the current value. In this panorama, it is relevant to propose new set-up and systems
for energy storage that are not yet available and that can handle the expected requests. The
lithium-O- and zinc-air batteries, based on their performances and availability of raw material,
comprise an alternative and revolutionary technology for application in electric vehicles in an
accessible way. In this context, the development of materials, in particular, electrocatalysts that
enable a catalytic activity capable of promoting efficient charge transport, during the process
of reducing oxygen and allowing the housing of the discharge products are of scientific and
technological relevance. To understand the technology of rechargeable systems, it is necessary
to know what materials and chemical reactions in a battery occur. Specifically, the air electrode
architecture composed of different materials, such as alloys, metal oxides, carbon nanotubes,
and gas diffusion layer has been widely used in both catalytic systems to allow the efficient
transfer of charge and the synergistic effect in the triple electrical layer, speeding-up the
relevant reactions in the process. In this sense, the objective of the chapter is to report the current
trends related to electrocatalysts that reduce the overpotential generated during charge and

discharge in the lithium-O; and zinc-air batteries.

Keywords: Air electrode; Alloys; Carbon nanotubes; Oxygen reduction reaction; Challenge;
Electrochemical performance; Energy storage materials; Metal oxides; Oxygen evolution

reaction; New materials.
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2.1. Introduction

Global warming and energy demand from fossil fuels characterize two issues
pressing the traditional vehicle industry. Unlike gasoline-powered vehicles, electric vehicles,
which use rechargeable batteries, not only reduce fossil fuel consumption, but also eradicate
the pollution generated in the exhaust, giving credit to the auto industry (Yang et al. 2011).
Indicatives in Figure 2.1 demonstrate the rise of 2011 to 2017 of plug-in electric vehicles, which

are hybrid vehicles composed of higher capacity batteries.
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Figure 2.1. Plug-in vehicles sold annually, including global number. Modified after (Pelegov
and Pontes 2018) Copyright 2018, Batteries. There is an increase in the number of sales of plug-
in vehicles, as a result of concern for the environment and the development of new technologies.
With the advancement of battery technology, the tendency is to decrease the sale of combustion

engine-powered cars.

Among the technologies available, lead-acid batteries have a shorter useful life
cycle of 3 to 4 years; however, it is still used as a source of renewable energy. Nickel-cadmium
batteries have a longer life cycle than lead-acid, however, the cost of this technology is
expensive. Concerning lithium-ion batteries, the energy density limitation occurs due to the
chemical intercalation of the electrode material. Thus, this type of battery does not present

relevant applications in electric vehicles® (Akhtar and Akhtar 2015).

2 In addition, the specific energy and power density of the lithium-ion battery, even when applied to electric
vehicles as a power source, deficiencies in the lithium-ion battery, and ongoing research and development on
rechargeable batteries have led to the fundamentals of Li-air battery.
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Scientific advances are fundamental to understanding the reactions that occur in
rechargeable batteries, as well as the development of new materials to overcome the challenges
related to energy storage (Bruce et al. 2011; Christensen et al. 2011; Imanishi and Yamamoto
2014). In this way, it is necessary to develop more efficient and safe rechargeable batteries from
economically more accessible technologies.

Specifically, metal-air cells, which electrochemical reactions occur between
electrodes that consume air or O, have been studied (Girishkumar et al. 2010; Neburchilov et
al. 2010). In this sense, this chapter aims to discuss the main challenges and current trends in
the architecture of cathode electrodes of lithium-O» and zinc-air batteries, with a focus on

electrocatalysts that hold-up the oxygen reduction and evolution reactions.

2.2. Li-O2 batteries

In 2009 the Battery 500 Project was initiated by scientists from the International
Business Machines Almaden Research Center which aimed to develop a Li-air battery that had
a capacity of 500 miles per charge. For Li-O2 systems, in the cathode of nanostructured carbon
or other metallic materials (nickel foam, steel mesh), oxygen is extracted and is where reactions
of lithium ions with electrons occur to generate electricity. When connected to the car, oxygen
is released into the atmospheric air. It is intended to transform this technology into a complete
product by 2030 (Wilcke and Kim 2016). The authors reported that in an ideal cell, the amount
of oxygen consumed during the flush should be exactly equal to the amount released in the
refill. The separation of Li>O> in the recharge was attacking the cell's electrolyte during the
polls, which caused it to be replaced by another. There is no solvent that is stable for
commercially available Li-O; cells; however, the authors stated that a combination of solvents
worked suitably.

In recent years, two types of reversible Li-O» batteries classified as aqueous and
non-aqueous systems have been proposed (Bruce et al. 2011; Zhang et al. 2011). Equation 1

shows the reaction for non-aqueous systems:

2Li + 0> 2 Li>O; (1)
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For aqueous systems, Equation 2 describes the redox reaction of the air cathode that

occurs with the presence of water molecules:

4Li + 6H20 + O; = 4 (LiOH-H>0) (2)

The voltage of the cell is influenced by the OH" concentration; meanwhile, it was
observed that the OH™ concentration increases during the discharge process. The first studies on
Li-air rechargeable cells used an anode composed of Li metallic, a polymeric electrolyte, and a
porous carbon-based electrode as a catalyst (Abraham and Jiang 1996; Li and Dai 2014; Read
20006).

The electrolyte serves to promote the transport of lithium ions, the dissolution of
gaseous oxygen, and the transfer to the reaction sites and also to protect the lithium anode. The
water present in the aqueous electrolytes also participates in the electrochemical reactions,
acting as reagent (Tan et al. 2017). An ideal non-aqueous electrolyte for the Li-O» system must:
(1) be stable with the lithium anode and lithium salts, (2) have superior oxidation potential, and
(3) present a lower vapor pressure and a superior boiling point. The formulation of the
electrolyte influences the ability to charge and discharge. As examples of electrolytes, there
may be mentioned gel-type polymer of LiPF4, carbonates, ethers, ionic liquids at room
temperature, sulfoxides and nitrites (Abraham and Jiang 1996; Read 2006).

In the electrode is the place where the oxygen evolution and reduction reaction
occur. The objective is to achieve superior energy density and capacity, as well as reversibility.
The electrochemical processes involved in the electrode, composed of the interaction between
gaseous and ionic species, should remain in contact long enough to result in high capacity.

In general, structures composed of pores are more effective to promote the transport
of oxygen in the electrodes, in addition to a large surface to react and facilitate electrical
conductivity. The product of the lithium reaction with oxygen gives rise to Li2O2, which is in
the solid phase. The solid present inside the porous cathode impairs oxygen transport and lowers
battery capacity in non-aqueous systems. Even in aqueous systems, such as hybrid batteries, in
which Li>O> can be dissolved, the electrochemical reactions can be affected, directly impacting
the capacity. Therefore, the structural shape of the electrode also is a major problem for porous
cathodes (Tan et al. 2017). Examples of materials used as electrodes are: mesoporous carbon,

carbon nanotubes, graphene and macroporous foams (Ding et al. 2014). However, carbon
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instability has led to the search of non-carbon cathodes capable of being used in non-aqueous
Li-air batteries, for example, a nickel foam, which with potentials above 3.5 V promoted the
degradation of carbonate electrolytes (Veith and Dudney 2011).

The kinetics of oxygen reduction limits the performance of LiO> systems. The
formation of Li»O> and/or Li2O depends on the reduction of O», according to Equations 3, 4,

and 5.

Lit + e + 02 2 LiO> U°=300V 3)
2Li* +2¢ + 02 2 L0, U°=2.96V 4)
4Lit + 4e + 02 D 2Li0  U°=291V (5)

Some authors suggest that Equation 4 does not occur directly (Bruce et al. 2011),

and is divided into three stages, according to Equations 6, 7 and 8.

O2+¢ 207 (6)
Oy + Lit 2 LiO> (7
2Li02 2 Li202 + O3 ()

A voltage range for charge-discharge potentials can be obtained through these
different oxygen reduction reactions. From the formation of LiO2, the mechanism becomes
dependent on the type of material of the electrode. Materials in which O adsorb weakly, for
example, carbon, reaction with LiO; rapidly generates Li»O>. However, for surfaces that have
strong adsorption of oxygen, such as in platinum, the reaction can trigger the formation of Li20,

being similar to the process that occurs in an aqueous medium (Lu et al. 2010).



Chapter 2 — Literature review — Electrocatalysts for Li-Oz and Zn-air batteries 34

2.2.1. Li-O; batteries challenge

Several factors contribute to decreasing energy storage in the practice of Li-O>
batteries. A porous conductive matrix, generally composed of carbon, is used as a cathode, in
which with the discharge, electrode mass and volume are increased due to the accumulation of
product generated. Larger quantities of the Li metal are added than necessary for the
stoichiometric ratio to suppose the regeneration inefficiency. Besides, energy storage can also
be reduced with the use of electric current collectors, and in particular for Li-O; batteries, gas
diffusion channels (Bruce et al. 2011).

There are other factors such as the following: the instability of organic electrolytes,
the behavior of the electrode and Li metal anode when in contact with reduced oxygen species,
specifically the superoxide radical anion; and overpotentials during oxygen reduction/evolution
reactions, which characterize a technological challenge to be overcome (Ottakam Thotiyl et al.
2013; Zou et al. 2016).

Regarding the use of Li metallic anode, the impregnation of non-homogeneous ions
leads to the formation of Li dendrites during the cycle, promoting the neglect of Li metal. The
dendrites pierce the separator giving rise to short circuits, as well as causing the contact with
the electrode to be lost. The battery cycle duration is reduced as the dendrites grow and the solid
electrolytic interface consumes electrolyte. The distribution of uneven current can cause this
phenomenon (Bai et al. 2016). Seeking to increase anode stability, materials have been
developed that involve homogeneous artificial layers of protection, highly conductive Li-ion,
to reduce the formation of dendrites during the cycles. For example, polymer electrolytes and
thin ceramic films present a promising direction to minimize problems of formation of such
lithium dendrites (Girishkumar et al. 2010).

Another relevant issue in the batteries is the high polarization of the electrode,
which results in the loss of energy efficiency, during the discharge of the cell, approximately
2.7V, which is significantly lower than the standard potential (U,). This potential difference is
the overpotential discharge (ndes). The same analysis is valid for recharging, where the voltage
increases up to 4.0 V, which results in the overpotential charge (7car). The deviation from the
standard potential is greater than the current flowing through the system and is known as

electrode polarization. In this condition, the electrode is polarized (Girishkumar et al. 2010).
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Three types of polarization are reported: concentration polarization or mass
transport when it is the result of the depletion of the reactant gas at the electrode/electrolyte
interface, which emphasizes the need for electrodes with high surface area and porosity that
allow easy access to the reagents gaseous; the activation polarization, caused by the high
concentration of reagent that forms a barrier to electron transfer; and the polarization by ohmic
fall, which is the result of the electrical resistance inside the cell, being the process conditioned
by Ohm’s law, which distances the potential of balance electrode (Zheng et al. 2016; Zouhri
and Lee 2016).

The stability of the electrolyte is also an aggravating factor since the non-aqueous
electrolyte must be conductive, have electrochemical stability, and have considerable oxygen
solubility (Balaish et al. 2014). Even with ongoing research, the instability of the solvent and
lithium salts characterizes issues that require studies. To improve this instability, additives have
been used to increase cell performance (Tan et al. 2017).

Electrolytes based on ionic liquids are currently a strategy aimed at improving the
cycling of the Li-O; battery with high discharge rate. Monaco et al. (2013) analyzed the O>
reduction reaction on a mesoporous carbon electrode using an ionic liquid as an electrolyte. The
study demonstrated that the response of the oxygen electrode under high currents was governed
by mass transport of O,. The current density used was 0.2 mA cm™, and a value of 600 mAh g!

of specific capacity was obtained.

2.3. Zn-air batteries

Known for detachable energy density, such as 1086 Wh kg‘l, Zn-air batteries also
stand out for the low cost of production, lower than 10 $ kW™ h™!, which is approximately two
times lower compared to lithium systems. Zn-air batteries become an alternative to lithium-air
batteries, which may come to fruition in the future due to the higher available energy density
when compared to any rechargeable system. However, as well as other metal-air cells, problems
related to the metallic Zn electrode and the catalyst impair the performance of this system.

Among the applications of Zn-air batteries, in the medical and telecommunication
sector, it has already been tested. Even with superior energy densities, Zn-air batteries have

lower power, less than 10 mW for devices applied to the hearing aid, due to the inefficiency of
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the available catalysts. Furthermore, dissolution of zinc and inadequate bifunctional catalysts
have also hindered the life cycle (Li and Dai 2014).

A negative zinc electrode, an air electrode (generally porous), and a separation
membrane both in contact through an alkaline electrolyte make up a Zn-air battery. During the
discharge, oxidation of the zinc occurs, solubilizing the Zn in the electrolyte, giving rise to ions
Zn(OH)+% (Lee et al. 2011). This reaction occurs until the electrolyte is supersaturated. After
supersaturation, zinc ions are presented as insoluble zinc oxide, described by the equations

(Meng et al. 2018):

Negative electrode: Zn’* + 40OH 2 Zn(OH)s? + 2 € 9)
Zn(OH)s? 2 ZnO + H20 + 20H (10)
Positive electrode: Oz + 4 ¢ + 2H>0 2 40H (11)
General reaction: 2Zn + Oz 2 2Zn0O (12)
Parasitic reaction: Zn + 2H>0 2 Zn(OH); + H> (13)

Thermodynamically, the evolution and oxidation reactions occur spontaneously
and have a voltage value of 1.65 V. Meanwhile, during the charge and discharge cycles, they
are kinetically slow, requiring catalysts to accelerate the process (Park et al. 2017).

During the heterogeneous catalysis process, the reactions occur on the surface of
the catalyst. In this way, the catalytic activity depends on the mass transport that proceeds
between the catalyst surface and the bulk phase. Both oxygen evolution and oxygen reduction
reactions are composed of electron transfer and gas/liquid diffusion (Tang et al. 2018). To
enhance the reactions, gas diffusion layers are used as the air electrode. However, the material
must have high electrical conductivity, be hydrophobic, and have considerable porosity and
surface area (Danner et al. 2016). These diffusers are usually composed of thin porous films
manufactured of carbon materials, meshes or metal foam (Chen et al. 2018).

The gas diffusion layer must allow uniform contact between the air and the catalyst

and, simultaneously, serve as a barrier for electrolyte penetration, which justifies
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hydrophobicity and the formation of interpenetrating subsystems capable of facilitating the
diffusion of O to the catalyst site, where a three-phase electrolyte-gas-catalyst interface is
created (Fu et al. 2017; Su et al. 2017).

The morphology of the electrocatalyst must be designed to expose the active sites
to electrolyte and sources of oxygen. Vertically aligned macropores and matrices grown on
carbon nanotubes, for example, increase ionic transport and facilitate the diffusion of oxygen.

Metal nanoparticles provide regions for reactions to occur on the surface (Jia et al. 2017).

2.3.1. Zn-air batteries challenge

The Zn electrodes have performance impaired due to several factors, such as
dendrite growth, mass change, passivation, and hydrogen evolution. Battery performance is
decreased when one or more of these phenomena occur simultaneously. Retention of charge
and discharge cycles, a considerable utilization rate of Zn, and high efficiency with minimum
hydrogen evolution are expected on an ideal Zn electrode. To obtain these characteristics,
researches have been developed by varying the design of the Zn electrode structure, the air-
electrode, and the electrolyte composition. The incorporation of heavy metals in the Zn
electrodes, for example, suppresses these three phenomena, just as the electrolyte optimization
can suppress the effect of the shape change, the dendrite growth, and the evolution of hydrogen®
(Chen et al. 2018).

Due to the slow kinetics, the electrocatalysts are applied to reduce the overpotentials
and facilitate the occurrence of oxygen reduction and evolution reactions. The most efficient
and usual electrocatalysts are the base of precious metals and compounds, usually Pt, IrO», and
RuO; (Chen et al. 2019). High efficiencies in these two reactions depend on the different
reactions associated with the electronic structure and adsorption energy, which consequently
has electrolyte pH dependence (Jiao et al. 2015; Vij et al. 2017). Moreover, unavailability, high
cost, and the poisonous effect caused by precious metals the hindered practical applications. It
1s important to seek alternative multifunctional electrocatalysts than conventional (Chen et al.
2019).

As the reactions have different demands for the active sites, the bifunctional

catalysts need to be adequate to regulate the intrinsic activity, in addition to the enlarged surface

3 However, the incorporation of heavy metal in the Zn electrodes are not ideal due to their environmental toxicity.
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area, the diffusion, and the electron transport being accelerated, expounding the active sites in
the catalytic process (Kuang and Zheng 2016).

Zinc-air batteries work in an alkaline environment, such as Na and K hydroxides,
for a better activity for the zinc electrode and cathode, since Zn can react quickly in acid solution
and generate anodic corrosion (Lee et al. 2016). KOH is generally more appropriate over NaOH
due to its low viscosity, high O> diffusion coefficient, and better ionic effect. However, since
these are open systems, the loss of water from the liquid electrolyte is a relevant cause of
performance reduction. Research has been carried out aiming at electrolyte gelling to minimize
loss and improve battery performance and life cycle (Othman et al. 2001). The function of the
gelling agent is to immobilize and store the KOH electrolyte with a retention capacity of 20 to
100 times its weight. Besides, the use of gel can improve the specific capacity, according to the

study of Mohamad (2006).

2.4. Electrocatalysts for Li-O2 and Zn-air batteries

In rechargeable systems, the heterogeneous electrocatalysis has the function of
reducing the overpotential generated during the oxygen reduction and evolution reaction, since
this overpotential decreases the energy storage (McCloskey et al. 2011). In order to accelerate
the reactions that occur in the discharge and charge steps, catalysts are incorporated, as shown

in Figure 2.2.
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Figure 2.2. Catalytic process diagram in air electrodes. Modified after (Tang et al. 2018)
Copyright 2018, American Chemical Society. The active site is the region where the reactions
involved in the charge-discharge process of the batteries occurred. More porous materials favor

the catalysis of the reactions.
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In aqueous electrolytes, developing bifunctional catalysts with significant catalytic
activity compared to noble metals is still a challenge. For non-aqueous Li-O> systems,
understanding the catalyst function concerning the formed and decomposed solid product is
indispensable for the development of effective catalysts. As the discharge process in non-
aqueous electrolytes is followed by the generation of solid Li»O2, which can cover the catalyst
surface over time. To shorten this time and improve the discharge, electrocatalysts that are
repeatedly adsorbed against the increasing formation of Li>O; are required (Tan et al. 2017).

Song et al. (2017) developed Co-W-C nanocomposites containing encapsulated
functional species doped with nitrogen. The nanoparticles of cobalt and tungsten carbide were
encapsulated using induced evaporation and heat treatment. The oxygen reduction reaction was
facilitated, showing higher yield and good transferability of electrons with the material
obtained.

Cho et al. (2017) studied Ag-Co catalysts with varied stoichiometric ratios. The
alloys were obtained by electrodeposition with Triton X-100 (surfactant), Ag and Co, and
KNO:s; in an aqueous solution. The alloy composed of AgiCos electrodeposited for 200 s, with
14% Co, revealed the superior catalytic activity to the oxygen reduction reaction, with a similar
or better result to platinum.

Yu et al. (2016) manufactured nanotubes of cobalt oxide (CozO4) by electro-
spinning and subsequent air calcination. Cobalt oxide nanotubes were reduced to cobalt by
calcination under H> and argon atmosphere and served as a model to react with the silver
precursor (silver nitrate), through galvanic substitution, giving rise to the AgCo nanotubes.
Several AgCo nanotubes were prepared under different conditions, varying the reduction
reaction time and the galvanic substitution. The reduction time of 1 h and galvanic substitution
of 3 h were shown to be better for the discharge, demonstrated by the higher current density
and the detachable number of electrons that were transferred during the reaction. In addition,
the discharge performance using AgCo nanotubes was better than cobalt, bare platinum, and
silver nanowires.

Reduced graphene and AgCo oxidized electrocatalyst was synthesized by an
electrochemical method. The synthesis of the AgCo alloy in the reduced graphene catalyst was
performed using polyethylene glycol as an additive. The electrocatalyst presented the superior
activity of electrochemical surface area and mass, resulting from well-dispersed nano-linked

nanoparticles that provided transfer rate during the oxygen reduction reaction. The AgCo in
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reduced graphene electrocatalyst showed higher oxygen reduction reaction current density, in
addition to being stable and selective when compared to the other catalysts tested (Joo et al.
2017).

As shown in Table 2.1, there is a trend of carbon-based electrocatalysts and their
respective discharge and charge capacities in the last 6 years. The values of the capacities vary
according to the method used for the synthesis of nanotubes, the use or not of heat treatment
and the metallic elements that make up the cathode. As an example, the study of Gao et al.
(2017) used a layer of carbon-doped with nitrogen and encapsulated with hybrid W>C. The
authors obtained high capacity in both O; reactions, with an initial capacity close to
11000 mAh g'!, smaller overpotential and greater life cycle, which was assigned to the synergic
effect between the nanoparticles of W2C and the layers of carbon-doped with nitrogen. The
specific cathode architecture allowed the decomposition of the undesired LiCO3 product and

the effective conduction of electrons and Li*.

Table 2.1. Main bifunctional electrocatalysts used in rechargeable Li-O> systems

Discharge Charge Current
Electrocatalyst capacity capacity density Reference
(mAhgs)  (mAhgs) (mAg™)
Fe304 at CoO 5100 5100 40 Shang et al. (2018)
Co@CoO carbon nanofibers 4427 4427 100 Cao et al. (2019)
Ru/N carbon nanotubes 7100 7100 100 (szz)aln 9gb;:t al.
O-MnO at multi-walled 5449 : 100 Ma et al. (2019)
carbon nanotubes
W>C carbon layers 11000 11000 100 Gao et al. (2017)
Fe/Fe;C N-doped graphene 7150 ~7000 100 Lai et al. (2016)
V205/A1,03 2875 2875 100 Lim et al. (2013)
LaMnO3 6852 6852 100 Lietal. (2018)
Ag/NiO-Fe203 5138 5138 200 Lu et al. (2019a)
Ta,0s nanoparticles ~15000 ~15000 200 Zhang et al. (2018)
Pd-Cu 12000 - 200 Choi et al. (2014)
RuO» at NiC0,04 17633 ~16500 200 Zou et al. (2018)

Cobalt nanoparticles immobilized internally in CoO and moored in nitrogen-doped
porous carbon nanofibers were produced using a coaxial electrospinning process and thereafter
a heat treatment (Cao et al. 2019). The cathode Co showed a porous hierarchical structure of a
high surface area, composed by a large amount of active sites that showed synergistic

interactions between the two chemical species, Co and CoO. The petal-shaped Li2O> discharge
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products from the Co and CoO cathode were easily decomposed when compared to the film-
type Li2Oz. The results provided a model for the design of Co in CoO cathodes with charge and
discharge capacity of 4427.3 mAh g'!.

Ultrafine bimetallic Fe-Co nanoparticles fixed on nitrogen-doped porous carbon
were used in Zn-air batteries (Zhong et al. 2019). The catalyst exhibited superior performance
for the discharge with a half-wave potential = 0.84 V and limiting current density = -5.3 mA
cm. A high potential circuit = 1.50 V and high specific capacity = 726.2 mAh g! with stability,
even higher than the Pt in C catalyst, were also observed.

The Fe-Co-Ni ternary alloy electrodeposited by electrophoresis was used in
mesoporous carbon nanofibers to catalyze the charge reaction (Li et al. 2019b). After
carbonization, the morphology of fibrous appearance with a diameter of 250 nm was
maintained. In the Zn-air battery, the alloy presented a differential charge voltage of 0.88 V at
20 mA cm, considerable stability, and superior power density of 73 mW cm™ at a current
density of 80 mA cm™, having surpassed the results of electrodes containing Pt in C.

To further enhance the discharge reaction activities, Cu-Co bimetallic alloys were
incorporated by doping by immersion in carbon-containing carbon nanotubes containing Co (Li
et al. 2019c¢). The synergistic effect observed between the Cu-Nx and Co-Nx species increased
the O reduction reaction activities, being applied as a cathode of Zn-air cell. The specific
capacity achieved was 760 mAh g!, which equates to an energy density of 821 Wh kg'!, with
a discharge rate of 100 mA cm'. The superior result of the bimetallic catalyst proposed a viable
option for the production of energy conversion cells.

In the electrodes of Zn-air systems, the electrode architecture is also extremely
relevant, according to Table 2.2, which shows the trends of the electrocatalysts of the last 2
years. A strategy developed with carbon-supported nitrogen-doped Zn-Co demonstrated the
ease of O-O bond cleavage, presenting an overpotential of 0.335 V for the discharge process
(Lu et al. 2019b). As shown in Table 2.2, the cathodic catalyst showed a power density of 230
mW cm. Furthermore, the authors concluded that the catalytic activity can be sustained even
in the acid medium and that the Zn-air battery presented detachable power density and stability.

In addition to alloys and metal oxides, the composites are also applicable to the Zn-
air electrode. According to Table 2.2, Co9Ss/S and nitrogen dual-doped graphene composite
showed detachable electrochemical kinetics for O reactions, with better activity parameters

such as lower Tafel slope of 47.7 mV dec for reduction reaction and 69.2 mV dec’ for
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evolution reaction than traditional Pt in C and RuO: catalysts (Shao et al. 2019). To extend the
practical application, the Zn-air battery demonstrated excellent charge-discharge results and

cycle stability and was fully prepared in the solid state.



Chapter 2 — Literature review — Electrocatalysts for Li-O2 and Zn-air batteries

Table 2.2. Main bifunctional electrocatalysts used in rechargeable Zn-air systems

43

Oxygen reduction

Oxygen evolution

Electrocatalyst reaction activity reaction activity Battery performance Electrolyte Reference

(Ni, Co)S; nanosheets ~ Onset potential: 0.82 V. Onset potential: 1.47 V. Power density: 153.5 mW cm > 6 M KOH (Zzlz)aln 9ga§: tal

B-N co-doped porous . . Cycling ability: 600 cycles .

carbon Onset potential: 0.894 V' Onset potential: 1.38 V (100 h) at 2 mA cm 2 6 M KOH Qian et al. (2017)

Co9Ss/S and N dual Onset potential:0.92 V Tafel slope:

doped graphene Tafel slope: pe: 1 Power density: 36.2 mW cm > 6 M KOH Shao et al. (2019)
i 1 69.2 mV dec

composite 47.7 mV dec

6 M KOH with
(Ni, Co)Se> Onset potential: 0.70 V. Onset potential ~ 1.58V ~ Power density: 110 mW cm ™ 0.2 M zinc Sun et al. (2019)
acetate

Fe/Co-N-C nanofibers Tafel slone: 6 M KOH with

with embedding Fe-Co  Tafel slope: 80 mV dec! 78 mV dg cil Power density: 115 mW cm > 0.2 M zinc Lietal. (2019a)

alloy nanoparticles acetate

Co-Ni nitrogen-doped . .1 Tafel slope: . 6 M KOH with

graphitic carbon Tafel slope: 51 mV dec 78 mV dec”! Power density: 130.5 mW cm 02 M 7ZnO Yang et al. (2019)
. Tafel slope: . 6 M KOH with .

FeCoNi alloy - 78 mV dec”! Power density: 130.5 mW cm 02 M 7ZnO Liet al. (2019b)

Zn/CoN-C Onset potential: 1.004 V- Power density: 220 mW cm > 6 M KOH Lu et al. (2019b)
. . . Cycling ability: 600 cycles 6 M KOH with

Iron-Imidazolate Onset potential: 0.90 V Onset potential: 0.56 V (160 h) at 2 mA cm 2 0.9 M ZnO Lee et al. (2019)

. . _— . » KOHwith0.2M Naik and
NiFe2O4 Onset potential: 0.83 V' Onset potential: 1.56 V. Power density: 211 mW cm ZnCly Sampath (2018)
Co,P,07 particles Onset potential: 0.90 V. Onset potential: 1.45V ~ Power density: 138 mW cm? 6 M KOH Ren et al. (2018)
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2.5. Conclusions

Significant research has been developed on materials and structural designs to
obtain better results of electrochemically rechargeable Li-O2 and Zn-air batteries in the last ten
years. Despite the significant effort, the technology of rechargeable Li and Zn batteries are still
not finalized enough for widespread applications. It is suggested the use of computational
simulation and screening on the high yield, aiming to accelerate the development of
electrocatalysts with high catalytic activity. Active sites should be more exposed, reducing the
impediment of mass transfer; for this, the geometric structures of the electrodes must be
controlled. The temperature must be considered since for practical applications the batteries
will be used in a temperature range, not at a fixed temperature.

Even with several efficient bifunctional metal catalysts, carbon materials are
essential, due to applications such as substrates, catalysts or additives. However, the high
oxidation potential generates carbon corrosion during charge, reducing performance and
stability. An alternative to this issue has been to use graphitized carbon, foam or mesh metal
material to restrict the effect of corrosion. Therefore, the control of morphology is necessary,
due to influence on the properties of the material, such as the specific surface area, which
determines the catalytic activity. We hope that these approaches in this chapter will be used for
researchers and motivate the innovation on catalysts and that in the future occurs the

commercialization of rechargeable Li-O; and Zn-air batteries.
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Abstract

In this study, we verified the influence of tungsten (W) concentrations and current density for
the electroplating of the cobalt-tungsten (Co-W) alloy on two substrates (nickel foam and steel
mesh). The statistical evaluation showed a mathematical model that related the efficiency of
deposition with the parameters analyzed. The efficiency varied from 0 to 60.05% for the nickel
foam and 0 to 64.39% for the steel mesh. Scanning electron microscopy showed that to increase
the current density made the surface less uniform, due to the size of the grains formed and X-
ray diffraction pointed to the formation of amorphous coating alloys. Electrodeposition of the
alloy in the steel mesh occurred with greater contribution by forced convection, as opposed to
the nickel foam that had a smaller contribution, according to the effects of fluid dynamics. The
Co-W alloys evidenced by energy-dispersive X-rays spectroscopy were tested in the cell with

a constant pressure of O and presented an alternative for the use of catalysts in Li-O; batteries.

Keywords: coating materials; Co-W alloy; electroplating; nickel foam; steel mesh.
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3.1. Introduction

Electrodeposited cobalt-tungsten (Co-W) alloys are of great importance because of
their exceptional hardness, wear resistance, corrosion in acid and alkaline media, in addition to
their magnetic behavior between the cobalt (Co) alloys (Wang et al. 2006). In the electronics
industry, they are used as barriers to prevent the diffusion of copper into gold. Due to its high
melting point (3410 °C) and the excellent thermal stability, tungsten can provide excellent
properties as an element in the Co-W alloy, being a material that can replace the chromium
coatings, which have high toxicity and carcinogenic effects (Bera et al. 2012), and generally
presents in the form of particles dispersed in the alloy uniformly within the network (Li et al.
2019). Another possible applicability of Co alloys is related to the use as catalysts in batteries
(Cho et al. 2017; Sivagami et al. 2017).

Hybrid electrical vehicles (HEVs) and electric vehicles (EVs) have been gaining
significant importance because they are environmentally efficient in fuel usage due to the
reduction of CO> emissions by using recuperated kinetic vehicle energy stored as electric
energy in a system battery (Taymaz and Benli 2014). Thus, lithium-air (Li-air) batteries are
promising because of their high energy density, compared to other types of batteries available
(lead-acid, nickel-cadmium, lithium-ion). Heterogeneous electrocatalysis became the object of
study in rechargeable lithium batteries due to the reduction of the overpotential in both oxygen
reduction (discharge) and oxygen evolution (load) reactions, since the overpotential generates
a low storage of energy, i.e., the energy required to charge the battery is greater than the amount
released during discharge (McKloskey et al 2011).One of the obstacles to its development has
been the absence of a high-performance and low-cost catalyst. In response, research has been
carried out using metal oxides (Oh et al., 2012), metal nitrides (Li et al. 2013), metallic
nanoparticles (Choi et al. 2014), organometallic compounds (Ren et al. 2011) and carbon
nanotubes (Awadallah 2015) as electrocatalysts on the O> electrode.

Studies have involved the development of tungsten carbide-cobalt (WC-Co)
nanocomposites with functional species (WC-Co nanoparticles) encapsulated in a nitrogen-
doped porous carbon structure through the induced evaporation method combined with
subsequent heat treatment. The material demonstrated benefits to the active sites, higher yield,
electron transferability and excellent electrocatalytic performance for the oxygen reduction

reactions (Song et al. 2017). Cobalt-tungsten alloy layer containing 2.4 at % tungsten was



Chapter 3 — Co-W Electroplating for Li-O> Battery Application 55

electroplated on type 430 stainless steel. This alloy can be converted to their oxides by oxidation
under solid oxide fuel cells (SOFCs) operating conditions (Gan et al. 2018). In this context, the
development of low-cost electrocatalysts with high efficiency is of relevant scientific and
technological importance to obtain rechargeable Li-O> batteries. The characterization of
catalytic materials impacts on the quantification of the reversible capacity (Camean et al. 2010).
This research proposes to verify the development, characterization and fluid dynamics effects
of rotation in the synthesis of electrocatalysts with application in Li-O batteries, by varying
electric current density, concentration of sodium tungstate and substrate (nickel foam and steel

mesh).

3.2. Material and methods

3.2.1. Preparation of substrates and electrolytic bath

The alloys of this study were deposited on a Sigma-Aldrich nickel foam with a
diameter of 1 cm. Considering the foam as a solid, the deposition area for a circle with a
diameter of 1 cm is 1.57 cm?; however, the foam is highly porous, which characterizes a higher
surface area (Banhart 2001), being beneficial for the electroplating of Co-W and the discharge
products of Li-O2 cells (Lu et al. 2010). Taking into consideration that the steel mesh is not a
material with great porosity when compared to nickel foam, 10 circles with a diameter of 1 cm
were used. These circles were joined by its ends and folded one over the other to visualize only
a single circle, allowing the electroplating on both sides of each circle. Thus, the available
surface area was slightly larger, with at least 15.7 cm?, since the material had an opening of 400
mesh.

The nickel foam and steel mesh were coupled to the rotating disk electrode using a
rod of the same material. However, the rod, with a length of 2.5 cm x 0.3 mm in width, was
superimposed on a copper filament, with a length of 1.5 cm x 0.3 mm in width, for better
coupling to the rotating disk electrode. The nickel foam surfaces were subjected to a thorough
cleaning process. Chemical treatment was carried out, first with 10% NaOH, for degreasing and
then with 1% H»>SOs, for surface activation. Because the steel mesh is a non-acid and base
resistant material, the chemical treatment was restricted to nickel foam. After the chemical

treatment, the substrate was dried in the drying oven at 100 °C and placed in the desiccator.
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Electrochemical baths were based on previous studies (Porto et al. 2017,
Vernickaite et al. 2016% Zemanova et al. 2012) and prepared with: sodium tungstate
(Na;WO4-2H,0) ranging from 0.1 to 0.3 mol-L!; cobalt sulfate (CoSOs-7H20) at 0.3 mol-L!;
Ammonium citrate [(NHs)2CsHsO7], a complexing agent, at 0.3 mol-L™'; sodium tetraborate
decahydrate (Na;B4O7-10H,0), an amorphizing agent, at 3.75 x 102 mol-L'!; and sodium
dodecyl sulfate (NaCi2H25SO4) at 1.04 x 10* mol-L'!, so that the H» released during the
electroplating detached with greater velocity, avoiding the formation of bubbles in the adhered

alloy.

3.2.2. Electroplating

For electroplating tests, a pH meter was used in addition to the rotating disk
electrode (pattern 616A, Princeton Applied Research), with a potentiostat/galvanostat
(VersaStat 3, Princeton Applied Research), which controlled the current density between the
working electrode and the counter electrode. The electric current density ranged from 2 to 10
mA-cm, the cathode rotation was maintained at 45 rpm and the experiment was performed at
room temperature. The potentiostat was used in galvanostatic mode, and hollow cylindrical
mesh of platinum as counter electrode. Each electrolysis lasted 60 minutes®.

The faradaic efficiency (&) was calculated based on the mass obtained by the load
used and the chemical composition of the coating obtained by energy-dispersive X-ray (EDX)

according to Equation (1):

g:m_-FZ

It & M; 1)
where m i1s the measured mass of coating (g), ¢ is the deposition time (s), / is the total current
passed (A), W; is the weight fraction of the element in the coating obtained by EDX, n; is the
number of electrons transferred per atom of each metal, M; is the atomic mass of that element
(g-mol™!), and F is the Faraday constant (96,485 C-mol ™).

To quantitatively evaluate the influence of the input variables, concentration of

sodium tungstate (Cw) and electric current density (I), and qualitatively the substrate (S), on the

4 See Appendix A.
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deposition efficiency (), as well as its possible interactions, a complete factorial design 2° was
perfomed, with 4 experiments at the central point (level 0), totaling 16 experiments to be
randomly performed, avoiding systematic errors. Table 3.1 shows the input variables used in
the experimental design, their coding and real levels of each variable in the electroplating

system for the Co-W alloy.

Table 3.1. Actual and coded values of variables in the 2° experimental design

Variables Level (-1) Level (0) Level (+1)
Current density (mA-cm™?) 2 6 10
Concentration of Na;WO4-2H>0 (mol-L!) 0.1 0.2 0.3
Substrate nickel foam - steel mesh

3.2.3. Characterization

The X-ray diffraction (XRD) and the scanning electron microscopy with chemical
analysis using EDX characterized the substrate samples containing Co-W alloys. The XRD was
obtained with a Philips device (X’PERT model) with copper Ka radiation, at a voltage of 40
kV, current of 40 mA, wavelength of 1.52 A, step size of 0.02 20 and a time per step of 1 s. The
micrographs of the nickel foam and steel mesh substrates containing metal alloys of tungsten
were obtained using the scanning electronic microscope (SEM) of the LEO brand (LEO 440i
model) with EDX detector.

3.2.4. Analysis of the fluid dynamics of the electroplating

The approximate correlation of mass transfer for the system of forced convection®

provided by cathode rotation is given by Equation 2 (Welty et al. 2007).

ked — 0.62Re 125c™/3 )

Dap

where k. 1s the convective mass transfer coefficient and:

5 These correlations were appropriate for systems with rotation.
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Re = 3)

Sc= — “4)

where o is the cathode rotation, v is the kinematic viscosity of the solution, d is the agitator
diameter and Dap is the diffusivity of species A (Co or W) with respect to species B (solution).

Thus, the deposition rate (Ws) was calculated by Equation 5.

Wy = Ak.(Cho — Cay) ®)
where A is the area of the electrode, Cao and Car are, respectively, the initial and final
concentrations of the chemical species A (g-cm). Final concentrations of species A were
estimated by its material balance in the bath and masses deposited at the cathode, according to

Equation 6.
V(CAO - CAf) = mAf - mAO (6)

where V is the volume of the electrolytic bath, and ma, and may are the masses of the chemical

species A deposited at the cathode.

3.2.5. Electrochemical tests on Li-O> cell

The stainless steel cell was composed of a metal lithium anode of 1.6 cm in diameter
and 0.5 mm thick, a glass fiber filter (Whatman®) with 2 centimeters of diameter, a gas
diffusion catalyst (steel mesh or nickel foam electrode), and 100 puL of electrolyte - 0.1 M
LiClO4 in anhydrous dimethyl sulfoxide (DMSO) (Gittleson et al. 2014). A porous stainless
steel screen was placed on the electrode and a stainless steel spring (Lu et al. 2010). The cell
was closed between two stainless steel plates, containing the terminals for insertion of oxygen,
both of which were isolated from each other by a teflon ring. The cell had an input for oxygen
at the cathode, as well as current collectors, which were connected to the potentiostat /

galvanostat, to control the charge and discharge current.
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The assembly of the cell was carried out in a Glove-Box (MBRAUN-LABstar
Workstation) in argon atmosphere. After assembly the cell remained in the glovebox for 4 hours
prior to the start of the electrochemical tests. Cell were tested using a two-catalyst configuration.
In this configuration, the counter electrode was connected to the reference electrode (Li / Li"),
which was connected to the cell. The other terminal was connected to the cell in the region of
the working electrode®. Once connected to the galvanostat, the cell were evaluated in cycles,
with constant pressure of Oz (99.9%). The electrochemical tests were performed
galvanostatically with electric current density of 0.05 mA.cm™ and O; pressure of 1.5 atm, with
potentials higher than 2.2 V and lower than 4.0 V (Yang and Xia 2010). The galvanostat was

programmed to carry out 20 loading and unloading cycles.

3.3. Results and discussion

3.3.1. Electroplating of Co-W alloy

Table 3.2 shows the results of faradaic efficiency (¢) obtained for the 23
experimental design matrix used in the study of synthesized electrolytic bath prepared in
laboratory. These results were analyzed using nonlinear regression. The mass of Co and W was
obtained from the percentages of the metals evidenced by the EDX analysis and by the total

deposit mass.

® New assays have shown that a time of 72 h allows OCP stability and proximity to the value of 2.96 V in the
Li-O; cell.
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Table 3.2. Matrix of 2° factorial experimental design plus faradaic efficiency

Exp. I(mA-cm?) Cw (mol-L!) Substrate mc, (g) mw (g) € (%)
1 2 (-1) 0.1 (-1) nickel foam (-1) 0 0 0

2 10 (+1) 0.1(¢-1 nickel foam (-1) 0.00032  0.000 08 2.30
3 2 (-1) 0.3 (+1) nickel foam (-1) 0.00030 0.000 13 12.46
4 10 (+1) 0.3 (+1) nickel foam (-1) 0.008 36 0.002 09 60.05
5 2(-1) 0.1(-1) steel mesh (+1) O 0 0

6 10 (+1) 0.1 (-1) steel mesh (+1) 0.00928  0.00141 6.16
7 2(-1) 0.3 (+1) steel mesh (+1) 0.008 59  0.001 58 29.28
8 10 (+1) 0.3 (+1) steel mesh (+1) 0.09759 0.014 16 64.39
9 6 (0) 0.2 (0) nickel foam (-1) 0.000 86  0.000 22 10.42
10 6 (0) 0.2 (0) steel mesh (+1) 0.01799  0.00221 19.41
11 6 (0) 0.2 (0) nickel foam (-1) 0.00054  0.000 14 6.56
12 6 (0) 0.2 (0) steel mesh (+1) 0.01745 0.002 14 18.83
13 6 (0) 0.2 (0) nickel foam (-1) 0.000 77  0.000 20 9.26
14 6 (0) 0.2 (0) steel mesh (+1) 0.016 97  0.00209 18.32
15 6 (0) 0.2 (0) nickel foam (-1) 0.00048 0.000 12 5.79
16 6 (0) 0.2 (0) steel mesh (+1) 0.018 73  0.002 30 20.21

The faradaic efficiency (€) can be estimated by Equation (7) at a 95% confidence
level. The regression coefficient (R?) obtained was 0.9360, which means that 93.60% of the
variation around the average may be estimated by Equation (7). To obtain this model, the
adjusted R2 was observed and through the backward elimination tool of the Statistica 7 software
the highest adjusted R? value was sought, because this value is only higher in a model with
more terms if these terms contribute the most to describe the response more than it would be

expected by chance.

e=1771+1139-1+19.71-Cy + 436-S+9.28-1-Cy + 2.16 Cy, - S (7

where [ is current density (mA-cm™), Cw is the concentration of NayWOy-2H>0 (mol-L™') and
S is the substrate (nickel foam or steel mesh).

Fig. 3.1 shows the linear distribution of predicted values compared to those
observed. Assuming that the model follows a regular distribution, Equation (7) is suitable for
the data interpretation. The Fisher’s exact test was performed for analysis of variance
(ANOVA) and the model obtained was significant according to the test. The ANOVA was used
by several authors (Porto et al. 2017; Santana et al. 2007) to quantify the influence of the

parameters on electroplating.
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Figure 3.1. Representative graph of the values observed in comparison to the predicted values.
Table 3.3 shows that current density (1), concentration of sodium tungstate (2),
substrate (3), the interaction between current density (1) and concentration (2), and the

interaction between concentration (2) and substrate (3) had significant effects at a 95%

confidence interval.

Table 3.3. Results of ANOVA for deposition efficiency

Source Sum of squares  Degree of freedom F p

Current density (1) 1038.77 1 380.58 0.000001
Concentration of Na;W0O4.2H>0 (2) 3109.45 1 1139.22  0.000000
Substrate (3) 304.15 1 111.43 0.000043
Interaction between 1 and 2 688.95 1 252.41 0.000004
Interaction between 2 and 3 37.41 1 13.71 0.010062

Fig. 3.2 shows the response surfaces methods for the nickel foam and steel mesh
when varying the current density and sodium tungstate concentration. The increase of the
current density and sodium tungstate concentration contributed to the increase of the
electroplating efficiency for both substrates, however the greater efficiency occurred in the steel
mesh. This result is the inverse of that obtained by other studies (Ghaferi et al. 2011; Ibrahim
et al. 2003), which verified that the increase in current density decreases the amount of
deposited tungsten. Reduction of tungsten is an activation-controlled reaction with low current

densities, whereas diffusion becomes controlled by increasing current density (Obradovic et al.
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2003). However, the current density applied in this research is small when compared to the

research of the authors.
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Figure 3.2. Response surfaces for the faradaic efficiency obtained on Statistics 7 at a 95%

confidence interval.

Comparing experiments 4 and 8, there was a higher mass of deposited Co-W in the
steel mesh when compared to the nickel foam. The literature reports no studies with
electroplating in nickel foam and steel mesh containing Co-W. Considering the steel coupons
as substrate, there are several studies with deposition efficiencies: the Fe-Co-W alloy has 48 —
55 % iron (Fe), 39 — 42 % cobalt and 4 — 12 % tungsten, obtained by galvanostatic electrolysis
(Yermolenko et al. 2017); and the Co-W-P alloy has 81 % cobalt, 10 % tungsten and 9 %
phosphorus (P), obtained by potentiostatic electrolysis (Yun et al. 2008).

The pH values of the electrolytic bath also influenced on the electroplating and
significantly affected the structure and properties of the electrodeposited alloys (Gémez et al.
2003; Dulal et al. 2007). For the sodium tungstate concentrations of 0.1, 0.2, and 0.3 mol-L,
the pH values of the electrolytic bath were 3.41, 4.27 and 5.79, respectively. The maximum
mass percentages of W evidenced by the EDX analysis obtained for these pH values were
0.00141, 0.00221 and 0.00209 g in experiments 6, 10 and 4, respectively. Depending on the pH
used for Co-W electroplating, a different percentage of W content and structure may be
obtained. The increase in pH contributes to the evolution from lenticular to nodular growth
(Tsyntaru 2016).

The tungsten chemical species that appear in the pH range of the cobalt complexes
are predominantly the para-tungsten A (Prasad et al. 2007). According to the tungsten species

graphs obtained by the Hydra-Medusa software showed that the range of this species was
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between the pH values of 6 and 9.3, according to the concentrations of sodium tungstate in the
bath. The electroplating of tungsten was possible even when using a bath with pH values lower
than 6, because the Co-W alloy was formed, which may have occurred by the species
HWcO021>".

Studies on Co-W-P film deposited from acid solution demonstrated higher amounts
of tungsten and phosphorus and were amorphous; while films deposited from an almost neutral
solution were polycrystalline and contained hexagonal cobalt (Dulal et al. 2007). Su et al.
(2012) observed the influence of the pH and the complexing agent on the formation of Co-W
coatings and verified that at pH 3 the alloy showed a lower hardness, and according to the SEM
analysis, there was the formation of needle-type crystallites with crystallite size below 1.0 pm,
demonstrating effects on the microstructure and tribological properties of the coatings. The
deposition time can also influence the formed alloy. Studies with electrodeposition of nickel on
porous aluminum substrates have observed that the increased deposition time caused excessive
oxidation of the substrate, which was proved by TEM (Zamora et al. 2011). The properties of
multilayer deposits are influenced by the electrolyte composition, deposition currenty,

additives, pH of the solution and substrates (Turofiova et al. 2015).

3.3.2. Crystallinity of Co-W coating

Fig. 3.3 shows the X-ray patterns of Co-W coatings deposited that had a hexagonal
close-packed structure. To observe the Co-W characteristic peaks, the diffractograms of the
nickel foam and steel mesh substrates were also added. The peak due to nickel (Ni) metal was
observed at 45.07, 52.55 and 77.55° corresponding respectively to crystallographic planes
(111), (200) and (220) (Wang et al. 2013). For the steel mesh substrate the peak of Cr at 44.39°
(011), Fe at 50.92° (011) and Fe-C 74.68° (220) (JCPDS card N° 00-0221, 00-6657, 23-0298),
was observed. Due to the thin deposition layer’, most of the samples show the substrate peaks.
However, samples with higher deposition showed amorphous characteristics. The Co-W
coatings exhibit a hexagonal close-packed structure at room temperature (Su et al. 2012). The
increase of the sodium tungstate concentration and the current density generated peaks of Co in
the background of spectra according to experiment 8, which allowed the observation with 41.73

and 47.51°, corresponding respectively to crystallographic planes (100) and (101) (Ghaferi et

7 Thin deposit layers need high resolution equipment.
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al. 2015). The peaks found in these alloy are characteristic of cobalt, which indicates a complete
dissolution of tungsten in cobalt and, therefore, formation of a solid monophasic solution®.
Studies with Co-25 wt-% W alloys also observed the presence of this monophase (Tsyntaru et
al. 2009). For experiment 8, Co-10.77 wt-% W alloy were obtained using EDX analysis, which

was the sample that had the largest amount of mass of electrodeposited alloy.

Ni (111)
Cr(011)
Fe (011)

‘ Ni (200)
L Ni (220)
;___

s

S
~
)
e
® !
W

Steel mesh h

Nickel foam

i

-2 -1
6 mAcm ,0.2molL

= -
9 TP ¢ e ® :
& mA.cm , 0.2 mol- - :
oo ol ot A =
P . — 2 A
D : : : ) 2 mA-cm , 0.3 molL
% bt i R & A LRI
@ 4 o T |
bt [ o : .
= 2 4 - i
2mAcm ,0.3molL : 2 1
e et . —n 3 10 mAcm ,0.1molL ¢
3 Y Cheinllc ot WO
1 ST :
I — .
-2 4 €%
10 mAcm , 0.1 molL o 8 : 2 -
i ‘ “ © | 10macm,03molL’
: -2 -1 L
‘10 mAcm ,03mollL $ -
. ] WS . oA - z :

L} l L) ' L} l L) I L} l T L) l 1 l: L l L} l L I L
30 40 50 60 70 80 90 30 40 60 60 70 80 90
2 theta, deg 2 theta, deg

Figure 3.3. X-ray diffraction (XRD) patterns of cobalt-tungsten (Co-W) electrodeposited

coatings in a) nickel foam and b) steel mesh.

Due to the introduction of refractory metal, the Co-W alloy consisted of an
amorphous coating. In addition, the amorphizing agent was added to the electrolytic bath. Co-
W alloys can form thermodynamically stable intermetallic compounds, such as CosW, which

are generally amorphous and hard (Gémez et al. 2003; Tsyntaru et al. 2013).

8 By XRD was not found W, however the EDX indicated peaks of metal W.
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3.3.3. Coating morphology and Co-W distribution in the alloy

Fig. 3.4 shows the SEM of four samples that had varied current density. For both
substrates, nickel foam and steel mesh, the increase of current density made the surface less
uniform due to larger grain size (Ghaferi et al. 2015). The electrodeposited alloys adhered well
to the substrate. The deposits could be folded without evident peeling and some cracks could
occur, as shown in Fig. 3.4b-d (Gélikov4 et al. 2006; Vernickaite et al. 2016°), which are the

samples that had the largest amounts of mass of electrodeposited alloy.

Figure 3.4. Scanning electronic microscope (SEM) micrographs of cobalt-tungsten (Co-W)
coatings produced at (a) 2 mA-cm (exp. 7) and (b) 10 mA-cm ™2 (exp. 8) in steel mesh; (c) 2
mA-cm 2 (exp. 3) and (d) 10 mA-cm 2 (exp. 4) in nickel foam.

The surface morphology showed semi-spherical clusters of cauliflower type that
are typical of low-concentration W alloys, as reported in previous studies (Della Noce et al.
2014; Oliveira et al. 2015). The size of the cauliflower nodule can decrease by increasing the
current density and bath temperature, which promotes the increase in microhardness
(Vernickaite et al. 2016°). In Fig. 3.4b-d, the cauliflower-type nodule is larger for higher current
density applied.
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3.3.4. Deposition rate and fluid dynamic effects

Study on the influence of cathode rotation was performed by evaluating the actual
deposition rate in comparison with the deposition rate obtained by forced convection applied to
the system. For this, the convective heat transfer coefficient (K.) was calculated for each test
and for each component of the alloy (Co and W). The diffusivity values of Co?* and WO4* in
relation to water and the kinematic viscosity of water at 25°C were obtained from tabulated
values (Li and Gregory 1974; Crittenden et al. 2012). As the speed of rotation did not vary,
values for all experiments were obtained: K.co — 1.08 x 102 cm-s™, Kew — 1.30 x 10 cm-s™!,
Re — 527.70, Scco — 1277.54 and Scw — 967.50. The value of the deposition rate (Wa) was
calculated using Equation 5. The real deposition rate (W..1) was calculated by dividing the final

mass of each element “A” in the alloy by the deposition time (3,600 seconds). The results

obtained for the deposition rate parameters are in Table 3.4.

Table 3.4. Results of deposition rate parameters

EXp Cf (10_2 g-cm‘3) WA (g'S_l) Wreal (g's_l)
" Co w Co w Co w

1 1.77 1.84 - - - -

2 1.77 1.84 1.09x10% 0.33x10® 8.89x10% 222x10%
3 1.77 551  1.02x10% 0.53x10% 833x10% 3.61x10%
4 1.75 551  0.28x10°% 0.85x107 232x10°% 5.81x107
5 1.77 1.84 - - - -

6 1.75 1.84 157x10% 2.88x107 2.58x10° 3.92x107
7 1.75 5.51 1.46x 10°  3.23x107 239x10° 4.39x 107
8 1.57 549  1.66x10° 289x10° 271x10° 3.93x10°
9 1.77 3.68  029%x107 090x10® 239x107 6.11x10°%
10 1.73 3.67  3.05x10°% 451x107 5.00x10° 6.14x 107
11 1.77 3.68 0.18x107 0.57x10% 1.50x107 3.89x 10
12 173 3.67  296x10° 437x107 4.85x10° 594 x 107
13 1.77 3.68  026x107 0.82x10% 2.14x107 5.56x10°®
14  1.73 3.67  288x10° 427x107 471x10° 5.81x 107
15 177 3.68 0.16x107 049x10° 133x107 3.33x10°
16 1.73 3.67  3.18x10° 470x107 520x10° 6.39 x 107

According to Table 3.4, the forced convection provided by the cathode rotation is
one of the main phenomena related to the deposition rate, having significant values of the actual
deposition rates. For the steel mesh substrate, the deposition occurred in great proportion due

to the phenomenon of forced convection, evidenced by Wx values, having for Co: 60.85 — 61.25
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%, and W: 73.45 — 73.58 % of W,a value. As for the nickel foam substrate, the forced
convection contributed in a lower proportion to the deposition, which can be explained by other
factors that govern the system, such as the reaction speed. The larger surface area of the steel

mesh substrate favored the increase in mass transfer.

3.3.5. Open circuit potential and electrode performance in the cell

After the time of 4 hours in the glove box, the open circuit potential (OCP) values
varied for all experiments as shown in Figure 5. The standard thermodynamic potential for LiO>
formation is 2.96 V (Imanish and Yamamoto 2014), which considers conditions for the growth
of Li2O» crystals on a Li,O; surface. However, the equilibrium potential for the surface reaction
of the Co-W alloy on the nickel or steel substrate can often be different from this value. OCP
of Li-Oz cells is a function of the assembly method, temperature, load / discharge conditions,
exposure to different O, partial pressures, ranging from 2.8 to 3.3 V, however there are studies
with lower OCP values (Sevim et al. 2016).

The discharge capacities for the electrodes with the highest amounts of Co-W alloy
were the lowest values. For electrodes containing small amounts of catalyst, for example,
experiment 2 (0.4 milligrams), the maximum discharge capacity was 14.01 mAh.g.!'. The same
result was observed by another study (Xiao et al. 2010) that attributed the decrease of the
capacity related to the fall of the porosity of the nickel foam, due to the greater filling of the
catalyst, which made it difficult to diffuse 02°. As for the substrate used, there was a certain
similarity of the obtained capacities, for example, the comparison between experiment 4 and 8,
and between 3 and 7 as shown in Fig. 3.5, which suggests that the steel mesh can be used as an

electrode instead of nickel foam due to the lower cost.

° The authors found that electrode porosity decreased significantly after discharge. This reduction can be attributed
due to pore occupancy by the Li>O or Li»O» reaction product. In addition, the wettability of the electrolyte may
not have been adequate to allow stability with the air electrode.
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Figure 3.5. OCP values and maximum discharge capacity of the electrodes.

3.4. Conclusions

The studied variables affect the composition of coating alloys, crystallinity,
morphology and deposition efficiency. The substrates used showed similar electroplating
efficiencies, even though they had different composition and morphology. Amorphous coatings
were obtained in the experiments. The higher surface area of the electrode favored the mass
transfer by forced convection, according to the results of the Co-W deposition rate in the steel
mesh. The electrodes presented characteristics for application in batteries, as OCP and capacity
of reversibility. Thus, the alloy obtained in these materials presents an alternative for Li-O>
catalytic systems, being coatings deposited in substrates with high surface area that have

morphological and structural capacity to house discharge products of the battery.
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Abstract

In this study, we evaluated the Ag-Co alloy as a catalyst in the Li-O> battery electrode aiming
to improve the electrochemical performance of the energy system. Ag-Co alloys were obtained
by cyclic voltammetry from an electrolytic bath. The influence of O; pressure (1.5, 2.0 and 2.5
atm) and current density (25, 50 and 75 pA-cm™) on the charge and discharge on cell were
studied. It was observed that a medium value of Oz pressure and current density was favorable
to obtain a high capacity. Energy-dispersive X-ray presented that the cyclic voltammetry
technique did not favor cobalt deposition. Scanning electron microscopy showed homogeneity
of the deposits with the presence of cracks and small crystals. X-ray diffraction evidenced Li>O
as well as Raman spectra for nickel foam electrode. Oxygen evolution reaction was improved
with Ag-Co catalyst according linear sweep voltammetry and cyclic voltammetry analysis.
Steel mesh electrode showed higher discharge capacity (336 mAh-g.!) when compared to
nickel foam (115 mAh-g. ') which suggests that materials with lower cost can be used as

electrodes in Li-O; batteries.

Keywords: Storage system; Electrodeposition; Alloy; New material.
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4.1. Introduction

The global energy demand from fossil fuels is unsustainable due to their increasing
cost and fast depletion, as well as the greenhouse effect caused by the continuous consumption
and application of these fuels [1]. Global warming and finite oil reserves characterize two
problems that are pressing the traditional vehicle industry [2]. The search for cleaner energy
sources is required to shift focus to the generation of energy from electrochemical systems,
batteries and fuel cells, solar cells, and super capacitors, among others.

In this sense, oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) is an important cathodic phenomenon in proton exchange membrane fuel cells and
batteries to obtain energy [3]. Therefore, the development of non-platinum electrocatalysts with
high electroactivity for these reactions has been the main objective of the study on
electrocatalysts, because Pt-based catalysts are expensive, rare, and unstable for long-term
applications. Recently, Ag-Mn, Ag-Cd, Ag-Cu and Ag-Co alloyed electrocatalysts have been
shown to possess good electrocatalytic activity toward ORR [4-7]. Specifically the Ag-Co
alloy, studies showed the electrocatalytic effect of silver is enhanced by the addition of cobalt,
which was able to break the O—O bond of molecular oxygen, thus accelerating the first step of
the reduction mechanism. At the same time, research was to further reduce the cost of catalyst,
reducing the amount of Ag, which, even though being much less expensive than Pt, is still a
noble metal [8].

Studies evaluated the ORR-OER using a Co-P bifunctional catalyst. The high
discharge capacity, excellent rate capability and cycle stability of the Co-P based in LiO>
batteries was obtained [9]. Ag-Co catalysts with varying stoichiometric proportions by
electrodeposition were synthesized [10]. The electrode with Ag: Co ratio of 1:7 showed the best
ORR activity. The alloy composed of AgiCo7 electrodeposited for 200 s, with approximately
14% Co, showed the highest catalytic activity of ORR, being better or comparable to platinum.

In addition the catalyst, the oxygen pressure and the current density also impact on
the capacity and reversibility of the system. When the oxygen pressure increases from 1 to 10
atm, the discharge capacity increases drastically, especially at high current densities [11]. The
effects of O pressure on Li-O> was investigated with values of 1 to 25 atm [12]. Transitioning
from 1 up to 10 atm increased the discharge capacity 50% at 100 pA-cm?, however the

performance of the cell saw diminishing returns for the cell at pressures above 10 atm, with 25
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atm cells not showing a significant difference in performance over 10 atm. Thus, in this study,
we synthesized Ag-Co alloy on two electrodes (nickel foam and steel mesh) and evaluated the
influence of O2 pressure and current density on the cycling of Li-O2 using Ag-Co as catalysts.
Furthermore, the electrocatalyst were characterized by linear sweep voltammetry (LSV), cyclic
voltammetry (CV), scanning electron microscopy (SEM), energy dispersive spectrometry
(EDX), X-ray diffraction (XRD), Raman spectra, based on the performance of experiments in

a Li-O; cell.

4.2. Experimental

4.2.1. Preparation of cathodes

The alloys of this study were deposited in 1 cm diameter nickel foam and steel mesh
(400 mesh). This size allows the addition of the circle in the Li-Oz cell. Steel mesh electrodes
were used with 3 circles of 1 cm in diameter joined by the ends and folded one over the other.
The surfaces of the nickel foam and the steel mesh were cleaned with 10% NaOH and 1%
H>SOy4, lasting 1 min. After the chemical treatment, the substrate was dried in an oven at 100°C

and placed in the desiccator, for subsequent measurement of initial mass.

4.2.2. Electrolytic bath and electrodeposition of the Ag-Co alloy

Electrolytic baths were prepared from salts of high analytical purity. Silver nitrate,
AgNOs, silver source salt 0.002 mol-L!; cobalt sulfate, CoSO4.7H>0, cobalt source salt 0.1
mol-L! and sodium chloride, NaCl 3.5 mol-L™! [13]. For the electrodeposition tests, a rotating
disk electrode was used (pattern 616A, Princeton Applied Research), a potentiostat/galvanostat
(VersaStat 3, Princeton Applied Research) and a pH meter. The Ag-Co alloy was synthesized
at room temperature using cyclic voltammetry (CV) with a scanning rate of 50 mV-s™!, with a
potential range of -1.0 to +0.2 V (V vs Ag*/AgCl). The number of cycles was determined from
preliminary tests, in order to deposit small amounts, close to 1 mg. For each bath 3 samples
were synthesized, using 12, 15 and 20 cycles, respectively. The initial pH was adjusted to 2.80
using nitric acid and the cathodic rotation was maintained at 100 rpm. A cell composed of three
electrodes was used: the working electrode (nickel foam or steel mesh), the reference electrode

(Ag*/AgCl) and counter electrode (cylindrical hollow platinum mesh).
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4.2.3. Preparation of Li-O: battery and electrochemical measurements

The battery was assembly in a Glove-Box (MBRAUN-LABstar Workstation) under
argon atmosphere in this order: a lithium blade (1.6 cm diameter), 50 pL of electrolyte
(anhydrous dimethylsulfoxide with lithium perchlorate 0.1 mol-L!) [14], a gas fiber filter sheet
(2 cm diameter), 50 pL of electrolyte, an electrode (nickel foam or steel mesh), a porous
stainless steel screen and a stainless steel spring for electric contact [15, 16].

After assembly and proper sealing, a rest time of at least 4 h was waited before the
electrochemical tests began. Cells were tested using a two-catalyst configuration with constant
O pressure of (99.9%). The electrochemical tests were performed galvanostatically, with
potentials higher than 2.2 V and lower than 4.0 V. For this study was used a factorial design 2>
with triplicate at the central point, with three different values of current density (25, 50 and
75 pA-cm'z), O pressures (1.5, 2.0 and 2.5 atm) [17] and two substrates (nickel foam and steel
mesh)'°.

The OER linear sweep voltammetry (LSV) curves were recorded at a scan rate of
5mV-s!, and CV at a scan rate of 20 mV-s! in 1 M KOH purged with pure O gas at room
temperature. A spiral platinum and Hg/HgO (0.098 V vs. SHE) electrodes were used as counter

electrode and reference electrode, respectively!!.

4.2.4. Chemical, microstructural and physical characterization

4.2.4.1 Microstructure and chemical composition

The microstructure and chemical composition of the alloys were obtained by SEM,
model Leo 4401, equipped with X-Ray Energy Dispersion Spectrometer (LEO Electron
Microscopy/Oxford, Cambridge, England) model 6070. It was made magnifications of 5000
times. In addition, the discharge products were investigated by a Raman spectroscopy

(Renishaw InVia), using an excitation wavelength of 633 nm.

10 See Appendix A.
1 Although the electrode environment in the Li-O, cell is different from the alkaline environment tests, the
catalytic activity is measured using KOH as electrolyte.
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4.2.4.2 Physical properties

XRD analysis was performed to visualize peaks of metal and discharge products,
and to calculate crystallite size. It was used the K-alpha copper scanning method, 40 kV voltage,
40 mA current, 20 ranging from 20 to 90° with a pitch of 0.02°, speed 0.033°-s™! and length of
wave of 1.54 A on a Philips Analytical X Ray diffractometer and X'Pert-MPD model.

4.3. Results and discussion

4.3.1. Morphology and Li-O- battery performance

Table 4.1 shows the 14 electrodes, being represented by the letter E, the nickel foam
and M, the steel mesh. Other variables are arranged, such as the electric current density applied
(D), the Oz pressure (P). The mass of the catalyst in the electrode (mca), the open circuit potential

(OCP) and maximum charge capacity (MCC) are also arranged.

Table 4.1. Variables (I, P) and results (mca;, OCP, MCC, number of cycles) of the electrodes

Electrode I P Meat OCP MCC Number of
(MA-cm?)  (atm) (mg) (V) (mAh-g.!) cycles

El 25 1.5 1.2 3.06 14 4

E2 25 2.5 1.0 298 14 20

E3 75 1.5 1.0 228 263 2

E4 75 2.5 1.6 289 74 1

ES 50 2.0 1.3 299 39 15

E6 50 2.0 1.0 3.06 45 12

E7 50 2.0 1.0 1.75 278 2

Ml 25 1.5 3.9 295 7.6 10
M2 25 2.5 1.0 248 127 3

M3 75 1.5 1.0 288 125 15
M4 75 2.5 1.2 2.11 101 20
M5 50 2.0 1.1 3.16 170 7

M6 50 2.0 1.6 2.83 220 8

M7 50 2.0 1.1 3.09 130 20
M8 50 2.0 1.0 2.87 155 20

From the data in Table 4.1 it was verified that the amount of mass deposited in each
electrode remained practically constant, close to 1 mg using cyclic voltammetry. Through the

Statistica software it was verified that no variables had significant effect, and also did not
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interact. The standard thermodynamic potential for the formation of Li-O2 is 2.96 V [18], which
was the value obtained by some electrodes. However due to the non-homogeneity of the
electrodes and the interaction at the electrode-electrolyte interface, some values ranged from
2.96 V. The OCP slightly higher than the theoretical 2.96 V can be due to residual water
adsorbed to the steel wall of the chamber and / or the residual water present in the oxygen gas
[19]. In general, all the cycles were programmed to occur in the initial 15 s of the OCP
measurement, followed by discharge and subsequent loading, for another 19 cycles, totaling 20
cycles. However, the electrodes E3, E4 and E7 performed the discharge rapidly, which can be
observed by in Fig. 4.1 - a. The first discharge showed low capacity, the first charge showed
high capacity. The charge (O2 evolution reaction, OER) varies significantly and depends on the
discharge rate, the excess potential and the discharge depth, as well as the configuration of the
cell (electrolyte, catalyst and cathode material) [20].

According to Table 1, samples E3 and E4 had between 1 and 2 cycles, which is not
beneficial to the system, since reversibility is expected after each loading and unloading. This
low reversibility may be related to the current applied in these two samples, which was
75 uA-cm™. The discharge of the Li-O» battery depends on the O reduction reaction (ORR)
that produces solid Li>O> on the positive electrode, which, after a reasonably constant voltage
plateau, is often terminated by a sharp voltage drop, offering a capacity [21, 22]. Fine films of
Li»O; of the order of 5 - 10 nm may result in the end of the cycling in the discharge due to a
limited electronic conductivity of Li2O2> which prevents the transport of electrons from the
cathode surface to the reactive site expected to be at the electrolytic interface Li>O; | Li* [23].

Observing the foam E1 and E2 data, it was verified that for the same applied current,
however, with different O, pressures the discharge capacity was higher for a lower O; pressure,
being 104 mAh-g. . For a higher applied current density of 75 pA-cm™ (samples E3 and E4),
however with different O2 pressures, the load capacity presented a higher result also for a lower
O pressure, with a value of 263 mAh-g. !, that can be observed in Fig. 4.1 - a. The steel mesh
electrodes presented higher discharge capacity when compared to nickel foam, as shown in Fig.

4.1-b.



Chapter 4 — Ag-Co Electroplating for Li-O> Battery Application 81

b — M1

2.7 4

264

Potential (V)
Potential (V)

2.5 4

244

234

|

_— T T L L) T T T T T L] v T T T T T T T
0 15 30 45 60 75 90 105 120 0 35 70 105 140 175 210 245 280 315 350
Capacity (mAh-g ") Capacity (mAh-g_")

Figure 4.1. Maximum discharge capacity in a - nickel foam and b - steel mesh electrodes.

Regarding the morphology of the nickel foam electrodes, micrographs were
performed by the SEM in the samples with lower and higher discharge capacity, according to
Fig. 4.2 - a and b. E3 sample had a low discharge capacity of only 2.00 mAh-g.'. Fig. 4.2 - a
shows the heterogeneous regions in the electrode, the opposite of the sample E6 (Fig. 4.2 - b),
which showed homogeneity with the presence of cracks.

SEM micrographs of the electrodes with lower and higher discharge capacity
showed the electrode that obtained the highest discharge capacity (Fig. 4.2 - d) presented
homogeneous surface. The electrode with lower discharge capacity (Fig. 4.2 - c¢) presented a
similar distribution however with less amount of material. In both Fig. 4.2 - ¢) and d) small
crystals are formed which are related to smaller applied potentials, which results in a lower
nucleation rate, as observed by Nineva et al. (2011) [24]. The Li2O> discharge products can be
seen on the electrode surface as bright material in Fig. 4.2 a) and ¢). The electrode surface was
not heavily covered with discharge products, seen as small white particles on the electrode

surface, as reported for other study [12].
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Figure 4.2. SEM micrographs of electrodes after cell tests: a - 75 uA-cm, 1.5 atm (E3); b - 50
uA-cm?, 2 atm (E6); ¢ - 25 pA-cm?, 2.5 atm (M2), d - 50 pA-cm?, 2.0 atm (M5).

The Ag and Co metals were mapped on the electrodes that were cycled in the battery
(E3, E6, M2 and M5) in order to quantify the percentage of Ag and Co present in the substrate
evidenced by EDX, as shown in Table 4.2. Since minimum amounts of alloy were
electrodeposited, two samples with superior electrodeposition time were synthesized by
electrodeposition. However, it was found that even with a longer time and different deposition
technique, the mass of the deposit remained close to 1 mg.

E8 electrode was synthesized using the same technique mentioned in item 4.2.2,
however, 20 cycles were used in the cyclic voltammetry technique, instead of 12 cycles, which
were used for the synthesis of the first electrode in the electrolytic bath. For the electrode M8
the electrodeposition occurred with the same composition of the electrolytic bath, however a
cell composed of two electrodes was used, in which the platinum electrode acted as reference

and counter electrode. A potential of 6 V with duration of 200 s was applied [25].

Table 4.2. Percentage of mass of Ag and Co elements as evidenced by EDX

A Co
Electrode ( (7%) (%)
E3 61 36
E6 45 54
M2 100 O
M5 100 O
ES8 80 20

M8 69 31
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According to Table 4.2 the Ag metal was in a higher proportion in all the alloys,
except the E6 sample, due to heterogeneous regions in the sample. The increase in the number
of cycles used in voltammetry favored the increase in the percentage of Ag in the alloy,
according to the percentage of the electrode E8. M2 and M5 steel mesh electrodes did not
present cobalt deposits, indicating that the cyclic voltammetry technique was not beneficial for
the electrodeposition of the alloy in this type of substrate. However, it may have occurred that
the three points analyzed by EDX of samples M2 and M5 did not represent the sample as a
whole. For the potentiostatic technique (electrode M8), deposition of both metals occurred, as
visualized by the Table 4.2.

The metals Ag and Co present a reduction potential of +0.80 V and -0.28 V, which
demonstrates that Ag™ has a greater tendency to acquire electrons and that it reduces in the form
Ag® more easily than Co** reduces to Co’. Through the graphs generated by the VersaStudio
software it was verified that during cyclic voltammetry on the substrate nickel foam, the
maximum current values reached were 145 mA, while in the substrate steel mesh the maximum
values reached were 83 mA, which supports the hypothesis that a higher current applied to the
electrodeposition of Co occurs in the mesh, that is, another electrodeposition technique in which
the electron flux is greater than that obtained by cyclic voltammetry. One can also attribute the
absence of Co deposited due to the number of cycles, since the maximum deposition time was
960 s (20 cycles).

In the potentiostatic technique used in the electrode M8, the current range obtained
by the graph was 500 - 700 mA. From the M8 electrode cycling it was concluded that the
presence of cobalt in the electrode did not significantly affect the results, obtaining a charge
capacity of 155 mAh-g. ! and discharge of 121 mAh-g.!, with duration of the 20 programmed
cycles. These results are lower, for example, to the electrode M5, which presented capacities of

charge and discharge of 170 mAh-g. ! and 336 mAh-g. ! respectively.

4.3.2. Electrochemical activity of Ag-Co catalysts

CV plots for both substrates with and without Ag-Co catalyst are shown in
Fig. 4.3 - a. The bare Ni foam and steel mesh presented the same behavior for OER, as shown
in Fig. 4.3 - b, with onset potential of 0.63 a 10 pA-cm™. For the electrodes before the ORR-
OER the values obtained were 0.56 and 0.59 V for the electrode E6 and M5 respectively,
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demonstrating the OER is improved with the Ag-Co catalyst, since the onset potential was 70
and 40 mV higher with the absence of the catalyst. After the ORR-OER the electrodes presented
values 0.56 and 0.61 V evidencing the stability and reversibility of the system!?. Studies with
catalysts for ORR and OER compared the results with Pt-Ru catalyst [26]. The onset potential
obtained was 0.58 V for the OER at 10 pA-cm which demonstrate that the values obtained for

the Ag-Co catalysts are similar to the values of Pt-Ru catalysts.
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Figure 4.3. a - CV plots of the electrodes with and without catalysts at a scan rate of 20 mV-s !
in Oy saturated 1M KOH electrolyte; b - OER LSV plots for the electrodes at a scan rate of 5
mV-s ! in O; saturated 1M KOH electrolyte.

4.3.3. Characterization of the electrodes

It was observed the formation of five different peaks for samples of nickel and steel
mesh, as shown in Fig. 4.4, which shows the diffractogram of the substrates without deposits.
The diffractogram of the nickel foam samples exhibited Ni4 characteristic peaks, being (111) -
44.83 °, (002) - 52.25 ° and (022) - 77.02 ° (JCPDS N° 01-1604). Peak 111 may be
superimposed on the lithium-cobalt oxide (LiCoO2) peak with planes (hkl) equal to (104) at
45.26 °. Formation of LiCoO> may occur due to the presence of the lithium salt (LiCIO4) in the
assembly of the cell. The stainless steel mesh showed characteristic peaks of the material

composition, Fe24C (101) - 44.02°, known as martensitic structure and chromium carbide C3Cr7

12 The peaks in Figure 4.3. of nickel foam and steel mesh samples after ORR/OER indicated Ag-Co electrode
oxidation.



Chapter 4 — Ag-Co Electroplating for Li-O> Battery Application 85

(116) - 51.09 °© JCPDS N° 44-1291 and 65 -1347, respectively). The obtaining of the peaks

with composition of the substrate was already expected due to the small amounts of deposit and

products of the discharge.
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Figure 4.4. XRD patterns of the nickel foam and steel mesh samples containing the Ag-Co

alloy after tests in the cell.

In the nickel samples the peak of Li2O (200) at 39.03° was obtained, as reported by
Kobayashi et al. (2017) [27], which used copper doped with Li>O as cathodic material in lithium
ion battery. Lithium oxide (Li2O) as evidenced by the diffractogram indicates that the
performance of the Li-O; battery is limited by cathode kinetics, that is, by the formation and

decomposition of lithium oxide or peroxide [28].

The peak of AgCoOz (111) at 65.29° was obtained on both substrates. The size of

the crystallite (7¢) of AgCoO» was calculated by Equation 1, known as the Scherrer equation:

Tc = KA/BCOSG (1)
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where K is the Scherrer constant (0.91), A is the wavelength of the radiation used (0.154156
nm), B is the width of the half height of the peak of diffraction (rad) and 0 is the Bragg (rad)
angle. The value of Tc obtained was 3.23 nm for the substrate of nickel and 2.64 nm for the
steel mesh, which corroborate with studies which was obtained AgCoO: catalysts having
crystallite size of 5.14 nm by the coprecipitation method [29].

Raman spectroscopy analysis was carried out to identify the chemical composition
of discharge products, being useful for distinguishing between different metal oxides with the
same elements. Raman spectrum of Li>O> and Li>O was obtained with peaks at 802 [30] and
521 cm™ [31] as shown in Fig. 4.5. Characteristic peaks of Li»CO3 (1091 cm™!) and LiOH (3662

cm’!) are not detected [32].
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Figure 4.5. Raman spectra of samples E3, E6, M5 and M8 at an excitation wavelength of 633

nm.

4.4. Conclusions

Li-O2 battery with Ag-Co as catalyst in steel mesh and nickel foam as electrode has
been studied. We found that the O pressure and current density affected the charge and

discharge capacity of the electrochemical storage system, having a medium value of O; pressure
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(2.0 atm) and currenty density (50 pA-cm™) the favored the high capacity obtained. By Raman
spectroscopy, formation of Li2O2 and Li>O is confirmed from the discharged cathode surface,
and characteristic peaks of Li2CO3 and LiOH are not detected. XRD patterns evidenced the
peaks of Li2O and AgCoO;. OER was improved in both substrates, demonstrating the high
catalytic activity. Sample that the presence of cobalt was not detected did not affect the capacity.
The values of capacity for nickel foam and steel foam suggest the use of the latter because of

its considerable cost and accessibility.
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Abstract

In this study, we developed Zn-Co catalyst by electrodeposition process in nickel foam and
steel mesh electrodes for application as a cathode in Li-O batteries. The electrodes were
synthesized from an electrolytic bath varying the temperature (25 to 70 °C) and rotating cathode
(30 to 100 rpm) by the potentiostatic method. The results of capacities in the Li-O> cell and
catalytic activity measurements showed that the Zn-Co alloy is a promising catalyst for the O»
evolution reaction (OER). Sharp surfaces composed for nanoflakes and heterogeneous surfaces
with whitish agglomerates which may have increased the surface area for the housing of the
discharge products was observed by scanning electron microscopy (SEM). X-ray diffraction
(XRD) evidenced Zn>1Cos composition and Raman spectra evidenced discharge product Li>O».
The maximum charge capacity of 399 mAh gc! for steel mesh and 182 mAh g.! for nickel

foam electrode suggests the use of this alloy as catalysts in Li-O2 batteries.

Keywords: Energy storage materials; Electrochemical performance; Alloys; Oxygen evolution

reaction.
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5.1. Introduction

Greenhouse gas reductions, energy demand from fossil fuels and the search for
sustainable energy promote the development of innovative energy storage technologies.
Lithium-air, lithium-ion batteries and supercapacitors are examples of promising high-
performance energy storage systems [1-3]. Batteries with high energy density lead to safe use
and low cost for electric vehicles. This characteristic can be obtained in lithium-air batteries,
due to the non-storage of the oxygen, but its extraction directly from the ambient atmosphere,
which generates a theoretical density of 13 kWh kg™ [4]. However, this system is verified that
low efficiency results from the overpotential during the oxygen evolution reaction (OER) and
the oxygen reduction reaction (ORR) at the O diffusion cathodes. Particularly, the higher
overpotentials are observed during the OER in comparison with the ORR, which impairs the
kinetics of the system [5].

OER corresponds to O-O bonds and presents four electron transfer processes
inserted into protons so that OER has slow kinetics and is predominant in overall efficiency
[6,7]. Therefore, the development of high-efficiency electrocatalysts is necessary to accelerate
OER or reduce overpotential in order to improve the cyclability [8]. Recently, materials based
on metals have been used as electrocatalysts in OER [9], as for both reactions reduced graphene
oxide, metal oxide and nanocomposites have been also applied in catalytic process in Li-O>
cells [10-13].

Particularly, the materials based on cobalt have been outstanding due to their
abundance, low cost, and catalytic activity when compared to RuO; and IrO, [14].
Electrocatalysts can be obtained by carbonizing, electrospinning, precipitation, hydrothermal
method and electrodeposition process [15-20]. For the electrodeposition, the composition of the
bath, temperature and stirring velocity generates differences on homogeneity, porosity, and
structures that modify the electrochemical behavior and directly impact on the catalytic activity
of the material [21].

Mesoporous ZnCo204 was used as bifunctional electrocatalysts for application in
energy storage systems [22]. The material impregnated on the carbon (Ketjen black) had a high
specific capacity, greater than using only pure carbon. The high surface area of 127.2 m? g!

and 3D mesoporous structure justified the good catalytic performance in the Li-O; battery.
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Thus, in this study, we proposed to verify the impact of temperature and rotating
cathode on the electrodeposition bath of the Zn-Co catalyst used as cathodes in Li-O> batteries.
Furthermore, the Zn-Co alloys obtained were characterized by linear sweep voltammetry
(LSV), cyclic voltammetry (CV), X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS) and Raman spectra based on the performance of

experiments in Li-O; cell.

5.2. Materials and methods

5.2.1. Chemical treatment of the electrodes

Zn-Co alloys were electrodeposited in nickel foam and steel mesh with 1 cm in
diameter, both with rod length 2.5 cm by 0.3 mm wide. Three circles with 1 cm diameter joined
by the ends and folded over one another were used for the steel mesh electrode. A 1.5 cm by
0.3 mm wide copper filament was superimposed on the substrate rod to facilitate the insertion
in the rotating electrode. The electrodes were cleaned through a chemical treatment using 10%
NaOH and subsequently 1% H>SOs. Thus, the electrodes were washed and dried at 100 °C in

the oven and then placed in the desiccator [23].

5.2.2. Electrodeposition of the Zn-Co alloy

For this study was used a factorial design 2% with triplicate at the central point, with
three different values of temperature (25, 47.5 and 70 °C), cathode rotation of electrodeposition
(30, 65 and 100 rpm), and two electrodes (nickel foam and steel mesh)'3. The electrolytic bath
was composed of cobalt sulfate, CoSO4- 7H20, source salt of cobalt 0.1 mol L and zinc sulfate,
ZnS04-TH,0, source salt of zinc 0.2 mol L. A rotating disk electrode (pattern 616A, Princeton
Applied Research), a pH meter and a potentiostat/galvanostat (VersaStat 3, Princeton Applied
Research) were used in electroplating tests. The initial pH was adjusted to 6.40 using
ammonium hydroxide. For the tests at 25 °C, the potentiostatic technique was used with a two-
electrode cell: the working electrode (nickel foam or steel mesh) and the counter electrode

(cylindrical hollow platinum mesh). A potential of 4 V for 60 seconds was applied to obtain

13 See Appendix A.
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about 1 mg of deposit in the substrate [24]. For the electrodepositions performed at 47.5 and
70 °C, the three electrode cell, composed of the reference electrode (Ag*/AgCl) was used. A
potential of -1.15 V for 200 seconds was applied [25] to obtain deposits with values close to 1

mg.

5.2.3. Li-O: cell measurements and electrocatalytic activity

The lithium disk with a diameter of 1.6 cm and thickness of 0.5 mm was positioned
on the stainless steel chain collector of the cell; 50 pL of electrolyte (anhydrous
dimethylsulfoxide containing lithium perchlorate 0.1 mol L!) was added on this slide. A
fiberglass membrane with 2 cm of diameter was placed and another 50 pL of the electrolyte
was added thereon [26]. The electrode was positioned on the membrane moistened with the
electrolyte. Lastly, a stainless steel screen and a stainless steel spring were added. The cell was
assembled in a Glove-Box (MBRAUN-LABstar Workstation) with H>O and O concentrations
less than 1 ppm.

A time of 4 hours for stabilization of the system was expected after the use of the
cell. For the electrochemical tests, the configuration of two electrodes was used, in which one
of the terminals was composed of the reference electrode and the counter electrode, and the
other terminal by the working electrode. Cells were evaluated in cycles, with an electric current
density of 50 uA cm™, Os pressure of 2 atm (99.9%), potential upper limit 2.2 V and potential
lower limit 4.0 V.

In order to confirm the catalytic activity of the Zn-Co alloy in the OER, LSV curves
were recorded at a scan rate of 5 mV s}, and CV at a scan rate of 20 mV s in 1 M KOH purged
with pure Oz gas at room temperature. A spiral platinum and Hg/HgO (0.098 V vs. SHE)

electrodes were used as a counter electrode and a reference electrode, respectively.

5.2.4. Chemical, microstructural and physical characterization

The chemical composition and microstructure of the catalysts were obtained by
SEM, model Leo 4401, equipped with X-Ray Energy Dispersion Spectrometer (LEO Electron
Microscopy/Oxford, Cambridge, England) model 6070. It was made magnifications of 5000
times. XRD analysis was performed to visualize peaks of metal and discharge products and to

calculate crystallite size. It was used the K-alpha copper scanning method, 40 kV voltage, 40
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mA current, 20 ranging from 20 to 90° with a pitch of 0.02°, speed 0.033° s”! and wavelength
of 1.54 A on a Philips Analytical X-Ray diffractometer and X'Pert-MPD model. In addition,
the discharge products were investigated by a Raman spectroscopy (Renishaw InVia), using an

excitation wavelength of 633 nm.
5.3. Results and discussion

5.3.1. Catalytic performance of Zn-Co and cathode morphology

Table 5.1 shows the 14 electrodes, being represented by the letter F, the nickel foam
and N, the steel mesh. Other variables are arranged, such as the temperature (7), the cathode
rotation (v). The mass of the catalyst in the electrode (mcar), the open circuit potential (OCP)

the maximum discharge capacity (MDC) and the number of cycles are also arranged.

Table 5.1. Variables and results of the electrodes

Electrodes T v Mear  OCP l(‘fni(ljl Number
O (rpm) (mg) (V) o) of cycles

F1 25 30 1.0 2.21 2 11

F2 25 100 1.0 2.83 63 1

F3 70 30 1.0 2.81 41 1

F4 70 100 1.0 2.67 8 20

F5 47.5 65 1.0 2.59 1 5

F6 47.5 65 1.0 2.71 50 5

F7 47.5 65 1.0 2.91 11 5

N1 25 30 1.1 2.70 28 16

N2 25 100 1.2 2.21 9 10

N3 70 30 1.0 2.58 0 4

N4 70 100 1.0 2.69 4 5

N5 47.5 65 1.0 2.67 63 6

N6 47.5 65 1.0 2.72 10 6

N7 47.5 65 1.0 2.20 3 6

According to the data in Table 5.1, the deposited catalyst mass remained constant,
close to 1 mg in most samples. OCP values were varied; however, they did not impair cell
cycling. The cycling was programmed with 15 seconds initial of OCP measurement and 20
charge and discharge cycles with a potential lower limit of 2.2 V and higher of 4.0 V applying

a current of 50 pA cm with an O, pressure of 2 atm. Comparing samples F1 and F2, it was
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observed at 25 °C the increase in the rotating cathode from 30 to 100 rpm favored the increase
of the discharge capacity, which was 63 mAh g.! in sample F2.

The maximum charge capacity values were higher than the maximum discharge
capacity in all electrodes, as compared with Figure S1- a and b, which shows that the Zn-Co
alloy is a promising catalyst for the Oz evolution reaction (OER), which occurs during charge.
This assumption is valid since the discharge was performed after the 15 seconds of OCP
measurement, and even then lower values of discharge capacity were obtained. Regarding the
influence of the temperature of the electrolytic bath, the charge and discharge capacities
decreased and increased according to the rotating cathode. For example, by comparing sample
F1 and F3, increasing the temperature from 25 to 70 °C lowered the load capacity from 144 to
128 mAh g.! for the rotating cathode of 30 rpm. However, for a rotation of 100 rpm, the

increase in temperature increased the charge capacity from 160 to 182 mAh gc !, as shown in

Figure 5.1 - a.
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Figure 5.1. Maximum charge capacity in a) nickel foam and b) steel mesh electrodes.

In the steel mesh electrodes, it was verified that the increase in temperature and
rotating cathode did not affect higher values of maximum charge capacity since the highest
capacity value observed was the N1 sample with cathode rotation of 30 rpm at 25 °C with a
value of 399 mAh g.!, that suggest a higher number of active sites of the Zn-Co catalyst and

the absence of parallel reactions that could decrease the decomposition reaction rate of Li2Ox.
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The reproducibility of the experiments with non-similar values is related to the non-formation
of the triple electric layer, in which it depends on the gas oxygen diffused in the
dimethylsulfoxide, the electrolyte permeating the electrode and the oxygen flow diffused inside
the cell. The resting time of 4 hours occurs for stabilization of the open circuit potential and for
the electrolyte to diffuse completely inside the electrode. However, because they are porous
materials, some specific regions may present a greater quantity of electrolyte, which generates
heterogeneity of the system. The initial reduction peak in Figure 5.1 - a and b can be attributed
to the collapse of the crystalline structure of the catalyst and to the formation of the solid
electrolyte interface layer. From this peak, the capacity increases, revealing the electrochemical
reaction. The irreversible capacity for the other cycles is generated by the formation of solid
electrolyte interface films, the irreversible formation of Li,O, and the irreversible
decomposition of the electrolyte [27].

Comparing the micrographs obtained in the SEM of the samples with high (F4) and
lower (F7) charge capacity, it was observed according to Figure 5.2 - a the formation of sharp
surfaces composed for nanoflakes, which may have increased the surface area for the housing
of the product discharge the battery. Similar results in the microstructure were obtained by other
studies that electrodeposited Zn-Co alloys using a bath with 0.0074 mol L of agar in the
composition [22]. Therefore, the nanoflakes structure limited the change in electrode volume
and avoided spraying during the cycles of lithiatization and delitiation [28,29].

For the F7 sample, a more homogeneous surface is observed with no sharp
structures and whitish clusters that may be related to the formation of lithium peroxide. The
annealing treatment with the acetate hydrate led to the formation of a porous structure of
Znp3Co02704 willow leaves. This compound demonstrated good electrocatalytic oxygen

evolution reaction and had morphology and structure similar to Figure 5.2 - a [30].
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Figure 5.2. SEM micrographs of electrodes after cell tests: a - 70 °C, 100 rpm (F4); b - 47.5
°C, 65 rpm (F7); ¢ - 25 °C, 30 rpm (N1), d - 47.5 °C, 65 rpm (N6).

Micrographs of the samples with higher (N1) and lower (N6) maximum charge
capacity showed regions with heterogeneous surfaces with whitish agglomerates that may be
associated to the product of the ORR, lithium peroxide, according to Figure 5.2 - c. For sample
N6, homogeneous regions were observed with the absence of agglomerates, as shown in
Figure 5.2 - d. When the cobalt proportion of the alloy increases, the coating structure becomes
more uniform in crystallite size [31]. The crystallite form with low cobalt content is rounded,
as shown in Figure 5.2 - ¢ with a Co percentage mass of 14%.

The increase in temperature increased the proportion of Co in the alloy for both substrates,

as shown in Table 5.2, by EDS analysis.

Table 5.2. Percentage of the mass of Zn and Co elements as evidenced by EDS

7Zn Co
Electrode @) (%)
F4 87 13
F7 95 5
N1 86 14

N6 78 22
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The composition reference, representing the percentage of Co in the deposits equals
to that of the electrolytic bath [32], with a value of 7%. The Co content in the deposits is always
above this value, indicating that the co-deposition of Zn and Co is a normal type [33]. Values
below 7% indicate that cobalt is deposited by an anomalous process, as in electrode F7.

CV plots for both substrates with and without Zn-Co catalyst are shown in
Figure 5.3 - a. The bare Ni foam and steel mesh presented the same value for OER, as shown
in Figure 5.3 - b, with an onset potential of 0.63 at 10000 pA cm™. For the electrodes before
the ORR-OER the values obtained were 0.62 and 0.58 V for the electrode F4 and N1
respectively, demonstrating the OER was optimized with the Zn-Co catalyst since the onset
potential was 10 and 50 mV higher with the absence of the catalyst. After the ORR-OER the
electrodes presented values 0.60 and 0.58 V evidencing the stability and reversibility of the

system“.
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Figure 5.3. a - CV plots for Zn-Co catalysts at a scan rate of 20 mV s~ ! in O» saturated 1M
KOH electrolyte; b - OER LSV plots for catalysts at a scan rate of 5SmV s~ ! in O saturated 1M
KOH electrolyte.

CV plots in the potential range of 0.0 to 0.1 V at different rates (10, 20, 40, 60, 80,
100, and 120 mV s!) were studied to evaluate the double layer capacitance (Ca) (Figure S2).
The charge of the double layer ga is estimated by the extrapolation of q to v = o (v is the

172

scanning rate) in a graph of g vs. v''%, according to the method reported in [34] (Figure 5.4 - a).

The total charge q: was obtained by the inverse of the reciprocal voltammetric charge (g™')

!4 The peak in Figure 5.3. of nickel foam sample after ORR / OER may indicate dissolution of the Zn-Co electrode.
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(Figure 5.4 - b). Ca values can be obtained by dividing half of the g« by the potential window
of the CV curve.

2.00 24
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Figure 5.4. a - Voltammetric charge (g) plotted against the square root of the scan rate (v''/?);
b - The reciprocal of voltammetric charge (g™!) plotted against the square root of the scan rate

(VI/Z).

The role of capacitance measurements is a measure of the electrochemically active
surface area that is required for the evaluation of the catalytic activity. Table 5.3 shows the
capacitance values of the electrodes. Electrodes with the absence of Zn-Co demonstrate that the
bare substrates have no electrochemically active surface area. The double layer capacitance
value of 3.10 and 1.34 mF cm, respectively for experiment F4 and N1 before the battery test,

characterize the higher electrochemically active surface area of the Zn-Co alloy.

Table 5.3. Capacitance values of the electrodes

Electrodes qt qdl Ci CpL Cr
(mCcm?) (MCcm?) (mMFcm?) (@mFcm?) (mFcm?)

Bare Ni foam N/A N/A N/A N/A N/A

Zn-Co Ni foam (F4) 0.444 0.310 4.44 3.10 1.34

Bare Steel mesh N/A N/A N/A N/A N/A

Zn-Co Steel mesh (N1)  4.805 0.134 48.05 1.34 46.71
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5.3.2. XRD and Raman analysis

The Ni substrate peaks are present in all samples (F) with the composition Nis, in
the crystallographic planes (111) - 44.83°, (002) - 52.25° and (022) - 77.02° (JCPDS n° 01-
1604) being according to Figure 5.5. Formation of cobalt oxide (Co304) according to the plane
(044) at 65.25° (JCPDS n° 90-5888) was observed. The Zn-Co alloy was evidenced by the peak
at 77.55° with the crystallographic plane (510) corresponding to the Zn21Cos composition
(JCPDS n° 04-0882). A study of Zn-Co alloys electrodeposited from oxalate electrolytes
evidenced the Znz;Cos composition [31]. The alloys were obtained using a bath with a

temperature of 45-50 °C and pH value 6.1 with a cathodic current density of 1 A dm™.
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Figure 5.5. XRD patterns of the electrodes with Zn-Co alloy after tests in the cell.

In the substrate of the steel mesh, the substrate peaks remained present, such as FeC
(101) - 44.02° and C3Cr7 (116) - 51.09°, with addition of another peak that refers to the
substrate, chromium carbide (C3Cr7) at 74.86° with plane (236) (JCPDS n° 65-1347). The peak
of cobalt oxide (Co304) was found to be 65.25 (440) and 78.39° (622), however, it is possible
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that the zinc peak may be above the peak of Co304 at 38.54° per peak at 38.99°. As well, the
LiCoO2 peak may be superimposed on the Co304 peak at 78.39 °, as it has a peak at 78.69°.

The crystallite size (7Tc) was calculated by Equation 1, known as the Scherrer equation:

T = KA/,BCOSQ (1

where K is the Scherrer constant (0.91), 4 is the wavelength of the radiation used (0.154156
nm), £ is the width of the half height of the peak of diffraction (rad) and 6 is the Bragg angle
(rad). The value of Tc obtained for cobalt oxide CozO4 with planes (044) and (400) was 2.42
and 5.05 nm respectively. A study obtained cobalt oxide catalysts with a crystallite size of 5 to
38 nm with a focus on the catalysis of chlorinated volatile organic compounds [35]. The authors
reported that this oxide is effective in the low-temperature combustion of non-chlorinated
hydrocarbons, carbon monoxide, and diesel soot. Besides this application, Co304 has been used
as a bifunctional catalyst in LiO2 battery, according to several studies [17-19]. The rugged
surface enriched with ultra-fine nanosheets Co3O4 reinforced both ORR and OER, with a higher
initial capacity, a lower overpotential and a longer life cycle [18]. For the Zn;1Cos alloy, the
obtained crystallite size was 3.49 nm, which is similar to the value obtained by a study that
produced Zn-Co coatings from an electrolytic bath composed of sodium citrate, and salts of
metals Zn and Co by pulsed electrodeposition [36].

In the nickel samples, the peak of Li»O (200) at 39.03° was obtained, as reported
by [37], which investigate polyisobutylene as a new binder for application in Li-air cells.
Lithium oxide (Li2O) as evidenced by the diffractogram indicates that the performance of the
Li-O; battery is limited by cathode kinetics, that is, by the formation and decomposition of
lithium oxide or peroxide [38]. To identify the chemical composition of the discharge products
and to distinguish the metal oxides with the same elements, Raman spectroscopy analysis was
used. Raman spectrum of Co304 and Li2O2 was obtained with peaks at 626, 695 [39] and 783
cm’! [40,41] as shown in Figure 5.6.
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Figure 5.6. Raman spectra of sample F4 at an excitation wavelength of 633 nm.

5.4. Conclusions

Zn-Co alloys have been successfully electrodeposited in steel mesh and nickel foam
for application as an electrode in Li-O; battery. We found that this catalyst favored OER
(charge) with greater capacities than ORR (discharge). LSV and CV plots and the values of
double layer capacitance confirmed the high catalytic activity. A high temperature of
electrodeposition produced sharp surfaces composed for nanoflakes which suggested a place to
house discharge products. The rotating cathode did not affect the maximum charge capacity
since the highest capacity value observed was 399 mAh g. ! at 25 °C and 30 rpm. The peaks
obtained in the diffractogram allowed to calculate the crystallite size, which is in agreement
with the literature for the use as catalysts. The charge capacity values using electrodes with Zn-
Co suggest their use in catalytic processes of energy storage due to its considerable

performance.
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Abstract

W-Co was cathodically electrodeposited on gas diffusion layer (GDL) electrodes for
application as a bifunctional catalyst Zn-air batteries. The electrodes were synthesized
galvanostatically at various pH values (4.5 and 7.5) and deposition times (5, 15 and 25 min).
TEM analysis showed that the deposits oxidized in contact with air, forming a conformal layer
of W-Co oxide with a thickness of ~10 nm. During battery cycling, most of the W dissolved in
the electrolyte. The remaining Co oxide agglomerated, forming nanoparticles < 100 nm in size.
Zn>* (present in the electrolyte as ZnO) was incorporated into the Co oxide nanopartcles. As
such, the conformal layer of W-Co oxide transformed into cubic spinel ZnCo204 nanoparticles
which provided excellent bifunctional catalytic activity. The ZnCo204 catalyst demonstrated
good performance in two-electrode and three-electrode full-cell Zn-air battery tests. In three-
electrode tests at 10 mA cm™, a round trip efficiency of 62% was achieved, exceeding the
efficiency of Pt/Ru-C (61%). In two-electrode tests at 10 mA cm, an initial efficiency of 61%
was obtained and the stability exceeded that of Pt/Ru-C. The final efficiencies were 59% for
the three-electrode and 56% for the two-electrode configuration (after 100 cycles). The high
maximum power density (216 mW cm™) and stability during cycling demonstrates that

electrodeposited W-Co oxide is well suited as a Zn-air battery catalyst.

Keywords: Energy storage materials; electrocatalysts; W-Co oxide; bifunctional catalyst.
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6.1. Introduction

With increasing utilization of renewable energy sources, such as wind and solar,
comes the need for improved chemical energy storage technologies. Metal-air batteries are an
attractive option due to their high energy density and low cost [1]. Specifically, Zn-air batteries
(ZABs), which are environmentally friendly, have high energy densities and are made from
abundant and economical raw materials, are a promising solution for grid-scale energy storage.
However, widespread application of ZABs has been hampered by poor cycle life and low
charge-discharge efficiencies. These problems are largely associated with the air electrode [2].

The oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are
the discharge and charge reactions occurring at the air electrode, respectively. Equation (1)

shows ORR (left to right) and OER (right to left).

0, + 2H,0 + 4e~ & 40H™ (1

Both ORR and OER suffer from slow kinetics, which reduces battery efficiency
and necessitates the use of effective catalysts. Because of their high activity towards ORR or
OER, noble metal-based catalysts such as Pt (ORR), IrO> (OER) and RuO: (OER) are
considered as benchmarks for catalytic activity. However, these materials are expensive and
are not individually bifunctionally active (i.e., catalyze both ORR and OER) [3, 4]. It is essential
to develop and study inexpensive, high-efficiency bifunctional catalysts with performance on-
par with or better than their noble metal counterparts.

The OER activity and cycling stability of Co oxides have been shown to improve
with the addition of other transition metals, such as Fe [5, 6]. Additionally, oxides composed
of two, or even more, transition metals have been applied as effective bifunctional catalysts [7].
When combining multiple transition metals to form a mixed oxide, the resultant electronic
structure is a combination of the individual oxides. By carefully selecting the optimum elements
and composition, the electronic structure of mixed oxides can easily be tailored in order to
maximize catalytic performance [8]. The performance of transition metal oxides can be further
improved by forming nanostrucutres to enhance surface area. A number of mixed transition
metal oxide nanoparticles have been studied for ORR [9]. Nanoparticles allow for enhanced

performance because they improve surface area and help to reduce the impact of transition
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metal oxide’s poor conductivity [10]. Toh et al. prepared NiC0204 and ZnCo0204 spinel oxides
that had onset potentials of -147 and -239 mV vs. Ag/AgCl, respectively. These results
demonstrate the potential of Co containing mixed transition metal oxides for use as ORR
catalysts [11].

Transition metal oxide catalysts can be manufactured by a variety different
techniques, such as hydrothermal, sol-gel, and thermal decomposition methods [12-14].
Electrodeposition is a simple alternative capable of depositing active material on electrodes
without the need for binders, additives, or conductive agents, making it well suited for the
synthesis of bifunctional catalysts. Electrodeposition has a wide range of parameters which can
be tuned in order to achieve optimal deposits. These parameters include metal concentration in
the electrolyte, pH, electrodeposition time, temperature, agitation/stirring and electrolyte
additives, all of which can affect deposit morphology and catalytic activity [15].

In this work, a novel W-Co oxide, which transitions to ZnCo20s nanoparticles
during battery cycling, bifunctional catalyst for the air electrode for ZABs is studied. To the
authors’ knowledge, W has not been utilized as either an ORR or OER catalyst for ZABs, likely
due to tungsten’s high solubility in alkaline solutions; however, W-Co oxide has been used in
supercapacitors and lithium ion batteries [16, 17]. W-Co is cathodically electrodeposited under
variable pH conditions and deposition periods. The metallic W-Co film immediately oxidizes
upon contact with air. The catalyst is electrochemically characterized using linear sweep
voltammetry (LSV) and cyclic voltammetry (CV). Microstructural characterization is done
through scanning, transmission, and scanning transmission electron microscopy (SEM, TEM,
STEM), coupled with energy dispersive x-ray (EDX) spectroscopy. The best candidates are
assembled into batteries and cycled at 10 and 20 mA cm?, in either two-electrode or three-

electrode configurations.
6.2. Materials and methods
6.2.1. Catalyst preparation
The solutions for the electrodeposition of W-Co contained (0.0125, 0.025, 0.03,

0.035, and 0.05 M cobalt sulfate heptahydrate (CoSO4-7H>0O - Fisher scientific (98.1%)), 0.05
M sodium tungstate dehydrate (NaxWO4-2H2O - Acros Organics (>99%)) and 0.05 M
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ammonium citrate tribasic (CcH17N307 - Alfa Aesar (>97%)), which is a complexing agent [18].
All chemicals were used as received. Electrodeposition was performed in a two-electrode setup,
with polytetrafluoroethylene (PTFE) coated porous carbon paper (SGL 39BC gas diffusion
layer or GDL) as the working electrode and Pt mesh as the counter electrode!. The deposition
area was 2 cm X 2 cm. W-Co was cathodically deposited according to Equations (2) and (3) at

a current density of 50 mA cm, using a potentiostat (Biologic VSP-300).

Cogagy + 28 = Cogs) E°=-0.28 V vs SHE 2
W03, + 6H" + 68 > W) + 3H,0 E° =-0.09 V vs SHE 3)

Because electrodeposition was conducted cathodically, it would be expected that
the deposited films would be metallic in natures. However, the deposited films quickly oxidize
upon contact with air. The films in this work will be referred to as W-Co oxide. The effects of
solution pH and electrodeposition time on ZAB efficiency were investigated in duplicate with
pH values of 4.5 and 7.5 and electrodeposition times of 5, 15 and 25 min. Deposition solution
pH was adjusted with nitric acid. After deposition, all samples were rinsed with deionized water
and dried in air. The samples were also annealed at 300 °C in air for 0.5 h.

The benchmark Pt-Ru bifunctional catalyst was prepared by ink spraying. The ink
contained 30 wt% Pt and 15 wt% Ru with carbon black (Alfa Aesar) and was dispersed in a
suspension of 2 mL of deionized water, 1 mL of isopropanol, 0.1 ml of 5% Nafion (D- 521)
and 0.2 mL of 5% PTFE binder. The ink was sonicated for 0.5 h and applied to the GDL using
an air gun. The mass loading of Pt/Ru-C on the GDL was ~1.2 mg cm™ (360 pug Pt cm™ and
180 pug Ru cm™) after annealing at 300 °C for 0.5 h.

6.2.2. Microstructural characterization
Scanning electron microscopy (Tescan VEGA3 SEM and Zeiss Sigma FESEM)

and transmission electron microscopy (JEOL JEM-ARM200CF TEM), along with energy

dispersive X-ray (EDX) spectroscopy, were used to characterize the microstructure and

15 See Appendix A.
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composition of the samples. TEM samples were prepared by scraping off some of the catalyst
from the GDL and dispersing the catalyst in ethanol using ultrasonic agitation. One or two drops
of the suspension were placed onto a carbon coated, copper grid and the ethanol was allowed

to evaporate.

6.2.3. Electrochemical measurements and battery testing

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) in 1 M KOH were
performed with the W-Co oxide catalyst coated GDL as the working electrode, Pt mesh as the
counter electrode and Hg/HgO (0.098 V vs. SHE) as the reference electrode. Potentials reported
for half-cell tests are all vs. Hg/HgO. The electrolyte was purged with pure Oz gas for 15 min
prior to testing to ensure O saturation. The current densities were normalized to the geometric
surface area.

ZAB tests were performed in a home-made cell using a two-electrode (bifunctional)
(Figure S1-a) or three-electrode configuration (Figure S1-b). All electrochemical testing was
performed using a Biologic VSP-300 potentiostat. W-Co oxide coated GDL acted as the
discharge-charge electrode with an area of 1 cm? exposed to the electrolyte (6 M KOH + 0.25
M ZnO). The Zn electrode was bent in an L shape (dimensions 8.5 x 1.8 cm) with one segment
placed horizontally in the lower part of the cell (Figure S1). The distance between the horizontal
Zn plate and the air electrode was 2 cm. Electrochemical impedance spectroscopy (EIS) was
performed at 1.2 V with 10 mV AC potential from 100 kHz to 50 mHz. Discharge-charge
cycling was performed at a current density of 10 or 20 mA cm 2, with each cycle consisting of
a 10 min charge and 10 min discharge period; a 5 min rest period was implemented after each
charge or discharge segment. The test duration was 50 h (100 full cycles). The efficiency was

calculated from Equation 4.

Discharge potential

Efficiency (%) = “4)

Charge potential
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6.3. Results and discussion

6.3.1. Electrochemical analysis

In order to determine the solution W:Co ratio that provided the best efficiency at
20 mA cm? in a ZAB, different proportions were tested according to Table 1. The 1:1 ratio had
the highest efficiency, however, insoluble precipitates formed in the electrodeposition solution.
SEM EDX analysis showed that the precipitates contained both W and Co, but were Co-rich
(Co:W ratio ~2 - Figure S2-a and S2-e). The maximum W:Co ratio in which there was no
precipitate formation was 1:0.7. Lower W:Co electrodeposition solution ratios led to increased
OER potentials, decreasing the efficiency. OER rate tests were not stable for 1:0.5 and 1:0.25
ratios. From this initial study, electrodeposition solutions containing a W:Co ratio of 1:0.7 were
used for further studies involving electrodeposition time and solution pH due to the better
performance for ORR and OER in the two-electrode configuration. Charge-discharge tests were
also performed with air electrodes fabricated from pure Co deposits (0.035 M CoSO4 7H20)
and pure W (0.05 M NaWO4 2H:0); both deposits were annealed. The efficiencies at
20 mA cm were 57.1% (Co) and 46.6% (W), demonstrating that W and Co combined provides
a synergistic effect. Pure W electrodes were unstable during OER testing. Figure S2-b-d shows
SEM images of the surface morphology for the pure W, pure Co and W-Co oxide electrodes
(before cycling). EDX spectra show that W is the main component for electrodes containing

both W and Co (Figure S2-e).

Table 6.1. Battery charge/discharge efficiency for different W:Co proportions (15 min

electrodeposition time, annealed electrodes)

) . Final charge Final discharge  Efficiency
W:Co proportion pH potential* (V) potential* (V) (%)
1:1 (0.05 M:0.05 M) 8.0 2.08 1.24 59.6
1:0.7 (0.05 M:0.035M) 7.5 2.08 1.23 59.1
1:0.6 (0.05 M:0.03 M) 7.6 2.17 1.21 55.8
1:0.5 (0.05 M:0.025M) 8.0 2.18 1.19 54.6
1:0.5 (0.05 M:0.025 M) 6.0 2.49 1.15 46.2
1:0.25 (0.05 M:0.0125 M) 4.0 2.49 1.13 454
1:0 (0.05 M:0 M) 9.2 2.49 1.16 46.6
0:1 (0 M:0.035 M) 5.5 2.10 1.20 57.1

*Potentials were taken at a discharge/ charge current density of 20 mA cm™
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The influence of solution pH and electrodeposition time for W-Co oxide deposits
on the efficiency of a ZAB was investigated and the results are shown in Table 2; all samples
were annealed before testing. Lower efficiency values were obtained at a pH of 4.5, compared
with a pH of 7.5, and can be attributed to hydrogen evolution occurring in parallel with
electrodeposition. Hydrogen evolution was confirmed by the observation of H> bubbles during
deposition; the bubbles negatively impact the morphology of the deposited material [19].
Additionally, H* ions are consumed during H> evolution, causing the pH to increase during
deposition. Electrodepositions for 15 min were also done at a pH of 10.5 with addition of
ammonium hydroxide (0.05 M) to determine whether a further increase in efficiency could be
achieved. The efficiency of deposits prepared at pH of 10.5 was 58.6 + 1.3 %, indicating no

improvement relative to the natural solution pH (7.5).

Table 6.2. Battery efficiencies for W-Co electrodes electrodeposited under different conditions

pH Deposition time (min)  Final pH Efficiency (%)

5 4.7+0.1 47.1+0.5
4.5 15 49+0.1 46.2+£0.1
25 49+0.1 473+0.3
5 7.5+0.0 57.6 0.0
7.5 15 74 +£0.1 58.8+0.4
25 7.5+0.0 58.5+0.3
10.5 15 10.5+0.1 586+1.3

Discharge potentials were determined for a range of current densities (2, 5, 10 and 20 mA
cm™?) and are shown in Figure 1-a for annealed samples. The results at all current densities
confirm that the bifunctional activity of W-Co oxide is comparable to Pt-Ru. According to
Table 2, it was determined that the optimum deposition conditions were a solution pH of 7.5
and a deposition time of 15 min.

Figure 1-b shows CV plots for annealed and unannealed samples deposited from solutions
at pH values of 4.5 and 7.5 in Oz-saturated 1 M KOH. Annealing improved the ORR activity
for both samples. LSV plots for ORR in Oz-saturated 1 M KOH are shown in Figure 1-c. The
7.5 pH, annealed sample showed activity very close to that for the Pt-Ru baseline material with
an onset potential (at 10 mA cm™) of -0.11 V. According to several studies, annealing can
improve electrocatalytic activity [20-24] and ensured that the W-Co, which was deposited as a
metallic film, was completely oxidized. Because of the results shown in Figure 1-b and 1-c the

unannealed films were not investigated further.
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Double layer capacitance is directly proportional to electrode surface area and was used
to compare the relative surface area of deposits. The double layer capacitance (Ca) was
evaluated by the integral method using CV plots at different scanning rates (v) in Ar-saturated
1 M KOH (Figure S3). The potential range used for capacitance measurements was determined
from CV plots taken in Ar-saturated 1 M KOH (Figure 1-d). The potential range used for Cq
measurement was 0 — 0.1 V because of the absence of faradaic reactions in this region. The
double layer charge (qa) was estimated from a plot of q vs. v'2, using linear regression to
extrapolate v to oo (Figure 1-e) [25]. Cai was calculated by dividing qa by the potential window
(0.1 V). The total charge (qr) was also estimated by linear regression using the same method;
instead by extrapolating v to 0 on a plot of g™ vs. v!? (Figure S4). The pseudocapacitance Cp
was calculated by subtracting Cq from C:. Capacitance results are summarized in Table 3.
Annealing improved Cq for both the pH 4.5 and 7.5 deposits; since no additional material has
been incorporated, the cause of the Cq increase is not immediately apparent. The increase in
Cai can be attributed to one or both of the following effects: the fully oxidized film may provide
greater capacitance per unit area than the unannealed film [26], and/ or annealing may introduce
some surface roughness/ facets. The highest Cq; was achieved for the annealed pH 7.5 sample,
with Cai = 38.4 mF cm™. The relatively high surface area of this deposit helps facilitate its
excellent catalytic activity. Comparing the Cq value (38.4 mF cm™) of the annealed, 7.5 pH
sample with other catalysts prepared by our group and reported in literature, such as
electrodeposited Co (10.4 mF cm?) [6], electrodeposited MnOx (8.3 mF cm™) [24], and atomic
layer deposited MnOx (20.4 mF cm™) [27] illustrates the high surface area of the 7.5 pH W-Co
oxide film. Capacitance values were not attainable from the unannealed pH 4.5 sample as well
as the bare GDL, due to their hydrophobic nature preventing electrolyte penetration. Figure 1-
f presents OER LSV plots for the annealed 7.5 pH sample, as well as for Pt-Ru and bare GDL.
The OER activity was increased with the W-Co oxide coating compared with bare GDL, which
has no catalytic activity. The onset potential (at 10 mA cm) for Pt-Ru is 73 mV lower than the

value for W-Co oxide.
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Figure 6.1. Electrochemical measurements for W-Co oxide catalysts: a) Rate discharge-charge

curves for various electrodes in Zn-air batteries; b) CV plots (20 mV s in O,-saturated 1 M

KOH); c) ORR LSV plots (5 mV s in Oz-saturated 1 M KOH); d) CV plots (20 mV s! in Ar-

saturated 1 M KOH) ; e) Results for Cq measurement (voltammetric charge (q) plotted against

the square root of the scan rate (v'2)); f) OER LSV plots (5 mV s in Op-saturated 1 M KOH).
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Table 6.3. Capacitance measurement results

t di Ce Ca C

Electrode (rancm'z) (rancm'z) (mFcm?) (mFcm?) (mF cprn'Z)
Bare GDL N/A 0.06 N/A 0.6 N/A
Pt-Ru 0.26 0.03 2.6 0.3 23
pH 4.5 - unannealed N/A N/A N/A N/A N/A
pH 4.5 - annealed 8.18 2.60 81.8 26.0 55.8
pH 7.5 - unannealed 8.41 2.38 84.1 23.8 60.3
pH 7.5 - annealed 8.27 3.84 82.7 38.4 44.3

6.3.2. Morphology and composition of the catalysts

W-Co oxide samples deposited from a solution with a pH of 7.5 for 15 min and then
annealed, were examined using TEM/STEM (Figure 2). TEM/STEM results for the unannealed
deposit are shown in Figure S5. Figure 2-a and 2-b show STEM bright field (BF) and annular
dark field (ADF) images of GDL carbon particles coated with the electrodeposited W-Co oxide.
Due to the relatively high density and atomic number of the W-Co oxide, the film appears as
darker regions in the BF image (3 regions are circled in Figure 2-a) and bright contrast regions
in the ADF image. STEM imaging clearly shows that the W-Co oxide film coats the GDL
particles conformally, which facilitates the high surface area of the electrode. The conformal
nature of this deposit was surprising, as electrodeposition is commonly considered a directional
deposition technique [28]. The conformal nature of the W-Co oxide is very similar to MnOx
films prepared by the much more complicated, expensive, and slow technique of atomic layer
deposition [27]. A high resolution TEM image is shown in Figure 2-c, showing a film thickness
of ~10 nm or less. EDX maps from the area shown in Figure 2-a and 2-b are shown in Figure
2-d and 2-e. STEM EDX spectra for cycled and uncycled deposits are shown in Figure S6. The
STEM EDX spectra and mapping demonstrate that the deposit is clearly composed of W and
O, with a small amount of Co. TEM/STEM analysis shows no significant differences between

annealed and unannealed samples.
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Figure 6.2. TEM/ STEM analysis of the annealed, 7.5 pH sample before electrochemical
testing: a) STEM BF image; b) STEM ADF image; c¢) high resolution TEM image; d) EDX
map overlay of W (red), Co (green) and O (blue); e) individual EDX maps for W, Co, O and C.
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Samples were examined in the SEM before and after ZAB testing; images are
shown in Figure 3-a to 3-h. The electrode prepared at pH 4.5 (Figure 3-a) has a heterogeneous
morphology, with particles scattered across the electrode surface. The sample prepared at 7.5
pH (Figure 3-b) has a much more homogeneous morphology, the surface of the GDL appears
unchanged after deposition; the presence of a W-Co oxide deposit is confirmed by STEM/ TEM
as well as SEM EDX analysis. Samples cycled in a ZAB (both bifunctional and three-electrode)
do not retain their homogeneous morphology, particles are present across the electrode surface.
Relatively large particles (> 1 um) were observed on all cycled samples (arrows in Figure 3-f),
which were identified as KOH using EDX analysis. Samples that were exposed to OER
potentials (Figure 3-c, 3-e, and 3-g) had smaller and more abundant particles across the surface,
as indicated by arrows in Figure 3-g. These small particles had relatively large Co content,
suggesting that they are composed of Co oxide.

EDX spectra were taken from multiple areas from each sample. The EDX spectra
all contain large C and F signals due to the C based GDL (F is present in the PTFE binder). All
battery cycled samples were thoroughly rinsed with deionized water prior to SEM and EDX
analysis; however, significant K and Zn peaks from the electrolyte were still detected for these
samples. Plan view secondary electron (SE) images of annealed samples before battery testing

(solution pH of 4.5 and 7) are shown in Figure 3-a and 3-b. The deposit from the pH 4.5 solution
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contains W, but no Co, while the deposit from the pH 7.5 solution contains W plus a small
amount of Co. After 50 h of bifunctional cycling (Figure 3-c), W is no longer observed in the
EDX spectrum. W dissolution was investigated by exposing electrodes to a number of cycling
conditions. Electrodes were cycled in a three-electrode configuration, using separate electrodes
for ORR and OER. Two pairs of electrodes were cycled, one pair for 2.5 h (5 cycles), and
another pair for 50 h (100 cycles). EDX spectra for the cycled samples all show a drop in W
intensity during cycling, with most electrodes having no W intensity at all. An electrode
submerged in electrolyte for 50 h also showed no W intensity, demonstrating that W passively
dissolves in the electrolyte. This is confirmed by the W-H>O Pourbaix diagram [29]. In alkaline
solutions, soluble WQO4? is the stable W species, i.e., WOs dissolves in the KOH + ZnO
electrolyte. At the OER electrode, the applied potentials are higher than at the ORR electrode,
providing a large overpotential for oxidation. This leads to faster dissolution at the OER

electrode compared with the ORR electrode.
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Figure 6.3. SEM secondary electron (SE) images of various W-Co oxide coated electrodes: a)
4.5 pH, annealed and before testing; b) 7.5 pH, annealed and before testing; c) 7.5 pH, annealed
after cycling 50 h (bifunctional - two-electrode at 10 mA cm); d) ORR electrode - 7.5 pH,
annealed and after 5 cycles - three-electrode at 10 mA cm%; e) OER electrode - 7.5 pH, annealed
and after 5 cycles - three-electrode at 10 mA cm?; f) ORR electrode - 7.5 pH, annealed and
after cycling for 50 h - three-electrode at 10 mA cm™; g) OER electrode - 7.5 pH, annealed and
after cycling 50 h - three-electrode at 10 mA cm™; h) immersed in the electrolyte (6M KOH +
0.25 ZnO) for 50 h. i) EDX spectra for the various electrodes from the regions indicated by the

rectangles, arrows or points.
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The annealed sample, after battery cycling for 50 h (100 cycles) at 10 mA ¢cm™ in
the two-electrode (bifunctional) configuration, was examined by TEM/STEM (Figure 4). The
deposit changed significantly during cycling. First of all, the deposit has coalesced forming
discrete particles on the carbon substrate. The particles show up bright in the STEM ADF image
(Figure 4-a) and dark in the STEM BF image (Figure 4-b). The particle size varies considerably,
from a few nm up to ~100 nm. Secondly, most of the W is dissolved into the electrolyte and Zn
is incorporated into the particles. This is evident from the EDX maps in Figure 4-d and 4-e and
EDX spectra shown in Figure S6. The particles are nanocrystalline; a selected area diffraction
(SAD) pattern taken from the region (Figure 4-c) can be indexed to a ZnCo0204 cubic spinel
structure (a = 0.8095 nm — PDF #23-1390). The presence of small ammounts of W in the EDX
map suggests that the ZnCo204 is doped with a small amount of W. Spinel structures of ternary
transition metal oxides, including ZnCo204 [11], have been utilized for ORR/OER processes,
showing synergistic effects between the two transition metal elements [30]. Liu et al. prepared
N-doped nanotubes coupled with ZnCo204 for use as a bifunctional electrocatalysts in Zn-air
batteries [31]. Their ZnCo204-NCNT catalyst had excellent bifunctional performance, with a
stable discharge voltage of 1.35 V (at 10 mA c¢cm™), and a stable charge voltage of 2.19 V (at
100 mA cm™).

511/444
11

. 222

10 1/nm_

Figure 6.4. STEM images, SAD pattern and EDX analysis of sample electrodeposited at 7.5
pH and annealed, after 50 h of cycling: a) STEM ADF image; b) STEM BF image; c) SAD
pattern. d) EDX map overlay of W (red), Co (green) and O (blue); e) individual EDX maps for
Co, W, O and Zn.
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The formation of ZnCo0204 nanoparticles from the initial W-Co oxide deposit can
help explain why despite W being dissolved, the W-Co oxide deposit out performs deposits
prepared using only Co. By co-depositing W and Co, Co is well distributed in a conformal layer
across the GDL surface. Upon cycling, the W oxide scaffold is dissolved, and the remaining Co
oxide coalesces into nanoparticles while simultaneously incorporating Zn to form ZnCo204.
The high surface area of the spinel nanoparticles provide excellent catalytic activity. Deposits
prepared without W do not achieve the finely dispersed nanoparticle morphology, and as such,
have inferior ZAB performance.

In order to investigate the distribution of catalyst within the porosity of the GDL,
cross sections for the SEM were prepared by freezing as prepared electrodes (before testing) in
liquid nitrogen and then fracturing them. SEM EDX line scans were done across the fractured
surfaces; examples are shown in Figure 5. Both Co and W were detected at depths into the GDL
of up to ~80 um. An interesting feature of the line scans is that the composition reaches a
maximum at ~40 um (Figure 5-a and 5-b), which appears to be counter intuitive. The maximum
Co and W concentrations are expected to be at the surface. The observed distribution is an
artifact of EDX analysis in the SEM. The carbon substrate is porous and has a low atomic
number (z = 6), which generates a large interaction volume for x-ray generation. The GDL
fracture surfaces during imaging were not oriented exactly normal to the electron beam, but
were tiled by ~15°. The regions closest to the deposition surface did not generate as many x-
rays, due to electrons escaping from the sample surface, leading to lower W and Co
composition. This effect accounts for the lower apparent surface concentration of Co and W
and is illustrated in Figure 5-d. The presence is catalyst deep within the GDL helps to enhance
ZAB performance. Deep catalyst distribution allows for greater surface area than techniques
such as spray coating which load catalyst only on the GDL surface. This catalyst distribution
also helps to maintain three phase boundaries between catalyst, electrolyte, and air during
extended cycling. During cycling, it is common for the electrolyte to soak into the structure of
the GDL; if catalyst is not effectively distributed this causes a loss of three phase boundaries

and reduces battery performance.
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Figure 6.5. SEM EDX cross-section line scans for a) W and b) Co. Three separate scans were
taken from different areas. c) FESEM SE cross-section image of GDL. d) Schematic showing

electron beam interaction with the cross-section sample.

6.3.3. Zn-air battery measurements

Figure 6-a shows charge and discharge polarization curves for bare GDL, Pt-Ru
and W-Co oxide (annealed, pH 7.5 deposit). W-Co oxide exhibits much better performance
than bare GDL and better discharge performance than Pt-Ru at all but the lowest current
densities. The charge performance is superior to Pt-Ru at current densities less than 10 mA cm™
and comparable at higher current densities.

Polarization and power curves, during discharge, for the annealed and unannealed
W-Co oxide samples are shown in Figure 6-b. The maximum power density was
216.4 mW cm for the annealed electrode and 189.6 mW cm for the unannealed electrode.
These values are superior to those for other air electrode catalysts in Zn-air batteries reported

in the recent literature: Fe;O4 encapsulated in porous carbon nanobowls - 156.8 mW cm™ [32],

N and Cu codoped CoS1.97 nanowires - 68.6 mW cm™ [33], N and P co-doped carbon spheres -
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79 mW cm? [34], Co nanoparticles encapsulated in N-doped, C nanofibers - 51.7 mW cm™
[35].

Three-electrode charge-discharge cycle tests at 10 mA cm2 are shown in Figure 6-c
for W-Co oxide (annealed, pH 7.5 sample). The initial efficiency is 61.8% (discharges at 1.26
V and charges at 2.04 V) while the final efficiency after 50 h (100 cycles) is 59.1% (discharges
at 1.23 V and charges at 2.08 V). In the three-electrode battery, there are separate electrodes for
ORR and OER, both with W-Co oxide as the catalyst, as shown in the schematic in Figure S1-
a. Results for Pt-Ru, with the same three-electrode configuration are shown in Figure 6-d; the
initial and final efficiencies are 61.0% (discharges at 1.25 V and charges at 2.05 V) and 60.4%
(discharges at 1.25 V and charges at 2.07 V), respectively, for the same cycling period, which
is slightly better than for W-Co oxide. A Zn-air battery, with W-Co oxide catalyzed electrodes
was also tested in a three electrode configuration at a current density of 20 mA cm (Figure S7).
The initial efficiency is 58.0% (discharges at 1.23 V and charges at 2.12 V) and the final
efficiency is 55.9% (discharges at 1.19 V and charges at 2.13 V), which demonstrates the
stability of the catalyst even under higher current density conditions. The excellent performance
of the electrodes prepared in this work is attributed to the structure of the catalyst (spinel
ZnC0204), the small particle size (< 100 nm), and the good distribution of catalyst throughout
the GDL. These factors allow for performance which exceeds most of the results in literature,
including current studies that have used NiCo020O4 ultrathin nanosheets with oxygen vacancies
[36] and hollow cobalt oxide nanoparticles embedded in nitrogen-doped carbon [37] as
bifunctional electrocatalysts in which they obtained initial efficiency of 52.9 and 58.5%,
respectively at 10 mA cm™.

Electrodes were also cycled at 10 mA cm? in a two-electrode (bifunctional)
configuration (Figure S1-b), with a single electrode used for both OER and ORR. Results for
W-Co oxide are shown in Figure 6-e and for Pt-Ru in Figure S8. The initial and final efficiencies
for W-Co oxide are 60.3% (discharges at 1.23 V and charges at 2.04 V) and 56.3% (discharges
at 1.17 V and charges at 2.08 V), respectively. Pt-Ru had initial and final efficiency values of
62.6% (discharges at 1.24 V and charges at 1.98 V) and 54.3% (discharges at 1.14 V and
charges at 2.10 V), respectively. This result demonstrates that the bifunctional cycling stability
of W-Co oxide electrodes far exceeds that of Pt-Ru. The three-electrode configuration with
separate electrodes for OER and ORR exhibits better cycling stability, as well as higher

efficiency than the bifunctional configuration. The improved stability is a result of the smaller



Chapter 6 — W-Co Oxide Electroplating for Zn-Air Batteries Application 128

potential window experienced by each electrode. Large potential variations can promote
changes in morphology, oxidation state and crystal structure. The cyclic and repetitive nature
of these changes causes gradual degradation of the catalyst. The narrow potential window
afforded by the three-electrode configuration minimizes this degradation, leading to better
efficiency and stability.

The performance of the Zn-air battery was evaluated through the discharge-charge
voltage gap (4An) [38]. The initial difference in discharge-charge potential for the Wo-Co oxide
(annealed, pH 7.5 sample) at 10 mA cm™ was 0.81 V (Aninitiat). The difference in discharge-
charge potential at the end of cycling was 0.91 V (Anend). This small drop of 0.10 V shows that
the catalyst was stable during cycling and the value is comparable to and lower than values
found in the literature for the same current density (10 mA cm™) according to Table S2.

The electrical properties of the electrodes were evaluated at 1.2 V by
electrochemical impedance spectroscopy (EIS), as shown in Figure S9 and Table S1. An
equivalent circuit composed of Rs (Rt Qf) (Ret Qai) was used to fit the experimental data [39],
where R, R and R are the electrolyte resistance, catalyst layer resistance and charge transfer
resistance, respectively. The catalyst layer resistance for W-Co oxide electrodes is significantly
lower than that of the Pt-Ru electrodes (~0.2 vs. ~0.8 Q cm?); this is due to the thin and
conformal morphology of the W-Co oxide, all of the catalyst is in intimate contact with the
conductive C substrate. Since the Pt-Ru was prepared by spray coating, the contact between
catalyst and GDL electrode is not as electronically conductive. Before cycling, the charge
transfer resistance for W-Co oxide (annealed, pH 7.5) was 0.6 Q cm?, which increased after
cycling (50 h or 100 cycles for the three electrode configuration) to 1.0 Q cm? and 1.3 Q cm?
at current densities of 10 and 20 mA cm, respectively. The R for W-Co oxide, even after

cycling, is still superior to Re for the Pt-Ru (3.4 Q cm? before cycling).
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Figure 6.6. a) Discharge-charge polarization curves for bare GDL, W-Co oxide and Pt-Ru
electrodes. b) Polarization and power density curves for annealed and unannealed W-Co oxide
electrodes. Discharge-charge cycling performance for Zn-air batteries at 10 mA cm™: ¢) W-Co

oxide three-electrode; d) Pt-Ru three electrode and e) W-Co oxide electrode (bifunctional)

configurations.

6.4. Conclusions

Bifunctional W-Co oxide catalysts for the air electrode in a ZAB were synthesized
by electrodeposition onto a gas diffusion layer (GDL)conditions were optimized by varying
electrodeposition conditions including time, solution composition, and solution pH. An
electrodeposition time of 15 min and a solution pH of 7.5 produced the best performing

catalysts, with a charge/ discharge efficiency of 58.8% at a current density of 20 mA cm™.
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Electron microscopy analysis was used to identify the deposited film as W-Co oxide; the oxide
conformally coated the GDL with a thickness of ~10 nm. During exposure to the battery
electrolyte (KOH + ZnO), W dissolved leaving behind Co, which combined with Zn from the
electrolyte to form ZnCo2Os nanoparticles with sizes less than ~100 nm. ZnCo20Os was
ultimately responsible for the bifunctional activity of the electrode. The air electrode
demonstrated stable cycling behavior in a three-electrode configuration for 50 h (100 cycles) at
10 and 20 mA cm?, with final efficiencies of 59.1 and 55.9%, respectively. The electrodes also
demonstrated good bifunctional activity and stability, with a final efficiency of 56.3% after 100
cycles (50 h) at 10 mA cm™.
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Figure S1. a) Three-electrode Zn-air battery configuration and b) two-electrode Zn-air battery

configuration.
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Figure S2. SEM SE images of a) W-Co precipitates (1:1 ratio); b) pure W annealed (0.05 M);
c¢) pure Co annealed (0.035 M), d) W-Co oxide unannealed, 7.5 pH (1:0.7 ratio). d) EDX spectra

for the different electrodes.
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Figure S3. CV curves at different scan rates for a potential window of 0.0 to 0.1 V vs. Hg/HgO
in Ar saturated 1 M KOH for different samples: (a) pH 4.5 - annealed and (b) pH 7.5 - annealed.
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Figure S4. Reciprocal of voltammetric charge (q™!) plotted against square root of the scan rate

(VI/Z).
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30 nm

Figure SS. Images of unannealed, 7.5 pH sample before electrochemical testing: a) TEM BF
image; b) STEM ADF image; c) EDX map overlay of W (red), Co (green) and O (blue); d)
individual EDX maps for W, Co and O.
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Figure S6. STEM EDX spectra before and after 50 h of cycling of the annealed W-Co oxide,

electrodeposited at 7.5 pH for 15 min. The small Cu peak at ~8 kV is an artifact and is due to

x-rays generated from the Cu support grid by stray electrons.
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Figure S7. Discharge-charge cycling for a Zn-air battery (three electrode configuration) at

20 mA cm 2 with W-Co oxide electrodes.
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Figure S8. Discharge-charge cycling for a Zn-air battery (two electrode configuration) at

10 mA cm 2 with Pt-Ru electrodes.
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Figure S9. Electrochemical impedance spectra (EIS) for catalysts at different potentials: (a)
EIS at 1.2 V for W-Co oxide (annealed, pH 7.5) before and after ORR cycling at 10 mA cm™.
(b) EIS at 1.2 V for Pt-Ru before and after ORR cycling at 10 mA cm™. (c) EIS at 1.2 V for W-
Co oxide (annealed, pH 7.5) before and after ORR cycling at 20 mA cm™. (d) EIS at 1.2 V for

W-Co oxide (annealed, pH 7.5) and Pt-Ru before cycling in the two-electrode cell at

10 mA cm™.
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Table S1 Equivalent circuit parameters based on the EIS spectra shown in Figure S9
Electrode R Ry Qr Ret Qa
Qcm? Qcm? mQ's"em? Qcm® mQ's"cm?
W-C ide before ORR 0.02 0.03
'00x1 e before 0 14 02 0.6
cycling - 10 mA cm (n=0.66) (n=0.95)
W-Co oxide after ORR 0.02 0.03
) - 1.5 0.2 1.0
cycling - 10 mA cm (n=0.75) (n=0.89)
Pt-Ru before ORR cycling 0.003 0.008
2.6 0.8 34
- 10 mA cm™ (n=0.81) (n=0.84)
Pt-Ru after ORR cycling 13 0.6 0.01 31 0.02
- 10 mA cm™ ' ' (n=0.72) ' (n=0.94)
W-C ide before ORR 0.02 0.04
'00x1 e before 0 14 02 0.6
cycling - 20 mA cm (n=0.70) (n=0.92)
W-Co oxide after ORR 17 0.1 0.01 13 0.03
cycling - 20 mA cm™ ' ' (n=0.91) ' (n=0.86)
W-Co oxide before
0.02 0.03
OER/ORR cycling - 10 mA 1.3 0.6 0.6
> cyeing - o m (n=0.51) (n=0.97)
cm
Pt-Ru before OER/ORR 0.01 0.01
 betore R 1.7 0.7 2.0
cycling - 10 mA cm (n=0.63) (n=0.86)
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Table S2 Comparison of discharge-charge voltage gap (An) between this work and the

literature
Catalyst, battery test condition and battery performance Reference
Two-electrode - 10 mA cm™ for 50 h This
ANinitia= 0.81 V. ANend= 0.91 V' ANend-ANinitia= 0.10 V paper

MnOx and CoFe (three-electrode) - 10 mA cm™ for 50 h

ANinitia= 0.78 V- Anenad= 0.89 V' ANena-Aninitia= 0.11 V

Yttrium ruthenate nanoparticles (two-electrode) - 10 mA cm™ for 33.3 h
MANinitia= 0.74 V' ANeng= 0.84 V' Anend-Aninitia= 0.10 V

MnCo0,04 nanoparticles (two electrode) - 10 mA cm™ for 33.3 h
ANinitia™= 0.55 V' Anend= 0.80 V' Anend-ANinitiai= 0.25 V

Co oxide nanoparticles (two-electrode) - 10 mA cm?for5h

ANinitia™= 0.87 V- Anena= 1.13 V' Anend-ANjinitiai= 0.26 V

NiCo-air (two-electrode) - 10 mA cm™ for 29 h

MANinitia= 0.98 V. ANend= 1.12 V' AnNend-AnNinitia= 0.14 V

[1]

(2]

(3]

[4]

[5]

[1] M. Xiong, M.P. Clark, M. Labbe, D.G. Ivey, A horizontal zinc-air battery with physically
decoupled oxygen evolution/reduction reaction electrodes, Journal of Power Sources, 393
(2018) 108-118.

[2] J. Park, M. Park, G. Nam, M.G. Kim, J. Cho, Unveiling the Catalytic Origin of
Nanocrystalline Yttrium Ruthenate Pyrochlore as a Bifunctional Electrocatalyst for Zn—Air
Batteries, Nano Letters, 17 (2017) 3974-3981.

[3] D. Bin, Z. Guo, A.G. Tamirat, Y. Ma, Y. Wang, Y. Xia, Crab-shell induced synthesis of
ordered macroporous carbon nanofiber arrays coupled with MnCo20s nanoparticles as
bifunctional oxygen catalysts for rechargeable Zn—air batteries, Nanoscale, 9 (2017) 11148-
11157.

[4] Y. Tian, L. Xu, J. Bao, J. Qian, H. Su, H. Li, H. Gu, C. Yan, H. Li, Hollow cobalt oxide
nanoparticles embedded in nitrogen-doped carbon nanosheets as an efficient bifunctional
catalyst for Zn—air battery, Journal of Energy Chemistry, 33 (2019) 59-66.

[5] W. Liu, J. Bao, L. Xu, M. Guan, Z. Wang, J. Qiu, Y. Huang, J. Xia, Y. Lei, H. Li, NiC0204
ultrathin nanosheets with oxygen vacancies as bifunctional electrocatalysts for Zn-air battery,
Applied Surface Science, 478 (2019) 552-559.
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7.1. General Discussion

At the beginning of this work, the main focus was to deposit Co-W on substrates
with different surface morphology and composition. Thus, from previous studies carried out in
the LabPEA research group with Co-W (PORTO, 2016), the composition was optimized, as
well as the electrodeposition parameters. As this is a recent research group, the initial
parameters of current density and O; pressure followed previous studies by the research group
(CREMASCO, 2017). In order to seek a statistical correlation on the influence of the
electrodeposition parameters (solution composition and electric current density), it was verified
that the increase of the current density and the W concentration increased the electrodeposition
efficiency, however, did not favor the cycling on the Li-O; battery due to clogged pores and
cathode surface. In addition, the specific capacity calculation took into account the mass of the
deposited material, which contributed to obtain small values.

After observing that deposit amounts in the order of milligrams would be beneficial
to the system, Ag-Co was electroplated on the steel mesh and nickel foam substrate. This study
aimed to discuss the influence of the applied electric current density and O; pressure in the
system. The O pressure at 2 atm with current density of 50 uA cm™ presented the highest
discharge capacity of 336 mAh g'lc. Although the discharge curves of the E5, M2, M3, M4 and
MS electrodes showed unusual shapes, they were not different from those found in the literature
(LIU; XU; YAN; SUN et al, 2016; MA; YUAN; SHA; MA er al., 2013; PENG;
FREUNBERGER; CHEN; BRUCE, 2012). If the y-axis scale had been larger, this would be
more evident. In this case, it was decided to add the scale within the potential limit of 2.2 to
4.0 V. However, the discharge plateau was evidenced close to the value of 3.0 V.

The alkaline KOH solution mainly served to evaluate the oxygen
evolution/reduction of oxygen reaction as used by several studies on Li-O> batteries (JO;
TAMAKLOE; JIN; LIM et al., 2019; LAL; CHEN; ZHANG:; QU et al., 2016; YIN; LI; YU;
LV et al., 2019; YU; YU; SUN; WU et al., 2016; ZHAO; HANG; ZHANG; WANG et al.,
2017). The voltammograms of the bare electrodes, with catalyst cycled and non-cycled
demonstrated that the catalytic activity of the oxygen evolution reaction was also improved
with Ag-Co deposition.

Battery cycle stability was not a major point of the Ag-Co study, as the time of each

cycle was not limited, only potential limits with a lower limit of 2.2 and greater than 4.0 V. In
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general, Li-O; studies analyze discharge and charge capacity, but without limiting cycle time,
to observe the maximum capacity value obtained according to the following studies (WU;
WANG; LIAO; YANG et al., 2015; YUAN; YANG; NAN; SUN et al., 2018). From the
parameters obtained in the Ag-Co study, the same electric current density and O pressure were
used in the Zn-Co study.

The Zn-Co study sought to verify whether electrodeposition parameters would
influence battery cycling. Thus, the temperature of the electrodeposition solution and the
rotating cathode were varied. It was verified that the Zn-Co electrocatalyst showed better
catalytic activity for the oxygen evolution reaction according to the voltammograms. The
determination of the capacitance of the double electric layer for the bare electrodes, with
catalyst cycled and non-cycled proved that the Zn-Co deposit by correlation increased the
electrochemically active surface area. The electrochemically active surface area can be
calculated according to the authors (MCCRORY; JUNG; PETERS; JARAMILLO, 2013;
VINCENT, 2016), as the double layer capacitance (Cqa)) divided by the specific capacitance
(Cs). However, the specific capacitance range is wide (0.006 to 0.050 mF cm?)
(BIKKAROLLA; PAPAKONSTANTINOU, 2015; CENTENO; STOECKLI, 2006; KOTZ;
CARLEN, 2000; MCCRORY; JUNG; PETERS; JARAMILLO, 2013; RABBOW;
WHITEHEAD, 2017; VINCENT, 2016) and choosing a value directly affects the value of the
area found. In addition, the reference values for 1 M KOH are for carbon based substrates. The
literature does not report values for different materials, such as nickel foam and steel mesh.
Therefore, the electric double layer capacitance is an indirect value of the catalytic activity of
the material.

The narrow potential window was suitable for substrates, allowing to identify the
presence of pseudocapacitance, which is a faradaic process that contributes to the storage of
energy electrochemically. This narrow potential window has been used by several authors
(WANG; LIN; TONG; HUANG et al., 2019; XIONG; CLARK; LABBE; IVEY, 2018;
XIONG; IVEY, 2018).

The unconventional form of the discharge graph showed the absence of the
characteristic plateau around 3.2 - 3.4 V vs Li, which would correspond to the decomposition
of Li202, which also allows one to suspect that collateral processes occurred. For most samples,
the load plateau occurred between 2.7 and 3.2 V, this interval has been reported in some studies.

(LU; WANG:; JIN; Ll et al., 2015; ZHANG; WANG; JIANG; ZHOU et al., 2015). The charge
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plateau below 3.2 V was a particular feature of the system. The different behaviors of the curves
were due to the electrode specificity, since the solution temperature and the rotating cathode
velocity were varied, which changed the morphology and the catalytic properties.

The initial reduction peak cited in Chapter 5 is related to an initial and rapid
decrease in potential value, explained as a breakdown of the catalyst crystal structure and the
formation of the electrolyte-solid interface layer. Then, an increase in potential (charge) was
observed. Tests on Li batteries are generally qualitative and are intended to verify whether or
not a parameter change affects electrode behavior. Mathematical models cannot describe the
charge/discharge response in Li-O: batteries because the system depends on several parameters
such as Li* transport, O transport, Li»O> formation mechanism, reaction kinetics, catalytic
distribution, side reactions and change in electrolyte volume. For example, several papers have
done qualitative analysis (CETINKAYA; TOKUR; OZCAN; ALGUL et al, 2015;
KUNANUSONT; SHIMOYAMA, 2017; ZHANG; WANG; JIANG; ZHOU et al., 2015).

After studies with W-Co, Ag-Co and Zn-Co on Li-O> batteries it was proposed to
apply these catalysts to the nickel foam and steel mesh substrate on Zn-air batteries. It was
found that cycling was not possible since the open-circuit potential of the Zn-air cell was equal
to 0 V. Thus, it was proposed to electrodeposit the three catalysts on carbon (GDL - gas
diffusion layer).

Preliminary studies demonstrated a Zn-air battery efficiency of 59.1, 51.5 and
43.9% at 20 mA cm?, respectively for Co-W, Ag-Co and Zn-Co. Thus, Co-W was chosen for
further studies. The composition of the Co-W solution at the beginning was the same as for the
synthesis of the catalysts for the Li-O; battery. However, the presence of a precipitate was
verified and the optimization of W:Co proportions was necessary. After solubilizing the
maximum amount of Co in W, a study of the influence of the pH of the solutions (4.5 and 7.5)
and the electrodeposition time (5, 15 and 25 min) on carbon on the Zn-air battery efficiency
was performed. Zn-air battery. Annealing at 300 °C for 30 min also influenced the system,
promoting the increase of active sites. The battery presented excellent stability during 50 h
cycling and high efficiency. Analysis by TEM, SEM and FESEM demonstrated that during
cycling tungsten was dissolved in the zinc oxide and potassium hydroxide electrolyte, and that
the zinc cobalt oxide (ZnCo204) with spinel structure was responsible for the catalytic activity

in the electrode.
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8.1. General Conclusions

The bibliographic research discussed in Chapter 2 allowed us to understand the
basic characteristics and configurations that make up Li-O; and Zn-air batteries, as well as to
demonstrate what are the challenges to be overcome in the systems. The literature review
involving the results of works of recent years was essential to understand how reactions occur
and what are the trends in the composition of electrocatalysts.

Chapter 3 revealed that the statistical analysis was adequate for electrodeposition
efficiency, with an adjustment coefficient of 0.936, with a confidence interval of 95%.
However, the statistical analysis proved inadequate when the objective was to obtain a high
charging and discharging capacity. The increase in electric current density and W concentration
favored electrodeposition efficiency, which obtained values of 60.05% for nickel foam and
64.39% for steel mesh. Only Co peaks were identified by X-ray diffraction, indicating a
complete dissolution of W into Co, thus forming a solid single-phase solution.

In Chapter 4, the electric current density of 50 uA cm™ and O pressure of 2 atm
were the parameters that allowed the highest discharge capacity in the Li-O; battery. The EDX
analysis verified that the cyclic voltammetry technique for the Ag-Co electrodeposition did not
favor the Co deposition. The catalytic activity was confirmed by cyclic voltammetry and linear
scanning voltammetry. Raman spectra showed the presence of Li>O and Li>O> after cycling. In
general, the steel mesh proved to be a substrate with higher values of charge and discharge
capacity in the battery.

In Chapter 5, the 30 °C temperature and 30 rpm rotation speed for Zn-Co
electroplating gave the Li-O; battery charge the best result. The double electric layer
capacitance indicated that the electrochemically active surface area was increased with the Zn-
Co deposit. Raman spectra showed Co304 and Li2O: after cycling. Zn21Cos and Co3O4 peaks
with the crystallographic planes (510) and (044) were obtained by X-ray diffraction.

In Chapter 6, after several preliminary studies with the three binary
electrocatalysts, it was found that W-Co showed results superior to Zn-Co and Ag-Co. It was
observed that the pH of 7.5 and the electrodeposition time of 15 min and the annealing of the
sample at 300 °C for 30 min were beneficial for the Zn-air system, with efficiency close to 60%.
The TEM analysis indicated that after cycling, there were minimal or no amount of W, and the

formation of ZnCo0204, indicating that spinning ZnCo,04 participated in the catalytic activity.
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Regarding which technology is best, Li-O2 or Zn-air batteries, it should be noted
that electrochemical performance, low cost, and high energy density are factors that generate
interest in research and development of these products. Zn-air batteries are highly stable to
moisture, unlike Li-O» cells, which must be assembled in an inert atmosphere. This implies that
the Zn-air cells’ manufacture is simple and price competitive, as Zn metal and aqueous Zn-air
system electrolytes are inexpensive when compared to Li metal and non-electrolytes of the
Li-O; system. However, Li-O> batteries’ reversibility is better than Zn-air batteries, which is
still an obstacle for practical application to rechargeable Zn-air cells. Additionally, the operating
potential and specific capacities of Li-O batteries are greater than the Zn-air battery, which
gives a high energy density and is an attractive feature of Li-O: batteries. Thus, both
technologies have particularities that make them promising energy storage systems.

Therefore, the development of this thesis contributed to the expansion of the
frontiers of knowledge, which addressed relevant information regarding the parameters that
influence Li-O> and Zn-air energy storage devices, such as metal concentration in the solution,
density of electrical current applied on electrodeposition, Oz pressure on the battery, electrical
current density applied on battery, electrolytic bath temperature, rotating cathode velocity
during electrodeposition, bath pH, annealing, electrodeposition time and metal stoichiometric
ratio. The results suggested that certain parameters, such as bath pH and annealing, were crucial

for stability and high catalytic activity in the systems.

8.2 Suggestions for future work

The several techniques available for obtaining catalysts and materials that can be
used as a cathode, based on the knowledge obtained by this thesis, below are presented some
suggestions for stimulating research and achieving improved results:

1. To evaluate the activity of binary electrocatalysts (Co-W, Ag-Co, Zn-Co) combined
with carbon nanotubes in the Li-O» battery.

2. Seek to decrease the efficiency loss between cycles in the Li-O; battery.

3. Using reduced graphene oxide in combination with binary electrocatalysts and
therefore, applying another technique for the impregnation of metals on substrates,

such as dip coating.
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4. Optimize the ratio of Ag, Zn, and Co in order to achieve more efficient Zn-air battery
results.
5. To suit the steel mesh and nickel foam substrate to the Zn-air battery for catalytic

activity and cyclability.

8.3. Memory of the doctorate period

The chemical engineer Josiel Martins Costa joined as a doctoral student at
UNICAMP in 2017 under the guidance of Prof. Dr. Ambrésio Floréncio de Almeida Neto
through the selection process of the Department of Product and Process Design (DDPP). With
financial aid Capes (n ° 88882.329685 / 2019-01) for 12 months (Mar-17 / Feb-18), attended a
compulsory course: 1Q-640 Kinetics and Reactors II, two optional courses: 1Q-350 Experiment
Design and 1Q-263 Topics in Chemical Engineering I, and validated by taking advantage of
studies, a compulsory course: 1Q-130 Transport Phenomena I.

He participated in the Group C Teaching Internship Program (PED C) with
activities to partially support the teaching of the discipline EQ-712 Applied Chemical Kinetics,
acting as a volunteer between August/2017 to December/2017 (8 hours per week, 0% teaching
load) and as a PED B scholarship holder (12 hours per week, 5% teaching load) from
February/2018 to July/2018 and from August/2018 to December/2018 in the discipline EQ-801
Chemical Engineering Laboratory III.

Research related to the doctoral project resulted in 3 experimental papers in Brazil,
1 experimental article published in the Journal of Solid State Electrochemistry, 1 experimental
article published in the journal Electrocatalysis, and 1 experimental article published in the
journal Chemical Papers. There was also 1 chapter book published by Springer Publishing and
1 expanded abstract published in the International-Mexican Congress on Chemical Reaction
Engineering (IMCCRE 2018).

A review regarding the use of the ultrasound during the eletrodeposition process
resulted in a publication in the journal Ultrasonics Sonochemistry. Besides, a review of the use
of supercritical fluid technology for the synthesis of nanocatalysts resulted in a publication in
the journal Synthetic Metals. The doctoral student attended the event VII EPFEQ (Graduate
Meeting of the Faculty of Chemical Engineering) in 2018.
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The exchange at the University of Alberta at the Donadeo Innovation Centre for
Engineering under the guidance of Prof. Dr. Douglas Ivey resulted in preliminary studies with
the three electrocatalysts (Co-W, Ag-Co and Zn-Co) applied to the Zn-air battery and 1
experimental article published in International Journal of Hydrogen Energy.

The co-orientation of an undergraduate student resulted in the publication of 1 paper
in the journal Chemical Physics and 1 abstract published in the UNICAMP Undergraduate
Work Magazine. Partnerships with members of LabPEA's research group resulted in 1 chapter
book published by Wiley-Scrivener Publisher, 1 experimental paper published by the Journal
of Water Process Engineering, 1 experimental paper published by the journal Sustainable
Chemistry and Pharmacy, 1, experimental paper by the journal Materials Science and
Engineering B, 1 experimental paper published by the journal Environmental Technology, and

1 experimental paper published by the journal Surfaces and Interfaces.
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Figure 1. Schematic representation of electroplating assay in Chapter 3.
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Figure 2. Schematic representation of electroplating assay in Chapter 4.
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Obtaining and characterizing Co-W alloys using nickel foam and steel mesh as substrate

Josiel Martins Costa, Thayane Carpanedo de Moraes Nepel,

and Ambrésio Floréncio de Almeida Neto

Expanded Abstract published in the Proceedings of the Event
International-Mexican Congress on Chemical Reaction Engineering (IMCCRE 2018),

Mazatldn, México

Keywords: coating materials, Co-W alloy, electroplating, nickel foam, steel mesh

1. Introduction

Co-W electrodeposition alloys are relevant due to exceptional hardness, wear
resistance and corrosion [1], and can be used as catalysts in batteries. Heterogeneous
electrocatalysis became the object of study in Li-air rechargeable batteries due to the reduction
of the overpotential in oxygen reduction (discharge) and oxygen evolution (load) reactions,
since the overpotential generates a low storage of energy, ie more energy is needed to charge
the battery than the amount released during the discharge [2]. One of the obstacles to its
development has been the absence of a high-performance and low-cost catalyst. In this context,
the development of low cost electrocatalysts with high efficiency, is of relevant scientific and
technological for obtaining rechargeable batteries. This work proposes to verify the
development and characterization of electrocatalysts with potential application in battery,
varying electric current density, sodium tungstate concentration and substrate (nickel foam and

steel mesh).

2. Experimental

Alloys were deposited on 1 cm diameter of nickel foam and steel mesh.
Electrochemical baths were prepared containing sodium tungstate, ranged from 0.1 to 0.3 mol
L' Cobalt sulfate, 0.3 mol L'; Ammonium citrate, 0.3 mol L'; Sodium tetraborate

decahydrate, 3.75 x 102 mol L'!; 1-Na-dodecylsulfate, 1.04 x 10* mol L' [3]. A complete
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factorial design 22, with 4 experiments at the central point, totaling 16 experiments to be
performed in random order, to avoid systematic error. For the electroplating tests, a galvanostat
was used to control the current density between the working electrode and the counter electrode
(platinum). The electric current density ranged from 2 to 10 mA c¢cm, the cathodic rotation was
maintained at 45 rpm and the experiment was performed at room temperature. The electrolysis
lasted 60 minutes each. X-ray Diffraction (XRD) and Scanning Electron Microscopy with
Chemical Analysis by Energy Dispersive X-ray (EDX) characterized the substrate samples

containing Co-W alloys.

3. Results and discussion

The faradic efficiency (€) obtained for electrodeposition in the nickel foam varied
from 0 to 60.05% and for the steel mesh from 0 to 64.39% using EDX analysis and can be
estimate by Equation 1, with 95% confidence level, and regression coefficient (R?) of 0.9360,
which means that 93.60% of the variation around average may be estimated by Equation 1. In
order to obtain this model, the adjusted R? was observed through the backward elimination tool

of the Statistica 7.

e=17,71+1139-1+19.71-Cy + 436-S+9.28-1-Cy + 2.16 Cy - S (1)

I is current density (mA cm™), Cw sodium tungstate concentration (mol L") and S is substrate
(nickel foam or steel mesh).

The increase of the current density and sodium tungstate concentration contribute
to the increase of the electroplating efficiency for both substrates, however the greater
efficiency occurred with the steel mesh. This result is the inverse of that obtained by other
studies [3,4], which verified that the increase in current density decreases the amount of
tungsten deposited. The reduction of tungsten is an activation-controlled reaction with low
current densities, whereas diffusion becomes controlled by increasing current density [5].
However the current density applied in this work is small when compared to the work of the
authors.

Figure 1 shows the SEM of four samples that were varied the current density. For

both substrates, nickel foam and steel mesh, the increase of current density made the surface
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less uniform caused by larger grain size [6]. The deposits may be folded without evident peeling
and some cracks may occur as shown in Figure 1b-d [7], which are the samples that presented
the largest amounts of electrodeposited alloy mass. The surface morphology showed
cauliflower-type semi-spherical clusters that are typical of low-concentration W alloys, as
reported in previous studies [8,9]. The size of the cauliflower nodule can be decreased by

increasing the current density and bath temperature, which promotes the increase in

microhardness [7].

=} s — 20,0 K 20 69 K
Mg S KX Ifrobe- 100 pA  We Z5m  Dotector- SEL A | Wge SEOKX  1Probe- 100 pA W Zmm  Detector SEI micwe 50 MW mam o Dotectors SE1 SKX [ProM. 1WpA  W. Za  Detector- SE mica

Figure 1. SEM micrographs of Co-W coatings produced at (a) 2 mA cm and (b) 10 mA cm 2

in steel mesh; (c) 2 mA cm 2 and (d) 10 mA c¢cm 2 in nickel foam.

The studied variables affected the composition of the coating alloys, crystallinity,
morphology and deposition efficiency. The substrates used showed similar electroplating
efficiencies, even though they presented different composition and morphology. Amorphous
coatings were obtained in most of the experiments; however, it was found that the increase of
tungsten concentration in the electrochemical bath and higher applied current density was
determinant to obtain coatings with higher crystallinity. Thus, the alloy obtained in these
materials presents an alternative for catalytic systems, being coatings deposited in substrates
with high surface area that have morphological and structural capacity to house discharge

products of the battery.
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Effects of the forced convection and current density

on electrodeposition of Zn-Fe-Mo alloys

Josiel Martins Costa, Mariana Sayuri Hori, and Ambrésio Floréncio de Almeida Neto

Paper published in the Journal Chemical Physics,
110502, 2019
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Abstract

In this study, zinc ternary alloys known for their catalytic application in desulphurization
processes, were developed by the electrodeposition process. Zn-Fe-Mo ternary alloy were
synthesized from electrolytic bath using copper as a substrate. The influence of forced
convection (9 to 51 rpm) and current density (1.72 to 58.28 mA-cm-2) on the electrodeposition
of Zn-Fe-Mo alloys was evaluated by using a central composite design. It was observed that
the decrease in the electric current density resulted in an increase in electrodeposition efficiency
from 36 to 68%. According to statistical analysis, the stirring velocity was not significant,
however, it was verified that the forced convection phenomenon contributed to increasing the
deposition from 30 to 72% for Zn and Fe, and from 37 to 90% for Mo. In addition, the alloys
obtained were characterized by X-ray diffraction and scanning electron microscopy (SEM).
Diffractograms evidenced the presence of crystalline structures and the SEM micrographs

presented coatings with rough and fibrous appearance.

Keywords: development of new materials; central composite design; electroplating; X-ray

diffraction.
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1. Introduction

Zinc metal alloys are commonly used as coatings and may have their improved
properties from the codeposition of other metals. Zinc and iron alloys, for example, exhibit
corrosion resistance, in addition to detachable weldability and paintability [1]. Molybdenum
metal alloys have industrial applications, due to resistant to corrosion and ferromagnetic
properties. These alloys also have application in the heterogeneous catalysis [2], due to the
catalytic properties for the hydrogen production [3]. Although there is no deposition of pure
molybdenum in aqueous solution, the electrodeposition of a salt of this metal with alkali metals,
in the presence of a metal salt of the iron group and of a complexing agent, is easily carried out,
whose phenomenon has been denominated as codeposition induced [4]. Thus, the
electrodeposition of the ternary alloy containing zinc, iron and molybdenum has the purpose of
obtaining the improved properties of each metal, resulting in increased resistance to corrosion
and wear, as compared to binary alloy - without molybdenum - or with other alloys of zinc,
although the use of these last alloys still occurs, mainly due to the low cost of synthesis [5].

Studies of zinc, cobalt and molybdenum ternary alloys have shown that the presence
of this latter metal has a positive effect on the corrosion resistance due to the property of forming
oxides on the surface of the coating [6]. Thus, it was expected that the replacement of cobalt by
iron, a metal that also induces molybdenum deposition, may result in equally satisfactory
properties [7]. The variation of process conditions, such as sodium molybdate concentration
and electrolytic bath pH, directly influence deposition efficiency, homogeneity and deposit
morphology. In relation of Zn-Ni-Mo alloys [8], the increase of the MoO4> concentration in a
Zn-Fe-Mo alloy also leads to a significant reduction of the electrodeposition efficiency [1].

Winiarski, Tylus, Krawczyk and Szczygietl [1] observed that the increase of
molybdate concentration from 0.0025 to 0.05 mol-L!, the efficiency decreased from 82 to 25%,
whereas in binary Zn-Fe alloys, at the same conditions of current density and cathodic rotation
(800 rpm), the efficiency was high, of approximately 91%. In addition, these same authors
reported that baths with a concentration of 0.0025 mol-L' of MoO4*, resulted in a
homogeneous and rough-looking alloy. Already in baths with slightly higher concentrations,
between 0.01 and 0.025 mol-L™!, alloys were obtained with smooth and homogeneous surfaces.
Above this, at 0.05 mol-L"! sodium molybdate, the result was a slightly adherent coating,

characterized by small grooves and peeling appearance. Thus, in this study, we adjusted the
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concentration of Mo in the electrolytic bath aiming to evaluate the influence of stirring velocity
and current density on the electrodeposition of Zn-Fe-Mo alloys. Furthermore, the alloys
obtained were characterized by scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS) and X-ray diffraction (XRD) based on the performance of experiments in

an electrolytic bath system.

2. Material and methods

2.1. Preparation of substrates and electrolytic bath

The tests were performed using a copper substrate in a square shape, whose sides
measured 2 cm, which totaled a surface area of 8 cm?, considering both sides of the plate, in
addition to a 3 cm rod to couple the substrate on the rotating electrode. The choice of copper
was dictated by the necessity to use a substrate which does not contain in its composition of
any of the alloying components of Zn-Fe-Mo coating. The treatment of the substrate occurred
in two steps, one mechanical and one chemical. The mechanical treatment consisted of the
polishing with three sands of water grain, in the following order: 220, 400 and 1200, for
elimination of impurities and oxides on the surface. For the chemical treatment, the substrate
was immersed in 10% w/v NaOH solution (sodium hydroxide), to eliminate grease and, after
washing with distilled water, in 1% v/v H2SO4 solution (sulfuric acid) for surface neutralization
and activation.

The composition of the electrolytic bath was prepared from the dissolution of the
reagents in the following order [9]: Sodium molybdate, 0.01 and 0.005 mol-L™! Na;MoOs,
Molybdenum source salt; Sodium borate, Na,B4+O7 0.0375 mol-L"!, to obtain amorphous alloy;
Ammonium citrate, (NH4)>C¢HeO7 0.2 mol-L"!, used in the bath as a complexing agent; Iron
sulfate, FeSO4 0.2 mol-L!, source salt of Tron; Zinc sulphate, ZnSO4 0.2 mol-L!, zinc source
salt and 1-dodecylsulfate-Na 1.04 x 10* mol-L, to prevent bubble formation in the adhered

alloy.
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2.2. Electroplating

The effects of electric current density (mA-cm™) and rotating cathode (rpm) on the
electrodeposition of Zn-Fe-Mo alloys were evaluated using a central composite design,
according to Table 1. Central composite design is used when curvature adjustment is significant
in the linear model. The center points in this model provide information about axial points for

efficient estimation of the pure quadratic terms [10].

Table 1. Actual and coded values of variables in the central composite design

Variables Level (-vV2) Level (-1) Level (0) Level (+1) Level (+V2)
Current density (I) (mA-cm?) 1.72 10 30 50 58.28
Rotating cathode (R) (rpm) 9 15 30 45 51

The pH was adjusted with ammonium hydroxide to 5.5. The electrolysis occurred at the
room temperature (25 °C), lasting 60 min for all experiments, using a rotating electrode pattern
616A Princeton Applied Research and a potentiostat VersaStat3 Princeton Applied Research in
the galvanostatic form, to control the difference of the electrical potential between the working
electrode and the counter electrode, a hollow cylindrical mesh of platinum.

The faradaic efficiency () was calculated from the mass obtained by the load used and

the chemical composition of the coating obtained by EDS according to Equation (1) [11]:

s=m—'FZ

I.t M]

(D

where m is the measured mass of coating (g), ¢ is the deposition time (s), / is the total current
passed (A), w; is the mass fraction of the element in the coating obtained by EDS, n; is the
number of electrons transferred per atom of each metal, M; is the atomic mass of that element

(g-mol™"), and F is the Faraday's constant (96,485 C-mol ™).
2.3. Characterization of Zn-Fe-Mo alloys

2.3.1. Chemical composition and morphology
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The topographies and chemical compositions of the alloys were obtained by SEM,
model Leo 440i, equipped with X-Ray Energy Dispersion Spectrometer (LEO Electron
Microscopy / Oxford, Cambridge, England) model 6070. It was made magnifications of 5000

times.
2.3.2. Physical properties

The XRD analysis was performed by the K-alpha copper scanning method, 40 kV
voltage, 40 mA current, 20 ranging from 20 to 90° with a pitch of 0.02°, speed 0.033°-s™! and
length of wave of 1.54 Aona Philips Analytical X Ray diffractometer and X'Pert-MPD model.

The lattice constant of Zn was obtained by the Equation (2):

1 4 (h%+ hk+ K2 12
e @

a? c?

where d is interplanar spacing; a and c are the lattice parameters; h, k and [ are crystalline

plane.
2.4. Fluid dynamics analysis

The purpose of this analysis was to verify the value of the contribution of the forced
convection phenomenon for the Zn-Fe-Mo alloy electrodeposition. The approximate
correlation of mass transfer for the system of forced convection provided by rotating cathode is

given by Equation (3) [12]:

ked

AB

= 0.62Re /25¢'/3 3)

where k. is the convective mass transfer coefficient (cm-s™) and:

Re 4)

Sc = — (5)
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where o is the cathode rotation (rad-s™), v is the kinematic viscosity of the solution (cm?s!), d
is the agitator diameter (cm) and D4g is the diffusivity of species A (Zn, Fe or Mo) with respect
to species B (solution) (cm?s™), Re is the Reynolds number and Sc is the Schmidt number.

Thus, the deposition rate (W4) was calculated by Equation (6).
Wy = Ak (Cho — Cay) (6)

where A is the area of the electrode (cm?), Cap and Cyr are, respectively, the initial and final
concentrations of the chemical species A (g-cm). Final concentrations of species A were
estimated by their material balance in the bath and masses deposited at the cathode, according

to Equation (7).

V(CAO - CAf) = mAf — Myo (7)

where V is the volume of the electrolytic bath (cm?), and ma, and may are the masses of the

chemical species A deposited at the cathode (g).
3. Results and discussions
3.1. Electroplating of Zn-Fe-Mo alloy

An initial study was proposed to determine the proper concentration of Mo in the
bath with a current density of 50 mA-cm™ and rotating electrode of 45 rpm. Although the
faradaic efficiency of the electrodeposition with a concentration of 0.01 mol-L™! Mo was 13.25
%, when compared to the obtained alloy of 0.005 mol-L!' concentration (g - 26.01 %), the
sample was more homogeneous and adherent. Thus, the concentration of 0.01 mol-L! of Mo
was used in all experiments. The literature reports that the increase of MoQO4>" concentration
promoted a decrease in electrodeposition efficiency [8, 13]. This phenomenon was observed
for the ternary Zn-Ni-Mo alloy, in which the authors [8] verified the decrease in efficiency from
82 to 25 % when increasing the concentration of MoO4> from 0.0025 to 0.05 mol-L™'. The

authors suggested that at pH close to 5.7 the uncomplexed MoO4> ions can be the ionic form
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of molybdenum. Therefore molybdate ions could block the surface of electrode and then
suppress the deposition process.

The pH of the bath of 5.5 was obtained by analysis of metallic speciation diagrams
from the Hydra and Medusa Software used for other studies [9, 14, 15], which demonstrated
the formation of complexing species that favor the electrodeposition of the three metals. The
complexation of Zn for the composition used occurs in the pH range 3 to 8 in the form of Zn(cit)"
, Fe in the pH range 3 to 10 in the form of Fe(cit)” and Mo in the pH range 3 to 7 in the form of
MoOu(Hzcit)*, as shown in Fig. 1. Values close to pH 5.5 Mo exist as mono-oxyanions and the
deposition is thought to occur with decrease in the size of oxyanions, which allows easier

deposition of Mo [16], and Zn does not form hydroxides [17].
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Figure 1. Chemical species of a) zinc, b) iron and c¢) molybdenum in the electrolytic bath

obtained on Hydra and Medusa Softwares.

Table 2 correlates the tests with their respective electrodeposition efficiencies
according to the mass proportions obtained in the EDX analysis. It was found that low current

densities led to high faradaic efficiencies. However, for the same range of current density
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studied by Kosugi, Hagio, Kamimoto and Ichino [17] (1 to 10 mA-cm) it was observed that
high efficiencies are associated with high current densities, which is in agreement with the
authors. High current densities had low efficiencies due to the less adherent deposit, which
changed the deposit mass used in the efficiency calculation.

The large proportion of Zn in the alloy suggested the anomalous codeposition
phenomenon [18, 19]. This term, introduced by Brenner [4] is used to describe the preferential
deposition of the less noble metal. In other words, the reduction of Mo or Fe is inhibited while
the deposition of Zn is enhanced when compared with their individual deposition rates.
However, there are experimental conditions, such as low current density and high temperatures,
in which the codeposition becomes normal, with great increase in the content of the most noble

metal [20].

Table 2. Matrix of central composite design and faradaic efficiency

mzn MFe mMMo

Exp. I(mA-cm?) R (rpm) x10Mg) (x10%g) (x10 g) e (%)
1 10 (-1) 15(-1)  0.6320 1.06 0.94 68
2 50 (+1) 15(-1) 03814  1.84 1.92 9
3 10 (-1) 45 (+1) 03429  0.44 0.18 36
4 50 (+1) 45 (+1) 03247  1.72 1.81 8
5 30 (0) 30 (0) 1.5038  5.27 0.55 54
6 30 (0) 30 (0) 13960  4.90 0.51 50
7 30 (0) 30 (0) 12516 4.39 0.46 45
8 30 (0) 9(v2) 07878  2.62 1.49 29
9 30 (0) 51 (+V/2) 18702  6.23 3.54 69
10 1.72 (+V2)  30(0) 0.0447  0.15 0.08 29
11 58.28 (+v2) 30 (0) 05122  1.71 0.97 10

As can be observed in Table 2, the deposited proportion of zinc is high in
comparison with the other metals, which is consistent with the work of Winiarski, Tylus,
Krawczyk and Szczygiet [1]. It is noteworthy that experiments submitted to high current
densities led to a percentage increase of iron and molybdenum in the alloy composition, and
this was probably the factor that led to lower faradaic efficiency. Hegde, Venkatakrishna and
Eliaz [5] suggested that this may occur due to the change in the local pH, caused by the variation
of the applied current density, which interferes in the stability of the iron complexes and acts

directly on the coating composition.
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From the results of experiment 1 to 7, only the current density had an experimental
significance, since its effect was found within the confidence interval and its absolute value of
significance is above the 95% confidence level. As the statistical analysis for the linear
adjustment model obtained low values of linear and adjusted coefficient of determination (R -
78% and adjusted R? - 56%), a curvature adjustment was performed, resulting in a new model
with R? - 96% and adjusted R? - 99%, which suggested a central composite design, with addition
of the experiments 8, 9, 10 and 11. The new statistical analysis reaffirmed the experimental
significance only for current density, which presented p-values less than 0.05, with a value of
0.012 for the linear term and 0.014 for the quadratic term. Rotating cathode had no significant
effect with a 95% confidence interval and was not relevant in the model using central composite
planning, however, the forced convection phenomenon contributed with a percentage of
electrodeposition, according to item 3.3. The quadratic model proved to be significant, which
can be confirmed by the normal distribution of the residues, according to Fig. 2, which the

residual values are close to the straight line.

Expected Normal Value

-20 -10 0 10 20
Residual

Figure 2. Normal plot of residues probability.

Fig. 3 shows the response surface for the central composite design, and confirms
that low current densities result in high efficiencies, especially when the current density is

between 10 mA-cm™ (-1) and 30 mA-cm™ (0).
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Figure 3. Response surfaces for the faradaic efficiency.
3.2. Crystallinity and morphology of Zn-Fe-Mo coating

Fig. 4 shows the X-ray diffractograms of the ternary alloy according to the variation
of the parameters analyzed. Five samples with smaller and higher faradaic efficiencies were
selected. The XRD patterns revealed well-defined metal zinc peaks at angles 20 close to: 41.50,
43.47 and 55.60° with the presence of traces of the copper substrate. The positions of the
reported peaks were smoothly displaced when compared to the diffractogram of other authors

[21, 22], however this is a phenomenon that commonly occurs due to small differences in the

procedure of the experiments.
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Figure 4. XRD patterns of Zn-Fe-Mo electrodeposited coatings.

From the analysis of Fig. 4, it was concluded that the increase in current density
induced more intense peaks of Zn (100) at about 41.50° and less intense peaks of Zn (101) at
43.47°, (102) at 54.90° and (112) at 82.35°. The lattice constants are a - 2.66 A and ¢ - 4.95 A;
their ratio c/a ~ 1.86 is different to the ideal value for hexagonal close-packed cell c/a - 1.63,
which suggests in the zinc matrix the presence of metal with higher atomic radius, such as
molybdenum. The peak (100) for Zn was intense for sample 1, 3 and 9, however was absent to
samples 2 and 4. This observation suggests that the peak occurs only at high faradaic efficiency,
i.e., large amount of deposits. Peaks at 50.45 and 74.13° can be attributed to copper. These
peaks correspond to the (200) and (220) planes of Cu (JCPDS card n°® 85-1326) respectively,
which shows the low adhesion of the alloy to the substrate in the depositions outside the central
point. In sample 4 the peak of molibdenium (111) was observed, with 38.68° (JCPDS card n°
88-2331). This occurred due to the proportion of molybdenum being greater when compared to
its proportions in the other samples. It is also observed that despite the addition of amorphizing
agent in the electrolytic bath, the Zn-Fe-Mo alloy showed characteristics of crystalline structure.
Most of diffractograms of the deposited coatings did not reveal pure iron and molybdenum
peaks, a fact expected according to studies [1, 17], because these metals possibly dissolved in
the zinc matrix.

Fig. 5 shows the scanning electron micrographs of the Zn-Fe-Mo alloy surfaces
subjected to high and low current densities and rotating cathode, in order to verify the influence

of the parameters on deposit morphology. As reported by Kosugi, Hagio, Kamimoto and Ichino
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[17], at a pH close to 5 and applied current density of 10 mA-cm, the structure of the deposits
became more rough and fibrous, which can be verified in the SEM micrographs - Fig. 5 (c-d).
It was notable the presence of irregular faults and determined porosity in the alloy. It was
observed by the EDX analysis that, when the rotating cathode was 45 rpm, an alloy deposited
at 10 mA-cm obtained 0.5 mol % (w / w) of molybdenum, ten times lower than when subjected
to 50 mA-cm. This increase in the percentage of the metal probably induced the surface to
become smoother and homogeneous, as shown in Fig. 5 (a-b). A similar result was observed by
Laszczynska [8] in the morphology of the Zn-Ni and Zn-Ni-Mo alloys, where the presence of

molybdenum in the composition of the metal alloys led to more regular surfaces.

Figure 5. SEM micrographs of Zn-Fe-Mo coatings produced at: a) 45 rpm and b) 15 rpm, at 50
mA-cm?; and c¢) 45 rpm and d) 15 rpm, at 10 mA-cm%; with 5000 x amplification.

EDX mapping of the Zn-Fe-Mo alloy in Fig. 6-a shows the homogeneity of the
electroplated sample at 15 rpm at 50 mA-cm™>. The predominant color is blue, which zinc
represents 91% of the deposit composition, followed by Fe (6%) and Mo (3%). The EDX
spectrum graph in Fig. 6-b present the metal peaks Zn, Fe and Mo, and the copper substrate.
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Figure 6. a) EDX mapping of Zn-Fe-Mo, and b) EDX spectrum, both at the electrodeposition

condition of 15 rpm at 50 mA-cm™.

3.3. Deposition rate and fluid dynamic effects

The study on the influence of the amount of movement applied on the system by
rotating electrode was performed, evaluating the actual deposition rate in comparison with the
rate of deposition obtained by forced convection applied to the system. For this, the convective
transfer coefficient (kc), was calculated for each assay and for each alloying component (Zn, Fe
and Mo). The kinematic viscosity of the water at 25 °C and the values of the diffusivity of the
three ions in relation to water were obtained from the values tabulated by authors [23, 24]. The
initial concentrations (Cao) for the zinc, iron and molybdenum ions were, respectively, 0.023,

0.020 and 0.001 g-cm™,
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Fig. 7 shows the comparison for the deposition rates (W) and real (WRr) obtained
for the three metals in each experiment. The real deposition rate (WRr) was calculated by

dividing the final mass of each element in the alloy by the deposition time (60 min).
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Figure 7. Comparison between the deposition rate obtained (Wa) and the real deposition rate

(Wr) for each metal in the respective experiments.

Several values were obtained for the influence of rotation on the deposition, from
30 to 72 % for zinc and iron, and 38 to 90 % for molybdenum, and the low percentages were
obtained in the experiment with the low rotation (9 rpm) and the high in the experiment with
the high rotation (51 rpm). Studies analyzed the influence of forced convection on the
electrodeposition process. The authors verified values of 61 % for cobalt and 74 % for tungsten
electrodeposited with a cathodic rotation of 45 rpm [25]. Thus, according to the fluid dynamics
analysis performed, forced convection was considered a significant phenomenon in the

contribution of the mass transfer of the metals.

4. Conclusions

The evaluated parameters directly affected the faradaic efficiency, the morphology

and the composition of the Zn-Fe-Mo ternary alloy obtained by the galvanostatic method. High
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deposition efficiency was obtained at 30 mA-cm™ current density and rotating cathode (51 rpm)
and, although statistical analysis indicated that only current density was significant in the
experiments, dynamic fluid analysis showed that the forced convection phenomenon
contributed with electrodeposition of 30 to 90% according to the experimental conditions. All
Zn-Fe-Mo coatings are composed of a zinc phase. Metallic molybdenum and iron dissolved in
the zinc matrix according to XRD analysis. The alloys presented fibrous and porous appearance,

with potential application as catalysts.
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APPENDIX D
Effects of tungsten and cobalt concentration on microstructure

and anticorrosive property of cobalt-tungsten alloys
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Abstract

The replacement of chrome coatings for materials that maintain the same properties has become
the Co-W alloy relevant. In this context, we proposed to evaluate the effects of the Co and W
concentration in the electrolytic bath on the faradaic efficiency, morphology, and anticorrosive
properties of the Co-W alloy. The diffractograms indicated amorphous alloys when the W
content increased from 0.1 to 0.3 M, and the faradaic efficiency achieved values close to 70%.
Alloy surfaces demonstrated a homogeneous composition according to the Energy-Dispersive
X-ray (EDX) mapping and the increase in the Co and W content promoted the formation of
rounded structures and reduction of the space between the microcracks. Moreover, the high
concentration of Co and W promoted greater corrosion resistance with a corrosion current (icorr)

of 1.83 uA cm?,

Keywords: Co-W coatings; Corrosion; Direct current deposition; Electrodeposition.
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1. Introduction

For decades, chromium has been applied as a coating to protect equipment,
decorative objects, and ship hulls. However, due to the high toxicity of electrolytes containing
hexavalent chromium, and the carcinogenic potential of chromates, the production of these
coatings was restricted. To develop new materials capable of coating and maintaining the same
properties, tungsten is an option owing to corrosion resistance, high thermal conductivity, and
because it is not cancerous. However, the high melting point hinders the application of this
metal in conventional processes for the formation of metal alloys, in which the W saturation in
the cobalt matrix is low (1 wt.%) [1].

Electrodeposition is an alternative for the formation of an alloy containing W
because the association of W with another metal in the iron group promotes beneficial results,
such as the Co-W alloy which presents a high corrosion resistance in the saline environment
and wear resistance [2, 3]. Electrodeposited metals have more negative corrosion potentials
than molten metals, and a higher corrosion current [4].

Regarding the influence of the composition, semi-rigid Co-W alloys exhibited
ferromagnetic behavior with + 2 to 3 at.% W. On the other hand, high tungsten content makes
the coatings softer and non-ferromagnetic (~ 30 at.% W) [5]. With the increase of W content,
an increase in corrosion resistance is expected. Synthesizing a corrosion-resistant material is
relevant from the viewpoint that corrosion determines the useful life of the product and is a
deteriorating phenomenon for metals and alloys [6]. The applications of the Co-W alloy are
vast and comprise valves, tools, gas turbines, dies, and jet engines [7].

Cobalt has been studied as a component of several metal alloys, such as Ni-Co[8],
Ni-Co-W [9], Co-W [10], Zn-Co [11], among others. For Co-W alloys, W is used in the bath
in the tungstate form, along with a complexing agent. The pH has a strong influence on the
formation of complexes, which are the precursors in the synthesis of the coatings [12]. In
addition to pH, other parameters also influence faradaic efficiencies, such as temperature,
composition, electrical current density, and mechanical agitation. This allows the evaluation of
the operational and chemical parameters of the electrodeposition process, aiming at improving
the physical aspects of the formed alloy and the faradaic efficiency.

According to Ibrahim et al. (2003), the increased pH favors an increase in W content

as well as the increase of temperature and Co concentration in the electrolyte solution [13]. The
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substrate influences adhesion, which can lead to the formation of an intermediate Co layer,
when deposited on the copper substrate, which does not occur on the steel substrate [14].
Thus, this study aimed to evaluate the effect of Co and W concentrations on faradaic
efficiency, microstructure, and corrosion resistance. The alloys were characterized by scanning
electron microscopy (SEM) and X-ray diffraction (XRD). Corrosion resistance was measured

by the Tafel extrapolation method and electrochemical impedance spectroscopy (EIS).

2. Material and methods

2.1. Bath composition and electrodeposition assays

A process of cleaning and exposing the metallic area on the copper substrate
allowed the activation of the surface. The first stage consisted of sanding with sandpaper with
320 and 400 granulometry. The second stage was the chemical treatment with the immersion
of the plate in 10 wt.% NaOH and 1% (v/v) H2SOy, lasting 1 min both.

The electrolyte solution was composed of sodium tungstate (Na2WOs), from 0.1 to
0.3 M, cobalt sulfate (CoSQOa4), from 0.1 to 0.3 M, sodium borate (Na2B4O7- 10H20), 3.75x10"
2 M, ammonium citrate ((NH4)2CsHeO7), 0.3 M, and sodium 1-dodecyl sulfate (NaC12H25SO4),
1x10™* M. The faradaic efficiency (¢), determined according to previous studies [10, 15, 16],
was the response for statistical analysis of the influence of the concentrations of Co (Cco) and
W (Cw) source. The experiments occurred using a 27 factorial design with triplicate in the
central point with the Cc, level of 0.1 and 0.3 M, and Cw level of 0.1 and 0.3 M.

The electrodeposition tests were carried out with the application of direct electric
current, with an electric current density of 50 mA c¢cm™ through a potentiostat/galvanostat
VersaStat 3, Princeton Applied Research, and a rotating cathode of 15 rpm with the electrode
rotator Princeton Applied Research, AMETEK, Model 616A. The deposition was performed at
room temperature (25 °C), two-electrode cell configuration (hollow platinum mesh as a

reference and counter electrode) and lasted for 1 h.
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2.2. Co-W alloys characterization

The alloy composition, homogeneity, and topography of Co-W deposits were
evaluated by SEM model Leo 4401, equipped with EDX LEO Electron Microscopy/Oxford,
Cambridge, England model 6070. Physical characteristics such as crystallinity were performed
by the XRD Philips Analytical X-Ray diffractometer and X'Pert-MPD model with K-o Cu
scanning method, 40 kV voltage, 20 and speed 0.033° s'! with a wavelength of 1.54 A.

2.3. Electrochemical corrosion tests in a saline environment

The saline environment was composed of 0.1 M NaCl in a 3-electrode cell
configuration, with Ag/AgCl as a reference and Pt as a counter electrode. For the Tafel
extrapolation method, potentials between +250 mV were applied around the open circuit
potential (OCP) with a scanning speed of 10 mV s™!. For the EIS test, the OCP was applied for

one hour with an amplitude of 10 mV and a frequency window of 10° Hz to 0.01 Hz.

3. Results and discussion

3.1. Influence of pH and statistical analysis

The pH of the electrolytic bath was determined from chemical speciation diagrams
of metals by Hydra and Medusa software. The Co and W diagrams indicated the complex form
of Co — Co(cit) and W — HWs021>", which were around the pH value equal to 6, the value used
for the deposition tests. The complexing agent and the pH value significantly affect the coating
properties [17]. Table 1 presents the faradaic efficiency and the weight of the deposit of Co and
W. The efficiencies were high, achieving values close to 70%, however, a lower concentration

of Co and W provided lower efficiencies such as the value of 31.5%.
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Table 1. Faradaic efficiency for the Co-W coatings
Exp. CcoM) Cw (M) Mco (X107 g) Mw (x102g) £ (%)

1 0.1 0.1 1.01 3.87 31.5
2 0.1 0.3 1.08 5.76 37.2
3 0.3 0.1 243 4.38 64.9
4 0.3 0.3 2.38 6.91 69.3
5 0.2 0.2 1.47 6.00 46.6
6 0.2 0.2 1.50 6.13 47.5
7 0.2 0.2 1.55 6.32 49.1

According to a previous study [18], the W concentration in the electrolytic bath
influenced faradaic efficiency and the W amount in the deposit. A lower Na2WO4 concentration
in the electrolytic bath led to high cathodic current efficiencies. On the other hand, the increase
of the Na;WO4 concentration indicated a decrease in the efficiency and cathodic polarization,
resulting in a reduction in the deposition rate and W content in the coating. This behavior
occurred for the Na;WO4 concentration between 0.027 and 0.041 M, deposited at 5 and 25 pA
cm. For the present study, the W concentration range did not indicate a reduction in faradaic
efficiency with the increase of W concentration. Comparing exp. 1 and 2 the faradaic efficiency
increased, as well as when comparing exp. 3 and 4, which demonstrated the influence of the
bath composition to obtain high efficiencies.

Statistical analysis in the Statistica 8.0 software considered pure error and a 95%
confidence interval. The model presented a regression coefficient (R?) of 98.3% and only the
cobalt concentration influenced significantly. Equation 1 allows calculating the faradaic

efficiency.

£=49.4+32.8Cco (1

where Cc, is the cobalt concentration (M).

As indicated in Figure 1-a, the increase in the concentration of Co and W favors
efficiency values of up to 65%. The linear distribution of the predicted efficiency values
compared to the observed values is illustrated in Figure 1-b and indicates the adequacy of the
data by Equation 2. Analysis of variance (ANOVA) and F test for p < 0.05 demonstrated the

significance and prediction of the model.
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Figure 1. a) Response countors for the variables Cc, and Cw and b) Observed versus predicted

faradaic efficiency values.

3.2. Co-W coating morphology

The morphology of the deposit plays an important role in the structural
characteristics and material properties. Figure 2-a indicates the presence of cracks, which are
not beneficial for allowing the exposure of the substrate to the environment. Cracks occur owing
to the high electric current density. A study developed alloys with uniform surfaces when the
electric current density was decreased [19]. With the increase of the W concentration (Figure
2-b) the cracks remained, however, the deposit presented rounded shapes, as well as when the
Co concentration increased (Figure 2-c). There is a high amount of microcracks, which can lead
to the embrittlement of the alloy and compromise its performance as an anticorrosive coating.
This network of microcracks is the result of internal stresses generated by high W content and
hydrogen evolution during the electrodeposition process [20, 21].

With the increase of both concentrations (Figure 2-d) the rounded structures became
more defined and the space between the cracks was reduced. With both concentrations at 0.2
M, the space between cracks is more reduced compared to 0.3 M, as illustrated in Figure 2-e.
Electric current density and W content affect structure size [22]. The decrease in grain size
promotes high uniformity and quality of the nanoscale coating. Although the electric current
density was the same for the entire experiment, the increase in the W concentration decreased
the rounded structures, as exp. 2 and 4 with a diameter size of 13.9 and 21.5 pm compared to

exp. 3-29.2 um.
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>

Figure 2. SEM micrographs of a) Exp. 1 — Cco - 0.1 M, Cw - 0.1 M; b) Exp. 2 —Cco - 0.1 M,
Cw-03M;c)Exp.3—-Cco-0.3M, Cw-0.1M;d)Exp.4—-Cco-0.3M, Cw -0.3 M; e) Exp.
5-Cco-02M,Cw-02M.

The micrographs with EDX mapping, as illustrated in Figure 3-a, b, c, d, and e
indicated the homogeneity of the deposit in terms of the composition distribution. EDX
spectrum revealed the Co and W energy peaks in Figure 3-f. According to Figure 3-b and d, the
cracks are close to the grain boundary region, which were similar results in other study [23].
The W content quantified by EDX indicated average values of 27.3, 34.1, 15.2, 22.0, and 28.3
wt.%, respectively for exp.l to 5.Values greater than 40 wt.% of W present a tendency to
amorphization, due to the energetically favorable content for the formation of disordered

structures [24].
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Figure 3. SEM micrographs with EDX mapping of: a) Exp. 1 — Cco - 0.1 M, Cw - 0.1 M, b)
Exp.2 —-Cco-0.1 M, Cw - 0.3 M;c) Exp. 3 —Cco-0.3M, Cw - 0.1 M; d) Exp. 4 — Cco - 0.3
M, Cw-0.3M;e)Exp.5 —Cco-0.2M, Cw - 0.2 M; f) EDX spectra for Exp. 4 — Cco - 0.3 M,
Cw-03M.

3.3. Crystallinity of Co-W alloy

Figure 4 illustrates the XRD patterns of the alloys from exp.1 to 5, which confirms
the amorphous and crystalline structure of the alloy. Crystallinity was more evident in exp. 3
with defined peaks of the structure of Coz, CosW, CosW, W and Coa, with their crystallographic
planes (010), (002), (201), (220) and (110) and Co», at their respective angles of 41.4, 43.8,
46.4, 64.9, and 75.4°. The Co> structure presented a hexagonal crystalline system (JCPDS card
n° 01-1616), as well as CosW (JCPDS card n° 65-3520), and W was cubic (JCPDS card n° 88-
2339). The CosW structure is known as a stable intermetallic compound and is generally

amorphous and hard [5, 23].
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Figure 4. XRD patterns of Co-W alloys.

The increase in Co and W concentration made the alloy amorphous, as exp. 5, as
well as the crystallinity was reduced when the W concentration was greater than the Co
concentration of 0.1 M (Exp. 2). Although the EDX mapping indicated W contents below 40
wt.%, amorphous alloys were obtained, as exp. 2 and 5. Materials with network disordered have
high hardness, low coefficient of thermal expansion, and corrosion resistance. Crystallite size

(Cs) of the structures was calculated by Equation 2, known as the Scherrer equation:
— KA
Cs = 27/ Bcos O 2)

where K is the Scherrer constant (0.91), A is the wavelength radiation (0.154156 nm), B is the
width at half-height of the diffraction (rad) and 0 is the Bragg angle (rad).

Crystallite size for the structures Coz (010), CozW (002), and W (220) in exp. 1
provided values of 6.8, 9.2, and 10.1 nm. The transition from coarse grain size to
nanocrystalline occurs in a small composition range between 18 and 22 at.% W [23]. The exp.
1 presented a composition lower than this range (15.2 at.% W), in agreement with the
micrograph of Figure 2-a, which did not indicate rounded structures as the others. The thickness
of the coating structure can generate varied compositions owing to alkalinization close to the
electrode, according to a study that deposited Co-W by a direct current with a value of 10 mA
cm? and pH 6.7 [5]. In thick coatings, there is a facility to reduce tungstate, which increases the

W content.
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3.4. Corrosion assays

The evaluation of the alloy against corrosive environments is relevant to the
application of these materials. According to Figure 5, the corrosion resistance is dependent on
the composition of the alloy, because the increase in the Co concentration and the same Co and
W concentration, both with 0.3 M had a better performance, as shown in the arches of exp. 3,
4 and 5. Besides the decrease in cracks and the spaces between them, exp. 3 and 4 indicated a
higher Co content, with 84.3 and 75.9%. Although the experiments presented cracks, larger
grains may have prevented the increase in internal stress generated by the reduction of grains
and provides reasonable corrosion resistance.

The Nyquist diagrams with capacitive loops indicated a constant time in the electric
double-layer capacitance. The loops indicated the formation of the semicircle and the absence
of an inductive loop, a phenomenon verified by the corrosion of products. The heterogeneity of
the electrode surface, such as the absence of globular structures in exp. 1 generated changes in

the ideal capacitive behavior.
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Figure 5. Nyquist diagrams for Co-W alloys in the corrosive medium.

To adjust the data, Randles equivalent circuits indicated except exp. 1, a circuit
configuration that included a constant phase element (CPE), with characteristics of an imperfect

capacitor, in which related to charge transfer (Qct), and the fractional power of the frequency
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(n), in parallel with the coating resistance (Rc), and in series with the electrolyte resistance (Re).
Exp.1 presented the Warburg impedance element (Zy) with a value of 2868 Q s, which relates
the semi-infinite linear diffusion of corrosive processes, formed by a rectilinear section with an
angle of 45° concerning the real axis [25]. In parallel, this circuit presented the double-layer
capacitance (Ca)) with a value of 6.81 uF cm™. This characteristic was observed in the
anomalous codeposition of W in Fe [26]. The highest R value was 528.57 Q cm? in the Fe-W
alloy with a faradaic efficiency of 11.55% and 69.39% of W content.

The data adjusted by the Spectrum Analyzer software shown in Table 2 indicated for
experiments 3, 4, and 5 a greater corrosion resistance, according to the R values. Values of n
close to 1 indicated the electrode surface is rough, as in exp. 2 with n - 0.88 closest to this

morphology.

Table 2. Simulation parameters obtained by Spectrum Analyzer software.

Exp. Re(Qcm?) Ru(Qcm?) Qu (x10*Q'ls"cm?)

2 49 1805 ?ﬁi%.ss)
3100 11968 iﬁ). 6)
4 76 12777 f’ﬂ)_ 61)
5 66 13008 f’rﬂ” .

Tafel slopes of experiments 1 to 5 are illustrated in Figure 5. The main
electrochemical parameters extracted from potentiodynamic polarization, such as corrosion
current density (icorr), corrosion potential (Ecorr), anodic and cathodic [, are presented in Table
3. The Ecorr values less than zero indicated that Co-W coatings are prone to exhibit active
dissolution [27]. The icorr values were significantly lower than the copper substrate value (87.40
uA cm?) [28], indicating that this coating is capable of protecting copper against corrosion
damage.

The change of Co concentration in the electrolytic bath produced a coating with less
icor. The lowest value was obtained in exp. 3 - 1.83 uA cm™, with a concentration of Co - 0.3
M, W - 0.1 M and an electrical current density of 50 mA cm™, demonstrating to be superior to

a previous study that deposited Co-W with an electric current density of 10 mA cm™ and
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obtained icorr of 1.96 uA cm [29]. This result presented great performance, mainly owing to

the high faradaic efficiency (64.9%).
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Figure 6. Tafel slopes for Co-W alloys in corrosive medium with 0.1 M NaCl.

Table 3. Results of the corrosion current and polarization resistance by Tafel extrapolation in

a corrosive medium for Co-W alloys.

Experimen t 'Ecorr icorr Rp Banodic Bcathodic
(V) (LA cm?) (Qcm?) (mV) (mV)

1 0.549 3.87 15207 257 286

2 0.600 8.15 2229 60 153

3 0.616 1.83 13498 146 93

4 0.613  2.68 12571 157 153

5 0.668  3.55 11234 174 194

4. Conclusions

Co-W metal alloys were deposited by applying a direct electric current from an

electrolytic bath containing citrate as a complexing agent. By statistical analysis, Co

concentration significantly affected the faradaic efficiency, which obtained a value of 69.3%

with the concentration of Co and W at 0.3 M. Micrographs of deposits with low concentrations

of Co and W, at 0.1 M did not indicate rounded structures with grain outline. Amorphous alloys

were obtained with increasing W content, and peaks of the CosW structure. According to the
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Nyquist diagrams, the increase of the Co, or Co and W concentration, provided defined arches,
indicating better performance. The adjusted EIS data were compatible with the experimental

values since the lowest R, was 2229 Q cm? for the exp. 2, and for the Ry value.
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Abstract

The development of electrodeposited materials with improved technological properties has
been attracting the attention of researchers and companies from different industrial sectors.
Many studies have demonstrated that the electrodeposition and synthesis of alloys and
composite materials assisted by ultrasound may promote the de-agglomeration of particles in
the electrolytic solution due to microturbulence, microjets, shock waves, and breaking of Van
der Waals forces. The sonoelectrochemical technique, in which the ultrasound probe acts as a
working electrode, also has been used for the formation of nanostructures in greater quantity,
in addition to accelerating the electrolysis process and eliminating the reaction products on the
electrode surface. Regarding the morphological aspects, the acoustic cavitation promotes the
formation of smooth and uniform surfaces with incorporated particles homogeneously
distributed. These changes have a direct impact on the composition and physical properties of
the material, such as corrosion resistance, magnetization, wear, and microhardness. Despite the
widespread use of acoustic cavitation in the synthesis of nanostructured materials, the
discussion of how process variables such as acoustic power, frequency, and type of ultrasound
device, as well as their effects still are scarce. In this sense, this review discusses the influence
of ultrasound technology on obtaining electrodeposited coatings. The trends and challenges in
this research field were reviewed from 2014 to 2019. Moreover, the effects of process variables
in electrodeposition and how these ones change the technological properties of these materials

were evaluated.

Keywords: Acoustic cavitation; Coatings; Electrodeposition process; Metallic materials;

Particles.



Appendix E 204

1. Introduction

The electrodeposited coatings include nanostructured materials, with multilayer,
and ceramic particles in the metallic, or polymeric matrix. The matrix is usually composed of
metal, alloy, ceramic, or polymer, while the particles may have a spheroidal, layered, plate-like,
or core-coated shape, with a size order from sub-millimeters to nanometers [1]. These
composite coatings are anticorrosive, wear-resistant, hydrophobicity, and have a good
tribological performance that make them applicable in the manufacturing process of many
industrial sectors [2]. Recent studies have demonstrated the diverse applications of the
composite materials [3-8], as illustrated in Figure 1. The development of nanometer-scale
composites with different morphological structures, composition, and size distribution, can be

obtained through the application of acoustic cavitation originated by ultrasound treatment.
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Figure 1. Applications of composite materials and their nanostructures that may be produced

using ultrasound technology.

Galvanized coatings can significantly improve their physical properties such as
hardness, resistance to wear and corrosion when the particles are dispersed in the solution [9].
Promising novel coatings have been developed in last years. Some studies have sought to focus
on different operational parameters during the electrodeposition process to increase the
concentration of particles in the coating [10]. However, process parameters such as the increase
in particle concentration in the electrolytic bath and decrease in the concentration of
electroactive species were discarded due to instability of the dispersion at high concentrations

of particles and problems related to mass transport affected by reduced conductivity of the
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solution [11]. The agglomeration of particles leads to an increase in the sedimentation rate,
impairing thermophysical properties, such as viscosity and thermal conductivity, and pressure
drop [12].

The use of ultrasound technology has shown high potential for this purpose, since
it can prevent particle agglomeration, promoting uniform surfaces with higher particle content
[13]. Also, the use of ultrasound during the electrodeposition leads to the size reduction of
porous structures through the hydrogen absorption in the deposit, as well as the formation of a
homogeneous microstructure, composed of fine and crystalline granules, with uniform
distribution. Ultrasonic waves can play a relevant role in the orientation of crystals and stability
related to adhesion between the film and the substrate [14]. This emerging technology has been
applied in the fabrication of materials for drug delivery [15], scaffolds for gingival cells growth
[16]; environmental process of wastewater treatment [17]; food sector, for the extraction of
compounds [18] and dairy products processing [19], and in the gas production, such as H» [20].

During the process, acoustic waves are propagated in the liquid medium, causing
the vibrational movement of compression and expansion of the molecular structure. Therefore,
the distance between the molecules varies according to the oscillation. If this vibrational
intensity reaches the state in which the molecular structure becomes unstable, the formation of
bubbles occurs, generating the acoustic cavitation phenomenon [21]. Thus, the application of
ultrasound in liquid media can alter physical and chemical aspects through the generation of
turbulent convection and temperature increase due to the formation and subsequent collapse of
bubbles [22]. These changes decrease the thickness of the diffusion layer and improve the mass
transport, degassing the electrode surface, and promoting an increase in the reaction rate and
generation of hydroxyl radicals [23]. The basic forms of emitting ultrasonic waves and
promoting changes in the material can occur directly by converting mechanical energy into
acoustic from the transducer to the probe, inducing vibrations in the material; and indirectly,
through the cavitation induced in the liquid medium, by the propagation of acoustic waves [24].
However, the influence of ultrasound process parameters on the electrodeposition of
composites and metal alloys was poorly studied and requires further studies. In this context,
this review presents trends in the application of ultrasound technology in the electrodeposition
of metallic coatings and how this emerging technology could improve the technological

properties of these materials.
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2. Fundamentals of ultrasound technology

The phenomenon of acoustic cavitation occurs due to the propagation of ultrasonic
waves in the liquid medium, increasing its pressure and temperature, as shown in Figure 2.
Gaseous nuclei in the liquid initiate the cavitation bubbles, which are subsequently enlarged
and expanded until a consequent rupture, generating waves of shocks, microturbulence, and
microjets [25]. Physical forces such as vibration, rise of experimental temperature from 2000
to 10,000 K, and agitation are generated by acoustic cavitation. In addition, reactive radicals

can be formed from cavitation bubbles [26].

4
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Figure 2. Summary of bubble implosion under ultrasonic conditions.

The frequency range of the ultrasound can be divided into two classifications. High
frequency (100 kHz - 1 MHz) applies an intensity level of 1 W cm™. Low frequency (16 - 100
kHz) intensity levels from 10 to 1000 W cm are applied [27]. These frequencies determine the
interaction with matter, conferring physical and chemical changes caused by fluctuation of
pressure, growth, and collapse of bubbles. The ultrasonic device shown in Figure 2 used during
the electrodeposition process consists of a power generator, a transducer, an amplifier, and an
ultrasonic probe [28]. The generator supplies high-frequency electrical energy, which is
converted into mechanical vibrations by the transducer. These vibrations are amplified in the
amplifier and propagated by the probe in the form of acoustic waves into the liquid medium

[29].
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Another acoustic wave propagating device is the bath ultrasound, which differs
from the probe-type ultrasound in terms of efficiency and process capacity. In bath ultrasound,
cavitation is propagated uncontrolled in the liquid medium, presenting low intensity and uneven
spreading. Probe-type ultrasound provides intense effects, with the homogeneous and
reproducible distribution. For application in particle dispersion, sonication by the probe is
indicated, due to differences in power density, which for the ultrasonic bath reaches a value of

40 W L! and for the probe-type - 20000 W L' [12].

3. Use of ultrasound in electrodeposition process

Ultrasonic waves in a liquid medium promote the acoustic cavitation, in which the
mechanical wave is propagated in cycles that generate positive and negative pressure. High
energy promotes the formation of bubbles during negative pressure cycles. When the
microbubble reaches a critical size, it collapses and ruptures [30]. This point is known as a hot
spot, which can reach high pressures and temperatures. The events arising from this formation
of bubbles are the basis for the application of ultrasound technology in the most diverse
industrial sectors, such as food [31, 32], chemical [33, 34], electrochemical [13, 35], among
others.

Walker and Walker [36] found when testing different operating conditions that the
effect of acoustic cavitation on the deposited coating depends on the metal, electrochemical
parameters, and the acoustic fields. Ultrasound promotes the removal of hydrogen bubbles and
oxide films, protecting locations for electrodeposition, with a consequent increase in cathodic
efficiency. The porosity is improved due to the collapse of the hydrogen bubbles and the
acoustic flow on the electrode surface. The hardness and luster of the coatings, in general,
increase due to ultrasonic agitation, while the porosity decreases.

In recent years, many research groups have studied the effect of sonication and the
dispersion of particles in electrolytic baths for the dissolution of metallic coatings,
nanocomposites, films, and nanosheets. Table 1 presents the effects of the ultrasound on the
coating properties, as well as the bath composition, and the ultrasound parameters. Ni
compounds and their alloys have been highlighted in the last six years and the absence of
surfactant in the bath demonstrates the ability of ultrasound to promote the dispersion of

particles.
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As shown in Table 1, the use of ultrasound can promote specific characteristics
depending on the material. Ni and Ni-Mo coatings deposited under different ultrasound
intensities (20, 30, and 40 W cm™) evidenced the non-dependence of ultrasound for the Ni
coating [37]. For the Ni-Mo coating, the ultrasound impacted the deposition kinetics, increasing
the Mo content from 14.5 Mo wt% without ultrasound to 19.5 Mo wt% with an ultrasound
intensity of 40 W cm™. The increase in the ultrasound intensity led to a gradual increase in
microhardness from 720 to 820 HV in Ni-Mo alloys. The introduction of Mo modified and
reduced the grain size in the Ni. The greatest hardness was related to the mechanical action

generated by the acoustic cavitation close to the cathode in the deposition process [38].
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Table 1. Summary of deposited materials prepared with ultrasound.

209

Deposited material  Electrolyte composition Process variables Effects on the technological properties of the material Reference
Ni-Co alloy Cobalt sulfate, nickel - System: probe - Corrosion resistance was improved by inducing the  [24]
sulfate, ascorbic acid, - Frequency: 20 kHz effect of ultrasound parallel to electrodeposition.
sulfanilic acid, and - Power intensity: 0.6, 0.9 and
glycerol 1.2 W cm?
Ni and Ni-Mo alloy Nickel sulfate, sodium - System: probe - Ultrasound promoted an increase in the Mo content, [37]
citrate (N1 coating), and - Frequency: N/A refinement of the structure, and an increase in the
sodium tungstate (Ni-Mo - Power intensity: 20, 30 and 40  hardness of the coating from 720 to 820 HV.
coating) W cm?
Ni-W/ZrO, Nickel sulfate, sodium - System: bath - Ultrasound operating at 35 kHz promoted the [39]
nanocomposites tungstate, sodium citrate, - Frequency: 35 and 130 kHz incorporation of ZrO; particles in the coating, which
and sodium chloride - Power: N/A resulted in a smooth surface with a homogeneous and
compact microstructure.
CuszSez nanosheets  Sodium selenite and - System: probe - Ultrasound increased the crystallites size, decreased [40]
copper chloride - Frequency: 20 kHz the thickness of the thin film composed of
- Nominal power: 20 W nanoparticles, and improved the packaging and
compressive stress of the nanosheets.
Co—-W/MWCNTs Cobalt sulfate, sodium - System: N/A - Ultrasonic agitation was more favorable than [41]
nanocomposite tungstate, boric acid, - Frequency: 20 kHz mechanical agitation due to the homogeneous
sodium sulfate, sodium - Nominal power: 200, 400 and incorporation of MWCNTs in the layer and on the
citrate, sodium 500 W surface of the coatings. The composite showed
dodecylbenzenesulfonate, greater hardness, resistance to wear, and reduced
and saccharin friction, in addition to a smoother surface.
Ni-Cu/TiN Nickel sulfate, copper - System: bath - Ultrasound improved anti-corrosive performance. [42]
composite sulfate, boric acid, - Frequency: 40 kHz

titanium nitride, sodium
lauryl sulfate, and
saccharin

- Power intensity: from O to
12W cm?




Appendix D

210

Ni-doped TiN
coating

Cu-Ni films

Zn and Zn-TiO;
coatings

Ni-B/TiC
composite

Ni/graphene oxide

Zn-Ni-Al>03
nanocomposites

Nickel amido sulfate,
nickel chloride, boric acid,
titanium nitride
nanoparticles, and sodium
dodecyl sulfate

Copper sulfate, nickel
sulfate, and boric acid

Zinc chloride, potassium
chloride, boric acid, and
TiO2 powder

Nickel sulfate, nickel
chloride, dimethylamine
borane, saccharine,
sodium dodecyl sulfate,
and TiC particles
Nickel sulfamate, nickel
chloride, boric acid, and
sodium dodecyl sulfate
Zinc chloride, nickel
chloride, boric acid,
potassium chloride,
ammonium chloride,
sodium dodecyl sulfate,
and Al>,Os-a particles

- System: N/A
- Frequency: 42 kHz

- Power intensity: 0, 20 and 40

W cm?

- System: probe
- Frequency: 20 kHz
- Power: N/A

- System: bath
- Frequency: 38 kHz
- Nominal power: 200 W

- System: bath
- Frequency: 40 kHz

- Power intensity: from 0O to 12

W cm™?

- System: bath

- Frequency: 40 kHz
- Power: 50 W

- System: horn

- Frequency: N/A

- Nominal power: 30, 90 and

150 W

- Modulus and microhardness of Young increased
when the ultrasound power changed from 0 to 20 W
cm, however it decreased when the ultrasound
intensity increased from 20 to 40 W cm™.

- Moderate values of ultrasonic intensity induced the
homogeneous dispersion of TiN in the coating, which
increases the hardness of the material.

- Ultrasound promoted an increase in hardness in the
films, even with a large amount of Cu in the material.
The increase in hardness resulted from the refinement
of the crystallite size provided by ultrasound.

- Ultrasound combined with high-speed deposition
provided a batter particle incorporation and
distribution, besides the improvement of the
hardness.

Ultrasound reduced the agglomeration generated by
the cavitation dispersion. The morphology showed a
lateral migration of the grains due to ultrasonic
waves. As a result, the structure had a refined
appearance with reduced gaps.

Ultrasound increased 1.8 times in the hardness of
Ni/graphene oxide, the refinement of grains, and the
quality of the coating surface.

- Low ultrasonic power combined with high current
density (16-17 A dm™) and lower pulse frequency
increase the alumina content in composite coatings.

[43]

[44]

[45]

[46]

[47]

[48]
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Cu-Sn alloy Copper sulfate - System: probe - Increasing the ultrasound intensity from 0.008 to [49]
pentahydrate, tin sulfate, - Frequency: 26 kHz 0.040 W cm, the mass transfer was intensified and
ammonium oxalate, - Power density: 0.008, 0.016, the deposition rate increased from 2 to 8 times.
sodium acetate, sodium 0.032 and 0.040 W cm™
acetate, gelatin, and
methylene blue
Pt-Pd alloy Sodium chloride, - System: N/A - Minimizing of the nanoparticles size. [50]
nanoparticles on chloroplatinic acid, and - Frequency: N/A - Electrode surface cleaning and radical formation.
reduced graphene palladium chloride - Power: N/A -High loading and uniform distribution.
oxide
SnS thin films Tin chloride and sodium - System: probe - The smaller grain size of SnS orthorhombic [51]
thiosulfate - Frequency: 20 kHz polycrystalline structures.
- Power: N/A - Thin plans with vertical growth and increased
conversion efficiency of solar cells, improving the
photovoltaic property.
Fe-nano ZrO» Iron chloride, sodium - System: N/A The parameters with the nominal power of 180 W, [52]

coating

NiCrTiO alloy

Ni-SiC
nanocomposites

chloride, boric acid,

sodium lauryl sulfate, and

ZrO2 nanoparticles

Nickel sulfate, potassium

dichromate, and TiO;
nanoparticle

Nickel sulfate, nickel
chloride, boric acid, and
SiC nanoparticles

- Frequency: N/A

- Nominal power: 120, 180, 240
and 300 W

- System: probe

- Frequency: 32 kHz

- Power: N/A

- System: probe
- Frequency: 30 kHz
- Nominal power: 300 W

ZrO, concentration of 10 g L', current density of 4 A
dm™, and duty cycle of 20% promoted a coating with
5.5 wt% of nanoparticles.

- Ultrasonic waves refined the grain size and
improved the quality of the coating, avoiding the
reduction of Cr ions in precipitates composed of
chromium oxides and hydroxides.

- Ultrasound improved the concentration of metal
ions in the solution and the microhardness.

[53]

[54]




Appendix E 212

3.1. Sonoelectrochemical method

The direct participation of the ultrasonic probe in electrolysis is known as the
sonoelectrochemical process. The ultrasound probe is used as a vibrating working electrode, in
a three-electrode cell configuration [55]. The cell is composed of a reference electrode and a
counter electrode that is placed close to the vibrating working electrode, as illustrated in Figure
3. In the production of metallic nanoparticles, only the flat circular area of the probe is exposed
to the electrolytic bath. This area acts as a cathode and ultrasonic source. The reduction of metal
ions occurs at the cathode and after the explosion generated by ultrasound, the metal
nanoparticles are removed, the surface is cleaned and then the double layer is replenished with
metal ions [56]. Thus, by controlling process parameters such as processing time, acoustic
power, and electrolysis current, physical properties such as particle size distribution and

morphology can be changed.

Probe-type ultrasound

R
B)

Working o
electrode ™~ Reference electrode
n &

™= Counter electrode

Electrolyte

Figure 3. Schematic configuration of the sonoelectrochemical process. Adapted from Zin,

Pollet and Dabala [57], with permission from Elsevier.

The application of sonoelectrochemistry allows high yields compared to
conventional processes that apply constant current and depends on the concentration of salts in

the solution [58-60]. Pt nanoparticles were produced in the presence of the Ti electrode as a
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cathode and ultrasonic probe with a frequency of 20 kHz [57]. Ultrasonic pulses after short
pulses of current produced nanoparticles from 11 to 15 nm. Acoustic cavitation allowed the
production of Pt nanoparticles with high purity, homogeneous crystallite size, and controlled
structure. Ag nanoparticles were also deposited by the sonoelectrochemical method [61]. They
presented spherical, nanorods, and nanostructured dendrites shapes. The sonication time and
the concentrations of silver nitrate and nitrilotriacetate were crucial for the shape of the Ag
nanoparticles.

In the sonoelectrodeposition process, the increase in electrochemical current and
changes in voltammetric curves determine whether the acoustic cavitation has improved mass
transfer in the system [62]. Cavitation close to the electrode surface generates a rupture of
bubbles resulting in corrosion and the formation of a new surface, verified by the increased
current pulses. Turbulence, microjets, and shock waves together decrease the diffusion layer
(0), as shown in Figure 4, just as microjets are the most efficient effect for removing absorbed
material and have the ability to passivate the material, due to the high pressure on the electrode
surface [63]. The mass transport model at the electrode interface is composed of a laminar
sublayer and a concentration gradient adjacent to the electrode. The occurrence of acoustic

cavitation promotes the transfer of energy to the molecules [64].
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Figure 4. Diffusion layer at the solution-electrode interface and effects of acoustic cavitation.

The pulsed sonoelectrochemistry technique consists of the application of a current
or potential pulse to the cathode with cation reduction, with the deposition of metallic nuclei

occurring and with the titanium probe acting as an electrode in this period (Ton) [65]. After the
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Ton, a short ultrasound pulse occurs, capable of removing the metallic particles from the surface
and replenishing the double layer of metallic cations, with simultaneous agitation. A rest time
(Tofr) can be applied to promote the restoration of the initial conditions of the electrode.

CuO nanostructures were deposited without ultrasound and by the
sonoelectrochemical technique [66]. The sonoelectrodeposition eliminated the products of the
electrochemical reaction and accelerated the electrolysis process, producing 4.2 times more
CuO nanostructures. Moreover, it can improve properties such as magnetization, according to
the study by Hajnorouzi and Modaresi [67], which synthesized Fe;O4 nanoparticles by the direct
sonoelectrochemical method and without ultrasound. The ultrasonic probe increased the
saturation magnetization by 24.9% at high current density compared to the conventional
method. The deposition rate increased up to 15 times without changing the purity and

crystallinity of the nanoparticles.

3.2. Effects of ultrasound on the particles dispersion

Ultrasound technology is widely applied in the dispersion of particles due to de-
agglomeration promoted in the suspension system. In addition to the use of ultrasound during
the electrodeposition process to improve certain properties, ultrasonic irradiation as the step
before the dispersed deposition of particles and can also promote the total dissolution of
compounds in the electrolytic bath. This de-agglomeration and dispersion of particles are due
to microturbulences that generate oscillating acoustic pressure and cavitation, in addition to the
breakdown of Van der Waals forces by the collision of particles induced by acoustic streaming,
microjetting and shock waves [68]. Compared with conventional magnetic stirring deposition,
ultrasound optimizes and accelerates the dispersion of particles by increasing mass transport,
impacting coatings with greater hardness, and better tribological performance [69, 70].
However, although acoustic cavitation improves the dispersion of particles in the solution, it
may not be sufficient to promote de-agglomeration in certain cases [71].

Several studies [72-74] have obtained galvanized coatings with dispersed
incorporated particles and distributed homogeneously with the use of ultrasound. Composite
Ni-B/Ti-C coatings were synthesized by ultrasound-assisted deposition to improve their
microstructure and electrochemical properties [46]. Analyzes by atomic force microscopy

identified protrusions and nodular pits dispersed in the coating. These protrusions and pits
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occurred due to particle agglomeration and preferential adsorption of metal ions in "tip"
locations and reduced to metal, forming protuberances. Moreover, the formation of acoustic
cavitation by ultrasound decreased the agglomeration and the size of the protrusions. The
average and square root roughness size indicated smooth and compact coatings. Ni-B grains,

which more than 90% had a dimension less than 220 nm, involved TiC nanoparticles.

3.3. Effects of ultrasound on the morphology and microstructure

The microstructure and morphology of the deposited coating are also affected by
the use of ultrasound in the electrodeposition process. Many studies have reported the
application of ultrasound technology as a solution to provide smooth surfaces due to uniform
particle distribution and refinement in grain size [39, 44, 69, 75]. Acoustic cavitation, microjets,
and acoustic streaming generated by ultrasound prevent the formation of microspheres and lead
to the production of semi-microspherical nanoparticles, with an application as sites for electron
transfer [76]. Co-W/MWCNTs nanocomposite was deposited by applying mechanical and
ultrasonic agitation [41]. The Co-W coating produced under mechanical agitation indicated
nodules ranging in size from 5 to 10 um. Co-W/MWCNTs nanocomposite had a rough surface
with uneven Co-W grains and MWCNT clusters. Under acoustic cavitation conditions, the
nanocomposite surface had a more uniform appearance with nodules ranging in size from 5 to
25 uym. However, the increase in ultrasonic power has made the nodular size uneven. According
to Figure 5-a, mechanical agitation led to the formation of dispersed and agglomerated carbon
nanotubes. With the use of ultrasound, a uniform distribution of MWCNTSs occurred in the
coating (Figure 5-b-d). Increasing the nominal power from 200 to 400 W, the microstructure of
the nanocomposite surface obtained was more homogeneous (Figure 5-c). However, for the
nominal power of 500 W, the nanoparticles incorporated in the matrix have become
inconsistent, resulting in the detachment of the material and emphasizing that there is ideal

nominal power for the system.
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Figure 5. Backscattered SEM images of Co-W/MWCNTs composite under several process
conditions: a) mechanical agitation; b) 200 W; ¢) 400 W); and d) 500 W.

Bismuth sulfide films were synthesized by conventional electrodeposition and
sonoelectrodeposition [76]. XRD diffractograms identified the orthorhombic phase of Bi2S;3
without impurities. The electrodeposition treatment without ultrasound showed less intense
peaks compared to the film obtained with a 30% amplitude of the ultrasound, which indicated
that the acoustic cavitation led to the growth of BioS3 crystalline plates. The opposite result
occurred in the ultrasound-assisted electrodeposition of TiO2 nanotubes containing calcium
phosphate [77]. The acoustic cavitation reduced the rate of growth of CaP crystals and inhibited
the accumulation of CaP in specific regions of the nanotubes. When the nucleation rate was
higher than the growth rate, there was a greater number of crystals with smaller sizes. The
growth rate higher than the nucleation rate provided a smaller number of larger crystals.

MnO; nanowires and nanosheets deposited in Ni foam with and without the
application of ultrasound presented a dense morphology, composed of stacked nanosheets
generated by acoustic cavitation [75]. The ultrasonic treatment promoted the transfer of Mn

ions to the working electrode, resulting in larger MnO: particles. Although larger particles
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decrease the specific surface area, they have smaller pores, which are ideal for electrochemical
reaction sites. Furthermore, the electrodes produced by sonoelectrodeposition showed better
adhesion to the substrate, proving to be stable for the electrochemical performance. The active
sites allowed energy storage, resulting in high rate charges due to the rapid transport of ions
and electrons.

In non-conductive substrates, the low adhesion promoted by the presence of high-
level internal stress is a relevant indicator [78]. The internal tension of the coating results from
the atomic and crystalline structure of the deposit during its formation. The high temperatures
of the substrate, such as copper at 48 °C, present thermal stress greater than the coating. The
hydrogen content is the crucial factor, as it affects the substrate layer, decreasing the free energy

of the resin surface, with consequent loss of adhesion and increased porosity.

3.4. Effects of ultrasound on corrosion resistance

Corrosion resistance can be improved with the incorporation of particles [10, 79]
and during the material synthesis by applying ultrasonic treatment [80]. Shetty and Chitharanjan
Hegde [24] studied the multilayer Ni-Co alloy and found that the corrosion rate can be increased
by decreasing the ultrasound processing time since the sonication promotes homogeneity and
modulates mass transport. According to the potentiodynamic polarization graph (Figure 6), the
corrosion rate decreased with an increase of up to 150 layers, then increased by 300 layers. The
lower corrosion rate was attributed to the increase in the interfacial surface area due to the layers
formed by the periodic pulsation of ultrasonic waves, which allowed the separation of layers
with different compositions. The authors concluded that the multilayer coating tends to be more
homogeneous and there is a certain optimal level of layers (150 layers). The sonication effect

increased coating thickness by 3 pm.
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Figure 6. Potentiodynamic polarization of multilayer Ni-Co alloy coatings with different
number of layers. Adapted from Shetty and Chitharanjan Hegde [24], with permission from

Elsevier.

Other process variables such as current density during electrodeposition, combined
with ultrasonic agitation can improve corrosion resistance. When the current density was
increased from 2 to 5 A dm?, the charge transfer resistance of the nanocomposite increased from
37 to 796 kQ cm? in the electrodeposition of Ni-Cu nanocomposites with embedded TiN
particles [42]. In the same way that a value greater than 5 A dm? of current density provided a
decrease in the charge transfer resistance, demonstrating an ideal value for the system. Although
corrosion resistance is dependent on several factors, the chemical composition and
microstructure of the material are relevant factors that influence corrosion resistance [81] and
are directly related to the current density and ultrasonic agitation.

Graphene oxide-hydroxyapatite (GO-HA) composite was deposited in titanium for
medical applications [82]. The bare samples of Ti, the pretreated Ti, and the pre-treated ones
containing GO, HA, and GO-HA indicated the anticorrosive behavior. The pretreatment
performed through ultrasonic waves and agitation at 120 rpm, to promote dispersion of the GO
phase. The pulsed electrodeposition assisted by ultrasound occurred in a galvanostatic form
with a current density of 15 mA cm>, ton: 1 s and tof: 9 s and nominal powers of 0, 20, 60, and
100 W. The polarization curves demonstrated that the potential of corrosion (Ecor) increased
from the bare sample to pre-treated, from -559 to -423 mV. The HA-coated pretreated surface

sample showed an Ecorr of -415 mV and corrosion current density (icorr) of 0.17 uA cm™. For
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the authors, the application of the coating restricts the contact of corrosive fluids from the body
with the implant surface, increasing the protection against corrosion. The GO-HA composite
showed an Ecorr of -358 mV and an icorr of 0.09 pm cm™, demonstrating greater resistance to

corrosion among the analyzed samples.

4. Influence of ultrasound process parameters on the electrodeposition of the coatings

Although the previous section discussed the application of ultrasound treatment
during the electrodeposition process as well as its effects on particle dispersion, morphology
and microstructure, and improvement in corrosion resistance. Ultrasonic conditions, such as
type of ultrasound, frequency and power ultrasonic, and equipment coupling region still are
scarce. These process conditions are crucial for understanding and suggesting changes in the

ultrasound configuration to achieve beneficial results in coatings and its industrial scale-up.

4.1. Ultrasonic frequency

The ultrasonic frequency has not been explored in the electrodeposition of coatings.
There are few studies focused on this process variable. An example is the work of Sulitanu,
Pirghie and Brinza [83], who studied the effect of ultrasonic frequency on the microstructure
of deposited Ni-Zn thin films. Conditions without and with ultrasound at frequencies of 20 kHz
and 1 MHz were studied. The frequency of 20 kHz in the ultrasound bath allowed to obtain Ni-
Zn films with fine granulation and denser morphology when compared to a deposition without
ultrasound. The higher frequency (1 MHz) showed interference in the formation of granulated
films. The different frequencies provided control of the microstructure and physico-chemical
properties of the films.

Beltowska-Lehman, Indyka, Bigos, Kot and Tarkowski [84] deposited
nanocrystalline Ni-W alloys with Al>O3z particles. The experimental conditions applied
ultrasonic frequency of 35 and 130 kHz. Working at 35 kHz improved the mechanical
performance of the coating and promoted the de-agglomeration of the ceramic phase onto the
matrix, resulting in a uniform distribution of the composite. Increasing ultrasonic frequency,
the intensity of the acoustic cavitation was reduced due to a short compression cycle, which

forms smaller microbubbles. On the other hand, the larger microbubbles collapse quickly,
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which indicates that mechanical agitation is a more frequent phenomenon with lower ultrasonic
frequencies [85].

Three deposition processes were applied to obtain Ni-B coatings to analyze the
impact of the ultrasound frequency [86]. The authors investigated deposition under magnetic
stirring (0 Hz), with probe ultrasound (20 kHz) and thermostatic bath ultrasound (35 kHz). The
ultrasonic agitation in greater frequency resulted in smoother surfaces, with few areas similar
to the structure of the cauliflower type, in addition to increasing the deposition efficiency with
a thickness of 25.13 £ 2.02 um. Corrosion tests at 0.1 M NaCl revealed that the coating
produced at a frequency of 35 kHz indicated less corrosion damage and a large plateau before
the pitting potential, which occurred due to the smooth surface of the coating, decreasing the

risk of inter-columnar attack.

4.2. Ultrasonic power

The studies on ultrasound-assisted electrodeposition generally provide only the
ultrasound power, known as the nominal power, in other words, it is the power consumed by
the equipment. The amount of energy supplied to the system is less than the nominal power and
is known as acoustic power or real power, specifically, it is the amount of power transmitted to
the sonicated liquid medium. This power should be provided in the studies since it relates the
specific heat, the mass, and the temperature change of the liquid medium concerning processing
time. The ultrasonic intensity calculated through the acoustic power with the probe area is not
mentioned in most studies and could demonstrate the effects of the analyzed variables.
Similarly, the influence of the amount of energy per volume unit known as energy density was
little discussed. For example, the use of a greater volume of liquid medium results in the
application of less power density for the same processing time.

Energy density is a useful parameter for the evaluation of ultrasound energy
performance and should be evaluated in electrodeposition studies. Although the nominal power
is provided in the studies, it would be relevant to consider the energy dissipated by sample
volume for comparison purposes [87]. Thus, energy density should be calculated from acoustic
power to increase the accuracy of the energy balance. Besides, the temperature change over the

processing time is neglected, according to previous studies [88, 89]. The temperature profile
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provides the real temperatures achieved with the ultrasound treatment, allowing a suitable
interpretation of its effects on the chemical changes of the sonicated system.

Regarding the studies involving ultrasonic power, the ultrasound-assisted
deposition of hydroxyapatite (HA) in PVA/PLA braids was compared using nominal power
levels of 0 and 20 W with an electric current density of 2.5, 5 and 7.5 mA cm™ [90]. The
nucleation rate with a consequent increase in crystal formation occurred with the highest current
density. However, the coatings obtained at 0 W, for the current densities of 5 and 7.5 mA cm?,
detaching HA from the PVA/PLA braids. The nominal power at 20 W decreased the weight of
the deposit and provided uniformity of ions in the electrolyte. Ultrasound supplemented the
ions when these were consumed by the cathode, which generated dense acicular crystalline
structures [91]. The increase in current density combined with the nominal power of 20 W
favored the increase in crystallinity from 68.70 £ 5.23% at 0 W to 73.52 + 7.64% at 20 W
applying a current density of 7.5 mA cm™.

Sn was deposited on a 316 L stainless steel substrate under 40 kHz ultrasonic
frequency and with different nominal powers of 0, 20, 40, 60, 80, and 100 W [92]. Three
different electrochemical techniques such as chronoamperometry, cyclic voltammetry, and
linear scanning voltammetry indicated the diffusion-controlled three-dimensional nucleation as
an electrochemical mechanism of Sn deposition. Besides changing the electrodeposition
reaction generated by ultrasound. The current efficiency was increased from 85.84 to 95.11%
when the ultrasound was coupled. The ultrasound-assisted electrodeposition provided smooth
and compact surfaces, with the optimum condition at 35 °C, 100 W, and H* concentration of
3.5 M, while in the treatment without ultrasound, microstructures composed of irregularly
shaped whiskers were obtained.

Although ultrasound in most cases favored particle de-agglomeration, the study of
Zheng, Wang, Song, Wu, Liu and Tan [93], involving the deposition of the Co-Cr;Cz
composite, found that the increase in nominal power from 20 to 60 W decreased the content of
Cr3C; particles from 31.4 to 11.5% in the coating. The process took place by jet electroplating
at 40 °C in carbon steel, without and with ultrasound, frequency of 20 kHz, in the nominal
powers from 20 to 60 W, without a pulse-on time, with a pulse-on time of 1, 4, 8 s, and
continuous. In general, the acoustic cavitation promoted the dispersion of particles; however,
high power values promote the separation of the particles at the cathode, with a consequent

decrease in their content [94]. The hardness coefficient decreased with an increase in nominal
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power from 20 to 60 W, as well as the friction coefficient decreased. Composites produced with
nominal power greater than 40 W showed lower hardness than the coating produced without
ultrasound (586 HV). Despite the morphology of particles prepared at 60 W having shown a
better distribution of particles when compared to those produced without ultrasound, the coating
presented a loose structure with high porosity.

Zhang, Zhang and Fang [47] studied the impact of nominal power from 0 to 50 W
on the morphology of the nickel/graphene oxide coating. As shown in Figure 7-a the SEM
image for pure nickel shows a coarse surface, with a pyramid appearance [95]. With the increase
in ultrasonic power to 20 W the structure tends to become more compact and smaller (Figure
7-b-f). The pore formation occurs due to the hydrogen trapped in the deposit and the instability
of the electro-hydrodynamic system. Ultrasound decreases the absorption of hydrogen in the
deposit, reducing porous structures. However, high ultrasonic potentials can cause defects, due

to microvapors generated by the acoustic cavitation (Figure 7-e-f).
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Figure 7. SEM micrographs of the nickel/graphene oxide coatings under the different nominal
powers: a) Pure nickel, 0 W, b) 20 W, ¢) 30 W, d) 35 W, e) 45 W, f) 50 W. Adapted from Zhang,

Zhang and Fang [47], with permission from Elsevier.
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Besides changes in morphology, the ultrasonic power affects the crystallinity of the
deposited coatings. Ni-doped TiN coatings were deposited with different ultrasonic intensities
[43]. The increase from 0 to 20 W c¢cm?, according to XRD diffractograms, led to an increase
in Ni peaks and a decrease in intensity, indicating a decrease in the size of Ni crystals. On the
other hand, with the increase to 40 W cm, the Ni diffraction peaks increased.

Another impact of the ultrasonic power intensity is the increase in corrosion
resistance. Sn-Ni alloys deposited in mild steel under ultrasound intensities of 0.6, 0.9, and 1.2
W cm? revealed that sonoelectrodeposition generated coatings more corrosion resistant
compared to coatings produced without ultrasound [80]. Sn-Ni alloy deposited at 0.9 W cm™
showed the lowest corrosion rate (7.81 x 10 mm year ™), while without ultrasound treatment
the value was 16.63 x 10> mm year'!. This difference in the corrosion rate occurred due to the
high degree of stratification, composed of 300 layers, which were deposited due to the diffusion
mechanism between the layers, generated by the ultrasonic field. Pulsed electrodeposition
combined with ultrasound promoted the diffusion of metal ions towards the cathode, which
they discharged in their metallic form of Sn?>* and Ni?*. This process occurred by diffusion mass

transport and was controlled by acoustic cavitation.

4.3. Ultrasound type effect and application mode

Regarding the operational configuration, although the ultrasonic bath has been
widely used according to the literature, electrodepositions assisted by probe-type ultrasound are
more efficient, resulting in shorter processing times and greater electrodeposition efficiencies,
due to the higher energy density supplied to the system in this type of configuration. The probe
diameter can influence the system, because smaller diameters dissipate less energy, resulting in
less heating in the sonicated liquid medium. A larger area probe dissipates more energy in the
heat form to the system, increasing the temperature of the solution.

The large volume of liquid required for the operation of the ultrasound baths and
the indirect treatment of the electrodeposition medium reduces the applied energy densities and
the effects on the working electrode, respectively. However, a higher density of applied energy
provides violent acoustic cavitation, which can have a negative effect, since the rapid
propagation of the acoustic wave can collide the particles immediately on the electrode surface,

promoting lesser incorporation of particles, although they distribute evenly within the coating
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[96]. In electrochemistry, both configurations are widely applied, as the bath ultrasound
promotes sonication of the electrolyte while the probe-type ultrasound provides vibrations on
the solid surface of the electrode.

An alternative is also to apply the combined ultrasound system, consisting of the
bath and probe configuration. This system promotes the highest level of acoustic cavitation than
a single device. According to Ao, Xue, Li and Zhang [97], Ni-Nd20O3 nanocomposites were
deposited on a stainless steel plate using the bath and probe type configuration. The surface
morphology of the coatings showed a smooth appearance, fine and compact grains. The
coupling of bath-type and probe-type ultrasound with a nominal power of 240 and 30 W,
respectively, provided a high content of 3.48% Nd,Os particles.

Regarding the application mode of ultrasound during coating deposition, the
continuous or pulse form may be applied. Bi2MoOg nanofilms were deposited in stainless steel
by both modes with and without ultrasound [14]. The film prepared by sono-pulsed
electrodeposition showed high photocatalytic efficiency for the degradation of sodium
diclofenac attributed to high roughness and morphology composed of mustache structures. The
electron transfer and light scattering occurred due to these structures, which were absent in
films prepared by using conventional electrodeposition. Pulsed ultrasound (ton: 4 s and tof: 8 s)
combined with pulsed electrodeposition (ton: 4 s and tofr: 8 s) demonstrated high crystal growth
in XRD patterns compared to conventional deposition. Ultrasonic waves promoted greater
nucleation which led to the growth of plates in different directions.

As previously described, the lack of studies and information on ultrasonic
conditions makes the technological expansion of ultrasound challenging. Even so, research has
been widely developed with sonochemical reactors [98, 99]. In large-scale reactors, the
introduction of ultrasound is more complex and studies on a smaller scale may at first serve as
a comparison study.

Sonochemical reactors are more effective with the use of multiple transducers and
multiple frequencies, which can enhance the cavitational effect [100]. In low-frequency
reactors, acoustic cavitation promotes a stirring contribution greater than 90%. In high-
frequency reactors, the production of less cavitation in the focal zone, if it concerns high
intensity focused ultrasound, the cavitation reaches values close to the ultrasonic probe and
low-frequency sonoreactors [101]. Despite the great potential, the industrial use of sonoreactors

is scarce, mainly in electrochemical processes, due to lack of information on performance, and
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difficulty in uniform distribution of cavitational activity. The applications are specific
according to the type of the sonochemical reactor and its dimensions and position of the
ultrasonic transducers must consider hydrodynamic characteristics and the behavior of the
mixture.

Although ultrasound is an emerging, non-toxic, safe, and environmentally friendly
technology, its consolidation on an industrial scale specifically in the synthesis of
electrodeposited nanostructures still is a challenge. Although experiments on a laboratory scale
are carried out in batch reactors, on an industrial scale the ideal is continuous reactors, due to
the limited depth of cavitation waves, which may have reduced efficiency [102]. The lack of
industries that manufacture suitable equipment, technical specialists, and startup companies, as
well as high capital expenditure, are limiting factors for the development of this technology.
On the other hand, the electroplating industry is consolidated for macro-structured materials,
however, for the production of nanomaterials, the laboratory scale has greater operational

control related to morphology, composition, and crystallinity.

5. Patents on the deposition process using ultrasound

The method of depositing material on a substrate under ultrasonic conditions has
been few patented for the past two decades. McLamore and Taguchi [103] patented the method
of pulsed sonoelectrodeposition and sonoelectropolymerization, with the application of a
galvanic potential pulse alternating with the sonication pulse, to form a plurality of structures.
A pause in the processing time can optionally be included between the coating pulse and the
sonication pulse. Nanoparticles were produced from a metal (Pt, Ni, Au, Ag, Pd, or a
combination thereof) and a conductive polymer.

The Y2S10s5/MoSi> composite coating preparation by sonoelectrodeposition was
patented for presenting a simple control for the formation of a uniform coating that allowed a
better connection property for application in products with complex surface [104]. The coating
protected carbon-based materials, functioning as an antioxidant, with an oxidative weight of
less than 0.5% after oxygenation for 200 h at 1600 °C. Other patents have shown the relevance
of electrodeposition with ultrasound, as in the synthesis of Pt-based catalysts [105],
ferromagnetic nanocomposite materials [106], and chromium alloys [107]. The methods

produce materials with a metallic matrix of superior multilayer and simplify the production
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technique, saving raw material and reducing costs, besides improving the catalytic activity and

dispersion of the particles.

6. Critical observations and economic approaches

The main process variables affecting the incorporation of particles and the
formation of nanostructured materials are ultrasound power, frequency, processing time, and
mode of sonication. The suitable incorporation of particles in the metallic matrix is achieved
through the de-agglomeration caused by ultrasonic waves. However, most studies carried out
to date have not evaluated the synergy between process variables using ultrasound technology.
The diameter of the probe is rarely described, as well as the energy density has been neglected,
despite their significant effects on process performance.

In sonoelectrochemical processes, further studies could better describe the reason
for choosing the ultrasonic probe as a working electrode. In recent studies (2014-2019),
ultrasound has been used more for dispersion of the liquid medium, presenting better results in
the synthesis of materials compared to magnetic agitation. Studies have focused on a batch
operating model, moreover, studies in continuous mode may be relevant from the viewpoint of
acoustic cavitation flux.

Although the ultrasound-assisted electrodeposition has been demonstrated to
produce materials from the most diverse structures, there is no economic feasibility study of the
process, which could attract investments from the industrial sector. The mathematical models
of different unit operations linked to the chemicals database comprise different commercial
simulation software, such as Cadsim Plus®, Aspen Plus®, Wingems®, and Super Pro Design®.
Economic evaluation has occurred for processes involving extraction [108, 109], distillation of
azeotropic mixture [110], and biorefinery processes [111] assisted by ultrasound.

The SuperPro Designer® software, for example, simulates the process according to
the input variables and provides costs (US$ kg!) as responses. The cost of manufacture
considers the sum of direct, fixed, and general costs. The components are estimated in terms of
fixed investment capital, labor costs, raw materials, public services, and waste treatment. The
service cost would include the energy needed to convert the ionized metal to the solid-state on
the substrate. This approach would have major impacts on the scale-up study of this technology

in the area of materials development. In terms of energy impacts, a shorter sonication time in
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addition to saving energy promotes homogeneity and sufficient mass transport to improve the

anticorrosive property of the coating.

7. Conclusions

The article reviewed the technological applications of ultrasound-assisted
electrodeposition from 2014 to 2019. The effects of acoustic cavitation on particle de-
agglomeration, as well as the impacts on the properties of composites, such as hardness and
corrosion resistance, were discussed. The sonoelectrodeposition has valuable potential for
transforming irregular surfaces into uniform and smooth surfaces through ultrasonic cavitation
in the electrolyte. This review showed that, in recent years, few studies have been carried out
on ultrasound-assisted deposition of composites, metal alloys, and polymeric structures. Given
the global problem, which is the corrosion of materials and as discussed that the use of
ultrasound is beneficial for this property, more research is expected to be developed in this
segment. Also, more information about the ultrasound configuration needs to be provided to

understand the impact and provide optimizations in the electrodeposition process.
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Abstract

The impregnation of active compounds such as phytochemicals, drugs, and metals using
supercritical CO> technology has been a promising alternative for developing new products of
high-technological standards. In this sense, the incorporation of metals in several support
materials has been explored to produce novel powerful catalysts. This non-thermal and clean
emerging technology allows obtaining unique and varied morphologies as dispersed species,
films, and high-surface-area nanoparticles. They are beneficial for use as electrocatalysts of
oxygen reduction/evolution reactions in energy storage systems such as batteries,
supercapacitors, and fuel cells, surpassing the results of commercial catalysts. In this context,
firstly, this review presents a brief introduction of supercritical fluid applications, fundamental
aspects, and the combination of deposition techniques. Moreover, kinetic control in modifying
the advanced materials was approached. The discussion of how the temperature, pressure, and
contact time, and their effects, is still scarce. The CO> volume rate is not considered a process
variable and may improve the performance of supercritical COz in the synthesis of deposited
nanoparticles. Therefore, we reported the supercritical process conditions in the synthesis of

nanostructured nanocomposites materials from 2014 to 2020.

Keywords: electrocatalysis, energy storage materials, nanoparticles, supercritical fluids.
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1. Introduction

The search and development of innovative catalysts that exhibit stability, high
catalytic activity, and ease of synthesis have been the main challenge in recent decades for
several reactions, including energy storage devices such as fuel cells, metal-air batteries, and
supercapacitors. In general, the purpose of the catalysts in energy systems is to reduce the
overpotential generated during the charging and discharging process in the device, maintaining
a stable cycle, and retaining energy more efficiently.

Catalysts are synthesized by several methods, such as electrodeposition [1, 2] sol-
gel chemistry [3], deposition-precipitation [4], coprecipitation [5], sonochemical reduction [6],
chemical vapor deposition [7], atomic layer deposition [8], among others. In addition to these
methods, supercritical fluid deposition technology has emerged as a promising environmentally
friendly alternative. It consists of pure or a mixture of substances in their supercritical state to
impregnate the active material into desirable support based on their transport properties like
higher diffusion coefficients and good solubility [9].

The supercritical fluid deposition (SCFD) technique provides the formation of well-
defined nanoscale metal structures on the solid support by hydrogenating metal salts or
organometallic precursors of their solutions under supercritical process conditions. The
hydrogen as a reducing agent allows the synthesis of pure films or nanoparticles of low
pollution due to the organic binders formed from the precursors [10]. Moreover, thermal
decomposition in an inert atmosphere and chemical reduction with air after pressurization can
also occur after deposition [11, 12].

The nanoparticles easily penetrate and diffuse into the support pores, from
precursors, resulting in highly dispersed materials supported on substrates. In conventional
processes, the regular particle distribution onto the support material and the particle design
control such as morphology and particle size distribution present several difficulties [13].
Supercritical technology has been recognized as a powerful technique for particle engineering
and design. Several studies demonstrated that particles with controlled properties like
morphology, size distribution, porosity, density, and others might be produced using this
emerging technology [14-16].

Characterization techniques such as X-ray diffraction and spectroscopy (Raman,

infra-red or ultraviolet-visible) allow for in situ monitoring thermodynamic phenomena and



Appendix F 242

particle nucleation and growth. However, conventional metal reactors are "blind" to these
techniques. The reactors used are capillaries and sapphire/fused silica tubes and on-chip high-
pressure microreactors [17].

A variety of pure substances may be used as SCFs, for example, water and
hydrocarbons. However, they are generally corrosive, toxic, and flammable. Supercritical fluids
demonstrate interesting physicochemical properties, such as low viscosity and surface tension,
and high diffusivity, which are abruptly altered by temperature and pressure. Moreover, they
exhibit solvation behavior and dielectric properties [18]. Carbon dioxide is a compound
frequently used due to its "green solvent" properties and does not exhibit the potential to cause
the greenhouse effect and can be recovered during processing [19]. It is non-flammable, inert,
and non-polar, with relatively moderate values of critical pressure and temperature (Tc =31 °C,
P. =7.38 MPa) [20].

In this sense, this review presents the trends, perspectives, and challenges of using
supercritical CO; (scCO») to synthesize high-technological performance catalysts. The process
variables’ effects on the synthetized systems and their potential applications in several industrial

sectors and research fields were summarized.

2. Supercritical technology fundamentals

A supercritical fluid is defined as any fluid that presents itself at conditions above
its critical point. Viscosity and diffusivity exhibit values between liquid and gaseous; however,
the density value is the order of magnitude of the one of a liquid, and the surface tension is
close to zero. Solvents in their supercritical state exhibit the combination of gaseous outflow
and solvent properties similar to liquids, according to Table 1. Thus, the state of high

homogeneity resulting from intrinsic transport allows the control of the particle growth process

[21].

Table 1. Physical properties of gases, SCFs, and liquids

Fluid properties Gas SCFs Liquid
Density (g cm™) 0.6-2x 102 0.2-0.9 0.6-1.6
Diffusivity (m?>s™')  1-4 x 10 2-7x10% 107
Viscosity (Pas™) 1-3x10° 1-9%x10° 107
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From these transport properties, SCFs present several applications, such as
nanoparticle synthesis, extraction, and chromatography [14], and have attracted considerable
attention from the pharmaceutical, biomedical, and food industries [22-24]. Other applications
include extraction of phytochemical compounds, particle engineering and design, impregnation
of active compounds, microbial and enzymatic inactivation [25-27]. According to Figure 1, as
temperature and pressure increase, the gas state becomes denser, and the liquid state's density
decreases. At the critical point, the liquid state and the gas state are identical, and a state

differentiation is difficult. Above the critical point, the fluid is named as a supercritical fluid.
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Figure 1. Schematic representation of the pressure-temperature phase diagram.

According to Table 2, several pure substances can be applied in SCF technology,
and the choice depends on the critical point [28]. Water has been applied as SCF due to its low
cost, non-toxicity, and high availability. However, it has a high critical point with T. 374.15 °C
and P. 22.05 MPa. Thus, scCO2 has been noted for presenting these advantages and,
additionally, due to the easy separation of the product after depressurization. Besides that, the
low critical temperature of the CO> allows its application in non-thermal processing. It has been
explored in several applications involving thermosensitive compounds, such as phytochemicals
and drugs. Criteria such as flammability, corrosivity, and toxicity are taken into consideration
for suitable solvent selection. Material manufacturing companies seek alternatives to toxic and
hazardous solvents due to environmental concerns. As a non-toxic solvent, scCO2 has enormous

potential for material synthesis processes [29].
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Table 2. Critical properties of different SCFs

Compound T. (°C) P.(MPa) Remarks

Ammonia 1324 11.29 Irritant and corrosive

Benzene 289.1 4.9 Carcinogen and high critical temperature

Carbon dioxide 31 7.38 Low critical temperature

Chlorotrifluoromethane 111.8 3.9 Ozone-depleting potential

Ethanol 243.1 6.39 High critical temperature

Isopropanol 235.6 5.37 High critical temperature and low toxicity

Methanol 240.6 7.9 High critical temperature

n-Propane 93.9 4.3 Asphyxiant

Propane 96.8 4.26 Asphyxiant

Water 374.1 22.1 Corrosive properties and high critical
temperature

3. Supercritical CO: impregnation and Kinetic control of the compounds

The impregnation is a penetration or saturation process of a specific active
compound or particle onto a desirable support surface. The support materials may have their
physical and chemical properties modified according to the impregnated adsorbed onto the
surface or bulk material. Despite having low diffusion, long contact time, and impregnated
overload, impregnation can be more effective and sustainable using the scCO2 process [30].
Although scCO, as a reaction medium has some disadvantages such as low solubility of
reagents in dense CO2 and enzymatic deactivation, it has the advantage of non-toxicity, low
cost, and inflammability. Factors involving reagent solubility can be solved using co-solvents
[31].

As illustrated in Figure 2, the impregnation must occur by compression and mixing
with pressurized gas in the supercritical state for the impregnated material's sorption. The
impregnation step occurs at the appropriate temperature to allow the profound reach and
concentration necessary to obtain specific substrate properties. Decreasing pressure can open
the vessel and remove the substrate, as the temperature decrease due to the Joule-Thompson
effect (isoenthalpy expansion) causes the solvent to evaporate. After impregnation,
impregnations, additives, or other compounds in the material gas are removed. The expansion

of the container containing the impregnated material is crucial, as it influences the final
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product's quality. Post-treatment of the product can be useful for removing residual solvents

and deodorizing the material [30].

Impregnate / Additives Impregnate / Additives  Supercritical fluid

%

Compression Recovery

s Solution / 4 :
Mixing [~ dispersion Sorption ]—[ Expansion ]—»End product

Compression

1

)

{

Supercritical fluid

Figure 2. Schematic representation of the impregnation/sorption process under supercritical

conditions.

The thermodynamic control of the surface occurs in the metal's adsorption/sorption,
followed by the precursor’s transformation into the metallic form. Figure 3 illustrates the
different ways of converting the metallic precursor to its metallic form. The transformations
involve chemical reduction with an SCF or pure hydrogen, thermal reduction at atmospheric
pressure, or an SCF. Thermal reduction in an inert atmosphere results in smaller spherical
nanoparticles. Growth occurs by superficial diffusion of metal atoms and/or precursor
molecules. The chemical reduction in scCO2 with hydrogen provides surfaces coated with

nanoparticles dispersed within a porous structure [32].
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>
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<
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Figure 3. Scheme of the synthesis of nanoparticles by deposition using SCF as a solvent.

Adapted from Zhang and Erkey [12], with permission from Elsevier.

In addition to thermodynamic control, the modification of the materials' surface can
occur through kinetic control. Copper nanoparticle decorated silica was developed in a
supercritical medium for application as advanced nanostructured materials [33]. The precursor's
kinetic decomposition model considered the initial homogeneous nucleation and the rapid
heterogeneous growth on the silica particles’ surface. According to the simulated model, the
experimentally synthesized nanoparticles exhibited a controlled size between 100 and 125 °C.

In the absence of silica interaction with copper, spherical Cu nanoparticles are
formed depending on the reaction temperature. Pascu, Cacciuttolo, Marre, Pucheault and
Aymonier [34] studied the control of surface morphology, composition, and properties under
kinetic control. The metal charge (wt.%) and the metal type (Cu, Sn, Pt, and Pd) supported on
SiO», and Pd supported on different oxides (SiO2, CeO., TiO2, Fe>O3) exhibited different
material architectures. The authors reported that homogeneous kinetics, followed by
heterogeneous growth in the formation and deposition of nanoparticles, did not depend on the
support type. The increased precursor load increased the nanoparticles' size since for 1 and 5
wt.% of Pd, the Pd nanoparticles' size in SiO2 was 4.5 and 9 nm. Metallic nanoparticles

supported on oxides by SCFD proved to be a versatile way to manufacture active materials.
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Sorption of magnesium surfaces decorated with Pd, Ni, and Cu nanoparticles is
widely studied to improve hydrogen storage [35-37]. The biggest challenge is to keep these
catalytic nanoparticles close to the magnesium surface. Denis, Sellier, Aymonier and Bobet
[37] studied the hydrogen sorption properties of magnesium particles decorated with metallic
nanoparticles (Cu, Ni, and Pd). The authors used the first-order Avrami-Erofeev model, which
considers the Fick equation and the Johnson-Mehl-Avrami model. The Cu particles indicated
good sorption kinetics at high temperatures (300 °C - absorption and 330 °C - desorption),
resulting from improved chemical bonds between Cu and Mg.

Pd nanoparticles were deposited in magnesium-scandium alloys by SCFD to
improve hydrogen sorption [38]. Tetravalent metal ions, such as Sc, destabilize the MgH>
compound, inducing the conversion of the rutile structure of MgH: to the fluorite structure
MgScHo. Therefore, this phenomenon improves kinetics due to the formation of octahedral and
tetrahedral sites in the compound MgScH> [39]. The sites facilitated the transfer of hydrogen
atoms, acting as a transport channel. The sample's absorption kinetics produced at 80 °C, Py, -
0.5 MPa, Pcq, - 23.5, Pd - 1 wt.%, time - 2 h, is illustrated in Figure 4 [38]. The authors reported
that the Pd@Mgo.65Sco.35 nanocomposites absorbed 4.7 wt.% hydrogen during the activation
cycle. The passivation of the sample caused by treatment with SCFD affected the experimental
comparison with the theoretical. The kinetic curve consisted of two stages, indicating two
different hydrogenation reactions. The first was regarding the decomposition of Mgo.¢5Sco .35,

and the second corresponded to the reaction between hydrogen magnesium.

51 300 °C - activation
X-Ray pattern 2 —>

2 X-Ray pattern 1 —>

Weight % hydrogen absorbed

0 10000 20000 30000 40000
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Figure 4. Hydrogen activation kinetic for Pd@Mgo.¢5Sco.35 compound, under 1 MPa of H> and
300 °C. Adapted from Couillaud et al. [38], with permission from Elsevier.
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4. ScCO: applications in the synthesis of catalytic nanoparticles

The obtaining and design of metallic nanoparticles are of interest to the scientific
community and industrial sectors. They display high surface area at the nanometer scale, and
the optical, magnetic, photocatalytic, and electrical properties of these materials become
sensitive due to the particle's size and shape [12, 40-42]. Supercritical technology for particle
engineering and design is recognized for being environmentally friendly and offering an
effective path to sustainability, due to the non-generation of contaminant residues that can cause
pollution of air, soil, and water-lint [43]. The metal nanoparticles' catalytic properties depend
on the nature of the particles' bonding to the substrate’s surface. Hence it is closely related to
the manufacturing process. The use of supercritical fluid to synthesize catalysts allows
generating materials with high catalytic activity in chemical reactions [44].

Particle formation can occur through various processes using scCO». They are
classified according to the role of scCOz in the process, as illustrated in Figure 5. ScCO> can

act as a solvent, anti-solvent, solution nebulizer, extractor and anti-solvent, and solute [14].

* Gas antisolvent

Rapid expansion of SC solution « SC antisolvent
* Intoa liquid solvent * Particles by compresed antisolvent
* Intoan aqueous solution * Aerosol solvent extraction system

¢ With a non solvent ‘ » Atomized rapid injection for solvent extraction
Nebulization
compound

’ Gas-.assmted Mehing atom|zat|o.n * CO, assisted nebulization with a bubble dryer
Particles from gas-satured solution ;i : N
* SCfluid-assisted atomization

* Pressure reduction of gas-expanded liquids

Extractor and
Antisolvent

* SC fluid extraction of emulsions

Figure 5. Several scCOz roles on the particle formation.
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4.1. Adsorption and conversion of metal complexes on surfaces in the presence of scCO>

The thermodynamic equilibrium represented by the adsorption isotherm is the
limiting factor in determining the amount of metal complexes loaded into the adsorbent. The
metal complexes' affinity with scCO2 and the adsorbent support and the interaction forces
related to temperature and pressure changes are determined by an adsorption isotherm [45].
Thus, it is essential to understand the thermodynamics behavior for the process development
using scCO: technology. High-surface area substrates, usually carbon-based materials, the
adsorption of metal complexes occurs within the pores, which results in the formation of a
surface monolayer coating, represented by Langmuir-type isotherms when the precursor metal
exhibits moderate solubility in scCO; [46].

Metal loading during supercritical impregnation can be adjusted by loading the
support with the metal complexes. The amount depends on the adsorption isotherm of the
precursors. The adsorbed precursors are converted to metal by the ex-sifu pathway, usually at
low pressure after the depressurization process [12]. In situ conversion consists of the precursor
being initially converted to the metal in the vessel using conversion agents such as H> gas or

organic substances (alcohol) in scCOx.

4.3. Effect of process variables

High-performance catalytic system applications under supercritical process
conditions offer viable alternatives for developing sustainable industrial processes based on
green chemistry applications [47]. Process conditions, such as the type of metal precursor,
temperature, pressure, and deposition time, were optimized in the deposition of Pt nanoparticles
dispersed in y-Al2O3 [48]. The authors used inorganic metal precursor salt, justified by the high
cost and complexity of synthesis when using organic metal precursor salt. The largest dispersion
of Pt particles (41.8%) occurred from the precursor Na>PtCls, while the smallest used
Pt(cod)Cl: as the Pt precursor salt, indicating 25.6% Pt dispersion. The largest Pt charge (0.37
wt.%) and smaller particle size (1.5 + 0.4 nm) were also obtained from the precursor NaPtCls.
The authors attributed the high particle dispersion due to the ethanol used as a co-solvent, which

improved the inorganic precursor solubility in scCO2 [49].
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Regarding the temperature, the increase from 35 to 40 °C increased the Pt
precursor’s dispersion because of the increased diffusion coefficient of scCO2 [48]. The
smallest particle size was obtained at 40 °C. The pressure analyzed from 9 to 17 MPa indicated
a decrease in the Pt particle size, followed by an increase. The time of 3 h led to the formation
of smaller particles. A short time will not allow the diffusion of Pt in the support. The Pt/Al>,O3-
NayPtCls catalysts exhibited high catalytic activity in cyclohexane dehydrogenation with
increasing Pt load, demonstrating future industrial applications.

Table 3 displays the metal catalysts impregnated in the last seven years using
supercritical technology, such as Pd and Pd-Ag in Al>O3 at 45 to 60 °C of temperature and 15
to 24 MPa of pressure for application in the acetylene ethylene hydrogenation reaction [50].
The authors assumed that the reaction occurred on the catalyst surface and not inside the pores.
The increased temperature and pressure for Pd impregnation decreased the degree of acetylene
hydrogenation. Ag impregnation after Pd impregnation improved the hydrogenation degree
(close to 96%) and decreased pore volume to 0.289 cm? g

Cobalt oxide nanoparticles were deposited on porous silica support through
supercritical fluid [51]. The first stage (deposition) consisted of using the temperature at 70 °C,
with a pressure of 11 MPa for 3 h. A study with different pressures (6, 11, 14, 17, and 20 MPa)
for the second stage (decomposition) demonstrated that the maximum content was 2.90 wt.%
with the pressure of 14 MPa at 200 °C lasting 3 h. The authors found that metal loading
increased with the thermal degradation time of the precursor. The maximum value was 3.4 wt.%
Co at 120 min, demonstrating that the decomposition step should not exceed 1 h. When the
variable analyzed was time, the combination of 3 h in the first stage (70 °C, 11 MPa) and 1 h
in the second stage (200 °C, 14 MPa) presented 4.30 wt.%.

According to Table 3, current studies little explore the process variables during
impregnation to synthesize metal catalysts. TiO> dispersed Pt was synthesized in supercritical
condition at 300 °C and 20 MPa for photocatalytic application in solar fuels [52]. The study
proposes to compare Pt in TiO> with commercial TiO» catalysts. The results were better or
similar, producing a catalyst with high surface area and pore volume. The authors pointed out
that the supercritical impregnation method was more ecological and scalable than traditional
techniques that are expensive and laborious procedures.

For studies that verified the influence of variables, Pt, Ru and Ni were impregnated

in graphene oxide under different experimental conditions varying pressure and temperature in
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3 steps: impregnation using scCO» and reduction with H2/N> or Ho/CO; [53]. The particle size
evidenced by transmission electron microscope (TEM) was increased from 4.6 £ 0.1 to 5.4 +
0.2 nm compared to the reduction step at Ho/N> at 200 °C with Ho/CO» at 80 °C. The initial
precursor concentration in CO; was relevant as the metal charge increased from 0.4 + 0.2 to 6.6
+ 0.2 wt.% when the concentration changed from 2.2 107 to 4.5 107 y. The catalytic activity
of metals in reduced graphene oxide (rGO) was observed in the limonene hydrogenation
reaction. The catalyzed reaction for 60 min using Pt/rGO, reduced in H2/CO., showed 78%
conversion. For the same scenario using Ru/rGO, the conversion was 77%. Compared with
commercial Ru/C catalysts, for the same reaction time of 60 min, the conversion was 42%. The
authors associated the high activity and selectivity with the support structure's 2D opening,
which promoted the adsorption of compounds and desorption of intermediate products.

The temperature, pressure, and reduction medium were analyzed for mesoporous
silica impregnated Pt bimetallic catalysts for application in the furfural hydrogenation reaction
[54]. For reaction time of 150 and 180 min, the Pt catalyst demonstrated the highest conversion
(73% for both times), impregnated at 60 °C and 13.0 MPa, and reduced in H2/CO; at 80 °C.
The authors observed that the nanoparticles deposited by the H2/CO; reduction methodology
grew larger than the reduction in H2/N». Even though the CuPt and RuPt bimetallic catalysts
showed lower activity to furfuryl alcohol than Pt, they were the more selective and reduced cost

when incorporated into Pt.
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Table 3. Summary of catalysts obtained by scCO»
Reduction/ Reductlpn/ Reduction/
Temperature Contact . conversion . .
Catalyst o Pressure (MPa) . conversion conversion Application Reference
°O) time (h) . temperature .
medium o time (h)
°C)
H>—N» .
Ruon C 80 8 4 (10%- 350 3 Hydrogenation of 20]
butanone
90%)
Pd and Pd-Ag at Al20s 45,50.55 51504 033  H 250 2 Hydrogenation of [50]
and 60 acetylene
0.0, on MCMA 70and 200 910 30 13 NA N/A N/A Catalysts [51]
(mesoporous silica)
Pt dispersed on TiO2 300 20 2 N/A N/A N/A Solar cell production [52]
200 (Pt) and . .
Pt, Ru, and Ni on graphene 60 and 80 10 and 13.5 24 Hy/N; 400 Ru, 5 Partial Hydrogenation of 55,
Ni) limonene
200 (Pt) and
Pt, Ru, Cu, Pt-Ru, and Pt- 400 (Ru, .
Cu on mesoporous SiO: 60 to 80 13 and 13.5 1to4 Hy/N» Cu. and Pt 4 Hydrogenation of furfural  [54]
bimettalics)
Co on MCM41 70 11 3 N/A N/A N/A CO oxidation reactions [55]
10 % Hydrodesulfurization of
Al>0O3 supported MoP 300 and 400 25 1-2 Hay/Ar 500 4 methyl-3- thiophene [56]
Pd on pristine graphene, oy
reduced graphene oxide, C 50 18 5 N/A N/A N/A Electro-oxidation of 157]
formic acid and methanol
nanotubes, and C black
PURu-Ni, Pt-Ru, and Pton 4, 16 4 N/A N/A N/A Oxidation of methanol ~ [58]
graphene
Pd supported on
amphiphilic functional 40 25 N/A H> 35 3 Heck reaction [59]

copolymer
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Pt on Vulcan XC-72
(carbon)

Pt on TiO», Al,Os3, and
mesoporous silica

Pt on graphene

Pt-Ru on graphene

Rh-Pt on SBA-15
(mesoporous silica)

Pd on mesoporous Si0>
Pt on mesoporous graphene
aerogel

Au and Au-Ag
nanoparticles on BP2000
(carbon black), y-Al>03,
TiO2, and B- cyclodextrin
Pt-Cu on mesoporous
carbon aerogel

Pt and Pd-Pt nanoparticles
on porous carbon

PtIrCo nanoparticles into
3D carbon aerogel
PtsoFeeo on 3D graphene
Pt/graphene sheet
composites

Carbon aerogel supported Pt
nanoparticles

50

80

200
(H2 + COp)
200
(H2 + CO»)

40
80
35

80

35
40-70

82
60
70

80

13.2

15.5

16
(Hz + CO»)
16
(H2 + CO»)

17.24
17.2
10.7

15.5

10.7
N/A

20
15.2
24.5

27.6

12

20

N/A

N/A

20

N/A

0.5

48

N/A

Hz, Na,
and scCO»

H> and
scCO»

H; + CO,

N/A

Room and
200 (H»)
200 (N2)
120 (scCO»)

25 and 80
300
N/A

400

80
200, 400,
600 and 800

80

200
N/A

600 and 900
N/A
200

200, 400,
600, 800,
and 1000

4 (Ho)
4 (N2)
6 (scCO2)

L.5

N/A

N/A

N/A

4

Proton Exchange
membrane fuel cells

Catalyst
Direct methanol fuel cells

Direct methanol fuel cells

Hydrogenation of
terephthalic acid in water
Catalysts

Oxygen reduction reaction

Chemical reactions

Oxygen reduction reaction

Hydrogenation of furfural

Methanol oxidation and
oxygen reduction reaction
Oxygen reduction reaction

Methanol electrooxidation

Oxygen reduction reaction
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[60]

[61]
[62]
[63]

[64]
[65]
[66]

[67]

[68]
[69]

[70]
[71]
[72]

[73]
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Pt on C nanotubes

Ag nanoparticles on lignin-
derived electrospun carbon
nanofibers

N, Co, and N-Co carbon
aerogel nanostructures
Fe304 nanoparticles on
hierarchical porous carbon
Pt-Cu on carbon aerogel and
Vulcan XC-72 (carbon)

Pt-Fe and Pt-Fe-Co on
porous graphene cellular
monolith

Pb on C nanotubes

Ru/polydimethylsiloxane
nanocomposites

Pt-Fe, Pt-Ni, and Pt-Cu
decorated graphene

Cu nanoparticles on C
nanotubes

Al-modified SBA-15-
supported Ru

Pt nanoparticles on
graphene nanoplatelets and
carbon black

200

36

70

200

80

50

200

40

60

200

40

35

10

17.2

20

20

17.2

25.3

10

10.34

24

10

17.24

12

24

N/A

24

24

24

N/A

5% Hj3 in
CO»

10%
N2/H»
H; and N»

N/A

H> and
scCO,
borane
tetrahydro
furan and
scCO,
5% Hz in
CO,

N>

N>

4.5% H> in
CO»

H>

N>

200

180

800

N/A

135

60

200

250

400

200

400

400

0.5

2 and 4

N/A

0.5

CO; electroreduction

Oxygen reduction reaction
in alkaline fuel cells

Oxygen reduction reaction

Lithium coin cells

Polymer electrolyte
membrane fuel cells

Oxygen reduction reaction

CO; electroreduction

Catalytic growth of semi-
conductor nanowires and
biomedical applications
Polymer electrolyte
membrane fuel cells

CO:3 electroreduction

Hydrogenation of dimethyl
terephthalate in water

Polymer electrolyte
membrane fuel cells
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Pd nanoparticles on SBA-15
(mesoporous silica)

Pd on multi-walled C
nanotubes

Ru on C nanotubes

Pt nanoparticles over
polyethylenedioxythiophene
/carbon composites

V205 on C nanotubes
Nanosilicon and carbon
nanotubes incorporated in
the folded graphite layer
(Si/CNTs@FG)

Alumina-supported Pt-CeOx

Undoped and Cu-doped
TiO2 nanofibers

Pd nanoparticles in the
mesopores of hierarchical
porous SiO:

Copper selenide decotared
with graphene oxide
v-Alumina supported Pd
nanoparticles

Reduced graphene oxide-C
black

80

90

45

70

170

70

60

40, 60, and
80

60

200
(reduction)

90

35

17.2

27.6

17

24

28.96

12

14.2

20 and 24

20

20 (reduction)

27.6

12

N/A

N/A

20

24

N/A

H; and
CO;

H; and
CO;

Ho-N; (10-
90%)

N>

N/A

N/A

5% Hj3 in
N>

N/A

H; and N>

N/A

H; and
CO»

N>

N/A

350

200

N/A

N/A

350

N/A

200

N/A

900

400

24

N/A

N/A

N/A

N/A

N/A

Suzuki—Miyaura C-C
cross-coupling reaction of
a phenylboronic acid and
bromobenzene

Suzuki cross-coupling
reaction of a
phenylboronic acid and
bromobenzene

Chemical industry

Proton exchange
membrane fuel cells

Electrochemical capacitors

CR2025 coin-type half
cells

Water-gas shift reaction

Photocatalytic reduction of
CO2

Hydrogenation of styrene
to ethylbenzene in
methanol

Electrochemical sensing of
eugenol

Suzuki-Miyaura coupling
reactions

Proton exchange
membrane fuel cells
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Ru nanoparticles onto SiO>
SBA-15

Ru nanoparticles supported
on activated C

Pt nanoparticles over
graphene nanoplatelets

Cu on C nanotubes

80 (scCO2)
80 (scHa-
CO»)

35 (sc 10%
EtOH + CO»)

45
35

200

13.5-19.3 (s¢CO»)
14 (scH2-CO2)

8.5 (sc 10% EIOH %
+COy)

10 4

12 N/A

10 1

H2/N»

H>-N» (10-
90%)

Nz

5% Hz in
CO»

150, 200
and 400
350

400

200

3and 5

0.5

Hydrogenation reactions
of benzene and limonene

Hydrogenation reactions

Proton exchange
membrane fuel cells

CO:3 electroreduction
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4.4. Electrocatalysts for energy storage systems

ScCO:; deposition results in highly dispersed nanoparticles with limited particle size
[73]. Besides, this method does not disturb the nanostructure, which can be disrupted due to
capillary pressures during impregnation drying. To obtain electrical conductivity, high
electrode-specific surface area, and chemical stability, carbon-based materials such as reduced
graphene oxide must be homogeneously dispersed to promote effective charge transfer between
the nanoparticles and graphene sheets [95, 102]. In this context, supercritical deposition has
been a solution to this need, and it has been a viable technique for producing electrocatalysts
that outperform commercial electrocatalysts.

Pt nanoparticles were deposited on a Vulcan VX-72 carbon support at 13.2 MPa
and 50 °C for application to proton exchange membrane combustible cells (PEMFCs) [60].
Three precursor conversion routes were evaluated: 1) thermal conversion to N»; 2) thermal
conversion to scCOz; 3) chemical conversion to H>. The mean Pt nanoparticle diameters
evidenced by TEM were smaller for route 1 (1.7 nm) and larger for route 3 (6 nm). The Pt
electrocatalyst deposited by route 1 presented the highest peak power density with a value
190 mW cm, proving to be a suitable route for preparing PEMFCs catalysts.

The deposition of Pt in graphene nanoplatelets (GNP) and carbon black (CB)
occurred under lower temperature and pressure of scCO: [85]. For this purpose, Pt was
deposited in different GNP/CB (w:w%) ratios at 35 °C and 12 MPa. The 60:40 ratio carrying
0.4 g Pt cm™ indicated the best performance in the polymer electrolyte membrane fuel cell,
comparable to the commercial ETEK catalyst. The high surface area and small pore volume
resulted in greater accessibility of the Pt nanoparticles. The nanoparticles for all ratios were
well distributed in the support. However, some of them were electrochemically inactive due to
the surface’s occlusion caused by the support.

Sarac Oztuna et al. [66] evaluated the precursor conversion temperatures to metal.
The average particle size increased from 1.2 to 2.9 nm when the temperature was changed from
400 to 800 °C. The authors deposited Pt in porous graphene aerogel for application in the ORR.
The sample impregnated at 600 °C and 10.7 MPa exhibited the largest electrochemical surface
area (102 m? g'!). The sample impregnated at 800 °C demonstrated the lowest mass activity (12

mA mgp.!) and electrochemical surface area (43 m? g'!) due to Pt nanoparticle agglomeration,
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resulting in a high specific activity. scCOz deposition techniques allow controlled modification
of nanoparticle size distribution.

In general, SCFD studies evaluate the metal charge in the catalyst composition. Ag
nanoparticles' catalytic activity deposited on lignin-derived electrophilic nanofibers under
supercritical conditions was evaluated for alkaline cells [75]. The deposition in the scCO-
environment at 36 °C and 17.2 MPa followed by heat treatment in H2/N> at 180 °C analyzed
Ag and nanofibers ratios (1:1, 2:1, and 3:1). scCO> promoted Ag reduction, and heat treatment
allowed conversion into Ag nanoparticles.  Scanning electron microscopy (SEM)
characterization indicated that increasing the Ag ratio increased nanoparticle size from 35 to 73
nm, as illustrated in Figure 6. ORR’s electrochemical results in 0.1 M KOH indicated a high
catalytic activity by the theoretical pathway with a value close to four electrons. The
composition containing 15 wt.% Ag on the nanofibers exhibited the highest mass activity (119

mA mg!') with better results than the commercial Pt/C catalyst (98 mA mg™).

) ()%«

Figure 6. SEM micrographs of the Ag/electrospun carbon nanofibers electrocatalytic systems
with the Ag loading amount a) 11, b) 15, and c¢) 25 wt.%. Adapted from Lai et al. [75], with

permission from Elsevier.

Three electrocatalyst synthesis methods were compared to demonstrate the
advantages of SCFD [83]. Cu nanoparticles deposited in CNT were synthesized by
precipitation, microemulsion, and supercritical deposition for application in the electrochemical
reduction of COx. The highest yield of Cu deposition in CNT occurred by precipitation (89.7%),
followed by SCFD (85.1%). The microemulsion method showed the lowest yield (59.3%). The
highest CO> conversion rate occurred with the catalyst produced by SCFD, while the lowest
rate occurred with the catalyst obtained by precipitation. Diffractogram peaks corresponding to

metallic copper nanoparticles were only obtained by SCFD. The precipitation method led to the
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formation of a mixture of copper oxides. To the authors, the SCFD method demonstrated great
potential for the synthesis of electrocatalysts.

The comparison of methods for the synthesis of Pt electrocatalysts was also studied
by Das et al. [103]. The authors compared the SCFD (Pt/G2) and microwave irradiation (Pt/G1)
method in the synthesis of Pt supported on graphene nanoplatelets for converting the energy in
PEMECs. The catalyst synthesized by SCFD had a smaller particle size (1.5 nm) than synthesis
by microwave irradiation (3.4 nm). The SCFD method led to a decrease in the degree of
agglomeration of nanoparticles during the reduction process, caused by the high interaction of
the adsorbed precursor ions and the support material’s surface. Cyclic voltammograms are
illustrated in Figure 7-a-b. The electrochemical surface area (ESA) of the catalysts was
calculated from the hydrogen adsorption and desorption peaks. Before aging, the ESA of Pt/G2
ESA was 87.2 m? g'!, while Pt/G1 24.2 m? g'!. After aging, the value obtained was 51.4 and
10.7 m? g'!, respectively. The higher ESA of Pt/G2 resulted from the smaller particle size and
better interaction between Pt nanoparticles and graphene. Moreover, the Pt/G2 catalyst

demonstrated better performance in regions of higher and lower current density in PEMFCs.

0.0008 1 0.002
Pt/G1

0.001 |

0.000

-0.001

Current, A
Current, A

-0.002

- — — - - o 1 0.003 +— - - — v —
-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 0.2 0.0 0.2 04 0.6 0.8 1.0 1.2

E, Vvs NHE E, V vs NHE
() (b)

Figure 7. Cyclic voltammograms taken before and after the aging test in 1 M H2SO4 at a scan

rate of 50 mV s™! for the synthesized a) Pt/G1 and b) Pt/G2 catalysts. Adapted from Das et al.

[103], with permission from Elsevier.
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5. Combination of deposition techniques

A combination of techniques can be used with scCO», such as electrodeposition
consisting of a power supply, anode, and a cathode within the vessel to obtain specific material
characteristics. The addition of surfactants to the electrolyte enables emulsion formation that
provides improved properties and better aesthetic finish to metal alloys [104]. However, this
technique is made difficult when applied on a large scale by the high cost of pressure equipment.
Large-scale production has been suggested to use high-intensity ultrasound technology to form
a homogeneous emulsion [105]. The application of ultrasound in a liquid medium promotes the
acoustic cavitation phenomenon, promoting the formation and subsequent collapse of

microbubbles, increasing the fluidity in the fluid medium [106, 107].

6. Patents on nanoparticles deposition and production using scCO:

The invention of methods and devices for nanomaterials involving supercritical
fluid has been patented in the last decade. Heggstrom et al. [108] developed a device for the
nanoparticles’ production by the controlled expansion of pressurized solutions. The system
consists of 1) pressure chamber - Mix the organic substance with the supercritical fluid; 2)
nanoparticle collection chamber; 3) outlet tube - Connects the pressure chamber to the
collection chamber; 4) one or more second nozzles. The outlet tube was configured to control
the mixture's pressure, and the first nozzle is configured to allow expanding the mixture into
the collection chamber. The invention allowed the production of nanoparticles smaller than 20
nm using a gradient pressure reduction process.

Su et al. [109] developed a scCO> deposition method of gold nanocrystals adsorbed
on the graphene sheet. The deposition occurred between 115 - 125 °C, 10 - 12 MPa, with the
mutual electrostatic attraction of gold ions and graphene oxide. The uniform distribution of
nanocrystals and minuscule grain size makes applying this method in areas such as catalysis,
energy storage, and lubrication.

Nano-silver/graphene composites were prepared by SCFD. The conditions for
deposition occurred between 10 ~ 15MPa and 60 ~ 90 °C [110]. The nanocomposites exhibited
controllable load capacity, single-phase and small grain size, and uniform distribution between

graphene nanofibers' layers. The authors report that the preparation method is simple, fast, and
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provides minuscule-sized nanoparticles, with a 5-10 nm diameter. Other applications of scCO2
include the control of agglomeration of nanoparticles in the electroplating process [111],
methods of preparing graphene composites/metal oxide nanoparticles [112], and the production
of cadmium sulfide nanoparticles [113]. In general, patents report uniform particle size,

simplicity, and low cost of the process.

7. Critical discussion and economic approaches

The morphology, surface area, and pore volume are affected by scCOz process
variables such as pressure, temperature, and processing time. The metal precursor's solubility
is a relevant issue in successfully using scCO- technology for effective impregnation. However,
most studies conducted have not yet evaluated the synergistic effects among the main process
variables. The volume rate of CO> is most often not considered a process variable. Bilalov et
al. [50] reported that impregnation efficiency decreased as the CO; flow rate increased. A higher
solvent flow indicated a shorter contact time between CO; and the substance to be developed,
resulting in a lower concentration of palladium chloride in CO>. The ideal range of CO; flow
rate was 1 to 5 mL min™'. The contact time had a greater hydrodynamic effect of improving
mass transfer than the high flow rates. The intensification of turbulence in the high-pressure
reactor is another essential factor that can increase the diffusion of CO> inside the material,
increasing the mass transfer coefficients.

Although the results in recent years have proven the scCO: impregnation
technique's viability, there are no reports involving the process’s financial viability for
nanoparticles. Economic evaluation has been applied to several scCO> processes, such as
extracting bioactive compounds [114, 115] and phytonutrients [116]. Commercial software
such as SuperPro Designer® estimates the economic viability (US$ kg!) considering the fixed
capital investment, raw material costs, equipment, operational labor, waste treatment, and
utilities (water, electricity, and steam). Direct costs (electrical installations, instrumentation,
and installation, etc.) and indirect costs (insurance, human resources, engineering, and
construction, etc.) are also considered in the simulation of the economic evaluation [116].
Promoting economic feasibility studies in a materials synthesis process is necessary to attract

investment from the industrial sector and large-scale production.
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8. Conclusions and future perspectives

This review demonstrated the potential of scCO> for the impregnation of metal
nanoparticles, oxides, among other materials. The nanoparticles'’ morphological and
physicochemical characteristics can be changed depending on the metal complexes' interaction
with the support material’s surface, the reactions that occur on the surface, and the nanoparticle
conversion method. Studies involving these mechanisms are limited and need further study.
Computational simulation, along with experimental methods, could be an alternative to describe
through modeling the properties of nanoparticles, such as selectivity and reaction conversion,
according to the SCF state. Exploring the synergy between process variables (flow rate, contact
time, temperature, and pressure) and economic feasibility studies are relevant to promoting this

fashionable ecological technology.
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Abstract

The search for innovative technologies to meet the needs of efficient and sustainable production
motivates the development of research on new materials. Ni-Co-W alloys have been studied for
replacing chromium due to their superior wear, hardness and corrosion properties. In addition
to these properties, Ni-Co-W alloys have remarkable mechanical resistance and thermal
stability, which confers the various applications, such as microsensors, thermostable films,
anticorrosive coatings, electrocatalysts, and generation of electronic images, among others.
However, the management of the parameters that influence the electrodeposition of metallic
layers, whose features can be obtained by the optimization of the operational and solution
parameters, have attracted the attention of researchers. The change of parameters such as speed
agitation, electric current density, temperature, reagent concentration, and pH can modify and
improve the features of the electrodeposited layer (accession to the substrate, homogeneity,
hardness, corrosion resistance and embrittlement by hydrogen), which is of great importance
for industrial applications. In this sense, this chapter aims to demonstrate the effect of

operational parameters on morphology, corrosion resistance, and composition.

Keywords: Anti-corrosive materials; microstructure; magnetic materials; electrochemical

synthesis; electrodeposition; adhesion; corrosion resistance; bath composition.
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1. Introduction

Coatings containing chromium are widely applied in engineering due to the anti-
corrosive properties and for presenting a low coefficient of friction and detachable hardness [1].
However, the solution contains toxic chromium ions and by European directives legislation
(2000/53/WE and 2011/37/UE) should no longer be used. With the challenge of replacing
chromium by other metals, Ni coatings combined with refractory metals have become a source
of study for appropriate, promising and environmentally friendly alternatives [2, 3]. Other
common challenge is to use less current density without impairing the alloy characteristics.

The electrodeposition of alloys using electrolytes allows uniform coatings to be
obtained, being an economical and simple method, and quite applicable when the melting point
of the metals involved has a larger range (N1 - 1445 °C, Co - 1495 °C, W - 3410 °C). In addition,
the conventional method could lead to the embrittlement by hydrogen, due to the release of
hydrogen that would diffuse between the lattice of the substrate, generating failures in the
sample [4]. Industrially the electrodeposition using direct current it is the most applied. Savale
(2018) considered that this method is easier to reproduce and can provide more control over
film thickness when compared to methods as anodization or sputtering deposition [5].
Moreover, metals used to form alloys have an important role to attribute specific characteristics.

Ni-Co alloys have been studied because of the characteristics of a micro
mechanically hard material. The researchers have sought to investigate correlations between
operating conditions that confer microstructure, microhardness and specific mechanical
properties in the material [6-10]. Besides, the electrodeposition process is complex, which
involves transport phenomena, material and surface science, and solid-state physics [11]. Thus,
there is a range of parameters that can influence the alloy, according to Figure 1, so that the

variation of these provides the fabrication of materials with specific properties and applications.
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Figure 1. Representation of the parameters studied in the electrodeposition process of Ni-Co-

W alloys. Adapted [12] Copyright 2019, Surface & Coatings Technology

In this sense, this chapter approaches with the Ni-Co-W ternary alloy development
techniques and studies addressing each metal isolated and together with another metal,
highlighting the tendencies of the use of these materials and the influence that the

electrodeposition parameters have on the characteristics of the final material.

2. Metallic alloys

The electrodeposition of coatings allows the synthesis of materials for various
applications, such as computer industry, anti-corrosion materials, heat conduction, anti-erosion
coatings, fuel cells, anti-wear and magnetic materials, connectors and electrocatalysts [12]. In
the coating of metallic parts, the electrodeposition is quite accepted and relatively simple, which

produces coatings with nanocrystalline or amorphous structures. There are cases which the
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alloy structure can be modified by the operating parameters such as the change in current

density, which produced different crystal structures, as shown in Figure 2.
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Figure 2. X-ray diffraction patterns of the Ni-Co-W alloys under different electrodeposition

conditions.

At 100 A m the Ni;7W3 with crystallographic planes (200), 50.88°; (220) 74.82°
(JCPDS n° 65-4228); and Co4 (111) 43.90° (JCPDS n° 01-2927) indicated a cubic crystalline
system for both elements. For the same temperature of 30 °C, 15 rpm and 500 A m™ were
obtained crystalline structures of Co (100), 41.68° (JCPDS n° 05-0727); Ni (111), 44.60°
(JCPDS n° 03-1043); and W (220), 64.91° (JCPDS n° 88-2339) indicating hexagonal

crystalline system for cobalt and cubic for nickel and tungsten.
2.1. Nickel alloys
Nickel is one of the most commonly used metals in the galvanizing process and can

be introduced into various metal alloys. Binary or ternary alloys are commonly found with

combinations of nickel, iron, zinc, cobalt, copper, and aluminum. Ni coatings with other metals
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promote modifications in the crystalline structure of Ni. The nickel binary alloy containing iron
is commonly studied since it can the junction of these metals promote the formation of a cubic
crystalline structure with a centered body, which attributes hardness to the material. However,
the combinations between metals must be evaluated, since, during the formation of coatings
with two or more metals, the interaction of the particles does not occur in the same way as if
there were only one metal. For example, the Fe-Ni alloy provides improvements in the
characteristics of the material, however, in the electrodeposition process, microcracks can arise
due to internal stress during the formation of the crystalline lattice [13, 14].

One of the main applications of nickel in industry and the urban environment is in
anti-corrosive materials. The corrosive process in metals, especially in more aggressive
environments, can be controlled with nickel-enriched sacrificial alloys, replacing toxic alloys
composed of chromium and cadmium. In Ni alloys used to retard corrosion, the weight percent
of that metal is between 10 and 15%. This amount of nickel allows the formation of a more
evident y phase in the morphology, which consequently makes the coating more regular and
hard [15].

Ni-Fe and Ni-Zn binary alloys are preferably used to improve the corrosion
resistance of metals such as steel, which is one of the metals most consumed. Other
combinations, such as the Ni-Co-Fe ternary alloy, impart ferromagnetic properties to the
material; however, in ternary alloys, strict control is required during electrodeposition, since
these are more susceptible to cause changes in the material due to phenomena such as

anomalous co-deposition [16].

2.2. Tungsten alloys

Tungsten has the characteristic of being co-deposited only with other metals, that
is, it is not deposited alone, and this characteristic is known as induced co-deposition, as shown
in the diagram of Figure 3. The process of co-deposition occurs because a metal, generally, of
the ferrous group begins to undergo reduction and forms a layer that catalyzes the tungsten
allowing its deposition. As a consequence of the induced co-deposition process, the tungsten
alloys are not able to reach 100% of the faradaic efficiency, because during the
electrodeposition of this metal, even with low currents, the hydrogen evolution and the increase

of the tungsten percentage in the alloy form oxide plates [17]. During the electrodeposition the
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hydrogen can be adsorbed on the inductive metal layer, requiring a greater transfer of the

payload and decreasing the faradaic efficiency [18].
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Figure 3. Proposal for an electrodeposition mechanism of Ni-Co-W alloy. Adapted [19]
Copyright 2016, Surface & Coatings Technology

Despite the specificities to occur the electrodeposition of tungsten, this metal can
be easily deposited and attribute improvements to the characteristics of the coating. Studies
indicate that materials containing a certain amount of tungsten have amorphous properties,
producing a material with thermodynamically stable intermetallic components [17]. An
amorphous structure can be active incorporating tungsten into the crystalline layer of metals
such as iron, nickel, and cobalt. Tungsten atoms can increase the main internal distance of the
atoms and changes crystals arrangement. The crystallinity of the coating directly interferes with
the abrasion resistance and corrosion protection. Corrosion resistance can be improved in alloys
with percentages tungsten about 18%, with structure is partially amorphous. Due to certain
concentrations of the induced metal, large deformations of the intermetallic structure can be
caused, being able to form partially amorphous structures with percentages between 10 and

20% of tungsten, and amorphous structures with percentages above 20% [20].
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Depending on the internal structure of the tungsten alloys, the coating has similar
mechanical and tribological properties to the chromium-containing materials, and tungsten has
the advantage of being non-toxic and does not harm the environment. These characteristics of
the metal are also added to the corrosion resistance, temperature resistance and magnetism of
the alloy, which allows the use of tungsten alloys in electronic equipment. Other uses for these
alloys are the electrocatalysis of hydrogen, deposition in the reentrance of microstructures and
electrodeposition of alloys in nanotubes, foams, and gas diffusion layers for application as
electrocatalysts in oxygen reduction/evolution reactions [21, 22].

The parameters of the electrodeposition (rotation, current density, temperature) of
metals interfere in the formation of the material, for example, tungsten alloy with cobalt
deposited at a low current value tends to be magnetic. Nevertheless, it is not only the tungsten
that modifies the coating properties, but the association between this metal and the parameters

used is also another important factor.

2.3. Cobalt alloys

The use of cobalt is common in superalloys applied in gas turbines and aerospace
vehicles. Cobalt superalloys were originally used to withstand internal stress arising from
temperature. With the development of new materials and the need to replace toxic metals, other
properties of cobalt were explored, some of them were the resistance of the metal to oxidation
and corrosion. Ni coatings containing W and P, and Co-W have become potential substitutes
for hard chromium, while cobalt-rich alloys have stood out due to low coefficients of friction
and good properties related to wear. Sliding wear tests on the Co-W alloy, presented better
results in wear rate for high loads, with a lower coefficient of friction, compared to chromium
[23]. These tribological properties of the alloy containing cobalt are associated with its compact
hexagonal structure and the resistance of adhesive interactions with the counterface of the
coating.

Cobalt coatings can be obtained by applying alternative methods to
electrodeposition, however, this makes the process of formation of hexagonal structures more
unpredictable. With the use of electrodeposition to apply thin layers of cobalt, there is a control
of the magnetic properties of the coating, creating ideal materials to be applied in electronic

equipment. Current applications in electrocatalysis suggest cobalt as one of the elements



Appendix G 277

responsible to the catalysis in the oxygen evolution/reduction reaction in metal-air cells [24-
28].

Cobalt magnetic films with low coercivity, which applications are ideal for motors
and generators were prepared from an electrolytic bath. The authors proved the direct
relationship between magnetic morphology, structure, and property, with control of the
electrodeposition parameters [29]. Saturation magnetization and coercivity are dependent on
the amount of cobalt in the film and the electrodeposition temperature [30].

In the electrodeposition of cobalt and its alloys, nanocrystalline materials can be
obtained with grains smaller than 100 nm, and as the grains decrease there is a tendency to
increase hardness. Polycrystalline (4.8 um) and nanocrystalline (12 nm) cobalt coatings were
studied [31]. In the stress of the nanocrystalline coating due to deformation was made difficult,
due to the need for greater energy to promote grain slip. Tensile and elasticity tests on
nanocrystalline coatings were better, suggesting that the plastic deformation properties of the
material may be altered.

Cobalt is preferably deposited with lower currents and in some situations its co-
deposition is anomalous. Generally, the anomalous co-deposition aim to be avoided, because it
occurs when the less noblest metal is dominate. In these case, the concentrations of metals
obtained in the deposit have non-linear proportions, and inverse to the concentrations of the

metals added in the bath [30].

3. Ni-Co-W alloys

The control of the coating characteristics towards electrodeposition parameters is
still established trough experimental process. The effects of several parameters on the passive
behavior of alloys have been studied to better understand the phenomena attributed to the
characteristics of the alloy [13, 14, 17].

Results published on Ni-Co [12, 32] and Ni-W [19, 33] alloys indicated an
improvement of properties of Ni coating, by adding Co or W. Ni-Co-W alloys demonstrated a
substantial reduction of microcracks on their nodular surface when compared to Co-W alloys
[34]. Studies indicate the application of Ni-Co alloys in parts requiring ductility, wear-
resistance, and electrocatalytic activity, whereas Ni-W alloys present amorphous

microstructure, excellent corrosion resistance, hardness and magnetic properties [35-37]. Thus,
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it is important to consider that the combination of these metals may promote specific properties
in the material.

When there is a soluble anode, the metal ions are generated according to Equations

1 and 2:

Ni + 2é - Ni?* (1)

Co + 2é —» Co?* ()
When there is an insoluble anode, such as a platinum electrode, the oxygen is

evolved:

2H,0 +4é —» 0, + 4H* 3)

In the cathode, the main reaction is the electrodeposition of Ni and Co, according
to Equations 1 and 2. In some cases when the target is a ternary alloy these are accompanied by
deposition of another element such as phosphorus, boron or tungsten.

The hydrogen evolution occurs secondarily in the cathode surface:

2H* + 2 -» H, 4

This reaction decreases pH and efficiency and can result in porous deposits if there
is no surfactant in the bath composition. Other consequences of the hydrogen evolution are the
cracks that are caused by hydrogen embrittlement due to stress among the ions [38]. High
current efficiency means that the metal deposition reaction is dominant, which minimizes the
electrochemical hydrogen source, preventing cracks to appears [39].

The variation of Ni and Co in the bath alters the coating of the metal alloy [40].
Studies used the fixed experimental conditions used were 5 A dm™ and 20 rpm for 60 min at
room temperature, as shown in Table 1, which shows the most recent studies of ternary /
quaternary alloys containing Ni-Co in the composition. By varying the concentrations of Ni and
Co, a direct relationship between higher faradaic efficiency in baths with a higher proportion

of nickel was observed. During the study, it was concluded that in the higher Ni level of the
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factorial design, Co and W were deposited with greater difficulty, however in the inverse
situation, ie, for the lower proportion of nickel of the planning, there was a high deposition rate
of tungsten and higher deposition of cobalt. For the authors, the crystallinity of the coating
depended on the presence of boron and the Ni and Co concentration in the solution, which
provided a greater deposition of Co and W with a disordered arrangement. Moreover, although
amorphous alloys were more suitable for corrosion resistance, corrosion tests proved to be

better in crystalline alloys with higher nickel concentration.

Table 1. Summary of Ni-Co-X deposits

Alloy Source of the Temperature  pH Current density ~ Reference
third/fourth (°C) (A dm™)
element
Ni-Co-W NaxWO4 25 7.5-8.0 5(DC) [40]
Ni-Co-W - 30-60 4.5 2.6 (DC) [43]
Ni-Co-Fe FeSO4-7TH20 55 4 4 (DC) [44]
Ni-Co-P H3:POs; and/or 80 2 6.25 (DC) [45]
NaH>PO:
Ni-Co-Fe-P  FeSO4-7H20 65 1.8 2 (DC) [46]
Ni-Co-Cr Cr2(SO04)3 30 6 0.25 (DC) [47]
Cr2(S04)3-6H0 25 24, 2.8, 6(DC) [48]
and 3.2
Ni-Co-Cu CuSOq4 25 3.25 -0.58 V vs. SCE [49]
for Cu
between -1.00
and -1.5 V vs.
SCE for Ni-Co
Ni-Co-Cu CuSO4-5H.0 40 5 -1to-5 [50]
Ni-Co-Al - Room 4 1.6 (DC) [51]
Ni-Co-Mn  MnSO4-H,0 55 4.5 3 (DC) [52]
Ni-Co-Sn SnSO4 50 5, 6, and 5 (DC) [53]
7

(DC) - Direct current
SCE - Saturated Calomel Electrode

The current density applied and adsorption of active species can alter the
morphology and features of Ni-Co, Ni-W and Ni-Co-W alloys [33]. The current density used
by the authors in the assays was between 2.5 to 50 mA cm™ with W concentrations varying
from 11.3 to 4.2%, Co ranging from 28.2 to 11.9% and Ni ranging from 62.3 to 84.9%. The
evolution of the corrosion resistance obtained in the linear potentiodynamic polarization

provided the values of corrosion current 3, 4.5 and 4.5 pA cm?, values referring to the
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increasing order of the current densities used. Observations regarding the electrochemically
active species of the Ni-W and Ni-Co-W alloys demonstrated that during the electrodeposition
the adsorption of complex ions containing tungsten plays an important function in the
morphological formation of the coatings. It was concluded that under the same deposition
conditions Ni-Co-W coating presented a high Co content in the deposit, compared to Ni-Co
binary alloy, thus raising the hypothesis that tungsten acts as a catalyst. The authors reported
that in Ni-Co-W alloys some characteristics such as the size of the nodules (6-10 nm), the
orientation of the grains and the spherical morphological structure are not directly related to the
variations of current density, because the elements Co and W have opposite and simultaneous
effects.

The composition phases of the electrodeposited coatings, the microstructure, the
nucleation and growth mechanisms of the grain were studied for Ni-Co-W alloy [37]. The
electrodepositions were performed on a polished copper surface, from a solution of sulfuric
acid with the addition of sodium tungstate and citrate, pH 6 - 7, temperature 20 - 30 °C and
current density between 50 - 400 A m™. The studies were carried out based on the data obtained
by scanning electron microscopy associated with an electron transmission microscope and X-
ray diffraction. The amorphous alloys had a composition of Co3gNizgW26 and NisoCo25W2s.

In the composition phase of the ternary alloy, solid solutions are formed, in which
the cobalt replaces the nickel, as much in the crystalline state as in the amorphous state.
Tungsten has catalytic action on cobalt, facilitating the deposition of cobalt.

A heterogeneous phase, centered and hexagonal cubic, in the ternary alloy with
tungsten concentrations between 12% and 14% and an amorphous homogeneous phase with
tungsten concentrations above 20%, which tends to occur with the highest incidence of the
hexagonal phase was obtained in Ni-Co-W coatings [37]. The ternary alloy presented a network
of microstructures, which varied according to the percentage of elements in the coating. The
crystalline structure was altered as the cobalt concentration was increased.

The relation of the operational parameters with the corrosion resistance and alloy
co-deposition efficiency was discussed in the literature [32]. For this, some techniques were
used, such as scanning electron microscopy, chemical analysis by X-ray dispersive energy, X-
ray diffraction, linear potentiodynamic polarization, and electrochemical impedance
spectroscopy. The pH was maintained at 8, the temperature ranged from 30 to 70 °C and the

current density from 200 to 600 A m™. Corrosion tests were performed at 0.1 g mol™! sodium
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chloride at room temperature and linear potentiodynamic polarization and electrochemical
impedance spectroscopy measure the tendency for corrosion in a three-electrode cell. Through
statistical analysis of a complete factorial design, the authors obtained results for the Ni-Co-W
alloy behavior varying temperature and current density. They observed that the current density
variable had little influence on electrodeposition, however, the interaction of the applied current
density with the solution temperature was significant in the process, evidencing a synergistic
involvement. The deposited alloy presented good adherence and quality, certified by the
outcomes of X-ray diffraction that presented an amorphous structure. The values optimized for
the operational conditions in terms of deposition efficiency were a cathodic current density of
600 A m™%, solution temperature of 30 °C, 8.0 pH and rotating cathode of 20 rpm, with 46% of
deposition efficiency. The optimum coating in terms of corrosion resistance of the alloy had a
deposition efficiency of 36% and was obtained with a current density of 600 A m?, the
temperature of 70 °C, 8.0 pH and rotating cathode - 20 rpm. The average composition of the
most corrosion-resistant alloy was 70% Ni, followed by 22% W, and Co at a lower proportion
(8%). The corrosion potential and bias resistance for this corrosion efficiency were respectively
-508 mV and 4.56x10* ohm.

The pH values between 2 and 9 could be correlated with their effects on
electrodeposition [41]. In the baths, with higher acid concentration the reduction of the faradaic
efficiency occurred and the tungsten concentration remained constant. Varying the percentage
of each metal in the electrolyte can increase the tungsten concentrations in the alloy, however,
the increase of tungsten in the bath allowed the evolution of hydrogen. The composition of the
alloy also changed with variations in current density and temperature. The study of the current
density was carried out with a density between 20 and 400 A m™. The deposits were bright and
adherent with 150 A m™, and for values of current density above 150 A m™ the deposited
tungsten concentrations were higher. The temperature directly influenced the adhesion,
composition and alloy efficiency. Alloys deposited at temperatures above 35 °C were more
adherent, in addition to the decrease of the cobalt concentration and increase of the other
compounds, there was an improvement in the faradaic efficiency.

The chemical composition and crystallite size can be altered according to the
thickness of the Ni-W-Co (Al>2O3) nanocomposite by the electrochemical technique of reverse
pulse [42]. The authors verified that cathodic and zero current times altered the percentage of

elements, impacting the thickness, while the anodic reverse current promoted the reduction of
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the cracks in the coatings, removing the hydrogen from the cathode surface and taking away
the residual stresses. Corrosion and wear properties were also affected by the parameters of the

electrochemical procedure.

4. Operational parameters in the electrodeposition of alloys

Crystalline structure control, morphology, and composition of metal coatings is
important to maintain quality in the production of the alloys. Among the several studies, some
affirm that solution composition, temperature, and current density indirectly influence the
structure of the alloy [54]. Other studies indicate that the change of parameters, such as current
density, causes direct changes in grain nucleation [55]. Therefore, operational parameters of
electrodeposition are still widely studied, to understand the changes generated in the material,

whether due to the variation of an isolated parameter or their association.

4.1. Temperature

The temperature interferes in the diffusion and migration of the metal ions. The
increase in temperature accelerates the availability of ions on the cathode since the movement
of ions at the interface of the cathode is a function of temperature. Thus, there is an increase in
the kinetic energy of the particles, which reduces the cathodic overpotential and the electric
field. In experiments with nickel, the increase in temperature led to an increase in the Ni content
in the coating.

Figure 4-a shows micrographs of Ni-Co-W alloy deposited on the copper substrate
under temperature conditions at 60 °C, a current density of 500 A m, and rotating cathode 10
rpm with the presence of chips and cracks. Figure 4-b occurred at 80 °C, showing similarity in
morphology, however, the faradaic efficiency increased from 53.35 to 68.46% as the bath
temperature was increased by 20 °C. Figure 4-c shows the Energy-Dispersive X-Ray (EDX)
mapping to the ternary alloy at 60 °C and figure 4-d at 80 °C, which composition of the three
metals were Ni - 72.68, Co - 9.47, and W-17.85% for temperature at 60 °C and Ni - 74.02, Co
-5.57,and W - 20.41% for temperature at 80 °C, agreeing with the literature that the percentage

of nickel is favored with temperature increase.



Appendix G 283

Figure 4. a) Ni-Co-W alloy electrodeposited at 60 °C, 50 mA cm™, and 10 rpm; b) Ni-Co-W
alloy electrodeposited at 80 °C, 50 mA cm, and 10 rpm; ¢) EDX mapping of the Ni-Co-W at
80 °C; d) EDX mapping of the Ni-Co-W at 80 °C.

In addition to the coating composition, the temperature can alter the crystal structure
of the film. During the electrodeposition, the increase in the temperature of the solution leaves
the coating more crystalline and increases the growth of the grains. The structure tends to be
more crystalline, since the temperature promotes the incorporation of more atoms of metal in
the layer of the host metal, distorting the diffraction peaks, commonly seen in X-Ray diffraction
patterns [30].

High temperatures positively influence the cathodic efficiency of the deposition
process of the metal phase, although it is not the most significant parameter to alter the cathodic
efficiency [34]. Some metals are favored by the intense mobility of the ions, in tungsten co-
depositions, the increase in temperature favors the concentration of reducible species present in
the diffusion layer, which reduces the viscosity of the electrolyte, increases the formation of the
film and makes the co-deposition of the atoms easier and more solid [18]. On the other hand,
some metals are harmed by the rise in temperature, as with cobalt. In the experiments conducted
at 48 °C demonstrated the decrease of the adsorption of complexed cobalt species on the

cathodic surface [32].
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Performing electrodeposition without heating the electrolyte, or with little heating
can help to obtain some expected results since it allows greater control of the hydrogen
evolution (release of H> bubbles). High temperatures increase the hydrogen evolution, being
able to surpass the deposition rate and to decrease the faradaic efficiency in the
electrodepositions in which the cobalt is present in a great amount [56]. Jeffrey et al. (2000)
studied the temperature effect on the electrowinning process efficiency and observed that
hydrogen evolution reactions increasing in electrodeposition process as cobalt concentrations
and temperatures increases [56]. Inhibition of some molecules may also occur due to the
elevation in temperature, and surface energy of crystallines. During electrodeposition at high
temperatures, the grains become coarser, due to the decrease of the generation of new nuclei

and acceleration of the development of the nucleus of existing grains.

4.2. Rotating cathode

Rotating cathode ensures homogenization of the electrolyte and current density at
the cathode surface. The particles transfer step from the dispersed metal in the electrolyte to the
cathode surface differs according to the variables used in the electrodeposition. Among the
variables can be cited the effects of rotation under a perspective of kinetics, hydrodynamics,
and control of mass transport during electrodeposition. A study indicates the increase of metal
particles in the deposit due to the increase of the agitation, however, the excessive agitation can
also damage the deposition of the particles, caused by the hydrodynamic forces in the solution
that give off micro particles already deposited [57].

The vigorous agitation of an electrolyte which has in its composition a surfactant
facilitates the release of bubble and can control the hydrogen pites [58]. The intense stirring of
the fluid generates a turbulent flow with a high Reynolds (Re) number, which can interfere with
the potential difference measurements in a galvanostatic electrodeposition system. However,
for rotations less than or equal to 11 rpm, the Re number is below 50 and the mass transfer
occurs mainly through natural convection [59]. The rotation used during electrodeposition has
a participation in the deposition rate and can be calculated considering a diffusivity coefficient
(Dag), the Reynolds number (Re), which describes the flow of the fluid, and the number of

Schmidt (Sc), which describes the transport properties of the electrolyte.
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One of the complexities of analyzing ionic mass transfer in the electrodeposition of
alloys is due to the formation of intermediate complexes, reduced in parallel and simultaneous
stages during adsorption, which increases the resistance to mass transfer [59]. Besides, this
parameter should not be studied singly, since it will be at least related to current density.
Therefore, the study of mass transfer is necessary, since just as the effects of the rotation
variation can change the rate of deposition, there can also be changed in the characteristics of

the alloy.

4.3. Current density

Applied current can directly affect morphology and consequently alloy structure.
The application of the current density in the electrodeposition can be carried out
potentiostatically, where the potential is kept constant in the system, or galvanostatically, in
which current is applied in the system. The galvanostatic form is the most used for the
deposition of alloys, which the current can be applied using techniques of direct current, pulsed
current or reverse pulsed current, being the first technique the most industrially employed. The
choice of technique and how it is applied may affect the deposited final mass and grain size,
being a relevant tool to control the crystallinity of the material. Depending on the value of
current density and the technique used, the size of the deposited grains can be gradually reduced
or increased. The outcome of current density on the grain size occurs, because at a high cathodic
overpotential the nucleation process is accelerated and the grains are refined, this
electrocrystallisation theory has already been observed in several studies [58, 60, 61]. The
hydrogen evolution may also increase the size of Ni grains and the tensile strength of the coating
[14].

The function of current in the deposition of metal atoms has significant
interferences caused by variables such as metal concentrations, pH and temperature. The set of
parameters that will promote the catalysis of this metal needs to be considered. For deposition
of tungsten, for example, the electrodeposition needs to be under high currents and the solution
pH is close to 8 for the generation of the tungstate complexes.

The impact of current density, in the range of 50 - 1000 A m™, on the morphology
and magnetic features of the (Co100-xNix)100-yWy electrodeposited alloys were evaluated from a

glycine - containing solution [62]. The W content decreases with increasing current density
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magnitude. The current density variation allowed the formation of two-phase structural
transitions: the hexagonal close-packed that occurred at a current density of 200 A m™ and cubic
crystalline phase at 500 A m™. The observed Co face-centered cubic phase depended on the
adsorption / incorporation and the effect of grain size reduction. The relation between current
density and crystallinity was observed by Sakita et al. (2013), which proved that an amorphous
state occurs for values higher than 500 A m? [62].

As in the other parameters, the hydrogen evolution affects the deposition of metals,
mainly with the use of high currents. The incorporation of hydrogen in the deposit causes
changes in the surface energy, in the mechanisms of growth and the distribution of the applied

current [14, 60, 63].

4.4 Bath composition and pH

The initial concentration of metal add into the bath is an important parameter and
can interfere directly on morphology [40]. However, the final proportion of the metal which
composes the alloy also have an intrinsic dependence with the cathodic overpotential during
electrodeposition. Qiao et al. (2013) observed a constancy in the alloy composition when the
cathodic potential was fixed during electrodeposition [64]. Together with the salt source of a
metal that composes the bath can add other reagents to improve electrodeposition efficiency.
Their addition is with the purpose of complexation, bath stabilization, the formation of
amorphous structures in the alloy and surfactants to reduce hydrogen bubbles during deposition
[32, 65]. Lupi, Dell’Era, and Pasquali (2017) analyzed the electrodeposition with and without
sodium citrate, a complexing agent [43]. The use of a complexing agent promoted high
efficiency and specific energy consumption. Using citrate in solution the tungsten contents
increased with temperature, however, without citrate W remain quite constant.

The pH adjustment is necessary to obtain better current efficiency and avoid
anomalous electrodeposition due to the chemical species correlation with the potential [66]. In
Ni-Co-W alloys, ammonium hydroxide is used for pH adjustment due to its complexing action
[32]. Baths such as Watts type, have low pH and high nickel concentration. Authors who tested
different alloys using acid baths showed good results for the deposits [33, 66-68].
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5. Conclusions and Future Perspectives

Researchers have spared no effort to develop new materials capable of replacing
coatings that use toxic metals that harm human health and the environment. Ni-Co electroplated
alloys have been widely applied in magnetic devices such as sensors and inductors. Ni-W alloys
demonstrate high hardness and corrosion resistance. The introduction of W in Ni-Co coatings
favors durability, increases hardness and resistance to high temperatures.

It was discussed the tendencies of Ni-Co-W ternary alloy applications including
electrodeposition conditions, parameters affecting various properties (magnetic, mechanical
and thermal stability) and nanocrystalline morphology. The topics implicit in this chapter are
some among a huge list of study objects potentially innovative for future research. We hope
that this chapter will motivate the research in the field of metallic alloys, in particular in the
influence of the electrodeposition parameters, since the literature is still deficient of recent

studies.
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