Solution-mediated alternative reaction methods for
the deposition of

transition metal oxide and hydroxide nanolayers

Asako Taniguchi

February 2022



Solution-mediated alternative reaction methods for
the deposition of

transition metal oxide and hydroxide nanolayers

Asako Taniguchi
Doctoral Program in Materials Science

Submitted to the Graduate School of
Pure and Applied Sciences
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in
Engineering

at the
University of Tsukuba



Preface

The studies presented in this thesis were carried out under the guidance of Professor Yoshikazu Suzuki
in the Faculty of Pure and Applied Sciences, University of Tsukuba. In this thesis, solution-mediated alternative
reaction methods were developed for the deposition of transition metal oxide and hydroxide nanolayers with
catalytic activities for oxygen evolution reactions.

Now, one of the most globally-concerned issues is global warming. To realize the sustainable
development of our modern society, large scale reduction of CO; emission is an important task of various
scientific communities. In the fields of materials science, there are many subjects to aim the reduction of CO,
exhaust. One is to enhance efficiencies of energy storage materials, devices, and systems. For example,
improving the capacity and durability of Li-ion batteries has been paid much attention. Also, fuel cells that do
not produce CO; are expected to be next generation power sources in more general uses. For all of these energy
devices, controlling chemical reactions on electrode surfaces is key. For this reason, the studies on catalysts to
acerate these reactions are essential. This is particularly true for the production of H, fuel by water-electrolysis.
The equilibrium potential of water electrolysis is 1.23 eV. However, there always need overpotentials in the
available water electrolytic systems. How and how much we can minimalize them is of industrial and
scientific importance.

The second one where the materials scientist can contribute to the CO; reduction is to reduce the
energy consumption for materials production. Although it is true that the thin film technology supports the
current IT and IoT societies, the productions of electronic devices require a lot of energy, due to the utilization
of ultra-high vacuumed processes for functional thin film deposition. If we can fabricate such functional thin
films by alternative low-energy processes using aqueous solutions, it can cause a paradigm shift in
manufacturing. For this ultimate goal, the initial step should be the development of the way allowing the
thickness control at a nanoscale.

In this thesis, based on the above two scientific aspects, the framework of the study is constructed.
Namely, the development of a novel nanoscale deposition method of functional thin films is set as a methodical
target, while oxygen evolution catalysts are set as a target of the application of produced films. Thus, the thesis
involves the descriptions on the advantages and disadvantages of the present thin film deposition methods to
outline the research target (Chapter 1), the proof-of-concept demonstrations of solution-mediated alternative
reaction methods and the design of nanoscale structures to obtain high catalytic activity for oxygen evolution

reactions (Chapter 2-4). Finally, the results obtained through these studies are summarized in Chapter 5.

Asako Taniguchi
February, 2022
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Chapter 1: Introduction

1.1 Thin film fabrication methods
1.1.1 General introduction for inorganic thin film fabrication methods

Functional thin films have been playing an important role in many technologies, and the development
of thin film coating technologies aim to impart new functions to the surface of a substrate by controlling film
thickness and structure at the nano level. For example, in modern technologies, thin film coating methods are
attractive for applications in anticorrosion'?, catalysis®*, sensing™®, energy storage’® and conversion®!”,
11-12

optics'"'2, and electronics'*'#. As shown in Figure 1.1, inorganic thin film coating methods can be broadly

classified into dry and wet-processes.

Inorganic thin film fabrication methods

Dry-process Wet-process
- Vacuum deposition - Dip-coating
- Sputtering - Sol-gel
- Pulse laser deposition (PLD) - Spin-coating

- Chemical vapor deposition (CVD) + Chemical bath deposition (CBD)

- Atomic layer deposition (ALD) * Electrochemical deposition
Advantage Disadvantage
Sub-nm~nm scale film structure control Sub-pm~pum scale film structure control
Disadvantage Advantage

High cost « High energy Low cost - Low environmental load

Figure 1.1. Classification of inorganic thin film fabrication methods.

1.1.2 Dry-process

The dry-process is further classified into physical vapor deposition (PVD) and chemical vapor
deposition (CVD). Vacuum evaporation and sputtering are typical PVD methods. In both methods, a solid is
used as the starting source. Once it is converted to a gaseous state, it is deposited on the substrate and
reconstituted as a solid thin film. For example, in the vacuum evaporation method!*>!”, the raw materials are
heated in a vacuum to vaporize the component, which is then deposited by diffusion onto the substrate and
subsequent cooling. In the sputtering method'®*, the component is decomposed into atoms or molecules by
bombarding a target then deposited on the substrate in the same process as in the vapor deposition method. In
the CVD method?!"?, a target film is formed through thermal decomposition, oxidation, and reduction of

vaporized raw compounds in a gas phase or on a substrate. These dry-processes can be used to produce high



quality functional inorganic thin films, but they require a high vacuum and a large external driving force to
decompose and vaporize raw materials with high melting points and evaporation temperatures, respectively.

Therefore, these methods are not only expensive but also require large energy consumption.

1.1.3 Wet-process

Wet-processes are simpler, less expensive, and more energy-efficient than the dry-processes. As
representative wet-processes, sol-gel?*2® and chemical bath deposition (CBD)*-3! methods are used to fabricate
functional inorganic films. In these methods, inorganic thin films are deposited using inexpensive and less
toxic solution precursors under ambient pressure. In the sol-gel method, metal alkoxides are used as raw
materials. Since metal alkoxide violently reacts with water for hydrolysis, organic solvents are often used. In
addition, an dry atmosphere is often needed throughout the coating process to avoid hydrolysis. On the other
hand, metal salts dissolved in water are used in CBD. Thus, humidity control is not necessary throughout the
process, which makes it simpler. The following describes the film formation mechanisms of these wet-

processes.

1.1.4 Sol-gel method

First, the sol-gel reaction in the synthesis of inorganic compounds follows the reaction pathways in
a general polymer synthesis, where it includes the formation of polymer particles by condensation of
monomers and gelation by their condensation. The chemical reaction can be described in a simplified form as

reaction equation (1.1)-(1.3)*.

Hydrolysis
M(OR); + HO — M(OR),.;(OH) + ROH (1.1)

Condensation (water elimination)
2M(OR)x.1(OH) — M>0(OR)2x2 + H,0 (1.2)

Condensation (alcohol elimination)
2M(OR)«-1(OH) — M20(OR)23(OH) + ROH (1.3)

Gel-based films are formed from hydrolysis and polycondensation reactions of the metal alkoxide. Dip-coating

3335 a substrate is

and spin-coating are generally used to produce gel films (Figure 1.2). In dip-coating
immersed in a precursor alkoxide solution or sol dispersion solution, and then the substrate is pulled out of the
solution to form the gel film formed through evaporation of the solvent at the air-liquid interface formed on
the substrate surface. The film thickness can be controlled to some extent by the pull-up speed of the substrate
and the solution concentration®. Spin-coating is a technique in which a substrate is fixed at the center of a
rotating table, where the above precursor solution is dropped before or during rotation®’-*. Centrifugal force

causes the solution on the substrate to wet and spread, while drying occurs. The balance of these speeds
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determines the thickness of the sol (or gel) layer remaining on the substrate. In the case of the spin-coating
method, in addition to the solution conditions, the rotational speed of the substrate is a determining factor in
the film thickness*. By using multiple metal alkoxides and controlling the reactivity of each, it is also possible
to fabricate oxides composed of two or more metal ions. It is also possible to fabricate organic-inorganic hybrid
structures by designing the organic component of the alkoxide*!**%.

The disadvantage of this technique is that, in many cases, the reaction stops by the formation of
amorphous hydroxides and oxides after the coating process. In order to obtain crystallized materials, post-
annealing at relatively high temperatures (500 °C or higher) is usually employed. Such heat treatment not only
makes it difficult to fabricate the films on a plastic substrate, but often causes cracks and reduces film quality.
In order to solve such problems, the careful design of the precursor and the annealing process should be
conducted. For example, solvent molecules remain in the gel film, resulting in crack formation due to solvent
evaporation. This problem is generally avoided by inserting the gel film into an electric furnace that is heated
to a certain temperature. In this case, drying and solidification (dehydration-condensation) occur
simultaneously to suppress the formation of pores and cracks in the resultant film. However, if the solvent has

a high boiling point, such annealing conditions may even promote the formation of cracks®.

Gel film formation

¢ ..... s Anneal
L ]
o of sessessss T
Substrate — * Substrate
Sol Dip-coating

/ Gel film Inorganic film

Spin-coating

[ |

Figure 1.2. Sol-gel coating process.

1.1.5 Chemical Bath Deposition (CBD)

CBD is a technique for depositing inorganic films on a substrate using a precipitation reaction in a
solution. In the simplest case (Figure 1.3 (a)), the substrate is immersed in an aqueous solution consisting of a
metal salt and a precipitant (mineralizing agent). Subsequently, the solution is heated below the boiling point

to induce a precipitation reaction. If the degree of supersaturation is excessive, homogeneous nucleation
3



predominantly occurs. In such a case, either heterogeneous nucleation on the substrate is prevented, or growth
and nucleation are uncontrollable, leading to non-uniform film formation. Therefore, it is ideal to achieve film
formation by heterogeneous nucleation under conditions where homogeneous nucleation does not occur by
controlling the degree of supersaturation. When hydroxides are a target film component, urea is frequently
used as a mineralizing agent. Since urea produces NH4" by the thermal decomposition in the aqueous solution,
the pH can be gradually increased by heating, and at a certain heating time, heterogeneous nucleation
selectively occurs, resulting in the formation of hydroxide films. In some cases, heating causes simultaneous
hydroxide precipitation and dehydration reactions, resulting in the direct formation of oxide layers*. For
example, it has been reported that oxides such as ZnO*, CdO*, and TiO,*’ can be directly formed by the CBD
method without post-annealing treatment. Following the principle of controlling the degree of supersaturation,
various inorganic compounds other than hydroxides and oxides can be formed by the CBD method. In fact,
dozens of single- and multi-component sulfides, fluorides, etc. have been synthesized at temperatures below
100 °C using the CBD methods. As an example, the CBD method has been applied to various types of
chalcogenides (CdS*®, SnS,*, PbS*°), chalcopyrite (CulnS;*!, CulnSe,*), and others.

In addition, the crystal growth can also be controlled by adding surfactants and controlling the
solution concentration. Techniques that allow controlling micro-, meso-, and nanoscale structures have been
significantly developed in recent years. The electrochemical deposition method is a CBD that uses
electrochemical reactions as the driving force for the precipitation reaction (Figure 1.3 (b))*. By adjusting the
electrode potential, thin films can be deposited from aqueous electrolyte solutions via redox reactions at room

temperature and pressure.

(a) (b)
——
Chemical bath deposition I I

— © S

- —

f/.- -HH"-\

Q Substrate Substrate
-— -+ -
-~ P

-y

Figure 1.3. (a) Chemical bath deposition (CBD) and (b) Electrochemical deposition.

As described above, the diversity of objects to which the CBD method can be applied and the
controllability of the film shape have led to its wide range of potential applications from catalyst materials,

electrode materials, to solar cell materials. Nevertheless, the thickness, shape, and crystallinity of the film must
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be finely controlled in order to afford sufficient properties in any cases. Nucleation depends on the density of
the nucleation sites and the degree of supersaturation of the solution. These two factors are practically
controlled by various experimental conditions such as substrate cleanliness, shape, surface charge,
hydrophilicity, solution concentration, concentration gradient, ionic strength, etc. These parameters interact in
a complex manner. Furthermore, it is difficult in principle to separate nucleation from crystal growth. Thus,
the current CBD techniques suffer from the precise control in the film structure and thickness at the nanometer
level. In order to solve this problem toward realizing functional nano-coatings by solution processes, it is
necessary to go back to the principle of film formation and seek the development of a new film-deposition
process. In addition, it is also important to design the material structure based on the mechanisms of the
emergent properties.

In the thesis study, I develop a new solution process to overcome the above problems. The formation
of adsorbed cationic layer and the subsequent conversion into functional inorganic layer are carried out
alternately to control film formation at nanometer scale. Furthermore, 1 explore the novel hetero-stacking
processes by taking advantage of the alternating adsorption reaction. In the following section, LbL and SILAR
are refereed as the relevant technology to the method developed in my PhD study.

1.2 Adsorption based film fabrication
1.2.1 Layer-by-layer (LbL) deposition

The LbL method is used to fabricate multilayer films by repeated adsorption of the building blocks>"
35, The oldest and still most representative method is electrostatic LbL, in which positively and negatively
charged polymers are alternately adsorbed electrostatically. The principle and operation of this electrostatic
LbL method are shown in Figure 1.4. Here, an example of film formation using a negatively charged substrate
is introduced. First, by immersing the substrate in a solution containing the positively charged polymer cation,
the polymer film is electrostatically adsorbed on the substrate. Note that the polymer located near the surface
is immediately adsorbed onto the substrate, so the duration required for the saturation adsorption is a few
minutes or less. Next, the substrate is pulled up from the polymer solution and the excess solution on the
substrate is washed with water or another appropriate solvent. This results in a polymer adlayer with a thickness
of about a single molecule. Next, by immersion in the polyanion solution, the polyanions are electrostatically
adsorbed on the polycationic film formed on the substrate. Subsequent washing, immersion in the polycationic
solution, washing, and immersion in the polyanionic solution are repeated to produce a polycation/polyanion
multilayered film.

In the film deposition experiments at a laboratory, only a beaker and tweezers are required, which
has the advantage of not requiring expensive equipment at all. On the other hand, for industrial applications,
in addition to dipping, various methods such as spray*®, spin coating®’ (Figure 1.5), roll to roll deposition
techniques™, etc. can be employed depending on the application. The electrostatic LbL method is not limited
to polymers, and in principle, alternative adsorption/deposition is possible as long as the two constituent
materials have opposite charges. Therefore, in addition to polymers, a wide variety of materials such as

inorganic nanoparticles, biomolecules, etc. can be used for the LbL deposition. In addition to the electrostatic
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adsorption described here, the LbL method using hydrogen bond>, charge transfer interaction®’, and

biospecific interaction®' as the driving force for stacking has been reported.
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Figure 1.5. LbL with spray-coting and spin-coting methods.
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1.2.2 Successive ionic layer adsorption and reaction (SILAR)

Research using the LbL method has a long history, and a wide variety of methods have been
established to date. Recently, not only conventional LbL methods but also quasi-LbL methods such as
unconventional LbL and pseudo-LbL have been developed®. In SILAR that can be categorized in quasi-LbL,
two kinds of solutions, aqueous metal salt solutions and anion solutions, are used for film fabrication®*®. The
metal component of the film is dissolved in the metal salt solution, and the anion component of the film is
dissolved in the anion solution. For example, NaOH, KOH, and NH4OH are used to fabricate hydroxide films,
and NaS; is used to fabricate sulfide films. These solutions are used to grow the films by alternately immersing
the substrate and cleaning the substrate in the middle of the process, similar to the LbL described above. Thus,
one growth cycle consists of four steps, as shown in Figure 1.6. In the first step, the hydrophilic substrate is
immersed in a metal salt solution to form a metal cation adlayer on the substrate surface. At the same time, an
anion layer is formed on the outside of the metal cation adlayer. The bilayer, which is formed near the surface,
is called a double layer or Helmholtz layer and is strongly adhered to the substrate surface. There is a diffusion
layer with a mixture of cations and anions on the outside of the double layer. In the next step, the substrate is
washed with water, so that only the immobile double layer adhered to the surface remains on the surface. Next,
the substrate is immersed in an anion precursor solution. The anions in the solution diffuse to the substrate
surface and react with the metal cations in the bilayer, forming a thin inorganic layer. In this way, the growth
of the thin film takes place only on the surface of the substrate. Finally, the cation/anions in the diffusion layer
are removed by substrate cleaning. Similar to electrostatic LbL, this process is repeated to form the desired

thin film.

Double layer - Double and diffusion layer
(Helmholtz layer) Diffusion layer Double layer AD layer including C*and D-
| Im
A B" C o
B- A o ©
A F -
=
A D
B A c
B A D
A*B
Sejiam Water Water
Repeat

Figure 1.6. SILAR deposition method.



The historical background of the SILAR deposition began in 1985 when Y. F. Nicolau reported the
deposition of ZnS and CdS using the SILAR method®, and almost in parallel, M. Ristov et al. reported the
deposition of polycrystalline copper oxide (Cu20)®. Y. F. Nicolau used CdSO4 or ZnSOy as a metal source,
Na,S as a sulfide source. M. Ristov et al used CuSO4 and NaOH and as metal salt and anion sources,
respectively. Since then, SILAR has been applied to the deposition of a wide variety of inorganic layers such
chalcogenides®, oxide®’, fluorides®®. Similar to CBD, SILAR deposition is conducted from room temperature
to near the boiling point of the solution. Thus, SILAR can directly deposit functional thin films on substrates
with poor heat resistance such as plastics and ITO. SILAR will contribute to the development of functional

thin films as a simple and inexpensive method allowing nanoscale engineering.

1.3 Hydrogen production by water-splitting

1.3.1 Electrochemical water-splitting
The current global issue to be addressed by the entire scientific and technological community is the

drastic reduction of CO; emissions. To achieve this goal, breakthrough technologies are being developed in a
variety of fields with vigorous efforts. Hydrogen (H:) is recognized as an ideal energy source that is clean,
renewable, and carbon-free because it does not emit carbon dioxide during the energy conversion process® ™.
Fuel cells (FCs) and metal-air batteries are typical applications of hydrogen fuel, and if they are practicality
used as a fundamental technology, clean energy consumption can be realized’"’>. Among the many hydrogen
production technologies, electrochemical water splitting has been attracting attention. Surplus electricity at
night can be stored as H» fuel with this system, and when combined with renewable energy technologies such
as solar cells, it is possible to produce H; fuel without CO» production’. The half-reactions in water electrolysis

are the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the
Water-splitting

- Hydrogen evolution reaction (HER)
:Cathode
2H " (aq) + 28— Hyg,

- Oxygen evolution reaction (OER)
‘Anode

2H20(|) — Oz(g) + 4H+(aq) + 46'

Cathode

Figure 1.7. Water-electrolysis.
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anode (Figure 1.7). The oxygen evolution reaction (OER) is based on a four-electron reaction and has a slow
kinetic reaction and high overvoltage. In addition, its mechanism is relatively complex, making rational
catalyst design difficult. Therefore, OER is the rate-limiting reaction of water electrolysis’*7¢,

It is known that catalysts containing precious metals such as Pt, Ru, Ir, etc. have excellent HER and
OER catalytic activities, but to use the water electrolysis for a large-scale H, production, the use of these
precious metals must be greatly reduced or precious metal-free catalysts must be developed’”’8. To improve
the catalytic activity, it is necessary to understand the reaction mechanism between OER and HER. The
following are the mechanisms of HER in water electrolysis. It should be noted that the HER reaction is pH

dependent’® 7.

(In acidic media)
Step l:H +e — Hads
Step 2 : H,O + Hugs + € — H, + OH

(In alkaline or neutral media)
Step 1 : HoO + ¢ — Hags + OH
Step2 : H" + Hus t € — Ha

As shown above, in acidic conditions, hydrogen ions (protons) bond directly with electrons and
chemically adsorb on the surface of the electrocatalyst to produce Hag, While in alkaline conditions, water
molecules are cleaved to produce hydrogen ions (Hags, an adsorbed type hydrogen intermediate). Next, in step
2, a reaction occurs in which a proton combines with the Hags formed in step 1 to produce H, (Heyrovsky step)
and two Hags combine (Tafel step). For this reason, HER is generally easier to perform in acidic solutions than
in alkaline solutions. A typical HER catalyst is platinum, which can initiate the HER reaction with almost no
overvoltage. In recent years, many new catalysts have been developed such as MoS,, which shows the same
level of catalytic activity as Pt. Although factors other than overvoltage, such as durability and cost, need to
be taken into consideration for practical use, research and development for the practical use of precious metal-
free HER catalysts are progressing steadily.

As mentioned above, OER is a four-electron reaction, and the theoretical equilibrium voltage is 1.23
V. The fact that it is a multi-step and complex four-electron reaction makes the catalyst design difficult.
Because of the difficulty in detecting intermediates, the mechanism of OER is not completely clear. For this
reason, various reaction routes have been proposed, but the most commonly accepted one will be used as an

example in this chapter’® .

(In acidic media)

Step1: *+H,O— *OH+H" +¢
Step2 : *OH - *O +H" + ¢

Step 3 : *O + H,O — *OOH + H' + ¢



Step 4 : *OOH — O, + H" +¢

(In alkaline or neutral media)

Step1: OH — *OH + ¢

Step2 : *OH + OH — *O + H,0 +¢
Step 3 : *O + OH — *OOH +¢”

Step 4 : *OOH + OH — O, + H,0 +¢

(* is the active site of the electrocatalyst)

In this four-step process, there are three reaction intermediates (*OH, *O, *OOH) representing
oxygen-related species adsorbed on the catalyst surface. In this four-step process, there are three reaction
intermediates (*OH, *O, *OOH) representing oxygen-related species adsorbed on the catalyst surface. Usually,
water/hydroxyl ions are oxidized to produce *OH, followed by deprotonation and further oxidation to produce
the intermediates *O and *OOH, and finally O,. In acidic electrolytes, water molecules are the oxygen source,
and in neutral and alkaline electrolytes, hydroxyl ions are the oxygen source. Figure 1.8 shows the polarization
curve of the OER reaction. the two reactions are opposites (one is the oxidation of water, the other is the
reduction of water), and the extra potential value above the equilibrium potential (1.23 V for OER™, 0 V for
HER?”) is the result of the OER/HER reaction. The extra potential value above the equilibrium potential (1.23
V for OER and 0 V for HER) is called the overpotential (#). The smaller this overpotential is, the higher the
catalytic activity is in each catalytic reaction. Therefore, in this paper, I also evaluate the catalytic activity by

comparing the value of this overvoltage.

20

Equilibrium potential: 1.23 V

—
(&)

[ 2H0() — Ogq) + 4H* o) + de

/

P /
Overpotential: 0.45 V Overpotential: 0.62 V ‘
7 "

()]
T

Current density (mA cm2)
o

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Potential (V vs RHE)

Figure 1.8. Definition of overpotential for OER.
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1.3.2 OER catalysis
As for OER catalysts, it has long been known that Ru and Ir catalysts exhibit relatively low

overvoltage under acidic conditions’®. OER catalysts functioning under acidic conditions are suitable for water
electrolysis systems using polymer electrolyte water electrolyzers (PEWEs), which can produce pure hydrogen
at high current densities and high pressures®'. Therefore, the system is reasonable in the operation cost.
However, Ru-and Ir-based catalysts are scarce in resources and expensive. Moreover, their prices are expected
to be higher when they are used for large-scale production, and there are concerns that they will be greatly
affected by the economic and political circumstances of the countries of origin. Therefore, a lot of research has
been conducted to develop various alternative catalysts to precious metals, such as oxides, hydroxides,

chalcogenides, phosphides, nitrides, carbides, and carbons’® 78

, which are abundant on earth, and to improve
the catalytic reaction rate. However, no non-precious metal catalyst that is as stable under acidic conditions
and as active as precious metal catalysts have been found. On the other hand, there is an abundance of transition
metal-based catalysts that exhibit excellent catalytic activity and stability under alkaline conditions. Thus,
hydrogen production systems using alkaline water electrolysis (AWE) are becoming more and more
promising®?%. In this thesis, I aim to prepare non-precious metal OER catalysts, such as iron oxides and iron-
nickel hydroxides, which show high catalytic activity and are expected to be applied to AWE.

Recent progress in the development of hydroxide catalysts is summarized below’® ®. First of all,
hydroxides and oxyhydroxides containing mainly transition metals (Fe, Co, Ni, etc.) have attracted a great deal
of attention in recent years as extremely important electrocatalysts for improving the efficiency of OER.
Typical examples of such non-precious metal hydroxides as OER catalysts are Ni(OH),, Co(OH),, FeOOH, or
their solid solutions. Improvements in the catalytic performance of these catalysts have been achieved through
compositional control, crystal structure, crystal shape, nanostructure control, and hybridization.

While IrO; and RuO; show metallic conductivity and can function as electrochemical catalysts in
bulk, many hydroxides are poor conductors, so it is important to control the nanostructure to increase the
efficiency of electron transport from the active site to the electrode. In addition, the layered structure of
hydroxides prevents the exposure of the active sites. In this regard, how to control the nanostructure and how
to increase the density of active sites are also important considerations for enhancing the catalytic activity.
From both of the above perspectives, the use of single- or multi-layered hydroxide nanosheets as catalysts is a
reasonable approach. For example, Liu ez al.®® focused on enhancing the catalytic OER activity of CoFe layered
double hydroxides (LDHs) nanosheets and developed two effective exfoliation methods, liquid-phase and gas-
phase, using plasma. When the water/plasma coupled exfoliation method was applied to CoFe LDHs
nanosheets, ultrathin CoFe LDHs nanosheets with highly exposed active sites and a large concentration of
defects and vacancies were obtained, which led to excellent OER catalytic activity (232 mV at 10 mA cm™).
In addition, McAteer et al.®® synthesized Co(OH), nanosheets of various sizes by liquid-phase exfoliation of
layered hydroxides and found that the catalytic activity increased as the Co(OH), nanosheet size decreased,
suggesting that the edges of the nanosheets are the active sites for OER. Zhou et al.®” found that Fe was
introduced into Ni(OH); nanosheets by cation exchange method to obtain meshed Nig s3Feo17(OH), nanosheets

with nanopores. They confirmed the uniform elemental distribution and proved that this cation exchange
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method is effective for uniform Fe doping into Ni(OH), nanosheets. In fact, Nigs3Fe17(OH), showed the
highest OER catalytic activity compared to other metal ratios of Ni(OH),, NiFe LDH, and NiyFe;.(OH),*.
This excellent OER activity can be attributed to the abundant active surface sites, abundant defects, and
enhanced surface wettability. Besides exfoliation, nanosheet structures can also be obtained by other chemical
reaction routes. For example, Ni nanoprisms as self-sacrificial templates were converted to Ni-Fe LDH
nanosheets after hydrolysis reaction with a FeSO4 solution. The Ni-Fe LDH electrocatalyst was found to
exhibit excellent catalytic activity towards OER, with an overpotential as small as 280 mV at 10 mA cm™%,
Since NiFe oxyhydroxides are probably the most active OER catalysts under alkaline conditions, the
development of such nanosheet-focused catalysts is very important for understanding the factors controlling
the activity of hydroxide-based catalysts.

In addition to the research on the synthesis of new materials mentioned above, mechanistic studies
are also active in trying to unravel the mechanisms behind such high activity and have yielded many important
insights for catalyst design. As has long been known, hydroxides are transformed into oxyhydroxides by
electrochemical oxidation reactions under catalytic operating conditions®. Therefore, realistically, the active
site of OER must be considered to involve cations with higher valence state (or oxidation state), such as Fe*",
Fe**, Co*", Co*, and Mn*", rather than divalent cations. This makes it even more difficult to understand the
reaction mechanism.

Enman et al.*®

investigated the mechanism of catalytic activity development of CoFe hydroxides
using DFT calculations and operando XAS measurement techniques, and pointed out that Fe ions doped in
CoFe oxyhydroxide (CoFeOOH) produced under OER operating conditions are partially oxidized and the Fe-
O bond is contracted. This result strongly suggests that the Fe ion functions as an active site. To further enhance
the catalytic activity, a third metal, such as W or V, has been co-doped in CoFeOOH. For example,
incorporation of W resulted in an overpotential as low as 223 mV at 10 mA ¢m™ on a glassy carbon electrode.
Zhang et al.®' used DFT calculations to find that co-doping of Fe and W optimizes the OH adsorption energy
on Co oxyhydroxides, theoretically demonstrating a significant increase in catalytic activity for OER. The
catalyst was also found to be more stable than the other catalysts. They also pointed out that the local
compressive strain around large W atoms and the resulting modulated 3d electronic structure contribute to the

enhanced OER activity.

1.4 Objective of this thesis

Based on the two research frameworks indicated above, I started my thesis study. This thesis is
composed of five chapters: Chapter 1, “Introduction” describes the functional thin film fabrication methods
and water splitting. Chapter 2, “Solution-mediated alternate reaction technique (SMART) toward nanometric
growth of hematite thin films” demonstrates a novel SILAR approach to produce crystalline a-Fe,Os3 thin films.
In this study, I developed “Solution-mediated alternate reaction technique (SMART)” for hematite nanofilm
deposition at low-temperature (75 °C) with extremely simple operations. Here, I investigated the deposition
mechanism as well as OER activity controlled by post-annealing and subsequent Ni(OH), loading, where I

found that the formation Ni(OH),/Fe,O3 heterointerface offers dramatical enchantment of the catalytic activity.
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Then, in Chapter 3, “Nanoscale Ni(OH),/FeOOH heterostructures fabricated via an alternative deposition
process and their catalytic activity”, I developed a powerful method to rationally design such heterointerfaces,
using the principle of SILAR. In this chapter, | demonstrate a deposition-sequence controlled route based on a
SILAR to fabricate Ni(OH),/FeOOH heterostructures. The heterostructures exhibited much better catalytic
activity for oxygen evolution reactions in comparison with the single component hydroxides. The result
indicates the synergy of Ni/Fe ions expressed through the hetero-interface. Chapter 4 describes “Facile and
rapid formation of Ni(OH)./FeOOH heterostructures by electrochemical deposition”. This study aims to
develop electrochemical deposition of Ni(OH)./FeOOH catalyst in a more convenient and controllable manner
than SILAR. The thickness of each layer was controlled with the deposition times. The bilayer system
significantly enhanced catalytic activity for oxygen evolution reactions in comparison with FeOOH and
Ni(OH), single component layers. Chapter 5, “Conclusion” summarizes the achievements obtained

throughout the thesis study.
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Chapter 2: Solution-mediated alternate reaction technique (SMART)
toward nanometric growth of hematite thin films

Overview

This chapter describes a simple, low-temperature, and environmentally friendly aqueous route for
the layer-by-layer nanometric growth of crystalline a-Fe>Os. The formation mechanism involves alternative
sequences of the electrostatic adsorption of Fe?" ions on the surface and the subsequent onsite oxidation to
Fe*". A combined analysis of X-ray diffraction, scanning electron microscopy, UV-Vis spectroscopy, and X-
ray photoelectron spectroscopy revealed that a-Fe,Os is directly formed without post-growth annealing via
designed chemical reactions with a growth rate of ca. 1.7 nm per deposition cycle. The obtained a-Fe>Os layer
exhibits electrocatalytic activity for water oxidation and, at the same time, insignificant photo-electrocatalytic
response, indicating its defective nature. The electrocatalytic activity was tailored by annealing up to 500 °C
in air, where thermal diffusion of Sn*" into the a-Fe,Os lattice from the substrate probably provides increased
electrical conductivity. The subsequent surface modification with Ni(OH), lowers the overpotential (250 mV
at 0.5 mA/cm?) in a IM KOH solution.

2.1 Introduction

In this study, a solution-based alternative reaction method is designed and demonstrated for the
growth of a-Fe,Os. In the introduction, the difficulties of direct solution growth of a-Fe»O; are particularly
described. Ceramics coating is a core technology that affords various functions to a substrate material. Metal
oxides are particularly attractive for applications in anticorrosion!, catalysis®, sensing’, energy storage* and
conversion®, optics®, and electronics’. In an industry context, oxide materials are deposited by vacuum phase
deposition techniques such as chemical vapor deposition®, pulsed laser deposition®, and sputtering!®. Solution
deposition techniques such as sol-gel!!, electrodeposition'?, and chemical bath deposition (CBD) methods'?
are potential alternatives to the above-mentioned vacuum processes as they utilize inexpensive and less toxic
solution precursors as well as ambient pressure for oxide deposition, hence making the fabrication more
environmentally friendly and more cost-effective.

Moreover, a solution process enables the direct deposition of crystalline oxides on the substrate
without post-growth annealing. A low-temperature direct deposition is suitable for film formation on low heat-
resistant substrates, expanding the potential scope of functional oxide materials as a component in flexible
plastic devices and electrochemical devices with indium-tin-oxide substrates. Recent efforts have allowed the
fabrication of various oxide (e.g., ZnO', TiO,'%, WOs'®, and Sn0,!") via aqueous solution routes without the
need for a post-annealing treatment. However, so far, the direct solution routes have been adopted for tiny
members in the broad family of metal oxides. The major difficulty lies in the growth mechanism; according to

classical aqueous chemistry, the metallic ions (M"") in an aqueous solution react with OH" to precipitate
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hydroxide nucleus on the substrate via a heterogenous nucleation process (2.1)'%:

M"™ +nOH — M(OH), (2.1)

If the stability of hydroxide is sufficiently low for dehydration, the hydroxide spontaneously transforms into

an oxide form during deposition (2.2)'®:

M(OH), — MO, + n/2H,0 (2.2)

However, hydroxides are often stable so that a post-annealing treatment is inevitable for oxide formation. For
example, annealing temperatures over 500 °C are necessary to yield A,O;' and ZrO,* from the hydroxides.
This difficulty also applies to hematite (a-Fe,Os3) (Figure 2.1), the target material in this study. Resultant
products from classical precipitation reactions between ferric or ferrous precursors with an aqueous base are
a-FeOOH, B-FeOOH, y-FeOOH, c-FeOOH, and FesOHg-4H,0%"2, while one can find no direct solution route
to a-Fe,Os (Figure 2.2). Nevertheless, magnetite (Fe;O4) can be formed via a co-precipitation process of ferric
and ferrous precursors, even at room temperature®!. In other words, Fe-(OH),-Fe bonds can preferentially
convert Fe-O-Fe bonding via dehydration in an aqueous solution, opening the possibility for direct solution
deposition of crystalline a-Fe>Os3 under suitable reaction conditions. In fact, using the above idea a spin-spray
method was developed for the growth of the a-Fe>O; layer via an onsite oxidation and dehydration pathway
(Figure 2.3)*. In this method, a source solution containing Fe?" and an oxidizing solution containing an
oxidizer, NaNO,, was simultaneously sprayed onto the substrates mounted on a rotating table heated to 95 °C.
It is proposed that the deposition mechanism involved alternative sequences of the absorption of Fe*" ions onto
the surface and the subsequent formation of Fe**-oxygen bonds through reactions with the source and oxidizing
solutions, respectively (Figure 2.4). It is referred to this deposition process as solution mediated alternative
reaction. Such a non-classical solution-mediated alternative reaction strategy may open direct growth pathways
to functional metal oxide nanolayers via aqueous solution chemistry. However, the spin spray technique is
available only in specialized laboratories.

In this study, it is explored that a solution-mediated alternate reaction technique, SMART, to further
verify, simplify, and generalize the non-classical solution-mediated alternative reaction pathway (Figure 2.5).
Briefly, film deposition in SMART proceeds simply by alternate immersion of the substrate in FeCl, and
NaNO; precursor solutions. It is demonstrated that a primitive beaker process allows the direct growth of
crystalline a-Fe>O; films with a growth rate of ca. 1.7 nm per cycle. Resultant a-Fe>O; thin films exhibit
unexpected electrocatalytic activity for oxygen evolution reactions (OER). The origin of catalytic activity
comes from the defective nature of SMART-derived a-Fe,O3; where OH™ species are present in the oxide lattice.
Sn**-diffusion into the a-Fe,O; lattice by annealing and surface modification with Ni(OH), further enhance

the OER activity, which is superior to state-of-the-art a-Fe,Os-based catalysts.
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lllustrated by VESTA2®

Earth-abundance, non-toxicity

Excellent chemical and thermal stabilities
* A band-gap of 2.2 eV
— Applications for visible light responsive

photoelectrode and photocatalyst

Figure 2.1. Hematite (a-Fe2Os) powder and the crystal structures drown by VESTA ver. 3.4.4%,

Route 1
Feo* Deprotonation Fe(OH), % P_recipitation FesHOz4H,0 Thermal
X pH>2  (Ferrihydrite) transformation  a-Fe, Q4
«-FeOOH (Hematite)
pH>1 (Goethite)
Route 2
Thermal y-Fe, 04

Fe2+Hydrolysis.  Fe(OH),*x Precipitation, ~ Fe;O, transformation _ (Maghemite)

! Thermal
Oxidation Fe(OH)y?-v pH>8 (Magnetite) Dehydration transformation  o-Fe,04
idati I (Hematite)
L Green rusts —xdation _ y-FeOOH

pH<8 PH5-7  (Lepidocrocite)

Figure 2.2. Formation of hematite via aqueous solution reactions. Routes #1 and #2 show the conventional

precipitation reactions with Fe*" and Fe*" salts, respectively?.
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Source Solution || Oxidizing Solution

FeCl, + 4H,0 NaNO,

Spinning table with heater

Figure 2.3. Schematic of the spin-spray setup. The source and oxidizing solutions containing an iron precursor
and an oxidizing agent and a pH adjuster agent, respectively, were sprayed onto the substrates mounted on a

temperature-controlled rotating table?*.

Step 1 Step 2
OH _ , (Adsorption)  (Oxidation) Repeat of the step 182
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@
L . —_— —
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®
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Figure 2.4. The proposed deposition mechanism of the spin-spray methods.
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Solution-mediated alternate reaction technique (SMART)

FeCl, aq. EtOH NaNO, aq. EtO
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e,
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Repeat

Layer by layer deposition of a-Fe,0,

Nustrated by VESTAZ®

Figure 2.5. The procedure and concept of solution-mediated alternate reaction technique (SMART).

2.2 Experimental

2.2.1 Preparation of the source and oxidizing solutions.

FeCly-4H,0 (99.0-102.0 %, FUJIFILM Wako Pure Chemical Corp.) was used as the metal source
precursor. The source solution was prepared by dissolving 20 mM of FeCl,-4H,O in 50 mL of distilled water.
The oxidizing solution was prepared by dissolving 20 mM of sodium nitrite (NaNO»>, 98.5 %, FUJIFILM Wako
Pure Chemical Corp.) in 50 mL of distilled water. Nitrogen gas was purged into the solutions at a rate of 1.0

L/min while stirring to prevent the oxidation of the reactants in the solution.
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2.2.2 Deposition process in SMART.

A soda-lime glass substrate (25 mm x 25 mm % 1 mm) and a transparent conductive oxide (TCO)
coated glass substrate (ITO/FTO, Type-0052, 10 ©/sq, Geomatec Co., Ltd.) were cleaned in an ultrasonic bath
with distilled water, ethanol, and acetone for 10 min each. The glass substrate was further cleaned by treatment
in a bath of methanol (FUJIFILM Wako Pure Chemical Corp.)/HCI (FUJIFILM Wako Pure Chemical Corp.)
(1/1 in volume) for 1 day to obtain a hydrophilic surface, while the TCO substrate was immersed in the 0.1 M
HCI (Wako Pure Chemical Industries) for 1 day to obtain a hydrophilic surface.

The surface-modified substrate was first immersed in the source solution heated to 75 °C for 1 min,
followed by rinsing with ethanol. Then the substrate was immersed in the oxidizing solution heated at 75 °C
for 1 min and rinsed with ethanol again. A series of these operations were repeated from 1 to 90 times to control
the film thickness (Figure 2.6).

Substrate cleaned by 0.1 M HCl for 1 day

|«
I
\ Immersed in source solution (20 mM of FeCl,-4H,0

in 50 mL distilled water) at 75 °C (for 1 min)

FeCl, l
| Washed with ethanol (3 times)
Ethanol * Repeat
Dry the substrate

Immersed in oxidizing solution (20 mM of NaNO,
. in 50 mL distilled water) at 75 °C (for 1 min)

NaNoO, l

Washed with ethanol (3 times)
N~/
Ethanol

Figure 2.6. Flowchart of SMART procedure.

2.2.3 Ni(OH); surface-modification.

a-Fe,O3 layer deposited on TCO was immersed in 0.1 M Ni(NO3),-6H,O aqueous solution (98.0 %,
FUJIFILM Wako Pure Chemical Corp.) for 1 min without heating followed by rinsing with distilled water.
Then, the substrate was immersed in 1 M KOH solution (FUJIFILM Wako Pure Chemical Corp.) without

heating for 1 min, and then rinsed with distilled water (Figure 2.7).
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2.2.4 Fabrication of Ni(OH); layer by a successive ionic layer adsorption and reaction (SILAR).

The surface-modified substrate was first immersed in a 0.1 M Ni(NOs),'6H,O aqueous solution
(98.0 %, FUJIFILM Wako Pure Chemical Corp.) heated to 75 °C for 1 min, followed by rinsing with water.
Then the substrate was immersed in a 1 M KOH solution (FUJIFILM Wako Pure Chemical Corp.) heated at
75 °C for 1 min and rinsed with water. The process was repeated 30 times to obtain Ni(OH); layer (Figure 2.8).

Fe2* aq. EtOH NaNO, agq. EtOH

R RRnE

Water 1M KOH Water

@

Figure 2.7. The procedure of Ni(OH), modification of hematite surface.

llustrated by
VESTA?®

NiZ* aq. Water 1M KOH Water
Repeat

Figure 2.8. The procedure of Ni(OH), deposition by SILAR.
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2.2.5 Characterization.

The crystalline phases of the deposited films were identified by X-ray diffraction (XRD, MultiFlex,
Cu Ka, 40 kV and 40 mA, Rigaku). The surface morphologies and textures of the films were observed using
a scanning electron microscope (SEM, SU-8020, Hitachi High-Technologies). The elemental distribution was
observed by energy-dispersive X-ray spectroscopy (EDS, JEOL, JSM-7600). The light absorbance of samples
in the ultraviolet-visible (UV-Vis) region was evaluated by visible absorption spectroscopy (UV-Vis, UV-1280,
Shimadzu). X-ray photoelectron spectroscopy (XPS, JPS 9010 TR, JEOL) was conducted to investigate the
chemical state of the samples. All measured XPS spectra were calibrated corresponding to the value of the C
1s peak at 284.4 eV using Mg Ka X-ray source with 1253.6 eV. Raman spectroscopy measurements were made
LabRam Armis, Horiba Jobin Yvon instrument equipped with 532 nm laser and a microscope to focus the laser

light on the film surface.

2.2.6 Electrochemical and Photoelectrochemical Measurements.

The OER measurements were performed in 1 M KOH aqueous solution (FUJIFILM Wako Pure
Chemical Corp.) using a three-electrode configuration, with a Pt wire counter electrode and an Ag/AgCl, KCl
reference electrode (Figure 2.9). All potentials have been referenced to the reversible hydrogen electrode
(RHE) by the expression: Veug = Vagagal + 0.197 V+ 0.059 V x pH. The linear sweep voltammograms (LSV)

were performed for 20 cycles with a scan rate of 5 mV s,

Potentiostat

H,O H,O
Ag/AgCI ref. Pt wire
G-F3203 (CathOde)
(Anode) 1M KOH electrolyte

Figure 2.9. OER measurement conditions.
Photoelectrochemical measurements were performed at the same condition, while visible light (wavelength

above 400 nm) was irradiated for the measurements (Figure 2.10). The 200 W Xeon lamp (Asahi Spectra. Co)

was used for the measurements.
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(Anode) 1M KOH electrolyte

Figure 2.10. Conditions for the photoelectrochemical OER measurement.

2.3 Results and Discussion

2.3.1 Characterization of SMART-derived thin films.
The reaction pathway of SMART is designed as follows. In the first step, the substrate is immersed

in a FeCl, solution with pH 4 to form a Fe?" adlayer onto the substrate surface. When an oxide surface is
negatively charged at the pH, a double layer is formed on the surface where Fe*" forms an inner layer (Stern
layer) and the CI” from the FeCl, precursor forms a charge-balancing outer layer. In the following step, the
substrate is rinsed with ethanol so that only the immobile double-layer remains on the substrate surface.
Subsequently, the substrate is immersed in the NaNO; solution and heated to 75 °C. The NO;™ in the solution
is diffused onto the surface to oxidize the adsorbed Fe®' to the Fe* state. At this stage, hydrolysis and
dehydration simultaneously occur onsite, resulting in the formation of the first O-Fe-O bonds. In the final step,
the substrate is rinsed again to remove the ions from the diffusion layer. In principle, the repletion of these
cycles leads to a layer-by-layer deposition of the a-Fe,Os layer.

Figure 2.11 shows the X-ray diffraction pattern from the sample prepared by the SMART on the glass
substrate after 90 cycles of deposition. The pattern displays broad peaks from the glass substrate and sharp
peaks corresponding to 104 and 110 reflections of the a-Fe,Os3 phase (JCPDS 33-0664) without an impurity
phase such as Fe(OH),, Fe(OH);, FeOOH, Fe3;0s, and y-Fe,Os. According to Scherrer’s equation using a 104
peak, the crystallite size is calculated to be 47.4 nm?°. Raman spectroscopy was employed to further investigate
the phase purity of the resultant films. As shown in Figure 2.12, all the detected peaks are assigned as two A1,
modes (231 and 473 cm™) and four E; modes (255, 297, 411, and 576 cm™)*’2%_ in support of the film being
composed of a-Fe,O3 domains. Note that Raman spectra up to 1400 cm™ shown in Figure 2.12, also exclude

the formation of iron-based impurity phases?’.
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Figure 2.11. XRD pattern of SMART-derived a-Fe,O3 on a glass substrate deposited after 90 cycles.
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Figure 2.12. Wide-range Raman spectrum of SMART-derived a-Fe,O3 on a TCO substrate deposited after 90

cycles.
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Figure 2.13 displays the cross-sectional and surface SEM images of the SMART-derived a-Fe>O;
film. The cross-sectional image reveals the formation of a dense layer with a relatively uniform thickness of
150 nm on average. Thus, the growth rate can be estimated at approximately 1.7 nm per deposition cycle, if
the film thickness linearly increases in each deposition cycle. The surface image presents a continuous film
consisting of dense grains with an average size of ca. 50 nm. The grain size roughly matches the calculated
crystallite size (47.4 nm) from the XRD pattern, indicating that each grain consists of a single crystalline
domain. Indeed, the SEM observation with a lower magnification confirms that the film is free from cracks
(Figure 2.14). The film exhibited good adhesion to the substrate after scotch tape testing, indicating the

presence of chemical bonds at the interface between the substrate and the a-Fe,Os layer.

Figure 2.13. Cross-section and surface SEM images of SMART-derived a-Fe>O; on a glass substrate
deposited after 90 cycles.
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Figure 2.14. Low magnification SEM image of SMART-derived a-Fe,O3 layer on a glass substrate after 90

deposition cycles.

2.3.2 Growth rate and mechanism of SMART process.
The growth mechanism was verified by monitoring the change of UV-Vis spectra with an increase in

the number of deposition cycles. Figure 2.15 (a) shows a change in the UV-Vis absorption spectra after 1, 3, 5,
10, 15, 20, 25, and 30 cycles on the glass substrate. In general, the absorption gradually intensified with the
number of deposition cycles, while the spectral feature, e.g., absorption onset, was not largely changed after at
least 3 cycles, indicating that the a-Fe,O; layer was deposited throughout the cycles. Figure 2.15 (b) displays
plots of absorption intensity at 400 nm versus the number of deposition cycles. The plots were fitted with lines
at a slope of ca. 0.01 per cycle. Note that the absorption coefficient for 90 cycles of deposited a-Fe,O3; was
1.12 at 400 nm (Figure 2.16). From this value, the slope was calculated to 0.012 per cycle, which accords well
to the slope value obtained from up to 30 cycles. Thus, the UV-Vis absorption data supports that the a-Fe,O3
film is deposited in a layer-by-layer manner. The calculated crystallite size, 47.4 nm from the XRD pattern
(Figure 2.11), was 28 times larger than the growth rate (ca. 1.7 nm). Thus, the Fe?* species in the Stern layer
was mainly consumed for crystal growth rather than the heterogeneous nucleation process. It is confirmed that
the slope value that fitted with the UV-Vis data was unchanged when the TCO substrate was used as the
substrate (Figure 2.15 (b)). This result is reproducible. The thickness of an a-Fe,O3; layer on a TCO was
observed to approximately 50 nm after 30 deposition cycles (Figure 2.17). This further confirms that the growth

rate was about 1.7 nm/cycle.
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Figure 2.15. (a) UV-Vis spectra of SMART-derived a-Fe,O3 obtained after 1, 3, 5, 10, 15, 20, 25, and 30
deposition cycles, (b) plots of absorption intensity at 400 nm versus deposition cycles, where the A and []

symbols denote the plots from the sample deposited on glass and TCO substrates, respectively.
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Figure 2.16. UV-vis spectra of SMART-derived a-Fe>Os layer on a glass substrate after 30 and 90 deposition
cycles.
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200nm

Figure 2.17. SEM images of SMART-derived a-Fe,O3 on a TCO substrate deposited after 30 cycles.

X-ray photoemission spectroscopy (XPS) was employed to detect the changes in surface states of the
first cycle. Figure 2.18 (a) displays Fe 2p XPS spectra of the deposited layer after the reaction with FeCl,
followed by the rinse step, and one subsequently reacted with the NaNO, solution followed by a second rinse
step. Note that the Sn 3p3» background signal was extracted from the as-obtained data to better understand the
Fe 2p spectra (see Figure 2.19).

=]
Fo 2p 1cycle Fe
S5 1cycle Fe+NaNO,
)
=
g Fe3
£
| M 1 M 1 M 1 N 1
b 725 720 715 710 705
Ci2p 1cycle Fe
= 1cycle Fe+NaNO,
s
=
@
=
2
=1
n 1 L 1 " 1 I . 1 S

L
202 200 198 196 194 192
Binding Energy (eV)

Figure 2.18. (a) Fe 2p and (b) Cl 2p XPS spectra of the deposited layer after the first step (black) and second

step (red) in the first deposition cycle.
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Figure 2.19. As-measured Fe 2p XPS spectra after the first step (black) and second step (red) in the first
deposition cycle, and Sn 3p spectra of a bare TCO substrate (green).

The Fe 2p spectra involve multi-components including Fe 2pi,, Fe 2ps5, and their satellite peaks,
while it can be quantitively described that the peaks shifted toward the higher energy side after reaction with
NaNO:s. Indeed, a peak at around 719 eV, attributable to a Fe 2p 1, satellite of Fe**, was pronounced after the
reaction®3!, These changes demonstrate that the oxidation of Fe*" occurred by reactions with the NaNO,
solution. Besides, the intensity of the CI 2p peak (Figure 2.18 (b)) decreased after the second step. This supports
the notion that the C1” ions involved in the outer layer of the double-layer were replaced by O* or OH™ species
binding with Fe*" after the oxidation step. Thus, all the analytical results support that the a-Fe,Os layer could
be deposited, according to the designed SMART concept (Figure 2.5). The direct formation of a-Fe;Os
demonstrates that controlling surface redox reactions in the growth process plays a critical role in

crystallization.
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2.3.3 Electrocatalytic properties of SMART-derived thin films.

Subsequently, the electrochemical and photo-electrochemical catalytic performance of SMART-

derived a-Fe,Os for an oxygen evolution reaction (OER) was investigated to find any structure-performance

correlations. As is well known, OER is the essence of renewable fuel generation in water electrolysis, and the

development of stable, cost-effective, and environmentally-friendly OER catalysts is a key challenge®?-¢. This

sheds light on a-Fe;O; as one of the most suitable materials®”%, Figure 2.20 (a) shows plots of linear sweep

voltammograms (LSV) of an a-Fe>Os deposited TCO substrate after 30 cycles of SMART along with a bare-
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Figure 2.20. (a) LSV curves for SMART-derived a-Fe,Os obtained after 30 deposition cycles on an TCO
substrate and bare-TCO. (b) The effects of photoirradiation on the current density for SMART-derived a-Fe,Os3

obtained after 30 deposition cycles on a TCO substrate.
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TCO reference. In this case, the measurements were performed without light irradiation. A bare TCO shows a
tiny cathodic current (0.18 mA/cm? at 1.8 V), while a current of more than one order of magnitude higher is
gained at the same potential after a-Fe>O; deposition. The overpotential is about 390 mV at 0.5 mA/cm?.

Electrochemical measurements under light-irradiation were also performed to investigate the
catalytic activity of photo-electrochemical water oxidation (Figure 2.20 (b)). As a result, a tiny increase of
cathodic current in the pA/cm? range was observed, which demonstrates that most photogenerated
electron/hole pairs were expensed for the recombination pathways rather than for water oxidation. To our
knowledge, there has been no report of a-Fe,Os-based materials simultaneously exhibiting good
electrocatalytic activity (measured without light-irradiation) and photo-electrocatalytic activity (measured with
light-irradiation) for water oxidation. This is most probably because they are in a trade-off relationship; namely,
defects increase the electron conductivity required for the former catalysis, while they induce recombination
pathways for the photogenerated carriers that are avoided for the latter. Considering that SMART was
conducted at a low temperature of 75 °C, a SMART-derived a-Fe,O3 layer would be more defective than those
synthesized by high-temperature methods, which could be the main reason for the remarkable catalytic activity
of SMART-derived a-Fe,Os.

Subsequently, the effects of thermal annealing in the air on the electrochemical properties of SMART-
derived a-Fe,O3; were investigated to understand the correlation between the catalytic activity and local
structures in a-Fe,Os layers. Figure 2.21 (a) shows the LSV curves of the SMART-derived a-Fe,Os layer, as-
deposited and subsequently annealed at 300 °C and 500 °C. After annealing at 300 °C, the cathodic current
density increased slightly. The catalytic activity was significantly enhanced with the overpotential of 370 mV
at 0.5 mA/cm? after annealing at 500 °C. It was assumed that the activity would decrease after the annealing
in the air due to the elimination of defects. However, the trend of the experimental results was the opposite of
our expectations, indicating that the a-Fe,Os layer remained defective after annealing. The photo-response
remained negligible after annealing at 500 °C (Figure 2.21 (b)).

XRD analyses were performed to collect information about the local structure changes of a-Fe;Os
layers after annealing (Figure 2.22 (a) and 2.22 (b)). First, no additional peaks emerged after annealing up to
500 °C, supporting that the as-deposited films were mainly composed of crystalline a-Fe,Os. Second, the
average crystallite size slightly increased to 54.6 nm from 47.4 nm after annealing at 500 °C. Third, the d-value
calculated from the 104 peak position corresponded to 2.719 A, 2.709 A, and 2.707 A for the as-deposited film
and ones subsequently annealed at 300 °C and 500 °C, respectively, while the d-value obtained from a reference
bulk crystalline a-Fe,O3 was 2.703 A (Figure 2.23). Thus, the lattice expansion occurred in as-deposited o-
Fe,0s3, and the lattice shrank to the bulk value after the annealing.

XPS was performed to detect the change in chemical states of the a-Fe,O; after annealing. Figures
2.24 (a)-(d) show Fe 2p and O 1s spectra of SMART-derived a-Fe,O3; with and without annealing at 300 °C
and 500 °C. In the Fe 2p spectra, an Sn 3p3,» peak located at 716 eV appeared after annealing at 500 °C. It was
also found that Sn 3d peaks in the wide-scan spectrum were pronounced after the annealing (Figure 2.25).
Thus, Sn*" ions, involved in the conducting substrate, would be thermally diffused in the a-Fe,Os lattice. In

39-41 Sn4+

fact, this phenomenon can be found in the literatures exhibits a similar ionic radius and Pauling
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electronegativity to Fe*" ions, which facilitates the substitution of Fe** to Sn*" in a-Fe,Os. Importantly, Sn**-
doping has been found to be an effective approach for tailoring the electronic properties of a-Fe,O3****. In the
present case, the catalytic activity was likely enhanced by an increased electron conductivity by Sn**-doping**.
Two binding energies of O 1s (529.5 ¢V and 531.0 eV) were assigned to the O% and OH", respectively*-*. The
ratio of OH/O* decreased after annealing at 300 °C. Thus, it was suggested that the observed lattice expansion
in the as-deposited a-Fe,O; layer was caused by the OH species*”*. Finally, the intensity of the Cl 2p was
quite weak in the as-deposited sample. The peak was almost undetectable after annealing at 300 °C, excluding

the significant contributions of CI™ to change the catalytic activity upon annealing (Figure 2.26).
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Figure 2.21. (a) LSV curves for SMART-derived a-Fe,Os obtained after 30 deposition cycles on an TCO
substrate; as-deposited, and subsequently annealed at 300 °C and 500 °C. (b) The effects of photoirradiation
on the current density for SMART-derived a-Fe;Os obtained after 30 deposition cycles on an TCO substrate
(annealed 500 °C).
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Figure 2.22. (a) Total and (b) Selected angle XRD patterns of the SMART-derived a-Fe,O3 deposited on a
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Figure 2.23. XRD pattern of reference a-Fe,O3 powder.
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and subsequently annealed at 300 °C and 500 °C. O 1s XPS spectra of the SMART-derived a-Fe>O3 deposited
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39



Fe 2p

0w o
R 15
©° &
/1]
A [}
O 500°C
— At = At
s 300°C
> A —
& ]
3
= " As-deposited

.
g

L

TCO substrate

1 | 1 | 1 | 1 | 1 | 1 1 1 | I —|

800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Figure 2.25. Wide-scan XPS spectrum of the SMART-derived a-Fe,Os deposited on an TCO substrate, as-
deposited, and subsequently annealed at 300 °C and 500 °C. Wide-scan XPS spectrum of TCO substrate is

shown as a reference.

40



As-deposited
3000C

Intensity (a.u.)

204 202 200 198 196

Binding Energy (eV)

Figure 2.26. CI 2p spectra of the SMART-derived a-Fe,O; deposited on a TCO substrate, as-deposited, and
after annealing at 300 °C and 500 °C.

2.3.4 Enhanced catalytic activity at Ni(OH)./0-Fe,Os heterointerface.

It was revealed that defect-engineering by annealing is effective in enhancing the electrocatalytic
activity of a-Fe»O;. Here, the alternative reaction concept was further extended to tailor the catalytic activity,
where the Ni(OH), layer was decorated onto the surface of the a-Fe,O; film after annealing at 500 °C. The
Ni(OH), layer was deposited SILAR method!® #, referred to as the most relevant deposition technique to
SMART. In SILAR, metal ions were adsorbed onto the surface followed by rinsing with water. In the next step,
metal cations reacted with an alkaline solution to form a metal hydroxide layer via classical precipitation
reactions (eq. 2.1). In fact, this attempt significantly improved the OER activity; as shown in Figure 2.27 (a),
the overpotential was lowered to 250 mV at 0.5 mA/cm? after the Ni(OH),-modification. The overpotential at
the same current density was ca. 50 mV lower than those from the best a-Fe;Os3-based catalysts, Ni- or Zn-
doped a-Fe>O3, reported so far’”. No degradation of catalytic performance was observed after 100 scans, which
indicated the high catalytic durability. The Ni(OH),-modified a-Fe,O3; showed better catalytic activity than
SILAR-derived Ni(OH),, where the overpotential of a Ni(OH), layer obtained after 30 deposition cycles was
320 mV at 0.5 mA/cm?. Figures 2.27 (b) and 2.27 (c) show the Fe 2p and Ni 2p XPS spectra of Ni(OH),-
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modified a-Fe,Os, respectively. There is no remarkable change in the features of the Fe 2p spectra, indicating

that the Fe-O-Fe framework containing oxygen vacancies was not altered by Ni(OH),-modification.
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Figure 2.27. (a) LSV-curves of the SMART-derived a-Fe;Os (annealed at 500 °C) before/after Ni(OH),
surface-modification and SILAR-derived Ni(OH), (b) Fe 2p and (c) Ni 2p XPS spectra of the SMART-derived
a-Fe>Oj; (annealed at 500 °C) after Ni(OH), surface modification.
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Based on the relative peak intensity of the Ni 2p and Fe 2p spectra, the Ni: Fe atomic ratio is approximately
1:3. Considering the analytical depth of the XPS (ca. 4 nm), the thickness of the Ni(OH), layer is estimated to
be 1 nm. Besides, SEM-EDX analysis revealed that Ni signal was homogenously detected on the whole surface

of the a-Fe,Os layer, while there was no morphological change on the surface (Figure 2.28).
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Figure 2.28. SEM images and Fe/Ni distributions obtained by EDS elemental mapping of SMART-derived a-
Fe,0s (a) before and (b) after Ni(OH), surface-modification.
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In addition, no additional reflection peaks from Ni-based phases were detected in the XRD pattern of the
Ni(OH),-modified sample(Figure 2.29). This indicates that particulate Ni(OH), was not formed, while
Ni(OH), would be uniformly formed on the a-Fe,O; surface. These results support that catalytic activity was
modified through the formation of Ni(OH)./a-Fe>O; heterointerface.
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Figure 2.29. XRD pattern of the SMART-derived a-Fe,Os (annealed at 500 °C) after Ni(OH), surface-

modification. Note that a-Fe.O; layer was deposited after 90 cycles.

Finally, for perspective, it was proposed that the alternative reaction process could provide a platform
to create artificial two-dimensional (2D) heterostructures. 2D heterostructures such as BaTiOs3/SrTiOs;
superlattice were initially fabricated by a vacuum process™, and recently, hetero-assembly of 2D nanomaterials
such as graphene, as well as 2D transition metal dichalcogenides and 2D oxides have attracted considerable
attention for tuning functionalities by interface coupling®'->2. Although alternative reaction, including SILARs
and solution-ALD?>, has only been employed for the deposition of inorganic layers with single components,
the layer-by-layer deposition principle is applicable to produce such 2D heterostructures. The Ni(OH)»/ a-
Fe;03 heterointerface with excellent OER activity, found in the present study, partially demonstrate the above
strategy. However, a true understanding of the enhancement of the heterointerface remains challenging because
of the complex nature of the surface system, and thus is beyond the scope of this current study. For example,
it was found that enhancement of OER activity was less significant, when Ni(OH), was deposited on the as-
deposited a-Fe>Oj3 layer (Figure 2.30). Presently, it is expected that the periodical 2D heterostructures, such as

alternately stacked Ni(OH),/ a-Fe>Oj3 layers, would serve rich chemistry, affording superior catalytic activity.
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This will be the target of our next study.
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Figure 2.30. LSV-curves of the SMART-derived a-Fe>O; before/after Ni(OH), surface-modification.

2.4 Conclusion

In conclusion, SMART was established for the direct solution deposition of a-Fe,Os layers on oxide
substrates. This method yielded an a-Fe,Os layer with a 150 nm thickness and a crystalline size of 47.4 nm
after 90 deposition cycles. The growth rate was ca. 1.7 nm per deposition cycle, in which Fe?* cations in a
Stern layer were oxidized by NaNO, to form Fe*" followed by consumption by crystal growth. Thus, the
designed reaction route for the a-Fe,Os layer was experientially demonstrated. OH™ species were introduced in
the lattice of a-Fe,Os crystallites, probably associating with the low-temperature aqueous process. The
defective feature of SMART-derived a-Fe,O; activated and deactivated electrochemical and
photoelectrochemical activity for water oxidation, respectively. The annealing in air introduced the Sn*" ions
in the a-Fe>Oj3 layer by the thermal diffusion from the substrate, which enhanced the electrocatalytic activity.
Finally, it was found that Ni(OH),/ a-Fe,O3 heterointerface provided excellent OER activity, which would be

crucial to developing stable, cost-effective, and environmentally-friendly OER catalysts.

Most part of this chapter has been published in Nanoscale Advances, 2, 3933, 2020,
DOI: 10.1039/d0na00345;j
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Chapter 3: Nanoscale Ni(OH)2/FeOOH heterostructures fabricated via
an alternative deposition process and their catalytic activity

Overview

The use of nanoscale heterostructures is an effective approach for developing catalysts that are free of
precious metals for sustainable energy conversion. In this chapter, a sequenced successive ionic layer
adsorption and reaction (sequenced-SILAR) method was developed for the fabrication of Ni(OH)./FeOOH
heterostructures. In this method, the order of the deposition cycles of individual Ni(OH), and FeOOH layers
was programmed to control the thickness and stacking order of these layers in the heterostructure. The
sequenced-SILAR process using a Fe?* solution as the iron source produced dense heterojunctions offering
overpotentials of 330 and 234 mV at 10 mA cm™2 for an oxygen evolution reaction (OER) on flat, conducting
oxide substrate and porous Ni foam, respectively. Investigation of the deposition-sequence-dependent OER
activity indicated that the Ni(OH)./FeOOH coupling effects may extend to the Ni?* active sites located about
10 nm from the heterointerface. When a Fe3* precursor was employed in the sequenced-SILAR process, dense
heterojunctions were not produced because of the formation of isolated FeOOH particles. As a result, an
excellent overpotential was not obtained. In principle, the sequenced-SILAR method can be extended to the
fabrication of various types of heterostructures. However, the deposition conditions must be carefully designed
to offer strong interfacial coupling effects.

3.1 Introduction

The widespread use of hydrogen (H2) as a clean fuel is key to maintaining the sustainable
development of modern society.? A practical way to massively produce H; fuels is via water electrolysis by
using surplus electricity at night.> However, the anodic oxygen evolution reaction (OER) requires a huge
overpotential to overcome the slow kinetics of OOH bond formation and OH bond breaking.**® Noble metal
oxides such as RuO; and IrO; are known to be highly active OER catalysts.®® However, their high cost makes
them unsuitable for large-scale industrial use. Thus, there is an urgent need for the development of precious-
metal-free electrocatalysts for OER.

As mentioned in the chapter 1, since 1987, when Corrigan et al. reported that iron impurities
dramatically enhanced the OER activity of Ni(OH), electrodes in alkaline solutions, intensive studies have
been carried out on Ni/Fe bimetallic (oxy)hydroxides as promising candidates for practical OER
electrocatalysts.’*'** Along with acquiring a deeper mechanistic understanding, it was found that
nanostructured Ni/Fe-based (oxy)hydroxides such as nanoparticles,4®> hollow nanoprism,'® and nanosheets!’
exhibited catalytic activity superior to that of RuO,- and IrO,-based catalysts. In these studies, the
nanostructures were designed, synthesized, and computed based on the hypothesis that the catalytic activity
can be enhanced by the homogeneous doping of Fe ions in the Ni(OH)2 and NiOOH phase matrix.
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Apart from the above classic homogeneous doping approach, the heteroassembly of nanounits with
different chemical compositions has attracted considerable interest for extending the catalyst design. For
example, Li et al. have obtained a small overpotential of 330 mV at 10 mA ¢m™ from a heterolayered
nanostructures of Co/TaS,.'® Guan et al. showed that the NiS-MoS; hetero-nanosheet exhibits high catalytic
activity with an overpotential of 203 mV at 10 mA cm 2, as well as stability.!” The synergistic coupling effects
for enhancing the catalytic activity for OER have also been found in NiMoOx/NiMoS,* NiO/C030s,?! Fe-
MoS,/CoMo0,S4,% and NiPS3/Ni,P,?* ceria/Ni-transition metal oxides,?* and MnO»/NiFe LDH? systems. As
summarized by Long et al.,?® there would be several contributions of heterojunction to the enhanced catalytic
activity, including (i) increasing electronic conductivity and active sites, (ii) modulating electronic
configuration, (iii) charge redistribution effects, and (iv) reducing the interfacial contact resistance.

Recently, enhanced OER catalytic activity has been found in Ni/Fe (oxy)hydroxide heterostructures.
These include B-Ni(OH), nanosheets loaded with a-FeOOH nanoparticles.?” B-FeOOH nanorods coated with
Ni(OH)2,% y-FeOOH nanoparticle coated a-Ni(OH), layer on Ni.?° Considering that the catalytic activities are
the result of the complex interplay among the crystalline phases of nickel hydroxide and iron oxyhydroxide,
shape, and size of the products, the knowledge available through these previous studies has been insufficient
yet to offer the origin of the catalytic activity and guideline of material design in this system.

In the present study, a sequenced successive ionic layer adsorption and reaction (sequenced-SILAR)
method was developed for fabricating a Ni/Fe (oxy)hydroxide heterostructure. In the conventional SILAR
process, the substrate is first immersed in a metal precursor solution.®® Subsequently, the adsorbed metal ions
on the substrate react with the anions from another solution to form an inorganic layer such as hydroxides, 3"
%2 sulfides,®! 3 phosphates,** and fluorides.®® The thickness obtained by one SILAR cycle is generally a few
nanometers. The layer thickness can be controlled by the number of deposition cycles, similar to a layer-by-
layer (LbL) assembly using anionic and cationic bipolar amphiphiles.®” Although the SILAR process has thus
far been limited to deposit single component films, the method can, in principle, be extended to produce
nanoscale heterostructures. Namely, the composition of the deposited layer can be arbitrarily selected from
cycle to cycle by arbitrarily making a selection from multiple metal and anion precursor solutions for each
deposition step.

A sequenced-SILAR approach was applied for the nanoscale design of Ni/Fe (oxy)hydroxide
heterostructures. In this study, first, the formation of the heterostructures by comprehensive microscopic and
spectroscopic techniques was investigated. Linear sweep voltammetry (LSV) and chronoamperometry were
employed to reveal the effects of the heterojunction on the catalytic activity and durability for OER,
respectively. Finally, effects of the deposition sequences and iron precursor on the catalytic activity were
investigated to produce an optimized Ni/Fe (oxy)hydroxide heterostructure. These results revealed that the
sequenced-SILAR method using an Fe?* solution as the Fe source produced dense Ni(OH)./FeOOH
heterojunctions offering catalytic activity comparable or superior to those of state-of-the-art Ni/Fe binary
(oxy)hydroxide catalysts. However, the use of an Fe** solution led to sparser heterointerfaces due to the
formation of isolated FeOOH particles, which resulted in the weakened enhancement of catalytic activity. The
dependence of the OER activity on the deposition sequence indicated that the interaction through the
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heterojunction was not localized only at the interface but instead had a long-range influence on the
electrochemical activity at the Ni?* sites.

3.2 Experimental

3.2.1 Preparation of the precursor solutions.

The metal source precursors used in this study were FeClz-4H,0 (99.0-102.0 %), FeCls-6H20 (99.0 %),
and Ni(NOs)2-6H,0 (98.0 %) (all from FUJIFILM Wako Pure Chemical Corp.). The cation solution was
prepared by dissolving 0.1 M of FeCl,-4H,0, FeCls-6H20, or Ni(NOs).-6H,0 in 50 mL of distilled water.
Nitrogen gas was purged into the solution for 5 min to prevent oxidation of the reactants in the solution.

3.2.2 Deposition process in a successive ionic layer adsorption and reaction (SILAR).

Substrates including fluorine-doped tin oxide coated glass substrate (FTO, 10 mm x 50 mm x 1.1 mm,
FTN 1.1, 10 Q/sq, AGC Inc.), quartz glass (10 mm x 50 mm x 1 mm, GL Sciences Inc.), and Ni foam (99.99 %
purity, 1.6 mm thickness, 80-110 PPI pore size, MTI Co., Ltd.) were selected. The substrates were treated
with UV/O3 (ASM401N, Asumi Giken, Ltd.) for 15 min to obtain a hydrophilic surface. For the SILAR process,
first, the substrates were immersed for 10 s in the source solution heated to 75 °C, followed by rinsing with
distilled water. Next, the substrate was immersed for 10 s in a 1 M KOH aqueous solution (FUJIFILM Wako
Pure Chemical Corp.). heated to 75 °C and then rinsed with distilled water again. A series of these operations
was repeated to obtain Ni or Fe hydroxide layers as well as Ni/Fe heterostructures under the programmed
deposition sequences (Figure 3.1).

3.2.3 Characterization.

The crystalline phases of the deposited films were investigated by X-ray diffraction (XRD; X'Pert-
Pro-MRD, CuKa, 45 kV and 40 mA, PANalytical). The surface morphologies and textures of the films were
observed by scanning electron microscopy (SEM; SU-8020, Hitachi High-Technologies) and atomic force
microscopy (AFM; S-image, Hitachi High-Tech Science Corporation). The cross-sectional morphologies of
the films were observed by transmission electron microscopy (TEM; JEM-2010F, JEOL) at an acceleration
voltage of 200 kV, and their elemental distribution was analyzed by EDS (GENESIS, Edax). Focused ion beam
(FIB) etching was used to prepare a specimen for cross-sectional TEM analysis of a SILAR-derived layer on
a FTO substrate. The light absorbance of the samples in the ultraviolet-visible (UV-Vis) region was evaluated
by UV/Vis spectroscopy (V-770, JASCO). The absorption spectra of the deposited layer on a quartz substrate
were measured using a quartz substrate as a reference. X-ray photoelectron spectroscopy (XPS; JPS 9010 TR,
JEOL) was conducted to investigate the chemical state of the samples. All measured XPS spectra were
calibrated corresponding to the value of the C 1s peak at 284.4 eV using a Mg Ka X-ray source at 1253.6 eV.
Raman spectroscopy measurements were conducted using a Horiba XploRA PLUS equipped with a 532 nm
laser and a microscope for focusing the laser light on the film surface.
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Figure 3.1. Flowchart of sequenced-SILAR procedure.

3.2.4 Electrochemical Measurement.

The OER measurements were performed in a 1 M KOH aqueous solution using a three-electrode
configuration, with a Pt wire counter electrode and an Ag/AgCl, KCI reference electrode. All potentials were
referenced to the reversible hydrogen electrode (RHE) by the following equation: Vrue = Vagiagel + 0.197 V +
0.059 V x pH. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed at a scan rate
of 20 mV s (Figure 3.2).

3.3 Results and discussion

3.3.1 Design of Sequenced-SILAR deposition.

Figure 3.3 illustrates the sequenced-SILAR process proposed in the present study. In this process, the
substrate is immersed in a Ni or Fe precursor solution to form the metallic cation adlayer on the substrate
followed by the reaction with a KOH solution to convert it to a hydroxide (or oxyhydroxide) layer. Ni?* solution
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was used as the Ni precursor. However, Fe?* and Fe®* precursor solutions could be candidate as Fe sources.
Previously, a liquid-phase deposition methods was developed liquid-phase to fabricate a-Fe;Os thin films,38-3°
In those studies, Fe?* ions were homogeneously adsorbed on the substrate to induce uniform film growth.
Therefore, the sequenced-SILAR deposition with an Fe?* precursor was first examined for fabricating the
target heterostructures. As a preliminary experiment for fabricating a Ni/Fe-based heterostructure by the
sequenced-SILAR method, the crystal structure of the precipitates formed by directly mixing the KOH solution
with the Ni%* or Fe?" solution was analyzed by XRD. As shown in Figure 3.4, reflection peaks from the B-
Ni(OH), (JCPDS No. 14-0117)* and a-FeOOH (JCPDS No. 29-0713)* phases were detected when the Ni?*
and Fe?* solutions were employed, respectively. Accordingly, it was assumed that the SILAR process using
the Ni?* and Fe?* solutions would yield relevant products with these compounds.

Potentiostat
e | 5 le
02 <l__;\\ H2
) H,0
H,0 °
Ag/AgCI ref. Pt wire
Ni/Fe (oxy)hydroxide (Cathode)
(Anode) 1M KOH electrolyte

Figure 3.2. OER measurement conditions.
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Figure 3.3. Sequenced-SILAR process.
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Figure 3.4. XRD patterns of the precipitates formed by directly mixing the KOH solution with the Ni** or Fe**
solution.
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3.3.2 Characterization of Sequenced-SILAR deposition.

First, the SILAR deposition using either the Ni?* or Fe?* solution was investigated. The samples with
a single component layer were labeled Nin and Fen, where n corresponds to the number of deposition cycles
(Figure 3.5). As shown in Figure 3.6, Ni25 and Fe25 present an optical absorption edge around 300 and 700
nm, respectively. Subsequently, the sequenced-SILAR process using Ni?* and Fe?* dual precursors was
conducted. In the sequence design, Ni(OH), and FeOOH layers were alternately formed, where each layer was
fabricated by the same deposition cycle number (n), yielding a (Fen/Nin) unit. Then, the deposition of the
(Fen/Nin) unit was repeated m times to produce (Fen/Nin)m,. The Nin layer was always deposited at the last
step. Therefore, the samples were labeled Nin(Fen/Nin)m. Ni5(Fe5/Ni5), was deposited on the quartz glass
substrate. The resultant film exhibits the absorption features of both Ni25 and Fe25 (Figure 3.6). When the
spectra of Ni25 and Fe25 were multiplied by 3/5 and 2/5, respectively, to match the total number of Ni and Fe
deposition cycles for the fabrication of Ni5(Fe5/Ni5),, and then those values were added, the resultant spectra
were in good agreement with those of Ni5(Fe5/Ni5),. This indicates that the thickness increment per deposition
cycle was not significantly altered by the sequenced-SILAR process. Hence, this approach would allow us to
control the thickness and order of individual Ni(OH), and FeOOH layers in the deposited film.

Single

Ni15 Fe1d

Ni 15 times Fe 15 times

Hetero

Ni5(Fe5/Ni5),

Ni 5 times — Fe 5 times — Ni 5 times
Tunit —

Figure 3.5. The deposition sequence and sample-naming.
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Figure 3.6. UV-vis absorption spectra of Ni25, Fe25, and Ni5(Fe5/Ni5); and the spectrum produced using the
formula Ni25x3/5 + Fe25x2/5.

Next, the SILAR deposition was performed on the FTO substrate as a conducting substrate. These
samples were optically transparent due to the ultrathin thickness and/or high uniformity (Figure 3.7).

(a) FTO (b) Ni15 (c)Fe15 (d) Ni5(Fe5/Ni5),

Figure 3.7. Digital photoimages of FTO and SILAR-derived samples on FTO.
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SEM observations revealed that the surface morphology of Nil5 and Ni5(Fe5/Ni5); was similar to
that of the uncoated FTO substrate (Figure 3.8), while a thin layer was likely formed on the entire substrate.
The result indicates that the deposited layer via the SILAR followed the uneven FTO surface, according to the
LbL deposition principle.

44nm

| 50nm I

Onm

250nm

44nm

Onm

44nm
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Figure 3.8. SEM and AFM images of the FTO substrate and Nil5 and Ni5(Fe5/Ni5); deposited on the FTO

substrate.
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The height profile extracted from the AFM images provided the evidence that the deposited layers exhibited
nanoscale roughness approximately up to 5 nm (Figure 3.9).

34.09
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b nm 139.43

Figure 3.9. The cross-section height profile of the AFM image of Ni5(Fe5/Ni5);.

Figure 3.10 shows the Ni 2p XPS spectra for Nil5 and Ni5(Fe5/Ni5):. In the Ni 2p spectra, Ni 2pi,» and Ni
2ps» are detected for both samples. The peak positions of the Ni 2p/» and Ni 2ps, bands appear at 872 and 855
eV, respectively, which is consistent with the divalent nickel pattern and indicates that Ni is present as
Ni(OH)..#>*® The peak position of Fe 2ps» for Ni5(Fe5/Ni5); (710 eV) is attributable to the intermediate
position of the Fe?* and Fe®* states.*“® Thus, Fe?* remains in the as-deposited film, while partial oxidation to
Fe®* occurred during the deposition and/or after exposure to air. Thus, the actual chemical composition of the
product deviates from FeOOH. Nevertheless, Fe(OH), and Fe(OH); are known to be unstable products in the
reaction of iron species with a base so that they favor to undergo a transformation to the more stable FeOOH
phase under given reaction conditions. Hence, the denotation of the product as FeOOH is kept throughout the
present work. The calculated Ni:Fe atomic ratio for Ni5(Fe5/Ni5): was 3:1. The much higher Ni content
compared to the Fe content indicates that a Ni(OH).-rich layer was deposited on the outermost surface region,
as was designed.

An XPS depth-profile analysis was employed to prove the formation of heterointerfaces in
Ni5(Fe5/Ni5), (Figure 3.11). Figure 3.12 summarizes the intensity ratio of the Ni 2ps»/Fe 2ps»/Sn 3ps;» peak
positions versus the analytical depth. First, the Ni 2ps, intensity ratio gradually decreased with an increase in
the analytical depth, whereas the Fe 2ps, and Sn 3ps, peak intensity ratios increased. This trend confirms that
the Ni(OH), layer was formed on the FeOOH underlayer to give a Ni(OH)»/FeOOH heterostructure. Second,
the Fe 2ps,» peak intensity ratio was maximized at a depth of around 20 nm. Thus, an FeOOH-dominant layer
existed around this thickness region. The bottom Ni(OH) layer would be formed between the FeOOH middle
layer and the substrate surface. Third, the Sn 3ps, peak continuously increased up to an analytical depth of 50
nm. Thus, the total thickness was estimated to be ~50 nm. The thickness was approximately one order of
magnitude larger than the surface roughness observed by AFM analysis (~5 nm), suggesting that the deposited
layer could be rather homogeneous in thickness. It is noted that the surface of the FTO layer was not flat and
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the heterostructures obtained by the sequenced SILAR would not be homogeneous, unlike ideal superlattice
structures obtained by pulse laser deposition. Thus, the available information from the depth profile is only
limited to probe the overall elemental distribution of the hetero-structures fabricated.

Ni 2p
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Figure 3.10. Ni 2p and Fe 2p XPS spectra of Nil5 and NiS(Fe5/NiS); on the FTO substrate.
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Figure 3.11. Fe 2p and Ni 2p spectra of Ar-etched Ni5(Fe5/Ni5); deposited on FTO. . Fe 2p and Ni 2p peaks

shifted to low-energy side due to the reduction by Ar* sputtering.
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Figure 3.12. XPS depth profile of Ni5(Fe5/Ni5); deposited on the FTO substrate.

The microstructures of the SILAR-derived Ni(OH)./FeOOH heterostructures were investigated by
XRD and transmission electron microscopy (TEM). For this investigation, the total number of deposition
cycles was increased to 75 times to enhance the output signals, while the order and number of depositions for
each Ni(OH), and FeOOH layer remained the same (5 cycles). Accordingly, the sample was labeled
Ni5(Fe5/Ni5);. The XRD pattern showed a broad peak attributable to the 006 reflection from the a-Ni(OH);
phase with a background peak from the FTO substrate (Figure 3.13).4*” No diffraction peaks were detectable
from the Fe-based compounds, indicating that the Ni(OH), and FeOOH layers should be amorphous-like or
composed of tiny crystallites.

TEM observation was performed to resolve the heterostructures in Ni5(Fe5/Ni5);. Figure 3.14 (a)
displays a cross-sectional scanning TEM (STEM) image of the Ni5(Fe5/Ni5) film formed on a FTO substrate.
The observed thickness was ca. 100 nm -150 nm. The total number of deposition cycles is 75 so that a growth
rate of ca. 2 nm per a deposition cycle is estimated. The corresponding elemental mapping image of Ni and Fe
(Figure 3.14 (b)) clearly probe the inhomogeneous distribution of these elements. In particular, the top and
bottom layers predominantly composed of Ni-based layers with the thicknesses up to ca. 10 nm. An Ni/Fe
elemental mapping focused on a FTO interface region further revealed that a Ni-based layer was dominantly
formed at the bottom (Figure 3.15). Subsequently, a Fe-based layer was formed on the Ni-based bottom layer.
Each Fe and Ni-based domains was in ca. 10 nm scale. Lattice fringes were slightly observed in a bright-field
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high resolution TEM (HRTEM) image (Figure 3.16). The Fast Fourier Transform (FFT) analysis of the
HRTEM image detected the presence of lattice fringes with the distances of 0.38 nm and 0.48 nm attributable
to (006) and (001) planes of a-Ni(OH), and B-Ni(OH), phases, respectively,*®*® whereas the presence of any
FeOOH phases was not indicated. Considering that the homogeneous precipitation of Fe?* with KOH at 75 °C
yielded crystalline a-FeOOH (Figure 3.4), the nanometric growth mechanism of the SILAR deposition would
inhibit the crystallization. On the basis of the combined XRD and TEM analyses, it is concluded that the
nanoscale heterostructures based on the crystalline Ni(OH)2 phases and amorphous FeOOH were produced via
the sequenced SILAR.

@ o-Ni(OH),

Ni5(Fe5/Ni5),on FTO
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@ 006
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Figure 3.13. XRD patterns of a FTO substrate and Ni5(Fe5/Ni5); deposited on FTO substrate.
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Figure 3.14. (a) Low-magnification cross-sectional STEM image of Ni5(Fe5/Ni5)7, (b) Ni/Fe overlay image
obtained by STEM-EDS mapping corresponding to Figure 3.14. (a).

Green:Ni, Red:Fe

Figure 3.15. Ni/Fe elemental mapping focused on a FTO interface region.
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Figure 3.16. HRTEM image and FFT images obtained from the region (i), (ii), and (iii).
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3.3.3 OER performance of Sequenced-SILAR-derived Electrodes.

The Nil5, Fel5, and Ni5(Fe5/Ni5); on FTO were used as the working electrodes to catalyze the OER
in a three-electrode setup in an alkaline medium (1.0 M KOH). The polarization curves in Figure 3.17 show
that the overpotential of the Ni5(Fe5/Ni5); electrode is 330 mV at a current density of 10 mA cm 2, which is
much lower than that of Ni15 (570 mV at 10 mA cm2) and Fel5 (610 mV at 10 mA cm2). After continuous
operation for 12 h at an overpotential of 460 mV, the Ni5(Fe5/Ni5); electrode retained 83 % of its original
current density (Figure 3.18), while only 24 % was retained for the Nil5 electrode. Thus, the Ni(OH),/FeOOH
heterostructure improved both the catalytic activity and the durability.
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Figure 3.17. LSV curves for Fel5, Nil5, and Ni5(Fe5/Ni5); deposited on FTO.

Subsequently, the Ni(OH)./FeOOH heterostructure after 20 cycles CV scans was investigated to
discuss the structural stability, since the alternation in the chemical composition and shape of catalysts under
the operation of catalytic reactions could be a possible origin of the enhanced activity.5*% First, it was
confirmed that initial activity was almost unchanged after the CV scans (Figure 3.19). According to the XPS
analysis, the sample after the CV scans maintained the initial Ni:Fe ratio (3:1) (Figure 3.20), which indicates
the unchanged elemental distribution. It was found that the position of the Fe 2pa/, peak shifted to higher energy

side after the CV measurements. Thus, the Fe?* species remained in the as-deposited film were irreversibly
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oxidized to the stable trivalent state by the first electrochemical oxidation. XRD analysis of the sample after
the CV scans showed that the (006) peak from a-Ni(OH), slightly developed, while any peaks from the
crystalline FeOOH phases were not detected (Figure 3.21). Thus, remarkable coarsening of a-Ni(OH), grains
as well as crystallization of FeOOH unlikely occurred during the CV cycles. Thus, the structurally stability of
the Ni(OH),/FeOOH obtained by the sequenced SILAR was supported by all the data. It is noted that the high
stability of a Ni(OH)»/FeOOH heterostructure during OER operation was also reported by Niu et al.?’ Thus,
Ni(OH),/FeOOH systems could be suitable to offer durable OER catalysts.
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Figure 3.18. Amperometry data recorded for Nil5 and Ni5(Fe5/Ni5): deposited on FTO substrate at a fixed
potential of 1.69 V vs. RHE.
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Figure 3.19. CV curves of Ni5(Fe5/Ni5); before/after 20 cycles CV measurements.
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Figure 3.20. Fe 2p and Ni 2p XPS spectra of NiS(FeS/NiS); before/after 20 cycles CV measurements.
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Figure 3.21. XRD patterns of a FTO substrate and Ni5(Fe5/Ni5); deposited on FTO substrate before/after 20

cycles CV measurements.

The sequenced-SILAR method was used to deposit Ni(OH)./FeOOH heterostructures on Ni foam.
FE-SEM observation of Ni5(Fe5/Ni5): deposited on the Ni foam showed the presence of a homogeneously
deposited layer on Ni wires (Figure 3.22). The absence of particulate products indicates that the rinse process
completely removed the unwanted Ni- or Fe-containing solution from the pores in the Ni foam. As shown in
Figure 3.23, the polarization current density was enhanced by approximately 10 times at 1.5 V in comparison
with the heterostructure deposited on FTO substrate due to the increased specific surface area. Thus, the
sequenced-SILAR method was applicable for the deposition of nanoscale heterostructures on porous substrates.
The overpotential value (234 mV) at 10 mA cm? is comparable or superior to those of state-of-the-art Ni/Fe
binary (oxy)hydroxide catalysts obtained by multiple, complex synthetic processes (Table 3.1).52%" Thus, the
sequenced-SILAR method provided a facile route to the fabrication of a Ni(OH)./FeOOH-based nanoscale
heterostructure with controlled OER activity.

70



Figure 3.22. The SEM images of Ni5(Fe5/Ni5): deposited on Ni foam.
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Figure 3.23. CV curves for Ni5(Fe5/Ni5);: deposited on FTO substrate and Ni foam.
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Table 3.1. Summarized OER activity of state-of-art homogeneous NiFe binary catalysts deposited on Ni foam
in 1.0 M KOH electrolyte from the literature.

Overpotential
References
(mV, 10 mA cm?)

Chapter 3 234
J. Mater. Chem. A, 7, 21722, 2019. 239 52
ACS Energy Lett., 4, 3, 622, 2019 219 53
Adv. Mater., 30, 10, 1706279, 230 54

2018.
ACS Sustainable Chem. Eng., 7, 240 55
11, 10035, 2019.
ACS Sustainable Chem. Eng., 6, 224 56
15411, 2018.

RSC Adv., 10, 43, 25426, 2020. 270 57

Subsequently, the OER activity depending on the deposition sequence and conditions was
investigated. Figure 3.24 summarizes the overpotential values at 10 mA cm 2 based on the polarization curve
of the samples produced with various deposition sequences (Figure 3.25). First, it was found from the series
of Ni(OH), single component samples (Nil to Ni30) that the overpotential value of the Ni(OH), layer
decreased with an increase in the deposition cycle number up to 7 times, and then gradually increased (see also
Figure 3.25). If a growth rate of 2 nm per deposition cycle is assumed based on the TEM analysis, the thickness
would reach ~14 nm for Ni7. The charge transfer efficiency, i.e. catalytic activity, was suppressed in the thicker
layer presumably due to the low electrical conductivity of a-Ni(OH),.58 Second, a significant improvement of
the overpotential was observed in the series of samples based on the Ni(OH)./FeOOH heterostructures,
Nil(Fel/Nil)7, Ni3(Fe3/Ni3),, and Ni5(Fe5/Ni5);. Furthermore, a trend can be seen in these samples where
the overpotential value improved with an increase in the number of deposition cycles for each layer. Ni-sites
could be responsible for the catalytically active sites for OER in Ni/Fe binary (oxy)hydroxide systems.t% 5°-60
Thus, the trend can be interpreted as that the catalytic activity is improved in the order of the total number of
Ni(OH), deposition cycles, i.e. total number of Ni-active sites in the deposited film. Therefore, the best
performance observed in Ni5(Fe5/Ni5); could be interpreted as that the Ni(OH)./FeOOH coupling effect is
not localized only in the interface region. Namely, since the 5-cycle Ni(OH), deposition in the given sequence
would yield layers of ~10 nm thickness (Figure 3.14), the interfacial coupling effect may even affect the
catalytic activity at Ni2* sites located about 10 nm from the heterojunction. Such a long-range influence from
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interfacial coupling has not been considered in the previous studies focusing on electrocatalysis based on
heterostructure.?%2® Thus, our finding may shed some insights to understand and design catalytic activities of
heterostructured catalysts.

B Ni2*-SILAR | Fe2*-SILAR
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Figure 3.24. Summarized OER overpotentials at 10 mA cm2 after 20 cycles CV scans.
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FTO substrate.
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3.3.4 Sequenced-SILAR deposition with a Fe®* precursor.

Lastly, as a control experiment, the sequenced-SILAR process using the Fe* precursor solution was
conducted to verify the hypothesis that the use of Fe?* as a precursor solution is key to obtaining nanoscale
heterostructures (Figure 3.26).

-

FTO substrate cleaned by UV Ozone Cleaner (for 15 min)

[
U Immersed in 0.1 M Ni(NO;), aqueous solution at 70-75 °C (for 10 s)
Ni(NO3), 1

U Rinsed with water

|
Water | Dry the substrate | Repeat

Immersedin 1 M KOH aqueous solution at 70-75 °C (for 10 s)

™M KOH l
Rinsed with water
Water } Repeat
L Immersedin 0.1 M FeCl; aqueous solution at 70-75 °C (for 10 s)

FeCl, [«
Rinsed with water
o |
Wat

et Dry the substrate Repeat
|

U Immersedin 1 M KOH aqueous solution at 70-75 °C (for 10 s)
1M KOH |

U Rinsed with water
Water

Figure 3.26. Flowchart of sequenced-SILAR procedure with a Fe* precursor.

For this purpose, Fe** solution was employed, while the other parameters remained the same as those employed
in the fabrication of Ni5(Fe5/Ni5):. The sample, denoted as Ni5(Fe(IIT)5/Ni5)., showed an overpotential of
450 mV at 10 mA cm 2, which is 120 mV worse than Ni5(Fe5/Ni5); synthesized with the Fe?* precursor (also
see Figure 3.24 and Figure 3.27).
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Figure 3.27. CV curve for Ni5(Fe(III)5/NiS); deposited on FTO substrate.

Figure 3.28. SEM images of (a) FTO substrate, (b) Fe(III)15 and (c) Ni5(Fe(III)5/Ni5); on FTO substrate.
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SEM observation of Ni5(Fe(III)5/Ni5); revealed that spindle-shaped particles of approximately 20-100 nm in
size were sparsely formed (Figure 3.28 (c)). Such particles were also formed when the deposition was
performed with only the Fe®* precursor (Fe(II)15). The observed spindle-shaped particles are probably based
on FeOOH phases.®¢2 Moreover, the Sn 3ps, peak rather than the Fe 2ps, peak was dominant in the Fe 2p
spectral region of the XPS spectra of Ni5(Fe(IIT)5/Ni5): (Figure 3.29), which is responsible for the low
coverage of FeOOH layer due to the formation of the isolated spindle particles. This would result in a lack of
dense Ni(OH)./FeOOH heterojunctions, weakening the effects of the interfacial coupling on OER activity. As
it was addressed previously, Ni5(Fe5/Ni5)s, synthesized with the Fe?* precursor, turned to be a Fe*-dominant
state after the 20 cycles CV scans, while retaining the high catalytic activity. Thus, it is propose that the lower
catalytic activity of Ni5(Fe(IIT)5/Ni5); than that of Ni5(Fe5/Ni5); should come from the lower density of
heterointerface, instead of the difference in the valence state of ion species in the heterostructures. Thus, the
choice of the Fe?* precursor is critical for obtaining highly catalyzed Ni(OH)2/FeOOH heterostructures via the
sequenced-SILAR method. A true understanding of the formation mechanism of dense amorphous FeOOH
layer via the Fe?*-route remains challenging because of the complex chemistry regarding nucleation and
growth of inorganic layers at solid-liquid interfaces. Nevertheless, it can be hypothesized that the precipitation
reactions depending on the precursors play a key role as follows. If the Fe®* precursor is used, crystalline
FeOOH nuclei are immediately formed by reactions between adsorbed Fe** and OH™ at the initial SILAR cycle.
The nuclei are not densely formed on the surface. Fe** cations provided in the subsequent SILAR cycles are
expensed by the growth rather than nucleation, thus leading to the formation of sparsely distributed
nanoparticles. In contrast, precipitation reactions of the Fe?* precursor involve the formation of Fe(OH); as an
intermediate compound. The temporal formation of Fe(OH). presumably suppress the nucleation of crystalline
FeOOH nuclei as well as the subsequent growth into nanoparticles. This results in the formation of the dense
and amorphous FeOOH layer. Other than the valency of the iron precursors focused in the present study, there
remains various synthetic parameters to be considered for further controlling the heterostructures as well as
catalytic properties. These include precursor types (chlorides, sulphates, and nitrates, etc) and concentrations
as well as reaction temperatures and durations. Optimizing these parameters will not only improve catalytic
properties but also open up the possibility of the sequencing SILAR routes to a variety of functional
heterostructures. For example, recently, a heterostructure based on nickel-decorated transition metal
oxide/ceria has been found to offer remarkable bifunctional catalytic activity for OER and hydrogen evolution
reactions because of the formation of high valency Ni at the interface.?* The sequencing SILAR might be used
to obtain the heterostructure with more adequately controlled nanoscale structures.
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Figure 3.29. Fe 2p XPS spectra of Ni5(Fe(IT)5/Ni5); and Ni5(Fe(IIT)5/Ni5); deposited on FTO substrate.

3.4 Conclusion

A sequenced-SILAR method was developed for fabricating nanoscale Ni(OH)./FeOOH
heterostructures. Electrochemical OER measurements under alkaline conditions revealed that
Ni(OH)./FeOOH with dense heterojunctions had low overpotentials of 330 and 234 mV at 10 mA cm2 on flat
FTO and Ni foam, respectively. Furthermore, it was found that the design of the deposition sequences and
conditions was crucial for optimizing the catalytic activity in the heterostructure. The key for successfully
controlling the LbL deposition of Ni(OH), and FeOOH layers relies on the utilization of the Fe?* precursor
solution. Otherwise, dense heterojunctions cannot be obtained because of the formation of isolated FeOOH
nanoparticles. The sequenced-SILAR method, potentially employed to explore other heterostructured catalysts
composed of diverse metallic and anionic species, will contribute to the further development of catalysts for
sustainable energy conversion.

Reprinted with permission from {4CS Appl. Energy Mater. 2021, 4, 8, 8252-8261}.
Copyright {2021} American Chemical Society.
https://doi.org/10.1021/acsaem.1c01505
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Chapter 4: Facile and rapid formation of Ni(OH):/FeOOH
heterostructures by electrochemical deposition

Overview

The utilization of nanoscale heterostructures is a promising strategy for the development of noble
metal-free catalysts towards sustainable energy conversion. Recently, an enhancement of catalytic activity for
oxygen evolution reactions has been found in Ni/Fe (oxy)hydroxide heterostructures. Due to the structural and
morphological complexity, however, the materials design in this system has not been established. In this
chapter, the electrochemical deposition method is used for fabrication of heterostructures consisting of
Ni(OH), and FeOOH. The synthesis of transition metal hydroxides by the electrochemical deposition method
is well-established, where hydroxide films can be deposited on the cathode by using metal salts as electrolytes.
A strong synergistic coupling effect was obtained from the Ni(OH),/FeOOH bilayer structure prepared by
FeOOH on the electrode followed by the subsequent Ni(OH), deposition in Ni solution. The overpotential of
213 mV at 10 mA cm™ and the high catalytic stability of 97% after 12 h were obtained by optimizing the
deposition time of Ni(OH); thin film on FeOOH nanomesh.

4.1 Introduction

Water electrolysis is an important technology for the production of large amounts of H, fuel from
renewable energy generated electricity'. However, the anodic oxygen evolution reaction (OER) currently
requires a huge overpotential in order to overcome the slow kinetics of OOH bond formation and OH bond
breaking*>. To achieve a carbon-neutral society, it is necessary to develop an electrocatalyst for oxygen
evolution without using precious metals.

Ni/Fe bimetallic (oxy)hydroxide is considered a promising candidate of electrocatalyst for oxygen
evolution that does not use precious metals®®. Recent advances in synthesis methods have enabled the
production of Ni/Fe hydroxides with a variety of nanostructures such as nanoparticles®'°, hollow nanoprisms'!,
and nanosheets'?, which exhibit catalytic activity superior to that of RuO,- and IrO,- based catalysts. These
works rely on a common strategy of uniform arrangement of two or more metal ions in the same crystal to
control the catalytic activity on a solid surface. On the other hand, recently, f-Ni(OH), nanosheets loaded with
a-FeOOH nanoparticles'?, B-FeOOH nanorods coated with Ni(OH),'4, and y-FeOOH nanoparticles coated with
a-Ni(OH), layer on Ni'’ have been reported. In chapter 3, the sequenced-SILAR method was employed to
produce a-Ni(OH)./amorphous FeOOH heterostructures'®. These heterostructures have been shown to enhance
the activity of OER catalysts. Thus, in recent years, synergistic effects through heterointerfaces have been
suggested to be possible. However, while such "heterostructuring” can extend the design of catalytic materials,
it requires a multistep precision synthesis process consisting of synthesis and integration of components to

fabricate the desired heterostructure, which would be a bottleneck for industrial applications.
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In this chapter, the fabrication of heterostructures consisting of Ni(OH). and FeOOH by
electrochemical deposition was focused on as a simple and rapid fabrication method. In general, the
electrochemical deposition method is a simple, rapid, and scalable method for depositing metal hydroxide
layers on conductive substrates. Here, Ni(OH),/FeOOH bilayer catalysts were prepared by a two-step
electrochemical deposition method. As a result, a strong synergistic effect was obtained despite the simplicity
of the bilayer design and fabrication method. The complete coverage of Ni(OH), layer on FeOOH nanomesh
was found to be the key to maximizing the catalytic activity, and the catalytic activity was suppressed when
the thickness of Ni(OH), or FeOOH layer became excessive. By optimizing the deposition time, the
overpotential and catalytic durability were comparable to or superior to the state-of-the-art Ni(OH),/FeOOH

catalysts.

4.2 Experimental

4.2.1 Preparation of the precursor solutions.
FeCly-4H,0O (99.0-102.0%) and Ni(NO3),-6H>O (98.0%) (FUJIFILM Wako Pure Chemical Corp.)
were used as metal source precursors. 50 mM FeCl,-4H>O or Ni(NO3),-6H,O was dissolved in 30 mL of the

ethanol-water mixture (ethanol: distilled water = 8:1 (volume ratio)) to prepare the precursor solution.

4.2.2 Electrochemical deposition process for the fabrication of films.

The substrates were fluorine-doped tin oxide coated glass (FTO; 10x50x1.1 mm, FTN 1.1, 10 Q/sq,
AGC Inc.) and Ni foam (99.99% purity, 1.6 mm thickness, 80-110 PPI pore size, MTI Co., Ltd. 50 mM
FeCl,-4H,0O aqueous solution (ethanol: distilled water = 8:1 (volume ratio)) was used to prepare the iron
hydroxide layer by applying a voltage of 3 V to the FTO substrate or Ni foam as the cathode and the stainless-
steel plate as the anode (reaction time: 0 to 150 s). Subsequently, a nickel hydroxide layer was deposited on
the iron oxyhydroxide layer using the same electrochemical deposition system in 50 mM Ni(NOs),-6H.O

aqueous solution (reaction time: 0 to 150 s) (Figure 4.1).

4.2.3 Characterization.

The crystalline phases of the deposited films were investigated by X-ray diffraction (XRD; X'Pert Pro
MRD, CuKa, 45 kV and 40 mA, PANalytical). The surface morphologies and textures of the films were
observed by scanning electron microscopy (SEM; SU-8020, Hitachi High-Technologies). X-ray photoelectron
spectroscopy (XPS; JPS-9010 TR, Jeol) was conducted to study the chemical state of the samples. All
measured XPS spectra were calibrated corresponding to the value of the C 1s peak at 284.4 eV using a Mg Ka
X-ray source at 1253.6 eV.

4.2.4 Electrochemical measurement.
The OER measurements were performed in a 1 M KOH aqueous solution using a three-electrode

configuration, with a Pt wire counter electrode and an Ag/AgCl, KCl reference electrode (Figure 4.2). All
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potentials were referenced to the reversible hydrogen clectrode (RHE) by the following equation: Vege =
Vagagar + 0.197 V + 0.059 V x pH. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were

performed at a scan rate of 20 mV s,
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Figure 4.1. Schematic image of electrochemical deposition.
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Figure 4.2. OER measurement conditions.
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4.3 Results and discussion

4.3.1 Characterizations of Ni(OH),/FeOOH heterostructures by XRD and XPS.

First, the electrochemical deposition of a single layer consisting of Ni(OH), or FeEOOH on a fluorine-
doped tin oxide-coated glass (FTO) substrate was investigated. In this deposition process, OH™ generated on
the cathode through the electrolysis of water precipitates transition metal cations as hydroxides or
oxyhydroxides. X-ray diffraction (XRD) was measured on the products formed by electrochemical deposition
using Ni(NOs), and FeCl; solutions on a FTO substrate for 40 s. In the case of using Ni(NOs3), and FeCl,
solutions, the 101 peak of a-Ni(OH), (JCPDS No. 38-0715'7) and the 211 peak of B-FeOOH (JCPDS No. 75-
1594'%) were detected, respectively (Figure 4.3).
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Figure 4.3. XRD patterns of a-Ni(OH),, B-FeOOH deposited on FTO substrate.

To obtain a bilayer structure as the target, two-step electrochemical deposition consisting of the initial -
FeOOH and the subsequent a-Ni(OH), depositions were performed where the electrodeposition time for each
solution was fixed at 40 s. The obtained thin films, as expected, exhibit both B-FeOOH and a-Ni(OH), peaks,

which suggests the formation of a bilayer structure (Figure 4.4).
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Figure 4.4. XRD patterns of a-Ni(OH),, B-FeOOH and a-Ni(OH),/B-FeOOH deposited on FTO substrate.

To further examine the formation of the heterostructure, X-ray photoelectron spectroscopy (XPS)
measurements were performed. The Fe 2p XPS spectra of the samples with B-FeOOH deposited and a-Ni(OH),
deposited following the deposition of B-FeOOH are shown in Figure 4.5 (a). First, the Fe 2pi» and Fe 2p;3»
peaks were detected in the f-FeOOH film. The Fe 2ps/» peak appeared at 710.5 eV, ensuring the trivalent state
of the Fe species!®. After the Ni(OH), layer was deposited, the intensity of these peaks decreased significantly.
At the same time, the Ni 2p XPS peak derived from divalent Ni species appeared (Figure 4.5 (b))*. In
consideration of the analytical depth of XPS measurement (5-10 nm), the reduced Fe 2p peaks are related to
the formation of the Ni(OH), layer with high coverages in the a-Ni(OH)./B-FeOOH bilayer structure.

88



e L .

e ‘-m
a-Ni(OH),/B-FeOOH

Fe 2p.,

Intensity (a.u.)

" 1 " 1 " 1 "
725 720 715 710 705
Binding Energy (eV)

b

Ni 2ps
Ni 2py;

a-Ni(OH),/8-FeOOH

Intensity (a.u.)

B-FeOOH

M 1 M 1
880 870 860 850
Binding Energy (eV)

Figure 4.5. (a) Fe 2p and (b) Ni 2p XPS spectra of B-FeOOH, and a-Ni(OH),/p-FeOOH deposited on FTO

substrate.

89



4.3.2 OER activity of a-Ni(OH),/p-FeOOH heterostructures.

The OER polarization curves of the above-mentioned a-Ni(OH),, B-FeOOH and a-Ni(OH),/p-FeOOH
bilayers deposited on FTO are shown in Figure 4.6. The single-component catalysts, a-Ni(OH), and -FeOOH,
showed overpotentials of 495 and 589 mV, respectively, at 10 mA cm2in 1 M KOH solution. In contrast, the
a-Ni(OH),/B-FeOOH bilayer exhibited a decreased overpotential to 398 mV, which indicates that the bilayer
structure enhances the OER activity.
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Figure 4.6. OER curves for a-Ni(OH),, f-FeOOH, and a-Ni(OH),/B-FeOOH deposited on FTO substrate.

To further enhance the catalytic activity, the deposition conditions of the a-Ni(OH)./B-FeOOH bilayer were
optimized. The deposition time of either the a-Ni(OH), or B-FeOOH layer of the bilayer was systematically
varied, and the resulting OER current density values at 1.8 V were plotted (Figure 4.7). Firstly, the deposition
time of the FeOOH under layer was fixed at 30 s, and that of the Ni(OH), top layer was varied from 10 and
150 s. As a result, the current density increased up to approximately 40 s, and then decreased with the increase
of the deposition time (Figure 4.7 (a)). Therefore, the deposition time was fixed at 40 s as a reasonable
deposition time for the top layer of a-Ni(OH).. Then, the effect of deposition time on the f-FeOOH underlayer
was investigated. The current reached a maximum at 10 or 20 s and subsequently decreased significantly as

the deposition time increased (Figure 4.7 (b)).
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after deposition of 10 to 150 s.
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4.3.3 SEM observations of a-Ni(OH),/p-FeOOH heterostructures.

To confirm the correlation between the deposition time and the catalytic activity, SEM observation
was conducted. SEM images of the samples of B-FeOOH and a-Ni(OH), deposited on FTO, respectively, are
shown (Figure 4.8). B-FeOOH has a mesh-like structure formed by the aggregation of spindle-shaped
nanoparticles of approximately 100 nm in length. In contrast, a-Ni(OH), deposition resulted in densely

aggregated nanoparticles of 50-200 nm diameter.

Figure 4.8. SEM images of (a) B-FeOOH, and (b) a-Ni(OH), deposited on the FTO substrate.

Figure 4.9 (a)-(c) and Figure 4.10 (a)-(d) show the surface images of a-Ni(OH),/p-FeOOH bilayer films with
varying a-Ni(OH), deposition times. Here, the deposition time of B-FeOOH was fixed at 20 s and the a-
Ni(OH), deposition time was varied from 1 to 40 s. In the initial stage of the reaction (1, 5, 10 s), sheet-like a-
Ni(OH), was decorated on the surface of the B-FeOOH nanospindles (Figure 4.9 (a)-(c)). When the deposition

time of a-Ni(OH); increased from 15 to 20 s, the space of the mesh-like structure became almost filled with a-
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Ni(OH),. (Figure 4.10 (a) and (b)). The surface appeared to be fully covered with a-Ni(OH); after deposition
for 30 s (Figure 4.10 (c)). The highest OER current was obtained when a-Ni(OH), was deposited for 40 s
(Figure 4.7 (a)), which suggests that the density of the catalytically active heterointerface increased up to 40 s.
In this stage, there are pathways such as nano/mesoscale pores, allowing the diffusion of aqueous solution
(reactant) into the heterointerface. In Chapter 3, it was suggested that FeOOH enhances the catalytic activity
of a-Ni(OH); at a distance of about 10 nm from the interface. Thus, if the solution could not diffuse to the
heterojunction, the catalytic activity would be enhanced in the part of the a-Ni(OH), layer that is less than 10
nm thick. The decrease in OER activity with increasing a-Ni(OH), deposition time could be attributed to the
a-Ni(OH); layer being excessively thick and preventing the aqueous solution from diffusing to the catalytically
active interface region. Likewise the a-Ni(OH), deposition, the catalytic activity decreased with prolonged B-
FeOOH deposition (Figure 4.7 (b)), indicating that excessively thick -FeOOH layer prevented the electron

transport from the active site to the conductive substrate.

Figure 4.9. SEM images of (a)-(c) a-Ni(OH)./p-FeOOH deposited on FTO substrate. a-Ni(OH), deposition
time was (a) 1 s, (b) 5s,and (c) 10 s.
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Figure 4.10. SEM images of (a)-(d) a-Ni(OH)./B-FeOOH deposited on FTO substrate. a-Ni(OH), deposition
time was (a) 15 s, (b) 20 s, (¢) 30 s, and (d) 40 s.

4.3.4 OER activity and durability of a-Ni(OH),/p-FeOOH heterostructures deposited on Ni foam.

The OER polarization curve of a-Ni(OH),/B-FeOOH bilayer catalyst deposited on the Ni foam using
the optimized deposition conditions is shown in Figure 4.11. The large surface area leads to a much higher
current density than that deposited on the flat FTO substrate. The sample showed an excellent overpotential of
213 mV at a current density of 10 mA ¢cm 2. This value is comparable or even lower than the state-of-the-art
Fe/Ni-containing hydroxide catalysts that were recently reported (Table 4.1). Furthermore, the current density
remained 97% of the initial current density after 12 h of operation under the constant applied potential at 1.59

V, which demonstrated high stability (Figure 4.12).

4.4 Conclusion

In this chapter, the electrochemical deposition of a-Ni(OH),/B-FeOOH bilayer was examined in order
to develop a simple method for the fabrication of a highly efficient OER catalyst. XRD and XPS analyses
showed that the a-Ni(OH)./B-FeOOH bilayer was deposited on the cathode. The deposition times of the a-
Ni(OH), and B-FeOOH layers were optimized to maximize the catalytic activity. SEM observations showed
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that the B-FeOOH nanomesh composed of spindle-shaped nanoparticles was gradually decorated with a-
Ni(OH), upon prolonged deposition time. The catalytic activity was maximized by fully covering the o-
Ni(OH), thin layer on B-FeOOH. The electrochemical deposition derived from the o-Ni(OH)./p-FeOOH
bilayer on Ni foam showed an overpotential of 213 mV at 10 mA cm ™2 and high stability (97% after 12 h of
operation). These results indicate that the rapid, low-cost, and scalable method developed in this study has the

potential to meet the requirements of the industry.
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Figure 4.11. OER curves for a-Ni(OH),/B-FeOOH deposited on Ni foam.
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Table 4.1. Summary of OER activity of state-of-the-art Fe/Ni containing hydroxide catalysts deposited on Ni

foam in 1.0 M KOH electrolyte (from the literature).

Overpotential

(MV, 10 mA em?) References
Ni(OH),/FeOOH (Chapter 4) 213
Ni(OH),/FeOOH (Chapter 3) 234 ACS Appl. Energy Mater., 4, 8, 8252,
202118,
Fe-doped B-Ni(OH), nanosheets 219 ACS Energy Lett., 4, 3, 622, 2019%,
amorphous and porous 210 ACS Sustainable Chem. Eng., 7, 11,
2D NiFeCo hydroxide nanosheets 10035, 2019%2.
3D porous core-shell 218
Ni nanochains J. Mater. Chem. A, 7, 21722, 2019%.
/NiFe LDH nanosheets
Nigs3Fep.17(OH), nanosheets 245 ACS Catal., 8, 6, 5382, 201824,
NiFe LDH/NiCoP 220 Adv. Funct. Mater., 28, 1706847,
2018%,
Ru-doped NiFe-LDH nanosheets 225 Adv. Mater., 30, 10, 1706279, 201826,
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Chapter S: Summary and Conclusion

As pointed in the chapter 1, solution deposition techniques are generally inexpensive and less toxic,
hence making the fabrication of functional films more environmentally friendly and more cost-effective,
though there remain significant challenges to develop advanced solution thin-film processing allowing
nanometric growth control. Throughout the present study, I have tried to solve this critical issue by developing
alternative reaction routes, which were inspired by LbL and SILAR methods. OER catalysis was set as the

application target of the films fabricated. The results are summarized as follows.

In Chapter 2, SMART was established for the direct solution deposition of a-Fe,Os layers on oxide
substrates. In this process, a substrate was alternatively reacted with Fe? solution as an iron source and NaNO»
as an oxidizing agent. This is method yielded an a-Fe,O; layer with a 150 nm thickness and a crystalline size
of 47.4 nm after 90 deposition cycles. The layer-by-layer reactions were confirmed by UV-Vis spectroscopy
(Figure 5.1) and SEM observations. The growth rate was ca. 1.7 nm per deposition cycle, in which Fe** cations
in a Stern layer were oxidized by NaNO> to form Fe** followed by consumption by crystal growth. Thus, the
designed reaction route for the a-Fe,Os; layer was experientially demonstrated. The defective feature of
SMART-derived a-Fe,Os activated and deactivated electrochemical and photoelectrochemical activity for
water oxidation, respectively. The annealing in air introduced the Sn** ions in the 0-Fe>Oj; layer by the thermal
diffusion from the substrate, which enhanced the electrocatalytic activity. Also, it was found that Ni(OH)»/a-

Fe,0s heterointerface provided excellent OER activity.

Solution-mediated alternate reaction technique (SMART)

EtOH NaNO, aq EtOH

Absorbance

800
Wavelength (nm)

Figure 5.1. UV-Vis spectra of SMART-derived a-Fe,Os obtained after 1, 3, 5, 10, 15, 20, 25, and 30 deposition
cycles. (DOI: https://doi.org/10.1039/C9CE00584F)

In Chapter 3, a sequenced-SILAR method was developed for fabricating nanoscale Ni(OH),/FeOOH
heterostructures. In this process, first, the substrates were immersed for 10 s in the source solution heated to

75 °C, followed by rinsing with distilled water. Next, the substrate was immersed for 10 s in a 1 M KOH
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aqueous solution heated to 75 °C and then rinsed with distilled water again. A series of these operations was
repeated to obtain Ni or Fe hydroxide layers as well as Ni/Fe heterostructures under the programmed deposition
sequences. The films were characterized by XRD, SEM, and UV-Vis spectroscopy, etc. Figure 5.2 (a)
displays a corresponding elemental mapping image of Ni and Fe clearly demonstrates the inhomogeneous
distribution of these elements. The Ni(OH),, FeOOH, and Ni(OH),/FeOOH on FTO were used as the working
electrodes to catalyze the OER in a three-electrode setup in an alkaline medium (1.0 M KOH). The polarization
curves in Figure 5.2 (b) show that the overpotential of the Ni(OH),/FeOOH electrode is 330 mV at a current
density of 10 mA cm™2, which is much lower than that of Ni(OH), and FeOOH. Electrochemical OER
measurements under alkaline conditions revealed that Ni(OH),/FeOOH with dense heterojunctions had low
overpotentials of 234 mV at 10 mA cm 2 on Ni foam. Furthermore, it was found that the design of the
deposition sequences and conditions was crucial for optimizing the catalytic activity in the heterostructure.
The sequenced-SILAR method, potentially employed to explore other heterostructured catalysts composed of
diverse metallic and anionic species, will contribute to the further development of catalysts for sustainable

energy conversion.
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Figure 5.2. (a) Ni/Fe overlay image obtained by STEM—-EDS mapping showing the formation of
Ni(OH),/FeOOH heterostructures. (b) Large enchantment of OER activity by the heterostructuring. (Reprinted
with permission from {4CS Appl. Energy Mater. 2021, 4, 8, 8252-8261'}. Copyright {2021} American
Chemical Society.DOI: https://doi.org/10.1021/acsaem.1c01505)

Chapter 4 aimed to develop facile electrochemical deposition of Ni(OH)»/FeOOH catalyst. In this
process, a fluorine-doped tin oxide-coated glass (FTO) and a stainless-steel plate were used as substrates. An
iron hydroxide layer was deposited on the FTO substrate by applying a constant voltage of 3 V (reaction time:
40 s) in 50 mM FeCly4H-O solution (Ethanol: Distilled water = 8:1 (volume ratio)) using an FTO substrate as
the anode and a stainless-steel plate as the cathode. Then, a nickel hydroxide layer was deposited on the iron
hydroxide layer by the same electrodeposition process in 50 mM Ni(NO3), 6H,O solution. The thickness of
each layer was controlled by the reaction time. The structure, composition, shape, and electrochemical catalytic
activity (OER) of the obtained samples were evaluated. Figure 5.3 summarizes surface SEM images of

Ni(OH),, FeOOH, and Ni(OH),/FeOOH on FTO substrate. In the case of Ni hydroxide deposited on the FTO
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substrate, particles with 100-300 nm were observed (Figure 5.3 (a)), while in the case of Fe hydroxide
deposited on the FTO substrate, needle-like particles with 100 nm in length were observed (Figure 5.3 (b)). In
the heterostructure (Figure 5.3 (¢)), particle-like products were observed when Fe was deposited and then Ni
was deposited. This is probably due to the formation of Ni(OH),. Electrochemical OER measurements under
alkaline conditions revealed that Ni(OH),/FeOOH with dense heterojunctions had low overpotentials of 327
and 213 mV at 10 mA c¢cm? on flat FTO (Figure 5.3 (d)) and Ni foam, respectively. Furthermore, after
continuous operation for 12 h at an overpotential of 360 mV, the Ni(OH)./FeOOH heterostructures electrode
retained 97% of its original current density. The data indicate that a-Ni(OH)./B-FeOOH is an effective couple
for obtaining high catalytic activity and durability, but it is not clear at present whether other couples such as
a-Ni(OH),/y-FeOOH and B-Ni(

OH),/a-FeOOH can similarly enhance the catalytic performance.
‘a'., RIS AN ¥
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Figure 5.3. SEM images of (a) Ni(OH),, (b) FeOOH, and (c) Ni(OH)»/FeOOH on FTO substrate. LSV curves
for Ni(OH),/FeOOH, Ni(OH), and FeOOH on the FTO substrate.

In conclusion, novel solution-based deposition methods have been developed for metal oxide and
hydroxide nanolayers. First, nanoscale film deposition of crystalline hematite by SMART was demonstrated.
Then, the concept of SILAR was successfully extended to obtain the nanoscale heterostructure based on Ni/Fe-
based hydroxide. Finally, the facile electrochemical deposition route produced catalytically active
heterojunction of Ni/Fe-based hydroxide. The methods developed in the thesis study can be applied to fabricate
various kinds of heterostructures. Further studies will contribute not only to the development of
environmentally friendly and cost-effective solution-based methods for fabricating nanostructured thin films

but also to the development of a broad spectrum of functional devices.
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