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Abstract

With the aggravating disasters caused by severe climate change, resource monopoly and 

ongoing-wars, the globe is in dire need for rapidly shift from fossil fuel-based technology 

into greener, more sustainable energy technology, such as water electrolysis and energy 

storage devices. In order to achieve such goals, development of highly efficient, yet 

affordable electrocatalysts must be realized. In order to produce a good electrocatalyst, one 

must understand fundamental aspects of the catalyst’s electrochemical properties. In this 

dissertation, two very important aspects of an electrocatalyst will be discussed.

In the first part, enhanced catalytic activity originating from the structural effects in 

nanoporous electrodes is elaborated. Uniform indium tin oxide (ITO) nanocubes with defined 

structures was synthesized. Then, nanoporous electrodes composed of self-assembly using 

ITO nanocube as a building block was fabricated. The self-assembly of nanocubes formed

small clusters with uniform pores between the edges of the nanocubes, while random 

aggregation of the small self-assembled clusters created multimodal structure easily with

little effort. It was observed that the simple, outer-sphere one electron-transfer reaction of 

iron ions was greatly improved on the ITO nanoporous electrodes when compared with the 

flat ITO electrodes. Such enhancement was attributed to the geometric effect of nanoporous 

electrode. However, in case of multi-electron, inner-sphere redox reactions such as ascorbic 

acid oxidation and oxygen reduction reaction, the effect of geometry was largely absent due 

to inert nature of ITO. These findings provided insights in fabricating better electrocatalysts

that both geometry and material of the catalyst plays important role in determining the 

catalytic activity.

In the second part, effect of anions on the anodic electrodeposition of nickel iron oxide was 

examined. Nickel iron oxide is a promising catalyst material for alkaline oxygen evolution 

reaction. Although anodic deposition is beneficial for its preparation, anodically deposited 

nickel iron oxide fabricated previously by various research groups could not realize the full 
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potential of the electrocatalyst material. The anodic deposition of nickel iron oxide was 

thoroughly studied using electroanalytical techniques combined with an electrochemical 

quartz crystal microbalance. In particular, the effects of anions were investigated to determine

their influence on the formation of a nickel iron oxide film during the anodic deposition 

process. The results showed that anodic deposition was sensitive to the counter anions of the 

metal precursors and electrolyte. Also, the anions not only provide buffering to retain the 

solution pH but also play a significant role in scavenging the surface protons to facilitate the 

growth of the catalyst film. A modified synthetic protocol for anodically deposited nickel iron 

oxide electrocatalysts with excellent for water oxidation was established. The resultant nickel 

iron oxide exhibited one of the best reported performances. These findings presented 

important but previously neglected aspects of anodic deposition, providing implications for 

nonprecious metal electrocatalysts.

Keyword : electrocatalyst, nanoporous electrode, electrokinetics, anion effect

Student Number : 2011-20313
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Part 1.
Fabrication of Nanoporous 

Electrodes based on Self-assembled 
Indium Tin Oxide Nanocubes and 
the Geometric Effects on Electron 

transfer
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1.1. Introduction

1.1.1. Nanoporous structures in electrocatalysts

Due to the aggravation of global crises such as severe climate change, recent pandemic 

and on-going wars, the globe is seeking to rapidly transition from the traditional fossil fuel-

based industries towards greener and sustainable energy sources, and the associated energy 

generation and storage technologies. The governments from the developed parts of the globe 

led by the US and the European Union have recently announced foreseeable goals to achieve 

fully functioning hydrogen and biofuel economy.[2, 3] The race for cheaper and more 

efficient high performance electrocatalysts for various applications such as water electrolysis, 

energy storage devices, biomass and fuel cell technology has become more competitive than 

ever before, and it has developed into one of the main stream research themes for the science 

and engineering community.

For many decades, the main approach of developing better electrocatalysts undoubtedly 

has been to tailoring the catalyst composition and surface active sites in order to promote 

adsorption of the reactants and accelerate the catalytic processes.[4-9] In efforts to achieve 

this, the electrocatalysts were designed with various structures and compositions such as 

nanocasted 3D structures[10-15], core-shell nanoparticles[16-18], nanocages/nanoframes[12, 

19, 20], heteroatom doped carbon-based structures[21, 22], and nanocomposite structures[23, 

24] were fabricated.

Despite being developed independently, most of these electrocatalysts have distinct 

structural components with scales ranging from few nanometers to hundreds of nanometers.

These ‘nanostructures’ are known to facilitate enlargement of active surface area and increase 

number of defects or active sites, which are tailored for better adsorption/desorption of 

reactants and products.[4-9]

The enlarged surface area is obviously beneficial to electrocatalysis. The electrochemistry 

involves electron transfer reaction between heterogenous phases, namely the solution and the 

solid electrode. The reactant has to come near the solid electrode in order for reaction to occur. 
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Due to this distinct nature, the place where the electron transfer, i.e. electrocatalysis, can 

occur is greatly limited to the surface area of the electrode in contact of the solution. Thus, 

we can easily envision that rough or porous electrodes with greater surface area can lead to 

enhanced catalytic activity than the flat electrode surfaces.

Meanwhile, the porous electrodes with rough surfaces contain various surfaces, which are 

susceptible to contact with the solution and can be electronically structured in such a way 

that adsorption or desorption of the catalytic species is promoted. Such structural effects were

seen in many metal and metal oxide nanoparticles with controlled crystalline structures[25, 

26], and porous carbon-based materials.[27]

The emergence of nanostructured electrocatalysts certainly elevated our knowledge on the 

inner workings of electrocatalysts and the associated electrochemical reactions. However, 

current mainstream research has become more and more material-oriented, active material 

through any exotic compositions with minimal control of crystalline facet and defects. Such

indiscriminate search for any active materials quickly led to low repeatability, lack of 

scientific insight, excessive interpretation of results, which became a huge problem of 

understanding the true nature of electrocatalysts reported today, and many scientists are 

articulating the need for more standardized and well-thought experiments.[28-30] Despite 

the efforts in designing better electrocatalysts, the best performing benchmark material for 

major reactions still remains to be based on precious rare earth metal such as Pt, Pd, Rh, and 

Ir, or its derivatives.

1.1.2. Geometric effects of nanostructures

The major approach discussed in above section describes methodology for enhancing 

electrocatalysis that are based on the adsorption of the reactant materials. An alternate, less 

popular tactics in achieving higher catalytic activity via geometric effects were extensively

researched by many groups including our group.[31-34]

Many researches have shown that the chemical reaction inside a confined space, such as 
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in charged microdroplets[35-38] and hollow nanoparticles[39-41] are highly accelerated

when compared from that of the bulk. For instance, R. Zare et. al have reported synthesis of 

isoquinoline and substituted quinolines happening inside charged microdroplets generated by 

electrospray method, accelerated the reaction rate as much as 106 folds.[38] Such a large 

enhancement of these proton-catalyzed reactions was attributed to the combined effects of 

higher surface-to-volume ratio and proton concentrated at the microdroplet surface, where 

the reaction would take place. M. El Sayed et. al. experimented with five different hollow Pt, 

Pt/Pd, Pd nanocages with similar dimensions for reduction of 4-nitrophenol with sodium 

borohydride.[40] Due to the smooth surface morphology of the cube-shaped nanocages, 

defects and high-index crystalline facet was minimized. In their results, the material 

composing the inner surface of the nanocage was an important factor in determining the 

reaction rate of the catalysis reaction, showing that the reaction is heterogenous in nature, 

and the reaction takes place inside the nanocage rather than outer layers exposed to the bulk 

solution.

The reactant molecule situated inside a confined space are known to experience increased 

collision frequency with the electrode. H.S. White et. al., and R. J. White et. al. conducted a 

molecular dynamics study of the Brownian motion (or diffusion) of a reactant molecule and 

its interaction with the electrode.[42, 43] In a particular simulation, a reactant molecule in 

random motion can collide with the electrode 89 times while making 3 round trips from the 

solution surface to the electrode, suggesting that reactant molecule searches an area 

thoroughly before completely leaving the system. Because in an electrochemical reaction, 

many collisions are required for a reactant molecule to undergo electron transfer reaction, 

thus the reactant molecule in proximity to the electrode is more likely to react. Due to such 

nature of reactant molecules, confined spaces in nanoporous electrodes allow reactant 

molecules to encounter the electrode much often in a given time, greatly accelerating 

electrochemical reactions as a result.[31, 32, 44-46] Such increased collision frequency can 

give arise to catalysis of kinetically slow reactions such as oxygen reduction reaction, alcohol 
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oxidation and glucose oxidation.[31, 32, 45, 46]

The dielectric constant changes of solvent molecules inside a confined space were reported 

by many researchers.[47-50] For example, water confined inside nanopores are well known 

to display much lowered effective dielectric constant values.[50-52] Although the actual 

causes for this change are contested[53], it is generally known that the interaction between 

the water molecules and the nanopore interfaces and the subsequent alignment of other 

surrounding water molecules. The effective dielectric constant of water from these researches 

vary from ϵb ~ 80 (bulk) to ϵb ~ 2 (confined), meaning that water inside nanopores can be 

comparable to that of hydrophobic solvents and display completely different solvation 

behavior. Although not experimentally proven yet, the reactant molecules situated inside a 

nanopore can be highly destabilized due to the change in solvation and display completely 

different electrocatalytic behavior from when compared to that of bulk states.

The adsorptive behavior of the reactant inside nanopores is also susceptible to changes.[54-

57] A computational study by P. Balbuena et. al. has shown that various calculated reaction 

parameters on Pt electrodes such as the adsorption energy, charge, bond length, and activation 

energy of the reactant were all influenced by the pore dimension where decrease in pore size 

generally lowered the activation energy and catalyzed the reaction.[55] Y. Liu et. al. observed 

pore-dependent changes in oxygen reduction reaction using N, O-codoped honeycomb-like 

carbon structure.[57] The carbon structure with the smallest, 12 nm pores displayed the best 

catalytic performance when compared to carbon with larger pores (22, 47, 60 nm), 

comparable to that of Pt/C catalysts. They attributed the enhanced performance to the 

decreased adsorption energy of O2 molecules on the pyrindic active sites.

1.1.3. Nanoporous ITO electrode as an ideal model for observing 

geometric effects

The preceding researches on the structural effects of electrocatalysts mainly utilized 

catalytically active materials, such as Pt, Pd, alloys, or transition metal oxides. On the one 



６

hand, this is useful for observing the combined impact that geometry can have on the material. 

However, many of these experimental designs are not optimal for observing the true effect of 

geometry. The active materials are designed to contain reactive centers, edge defects or 

crystalline facets, that could easily be changed with geometry. The result obtained by such 

structures would only exhibit the behavior that is dependent on the number of active sites 

available, which could be fine-tuned even without changing geometry. Furthermore, the 

active materials usually have highly adsorptive surfaces that are prone to fouling and 

unwanted side reactions. These can interfere with the target catalytic pathways and render 

inaccurate results. Lastly, the target catalytic reactions are usually proton coupled and multi-

electron transfers, which can complicate and hinder correct interpretation of results.

Recently, our group have fabricated nanoporous electrodes by spin-coating commercially 

available ITO nanoparticles, and found that electron-transfer kinetics of Fe2+/3+ ions was 

accelerated on the electrodes with thicker nanoporous layer even when the increased surface 

area was normalized.[44] In the research, ITO was deliberately selected as the catalyst 

material for observing the effects of pore geometry. ITO is a well-known electrochemically 

inert material, largely unaffected by the individual nanoparticle geometry, such as crystalline 

facet or defects. This property eliminated the possibility of large sample to sample variation 

in electrochemical reactivity, undesirable adsorption and side reactions. Thus, the accelerated 

catalytic properties displayed by the ITO nanoporous electrodes could solely be interpreted 

as the effect of nanoconfined space. Through structural engineering, it could be possible to 

tune the porous structures to further scrutinize the impact of geometry on electrocatalysts.

Despite the qualitative findings, the ITO nanoporous electrodes still lacked well-ordered 

structures that are required to truely confirm and quantify the nanoconfinement effect to

better understand the phenomenon. Besides, the thick randomly stacked nanoparticle layer of 

the electrode exhibited limitations in mass transfer.

1.1.4. ITO nanocube for nanoporous electrode material
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Indium tin oxide or tin-doped indium oxide (ITO) is a representative transparent 

conductive oxide (TCO), mainly used in transparent display, photovoltaics, and conductive 

substrate material. This is due to its attractive properties such as optical transparency in 

visible light and good electrical conductivity, while being easy to prepare into films, easily 

patterned and chemically inert.[58, 59] In many electrochemical applications, especially 

biosensors, ITO is commonly used as a substrate material for anchoring biosensing catalyst

and enzymes, and used to detect redox species such as H2O2 produced in the 

catalytic/enzymatic reactions.[59] In photovoltaics, ITO is also mainly used as a transparent 

substrate that is transparent to sunlight, while providing a robust electrical contact to the 

various dye materials in dye-sensitized solar cells (DSSC) and organic photovoltaics devices

(OPV)[60, 61] Despite its advantages, the scope of applications in electrocatalysis using the 

ITO was very limited.

In the last decades, there were many attempts to fabricate nanostructured ITO for various 

applications. ITO/TiO2 core-shell nanowire arrays for 3D substrate electrodes for DSSC were 

fabricated by H. Wang et. al., where ITO nanowire arrays were fabricated using 

polycarbonate template structures.[62] M. Davis et. al. fabricated 3D mesoporous ITO 

monolith by high temperature treatment of aerogel containing indium and tin precursors.[63]

D. Fattakhova-Rohlfing et. al. synthesized well-ordered 3D mesoporous structures using 

block co-polymer (poly(ethylene-co-butylene)-b-poly(ethylene oxides) as a template [64]. 

Although these 3D-nanoporous ITO films have highly porous structures with some degree of 

order, complicated synthetic procedures and lacked large-scale uniformity. There also have 

been efforts to manufacture various colloidal ITO nanostructures, such as spherical 

nanoparticles[65-67] and nanocubes[68-71]. Among the various ITO-based nanostructures

mentioned above, nanocubes displayed some noteworthy properties due to their highly 

crystalline structures and possibility for self-assembly. Ideally, the self-assembly of highly 

monodisperse, crystalline nanocubes could display large flat area of atomically defined 

crystalline facet as electrode surface and ordered geometric structures when assembled.
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However, previously studied ITO nanocubes were highly polydisperse with varying sizes and 

morphology, and lacked any hint of self-assembly.

Meanwhile, semiconductor relative of ITO, indium oxide nanocrystals are usually known 

to be cubic nanostructures.[72-74] Unlike ITOs, research on indium oxides usually exhibited 

much more defined and monodisperse structures. Among them, X. Xu et. al. synthesized 

highly monodisperse, well-structured cubic indium oxide nanocubes, which caught our

attention.[1] Through incorporation of tin to the structure via modification of synthetic 

procedures, we were able to synthesize monodisperse ITO nanocubes with truncated edges. 

Using these ITO nanocubes, hierarchical nanoporous electrode was fabricated by simple 

drop-casting and self-assembly of ITO nanocubes. By testing the electrochemical properties 

of the fabricated ITO nanoporous electrode, we could confirm the accelerated kinetics electro 

kinetics of ferric/ferrous ions and ascorbic acid by the geometric effect of nanostructured 

electrodes, while more complicated adsorptive electrochemical oxygen reduction reaction 

showed negligible geometric effect.

1.2. Experimental Section

1.2.1. Materials

Indium(III) chloride tetrahydrate (97%), tin(IV) chloride pentahydrate (98%), oleylamine 

(tech. grade, 70%), ethanolamine, potassium hexacyanoferrate (II) trihydrate, 

hexaamineruthenium (II) chloride, iron(II) sulfate heptahydrate, iron(III) sulfate 

heptahydrate, L-ascorbic acid, sodium sulfate, sodium perchlorate were all purchased from 

Aldrich. Absolute ethanol (Emsure ACS, ISO, Reag. Ph Eur) was purchased from Merck 

Millipore. Sulfuric acid (95%), cyclohexane (99.5%), isopropanol (99.5%) were obtained 

from Daejung Chemicals (Korea). Deionized water used in experiments were prepared with 

Thermo Scientific Barnstead Nanopure Ultrapure water system (Resistivity of ~18 MΩ). ITO 

glass was obtained from Techinstro.
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1.2.2. Synthesis of ITO nanocube

ITO nanocube was synthesized by modifying experimental method for preparing uniform 

cubic indium oxide nanocubes developed by X. Xu et. al.[1] In a typical synthesis, 407 μmol 

of indium(III) chloride tetrahydrate and 20.3 μmol of tin(IV) chloride pentahydrate were 

dissolved into a mixture of 11.94 mL absolute ethanol and 7.5 mL oleylamine. When fully 

dissolved, 60 μL of deionized water was carefully added to the above mixture dropwise while 

in sonication. Without sonication, the mixture sometimes forms insoluble white fibril-like 

structures, which hampers the formation of the nanocube. Upon addition of water, the mixture 

becomes slightly opaque due to emulsion formation. The mixture is then transferred into a 

50mL Teflon-lined hydrothermal reactor and heated to 240 ℃ for 24 h in an oven. Then the 

reactor was left to cool to room temperature. After cooling, the mixture was initially 

centrifuged at 5000 rpm for 5 min and redispersed three times in cyclohexane to remove any 

small premature particulates and reactants. The resulting precipitate was then centrifuged and 

redispersed via sonication in a mixture of isopropanol and ethanolamine (9:1 in volume) three 

times for ligand exchange. After the ligand exchange, the precipitate becomes readily 

dispersible in hydrophilic solvents such as isopropanol and ethanol. The precipitate was then 

dried in a vacuum oven, and stored in a powdered form for later use.

1.2.3. Preparation of self-assembled nanoporous ITO nanocube 

electrode

For preparing a self-assembled nanoporous ITO nanocube electrode, ITO glass was used as 

the substrate electrode. The ITO glass was first washed and sonicated consecutively in 

acetone, isopropanol and water to remove any dusts and residues. Then the ITO glass was 

electrically contacted using an aluminum conductive tape near the edge of the ITO glass. 

Kapton tape was used to protect the contact, and electroplating tape (3MTM Electroplating 

Tape 470) with 6 mm diameter hole was used to selectively expose an area. A desired amount 
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of ITO nanocube was thoroughly dispersed in a 1:1 mixture of isopropanol and deionized 

water via sonication. The mixture was then drop-casted onto an ITO glass. Due to the nature 

of cubic colloids[75], the ITO nanocubes self-assembled into cubic clusters without any 

additional treatment. The drop-casted glass was dried at ambient temperature and pressure. 

The prepared electrode was then carefully rinsed with deionized water before electrochemical 

experiments.

1.2.4. Electrochemical measurements

All the electrochemical experiments were done in a three-electrode system using either a 

Hg/Hg2SO4 (MSE; saturated K2SO4, RE-2C, BAS, Inc.) or Ag/AgCl (3M NaCl, self-made) 

as a reference electrode. Coiled Pt-wire was used as a counter electrode. The cyclic 

voltammetry (CV) and linear sweep voltammetry (LSV) was performed using CHI660A 

electrochemical workstation (CH Instruments, Inc., USA). The electrochemical impedance 

spectroscopy (EIS) was conducted using Reference 600 (Gamry Insturments, Inc., USA). 

Data of the EIS experiments were fitted by using the simplex method in the Gamry Echem 

Analyst software.

1.2.5. Characterization

TEM images were obtained using Hitachi H-7600 electron microscope. SEM images were 

obtained using Hitachi Su-70 field emission scanning electron microscope. XRD 

measurements were obtained with Bruker D8-Advance X-ray diffractometer at the Research 

Institute of Advanced Materials.

1.3. Results and Discussion

1.3.1. Synthesis and characterization of ITO nanocube

The synthesis method (Figure 1.1A) used in this article is modified from previously 
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investigated method by X. Xu et. al. [1], which was used to synthesize highly monodisperse 

cubic indium oxide (c-In2O3) nanocubes with truncated edges. Although the synthesis of c-

In2O3 nanocubes could be replicated (Figure 1.2A), a simple addition of tin precursor to the 

synthetic mixture discussed by X. Xu et al resulted in irregularly shaped nanoparticles (Figure 

1.2B), thus a modification of the synthesis method is necessary. We found that higher 

synthesis temperature, addition of minute amount of water, and usage of specific ethanol as 

a reagent was essential in order to properly incorporate tin into the indium oxide. With some 

modifications, ITO nanocubes of similar dimensions to the In2O3 nanocubes could be 

produced, accompanying a color change from white to sky-blue as described in Figure 1.1B, 

C and respective insets. With further optimization, large scale self-assembly of nanocubes 

were observed on simply dried TEM samples (Figure 1.1D).

Figure 1.1 (A) A general scheme describing synthesis of ITO nanocubes. As-prepared ITO 

nanocubes are ligated with oleylamine. TEM images of (B) In2O3 nanocubes prepared with 

method by X. Xu et. al.[1] and (C) ITO nanocubes prepared with modified procedures to 

incorporate Sn into In2O3. The insets in B and C are photos of solutions of respective 

nanocubes. (D) A low magnification TEM image of ITO nanocubes and its self-assembly
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Figure 1.15 (A) TEM images of indium oxide synthesized using the previous method and 

(B) the result when tin precursor was simply added to the reaction mixture used to synthesize 

indium oxide in (A)

Figure 1.3 describes the effect of temperature on the morphology of indium oxide and ITO. 

The synthesis temperature described in previous method is 225℃, and the various effects 

described was replicable (Figure 1.3A~F). At low temperatures, the InOOH nanorods were 

synthesized and as the temperature rose, the InOOH nanorods started to aggregate into small 

bundles and became nanocubes when the temperature was raised above 220℃. When tin was 

added, the synthesis temperature had to be raised to at least 240℃ required to become 

nanocubes as can be seen in Figure 1.3F. Incorporation of tin generally decreased the size of 

the nanocubes from 50~60 nm to 40 nm, which can be seen in Figure 1.3G~I, and changed 

the color of the product from pure white to sky-blue. Figure 1.4 shows XRD diffractogram 

of ITO nanoparticles synthesized under various temperatures. As the temperature was raised 

from 160℃ to 200℃, the strong peak around 31o starts to be visible. Above 220℃, fully 

crystalline peaks corresponding to c-In2O3 could be observed. No peaks corresponding to 

SnO2 was observed, which is similar to other previous reports.[76-78]
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Figure 1.16 TEM images of indium oxide (A to F) and indium tin oxide (G to I) synthesized 

at different temperatures labelled on the image.

Figure 1.5 shows TEM and SEM images of the ITO nanoparticles synthesized with different 

water content. According to the TEM images, a small amount of water is required to form 

various shapes with defined edges. With very little to no water in the system, the 

nanoparticles assumed largely spherical shapes, but with irregular jagged surfaces. At 1.0% 

water content, the resultant particles were truncated nanocubes with sizes around 100 nm. 

Higher water content resulted in larger-sized mixture of cubic and hexagonal shapes, which 

could not be separated with simple centrifugation. Figure 1.5F and g show the SEM images 

of particles synthesized with 1.0% and 1.5% of water. From Figure 1.5F, the truncated edges 

of the nanocube could clearly be seen. From Figure 1.5G the various shapes seen in the TEM 
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images are different projections of cuboctahedrons, which could be a square, a regular 

hexagon and slightly deformed hexagons. The change in shapes from a truncated nanocube 

to a cuboctahedron indicate that water in the reaction mixture influences growth speed of 

certain particular crystalline facet. Although the cause of this preferential growth is uncertain, 

we suspect that the water in the system could react with oleylamine to produce positively 

charged oleylammonium ion, which could stabilize certain facets differently. Despite this 

finding, the degree of truncation in the ITO cubes at high water content could not be 

controlled in a reproducible way. Thus, we have decided against testing the ITO 

cuboctahedrons in later electrochemical studies.
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Figure 1.4 XRD diffractogram of ITO nanoparticle synthesized under various temperatures.

Figure 1.6 depicts the effect of ethanol received from various manufacturers on the 

morphology of the synthesized ITO. Despite requiring addition of about 1% of water in 

volume against ethanol, the morphology of the ITO was independent of the natural water 

content of the ethanol used. Rather, cube-shaped ITO could only be synthesized using Merck 

Millipore’s 99.9% purity absolute ethanol (EMSURE). High purity (>95.6%) ethanol is 
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known to contain trace amount of separation agents such as benzene or pyridine, and may 

differ from product to product. We suspect that presence of these trace organic compounds 

could be critical factor in determining the shape of the ITO products.

Figure 1.517 TEM images (A to E) of ITO synthesized by varying water content in the 

precursor solution. Figure F and G shows SEM images of ITO synthesized with 1.0% and 

1.5% water content respectively. The percentage described in the figure is volumetric 

percentage of ethanol and water. For example, condition in figure b is 99.5% ethanol and 0.5% 

water by volume.
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Figure 1.6 TEM images of ITO synthesized using various commercially-available ethanol 

products; (A) Daejung Chemical 94.5% purity ethanol, (B) Daejung Chemical 99.9% purity 

absolute ethanol, (C) Aldrich 99.5% purity ethanol, (D) – Aldrich 99.8% purity absolute 

ethanol (GC), (E) – Merck Millipore 99.9% purity absolute ethanol (EMSURE ACS, ISO, 

Reag. Ph Eur)

1.3.2. ITO nanocube self-assembly and fabrication of nanoporous 

electrodes

Figure 1.7 describes overall scheme of fabrication of nanoporous ITO nanocube electrode. 

As we can see in the figure, as-prepared ITO nanocube is hydrophobic due oleylamine, which 

acts as a ligand. Hydrophobic ligand on the surface could obstruct electrical contact between 

the ITO substrate and ITO nanocubes, and may hamper interactions with the solution used in 

electrochemical experiments. Hence, the ligand was exchanged from oleylamine to 

ethanolamine using repeated dispersion in excess ethanolamine, sonication, and 

centrifugation. After the ligand exchange, the nanocube became readily dispersible in 

hydrophilic alcohols such as isopropanol and partially stable in deionized water. No change 
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in the morphology was observed after the ligand exchange.

Figure 1.7 Overall scheme of ITO nanocube post-treatment and fabrication of nanoporous 

ITO nanocube electrode.

The nanoporous ITO nanocube electrode was synthesized by drop-casting method.[79] 

High temperature treatment was not conducted due to the slight morphological deformation 

of ITO nanocube (Figure 1.8).
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Figure 1.8 TEM images of morphological change in ITO nanocubes (A) before heat 

treatment and (B) after heat treatment. Slight change in nanocube morphology and size was 

observed as a result of heat treatment

The ligand exchanged ITO nanocube is partially dispersible in water, and tend to aggregate 

into clumps. In order to prevent large particulates from forming, 1:1 mixture of isopropanol 

and deionized water was used for electrode fabrication. Cube-shaped nanoparticles are 

known to self-assemble into bigger cube-shaped aggregate due to van der Waal’s interaction 

between the large flat surface of the cubes.[75] As can be seen in Figure 1.9A and B, ITO 

nanocubes naturally self-assembled into small cube-shaped clusters. Because of the truncated 

nature of the synthesized nanocubes, the self-assembly of nanocubes creates small pores 

between the edges as depicted in the scheme in Figure 1.7 and TEM image in Figure 1.9C. 

Such pores are smaller than 10 nm in size and 80 nm deep, and likely to be three 

dimensionally interconnected. Furthermore, the surface created by truncations is likely 

composed of defined crystalline facet, which is unseen in commercially available ITO 

nanoparticles. These properties of the self-assembled ITO nanocube is highly advantageous 

because all the pores are of same dimension and similar in electrochemical reactivity.
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Figure 1.9 (A) SEM and (B) TEM images of ITO nanocube used for electrochemical studies. 

(C) A higher magnification TEM image of self-assembled ITO nanocubes, showing 

structurally defined pore created by self-assembly. (D~F) SEM images of self-assembled ITO 

nanocube electrode, which (D) 20 μg, (E) 50 μg and (F) 100 μg of ITO nanocube was drop-

casted onto ITO glass substrate.

The size and shape of the self-assembled nanocube clusters, however, was incontrollable. 

This could be due to inhomogeneity in ITO nanocube morphology such as size and shape. In 

Figure 1.9D to F, the electrode created with the nanocube is composed of random aggregation 

of the small self-assembled clusters. Although this might not be an ideal self-assembled 

electrode, loose aggregation of small clusters created multi-modal structure, which could be 

advantageous for mass transfer of reactants to the electrode. As the nanoparticle loading 

increased from 20 μg to 100 μg, uncovered ITO glass substrate decreased, eventually 

covering the whole surface. Unlike spin-coating utilized in our previous study using 

commercially available ITO nanoparticles[44], thickness of the ITO aggregates could not be 

determined precisely, because of the large variation in coverage, where clear distinction of 

exposed ITO glass substrate surface and nanocube agglomeration can be made.
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1.3.3. Fundamental electrochemical behavior at nanoporous ITO 

nanocube electrodes

In order to test the usability of the prepared nanoporous nanocube electrode, it was first 

tested in blank electrolyte solution. Figure 1.10A shows increase in charging current with 

ITO nanocube loading due to enlarged surface area, compared with that of bare ITO. Figure 

1.10B also shows linear current-scan rate relationship indicating good capacitive behavior. 

The capacitances obtained from slope of Figure 1.10B were used to calculate electrochemical 

surface area (ECSA) for all the electrodes and it is summarized in Table 1.1. With 100 μg 

loading, the relative ECSA is calculated to be about 18 times larger than that of the bare ITO 

glass substrate. The 18-fold increase in area appears to be lower than expected in Figure 10F. 

This is because the side surfaces of the nanocube are in contact with each other by self-

assembly, so the empty space created is relatively small. The nanoporous ITO nanocube 

electrodes were then tested with reversible redox species such as Ru(NH3)6
2+ and Fe(CN)6

2+. 

Figures 1.10C and D shows the cyclic voltammograms of these redox species on the 

electrodes with varying ITO loading. Compared with the bare ITO electrode, there is little 

difference in the shape of cyclic voltammograms of the nanoporous electrodes because the 

reaction of the reactant is fast enough that it cannot enter the nanopore. The peak-to-peak 

potential separation is also virtually unchanged and cyclic voltammograms are not inclined, 

indicating good conductivity of the nanoporous electrodes.

Table 1.3 Electrochemical capacitance and relative electrochemical surface area 

calculated from Figure 1.10B

Electrode
Average Cdl

(nF cm-2)
Ratio

Relative Electrochemical 
Surface Area (cm2)

Bare ITO 13.91 1.00 0.283

ITO 20 μg 36.65 2.64 0.745

ITO 50 μg 125.24 9.01 2.546

ITO 100 μg 254.97 18.34 5.184
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Figure 1.10 (A) Cyclic voltammograms at bare ITO electrode and nanoporous ITO nanocube 

electrodes with different ITO loading in 0.1 M Na2SO4 (pH 7) solution and (B) Relationship 

between current density and scan rate obtained from data of (A). Cyclic voltammogram of 

(C) 1 mM Ru(NH3)6
2+ and (D) 1mM Fe(CN)6

2+ in 0.1 M Na2SO4 (pH 7) solution. The current 

in these voltammograms is normalized by the geometric surface area (GSA). Scan rate = 50 

mVs-1.

The Fe2+/3+ redox reaction was chosen as a model electrochemical reaction for probing 

electron-transfer kinetics at nanoporous ITO electrodes. This redox reaction is well-studied 

outer-sphere reaction that involves simple single electron transfer without any side reactions. 

Also, it is known to have substantial reorganization of primary solvent shell upon redox 

reaction[80], and is slow enough to observe changes in reactivity on electrochemically inert 

electrodes, which is ideal for our purpose of observing effect caused by the nanoporous 

structure.
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Figure 1.11. Cyclic voltammograms of Fe2+/3+ in 0.1 M H2SO4 and 0.1 M Na2SO4 solution 

on ITO nanocube electrodes. The current density was normalized with GSA. Scan rate = 50 

mV s-1.

The cyclic voltammograms in Figure 1.11 show Fe2+/3+ redox reaction on bare and 

nanoporous ITO electrodes with different nanocube loadings. Separation distance between

the anodic and cathodic peak potentials is wide at bare electrode because the catalytic activity

of the ITO electrode is very low. It shows that higher nanocube loading results in closer peak-

to-peak separation. In general, a narrowing of the peak-to-peak separation means that the 

reactivity of the electrode is improved. In other words, this implies that the electron-transfer 

process is much faster at higher nanocube loadings. This result is in correspondence with our 

previous study done using electrodes fabricated with commercially available ITO 

nanoparticles[44], where thicker porous ITO layer showed closer peak-to-peak separation. 

We further analyzed the nanoporous nanocube electrodes with electrochemical impedance 

spectroscopy (EIS) because narrowing of peak-to-peak separation can be reduced by 

limitation of mass transport of the reactants as well as enhancement of the reactivity in the 
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porous electrode.[81] Impedance results were fitted based on Randles equivalent circuit[82]

in Figure 1.12 D, with capacitive component being replaced by a constant phase element 

(CPE). This accounts for the non-ideal capacitance behaviors typically seen in electrodes 

with rough or porous surface.[83-85] Figures 1.12 A and B shows the Nyquist plots of Fe2+/3+

redox system on the ITO nanocube electrodes, where the impedance was normalized with 

GSA of the electrode used. The semicircle on the bare ITO glass electrode was very large 

barely reaching the Warburg region, while the nanoporous ITO electrodes clearly showed 

much smaller semicircle with higher loading. This corresponds to smaller charge transfer 

resistance (Rct), which is usually a good indicator of faster electron-transfer, thus higher 

electrode kinetics.[86] Even when impedances were normalized with ECSA calculated in 

Table 1.1, the nanoporous ITO electrode with higher loading showed smaller Rct as shown in 

Figure 1.6 C. The solution resistance (Rs) appears to increase, which is an artifact from 

normalizing with the ECSA. The Rs depends on the GSA, and the GSA is constant even 

though the ECSA increases in a nanoporous electrode. In fact, when the Rs is obtained without 

area correction, there is no difference in resistance (Table 1.2).

The EIS fitting data was used to calculate the standard rate constant (k0) using relations 

derived from Nernst equation and current-overpotential equation.[82]

�� = ��/��� (1)

�� = ��/���� (2)

where i0 is the exchange current, F is the Faraday constant in C, A is the electrode surface 

area, C is the concentration of reactant, R is gas constant, and T is temperature in Kelvin. The 

ECSA calculated in Table 1.1 was used for the electrode surface area calculation. The result 

is summarized in Table 1.2.
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Figure 1.12 (A) Nyquist plots of Fe2+/3+ redox system on the bare and nanoporous ITO 

electrodes. (B) Zoomed in view of the Nyquist plot (A) for better comparison of nanoporous 

nanocube electrodes with different loadings. The impedance in (A) and (B) was normalized 

with geometric surface area (GSA). (C) Nyquist plot of Fe2+/3+ redox system on the ITO 

nanocube electrodes normalized with electrochemical surface area (ECSA). (D) Randles 

circuit that was used to fit the EIS data.

Table 1.4 Values obtained from the fitting process for bare and nanoporous ITO shown in 

Figure 1.12.

Electrode
Rs

(Ω)
Rct

(kΩ)
Rct, GSA

(kΩ∙cm2)
Rct, ECSA

(kΩ∙cm2)
k0 (cm/s)
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Bare ITO 19.1 1.49 0.42 0.42 6.31 × 10��

ITO 20 μg 19.8 0.38 0.11 0.28 9.51 × 10��

ITO 50 μg 17.1 0.089 0.025 0.23 1.17 × 10��

ITO 100 μg 17.3 0.053 0.015 0.28 9.67 × 10��

The k0 value calculated using the EIS data clearly shows that the redox reaction of Fe2+/3+ is 

enhanced at the nanoporous ITO nanocube. Flat bare ITO glass had the smallest value of 6.31 

x 10-5 cm s-1, while the ITO nanocube electrode with 50 μg loading had the highest k0 with 

value of 1.17 x 10-4 cm s-1, almost two times higher than the flat counterpart. Considering that 

the same nanocube was drop-casted onto the electrode, we can expect the roughly same 

degree of nanoporous structure on each self-assembled ITO nanoncube cluster, composed of 

ITO nanocubes with defined crystalline structure and facets, minimizing any variations in the 

reactivity of different pores. We also can exclude effect of the enlarged surface area due to 

normalization of ECSA to raw data.  Thus, we conclude that nanoporous structure created 

by the self-assembly of ITO nanocubes are the main origin for this catalytic enhancement, 

with minimal contributions of any defects acting as active sites, confirming nanoconfinement 

effect.[44, 45] Accepting higher reactivity in nanoconfined space, we should expect increased 

k0 with higher loading, which would create more confined space. However, electrode with 50 

μg loading had the highest while electrode with 100 μg loading had slightly lower k0 value. 

It seems that the increased electrode area of the nanoporous layer is not fully used for the 

reaction of the reactants due to limitation of mass transport into nanopores. 

When compared to the k0 values from the previous study using nanoporous electrode 

fabricated with commercially available ITO nanoparticles[44], the ITO nanocube electrodes 

displayed superior activity. The k0 value from the previous work was around 1.5 x 10-5 cm s-

1, whereas the k0 value from the self-assembled ITO nanocube electrode was about 1.0 x 10-

4 cm s-1, almost 7 times higher although smaller amount of ITO material was used to fabricate 

the electrode. This augmented k0 value may be attributable to the high crystallinity of the ITO 
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nanocubes, better conductivity, smaller pore dimensions and better uniformity of electrode 

surface.

1.3.4. More complex reactions at nanoporous ITO nanocube electrodes

From the last section, we explored the effects of nanoporous structure on a simple reaction 

involving single electron transfer and non-adsorptive mechanism. In order to further 

enlighten our understanding of geometric effects, more complex reactions with multi-

electron, inner sphere reactions were considered.

Ascorbic acid is an important metabolite with pro- and anti-oxidative properties, which is 

one of common target biomolecules in biosensors. The usual way of detecting ascorbic acid 

is by electrooxidation, which occurs at about +0.6 V on Pt, and +0.4 V on glassy carbon 

electrodes. The oxidation involves one or two electrons and protons depending on the 

chemical environment.[87, 88] At physiological pH condition around pH 7, single 

irreversible oxidation peak is observed at most electrodes.

Figure 1.13 shows CV and EIS results of ascorbic acid oxidation at pH 7. From the cyclic 

voltammograms, the oxidation peak potential is negatively shifted with the increased ITO 

nanocube loading. This can be interpreted as increased reactivity, as in Fe2+/3+ redox system, 

aside from a minor difference that the oxidation reaction was irreversible. K. Nam et. al. 

reported that ascorbic acid oxidation on microporous carbon electrodes reversible 

behavior.[89] Such reversibility was not observed on nanoporous ITO electrodes. In Figure 

1.13C, the oxidation peak current was normalized to 1 in order to better distinguish the onset 

potential at each nanocube loadings. The order of onset potential was observed to be 100 μg

< 20 μg < 50 μg < bare ITO electrode, which was different from the Fe2+/3+ redox system. 

Naturally, one would expect nanoporous electrode with higher loading to be more 

electrochemically catalytic, but this was not the case for ascorbic acid oxidation observed in 

this set of experiments. Moreover, the EIS results in Figure 1.13D and the calculated k0 value 

in Table 1.3 further complicated the issue, as the order of onset potentials and k0 value did 
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not match accordingly. The 20 μg loading had the highest k0 while the 100 μg loading had 

the lowest, but all they were mostly very close in value. This result suggests that there was 

very little geometric effect of the porous electrode for ascorbic acid oxidation.

The known electrochemical oxidation mechanism of ascorbic acid involves adsorption of 

hydroxide functionalities onto the electrode.[90] Additionally ascorbic acid is known for its 

adsorptive capabilities on various electrode materials, such as transition metals as well as 

commonly used glassy carbon (GC), Pt and Au electrodes.[90] On Pt electrode, for example, 

when it was dipped in the ascorbic acid solution for about 3 minutes without any stirring was 

reported to be covered almost completely with adsorbed ascorbic acid.[91] On carbon-based

electrodes, it was reported that adsorption and catalysis of ascorbic acid species were highly 

dependent on the surface functionalities of the electrode, and various effects and activity of 

different functionalities still remains elusive.[92]

Despite the large porous electrode surfaces generated by the self-assembled ITO 

nanoncubes, the material was ineffective in facilitating electrocatalysis through the 

aforementioned geometric effects of nanoporous electrodes. Because ITO is a well-known 

electrochemically inert material, the adsorption of ascorbic acid would have been difficult, 

which is a crucial step of ascorbic acid electrooxidation. This suggests that unlike the outer 

sphere electron transfer reactions such as Fe2+/3+, the inner sphere ascorbic acid oxidation is 

electrode material-dependent and requires active electrode surface rather than large inactive 

surfaces. Notwithstanding rather disappointing results, the nanoporous ITO nanocube 

electrode still produced electrocatalytic electrodes with more negative onset potential when 

compared to the bare electrode, which could be an important aspect to consider when 

designing electrocatalysts in sensor applications.
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Figure 1.13 Cyclic voltammogram of 1 mM ascorbic acid in 0.1 M NaClO4 at pH 7 on bare 

and nanoporous ITO electrodes, which the current was normalized with (A) GSA and (B) 

ESCA. (C) Cyclic voltammogram where anodic peak current was subtracted by respective 

capacitive current, then normalized to 1. (D) Nyquist plot for ascorbic acid oxidation on bare 

and nanoporous ITO electrodes.

Table 1.3 Values obtained from fitting ascorbic acid oxidation results from Figure 1.13.

Electrode
Rct

(kΩ)
Rct, GSA

(kΩ∙cm2)
Rct, ECSA

(kΩ∙cm2)
k0 (cm/s)

Bare ITO 36.8 10.4 10.3 2.56 × 10��

ITO 20 μg 13.0 3.69 9.91 2.74 × 10��

ITO 50 μg 8.57 2.42 22.5 1.22 × 10��

ITO 100 μg 9.89 2.80 54.7 5.19 × 10��
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Oxygen reduction reaction (ORR) was selected as another complex reaction for testing. It 

is a critical cathodic reaction in various fuel cells and biosensors.[93] The reaction involves 

four electron and four protons when fully reduced into H2O, and two electrons and two 

protons when partially reduced into H2O2. The reaction mechanism involves adsorption of 

O2 molecule onto the electrode and series of complex protonation, electron transfer and 

dissociation reactions.

The result of ORR on nanoporous ITO nanocube electrodes can be seen in Figure 1.14 and 

Table 1.4. From the cyclic voltammogram in Figure 1.14A, the general trend where 

seemingly electrodes with higher loadings displayed more negative reductive current and 

positive onset potential when the current was normalized with GSA. The cathodic current 

between -1.2 V and -1.0 V increased with higher loading and was seen as a strange hump. 

Since no such current was observed at the potential in N2 purged electrodes, this was not 

hydrogen evolution reaction. Rather, such stepped current curves resembled polarization plot 

of partial oxygen reduction into H2O2, commonly seen in slow noncatalytic materials such as

many undoped carbon electrodes.[94] When the current was normalized with ECSA, the 

trend completely reverses, where the onset potential of bare ITO glass electrode was the most 

positive, while becoming less positive with higher ITO nanocube loading. The ECSA 

normalized Nyquist plot in Figure 1.14D and calculated results from Table 4 show that 

highest k0 value was observed for 20 μg loading, while 100 μg loading displayed the slowest

electron transfer, very similar to the results from ascorbic acid oxidation. As in the case of 

ascorbic acid, ORR is one of the most studied inner electron transfer reactions, which requires 

adsorption of oxygen onto the electrode. The inertness of ITO as an electrode material would 

be highly undesirable for electrocatalysis. The thicker porous electrode layer seems 

ineffective in promoting faster electron transfer, rather impeding in the case of thickest 

electrode with 100 μg loading.
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Figure 1.14 Linear sweep voltammograms of ORR on bare and nanoporous ITO electrodes 

where current was normalized with (A) GSA and (B) ESCA. Nyquist Plots of ORR on the 

same electrodes with impedance normalized with (C) GSA and (D) ESCA. The ORR 

experiments were carried out in 0.1 M H2SO4.

Table 1.4 Values obtained from fitting ORR results from Figure 1.14.

Electrode
Rct

(kΩ)
Rct, GSA

(kΩ∙cm2)
Rct, ECSA

(kΩ∙cm2)
k0 (cm/s)

Bare ITO 59.5 16.8 16.8 1.58 × 10��

ITO 20 μg 17.8 5.05 13.3 2.00 × 10��

ITO 50 μg 10.4 2.93 26.4 1.01 × 10��

ITO 100 μg 6.66 1.89 34.5 7.71 × 10��
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These preliminary studies on inner sphere, multi-electron transfer reactions suggest that 

catalytic effect of geometry on porous ITO electrodes were quite limited to outer sphere 

electron transfer reactions such as Fe2+/3+, probably due to the limitation of the intrinsic 

catalytic activity of the base material. The geometric effect of nanoporous electrodes were 

observed in more reactive electrode materials such as in porous electrodes made of Pt and 

Au[31, 45], where porous electrodes displayed various electrocatalytic properties unseen in 

flat electrodes. In these studies, reactions such as ORR and alcohol oxidation were all 

promoted in porous electrodes, suggesting that geometric effects are certainly present in inner 

sphere reactions. The ITO was selected to minimize the effect of adsorption to observe the 

geometric effects. Trying to experiment with reactions that requires adsorption, in this 

perspective, was somewhat contradictory to the original intensions and such unfavorable 

results were to be expected.

1.4. Conclusion

In this part, edge-truncated, monodisperse ITO nanocubes were successfully synthesized 

hydrothermally. By utilizing the natural tendency of cube-shaped nanoparticles to self-

assemble into cube-like clusters, self-assembled nanoporous ITO nanocube electrodes with 

large and small pore size were fabricated by simple drop-casting method. The electron-

transfer kinetic study of outer sphere Fe2+/3+ redox species suggests that nanoporous ITO 

nanocube electrode displayed higher electrode kinetics than that of the flat bare ITO 

electrodes by using cyclic voltammetry and electrochemical impedance spectroscopy. Even 

when the results were normalized with electrochemical surface area to compensate the 

enlarged surface area in nanoporous nanocube electrodes, the calculated standard rate 

constant, k0, of the nanoporous electrodes were still higher than that of the flat counter parts. 

Even, it showed greater activity than the thicker nanoporous ITO electrodes. We attribute this 

high activity to nanoconfinement effect caused by structurally defined nano-scale pore 

structures created by self-assembled ITO nanocubes. This is yet another confirmation of 
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nanoconfinement effect of electrocatalyst materials on the electrode reactivity. On the other 

hand, the inner sphere electron transfer reactions, such as ascorbic acid oxidation and oxygen 

reduction reaction, displayed very little to no enhancement from geometry was observed. The 

electrochemical inertness of ITO could have prevented adsorption, which is a crucial step in 

these reactions. Such results imply that geometric effect of electrode on electrocatalysis is 

also material dependent, when considering that previous studies on porous Pt and Au 

electrodes.[31, 45] For the development of economical and more efficient electrocatalysts, 

balanced combination of material and electrode geometry would be needed in order to 

maximize the full potential of the catalyst.
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Part 2.
Anionic Effect on Anodic 

Electrochemical Deposition of 
Nickel Iron Oxides
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2.1. Introduction

2.1.1. Development of oxygen evolution reaction catalysts

With severe climate change, ongoing wars and resource nationalism threatening the supply 

market, the world is experiencing unprecedented economic and political instability. The 

desire to shift from the current reliance on fossil fuel-based technology to a more sustainable 

energy production and storage is ever growing. The governments from the developed parts 

of the globe led by the US and the European Union have recently announced goals to achieve 

fully functioning hydrogen and biofuel economy, aiming for greener technology.[2, 3] The 

fierce competition for developing more economical and efficient high performance 

electrocatalysts in various energy-related applications such as water electrolysis, energy 

storage devices, biomass and fuel cell technology has now become a global goal of the 

science and engineering community.

One of the most contested research themes is water electrolysis, which generates hydrogen 

gas, which could be harnessed for clean energy production and fertilizer synthesis. Hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) are the primary reactions in 

water electrolysis involving two and four electron transfer reaction, respectively. Among the 

two, OER have sluggish electron transfer kinetics, which has always prevented water 

electrolysis technology from practical applications.[95]

The OER mechanism is largely dependent on pH :

In acidic aqueous conditions, 2H2O → O2↑ + 4H+ + 4e-

In neutral to alkaline aqueous conditions, 4OH- → O2↑ + 2H2O + 4e-

Many electrocatalyst materials for OER reaction were researched, and their performances 

are quite dependent on the pH. For acidic OER, materials such as IrO2 and RuO2 are 
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considered as the best performing, benchmark catalyst materials.[95] However, these 

materials suffer from stability issues at high anodic potentials where IrO3 and RuO4 forms 

and irreversibly dissolves out. For alkaline OER, nonprecious transition metal oxides based 

on Ni, Fe, Co and Mn were computationally analyzed to be the better performing 

materials.[96, 97] Due to the scarcity and high price of Ir and Ru-based catalysts, most 

researches focus on these more economical options, which performs best in alkaline 

conditions and do not suffer from the stability issues.

2.1.2. Nickel iron oxide as an OER catalyst

Nickel iron oxide is considered to be one of the most promising transition metal 

electrocatalysts for OER in alkaline electrolytes, with a catalytic activity that excels many

other metal oxides.[97-99] The high OER performance of nickel iron oxide was first 

discovered by Edison and Junger in the early 1900s, where the poisoning of Ni(OH)2

electrodes with Fe impurities in alkaline batteries greatly improved OER performance. Since 

then, various studies on the effect of Fe impurities in nickel oxide electrodes including the 

effort of D.A. Corrigan in 1987 have greatly improved our understanding of the fundamental 

reaction mechanisms in NiFe-based electrodes and further improved the catalytic 

performance.[100-102] Despite the considerable efforts, the actual cause of such high 

performance still poorly understood, where even the role of Fe or interactions between Ni 

and Fe is hotly contested among researchers. Therefore, substantial understanding of the 

inner workings in NiFe-based catalysts remains to be resolved in order to substantially 

improve the catalytic performance.

Various approaches were made to prepare high performance nickel iron oxide 

electrocatalysts with optimized chemical compositions and structures. For examples, 

materials such as core–shell NiFe0.1Cr0.1 metal/metal hydroxides,[103] Ce-doped NiFe-

layered double hydroxide nanosheets with carbon nanotubes,[104] NiCeOx–Au,[105] W,Fe-
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doped CoOOH,[106] and Ba0.5Sr0.5Co0.8Fe0.2O3-"δ" perovskites[107] were developed. 

Although such approaches had their own improvements, the complicated composition and 

structures clouded clear understanding of the source of such enhancement. Rather, recent 

simpler methods such as slight modifications of the fabrication methods and conditions 

showed drastic enhancement of the catalytic performance without altering the compositions. 

For instance, the pulsed electrodeposition at high mass loadings developed by Batchellor et 

al. significantly improved water oxidation kinetics when compared to typical continuous 

electrodeposition.[108] Zhang et al. employed stepwise electrodeposition strategy where a 

Ni-based film was deposited by cathodic electrolysis and Fe species were incorporated via

potential cycling after the deposition.[109] In addition, Song et al. synthesized NiFe single-

layer nanosheets exfoliated from bulk NiFe layered double hydroxides and greatly enhanced 

the OER performance through the increase in the number of active edge sites and the 

increased electrical conductivity.[110]

2.1.3. Synthetic methods of nickel iron oxide catalysts

Nickel iron oxide catalysts are synthesized in variety of ways such as hydrothermal 

synthesis,[110, 111] photochemical metal–organic deposition,[112, 113] solution-cast 

methods,[98] sputter deposition,[114] and cathodic electrodeposition.[108, 115, 116] Among 

these methods, anodic electrodeposition is one of the facile routes of depositing the 

electrocatalysts. In anodic deposition, the metal precursor is subjected to anodic potentials 

where the metal ions in a lower oxidation state are electrochemically oxidized and the 

resulting metal interacts with surrounding water to form hydroxide/oxide precipitation on the 

electrode surface.[117, 118] The resulting oxides are sensitive to deposition parameters, 

where slight changes can result in various morphologies and structures.[119] This is in 

contrast to the cathodic electrodeposition process, where oxidation of metal ions happen 

chemically. In a typical cathodic electrodeposition, NO3
− is first reduced to ammonia and 

hydroxide ions under cathodic potential, and the generated hydroxide ions in the vicinity of 
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the electrode form insoluble complexes with metal ions that precipitate.[120, 121] Anodically 

deposited catalysts are known for the self-repair mechanism under appropriate conditions, 

the electrocatalyst is regenerated in situ during the OER, which is important for long-term 

stability of the catalyst.[122-124] In addition, this method is advantageous due to its 

suitability in deposition onto other metal oxide-based electrodes, owing to the general

stability of metal oxide materials at the oxidative potential.[125]

Anodic deposition of nickel iron oxide (NiFeOOH) was first pioneered by Morales-Guio 

et al. in 2015.[125] However, the anodically prepared nickel iron oxide electrocatalyst 

showed a poor OER performance with a large overpotential of 370 mV at a current density 

of 10 mV cm−2 when compared to the cathodically synthesized NiFeOOH film that had an 

overpotential of ~260 mV at 10 mA cm−2.[108, 125] When compared to the various first-row 

(3d) transition metal-based catalysts prepared by the anodic deposition method, they found 

that the performance of NiFeOOH was inferior to CoFeOOH, which is known to have lower 

OER activity than NiFeOOH.[97, 126] Although the computational and experimental results 

from other synthetic methods suggested that NiFeOOH has superior catalytic activity to 

CoFeOOH, later research efforts in anodic deposition have been concentrated on the 

CoFeOOH.[126-128]

It is noteworthy that the maximum nickel iron oxide loading Morales-Guio et al. could 

achieve was only 3 μg cm−2[125], which was much lower than the 20 μg cm−2 achieved for 

CoFeOOH.[126] According to them, even when the deposition time was prolonged, the 

loading mass of NiFeOOH was saturated at 3 μg cm−2. Since the catalyst loading mass can 

greatly influence the overall catalytic performance, the remarkably low performance of the 

anodically deposited NiFeOOH could be due to the limited amount of the deposited catalyst. 

This suggests that the catalytic performance of anodically prepared NiFeOOH could be 

enhanced simply by increasing the catalyst loading.
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Herein, we examined the anodic deposition process of nickel iron oxide by utilizing

electrochemical quartz crystal microbalance (EQCM). We observed that the anodic

deposition of nickel iron oxide was greatly influenced by the reaction mixture, where factors 

such as the oxidation state of the metal precursor, solution pH, and particularly anions had 

great influences. According to our findings, we optimized the synthetic conditions and as a 

result, we were able to control the amount of the deposited nickel iron oxide through 

controlling the deposition time, leading to a thick film with leaf-like microstructure. The

catalyst synthesized under the optimized condition showed excellent water oxidation 

performances, one of the highest among reported NiFe-based oxides on planar substrates. 

The variables found in this study presents a way of understanding the overall anodic 

deposition process and ways to enhance deposition and ultimately improve OER 

electrocatalytic activity.

2.2. Experimental Section

2.2.1. Anodic deposition of Ni, Fe, and nickel iron oxides

Anodic deposition was conducted using a CHI440 electrochemical workstation equipped 

with an oscillator and a CHI660A electrochemical workstation (CH Instruments, USA). A Pt 

wire and Ag/AgCl filled with 3 M NaCl were employed as the counter and reference 

electrodes, respectively. The Pt counter electrode was separated from the deposition solution 

using a glass frit to prevent the precipitation of metal ions in the solution by the generation 

of hydroxide ions at the Pt electrode. A nickel iron oxide film was deposited on a 

polycrystalline Au electrode and a Au-coated Si wafer. Microgravimetric measurements were 

conducted using an EQCM. An 8-MHz AT-cut quartz crystal coated with a gold film 

(RenLux Crystal) was used as the working electrode to measure the shift of the quartz 
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resonance frequency over time. The film mass (∆m) was calculated from the shift in the 

measured frequency (∆�) using the Sauerbrey equation, 

∆m = −
������

2��
� × ∆�

where A is the electrode area, �� is the density of quartz (2.648 g cm−3), �� is the shear 

modulus of quartz (2.947 × 10�� g cm−1 s−2), and �� is the resonance frequency of the 

crystal.[129]

2.2.2. Physical characterization

The morphologies and thicknesses of the nickel iron oxide films were examined by focused 

ion beam-field-emission scanning electron microscopy (FIB-FE-SEM; Carl Zeiss, Germany) 

at the National Instrumentation Center for Environmental Management of Seoul National 

University. The cross-section of each catalyst film was prepared using an FIB. A top Pt layer 

was deposited to protect the catalyst film from the damage induced by the FIB during the 

milling process and employed for imaging purposes only. X-ray photoelectron spectroscopy 

(XPS) measurements were conducted using a SIGMA PROBE (Thermo Fisher Scientific, 

UK) photometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). 

All binding energies were corrected with respect to the position of adventitious C 1s at 284.8 

eV. X-ray diffraction (XRD) patterns were recorded using a D8 Advance X-ray 

diffractometer (Bruker, USA) at the Research Institute of Advanced Materials.

2.2.3. Electrochemical measurements

All electrochemical measurements were conducted using CHI440 and CHI660A 

electrochemical workstations. A polycrystalline Au electrode was used as the working 

electrode. A Pt wire and Hg/HgO filled with 20% KOH were used as the counter and 

reference electrodes, respectively. The scale of the Hg/HgO reference electrode was 
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calibrated against a reversible hydrogen electrode (RHE) (0.875 V vs. RHE) using Pt wires 

as the working and counter electrodes in H2-saturated 1 M KOH electrolyte. The potential 

was corrected for the uncompensated series resistance (Ru), which was determined by 

potentiostatic electrochemical impedance measurements. The overpotential ( � ) was 

calculated as � = ��������� − ���� − i��, where ��������� is the recorded potential (vs. 

Hg/HgO) and ���� is the reversible potential (0.355 V vs. Hg/HgO) for the OER. Cyclic 

voltammograms (CVs) and Tafel plots were obtained in 1 M KOH electrolyte at 10 mV s−2

and 0.2 mV s−1, respectively. Chronopotentiometry was conducted under a constant current 

density of 10 mA cm−2 over 24 h in 1 M KOH electrolyte.

2.3. Results and Discussion

2.3.1. Anodic deposition of Ni, Fe, and nickel iron oxides

In order to investigate anodic deposition of iron oxide film, we first explored influence of 

various basic components. Figure 2.1 shows the CV and the corresponding mass change 

profile of each precursor solution composed of the metal acetate salt in 0.1 M sodium acetate 

buffer (NaOAc, pH 5.3). In the EQCM measurements, a gold-coated quartz electrode was 

used as the working electrode. 

Figure 2.1a (green line) shows the CV of 16 mM Ni(II) precursor. In the low potential 

range of 1.0–1.3 V, only the anodic current from Au oxide formation was observed, which is 

very similar to that in the absence of Ni(II) ions (Figure 2.1a, black line). At 1.4 V, the current 

began to increase, owing to water oxidation, which involves the OER as well as anodic 

deposition of the metal oxide film. The reverse scan showed a larger current than the previous 

forward scan, which continued to increase with repeated potential cycles, as depicted in 

Figure 2.2. From the second scan and onwards, the broad gold oxidation peak at the low 
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potential range disappeared indicating no further gold oxidation takes places and all the 

anodic currents could be attributed to the Ni oxidation. This suggests that during potential 

cycling, the Au electrode surface is becoming covered with the OER-active nickel oxide film.

Figure 2.1. CVs and mass change profiles of 0.1 M NaOAc solution containing (a, d) 16 mM 

Ni(II) (green), (b, e) 5 mM Fe(II) (orange), and (c, f) 16 mM Ni(II) + 5 mM Fe(II) (red). CV 

and mass change profile of 0.1 M NaOAc solution are depicted in black in (a–f). pH of each 

solution is 5.3. Potentiostatic deposition in (b, e, f) are conducted at potentials denoted by 

dashed lines in (a, c, e). Arrows in (a) indicate scan direction.
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Figure 2.2. Consecutive cyclic voltammograms of 0.1 M NaOAc electrolyte with 16 mM 

NiSO4 (pH 5.3).

Figure 2.1d shows the mass change–time curve of an Au-coated quartz electrode at a 

constant potential of 1.35 V immediately before the OER current starts to rise in the first 

forward scan. Such mass change–time curves provide information about the contribution of 

the water oxidation current to film formation. As shown in Figure 2.3, the corresponding 

current density versus time curve at 1.35 V presents a slight change in the current density at 

the very beginning of deposition, and the mass change behaves similarly. After a few seconds, 

both the current density and loading mass start to increase over time. This is followed by a 

current increase for a few minutes depending on the pH. Subsequently, the current reaches a 

plateau, whereas the mass steadily rises. Once the surface of the Au electrode is fully covered 

with the nickel oxide film, the newly developed surface provides a steady current density,

even though its thickness continues to increase. Based on the literature, the anodic deposition 

of a nickel oxide film involves the electrochemical oxidation of hydroxyl ions (or water 

molecules) to produce adsorbed oxygen intermediates (OHads), which react with adjacent 

nickel ions to form the film.[130] Therefore, the deposited nickel oxide film on the Au 

electrode is expected to accelerate the water oxidation reaction. In addition, the formation of 

OHads involves a proton-coupled electron transfer step; therefore, the solution pH influences 

the anodic deposition of nickel oxide. As shown in Figure 2.3, the initial increase in the 

current density becomes steeper at higher pH.
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Figure 2.3. (a) Chronoamperograms and (b) mass change profiles of Au-coated quartz 

electrodes in 0.1 M NaOAc electrolyte with 16 mM NiSO4 as a function of solution pH. 

Deposition in (b) was carried out at 1.35 V (vs. Ag/AgCl).

The CV of 5 mM Fe(II) is quite distinct from that of Ni(II). As shown in Figure 2.1b, a 

substantial anodic current appears in the low potential region of 1.0–1.1 V. To clarify the 

electrochemical reaction occurring in this potential region, we conducted additional CV 

measurements for 5 mM Fe(II) solution in a relatively lower potential range. As shown in 

Figure 2.4a, the redox potential of Fe(II)/Fe(III) in 0.1 M NaOAc is approximately 0.1 V, 

suggesting that the anodic current flowing in the low-potential region in Figure 2.1b is 

associated with the electrochemical oxidation of Fe(II) to Fe(III). To further examine the 

mechanism of the anodic deposition of FeOOH, we applied a constant potential of 1.05 V, at 

which the oxidation reaction of Fe(II) can occur but water oxidation cannot. As presented in 

Figure 2.1e, the mass of the electrode increases over 1 h, indicating that the electrochemically 

generated Fe(III) species is readily precipitated as γ-FeOOH on the electrode on reacting 

with the aqueous solvent.[131, 132] In addition, as presented in Figure 2.4b, the deposition 

efficiency is dependent on the solution pH. More specifically, at a pH lower than 4.9, only 

soluble Fe(III) species such as Fe(OAc)���(OH)� are formed, and thus, the negligible mass 

change is expected.[133] At a pH higher than approximately 5, the acetate ligand is replaced 
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by surrounding water molecules, resulting in the precipitation of FeOOH.[131] A further 

increase in the solution pH accelerates the rate of FeOOH deposition.

Figure 2.4. (a) Cyclic voltammograms of polycrystalline Au electrodes in 0.1 M NaOAc with 

5 mM Fe(II) species (orange) and without Fe(II) species (black). All solution pH was adjusted 

to 5.3. (b) Mass change profiles of Au-coated quartz electrodes in 0.1 M NaOAc electrolyte 

with 5 mM FeSO4 as a function of solution pH. Deposition was carried out at 1.05 V (vs. 

Ag/AgCl).

To investigate the effect of the oxidation state of the Fe precursor on the formation of 

FeOOH, the CV and corresponding mass change profile for Fe(III) were obtained, and the 

results are shown in Figure 2.5. In contrast to the CV of the Fe(II) species, no anodic current 

occurred in the low-potential region of 1.0–1.1 V as the Fe(III) species cannot be further 

oxidized in this range. Moreover, only a small increase of 0.11 μg cm−2 was observed in the 

loading mass even after 1 h of electrodeposition. This increase can be attributed to the 

formation of a bimetallic Au-Fe oxide/hydroxide by the incorporation of Fe(III) from the 

electrolyte into the AuOx film during the electrochemical oxidation of the Au electrode 

surface.[134-136] The effect of the Fe(III) species is further discussed below.
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Figure 2.5. (a) Cyclic voltammograms and (b) mass change profiles of 0.1 M NaOAc 

solution containing 5 mM Fe2(SO4)3 (pH 5.3). Depositions in (b) were carried out at 

potentials denoted as dashed lines in (a).

Figures 2.1c and f show CV and the corresponding mass change profile of a0.1 M acetate 

buffer solution containing 16 mM Ni(II) and 5 mM Fe(II). The CV is quite similar to that of 

Fe(II) except the anodic current in the low-potential region of 1.0–1.1 V, which originates 

from the electrochemical oxidation of Fe(II). Concurrently, the growth rate of the nickel iron 

oxide deposit is considerably lower than that of the deposit in the Ni(II) only. The anodic 

deposition of the catalyst competes with the water oxidation reaction. Because nickel iron 

oxide has a higher catalytic activity than NiOOH for the water oxidation reaction, the former 

has a lower deposition efficiency than the latter. In the nickel iron oxide composite film, the 

NiOOH component serves as an electrically conductive support with a high surface area, 

provides chemical stability, and further activates the Fe sites at which the OER occurs.[137]

To explore the effect of the Fe(III) species on the anodic deposition of nickel iron oxide, 

we measured the mass change profiles of a 0.1 M acetate buffer solution containing 16 mM 

Ni(II) and Fe(III) as a function of the Fe(III) precursor concentration. As shown in Supporting 

Information Figure 2.6, the deposition amount decreases as the concentration of the Fe(III) 

precursor increases, suggesting that the Fe(III) ions dissolved in the solution impede the 
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deposition. In contrast, the Fe(III) ions generated electrochemically on the electrode surface 

allow the deposition (Figures 2.1c and e). In this context, Morales-Guio et al. suggested that 

Fe(III) ions cause the corrosion of the deposit because they serve as a Lewis acid.[125]

Another plausible explanation is the extremely low solubility product (Ksp) of Fe(III) (e.g., 

Ksp of Fe(OH)3 = 1.6 × 10−39).[138] Thus, in this study, when the Fe(III) salt was added to 

the deposition solution, Fe(III) was readily precipitated and suspended as a colloid, instead 

of reacting to form a catalytic film on the electrode surface. Consequently, the deposition 

solution containing 16 mM Ni(II) and 5 mM Fe(III) was opaque. These results explain the 

formation of only ultrathin catalysts in previous studies on the anodic deposition of an Fe-

containing catalyst for water oxidation, in which Fe(III) was typically used as the Fe 

precursor.[125-127, 139] Furthermore, these findings suggest that the use of Fe(II) instead 

of Fe(III) as the Fe precursor is beneficial for controlling the amount of the deposited film 

over a wide range, thereby allowing the formation of thicker catalyst films with a greater 

number of catalytically active sites. However, Morales-Guio et al. reported that an 

unsuccessful anodic deposition of a nickel iron oxide film when using Fe(II) sulfate as the 

Fe source. This suggests the presence of another factor that affects the growth of the deposit, 

i.e., the anion effect.[125]
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Figure 2.6. Mass change profiles of 0.1 M NaOAc solution containing 16 mM NiSO4 and 

Fe2(SO4)3 as a function of the concentration of Fe2(SO4)3 at 1.35 V (vs. Ag/AgCl). All 

solution pH was adjusted to 5.3.

2.3.2. Effects of anions on anodic deposition of nickel iron oxide

The electrodeposition process is known to be significantly influenced by the anions present 

in the solution owing to their complexation with the metal.[99] To probe the effects of the 

anionic species on the anodic deposition process, we compared acetate and sulfate ions,

which are commonly used in electroplating.

Figures 2.7a and d show that in the sulfate-only solution, both the current in voltammetry 

and growth rate of nickel iron oxide in the EQCM measurements are lower (entry 1 in Table 

2.1; orange) than in the acetate-only solution (entry 2 in Table 2.1; red). Noticeably, sulfate 

ions without acetate are unfavorable for the deposition. Interestingly, the mixture of sulfate 

and acetate yields the highest anodic deposition and current (entry 3 in Table 1; green). Both 

anions work cooperatively to facilitate the Faradaic current and anodic deposition of nickel 

iron oxide.

To examine the role of the ionic strength of the electrolyte, control experiments were 

conducted in 0.2 M and 0.4 M acetate solutions (entries 4 and 5 of Table 1, respectively). 

Figures 2.7b and e show that the growth rate of nickel iron oxide decreases with increasing 

ionic strength of the acetate solution. Thus, the possibility that the higher deposition rate on 

the addition of sulfate to the acetate solution originates from the increased ionic strength can 

be excluded. It can be inferred that excessive acetate ions instead impede the growth of the 

deposit.

Table 2.1. Compositions of the deposition baths used to see the effects of anions on the 
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anodic deposition of nickel iron oxide

Entry 16 mM Ni 5 mM Fe Electrolyte (M)

1 Ni(OAc)2 Fe(OAc)2 NaOAc (0.1)

2 NiSO4 FeSO4 Na2SO4 (0.1)

3 NiSO4 FeSO4 NaOAc (0.1) + Na2SO4 (0.1)

4 Ni(OAc)2 Fe(OAc)2 NaOAc (0.2)

5 Ni(OAc)2 Fe(OAc)2 NaOAc (0.4)

6 Ni(OAc)2 Fe(OAc)2 NaOAc (0.1) + Na2SO4 (0.1)

Figure 2.7. Effects of different anions on the anodic deposition of nickel iron oxide. (a) 

Cyclic voltammograms and (d) mass change profiles of entry 1 (red), entry 2 (orange), and 

entry 3 (green) of Table 1. (b) Cyclic voltammograms and (e) mass change profiles of entry 

1 (red), entry 4 (orange), and entry 5 of Table 1. (c) Cyclic voltammograms and (f) mass 

change profiles of entry 3 (green), entry 6 (orange), and entry 1 (red) of Table 1. All solutions 

possessed a pH of 5.3. The potentiostatic depositions in (d, e, f) were carried out at 1.35V vs.

Ag/AgCl, denoted by the dashed lines in (a, b, c). M(II) represents 16 mM Ni(II) and 5 mM 

Fe(II) of metal salt precursors.
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The effect of the counter anion of the metal precursor on the anodic deposition process

was investigated. As shown in Figure 2.7c, the oxidative current in the CVs of 0.1 M NaOAc 

+ 0.1 M Na2SO4 (orange and green) is significantly higher than that in those of 0.1 M NaOAc

(red), suggesting that the electrolyte composition is more influential the precursor anion. 

However, the mass change profiles in Figure 2.7f show that the actual electrodeposition is 

highly dependent on the counter anions of the metal salts. When metal acetates are used as 

the metal precursors, a very small difference in the growth rate is observed, regardless of the 

electrolyte composition (red and orange), whereas the metal sulfate precursors significantly 

enhance the film growth. These results suggest that the precursor anion has a strong effect on 

the deposition process.

The chemical speciation in each deposition solution us identified referring to the stability 

constants (��) for the formation of metal ion complexes with acetate or sulfate ions as can be 

seen in Table 2.2.[140]

The stability constant for the reaction M+ nL ⇌ ML� is expressed as follow:

�� =
[ML�]

[M][L]�

where M is metal ion and L is coordination ligand

Based on the stability constants, sulfate ions are more probable to associate with Ni(II) and 

Fe(II) than acetate ions. It should be noted that sulfate ions are not typically considered to be 

coordination ligands but as counter anions in ion pairs of hydrated metal ions. The stability 

constants also indicate that although acetate ions are less probable to associate with the metal 

ions, they can immediately coordinate as ligands, even when acetate and sulfate ions coexist 

in the deposition solution.
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Table 2.2. Stability constant (��) for the formation of complex[140]

Metal ion Log ��

Acetate

Ni2+ 1.43

Fe2+ 1.40

Sulfate

Ni2+ 2.32

Fe2+ 2.2

In general, electro-inactive ligands in coordination complexes, except those undergoing 

metal-to-ligand charge transfer, facilitate the oxidation of the central metal ion. Moreover, 

such ligands insert themselves between metal ions and an electrode, to prevent direct contact. 

Therefore, outer-sphere electron transfer is more probable than inner-sphere electron transfer 

during heterogeneous electron transfer events. For instance, it has been reported that when 

ethylenediaminetetraacetic acid, a representative ligand with a highly strong coordination 

capability, is added to the deposition solution, the overpotential for the oxidation of the 

central metal ion drastically decreases; however, there is no film formation.[141] In contrast, 

our anodic deposition experiments of nickel iron oxide suggest that despite their high stability 

constant with the central metal ion, sulfate ions allow easy excess to it, enhancing the film 

growth while facilitating water oxidation. This can be also understood based on ionic 

kosmotropes (water structure-makers) and ionic chaotropes (water structure-breakers), terms 

introduced by Collins and Washbough to explain the effects of different electrolytes on the 

viscosity of water.[142] According to their report, a sulfate ion is a representative 

kosmotropic ion, which exhibits strong interactions with water molecules and is tightly

hydrated, thereby increasing the viscosity of the solution. Studies using dielectric relaxation 

spectroscopy and ultrasonic absorption techniques also found that a sulfate ion is strongly 
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hydrated and tends to form a noncontact ion pair with one or two solvent molecules between 

it and the metal cation. Some examples are a double-solvent-separated ion pair 

( M��(OH�)(OH�)(SO�
��)) and a solvent-shared ion pair (M��(OH�)(OH�)(SO�

��)).[143, 

144] In contrast, an acetate ion is a chaotropic ion that tends to coordinate metal ions directly, 

instead of forming ion pairs.[145] For Ni2+ and Fe2+ in aqueous media, acetate is considered 

to behave as a coordination ligand.

Figure 2.8. Proposed mechanism for the anodic deposition of NiFeOOH when (a) metal 

sulfate precursor and (b) metal acetate is used respectively.

Figure 2.8 shows the proposed mechanisms for the anodic deposition of nickel iron oxide 

and their dependence on the precursor anions used. Because of the kosmotropic nature of an 

aqueous sulfate ion, it is speculated that the central metal ion is completely surrounded by 

water molecules, forming a metal aquo complex. A sulfate ion is indirectly bound to the 
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complex via hydrogen bonding with a water molecule in the first hydration layer, as 

illustrated in Figure 2.8a. The central metal first oxidizes at the oxidation potential. On 

reaching a higher water anodization potential, the OER occurs, and the water molecules 

directly bound to the metal ion are oxidized. Oxidation of the transition metal ion is known 

to lower the pKa, i.e., increasing the chance of deprotonation. The literature pKa value of 

Fe2+ is around 9.5 whereas pKa of Fe3+ ion is generally around 2.2 to 2.5, which is not very 

far from the pKa value of HSO4- ion (pKa = 1.92 ~ 2.00).[146-150] In the case of Ni ions, the 

pKa of Ni2+ aquo-complex is about 9.8, but pKa value for Ni3+ ions is largely unknown. We 

can only speculate that the acidity of Ni3+ aquo-complex is also highly acidic like the Fe3+

ions, as this is the general trend predicted from the electronegativity and its relationship with 

the pKa.[149, 150] Because of the similarity in the pKa values of bisulfate and 3+ metal ions, 

we can expect the sulfate ions that are hydrogen-bonded to the water molecules composing 

the metal aquo-complex to accept the released hydrogen ion from the highly acidic 3+ aquo-

complex. Accepting the above assumption, the sulfate ions that are hydrogen bonded to the 

metal complex would probably assume a SO4
−/HSO4

− equilibrium and rapidly accept the 

hydrogen ions, thereby facilitating further oxidation. Subsequently, the bisulfate ion would 

be freed from the complex, and rapidly release the hydrogen atom into the bulk solution 

owing to its low pKa.

In contrast, acetate ions are expected to be directly coordinated to the central metal ion, 

forming a typical coordination complex, as shown in Figure 2.8b. The literature survey on 

the metal acetate in aqueous solution, suggests that the large proportion of metal ions is 

directly coordinated by a single acetate ion in a monodentate binding mode as shown in the 

figure although the proportion of coordinated acetate are somewhat controversial depending 

on the literature.[151-156] Depending on the literature, the amount of coordinated metal 

acetate species in the solution was about 30~80%. This large variation maybe partly due to 

the measuring methods, which varied from Raman or IR spectroscopy, X-ray spectroscopy 

to electrochemical open circuit potential measurements. The direct coordination of acetate 
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ion will hamper easy access to the central metal ion and reduces the oxidization rate. 

Consequently, water oxidation becomes unfavorable, and thus, the growth of the metal oxide 

decelerates.

However, the acetate ions can serve as buffering agents and maintain the solution pH 

during the oxide electrodeposition. As anodic deposition involves proton-coupled electron 

transfer processes, a proton acceptor is required to facilitate it. In addition, maintaining a 

steady pH condition in the vicinity of the electrode surface is critical because electrochemical 

water oxidation is pH-sensitive. Notably, the stability constants of the metal sulfate and metal 

acetate salts are comparable, and the ligands do not seem to be readily exchanged, which is 

explained in the next paragraph. Thus, the initial structure of the metal precursor and the 

presence of a buffering agent play vital roles in controlling the electrodeposition rate.

Figure 2.9. Color of the deposition solution prepared by dissolving various metal-anion salts 

in electrolyte with different compositions. The top row shows the electrolyte composition of 
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each column. The left column shows the metal salt composition of each row. pH was adjusted

to about 5.3.

The colors of the deposition solutions allow observing the effects of the anion coordination 

strength. Perchlorate ions assist in comparative studies. They are commonly used in 

electrochemical measurements to avoid adsorption and complexation because of the low 

stability constants with various metal ions. When anions in the solution are perchlorates, we 

can assume that the majority of the metal ions in the solution are surrounded by the solvent, 

i.e., water molecules. Figure 2.9 shows the colors of the deposition solutions having various 

compositions. The dissolved nickel salts are greenish, typical of the Ni+2 oxidation state, 

regardless of the anionic species in the solution. In comparison, the iron salt solutions 

significantly vary in color depending on the anion in the solution. Iron acetate shows a strong 

brownish color when dissolved, whereas iron perchlorate and iron sulfate are pale green or 

neutral. Therefore, the color of the solution reflects whether the anionic species are bound to 

iron ions. The perchlorate salts appear greenish in solution, similar to the iron sulfate salt 

solutions. This suggests that iron ions are not coordinated by these two anions but by water 

molecules, which are not replaced by the 0.1 M acetate electrolyte. This agrees with the 

proposed model for metal–sulfate ion pairs. In contrast, iron acetate salts dissolve to become 

brownish, reflecting that acetate ions bind with iron ions, unlike sulfate and perchlorate ions. 

Although the stability constant of sulfate ions is larger than those of the other anions, the 

solutions containing acetate salts do not undergo any change in color, i.e., brownish, in the 

presence of a sulfate electrolyte. Figure 2.10 shows the UV-Visible spectrum of Fe2+ in 

aqueous solution with various anions. Iron sulfate and acetate salt have very distinct colors

so any change the spectrum can be interpreted as a change in complexation. However, even 

when they were mixed in a solution with different anions and was gently stirred for 1 h, both 

solutions still retained the initial spectrum, supporting the above assumption that anions 

bound to the metal ion does not readily mix or interchange with the free anions in the solution.



５５

This result also supports our observations in electrochemical tests in Figure 2.7 where the 

deposition yields highly depended on the anion in the metal precursor.

Figure 2.10. UV-Visible spectrum of aqueous solution of Fe salts in different anionic 

environment. Spectrum of just prepared solution and the solution after 1 hour of mixing was 

measured for (a) FeSO4 in NaOAc and (b) Fe(OAc)2 in Na2SO4 solutions.

Moreover, the turbidity of the solutions in Figure 2.9 also suggest other possibilities in the 

mechanism. Fe ions are prone to formation of hydroxide species that are well known for 

oligomer formation and precipitation.[157, 158] In that sense, the turbidity would mean the 

solution maybe undergoing formation of these large particulates. This will slightly change 

the proposed mechanism in Figure 2.8 where the ferric hydroxide would quickly precipitate 

onto the electrode surface first and act as a nucleation center for the film growth. In order to 

prevent the autooxidation of Fe2+ ions and hydrolysis from happening, deposition solutions 

were bubbled with N2 gas before the experiments. If not purged of O2 and intentionally left to 

chemically oxidize, precipitation mainly due to the chemical oxidation and precipitation of 

iron hydroxide occurs, and this can easily be observed in the EQCM results as an abnormal 

increase in weight when compared to the oxidation current. Although the effect from the 

chemical oxidation of Fe2+ ions cannot be ruled out, the effect seems to be small with the N2

bubbling since the deposition seems to depend on the total oxidation charge.
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As shown in Figure 2.11, the acetate salt solution presents the lowest oxidative current and 

mass change profiles in 0.1 M NaOAc and 0.1 M Na2SO4. The solutions of the sulfate and 

perchlorate salts produce higher currents and mass loadings than the acetate salts in the same 

electrolyte. The sulfate salts produce a higher current than the perchlorate salts, whereas the 

former reverse the trend of the masses of the deposits. Compared with perchlorate ions, 

sulfate ions preferentially drive water oxidation to the OER, instead of to the deposited film. 

The cause of this phenomenon remains unclear.

Figure 2.11. (a) Cyclic voltammograms and (b) mass change profiles of M(II)(OAc)2 in 0.2 

M NaOAc (red), M(II)(ClO4)2 in 0.1 M NaOAc + 0.1 M NaClO4, and M(II)SO4 in 0.1 M 

NaOAc + 0.1 M Na2SO4. M(II) represents 16 mM Ni(II) and 5 mM Fe(II). All solution pH 

was adjusted to 5.3.

It should be noted that sulfate as the sole anion in the solution yield a low current and poor 

electrodeposition (Figures 2.7a and c, orange). This is because the production of protons via 

several proton-involving reactions causes a severe decrease in the local pH near the electrode 

surface, as shown in Figures 2.3 and 2.4. Addition of 0.1 M NaOAc to the above-mentioned 

sulfate-based solution drastically increases the growth rate of the deposit and the oxidative 

current (Figures 2.7a and c, green). It is anticipated that any buffer agent with a higher pKa

and a lower stability constant of complexation would lead to better performance. However, 



５７

other commonly used buffers such as phosphate and bicarbonate buffers lead to the 

precipitation of the metal ions; thus, they could not be tested to verify this.

2.3.3. New conditions for anodic deposition of nickel iron oxide 

electrocatalyst

Based on the above findings, the anodic deposition conditions of nickel iron oxide were 

tuned to increase the catalyst loading mass, thereby maximizing the electrocatalytic 

performance of the OER. First, we used Fe(II) as the Fe precursor because Fe(III) hinders 

deposit growth, as shown in Figures 2.5 and 2.6. Metal sulfate salts were dissolved as metal 

precursors, and sodium acetate was added to the sulfate-based deposition solutions as a buffer 

reagent. Moreover, the pH was increased to approximately 7.1. Iron ions are unstable at this 

pH, gradually forming a colloidal phase, which appears turbid. Despite this inhomogeneity, 

reproducible electrodeposited nickel iron oxide films were produced. In addition, the Fe 

content of the deposition bath was carefully optimized. It is known that the Fe content of 

nickel iron oxide electrocatalysts is a critical variable for the OER performance.[99]

Figure 2.12 shows the effect of the metal concentration in the deposition solution on the 

film growth, demonstrating that increase in the total metal concentration can result in a 

thicker film. As discussed in the previous section, thicker films show enhanced water 

oxidation activity owing to the presence of a greater number of catalytically active sites.
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Figure 2.12. The effect of the total metal concentration in deposition solution on the growth 

of deposit. Deposition was carried out at 1.35 V (Ag/AgCl). All solution pH was adjusted to 

5.3.

Figure 2.13 shows the OER activity of nickel iron oxide films with a loading mass of 0.2 

μg cm−2 that are prepared in deposition baths containing various molar ratios of Ni(II) and 

Fe(II). It is found that the nickel iron oxide film prepared in the solution with a Ni(II):Fe(II) 

molar ratio of 99.5:0.5 presents the highest catalytic performance. This indicates that a very 

low Fe(II) content on the deposited film surface is sufficient for the electrocatalytic OER. 

Basically, the active sites of FeOOH need to exist on the surface, whereas those buried in the 

film are not expected to function significantly. Because the molar ratio of Ni(II) dominates 

that of Fe(II), a higher deposition rate of NiOOH at a higher pH (Figure 2.3) rapidly produces 

thick and porous nickel iron oxide films.
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Figure 2.13. OER activities of NiFeOOH electrocatalysts with the loading mass of 0.2 μg 

cm-2 in 1 M KOH at the scan rate of 10 mV s-1. The NiFeOOH electrocatalysts were deposited 

in the deposition baths with 0.1 M of Ni(II) and Fe(II) mixture with various molar ratios at 

1.0 V (vs. Ag/AgCl).

Figure 2.14 shows the CVs obtained under previously reported deposition conditions 

(black) and the new ones (red). The deposition solution was redesigned to consist of 0.1 M 

NiSO4 and FeSO4 in a molar ratio of 99.5:0.5 dissolved in 0.2 M NaOAc containing 0.1 M 

Na2SO4 (pH 7.1). The concentration of NaOAc was raised to 0.2 M to increase the pH and 

the buffer capacity. Moreover, the deposition potential was adjusted to lower it from 1.35 V, 

which was applied in the previous conditions, to 1.0 V. The figure shows that the onset 

potentials for gold oxide formation and water oxidation are shifted to negative potentials by 

ca. 200 mV, which can be attributed to the difference in the solution pH. If the deposition 

was to be performed at the same potential (1.35 V) at such a high pH, vigorous water 

oxidation would impede the formation of a homogenous film by competing with metal ions 

for surface-adsorbed oxygen species and forming large bubbles on the electrode.
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Figure 2.14. (a) Cyclic voltammograms, (b) voltmassograms, and (c) mass change profiles 

of the Au-coated quartz electrodes under the previously reported deposition conditions (black) 

and the new deposition conditions (red). while the solution previously used for anodic 

deposition contained 16 mM Ni(OAc)2 and 5 mM Fe2(SO4)3 dissolved in 0.1 M NaOAc (pH 

5.3). The dashed lines in the cyclic voltammograms and the voltamassograms denote the 

potentials where the potentiostatic deposition was carried out in the mass change-time plots.

In contrast to the results presented in Figure 2.1b, only a slight current corresponding to 

Fe(II) oxidation flows in the low potential range of 0.8–1.0 V, which can be explained by the 

low concentration of the Fe(II) precursor in the deposition solution (0.5 mM FeSO4). 

However, the voltmassograms show that the loading mass begins to increase at 0.8 V and 

reaches a substantial amount even with such a small amount of the Fe(II) precursor in the 

deposition solution (Figure 2.14b). The voltmassograms also present that the loading mass 

continuously increases during the five potential cycles under the new conditions, whereas it 

starts to increase at potentials >1.1 V under the previous conditions, becoming saturated 

within two cycles. The mass of the deposit formed during the five cycles under the new 

conditions is 0.34 μg cm−2, which is much greater than that (i.e., 0.07 μg cm−2) obtained 

under the previous conditions. 

Compared with the potential cycling shown in Figure 2.14b, Figure 2.14c presents the 

potentiostatic deposition at 1.0 and 1.35 V conducted under the previous and new conditions, 

respectively. The nickel iron oxide film deposited under the new conditions grows even more 

rapidly, yielding a thick film of 4.2 μg cm−2 after 1 h, than that under the previous conditions 
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(c.f., 0.20 μg cm−2). Moreover, the growth of the nickel iron oxide film under the new 

conditions continues steadily for a further 1 h without reaching saturation, thereby indicating 

that a thicker film can be easily produced by extending the deposition time. These results 

confirm that the oxidation state of the metal precursor, solution pH, anion of the metal 

precursor, and buffer species can drastically change the growth of nickel iron oxide films.

Figure 2.15. (a) Top view and (b) cross-sectional FE-SEM images of the nickel iron oxide 

film deposited over 30 min on Au substrate. (c) Elemental line profiles along the cross section 

of the nickel iron oxide film deposited over 2 h on Au substrate by energy dispersive X-ray 

spectroscopy. (d) Thickness of the nickel iron oxide film as a function of the deposition time. 

The thicknesses of the nickel iron oxide film were measured using the cross-sectional FE-

SEM images.

Subsequently we examined the surface morphology of the nickel iron oxide film deposited 

for 30 min under the new conditions by FE-SEM. Figure 2.15a shows that nickel iron oxide 
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has a leaf-like morphology, which is similar to that reported in the previous literature.[137]

The cross-sectional FE-SEM image shows that a uniform nickel iron oxide film is deposited 

on the Au substrate (Figure 2.15b). To probe the spatial distributions of different elements, 

elemental line profiles were obtained along the cross-section of the nickel iron oxide film 

deposited over 2 h on the Au substrate via energy dispersive spectroscopy. The line profile 

in Figure 2.15c presents that Ni, Fe, and O are uniformly distributed throughout the catalyst 

film. We also measured the thickness of the nickel iron oxide film deposited on the Au 

substrates as a function of the deposition time, using the cross-sectional FE-SEM images. 

Figure 2.1d demonstrates that a thick nickel iron oxide film is synthesized under the new 

conditions by simply varying the deposition time. This has not been achieved previously, 

significantly limiting the applications of anodically synthesized nickel iron oxide as an 

advanced catalyst until now.

Figure 2.16. X-ray photoelectron core level spectra of (a) the Ni 2p region, (b) the Fe 2p 

region, and (c) the O 1s region for the nickel iron oxide film. (d) X-ray diffraction (XRD) 
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patterns of the nickel iron oxide film. The nickel iron oxide films were deposited over 30 min 

on the Au substrate.

We examined the surface chemical states and composition of the nickel iron oxide film by 

XPS (Figures 2.16a–c). It is found that the Ni 2p spectrum possesses two major peaks at 

855.1 and 872.7 eV, which are assigned to the characteristic spin–orbit splitting of Ni(II) 

2p3/2 and Ni(II) 2p1/2 with a splitting energy of 17.6 eV. The deconvoluted Ni 2p peaks at 

855.0, 856.3, 872.6, and 874.1 can be assigned to Ni 2p3/2 for Ni(II) and Ni(III), indicating 

the presence of Ni oxide, Ni hydroxide, and Ni (oxy)hydroxide. The other two signals located 

at 861.1 and 879.2 eV correspond to the satellite peaks of Ni(II) 2p3/2 and Ni(II) 2p1/2, 

respectively (Figure 2.16a). Concurrently, the Fe 2p spectrum is composed of two main peaks 

located at 712.0 and 725.4 eV, which correspond to Fe 2p3/2 and Fe 2p1/2 of Fe(III), thereby 

revealing that iron is in the 3+ oxidation state in the film. The broad Fe 2p3/2 envelope is 

resolved into a surface peak at 718.2 eV and a single doublet at 711.6 and 714.2 eV for Fe(III). 

The other two signals centered at 720.4 and 735.4 eV correspond to the satellite peaks of 

Fe(III) 2p3/2 and Fe(III) 2p1/2 (Figure 2.16b). The single broad peak in the O 1s spectrum can 

be deconvoluted into two peaks located at 531.0 and 531.9 eV, which are assigned to OH−

and O2− species present in the oxide film (Figure 2.16c).[109, 124, 125, 159] Quantitative 

analysis of the XPS results suggests a Ni:Fe molar ratio of 79:21, which is consistent with 

the reported optimal composition for the nickel iron oxide electrocatalyst exhibiting the 

highest OER activity.[115] There are no diffraction peaks in the XRD pattern of nickel iron 

oxide originating from the underlying Au substrate (Figure 2.16d). This result reflects an 

amorphous nature of the nickel iron oxide film.[125] Hence, the exact crystalline structure 

of the nickel iron oxide film synthesized using our method could not be identified.

Figure 2.17a shows the electrochemical behavior of the nickel iron oxide electrocatalysts 

deposited under the new conditions for different deposition times in 1 M KOH. The peak at 

approximately 1.42 V corresponds to the electrochemical oxidation of Ni(OH)2 to 
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NiOOH.[115, 160] A longer deposition time leads to a substantially higher current density, 

which can be attributed to the higher catalyst loading. The nickel iron oxide film deposited 

over 2 h exhibits exceptional performance for the OER with an overpotential of 220 mV at a 

current density of 10 mA cm−2 and a Tafel slope of 29.6 mV dec−1 (Figure 2.17b). This 

performance is superior to those of state-of-the-art NiFe-based electrocatalysts mounted on 

planar substrates (Figure 2.17c, solid circles). Furthermore, this result is comparable to those 

of NiFe-based electrocatalysts supported on special architectures, such as carbon 

nanotubes[104] or microporous metallic Ni foam,[116] and of NiFe-based electrocatalysts 

containing a third element such as Co[161] or Ce[104] (Figure 2.17c, empty triangles). 

Details regarding the catalytic activity of the compared previously reported NiFe-based 

electrocatalysts are provided in Table 2.2.

Figure 2.17. Electrochemical performance of nickel iron oxide prepared by anodic 

deposition under the new condition. (a) Cyclic voltammograms of nickel iron oxide as a 

function of the deposition time (scan rate: 10 mV s−1). (b) Tafel plot of the nickel iron oxide 
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deposited over 2 h. (c) Comparison of catalytic the performance of the nickel iron oxide 

synthesized in this study with other NiFe-based electrocatalysts for the water oxidation 

reaction in terms of the overpotentials at 10 mA cm−2 and the Tafel slopes. (d) 

Chronopotentiometry result of nickel iron oxide at the constant current density of 10 mA 

cm−2 for 24 h.

Table 2.2. Comparison of catalytic performance of NiFe-based electrocatalysts on

planar substrates

Material Substrate
Overpotential

at 10 mA cm-2 (mV)

Tafel 

slope

(mVdec-1)

Ref.

NiFeOOH Au 223 29.6 This work

FeNiOx
a Au 370 - [126]

Ni0.53Fe0.47Ox
a ITO 310 28 [124]

FeNiOx
a ITO 420b 38 [139]

NiFeOOH Glassy carbon 240 38.9 [109]

Ni0.83Fe0.17(OH)2 Glassy carbon 245 61 [162]

NiFe LDH bulk Glassy carbon 350 67 [110]

NiFe LDH nanosheet Glassy carbon 300 40 [110]

Ni0.36Fe2.64O4/Ni Glassy carbon 225 44 [163]

NiFe LDH Fe plate 269 48.3 [164]

NiFe LDH nanosheet Glassy carbon 212 65.2 [165]

NiFe LDH nanosheet Glassy carbon 280 49.4 [166]

Ni3Fe(OH)9 Ni foamc 245 28 [167]

Ni0.9Co0.1Fe0.1OxHy Ni foamc 239 45.4 [168]

Ce-doped NiFe-

LDH/CNTb
Glassy carbon 227 33 [169]

a NiFe-based electrocatalysts fabricated using anodic deposition method.
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b Calculated value from Tafel plot in the literature.
c NiFe-based electrocatalysts supported on advanced electrode architectures or with a third 
element.

We believe that the outstanding performance of the nickel iron oxide film prepared in this 

study can be attributed to the new conditions for the anodic deposition process. The nickel 

iron oxide film electrodeposited on the Au substrate under the new conditions is brown, 

showing that the nickel in the film is probably in a 3+ oxidation state at the potential of anodic 

deposition occurrence (Figure 2.18).[170] This ensures that the catalyst film is electrically 

conductive under the anodic deposition conditions, and thus, has good electrical connectivity 

throughout.[137] This is expected to allow most metal sites in the catalyst film to be 

electrically connected and participate in the OER.

Figure. 2.18. Photograph image of as-deposited NiFeOOH on the Au substrate under the new 

deposition condition.

It is also notable that the overpotential of nickel iron oxide to reach a current density of 10 

mA cm−2 decreases continuously with increasing deposition time without reaching saturation, 

maintaining a low Tafel slope (Figure 2.19). This suggests that the performance of nickel 

iron oxide can be further enhanced by increasing the deposition time. Figure 2.17d shows a 

negligible change in the potential at a current density of 10 mA cm−2 over 24 h, demonstrating 

excellent stability.
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Figure 2.19. (a) Overpotential of NiFeOOH required to reach the current density of 10 mA 

cm-2 and (b) Tafel slope with the deposition time.

2.4. Conclusions

In this part, we investigated the mechanism of the anodic deposition of nickel iron oxide 

electrocatalyst using general electrochemical techniques combined with an EQCM. By 

examining the effects of anions on the anodic deposition of nickel iron oxide, we observed 

that the formation of the nickel iron oxide film is sensitive to the counter anion of the metal 

precursor. Moreover, the growth of nickel iron oxide can be substantially facilitated by the 

synergistic function of sulfate and acetate ions. Augmented current of water oxidation and 

rapid growth of a thick nickel iron oxide film can be achieved by combining a sulfate salt as 

a metal precursor with an acetate electrolyte serving as a buffer reagent. Based on these 

findings, we tuned the conditions for anodic deposition to increase the nickel iron oxide 

formation efficiency. This led to an almost unlimited growth of a nickel iron oxide film as a 

function of the deposition time. Consequently, remarkable enhancement in its electrocatalytic 

performance could be achieved: an overpotential of 220 mV at a current density of 10 mV 

cm−2 and a Tafel slope of 29.6 mV dec−1. To our best knowledge, this is the most efficient 

OER catalyst performance reported until now among NiFe-based oxides on planar substrates. 

The electrocatalyst film possibly became thicker on prolonging the electrodeposition, and the 



６８

findings from this study suggest that the conditions for the preparation of nickel iron oxide 

can be modified. Further advances in anodic deposition might enable the development of

non-precious metal-based electrocatalysts for realizing practical OER. 
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국문초록

근래 세계는 점점 심각해지는 기후변화, 자원민족주의, 전쟁 등에 대응하기 위

해서 화석연료 위주의 과학기술로부터 벗어나 보다 친환경적이고 지속가능한

과학기술 개발에 박차를 가하고 있다. 이를 위해서는 저렴하면서도 매우 효율

높은 전기화학 촉매 개발이 선행되어야 하는데, 이에는 촉매의 근본적인 전기화

학적 성질에 대한 올바른 이해가 필요하다. 본 학위논문에서는 전기화학 촉매의

근본적 이해를 돕기 위한 두 가지 주제에 대해 서술하겠다.

첫번째로 나노다공성 전기화학 촉매의 구조에 의한 촉매 효율 변화에 대해 상

술하겠다. 먼저 정교하고 정의된 촉매구조를 개발하기 위해 균일한 구조를 갖는

인듐 주석 산화물 나노육면체를 합성하였다. 다음, 나노육면체의 자가조립을 통

해 작은 크기의 집합체를 유도하였다. 작은 크기로 뭉친 나노육면체는 자가조립

에 의해 크기가 매우 작으면서도 균일한 동공을 갖도록 유도했으며, 이러한 나

노육면체 집합체가 얼기설기 뭉치면서 생긴 더 큰 동공을 통해 다중-동공 형태

의 나노다공성 전극을 제작할 수 있었다. 이렇게 제작된 나노다공성 전극에서

홀 전자 전달 반응의 대표격인 철 이온의 산화환원을 살펴본 결과, 나노다공성

전극에서의 촉매 활성이 단순 평면 전극에 비해 매우 뛰어남을 관찰했다. 이를

통해 전극의 구조적 특성으로 인해 단순히 전극 면적이 늘어나는 것 이상으로

반응성이 향상됨을 알 수 있었다. 반면, 다중 전자 전달 반응으로 아스코르브산

산화반응과 산소환원반응을 살펴본 결과, ITO의 전기화학적 비활성의 영향으로

인해 이전에 관찰했던 구조적인 효과가 거의 나타나지 않는다는 것을 관찰했다.

이로부터 효율적인 전극 개발에 있어서는 전극의 구조도 중요하지만 특정 반응

에 대한 전극 물질의 활성도 또한 중요한 역할을 한다는 것을 유추할 수 있었

다.
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두번째로 니켈 철 산화물의 산화도금에 있어서 음이온이 끼치는 영향에 대해

상술하겠다. 니켈 철 산화물은 매우 유망한 물 산화 전기화학 촉매임에도 불구

하고, 이전까지 개발된 산화도금 방법으로는 최대 촉매 효율을 얻지 못하였다.

전기화학 수정진동자저울을 적용한 실험방법을 이용해 니켈 철 산화물의 산화

도금을 자세히 연구한 결과, 금속 전구체의 음이온과 용액 속 음이온 모두 산화

도금에 지대한 영향을 끼친다는 것을 알아낼 수 있었다. 음이온은 단순 완충용

액의 역할을 해서 pH를 유지시기는 것뿐만 아니라 산화도금 중 생성되는 수소

이온을 빠르게 잡아내 반응성을 유지시켜준다는 것을 알 수 있었다. 이를 바탕

으로 수정된 새로운 산화도금 방법으로 합성된 니켈 철 산화물 촉매는 이전까

지 개발된 다른 니켈 철 산화물 촉매 중에서도 매우 뛰어난 촉매 효율을 보여

줬다. 이러한 발견은 산화도금에 있어서 그 동안 외면되어 자세히 관찰되지 않

은 근본적인 것들도 매우 큰 영향을 줄 수 있기에 앞으로의 촉매 합성에 있어

서는 이런 작은 부분들도 놓치지 않고 살펴보아야 한다는 점을 시사한다.
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