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ABSTRACT 

This dissertation investigates the electrodeposition of metal and metal oxide thin 

films applicable to solar water splitting cells. Paper I describes the synthesis of cobalt 

hydroxide, β-Co(OH)2, by electrochemically reducing tris(ethylenediamine)cobalt(III) in 

alkaline solution. Paper II presents a scheme to convert the electrodeposited β-Co(OH)2 

to CoOOH and Co3O4 and compares their catalytic activity for the oxygen evolution 

reaction. Co3O4 appears to be a more active catalyst than CoOOH based on Tafel 

analysis. However, when the observed current densities are corrected for the measured 

electrochemically active surface area, the linear region of the two Tafel plots fell on the 

same line—suggesting the active species, likely Co(IV), for the oxygen evolution 

reaction is the same on both materials. Paper III introduces the fabrication of nanometer-

thick gold on silicon as an inexpensive and convenient alternative to single crystal gold 

substrates. In addition to protecting the Si from corrosion, the Au buffer layer forms a 

Schottky junction with n-Si and exhibits electronic properties useful for 

photoelectrochemical cells. 
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SECTION 

1. INTRODUCTION 

The development of a long-term, sustainable energy economy is one of the most 

important technical challenges facing humanity in the 21
st
 century.

1
 At the current rate of 

population growth, global energy consumption is projected to increase at least 2-fold by 

midcentury.
2
 This demand could be met, in principle, from fossil energy resources. In 

fact, the total fossil energy reserves, including coal, oil and gas can support up to 30-TW 

energy consumption rate globally for at least several centuries.
2
 However, consumption 

of fossil fuel at that rate will cause significant global issues including the emission of 

CO2. There are no natural destruction mechanisms of CO2 in the atmosphere and the 

equilibration between the atmospheric CO2 and the top layer of the ocean takes ~10-30 

years.
2
 CO2 emission is essentially cumulative on the century-level time scale. Reducing 

the CO2 emission requires the use of renewable or carbon-neutral fuel sources. Of the 

various renewable energy sources, solar energy is by far the largest exploitable resource, 

providing more energy in 1 hour to the earth than the total energy consumed by humans 

in an entire year. Due to solar intermittency, if solar energy is to be the major energy 

source, it must be conveniently stored and dispatched on demand to the end user. One 

attractive approach, inspired by nature, is to store solar-converted energy in the form of 

chemical bonds, similar to a photosynthesis process. To form a useful fuel, O2 must be 

evolved, so it can be released into the oxygen-containing atmosphere and serves as the 

oxidation reagent upon fuel consumption. The reduced fuel can be hydrogen from water 

splitting, or it could be an organic species, such as methane, methanol or other 



 

 

2 

hydrocarbons, that is derived from the fixation of atmospheric CO2. Recombination of the 

released O2 with the reduced fuel would restore the original species, thus closing the 

cycle in a carbon-neutral fashion.  

Photoelectrochemical (PEC) cells with semiconductor photoelectrodes can 

directly convert sunlight into stored chemical potential.
3
 In the simplest case of PEC 

water splitting, where solar energy is captured and stored in the bond rearrangement of 

water to H2 and O2, there must be a charge separation mechanism. A junction formed 

between a semiconductor and a contact layer is the key to charge separation that drives 

photoconversion processes. Equilibration of chemical potential at the junction creates an 

internal electric field (referred to as the built-in voltage) and establishes a region known 

as the depletion region where mobile charges are separated. Absorption of light within 

the depletion region results in charge separation driven by the built-in field. As a result, 

for n-type semiconductor electrodes, photogenerated holes transfer across the interface to 

participate in an oxidation reaction (at the photoanode) and electrons are transported to 

the counter electrode via the external circuit for the reduction reaction. However, the 

photogenerated electrons and holes can also recombine across the same interface, and 

such recombination reduces the energy conversion efficiency. Hence, the carrier 

dynamics and charge separation and recombination across junctions represent important 

factors determining the PEC performance.  

A PEC device is usually composed of multiple layers and materials. An efficient 

photoelectrode requires optimization in several aspects, from the layer construction to the 

choice of materials. Section 1.1 of this dissertation introduces electrochemical methods to 

synthesize the materials. It covers the electrodeposition mechanisms of some metals and 
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more complex materials such as metal oxides and (oxy-)hydroxides. When the 

crystallographic orientation of the deposited material is controlled by that of the 

substrate, the deposited material is said to be epitaxially related to the substrate. On 

polycrystalline substrates, the deposited films are most likely polycrystalline as well. On 

single crystalline substrates, it is possible to deposit single crystalline films and the 

epitaxial relationship can be determined. Epitaxial films generally have lower trap 

densities
4
 and therefore better PEC performance. 

PEC devices functionalization requires coherent operation of different 

components. The structure and properties of the materials and their interfaces determine 

the device performance. Section 1.2 of this dissertation touches on the interfacial 

energetics with a focus on the analysis of the metal-semiconductor junction. The section 

also describes the effect of the surface attached catalyst for the kinetically sluggish 

oxygen evolution reaction (OER). The main examples used in that topic are the oxide and 

(oxy-)hydroxide of cobalt. Finally, the section ends with a discussion on the 

measurements of electrochemically active surface area, which is important in determining 

the activity of catalysts.  

Characterization of products is essential to materials chemistry research. In 

Section 1.3, one of the most powerful and versatile characterization technique—X-ray 

diffraction (XRD)—will be introduced. XRD is most commonly used for phase 

identification and quantitative analysis. It is based on the unique diffraction pattern 

associated with each crystalline structure. XRD can also be used to probe the crystalline 

size and stress by evaluating the broadening and shifting of the diffracted signal (peaks). 

For thin film samples, XRD can be used to determine texture and thickness of the films.   
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1.1. ELECTRODEPOSITION   

In electrochemical studies and applications, the behavior of the electrode depends 

largely on the properties of the electrode surface, which typically requires only a thin 

(< 1 𝜇𝑚) film. Traditional thin film synthesis methods involves high temperature or low 

pressure conditions as in chemical vapor deposition (CVD),
5-7

 physical vapor deposition 

(PVD, or sputtering),
7-9

 laser ablation (or pulsed laser deposition, PLD),
10,11

 molecular 

beam epitaxy (MBE),
12

 and hydrothermal methods,
13

 all of which are energy intensive 

processing techniques.  

Electrodeposition on the other hand offers a convenient alternative at lower 

requirements as it can be accomplished under ambient pressure and temperature. It is a 

versatile technique for depositing metals,
14,15

 metal alloys,
16,17

 metal oxides,
18

 ceramics,
19

 

semiconductors,
20

 catalysts,
21

 magnetic materials,
22

 hybrid materials,
23

 and biominerals.
24

 

By adjusting the deposition potential,
25

 current density,
26

 electrolyte composition,
27,28

 

concentration,
29

 pH,
25,30,31

 temperature
32

 or the additives,
21

 many characteristics of the 

film can be tuned, such as morphology,
25,33

 crystallographic orientation,
30

 dopant 

density
20

 and chirality.
21

 Even from the same electrolyte, different (stoichiometrical) 

compounds and metal alloys can be deposited at different applied potentials because the 

departure from the equilibrium potential can be precisely controlled.
34,35

 Thus, the 

deposition of superlattices is possible by pulsing the potential
36

 or current density
37

 

during the electrodeposition. Through varying the deposition time and applied current 

density, the film thickness and deposition rate can also be controlled. Finally, 

electrodeposition allows conformal films to be grown on complex shapes and areas not 

accessible by other line-of-sight methods. 
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Electrodeposition relies on the precise control of the electrode potential and/or the 

applied current. Therefore the disadvantage of electrodeposition includes the requirement 

for conductive substrates, and likewise conductive material of the deposit. If the 

deposited material has high resistivity, the deposition efficiency and film thickness can be 

adversely limited. Common substrates for electrodeposition include metals (e.g., Au, Pt, 

Ti, Ni, and Cu), oxides (e.g., ITO, FTO, and SrTiO3), alloys (e.g., stainless steel) and 

other conductive substrates (e.g., glassy carbon).  

Semiconductor substrates can also be used for electrodeposition, but special 

preparation must be exercised. Because of its tendency to form insulating native oxides 

on the surface, silicon wafers should be hydrogen-terminated prior to experiments.
38,39

 

The hydrogen-terminated silicon surface (H-Si) is prepared by a standard procedure
14

 

consisting of i) a piranha etch in 2:1 volume ratio of (98% H2SO4)/(30% H2O2) to clean 

off organic residues and to oxidize the Si surface, and ii) an ammonia fluoride etch in 

40% NH4F solution with 50 mM (NH4)2SO3 for 20 minutes. After a quick rinse with 

deionized (DI) water, the H-Si is stable at ambient conditions. For Si wafers with low 

doping densities, an ohmic contact is needed to ensure that the metal-semiconductor 

contact has a negligible contact resistance relative to the bulk resistance of the 

semiconductor.
40

 Ohmic contact is created on the back of the n-Si by Al sputtering or by 

applying Ga-In eutectic with a diamond scribe and heating with a soldering iron to 

facilitate the diffusion of Ga-In into the Si substrate. To make an electrical contact with 

the working electrode and to insulate the rest of the substrate from the deposition 

solution, a Ag wire is attached to the back of the Si by Ag paste, and the substrate is 

painted with nail polish or silicone leaving only the front surface exposed. 
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1.1.1. Electrodeposition of Metals.  Electrodeposition of metals involves 

reduction reactions at the cathode surface where metal or metal-complex ions receive 

electrons from the electrode and are reduced to form the desired metal film. Scheme 1.1 

shows a few examples of metal electrodeposition methods.
14,15,41

 Note that the number of 

electrons required to reduce a metal cation is simply equal to the oxidation state of the 

metal. There is a rich knowledge base of electrodeposition of metals, and the industry 

uses several other recipes, which have been optimized for deposition efficiency or for 

specific appearances. The methods shown in Scheme 1.1 are not optimized for efficiency, 

but are more environmentally friendly and tend to yield smooth and highly oriented metal 

thin films. 

In Scheme 1.1c, the method for Au electrodeposition onto Si substrate is adapted 

from Allongue and co-workers who developed the method to grow ultra-thin and ultra-

smooth Au films on a specific Si substrate.
14

 Note that the reaction equation is simplified 

from the originally proposed reaction to present only the net change in Au oxidation 

states. A large negative potential (beyond the thermodynamically required reduction 

potential of Au
3+

 + 3e
-
 ⇌ Au) is used during the deposition to i) prevent oxidation of Si 

and ii) promote hydrogen evolution which causes Au atom rearrangement on the Si 

surface to form a smooth film.
14

 The substrate was pre-polarized at the said potential 

before submerging into the deposition solution also to prevent the SiO2 formation on the 

Si surface.
14

 The Si substrate is n-type with a (111) out-of-plane orientation, but the 

surface was miscut 0.2° precisely oriented toward <112̅> to create a long-range staircase 

structure. This staircase structure is believed to facilitate the 2D growth of the Au film. 
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Scheme 1.1. Electrodeposition of metals 

 

 

Using this method, Allongue and co-workers produced nanometer-thick Au films 

that were atomically smooth. In Paper III, a slightly modified method was used to 

fabricate the Au on Si (Au/Si) samples in which -1.9 VAg/AgCl was applied to the miscut  

n-Si(111) substrate, and 30 min deposition time was carried out under 200 rpm stirring 

with a magnetic stir bar. The Au on Si deposition is attractive because the inert Au layer 

could protect the Si substrate from corrosion during PEC studies. The Au/Si (metal-

semiconductor) junction exhibits interesting interfacial energetics that are desirable in 

PEC applications (explained in Section 1.2.1). Moreover, the Au film grown on the 

miscut n-Si(111) is epitaxial, thus opening up the possibility for fabricating Au(111) 

(a) Electrodeposition of Co:  

0.1 M CoCl2, -1.2 VAg/AgCl 

Co
2+

(aq) + 2e
-
  Co(s) 

(b) Electrodeposition of Ni: 

0.1 M NiSO4 + 0.5 M (NH4)2SO4, pH 9 with NH4OH, -1 VAg/AgCl 

Ni
2+

(aq) + 2e
-
  Ni(s) 

(c) Electrodeposition of Au: 

0.1 mM HAuCl4 + 0.1 M K2SO4 + 1 mM KCl + 1 mM H2SO4 

-1.9 VAg/AgCl prepolarized miscut n-Si(111), 200 rpm stir 

AuCl4
-
(aq) + 3e

-
  Au(s) + 4Cl

-
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surfaces as a proxy for single crystal Au(111) substrates.
42

 This Au/Si example will be 

used in discussions throughout the introduction section of the dissertation.  

1.1.2. Electrodeposition of Metal Oxides. Although the electrodeposition of 

metal films is a mature field, much study has been done on the more interesting 

electrodeposition of metal oxides.
43,44

 Unlike the electrodeposition of metals, where the 

cations acquire exactly the same number of electrons as their oxidation state to be 

reduced to neutral atoms, electrodeposition of metal oxides generally follows 

electrochemical-chemical (EC) mechanisms as described in the following. The first step, 

the electrochemical step, involves the electron transfer between the electrode and the 

electrochemically active species (or reactants, for simplicity) in the electrolyte, driven by 

the applied potential or current. The reactants can be either reduced by receiving 

electrons from the cathode, or they can be oxidized by losing electrons to the anode. The 

reactants can be the precursor of the final metal oxide of interest (or they can be other 

species in the electrolyte as explained in the next paragraph), in which case the metal ion 

or the coordination complex ion changes its oxidation state as a result of the 

electrochemical reduction or oxidation reaction. The intermediates then undergo chemical 

reactions such as hydrolysis and condensation to form the final metal oxide. Scheme 1.2 

below shows the examples of cathodic electrodeposition of cobalt hydroxide, Co(OH)2,
45

 

and anodic electrodeposition of Co3O4;
46

 both of which involve electrochemical redox of 

the metal ion precursors followed by the hydrolysis of the intermediates. In Scheme 

1.2(a), Co
3+

 is complexed with ethylenediamine (en) ligand and is electrochemically 

reduced to the Co(II)-(en) complex. [Co(en)3]
2+

 then undergoes hydrolysis to form 

Co(OH)2. Similarly, in Scheme 1.2(b), a tartrate (tar) complex of Co
2+

 is 
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electrochemically oxidized to Co
3+

, which then reacts with the unreacted Co(II)-(tar) and 

OH
-
 from the bulk electrolyte to form Co3O4. 

 

 

 

Scheme 1.2. Electrodeposition of cobalt hydroxide and oxide 

 

 

The electrochemical redox reaction can also act on other solution species and 

cause a local pH change. Electrochemists can take advantage of this phenomenon to 

locally precipitate solution species that are stable under the pH of the bulk electrolyte.
47

 

Amphoteric metal oxides such as ZnO, Al2O3, SnO2, SnO, PbO2, PbO and Cr2O3 can act 

as acids or bases, meaning that they can dissolve in either acidic or basic solutions.
48

 In 

Scheme 1.3 below, ZnO is used as an example to show the strategies of depositing 

amphoteric materials by electrochemically changing the local pH.
27,28

 At 70℃, ZnO has 

the lowest solubility at pH ~9.4.
49

 In Scheme 1.3(a), the O2 saturated electrodeposition 

solution was applied a negative potential through the working electrode. The electrons 

(a) Cathodic electrodeposition of Co(OH)2: 

[Co(en)3]
3+

 + e
-
 ⇌ [Co(en)3]

2+
 

[Co(en)3]
2+

 + 2OH
-
 → Co(OH)2↓ + 3en 

(b) Anodic electrodeposition of Co3O4: 

2Co(II)-(tar) ⇌ 2Co
3+

 + 2(tar) + 2e
-
 

2Co
3+

 + Co(II)-(tar) + 8OH
-
 → Co3O4 + 4H2O + (tar) 
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are transferred to O2 species in the solution to form OH
-
 and raise the local pH.

27
 Zn

2+
 is 

not stable at high pH, thus precipitates out as ZnO. In contrast, Scheme 1.3(b) shows the 

local generation of acid from the basic deposition solution. Although the pH could be 

lowered by oxidizing OH
-
 to O2, Limmer et al. chose to reduce the local pH by oxidizing 

ascorbate ions because the reaction occurs at much lower potential, which minimize the 

oxidation of the Au substrate and promote epitaxial growth of ZnO.
28

 

 

 

 

Scheme 1.3. Electrodeposition of ZnO by increasing or decreasing the local pH 

 

 

Because of multiple steps and species involved in the electrochemical-chemical 

reactions, mass transport has to be taken into consideration when optimizing the 

(a) Electrodeposition of ZnO by locally generating base: 

O2 + 2H2O + e
-
 → 4OH

-
 

Zn
2+

 + 2OH
-
 → ZnO + H2O 

(b) Electrodeposition of ZnO by locally generating acid: 

 

Zn(OH)3
-
 + H

+
 → ZnO + 2H2O 

Zn(OH)4
2-

 + 2H
+
 → ZnO + 3H2O 
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deposition conditions. Since the electron transfer with the electrochemically active 

species only takes place at the electrode surface, the unreacted species away from the 

electrode will move toward the electrode through diffusion, migration and convection.
50

 

Diffusion is caused by a gradient in chemical potential (i.e., concentration gradient). 

Migration refers to the movement of charged particles due to attractive or repulsive 

forces within a gradient of electrical potential (i.e., electric field). Convection is the 

hydrodynamic fluid flow created by natural (e.g., density gradient) or forced (e.g., 

stirring) means. Electrochemical experiments can be designed to minimize one or more 

modes of mass transfer. Although diffusion cannot be eliminated from electrolysis, 

convection can be avoided by preventing vibration of the solution. In many 

electrodeposition experiments, however, convection is desired and stirring of the solution 

is often implemented.  The effect of migration can be minimized by the addition of a 

supporting electrolyte. An excess of inactive supporting electrolytes is usually added to 

the deposition solution to ensure sufficient conductivity. This addition also reduces the 

resistance between the working electrode and the counter electrode to help maintain a 

uniform current and potential distribution across the working electrode. Furthermore, it 

reduces the ohmic drop between the working electrode and the reference electrode to 

increase the accuracy of the applied and measured potential (with respect to the reference 

electrode). When the concentration of the supporting electrolyte is ~100 times greater 

than that of the electrochemically active species, the majority of the current is carried by 

the supporting electrolyte. Thus, the migration rate of the active species towards the 

electrode of opposite charge is not dependent on the applied potential. Effective control 

of mass transport is important in optimizing electrodeposition conditions. 
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1.1.3. Epitaxial Electrodeposition. Epitaxy refers to the determination of the 

film’s crystallographic orientation on that of the substrate. On polycrystalline substrates, 

the electrodeposited films exhibit randomly oriented grains. XRD 2θ analysis (explained 

in Section 1.3.1) of such films would show a pattern that resembles a powder sample. If 

the substrate is textured (e.g., Au sputtered glass), the deposited film may also be textured 

and would show a “ring” pattern on the X-ray pole figure (explained in Supporting 

Information of Paper III). Typically, single crystal substrates are used for epitaxial 

deposition of films. The properly treated surface of a single crystal substrate presents a 

highly ordered plane of atoms with a well-defined crystallographic orientation. The 

growth of crystalline films is controlled by thermodynamics and kinetics. It tends to 

minimize the lattice mismatch and maximize the binding energy between the film and the 

substrate. Therefore, in principle, homoepitaxy is more easily achieved than 

heteroepitaxy. Homoepitaxy refers to the material of the deposited film being the same as 

that of the substrate, for example, growing a Au film on a single crystal Au substrate. 

Heteroepitaxy refers to the deposited material being different from the substrate material. 

Recall the Au/Si sample introduced in Section 1.1.1, the Au film is heteroepitaxial to the 

single crystalline Si(111) substrate. The interface model in Figure 1.1 shows the 

relationship between the planes of surface atoms on the two materials. Looking down on 

the Au/Si sample in the [1̅1̅1̅] direction, at an atomic scale, one would see the Au atoms 

(colored gold) on top of the Si atoms (colored blue). At this viewing direction, both Au 

and Si crystals are oriented with [111] coming out of the plane, [101̅] pointing to the top, 

and [12̅1] pointing to the right. In the very center of the interface model, the Si atom is 

directly underneath the Au atom and is not visible due to its smaller size. The next Si  
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Figure 1.1. Interface model of Au(111) atoms on Si(111) surface 

 

 

atom closest to the center Si atom is 3.8402 Å apart, which is the d-spacing of Si(110). 

On the other hand, Au(110) are separated by its d-spacing 2.8840 Å. The lattice 

mismatch is calculated by taking the difference between the two substances’ lattice 

parameters and dividing by the substrate’s lattice parameter, which is equivalent to using 

their d-spacing values, as shown below in Equation. 1.  

𝑎𝑓𝑖𝑙𝑚 − 𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
× 100% ≡

𝑑(110)𝑓𝑖𝑙𝑚 − 𝑑(110)𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑑(110)𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
× 100%

=
2.8840Å − 3.8402Å

3.8402Å
× 100% = −25% 

(1) 

The −25% mismatch is too large for a simple 1×1 epitaxial system, but can 

otherwise be explained by the formation of coincident site lattices (CSLs). One 

coincident site lattice is indicated by the red triangle (in Figure 1.1) whose edges are 

made up of 5 Au atoms or 4 Si atoms on each side. Now, the lattice mismatch becomes 

the difference between the two coincidence site lattices’ edge lengths divided by the 
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substrate coincidence site lattice edge length as shown below in Equation 2. In the Au/Si 

case, the Au coincidence site lattice length is 4 times the d-spacing of Au(110). The Si 

coincidence site lattice length is 3 times the d-spacing of Si(110). By forming coincident 

site lattices, the Au/Si lattice mismatch is reduced from −25% to +0.13%, thus supporting 

the epitaxial growth of Au.
51

 

4 × 2.8840Å − 3 × 3.8402Å

3 × 3.8402Å
× 100% = +0.13% (2) 

Epitaxial films are usually produced under ultrahigh vacuum conditions as in 

molecular beam epitaxy (MBE). MBE was the first demonstrated technique to produce 

atomic scale heterostructures.
52

 In MBE, ultra-pure elements are individually heated in 

quasi-Knudsen effusion cells to their sublimation point, creating individual molecular 

beams. The individual beam paths do not cross, and therefore the species do not react 

with each other until they reach the substrate surface. The substrate is maintained at an 

elevated temperature, and the deposition rate is low, both of which are important factors 

for epitaxial growth of the film. In contrast to the energy intensive techniques, several 

epitaxial films have been produced using electrodeposition. The electrodeposition of low 

lattice mismatch systems such as Prussian Blue on Au(110)
53

 and ZnO on Si(110)
49

 has 

been demonstrated. Several other epitaxial metal oxides have been deposited by 

electrodeposition including Cu2O,
30,31,33,54

 CuO,
21

 AgO,
55

 Fe3O4,
56-58

 -Bi2O3,
19,59

 PbO2,
60

 

Tl2O3,
61

 SnS,
62

 PbS,
63

 Co3O4
46

 and methylammonium lead iodide perovskite
4
 on Cu, Au, 

Au/Si, Si and InP substrates. The epitaxial deposition of oxides on semiconductor 

substrates such as Si and InP is important because of the highly sought after applications 

in solar energy harvesting and nanometer-scale electronic devices. 
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Epitaxial films allow the study of the materials’ intrinsic properties rather than 

their grain boundaries. Through electrodeposition techniques, epitaxial films can be tuned 

in many aspects including size, shape, chirality and even macro structures as in 

superlattices. For example, the size and shape of the epitaxial Cu2O can be controlled by 

the pH and additives in the solution.
25,33

 While the out-of-plane and in-plane orientations 

of the deposit are determined by the single crystal substrate, the shape can be modified by 

solution additives that selectively adsorb on specific crystal faces.
64

 The dominant faces 

in the final film are the slowest growing faces. These advantages make electrodeposition 

an attractive technique in producing epitaxial films. 

 

1.2. ENERGY CONVERSION AND STORAGE  

Converting solar energy to the chemical bond in the simplest molecule—

hydrogen—requires the splitting of water on the electrode surface. On a p-type 

semiconductor photocathode, photogenerated hole moves towards the bulk of the 

electrode and the photo-excited electron moves towards the surface of the electrode to 

reduce water to H2. On an n-type semiconductor photoanode, photo-excited electrons 

move towards the bulk whereas photogenerated holes move to the surface of the 

electrode to oxidize water to O2. To accomplish efficient water splitting, the 

photoelectrodes must meet three basic requirements. They must generate electron-hole 

pairs upon absorption of the solar irradiation, separate the photogenerated charge carriers, 

and promote the oxidation or reduction of water (e.g., through catalysts).  

To date, some PEC devices have been developed to achieve overall water splitting 

using only solar irradiation as the energy input.
65

 Although this dissertation does not 
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focus on solar-driven PEC water splitting cells, it introduces basic concepts and physics 

behind PEC devices. PEC devices are based around semiconductor photoelectrodes, 

which are used to absorb light, separate photogenerated charge carriers and, in some 

cases, perform catalysis. For example, a photoanode produces an electron-hole pair upon 

absorption of the solar radiation. In an alkaline solution, the holes move toward the 

surface of the electrode to oxidize hydroxide anions to oxygen gas whereas the electrons 

travel through the external circuit to the counter electrode to reduce water molecules to 

hydrogen gas, thus accomplishing overall water splitting. The following section explains 

the basic principles of semiconductor photoelectrochemical devices. 

1.2.1. Semiconductor Photoelectrochemistry.  A basic understanding of the 

device physics of semiconductors and their junctions between a metal or a solution is 

essential to the design and engineering of efficient solar water splitting cells. When a 

semiconductor is in intimate contact with a metal or a solution, the energy must reach 

equilibrium at the interface. The discussion here will focus on metal-semiconductor 

junction energetics. Solution-semiconductor interfaces, on the other hand, follow a 

similar fashion except that the work function of the metal is replaced by the equilibrium 

potential of the solution. Figure 1.2 shows the energy diagrams of an n-type silicon (n-Si) 

in contact with a metal before and after equilibrium. The solid horizontal line to the left 

of the metal-semiconductor interface represents the energy level of the metal’s work 

function, φm. This is the minimum energy required for an electron to escape the metal 

surface into vacuum.  The dashed line on the semiconductor side represents the energy 

level where the probability of finding an electron is exactly one half. It is referred to as 

the Fermi level, EF, of the semiconductor. As depicted in Figure 1.2a, most of the  
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Figure 1.2. Energy diagrams of a metal in contact with n-Si (a) before equilibrium and (b) 

after equilibrium 

 

 

electrons on the n-Si are at a higher energy level than the work function of the metal. The 

electrons will flow from the n-Si to the metal leaving a positively charged region (i.e., 

depletion width, W) near the surface of the n-Si, as shown in Figure 1.2b. The conduction 

band, EC, and valence band, EV, positions are both lowered in the depletion region due to 

the local positive charge until the semiconductor Fermi level is aligned with the metal 

work function. All energy terms are multiplied by q, the charge of an electron, because 

the scale commonly used to express the energy bands is the electron volt (eV). 

The energy bands are bent in the depletion region of the semiconductor as a result 

of thermal equilibrium. This creates an energy barrier (i.e., barrier height, φbh) between 

the metal work function and the conduction band of the semiconductor. If a positive bias 

is applied to the n-Si, it will cause the bands to bend further down. Electrons do not have 

high enough energy to overcome the barrier height and no significant current flow should 
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be observed (except for small tunneling currents). If a negative bias is applied to the n-Si, 

the bands will rise and become flat. The voltage required for the semiconductor bands to 

become flat is called the flat band voltage, Vfb, which is also the energy difference 

between the initial semiconductor Fermi level and the metal work function. The electrons 

on the conduction band of the semiconductor can therefore flow to the metal whose work 

function is at a lower energy level. The work function of Au (~5.3 eV) is larger (thus at 

lower energy level) than the Fermi level of an n-Si (~4.3 eV). The Au/n-Si junction 

behaves as a Schottky diode that allows current flow in one (forward) direction and 

prohibits it in the other (reverse) direction with the Schottky barrier. The diode behavior 

can be observed in a simple solid-state current-voltage (J-V) measurement, as shown in 

Figure 1.3. The working electrode is connected to the n-Si through a Ag wire; whereas 

 

 

 

Figure 1.3. Solid-state J-V curve of Au/n-Si 
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the counter and reference electrodes are connected to the Au film through a Au wire. No 

significant current is observed when the device is positively biased, but when the 

potential is scanned in the negative direction, the amount of current increases sharply 

with the increased negative bias. 

The above discussion is for a Schottky diode working in the dark. When the 

device is under solar illumination (often implemented through the use of a solar simulator 

with an AM 1.5 filter), the J-V curve will shift upward for the amount equal to the 

photocurrent at a given bias, shown as red curves in Figure 1.4. Recall the energy 

 

 

 

Figure 1.4. J-V curves of the Au/n-Si diode (a) comparing the performance in dark 

(black) versus under illumination (red), and (b) showing the maximum power point 

 

 

diagram in Figure 1.4b, a photo-generated electron in the depletion region will be pushed 

towards the bulk of the semiconductor, whereas a photo-generated hole will move to the 

metal-semiconductor interface due to the local electric field. The result is the increased 
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(more positive) current at each bias compared to the current measured in dark (black 

curve), as shown in Figure 1.4a. The difference between the red curve and the black 

curve in Figure 1.4a is the photocurrent. When the device is under illumination, the 

measured current density at zero bias is the short circuit current density, Jsc, and the bias 

at zero current density is the open circuit voltage, Voc. Within the boundary defined by Jsc 

and Voc, the point with the maximum power (i.e., current × bias) is the maximum power 

point whose current density is Jmpp and voltage is Vmpp, as indicated by the arrow in 

Figure 1.4b. 

If this device is to be evaluated as a solar cell, then the fill factor, FF, and the 

efficiency can be calculated using Equations 3 and 4 below:
66

 

𝐹𝐹 =
𝐽𝑚𝑝𝑝 × 𝑉𝑚𝑝𝑝

𝐽𝑠𝑐 × 𝑉𝑜𝑐
 (3) 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐽𝑚𝑝𝑝 × 𝑉𝑚𝑝𝑝

𝑃𝑖𝑛
 (4) 

where Pin is the power input (e.g., 100 mW cm
-2

). For the said Au/n-Si diode, the fill 

factor is 0.5 and the efficiency is 0.2% (i.e., not an efficient solar cell). 

The barrier height, φbh, is the energy difference between the metal work function 

and the semiconductor conduction band edge at the interface, which is also the energy 

required for electrons to flow from the metal into the semiconductor. The maximum 

photovoltage that can be produced by the junction is limited by the barrier height. 

Therefore, an accurate determination of barrier height can provide useful information for 

designing device interfaces. Common methods for measuring the barrier height and other 

energetic parameters include solid-state analysis (Figure 1.5) of current-voltage (J-V) 

curves (Figure 1.5a) and Mott-Schottky analysis (Figure 1.5b).  
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Figure 1.5. Junction characteristics of Au/n-Si. The red lines are linear fits of (a) the 

current-voltage curve and (b) the Mott-Schottky measurement 

 

 

The response of a solid-state Au/n-Si Schottky diode can be calculated using the 

diode equation,
40

 

𝐽 = 𝐽𝑠(𝑒𝑥𝑝𝑞𝑉/𝑛𝑘𝑇 − 1) (5) 

where V is the voltage (V), n is the diode quality factor, k is Boltzmann’s constant (1.38 × 

10
-23

 J K
-1

), T is the temperature (294 K), q is the charge of an electron (1.60 × 10
-19

 C), J 

is the measured current density (A cm
-2

), Js is the dark saturation current density (A 

cm
-2

), JL is the limiting current density (A cm
-2

), Rs is the series resistance (Ω), and A is 

the area (cm
2
). Figure 1.5a plots the current-voltage curve in ln(J) versus V scale; the 

slope gives a diode quality factor of 1.4, and the y-intercept (extrapolated value of current 

density at zero voltage) is the dark saturation current density. The barrier height can then 

be calculated from the dark saturation current using Equation 6,
40

 

𝜑𝑏ℎ =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐴∗∗𝑇2

𝐽𝑠
) (6) 
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where A
**

 is the effective Richardson’s constant (120 A cm
-2

 K
-2

 for n-Si). The calculated 

barrier height is 0.69 eV from the current-voltage response measurement. 

Other useful information about the junction energetics can be calculated from the 

Mott-Schottky equation,
15

 

1

𝐶2
=

2

𝑞𝜀𝑠𝐴2𝑁𝐷
(𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑞
) (7) 

where C is the capacitance (F cm
-2

), 𝜀𝑠 is the permittivity of silicon (1.05 × 10
-12

 F cm
-2

), 

ND is the carrier (donor) density, and Vfb is the flat band voltage; q, A, V, k and T are the 

same as described previously. The Mott-Schottky plot (Figure 1.5b) of C
-2

 versus reverse 

bias gives the doping density in the depletion region of 6.7 × 10
15

 cm
-3

 from the slope of 

the line, and a flat band voltage of -0.46 V from the x-intercept. The barrier height can be 

calculated from the flat band voltage using Equation 8,
40

 

𝜑𝑏ℎ = 𝑉𝑓𝑏 + 𝑉𝑛 +
𝑘𝑇

𝑞
− ∆𝜑 (8) 

 where the −∆𝜑 term is the image-force-induced lowering of the potential energy. It can 

be calculated using Equation 9 if the breakdown voltage can be accurately determined,
40

 

∆𝜑 = √
𝑞ℰ

4𝜋𝜀𝑠
 (9) 

where ℰ is the maximum field at the interface associated with the dielectric breakdown. 

In Equation 8, Vn is the difference in energy between the conduction band and the Fermi 

level and can be calculated using Equation 10,
40

 

𝑉𝑛 = 𝑘𝑇𝑙𝑛 (
𝑁𝐶

𝑁𝐷
) (10) 



 

 

23 

where NC is the density of states in the conduction band (2.8 × 10
19

 cm
-3

). ND is the donor 

density obtained from the Mott-Schottky analysis or it can be measured separately using 

Equation 11,
15

 

𝑁𝐷 =
1

𝑞𝜇𝜌
 (11) 

where 𝜇 is the electron mobility (1500 cm
2
 V

-1
 s

-1
 in Si), and 𝜌 is the resistivity of the 

silicon wafer (~1.77 Ω∙cm, measured using a 4-point probe). The calculated barrier height 

from the Mott-Schottky analysis is 0.72 eV (without using −∆𝜑 in Equation 8), slightly 

larger than the 0.69 eV determined from the current-voltage response measurement. 

Mott-Schottky analysis often overestimates barrier heights because it assumes parabolic 

energy profile up to the interface.
40,67

 The image force lowering term (if determined 

accurately) can bring the calculated barrier height closer to its true value. Therefore, the 

actual barrier height of the Au/n-Si diode should be close to the value determined from 

the forward bias current-voltage curve. 

Photoelectrochemistry occurs at solution-semiconductor interfaces, which behave 

in an analogous manner to the metal-semiconductor junction discussed above. Recall the 

energy-band diagram in Figure 1.2, the work function of the metal term can be replaced 

with the electrochemical potential, -qE° where E° is the Nernst potential of the redox 

couple. For photoelectrochemical water splitting, the redox couples of interest are 

O2/H2O (at a photoanode) and H
+
/H2 (at a photocathode). Upon contact to the solution 

with the redox couple, electrons will flow between the semiconductor and the solution 

until equilibrium is established. A typical n-type semiconductor photoanode in 

equilibrium with the O2/H2O redox couple will carry an excess positive charge, arising 

from the ionized dopant atoms, in the depletion region of the semiconductor. The solution 
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will have an excess negative charge, but spread over a much narrower region (i.e., the 

Helmholtz layer, discussed in section 1.2.3.). The energy bands will bend in the similar 

fashion as in the case of a metal-semiconductor junction. The electric field strength 

depends on the initial energy difference between the value of -qE°(O2/H2O) and the 

Fermi level of the semiconductor. Such energy difference is on the order of 1 eV, 

whereas the depletion width in a semiconductor is typically sub-micrometer. The 

resulting electric field in the semiconductor can easily reach 10
5
 V cm

-1
.
68

 

Photogenerated charge carriers can be very effectively separated by this large electric 

field, because of their high mobility (1500 cm
2
 V

-1
 s

-1
 for electrons and 450 cm

2
 V

-1
 s

-1
 

for holes of Si). At an n-type semiconductor photoanode, the photogenerated electrons 

will flow towards the bulk of the electrode while the photogenerated holes move into the 

solution to participate in the oxidation of water.  

The energy that can be extracted from the photogenerated electron-hole pairs 

defines the theoretical limits on the efficiency of the photoelectrode. The maximum 

internal energy that can be extracted from these pairs is given by the barrier height of the 

junction. To optimize the photoelectrochemical performance, the barrier height should be 

as large as possible. Since the barrier height is determined by the energy difference 

between -qE°(O2/H2O) and Ec (for an n-type photoanode), tuning these energy levels can 

potentially improve the efficiency of the photoelectrode. Changing the redox couple 

changes -qE°, but for water oxidation and reduction, the redox couple is fixed. According 

to Nernst equation, the redox potential for water oxidation, for example, is pH dependent, 

as shown in Equation 12, 

𝐸°(𝑂2/𝐻2𝑂) = 1.23 𝑉 − 0.059 𝑉 × 𝑝𝐻 (12) 
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where the potentials are with respect to a normal hydrogen electrode (NHE). Although 

the implication suggests that the solution-semiconductor interfacial energetics can be 

tuned by adjusting the solution pH, this approach has been unsuccessful.
69

 Another 

strategy is to tune the band edge positions by incorporating fixed diploes or charges on 

the semiconductor surface.
70

 Researchers have been able to shift the band edges
71-75

 by 

modifying the semiconductor surface, in attempts to improve the efficiencies of 

semiconductor photoelectrochemistry. 

1.2.2. Oxygen Evolution Reaction Catalyst. Most of the oxygen evolution 

reaction catalysts consisting of earth-abundant transition metals are not stable in acidic 

solution.
76

 Therefore, the studies on their catalytic activities are often done in alkaline 

solutions such as 1 M NaOH (pH 14). At pH 14, the overall water splitting is 

accomplished by two half reactions, as shown in Equations 13 and 14,
50

 

2𝐻2𝑂 + 2𝑒− ⇆ 𝐻2 + 2𝑂𝐻− 𝐸° = −0.83 𝑉𝑁𝐻𝐸 = −1.03 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 (13) 

𝑂2 + 2𝐻2𝑂 + 4𝑒− ⇆ 4𝑂𝐻− 𝐸° = 0.40 𝑉𝑁𝐻𝐸 = 0.20 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 (14) 

where 𝐸° , the standard reduction potentials are expressed with respect to NHE and 

Ag/AgCl reference electrodes. This implies that the minimum energy for splitting water 

requires 1.23 V between the anode and the cathode. However, in typical applications, 

greater applied energy is necessary due to kinetic barriers that are commonly encountered 

in performing multistep, multielectron reactions. This additional voltage applied to the 

electrode relative to the redox potential of the couple (e.g., O2/OH
-
) is called the 

overpotential, η, as expressed in Equation 15 below. 

Applied potential = overpotential + thermodynamic (redox) potential (15) 
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The overpotential is needed to drive the kinetically rate-limiting step in the 

multistep water oxidation (or reduction) reactions. The main function of a catalyst is to 

reduce the overpotential towards the desired reaction. The catalytic behavior of a given 

material is often evaluated by i) how much overpotential is required to reach a certain 

current density, and ii) how much current density can be obtained at a given 

overpotential. For oxygen evolution reaction catalysts, the benchmarking protocol
77

 calls 

for the examination of the overpotential required to produce 10 mA cm
-2

, the current 

density expected for a 10% efficient solar water-splitting cell,
66,78,79

 and the measurement 

of current density at η = 350 mV
66,78,80

 in 1 M NaOH. For example, a generic “good” 

OER catalyst can drive a current density of 10 mA cm
-2

 using only ~100 mV 

overpotential, whereas a “bad” OER catalyst will need ~600 mV or more overpotential to 

achieve the same current density.
66

 Some of the best known OER catalysts, such as 

RuO2,
81

 can drive a 10 mA cm
-2

 OER current density with 290 mV overpotential.
76

 In an 

effort to search for earth-abundant OER catalysts that meet or exceed the catalytic 

performance of those containing noble metals (e.g., Ir and Ru), various compounds of Fe, 

Co, and/or Ni have been under investigation.
76

 Recently, a form of nickel selenide—

Ni3Se2—was found to accomplish OER catalytic performance on par with RuO2.
82

 

The catalytic performance of an electrode can be described by a Tafel 

relationship, shown in Equation 16,
50

 

𝜂 = 𝑎 + 𝑏 ∙ log 𝑖 (16) 

where 𝜂 is the overpotential, i is the measured current, and a is the log of exchange 

current. The Tafel slope, b, is the extent of potential increase required to raise the current 

1 order of magnitude, thus commonly expressed in voltage per decade (mV dec
-1

). The 
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exchange current can be determined from the x-intercept of the 𝜂 versus log(I) plot (i.e., a 

Tafel plot), and is often described in terms of geometric area as the exchange current 

density, J0 (A cm
-2

). The exchange current density is a measure of how vigorously the 

forward and reverse reactions occur during dynamic equilibrium and thus yields the 

standard heterogeneous rate constant k
0
.
83

 Although the exchange current density alone 

provides ample information for evaluating catalytic performance, the Tafel slope is also 

an important parameter. The Tafel slope gauges how efficiently an electrode can produce 

current in response to an applied potential. It also accounts for changes in reaction 

mechanism at different overpotentials. However, due to the extreme irreversibility of the 

oxygen evolution process,
84

 the steady state kinetic analysis of the OER can only provide 

mechanistic information up to and including the rate-determining step (RDS).
83

  

The experimentally observed Tafel slope of multistep reactions such as the OER 

can be described in Equation 17,
85,86

 

𝑏 = 2.303 (
𝑅𝑇

𝛼⃗𝐹
) (17) 

where R is the gas constant (8.314 J mol
-1

 K
-1

), T is the absolute temperature (K), F is the 

Faraday constant (96485 C mol
-1

), and 𝛼⃗ is the transfer coefficient given by Equation 

18,
83

 

𝛼⃗ =
𝑛⃗⃗

𝜈
+ 𝑛𝑟𝛽 (18) 

where 𝑛⃗⃗  is the number of electrons transferred prior to RDS, 𝜈  is the stoichiometric 

number defined as the number of times the RDS occurs for each repetition of the overall 

reaction, nr is the number of electrons transferred during each RDS, and 𝛽  is the 

symmetry factor, usually taken to be ½, associated with the activation of vibrational 
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states and the energy required to break bonds.
83

 It can be seen that Tafel slopes 

commonly adopt values of 120, 60, and 40 mV dec
-1

 at 25°C as explained in the 

following. If the first electron transfer step is the rate-determining step, then nr = 1, 𝑛⃗⃗ = 0, 

and 𝛼⃗ = 𝛽 = 1/2, resulting in a Tafel slope of about 120 mV dec
-1

. Likewise, if the second 

electron transfer step is the RDS, then nr = 1, 𝑛⃗⃗ = 1, and assuming 𝜈 = 1, thus 𝛼⃗ = 3/2 and 

Tafel slope is about 40 mV dec
-1

. Alternatively, if the first electron transfer step is 

followed by a rate-determining chemical step, then nr = 0, 𝑛⃗⃗ = 1, again assuming 𝜈 = 1, 

thus 𝛼⃗  = 1 and Tafel slope is about 60 mV dec
-1

. Therefore, by analyzing the Tafel 

slopes, one can differentiate between possible reaction mechanisms. 

A general mechanism for the OER on metal oxides in acidic solutions is proposed 

based on experimentally obtained Tafel slopes as shown in Scheme 1.4.
66

 The first step 

(a) of oxygen evolution reaction is the discharge of water to oxidize a surface-active site 

(asterisk), corresponding to a Tafel slope of 120 mV dec
-1

. This produces an unstable 

intermediate species, designated in square brackets in (b) and (c). After chemical 

conversion to a more stable surface species (b; 60 mV dec
-1

), the surface is oxidized  

 

 

 

Scheme 1.4. General mechanism for the OER on metal oxides in acidic solutions 

(a) *OH + H2O → [HO*OH] + H
+
 + e

-
 

(b) [HO*OH] → HO*OH 

(c) HO*OH → O*OH + e
-
 + H

+
 

(d) 2O*OH → 2*OH + O2 
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further (c; 40 mV dec
-1

). Upon the reaction of two highly oxidized surface sites, oxygen 

is finally liberated (d). The multistep reaction mechanism and the involvement of several 

intermediates add complexity to the kinetics of the oxygen evolution reaction. The use of 

OER catalysts is an attempt to tackle the kinetic bottleneck in water splitting. 

A catalyst, by definition, must improve the kinetics of the desired reaction. In the 

case of OER, the catalyst must be capable of producing large quantities of oxygen at a 

minimum overpotential as quickly as the absorber can supply holes to the catalyst. An 

effective catalyst must also be robust enough to maintain its efficiency over practical time 

scales. For photoelectrochemical applications, the catalysts are usually deposited as thin 

layers or as nanoparticles to minimize light absorption or reflection, and to preserve 

desired interfacial energetics. CoOOH and Co3O4 are known OER catalysts.
46,87,88

 The 

effect of OER catalysis can be easily observed when comparing the oxygen evolution 

activities of an inert substrate with and without the catalyst. In Paper I, Figure 5 shows an 

excellent example where three electrodes are subjected to linear sweep voltammetry 

(LSV) at 1 mV s
-1

 in 1 M KOH at room temperature. The bare Ti substrate does not show 

any noticeable OER current, whereas the Co(OH)2 and Co3O4 modified electrodes show 

the onset of OER at about 0.5 V and the current densities reach 100 and 40 mA cm
-2

, 

respectively at 1 V. Note that the surface of Co(OH)2 becomes CoOOH under oxidation 

conditions (demonstrated in Paper I and II) thus promoting OER catalytic activities . 

1.2.3. Electrochemically Active Surface Area Measurement. The activities of 

OER catalysts are often evaluated by how much OER current density can be produced at 

a given overpotential or how much overpotential is required to reach a certain OER 

current density. The ability to measure or estimate the surface area of an electrode is 
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essential to calculate accurate current densities and thus becomes a crucial part of catalyst 

benchmarking. Although there are many ways to measure surface areas, electrochemists 

are most interested in the electrochemically active surface area of the electrodes. 

Underpotential deposition (UPD) of metals is a favorable method for electrochemists to 

accurately measure the real surface area because the metal atoms will adsorb for only a 

monolayer on the surface of the electrode. The atomic coverage (i.e., atoms per area) of 

common UPD materials is well documented, so the area of the electrode can be 

calculated based on the charges passed during adsorption or desorption of the monolayer. 

Figure 1.6 is an example of Pb UPD study on a Au sputtered glass (Au-glass) sample. 

The working electrode is the Au-glass, the reference electrode is a lead strip, and the 

counter electrode is a Au coil. The UPD is accomplished by scanning cyclic voltammetry 

(CV) in an Ar-saturated solution containing 1 mM Pb(ClO4)2 and 10 mM HClO4 at room 

 

 

 

Figure 1.6. CV of Pb UPD on Au-glass 
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temperature. The scan rate is 20 mV s
-1

 starting in the cathodic direction. The cathodic 

and anodic peaks correspond to the different adsorption and desorption mechanisms, 

respectively. Note that the features seen in Figure 1.6 are similar to the literature reported 

Pb UPD on Au(111) single crystal,
89,90

 meaning that the surface of the Au-glass largely 

presents Au(111) faces. Typically, the desorption peaks of UPD are better defined and 

are often used to characterize the electrode surfaces, including surface areas. In Figure 

1.6, the total charge associated with Pb desorption is 393 C. Assuming 275 C cm
-2

 of 

Pb monolayer desorption,
91

 the electrochemically active surface area of the Au-glass 

electrode is 1.43 cm
2
. The geometric area of this electrode is 1.3 cm

2
, hence the 

roughness factor of the Au surface is 1.1. 

The electrochemically active surface area of the Au-glass can also be determined 

through a Au oxide reduction experiment. Figure 1.7 on the next page shows a CV at 20 

mV s
-1

 in 0.1 M H2SO4 performed on the same Au-glass. The anodic peaks are associated 

with the oxidation of the Au surface. The sharp reduction peak at 0.9 V accounts for 660 

C of charge passed, indicated by the shaded area. Using 482 C cm
-2

 Au oxide 

reduction charge reported in the literature,
92

 the electrochemically active surface area of 

this particular sample is 1.37 cm
2
, corresponding to the roughness factor of 1.05, in close 

agreement with the value determined by the Pb UPD method. 

Many OER catalysts under current study are oxides and (oxy-)hydroxides. The 

surface area determination of these materials is a challenge because they are not suitable 

for the common surface area measurement methods such as those mentioned above. One 

alternative is to measure the electrochemical double layer capacitance, Cd, of the catalytic 

surface.
93

 In a solution, the surface of an electrode is covered with a layer of solvent 
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Figure 1.7. Au surface area determination by measuring the Au oxide reduction charge 

(shaded area) in 0.1 M H2SO4 

 

 

molecules and sometimes specifically adsorbed ions or molecules. This layer is called the 

inner Helmholtz or Stern layer. The solvated ions can only approach the surface of the 

electrode at a distance defined by the inner Helmholtz layer and the diameter of the 

solvent molecules. These solvated ions are nonspecifically adsorbed and their distribution 

extends into the bulk of the solution, forming the diffuse layer. Together, the electrical 

double layer contributes to the capacitive behavior when charges accumulate in the 

solution near the biased electrode. The charge divided by the electrode surface area is the 

charge density (C cm
-2

), and the charge density divided by the applied potential is the 

specific capacitance (F cm
-2

). If we know the specific capacitance of a material with a 

known surface area, i.e., the Au surface characterized using previous methods, then the 

surface area of the electrode of interest can be back calculated using the measured Cd. A 
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major assumption here is that the specific capacitance is material independent. In the 

literature, the values of Cd typically fall between 10 and 40 F cm
-2

.
50

 That is, by 

assuming the same specific capacitance for different materials, the surface area could be 

under- or overestimated by a factor of 4. 

Unlike real capacitors, whose capacitances are independent of the voltage across 

them, Cd is often a function of potential.  Double layer capacitance measurements are 

done in a narrow potential range (±20 mV vs. OCP) to minimize the potential 

dependence and to avoid Faradaic reactions. In an effort to standardize the 

electrochemically active surface area determination technique, Jaramillo and coworkers
76

 

proposed measuring the Cd by sweeping the potential ±50 mV vs. OCP at different scan 

rates in 1 M NaOH. This is a convenient approach because OER catalysis studies are 

commonly performed in alkaline solutions such as NaOH. However, cations are known to 

intercalate into oxide layers causing large pseudo capacitance.
93-95

 Alternatively, an 

acetonitrile solution of tetrabutylammonium hexafluorophosphate (TBAPF6) can be used 

as the electrolyte to avoid intercalation because of the large cations in the system.
46,96

 

This method is described in more detail in Paper II. After all, knowing the 

electrochemically active surface areas of the electrodes is crucial in comparing catalytic 

activities of different OER catalysts. 

 

1.3. MATERIALS CHARACTERIZATION 

Materials characterization is an essential element for synthetic chemists and 

materials scientists. Many characterization instruments are dedicated to analyze and 

provide certain information about the synthesized materials. For inorganic materials, 
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information such as chemical composition, oxidation states, resistivity, crystallinity, and 

structural orientation are all important parameters to know about a material. In Papers I, 

II, and III, the characterization of those parameters are demonstrated. To avoid an 

exhaustive review of the commonly used characterization techniques, this section will 

focus on the less exploited techniques for sample thickness determination. 

In many cases, the information about the thicknesses of the deposited films 

becomes important when, for instance, estimating the current efficiency of the deposition 

and when calculating the extinction coefficient of the films from spectrophotometry 

measurements. If part of the film can be removed from the substrate leaving a clean edge 

of the remaining film intact with the substrate, profilometry may be used to probe the 

elevation profile from the top of the substrate to the top of the film, thus yielding the 

thickness of the film. Common profilometry instruments include atomic force microscope 

(AFM) and a conventional profilometer. Another straightforward method to determine 

the film thickness is to obtain a cross-section image of the sample. If the film is deposited 

on a fragile substrate (e.g. Au-coated glass or a Si chip), the sample can simply be 

snapped in halves by hand. Otherwise, a focused ion beam (FIB) milling can create a 

small cross-section on a selected area of the sample. The cross-sections can then be 

examined under a scanning electron microscope (SEM) and the thickness can be 

determined from the image. For ultra-thin films where the required resolution of the 

cross-sectional image exceeds the limit of the SEM (typically 1-5 nm), other techniques 

are employed to acquire the thickness information. One method to image an ultra-thin 

film is to cut out a FIB slice and analyze it using the transmission electron microscope 

(TEM) whose resolution is typically ~0.25 nm. Although all the techniques above allow 
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direct measurement of the film thickness, they probe only a small area of the sample and 

they require some forms of alternation, after which the samples may or may not be 

useable for other experiments. The following subsections introduce some functions of 

X-ray diffraction (XRD) as non-destructive techniques for analyzing ultra-thin films. 

1.3.1. X-ray Diffraction. X-rays, discovered by a German physicist Wilhelm 

Röntgen in 1895, are a form of electromagnetic radiation having wavelengths on the 

order of 0.01 to 10 nm. At this scale, the X-rays are capable of probing structures as small 

as the inter-atomic distance in condensed matter. X-ray diffraction works on the 

principles of scattering by the regularly spaced atoms in a crystal. X-ray diffraction is a 

powerful and versatile tool for identifying crystal structure, crystallite size, texture, stress 

and even thickness of a smooth sample. Film thickness can be determined via peak 

broadening, Laue oscillation, and reflectivity measurements as explained in the 

following. 

1.3.1.1. Peak broadening. In 1918, Swiss physicist Paul Scherrer determined the 

inverse relationship between the width of the XRD peak and the crystallite size. 

Assuming the XRD peak broadening is due solely to the crystallite size, their relationship 

can be described by the Scherrer equation (Equation 19), 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (19) 

where 𝜏 is the particle size or film thickness, 𝐾 is a dimensionless shape factor ~0.9, 𝜆 is 

the X-ray wavelength, 𝛽 is the full width of the peak at half of the maximum intensity of 

the peak (FWHM), and 𝜃 is the position of the center of the peak (2𝜃) devided by 2. For 

the particular Au on Si sample described in Section 1.1.1, the peak broadening is 

observed in the X-ray 2𝜃 pattern, as shown in Figure 1.8. The FWHM of the Au(111) 
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peak is 0.35° and the peak is centered on 2𝜃 = 38.18°. Using Equation 19, the thickness 

of the Au film is estimated to be ~24 nm. 

 

 

 

Figure 1.8. Peak broadening in 2 pattern of the Au(111) peak 

 

 

The above analysis neglects the instrumental broadening and broadening due to 

nonuniform strain. The instrumental broadening effect can be simply subtracted from the 

FWHM of the XRD pattern. The broadening due to nonuniform strain, however, requires 

the following analysis described by English metallurgist G.K. Williamson and his student 

W.H. Hall in 1953. The Williamson-Hall equation (Equation 20) is a modified version of 

Scherrer equation accounting for the effect of nonuniform strain (
Δ𝑑

𝑑
) on total peak 

broadening (𝛽𝑡𝑜𝑡𝑎𝑙).  
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𝑐𝑜𝑠𝜃 ∙ 𝛽𝑡𝑜𝑡𝑎𝑙 =
𝐾𝜆

𝜏
+ 4 (

Δ𝑑

𝑑
) 𝑠𝑖𝑛𝜃 (20) 

By plotting 𝑐𝑜𝑠𝜃 ∙ 𝛽𝑡𝑜𝑡𝑎𝑙 vs. 𝑠𝑖𝑛𝜃, one can obtain the strain from the slope and the 

particle size from the y-intercept. One can also conclude that if the nonuniform strain was 

present in the sample, the crystallite size calculated from Scherrer equation would be 

smaller than the actual crystallite size. 

1.3.1.2. Laue oscillations. German physicist Max von Laue was awarded the 

1914 Nobel Prize in Physics for his discovery of the diffraction of X-rays by crystals. He 

also observed that in highly resolved XRD 2𝜃 pattern, signal oscillation occurred due to 

the constructive and destructive interference of the reflected waves. When the incident 

beam interacts with highly ordered planes of atoms, or superlattices, it produces many 

parallel reflected waves whose interference effect is more pronounced (than that of less 

ordered structures). This results in satellite peaks at lower (labeled −1, −2, etc.) and 

higher (labeled +1, +2, etc.) angles of the main Bragg peak, as presented in Figure 1.9 on 

the next page. 

The orders of the observed satellite peaks and their respective peak positions can 

be used to calculate the film thickness as shown in Equation 21,  

Λ =
𝜆(𝐿1 − 𝐿2)

2(𝑠𝑖𝑛𝜃1 − 𝑠𝑖𝑛𝜃2)
 (21) 

where Λ is the modulation wavelength—the bilayer thickness of two alternating materials 

in a superlattice—which is regarded as the film thickness in this application, and 𝐿1 and 

𝐿2 are the satellite peak orders. Based on the observed satellite peak positions in Figure 

1.9, the calculated Au thickness is ~22 nm using Equation 21. 
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Figure 1.9. Laue oscillation observed on Au(111) peak 

 

 

1.3.1.3. X-ray reflectivity.  The X-ray reflectivity technique probes the sample at 

very low angles (0.2° < 2θ < 5°). The detected signal originates from the specular 

reflection of X-rays when they encounter a change in electron density regardless of the 

material crystallinity. In the typical three-system scenario of air/film/substrate, the 

specular reflection happens at the air/film interface and the film/substrate interface, 

assuming sufficient smoothness of those interfaces.  

In a simple system of a bare substrate, the X-rays are reflected at angles less than 

the critical angle of the substrate. For SiO2, 𝜃𝑐 = 0.21°. In the three-system scenario 

described earlier, the reflections from both air/film and film/substrate interfaces interfere 
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causing Kiessig fringes.
97

 Figure 1.10 displays the XRR measurement of the 

aforementioned Au/Si sample. 

 

 

 

Figure 1.10. X-ray reflectivity measurement on Au/Si. The Kiessig fringes in (a) are 

indicated by the numbers, and their corresponding θ positions are plotted in (b). 

 

 

The positions of the local fringe maxima 𝜃𝑖 of the specular reflected X-ray beam 

is given by the modified Bragg’s law
98

 (Equation 22) to include the critical angle 𝜃𝑐, 

𝑛𝑖𝜆 = 2𝑡√𝑠𝑖𝑛2𝜃𝑖 − 𝑠𝑖𝑛2𝜃𝑐  (22) 

where 𝑡 is the thickness of the film and 𝑛𝑖 is the order of the 𝑖th minima. This equation 

can be further modified
99

 to accommodate for the fringe maxima, shown in Equation 23, 

(𝑛𝑖 + Δ𝑛)𝜆 = 2𝑡√𝑠𝑖𝑛2𝜃𝑖 − 𝑠𝑖𝑛2𝜃𝑐  (23) 
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where Δ𝑛 = 0 or ½ for fringe minima and fringe maxima, respectively. By rearranging 

Equation 23, a linear relationship between film thickness and sine of fringe extrema can 

be obtained, as shown in Equation 24 and 25,
99

 

𝑠𝑖𝑛2𝜃𝑖 =
(𝑛𝑖 + Δ𝑛)2𝜆2

4𝑡2
+ 𝑠𝑖𝑛2𝜃𝑐 (24) 

or                            𝑠𝑖𝑛2𝜃𝑖 =
(𝑛𝑖+Δ𝑛)2𝜆2

4𝑡2
+ 𝜃𝑐

2       (for small angles where 𝑠𝑖𝑛𝜃 ≈ 𝜃). (25) 

To extract useful information from the XRR measurement, the data should be 

plotted as 𝑠𝑖𝑛2𝜃𝑖 vs. (𝑛𝑖 + Δ𝑛)2, as shown in Figure 1.10b. According to Equation 25, 

the slope of the trend line equals to 
𝜆2

4𝑡2, and the y-intercept equals to 𝜃𝑐
2. In Figure 1.10b, 

the slope of the trend line is 6.8×10
-6

, yielding the Au thickness of ~30 nm, and the 

intercept of 8.9×10
-5

 gives the critical angle of 0.54°. 

During low angle X-ray measurements, such as XRR, part of the X-ray is 

reflected off of the substrate surface and part of it penetrates into the substrate. When the 

incident angle is low enough, i.e., below the critical angle, no more X-ray penetrate into 

the substrate and the result is total internal reflection within the film. The critical angle 

can provide information about the density of the film, assuming negligible anomalous 

dispersion, by Equation 26,
100

 

𝜃𝑐
2 =

𝑁𝐴𝑟𝑒𝜆2𝑓

𝜋𝐴
𝜌 (26) 

where 𝑁𝐴 is Avogadro’s number, 𝑟𝑒 is the classical electron radius (2.8179×10
-13

 cm), 𝜆 is 

the X-ray wavelength, 𝑓 is the real part of the atomic scattering factor for Au, which is 

close to its atomic number (Z = 79), 𝐴 is the average atomic mass (196.97 g mol
-1

 for 

Au), and 𝜌 is the film density. From the critical angle 0.54° calculated previously, the 
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density of the Au film is 17.3 g cm
-3

. Considering the bulk Au density of 19.3 g cm
-3

, the 

electrodeposited Au film is ~90% dense. 

In summary, all three X-ray techniques introduced in this section provide the 

thickness values in a reasonable range. Note that the peak broadening analysis by the 

Scherrer equation may be in error because some strain is present in the sample. Because 

only Au(111) and Au(222) peaks are observed in a 2θ scan, there are only two data points 

for Williamson-Hall analysis, thus limiting the separation of strain effect from the size 

effect. For Laue oscillations, the accurate reading of the peak positions is the key leading 

to the final thickness calculation. In XRR measurement, the determination of fringe 

orders is crucial in obtaining the right thickness and density calculations. If practiced 

carefully, all three X-ray techniques can serve as useful tools for non-destructive thin film 

thickness determination. 
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ABSTRACT 

Films of -Co(OH)2 with a dense microcone morphology are electrodeposited at 

room temperature by reducing tris(ethylenediamine)cobalt(III) in alkaline solution. The 

synthesis exploits the fact that the kinetically-inert Co(III) complex of ethylenediamine 

(en) is 35 orders of magnitude more stable than the kinetically-labile Co(II) complex. 

[Co(en)3]
3+

 is therefore stable in alkaline solution, but [Co(en)3]
2+

 reacts with excess 

hydroxide ion to produce -Co(OH)2. The electrodeposited -Co(OH)2 is an active 

catalyst for the oxygen evolution reaction. Raman spectroscopy suggests that the surface 

of -Co(OH)2 is converted to CoOOH at the potentials at which oxygen evolution occurs. 

 

KEYWORDS 

Cobalt hydroxide, Co(OH)2, electrodeposition, oxygen evolution reaction, oxygen 

evolution catalyst 
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INTRODUCTION 

Cobalt hydroxide, β-Co(OH)2 , is a promising material for energy conversion and 

storage. It is a common additive in Ni-based rechargeable alkaline batteries.
1
 Nano-

architectured Co(OH)2 pseudocapacitors have shown a specific capacity as high as 2800 

F g
-1

 without significant deterioration upon cycling.
2
 Co(OH)2 is known as an earth-

abundant catalyst for the oxygen reduction
3
 and hydrogen evolution

4
 reactions. It is also 

an active catalyst for ozone and p-chloronitrobenzene decomposition in water.
5
 In 

addition, Co(OH)2 exhibits the giant reversible magnetocaloric effect, which makes it a 

promising candidate for low temperature magnetic refrigeration applications.
6
 Co(OH)2 

can be oxidized electrochemically
1,4

 to CoOOH, which is an excellent oxygen evolution 

reaction (OER) catalyst,
4,7

 and it is used in room temperature CO sensors.
8
 Several other 

groups have shown that Co(OH)2 nanoplatelets can be electrodeposited using OH
-
 that is 

generated by reduction of nitrate ions.
3,9-11

 Here, we introduce a method to electrodeposit 

crystalline β-Co(OH)2 films. Dense Co(OH)2 microcones are electrodeposited 

potentiostatically from a solution of 45 mM [Co(en)3]
3+

 (en − ethylenediamine) in 2 M 

NaOH (pH ≈ 14) at room temperature. We also show that the electrodeposited Co(OH)2 

is an active OER catalyst. 

 

EXPERIMENTAL SECTION 

Tris(ethylenediamine)cobalt(III) synthesis. [Co(en)3]Cl3 was synthetized using 

a literature procedure.
12

 One solution was prepared by dissolving 12 g of CoCl2∙6H2O in 

35 mL of water. Another solution was prepared by dissolving 6 mL anhydrous 

ethylenediamine in 25 mL of water, cooled down to 0°C and partially neutralized with 
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8.5 mL of 6 M HCl. Both solutions were mixed together, and 10 mL of 30 % H2O2 was 

added while stirring the solution. The solution was boiled until it evaporated to a volume 

of approximately 60 mL. 60 mL of 12 M HCl was added, followed by addition of 120 

mL of ethanol. The solution was cooled to about 0°C and the precipitate, which is 

[Co(en)3]Cl3∙1−3H2O, was filtered and washed with ice-cold ethanol. The final product 

was dried in air. 

Deposition solution. The electrolyte used for deposition of Co(OH)2 was 

prepared by dissolving the appropriate amount of the as-synthetized [Co(en)3]Cl3 in 2 M 

NaOH to form a nominal 45 mM concentration. 

Electrochemical methods. The electrodeposition experiments were performed in 

125 ml of electrolyte at room temperature in a standard three-electrode setup using a 

Brinkmann PGSTAT 30 Autolab potentiostat. The electrolyte was stirred at a rate of 200 

rpm with a magnetic stirrer. The in-situ mass changes were monitored with a Stanford 

Research Systems QCM200 electrochemical quartz crystal microbalance (EQCM). A Ti, 

an Au rotating disc electrode (RDE), and a Au sputtered quartz were used as the working 

electrodes. A Pt mesh served as the counter electrode. The Ti and Au-RDE substrates 

were mechanically polished, sonicated in acetone and rinsed with DI water prior to 

experiments. 

The catalytic properties of the films for the OER were investigated in 1 M KOH 

solution at room temperature in a three-electrode cell using a Brinkmann PGSTAT 30 

Autolab potentiostat. The deposit served as the working electrode and a Pt grid was the 

counter electrode. The OER experiments were performed on fresh layers immediately 

(after rinsing with DI water) after deposition. The potentials were corrected for the IR 
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drop, which was determined by electrochemical impedance spectroscopy. All potentials 

are referred with respect to the Ag/AgCl/KClsat. reference electrode. 

Characterization. The films were characterized using a high-resolution Philips 

X-Pert MRD X-ray diffractometer (XRD) with a CuKα1 radiation source (λ = 1.54056  

Å). XPS investigations were performed in a Kratos AXIS 165 spectrometer using 

monochromatic AlKα radiation energy (1486.6 eV). Raman measurements were carried 

out using a Horiba Jobin-Yvon LabRam Aramis Microscope with a HeNe laser (λ = 

633 nm) as the excitation source with an incident power of about 0.5 mW to minimize 

sample heating. The morphology of films was determoned by means of scanning electron 

microscopy (SEM – Hitachi S4700 FESEM) and atomic force microscopy (AFM) in the 

contact mode (Digital instruments Nanoscope III). 

 

RESULTS AND DISCUSSION 

We exploit the well-known inorganic chemistry that Co(III) favors nitrogen 

ligands over oxygen ligands, whereas Co(II) favors oxygen ligands over nitrogen ligands. 

[Co(en)3]
3+

 is nearly 35 orders of magnitude more stable than [Co(en)3]
2+

. The formation 

constants for [Co(en)3]
3+

 and [Co(en)3]
2+

 are 1048.69 and 1013.94, respectively.
13

 Co(III) 

complexes are also substitutionally inert, whereas Co(II) complexes are substitutionally 

labile in aqueous solution.
14

 Hence, [Co(en)3]
3+

 is stable in an alkaline solution, but 

[Co(en)3]
2+

 reacts with excess OH
-
 to produce Co(OH)2. The formation constant of 

Co(OH)2 is 1014.96.
15

 

Figure 1a shows the cyclic voltammograms (CVs) measured on an Au electrode 

in the deposition solution (red) and in a solution of 45 mM [Co(en)3]
3+

 and 0.5 M  
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Figure 1. (a) CVs measured at an Au electrode in the Co(OH)2 deposition electrolyte 

(red) and 45 mM [Co(en)3]
3+

 and 0.5 M ethylenediamine electrolyte of pH 9 (blue) at 

100 mVs
-1

 scan rate. (b) CVs (blue) together with the corresponding mass changes (red) 

measured at an Au coated quartz crystal microbalance electrode in the deposition solution 

at 20 mV s
-1

 scan rate. The black arrows indicate the scan direction. 

 

 

ethylenediamine of pH 9 (blue). The CV measured in the solution containing excess 

ethylenediamine (blue) shows quasireversible [Co(en)3]
3+/2+

 oxidation-reduction (eq 1) 

with a reduction peak at -0.525 VAg/AgCl and an oxidation peak at -0.39 VAg/AgCl. In 

contrast, the CV obtained in the deposition solution (red), with a large excess of OH
-
, 

shows irreversible behavior. A reduction peak at -0.55 VAg/AgCl is observed without the 

corresponding oxidation peak. At this potential the mass also starts to increase (Figure 1b 
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– red), measured with an EQCM, due to the Co(OH)2 formation (eq 2). The deposition of 

Co(OH)2 occurs in the potential range of -0.5 to -1.1 VAg/AgCl. At more negative potentials 

Co is produced (eq 3), with a second peak in the CV at about -1.2 VAg/AgCl. 

[Co(en)3]
3+

 + e
-
 ⇆ [Co(en)3]

2+
 (1) 

                [Co(en)3]
2+

 + 2OH
-
 → Co(OH)2↓ + 3en (2) 

[Co(en)3]
3+

 + 3e
-
 → Co + 3en (3) 

Uniform pink films were deposited potentiostatically at -1 VAg/AgCl and room 

temperature on Ti electrodes. The deposition proceeds with 100 % current efficiency 

(determined with the EQCM. Figure 2 shows the XRD pattern of the electrodeposited 

film. All reflections originating from the film can be assigned as -Co(OH)2 with the 

brucite Mg(OH)2 layered structure with measured lattice parameters of a = b = 3.179 Å 

and c = 4.658 Å in P3̅m1 symmetry. The intensity of the (001) peak is higher than that of 

the (101), suggesting a preferred [001] growth direction. Figure 3 shows the X-ray 

 

 

 

Figure 2. XRD pattern of electrodeposited Co(OH)2. Co(OH)2  reflections are indicated 

in red (JCPDS #30-0443), blue asterisks stand for the Ti substrate. The inset shows the 

Co(OH)2 structure. 
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Figure 3. XPS spectra of electrodeposited Co(OH)2. (a) Co2p and (b) O1s binding energy 

ranges. 

 

 

photoemission (XPS) spectra of the as-deposited Co(OH)2 film in the Co2p (a) and O1s 

(b) binding energy ranges. The XPS spectrum of the film in the Co2p binding energy 

range exhibits 5 deconvolved peaks at 780.2, 782, 790, 796.3 and 802.3 eV (Figure 3a) 

which match Co(OH)2.
16,17

 The O1s spectrum (Figure 3b) exhibits the main peak at 

531.2 eV which corresponds to OH bonded to Co(II),
16,18

 and two additional low 

intensity peaks at 529.4 and 532.5 eV corresponding to CoO and structural water, 

respectively.
2,18

 The oxygen to cobalt ratio in the film was 2.05, consistent with 

stoichiometric composition. 

Figures 4a,b show SEM images of the Co(OH)2 film. The film consists of conical 

grains, which tend to align with the top disk surface parallel to the substrate. This 

morphology is very different than that of sparse, nanoplatelets electrodeposited via base  
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Figure 4. Morphology of electrodeposited Co(OH)2 to a charge density of 0.6 C cm
-2

. (a) 

and (b) SEM images of the film. (c) AFM image of a flat disk surface. 

 

 

generation.
3,9-11

 A closer look at the sidewalls of the cones reveals that they grow with an 

onion-skin-like morphology (Figure 4b). 

Electrodeposited Co(OH)2 is a potent catalyst for the OER. Linear sweep 

voltammograms (LSVs) at a scan rate of 1 mV s
-1

 on a Ti electrode (blue) and a 

Co(OH)2-coated Ti electrode (red) in unstirred 1 M KOH at room temperature are shown 

in Figure 5. The LSV measured on electrodeposited, crystalline Co3O4 film, which is an  
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Figure 5. LSVs measured at 1 mVs
-1

 scan rate in 1 M KOH at electrodeposited Co(OH)2 

(red), crystalline Co3O4 (black) and uncoated Ti substrate (blue). 

 

 

active OER catalyst,
19

 is also shown (black) because the surface chemistry of both 

materials during OER is similar. From Figure 5 it is apparent that the electrodeposited 

Co(OH)2 is an active catalyst for the OER. The onset of OER on Co(OH)2 is 0.51 VAg/AgCl 

which is about 50 mV higher than that measured on Co3O4. However, current densities, 

based on the geometry of the electrodes, are much higher on the Co(OH)2 film at more 

positive potentials, possibly due to the roughness of Co(OH)2 compared to the smooth 

Co3O4 film.
19

 Figure 6 shows the initial CVs of the Co(OH)2 film at 1 mV s
-1

 in 1 M 

KOH. In the first anodic scan (black) two peaks are observed. The first high current 

density peak (A1) at 0.25 VAg/AgCl is assigned to oxidation of Co(OH)2 to CoOOH (eq 4).
2
 

The second peak (A2) at about 0.4 VAg/AgCl is attributed to the oxidation of CoOOH to 

CoO2 (eq 5).
2
 No reduction peak corresponding to A1 was observed. The A1 peak current 

density reduces dramatically in the second scan and is not detected in the fifth scan  
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Figure 6. CVs of the Co(OH)2 showing the film oxidation peaks prior to the onset of 

OER. Voltammograms measured at 1 mVs
-1

 scan rate in 1 M KOH. 

 

 

indicating that the oxidation of Co(OH)2 to CoOOH is irreversible. This is in agreement 

with results published by other researchers that Co(OH)2 can be electrochemically 

oxidized to CoOOH.
1,4

 The analysis of the deposition and oxidation charges shows that 

approximately 7 % of the film is oxidized. 

     Co(OH)2 + OH
-
 → CoOOH + H2O + e

-
 (4) 

CoOOH + OH
-
 → CoO2 + H2O + e

-
 (5) 

The film after OER experiments changes color from pink to black (Figure 7a). 

SEM investigations (not shown) did not reveal any morphological changes caused by 

film oxidation. Also the XRD pattern of the oxidized film did not show dramatic changes. 

Only a shoulder to the (001) peak is observed (indicated with an arrow in Figure 7b) 

which could be assigned to the CoOOH(003) reflection. Figure 7c shows Raman spectra 

of the as-deposited material (blue) and the film after OER experiments (red). The as-
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deposited film spectrum (blue) matches that of Co(OH)2.
20

 The spectrum of the oxidized 

film (red) has the characteristic shape of CoOOH,
21,22

 confirming the oxidation of 

Co(OH)2 to CoOOH. 

 

 

 

Figure 7. (a) Optical images of the Co(OH)2 film prior to and after OER experiments. (b) 

XRD patterns of the as-deposited Co(OH)2 film (blue) and the film after OER 

experiments. (c) Raman spectra of as-deposited Co(OH)2 (blue) and the film after OER 

experiments (red). 
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CONCLUSIONS 

We have shown that films of -Co(OH)2 can be deposited by electrochemical 

reduction of [Co(en)3]
3+

 in alkaline solution at room temperature. The low deposition 

temperature and cathodic deposition is ideal for electrodepositing Co(OH)2 onto n-type 

semiconductor substrates. The as-deposited films are highly crystalline and do not require 

any further heat treatment. The -Co(OH)2 films exhibit excellent catalytic activity 

towards OER in 1 M KOH, comparable to Co3O4. During OER the surface of the 

material is oxidized to CoOOH, which is a conductive material,
1
 minimizing the IR drop 

due to the film resistivity. As only the surface of pink Co(OH)2 film oxidizes to black 

CoOOH, the film should not adsorb light as strongly as black Co3O4. This could prove to 

be important if the material is used as an OER catalyst on n-type semiconductors in 

photoelectrochemical cells. 
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II. CONVERSION OF ELECTRODEPOSITED Co(OH)2 TO CoOOH AND Co3O4, 
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EVOLUTION REACTION 
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Department of Chemistry and Graduate Center for Materials Research, Missouri 
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ABSTRACT  

Cobalt hydroxide, β-Co(OH)2, was electrodeposited cathodically from an alkaline 

solution of tris(ethylenediamine)cobalt(III). The Co(OH)2 crystals grew into a microcone 

morphology and the surface became CoOOH at oxidizing potentials. The Co(OH)2 film 

was fully converted to CoOOH by electrochemical oxidation at 95
o
C in 1 M KOH and to 

Co3O4 by thermal decomposition at 300
o
C in air. The Co(OH)2 and CoOOH films grew 

with a [001] orientation on Au(111), and the converted Co3O4 films had a [111] 

orientation. The overall morphology was retained upon conversion.  However, an 

increase in roughness was observed on the surface of the CoOOH and Co3O4 microcones. 

The electrochemically active area of the films was estimated from double layer 

capacitance measurements in acetonitrile with tetrabutylammonium hexafluorophosphate 

electrolyte. The CoOOH had a roughness factor of 9.4, and the Co3O4 had a roughness 

factor of 63.6.  The catalytic activities of the films for the oxygen evolution reaction 

(OER) were compared by Tafel analysis in an O2 saturated 1 M KOH at room 

temperature. The CoOOH and Co3O4 films appeared to exhibit different Tafel behavior 
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with Co3O4 being the superior catalyst when the geometric area was used in the Tafel 

analysis. However, when the observed current densities were corrected for the measured 

electrochemically active areas, the linear regions of the two Tafel plots fell on the same 

line. The results suggest that the active species, likely Co(IV), for the OER is the same on 

both materials. Both CoOOH and Co3O4 had a Tafel slope of 60 mV dec
-1

 and an 

exchange current density of 6.1 × 10
-11

 A cm
-2

. The conversion method outlined in the 

paper provides a means to produce Co3O4 with a large electrochemically-active area. 

 

KEYWORDS   

Oxygen evolution reaction, cobalt hydroxide, cobalt oxyhydroxide, cobalt oxide, 

surface area measurement 

 

INTRODUCTION 

The oxygen evolution reaction (OER) is the kinetic bottleneck in the 

electrochemical and photoelectrochemical splitting of water into hydrogen and oxygen. 

The increasing demand for energy has intensified the search for active, earth-abundant 

catalysts for the oxygen evolution reaction. Cobalt hydroxide, Co(OH)2,
1
 cobalt 

oxyhydroxide, CoOOH,
2,3

 and cobalt oxide, Co3O4,
4-10

 are materials known to show 

electrocatalytic activity for the OER. Although the Co oxidation state of the above 

materials is either Co(II) or Co(III), it is believed that the active species participating in 

the OER is CoO2, i.e. Co(IV).
11,12

  

Co(OH)2 can be prepared by various base precipitation methods
13,14

 and can also 

be deposited electrochemically by localized cathodic electrogeneration of OH
-
 via the 
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reduction of nitrate ions, as demonstrated by other groups.
15-18

 In recent work, we 

introduced another electrochemical route for depositing Co(OH)2 by reducing 

tris(ethylenediamine)cobalt(III) in alkaline solution.
1
 Electrodeposition offers low cost 

and high tunability. Compared with other synthetic routes for Co(OH)2, our method 

utilizes direct electrodeposition of the crystalline material, which results in better 

adhesion of the films and provides the possibility to grow them epitaxially. Co(OH)2 can 

then be converted to CoOOH by electrochemical oxidation
2,19

 and to Co3O4 by thermal 

decomposition.
20-22

 Here, we show a scheme for the synthesis of Co(OH)2, CoOOH and 

Co3O4 films with a microcone morphology. We also compare the OER catalytic activities 

of those films in alkaline solution. 

 

EXPERIMENTAL 

Film synthesis and conversion. The Co(OH)2 deposition method was the same 

as in our previous work  except that a lower concentration of the Co(en)3
3+

 was used here. 

Briefly, the deposition solution containing 10 mM Co(en)3
3+

 and 2 M NaOH was stirred 

at 200 rpm with a magnetic stir bar. The three-electrode set up consisted of Au-coated 

glass as the working electrode, Au mesh as the counter electrode, and Ag/AgCl/KClsat. as 

the reference electrode. The deposition was performed by applying -1 VAg/AgCl at the 

working electrode to a charge density of 0.5 C cm
-2

 using a Brinkman PGSTAT 30 

Autolab potentiostat. The same deposition was also done on stainless steel (SS430) and 

Ti substrates for the comparison of the morphology. To fully oxidize the Co(OH)2 film to 

CoOOH, the potential was scanned between the open circuit potential (OCP) ca. -0.2 

VAg/AgCl to 0.2 VAg/AgCl at 1 mV s
-1

 scan rate for 5 cycles in a 95
o
C 1 M KOH solution 
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stirred at 200 rpm. Thermal decomposition of the films to Co3O4 was done by annealing 

the films at 300
o
C for 2 hours in air. 

OER studies. Linear sweep voltammetry (LSV) was done in an O2 saturated 1 M 

KOH solution stirred at 200 rpm, and an O2 atmosphere was maintained throughout the 

experiments. The three-electrode set up involved a Pt mesh counter electrode, an 

Ag/AgCl/KClsat. reference electrode and the modified Au-coated glass substrate as the 

working electrode. The potential sweep rate of 1 mV s
-1

 was controlled by the Autolab 

potentiostat. The Tafel plot was constructed using the LSV data. The reported 

overpotential was calculated to reflect the thermodynamic potential of oxygen evolution 

at pH 14 and was corrected for the IR drop in the solution. The solution resistance, R, 

was measured by electrochemical impedance spectroscopy on the Autolab potentiostat. 

Surface area measurement. The surface area of the Au-coated glass was 

determined from the reduction of the surface oxide on Au by performing three cycles of 

cyclic voltammetry (CV) in a 0.1 M H2SO4 solution at 20 mV s
-1

 from -0.6 to 1.5 

VAg/AgCl. The cathodic peak from the third cycle was integrated and converted to the 

surface area using a literature reported conversion factor.
39

 

The surface areas of the films were estimated by double layer capacitance 

measurements in an acetonitrile solution containing 0.1 M tetrabutylammonium 

hexafluorophosphate. We assume that the double layer capacitance is determined solely 

by the electrode area, and is not a function of the electrode material. A specific 

capacitance of 8 μF cm
-2

 was assumed for the area estimations.  A series of CVs were 

performed across ±20 mV of the OCP at 50, 100, 150, 200, 250, 300 and 400 mV s
-1

 scan 
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rates. The anodic current densities at the OCP were plotted against the scan rates. The 

slope of this plot was recorded as the double layer capacitance of the film. 

Characterization. The structures of the films were probed through a high-

resolution Philips X-Pert MRD X-ray diffractometer (XRD) with a CuKα1 radiation 

source (λ = 1.54056 Å). The morphology of the films was revealed by a Hitachi S4700 

field emission scanning electron microscope (SEM). Raman measurements were obtained 

with a Horiba Jobin-Yvon LabRam Aramis Microscope with a HeNe laser (λ = 633 nm) 

excitation source. To reduce sample heating, the incident power was reduced to about 1 

mW. 

 

RESULTS AND DISCUSSION 

Co(OH)2 film deposition, morphology and surface reaction. The heart of our 

Co(OH)2 deposition method rests on the well-known inorganic chemistry that Co(III) 

favors nitrogen ligands, whereas Co(II) favors oxygen ligands. The formation constant of 

[Co(en)3]
3+

 is 10
48.69

, which is nearly 35 orders of magnitude larger than the formation 

constant of 10
13.94

 of [Co(en)3]
2+

.
23

 In an aqueous environment, Co(III) complexes are 

substitutionally inert, whereas Co(II) complexes are substitutionally labile.
24

 While 

[Co(en)3]
3+

 is stable in an alkaline solution, the less stable [Co(en)3]
2+

 species generated 

at the cathode reacts with excess OH
-
 to produce Co(OH)2. The formation constant of 

Co(OH)2 is 10
14.96

.
25

 The electrochemical-chemical reaction scheme used to produce 

Co(OH)2 is shown in equations 1 and 2 below. 

[Co(en)3]
3+

 + e
-
 ⇌ [Co(en)3]

2+
 (1) 

                [Co(en)3]
2+

 + 2OH
-
 → Co(OH)2 ↓ + 3en (2) 
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The microcone morphology of the electrodeposited Co(OH)2 crystals is observed 

on several substrates including Au-coated glass, stainless steel (SS430) and Ti, as shown 

in Figure 1. It is also apparent that the microcones grow in a preferred orientation, with 

the flat side facing up, on the Au-coated glass (Figure 1a) which naturally exhibits a 

strong [111] orientation. Hence, the microcones have a disk-like appearance when 

viewed from the top. Randomly oriented microcones grow on the SS and Ti substrates, as 

seen in Figures 1b and c. 

 

 

 

Figure 1. SEM images of as-deposited Co(OH)2 films on (a) Au-coated glass, (b) 

stainless steel and (c) Ti substrates 

 

 

The as-deposited Co(OH)2 film is subjected to CV from the OCP of about -0.1 V 

to +0.55 V vs Ag/AgCl at 1 mV s
-1

 rate for five cycles in an O2 saturated 1 M KOH as 

shown in Figure 2. The anodic peak A1 is attributed to oxidation of Co(II) to Co(III), and 

A2 is assigned to oxidation of Co(III) to Co(IV).
26

 That is, the surface of the Co(OH)2 

film is converted to CoOOH and CoO2 during the anodic scan of the CV, because 

CoOOH and CoO2 are the thermodynamically stable species under oxidizing 

conditions.
27
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Figure 2. Cyclic voltammetry of the as-deposited Co(OH)2 film at 1 mV s
-1

 scan rate in 

an O2 saturated 1 M KOH at room temperature 

 

 

Film conversion and characterization. Co(OH)2 is a gateway material for 

conversion to CoOOH and Co3O4. CoOOH can be derived from the Co(OH)2 precursor 

by calcination at modest temperatures ,
22

 by hydrothermal oxidation,
28

 or by 

electrochemical oxidation.
2,19

 Thermal decomposition is a common method for Co3O4 

synthesis, whether from Co(OH)2 precursors,
20-22

 from CoOOH
22

 or from other suitable 

salts of cobalt such as Co(NO3)2.
10,29

 Here, an easy-to-follow scheme of the conversion 

platform is displayed in Scheme 1. The Co(OH)2 film is synthesized as described above. 

It is converted to CoOOH by performing CV across the A1 peak (in Figure 2), from OCP 

to 0.2 VAg/AgCl, in a 95
o
C solution of 1 M KOH. Five cycles of the CV at 1 mV s

-1
 are 

sufficient to fully convert the film. The completion of the conversion is confirmed by the 

disappearance of the Co(II) to Co(III) peak in the fifth scan of the CV, as well as by XRD 
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Scheme 1. Scheme for Co(OH)2 deposition and the conversion to CoOOH and Co3O4 

microcones 

 

 

analysis. Conversion to Co3O4 is achieved by simply annealing either Co(OH)2 or 

CoOOH at 300
o
C for 2 hours in air. The identities of the converted films are verified by 

X-ray diffraction (XRD) analysis with grazing incidence beam as shown in Figure 3. The 

peaks are indexed according to JCPDS no. 30-0443 and 01-074-1057 for Co(OH)2, no. 

01-073-0497 for CoOOH, and no. 42-1467 for Co3O4. The symmetric scan of the XRD 

reveals the preferred orientation of the crystalline films as shown in Figure 4. The 

Co(OH)2 and CoOOH grow with a [001] preferred orientation, whereas Co3O4 shows a 

[111] preferred orientation. The orientation of the films is determined by the [111] 

orientation of the sputter-deposited Au. This opens up the possibility of growing epitaxial 

Co(OH)2 films on single-crystal substrates and converting them to epitaxial CoOOH and 

Co3O4 films. Thus, the catalytic activities on different exposed lattice planes could be 

studied.  
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Figure 3. XRD pattern measured with a grazing incidence beam showing the identity of 

(a) Co(OH)2, (b) Co(OH)2 after OER studies, (c) CoOOH and (d) Co3O4. 

 

 

 

Figure 4. Symmetric scan of the XRD pattern showing the preferred crystal orientation of 

(a) Co(OH)2, (b) Co(OH)2 after OER studies, (c) CoOOH and (d) Co3O4. The zoom-in 

view emphasizes the convoluted peak of (b) due to surface oxidation to CoOOH. 
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The films are also characterized by Raman spectra as shown in Figure 5. The peak 

positions match that of the literature values for Co(OH)2,
1,30

 CoOOH
1,31,32

 and Co3O4.
33-35

 

It is evident from the Raman spectra that the Co(OH)2 film after OER studies (Figure 5b) 

shows what resembled the spectrum of the fully oxidized CoOOH film. However, the 

XRD of the Co(OH)2 after OER showed that the majority of the film was still Co(OH)2 

with a convoluted peak reflecting the surface CoOOH species, as shown in the zoomed-in 

view of Figure 4. 

 

 

 

Figure 5. Raman spectra of (a) Co(OH)2, (b) Co(OH)2 after OER studies, (c) CoOOH and 

(d) Co3O4. 

 

 

Surface area measurement. The surface area of an Au substrate can be 

estimated from the charge under the AuO cathodic peak as described in the literature.
36-38
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For the 1.00 cm
2
 geometric area of the Au-coated glass substrate used later for the 

deposition of the films, we first perform two cycles of CV at 20 mV s
-1

 in a 0.1 M H2SO4 

soultion. The integrated area of the AuO reduction peak from the second CV is 505 μC, 

and we use the conversion factor of 482 μC cm
-2

 
38,39

 to derive our calculated surface area 

of 1.05 cm
2
. Since the geometric area of the substrate is 1.00 cm

2
, we assign a roughness 

factor of 1.05 to the Au-coated glass substrate. 

The use of the double layer capacitance measurement for determining the 

electrochemically active surface area was described by Trasatti and Petrii in their early 

work.
36

 However, due to the large pseudo capacitance caused by cation intercalation into 

the oxide,
11,36,40

 this method is not be feasible in an aqueous solution. Instead, we perform 

the double layer capacitance measurements in an acetonitrile solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate, as demonstrated in our previous work.
33

 

Using this method, we find that the specific capacitances of metal substrates, such as Au 

and Pt, and oxide substrates, such as indium-tin oxide (ITO) and fluorine-tin oxide 

(FTO), all fall in the tight range of 8-13 μF cm
-2

. Thus, we assume that the double layer 

capacitance is determined solely by the electrode area because of the large cation in our 

measurements, and is not a function of the electrode material. CVs of ±20 mV across the 

OCP are scanned at 50, 100, 150, 200, 250, 300 and 400 mV s
-1

 as shown in Figure 6a 

and b, and the anodic current densities at OCP for each scan is plotted against the scan 

rates as shown in Figure 6c. The slopes from such a plot provide the double layer 

capacitances, Cd, of the substrate and the films. The roughness factors can then be 

calculated by taking the Cd ratio between the film and the substrate and multiplying by 

the substrate roughness factor. For example, the CoOOH film shows 72 μF cm
-2

 whereas 
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the substrate shows 8 μF cm
-2

. The roughness factor of CoOOH is 72 μF cm
-2

 / 8 μF cm
-2

 

× 1.05 = 9.45. The results are tabulated in Table 1. Note that the as-deposited Co(OH)2 

has a low apparent Cd, presumably due to its resistive nature. That is, the capacitance 

measurements may be probing the area of exposed Au rather than the Co(OH)2 area. The 

film after OER experiments becomes more conductive due to the surface CoOOH species 

and therefore shows higher Cd. Another possibility for the low value of calculated area 

for Co(OH)2 is that the specific capacitance of Co(OH)2 is smaller than the assumed 

value of 8 μF cm
-2

. 

 

 

 

Figure 6. Double layer capacitance measurements on (a) Co(OH)2 film and (b) Co(OH)2 

after OER. The slope of current density at OCP vs. scan rate plot shown in (c) is the 

double layer capacitance of the film or the substrate. 



 

 

68 

Table 1. Measured double layer capacitance (Cd) and the calculated roughness factors of 

the substrate and the films 

Material Cd / μFcm
-2

 Roughness Factor 

Au-coated glass 8 1.05 

Co(OH)2 5 0.63 

Co(OH)2 after OER 51 6.72 

CoOOH 72 9.45 

Co3O4 485 63.6 

 

 

Change in surface area. Upon conversion of the films, the gross morphology of 

the crystals is retained. Figure 7a, b and c show the microcone features on Co(OH)2, 

CoOOH and Co3O4, respectively, under a scanning electron microscope (SEM).  

 

 

 

Figure 7. SEM images of (a) as-deposited Co(OH)2, (b) CoOOH and (c) Co3O4 

 

 

However, the surface becomes rougher after each conversion, as evident from the SEM 

images and the measured surface area (Table 1). The change in the surface area can be 

explained by the volume shrinkage of the crystal structure. Lou et al. have shown that 
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single crystal nano-needles of Co(OH)2 are converted into porous nano-needles of Co3O4 

when Co(OH)2 is thermally converted to Co3O4.
21

 Table 2 summarizes the structural 

properties of the three materials. It is important to note that although the unit cell volume 

increases from Co(OH)2 to CoOOH and to Co3O4, the unit cell volume per Co atom 

decreases upon the conversion because there is only 1 Co atom in a Co(OH)2 unit cell, 

whereas there are 3 in CoOOH, and 24 in Co3O4 unit cells. The volume shrinkage is  

24.5 % from Co(OH)2 to CoOOH and 28.6 % from CoOOH to Co3O4. The large volume 

shrinkage causes the crystals to crack or to develop pores.
21

 Because the roughness factor 

of Co3O4 is 63.6, the conversion method outlined in Scheme 1 provides a means to 

produce Co3O4 with a relatively high surface area. 

 

 

Table 2. Structural properties of Co(OH)2, CoOOH and Co3O4 

 Co(OH)2 CoOOH Co3O4 

Space group P3̅m1 R3̅m Fd3̅m 

Lattice parameters a (nm) 0.3183 0.2851 0.8084 

 b (nm) 0.3183 0.2851 0.8084 

 c (nm) 0.4652 1.315 0.8084 

 α (
o
) 90 90 90 

 β (
o
) 90 90 90 

 γ (
o
) 120 120 90 

Unit cell volume         (nm
3
) 0.04082 0.09257 0.52824 

# Co / unit cell 1 3 24 

Unit cell volume / Co (nm
3
) 0.04082 0.03086 0.02201 
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Catalytic activity for OER. The catalytic behavior of the CoOOH and Co3O4 

films are studied by LSV and Tafel analysis in an O2 saturated 1 M KOH at room 

temperature. As shown in Figure 8, Co3O4 appears to be a better catalyst than CoOOH 

owing to the earlier onset and higher OER current density when calculated based on the  

 

 

 

Figure 8. LSV of the CoOOH and Co3O4 films at 1 mV s
-1

 scan rate in an O2 saturated 1 

M KOH at room temperature. The solution was stirred at 200 rpm with a magnetic stir 

bar and the current density was calculated based on the geometric area of the substrate 

 

 

geometric area of the substrates. The Tafel plot, constructed directly from the LSV data, 

is corrected for the solution resistance (~3 ohm) and is shown in Figure 9.  Co3O4 has a 

Tafel slope of 61 mV dec
-1

 and an exchange current density, j0, of 6.0 × 10
-9

 A cm
-2

. 

CoOOH on the other hand shows a 54 mV dec
-1

 Tafel slope and j0 of 1.2 ×10
-10

 A cm
-2

. 

Both materials have Tafel slopes in the 60 mV dec
-1

 range, implying that the reaction  
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Figure 9. Tafel plot of the CoOOH and Co3O4 films. It is constructed from the data in 

Figure 8 with the overpotential, η, corrected for the IR drop in the solution. The current 

density was calculated using the geometric area of the substrate  

 

 

mechanisms of the catalytic behavior are similar. Yet, the exchange current densities 

suggest that Co3O4 is 50 times more active than CoOOH. However, if the current 

densities are corrected based on the measured electrochemically active surface, then the 

two Tafel plots fall on the same line with the slope of 60 mV dec
-1

 and j0 of 6.1 × 10
-11

 A 

cm
-2

 as shown in Figure 10. This result suggests that both materials have the same active 

species, likely Co(IV), for OER, which is in agreement with several other studies.
11,12,41

 

The Tafel slopes at about 60 mV dec
-1

 suggests that the first electron transfer step, 

associated with the adsorption of OH
-
, is followed by a subsequent chemical step – the 

recombination of the surface OH species – involved in the rate-determining reaction.
2,42,43
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Figure 10. Tafel plot of the CoOOH and Co3O4 films with the current density corrected 

based on the measured surface area estimated from the double-layer capacitance 
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ABSTRACT  

Single-crystal Au is an excellent substrate for electrochemical epitaxial growth 

due to its chemical inertness, but the high cost of bulk Au single-crystals prohibits their 

use in practical applications. Here, we show that ultrathin epitaxial films of Au 

electrodeposited onto Si(111), Si(100), and Si(110) wafers can serve as an inexpensive 

proxy for bulk single-crystal Au for the deposition of epitaxial films of cuprous oxide 

(Cu2O). The Au films range in thickness from 7.7 nm for a film deposited for 5 minutes 

to 28.3 nm for a film deposited for 30 minutes. The film thicknesses are measured by 

low-angle X-ray reflectivity and X-ray Laue oscillations. High-resolution TEM shows 

that there is not an interfacial SiOx layer between the Si and Au. The Au films deposited  
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on the Si(111) substrates are smoother and have lower mosaic spread than those 

deposited onto Si(100) and Si(110). The mosaic spread of the Au(111) layer on Si(111) is 

only 0.15
o 

for a 28.3 nm thick film. Au films deposited onto degenerate Si(111) exhibit 

ohmic behavior, whereas Au films deposited onto n-type Si(111) with a resistivity of 1.15 

Ω-cm are rectifying with a barrier height of 0.85 eV. The Au and the Cu2O follow the 

out-of-plane and in-plane orientations of the Si substrates, as determined by X-ray pole 

figures. The Au and Cu2O films deposited on Si(100) and Si(110) are both twinned. The 

films grown on Si(100) have twins with a [221] orientation, and the films grown on 

Si(110) have twins with a [411] orientation. An interface model is proposed for all Si 

orientations, in which the -24.9% mismatch for the Au/Si system is reduced to only 

+0.13% by a coincident site lattice in which 4 unit meshes of Au coincide with 3 unit 

meshes of Si. Although this study only considers the deposition of epitaxial Cu2O films 

on  electrodeposited Au/Si, the thin Au films should serve as high-quality substrates for 

the deposition of a wide variety of epitaxial materials. 

 

KEYWORDS 

Electrodeposition, epitaxy, thin films, gold, cuprous oxide, silicon, coincident site 

lattice 

 

INTRODUCTION 

Gold metal electrodes are a preeminent choice for electrochemical studies due to 

their chemical inertness. Single-crystal Au has also been used extensively as a substrate 

for the electrodeposition of thin layers of metals by underpotential deposition (UPD),
1-3

 

and as a substrate for epitaxial growth of semiconductors.
4-8

 Our group has been involved 
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with the epitaxial electrodeposition of thin films and superlattices of metal oxide 

ceramics for several years. We define epitaxy as the growth of crystalline films on an 

ordered substrate in which the out-of-plane and in-plane orientation of the film is 

controlled by the substrate. Epitaxial films can provide superior electronic or optical 

properties because of the low number of grain boundaries that can act as defects or 

electron-hole recombination sites. Although some work has been done in our lab on 

single-crystal Si
9
 and InP

10-12
 substrates, the majority of our epitaxial films have been 

electrodeposited onto single-crystal Au. Examples of epitaxial ceramic films that we have 

electrodeposited on Au include δ-Bi2O3,
13,14

 Cu2O,
15-17

 ZnO,
18,19

 Fe3O4,
20-24

 CuO,
25,26

 

SnS,
27

 CoFe2O4,
28

 Mn3O4,
29

  Co3O4,
30

 and methylammonim lead iodide perovskites.
31

 We 

have also electrodeposited ceramic superlattices based on PbO2/Tl2O3
32-35

 and 

Fe3O4/ZnFe2O4
23,28

 onto single-crystal Au. Although single-crystal Au does provide a 

platform for studies of the basic science behind epitaxial electrodeposition, there is little 

probability that these epitaxial systems will be technologically exploited, due to the very 

high cost and small size (about 1 cm
2
) of Au single crystals. Hence, an inexpensive 

alternative to Au single crystals is needed.  

Researchers have used vapor-deposited Au layers on glass and mica as a proxy 

for single-crystal gold for the deposition of self-assembled monolayers.
36

 However, the 

Au layers on glass are only [111]-oriented out-of-plane with no in-plane order, and the 

Au layers on mica have deep grooves between the [111]-oriented crystals. The Au on 

mica samples have large enough grains for scanning probe microscopy studies, but they 

do not have long-range, in-plane order that extends across the entire sample. Researchers 

have also produced epitaxial Au nanostructures on Si(111) and Si(100) substrates by 
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galvanic displacement, in which the Si substrate acts as a reducing agent to deposit the 

epitaxial Au.
37

 Although the Au nanostructures produced by galvanic displacement do 

follow the orientation of the Si substrates, the Au islands grow by the Volmer-Weber 

mechanism. This method, therefore, does not produce smooth Au films that mimic the 

surface of single-crystal Au substrates. 

Allongue and co-workers pioneered an electrochemical method to grow thin, 

ultraflat Au(111) epitaxial buffer layers on hydrogen-terminated Si(111).
38,39

 Although 

metal films typically grow three-dimensionally on Si, and there is typically an SiOx 

interlayer, the Allongue group showed that Au deposited at large negative potentials (c.a., 

-2 V vs. the mercury sulfate electrode) at which there was concomitant evolution of 

hydrogen gas were very smooth, epitaxial, and did not have an interfacial SiOx layer. 

They deposited the Au onto 0.2
o 
miscut Si(111) oriented towards [112̅] with a long-range 

staircase structure. The goal of their work was to produce ultrathin layers of non-

magnetic substrates for the epitaxial growth of ultrathin magnetic metals, in order to 

probe the effects of thickness on the magnetic properties of the metals.
40,41

 

Here, we show that nanometer-thick electrodeposited epitaxial layers of Au on 

Si(111), Si(100), and Si(110) can serve as a proxy for bulk single-crystal Au for the 

electrodeposition of epitaxial thin films of cuprous oxide (Cu2O). Although this paper 

focuses on the deposition of Cu2O on Au/Si, the epitaxial Au/Si substrates will provide a 

platform for the deposition of a wide variety of epitaxial ceramic and semiconductor thin 

films. The highly-ordered Au/Si substrates can be synthesized at a small fraction of the 

cost of bulk Au single crystals because of the low mass (i.e., micrograms) of Au that is 

used, they can conceivably be made as large as a Si wafer, and they may allow for the 
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integration of electrodeposited functional ceramics with traditional semiconductor 

devices. In addition, the Au/Si interface is an interesting example of epitaxy, because 

high-quality, smooth Au epitaxial films are produced even though there is a -24.9% 

lattice mismatch between the Au film and Si substrate. 

 

RESULTS AND DISCUSSION 

Ultra-thin films of Au were electrodeposited onto Si(111), Si(100), and Si(110) 

substrates using the method developed by Allongue and co-workers for the deposition of 

Au onto Si(111). 
38,39

 The deposition was performed on wafers with n-type doping, and 

on degenerately-doped wafers. The n-Si(111) was miscut 0.2
o
 towards [112̅] with a 

resistivity of 1.15 Ω-cm, the n
++

-Si(100) had a resistivity of 0.001 Ω-cm, and the  

p
++

-Si(110) had a resistivity of 0.005 Ω-cm. The miscut Si(111) will hereafter be referred 

to simply as Si(111). The deposition was done at room temperature in a solution 

containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM H2SO4 and 0.1 M K2SO4 using a Si 

electrode that was pre-polarized at -1.9 V vs. Ag/AgCl before inserting it in the 

deposition solution. X-ray diffraction (XRD) patterns of films that were deposited for 30 

minutes onto Si(111), Si(100), and Si(110) are shown in Figure 1. The XRD patterns 

show that the Au follows the out-of-plane orientation of the Si for all three orientations. 

The Au peaks are broader than the Si peaks primarily because of the nanoscale thickness 

(i.e., short X-ray coherence length) of the Au films. 

The Au thickness on the Si wafers can be measured by X-ray diffraction. 

Constructive and destructive interference of X-rays that are reflected from the Au-air and 

Si-Au interfaces manifests itself as interference fringes in low-angle X-ray reflectivity 
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Figure 1. X-ray diffraction patterns of Au on Si. Out-of-plane orientation of 

electrodeposited (a) Au(111) on Si(111), (b) Au(100) on Si(100) and (c) Au(110) on 

Si(110). 

 

 

(Kiessig fringes)
42,43

 and as satellites flanking the Bragg peaks at higher angles (Laue 

oscillations).
23,28

 These fringes and satellites are only observed for very smooth, 

nanometer-thick films. In our work, they were observed for films deposited onto Si(111), 

but not for films deposited onto Si(100) or Si(110). Kiessig fringes in the low-angle  

X-ray reflectivity are shown in Figure 2a for an Au film that was deposited for 30 

minutes onto n-Si(111) with a resistivity of 1.15 Ω-cm. The Kiessig fringes can be used 

to calculate the Au film thickness and density from Equations 1 and 2,  

sin2 𝜃𝑖 = (𝑛𝑖 + ∆𝑛)2 (
𝜆

2𝑡
)

2

+ sin2 𝜃𝑐 
(1) 
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𝜌 = (
𝜃𝑐

2𝜋𝐴

𝑁𝐴𝑟𝑒𝜆2𝑓
) 

(2) 

where θi is the Kiessig fringe angle, ni is the fringe order of the minima, ni + Δn is the 

fringe order of the maxima (with Δn = ½), λ is the X-ray wavelength (0.15418 nm), t is 

the film thickness, θc is the critical angle, 𝜌 is the film density (g cm
-3

), NA is Avogadro’s   

number (6.023x10
23

), rc is the radius of the electron (2.818x10
-13

 cm), f is the atomic 

scattering factor for Au (79), and A is the atomic mass for Au (196.97 g mol
-1

).
42,43

 

Figure 2b shows a plot of sin
2
θi versus (n + Δn)

2
 for the reflectivity data from Figure 2a. 

Fringe maxima are denoted as closed circles, whereas fringe minima are denoted as open 

circles. The slope of the plot ((λ/2t)
2
) gives a film thickness of 28.6±0.1 nm, and the 

intercept (sin
2
θc) gives a critical angle of 0.56

o
. The density of the film calculated from 

Equation 2 is 18.6 g cm
-3

. Because the bulk density of Au is 19.31 g cm
-3

, this 

measurement shows that the electrodeposited Au is 96.3% dense. Laue oscillations 

around the Au(111) peak are shown in Figure 2c for the same Au film. The film thickness 

can be determined from the satellite positions in the XRD pattern using Equation 3,  

𝑡 = (
(𝐿1 − 𝐿2)𝜆

2(sin 𝜃1 − sin 𝜃2)
) 

(3) 

where t is the film thickness, L is the satellite peak order, λ is the X-ray wavelength, and 

θ is the satellite angle.
23,28

 This is the same equation that is used to calculate modulation 

wavelengths in epitaxial superlattices.
23,28

 The plot of sinθ1–sinθ2 versus L1-L2 shown in 

Figure 2d gives a thickness of 28.3±0.1 nm, in excellent agreement with the low-angle 

reflectivity data. Figure 2e shows a plot of Au thickness measured by the Laue 

oscillations as a function of deposition time. The Au thickness ranges from 7.7 nm for a 

film deposited for 5 minutes to 28.3 nm for a film deposited for 30 minutes. It is 
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noteworthy that a 1 cm
2 

electrode deposited with the thickest (28.3 nm) of these Au films 

contains only 54 μg of Au. Hence, the Au/Si substrate is a very inexpensive proxy for 

single-crystal Au. Figure 2f shows a cross-sectional transmission electron micrograph 

(TEM) of the Au film that was deposited for 30 minutes followed by the deposition of a 

Cu2O film. The measured film thickness for the Au was 25±2 nm, in reasonable 

agreement with the more-accurate X-ray measurements. Also, the TEM measurements 

did not show an interfacial SiOx layer between the Si(111) and Au(111). 

 

 

 

Figure 2. Thickness measurement of Au(111) on Si(111) by X-ray reflectivity, Laue 

oscillations, and TEM. (a) Low-angle X-ray reflectivity for a 30 minute Au(111) on 

Si(111) deposit showing air-Au and Au-Si interference fringes (Kiessig fringes). (b) Plot 

of sin
2
θi versus (n + Δn)

2
 for the reflectivity data from (a) using equation 1. (c) Out-of-

plane X-ray diffraction showing satellite peaks (Laue oscillations) corresponding to the 

X-ray coherence length of Au on Si. (d) Plot of sinθ1–sinθ2 versus L1-L2 for the Laue 

oscillations from (c) using equation 3. (e) Plot of Au thickness measured by the Laue 

oscillations as a function of deposition time. (f) TEM cross-section of Cu2O/Au/Si layers 

with Au thickness of 25±2 nm in close agreement with X-ray measurements. 
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Plan-view scanning electron micrograph (SEM) images of 28 nm thick Au films 

grown on Si(111), Si(100), and Si(110) are shown in Figure 3. The images are consistent 

with the X-ray results, because the Au(111) surface is very smooth and featureless 

(except for 16 nm pores), whereas the Au(100) and Au(110) surfaces are rough. This 

explains why the Kiessig fringes and Laue oscillations are only observed for the Au(111) 

films on Si(111). 

 

 

 

Figure 3. Surface morphology of the epitaxial Au films on Si. Plan-view SEM images of 

(a) Au(111), (b) Au(100) and (c) Au(110) films. The films are all approximately 28 nm 

thick. The Au(111) is smooth and featureless, whereas the Au(100) and Au(110) films 

are rough. The scale bar is 1 μm 

 

 

The Au/Si junction can have ohmic or rectifying behavior, depending on the 

doping type and concentration in the Si wafer. If the Si is doped to degeneracy, the Au/Si 

functions as an ohmic contact, whereas if the Si is n-doped to moderate doping densities, 

the Au/Si functions as a Schottky barrier. Figure 4a shows the ohmic response that is 

observed when 28 nm of Au are deposited onto n
++

-Si(111) with a resistivity of 0.05  

Ω-cm. The same behavior is observed with p
++

-Si substrates. In both cases the Si acts like 

a metal because the Fermi level is situated either    in the conduction band (n
++

-Si) or in 
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the valence band (p
++

-Si) of the semiconductor. Degenerate Si substrates would be 

preferred if the Au/Si substrate were to be used for anodic depositions, or if precise 

control of the potential at the Au surface is required. As shown in Figure 4b, rectifying 

behavior is observed for 28 nm of Au deposited onto n-Si(111) with a resistivity of 1.15 

Ω-cm. The Au/Si Schottky junction passes cathodic currents, but is blocking to anodic 

currents. This type of junction could be used for cathodic deposition of materials, but 

materials requiring anodic currents for deposition would require photo-assisted 

deposition. The interfacial energetics of the Au/Si Schottky barrier were determined by 

analysis of the current-voltage curves (Figure 4c) and by Mott-Schottky analysis (Figure 

4d).
44

 Figure 4c shows a plot of log(J) versus V in the forward bias regime. The slope of 

the plot gives a diode quality factor of 1.4, and the y-intercept gives a dark saturation 

current density of 2.5 x 10
-8

 A cm
-2

, which corresponds to a barrier height of 0.85 eV. 

The Mott-Schottky plot of C
-2

 versus reverse bias gives the doping density in the 

depletion region of 3.8 x 10
15 

cm
-3

 from the slope of the line, and a flat band voltage of  

-0.68 V from the x-intercept. This flat band voltage corresponds to a barrier height of 

0.90 eV, slightly larger than the 0.85 eV determined from the log(J) versus V plot.  

Mott-Schottky analysis often overestimates barrier heights, so we assume that the actual 

barrier height on the Au(111)/n-Si(111) is close to the 0.85 eV value determined from the 

forward bias current-voltage curve. It may be possible to exploit this relatively high 

barrier height in the Au(111)/n-Si(111) epitaxial junction to produce high photovoltage, 

stable photoanodes for photoelectrochemical cells.
44
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Figure 4. Junction characteristics of Au on Si(111). (a) Ohmic response of Au on  

n
++

-Si(111) with a resistivity of 0.05 Ω-cm. Inset shows the schematic of measurement 

configuration with Au coil pressed against the Au layer as top contact and an aluminum 

sputtered back contact with a silver wire. (b) Current-voltage response of Au on  

n-Si(111) with resistivity of 1.15 Ω-cm showing rectifying behavior. (c) Short-circuit 

current density, diode quality factor and barrier height measured using log(J) vs. V at 

forward bias for Au on n-Si(111). (d) Flat-band voltage, doping density and barrier height 

measured using Mott-Schottky plot collected at 50 mV/s scan rate and 1 MHz frequency 

at reverse bias. 

 

 

Cu2O films were electrodeposited onto Si(111), Si(100), and Si(110) substrates 

covered with films of Au that were electrodeposited for 30 minutes. The deposition was 

performed from a solution containing 0.2 M CuSO4, 0.2 M C4H6O6 (tartaric acid), and 
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3.0 M NaOH at a constant cathodic current density of 1.0 mA cm
-2

 at 30 
o
C to a charge 

density of 0.1 C cm
-2

 (approximately 120 nm thick Cu2O).
45

 As shown in the XRD 

patterns in Figure 5, the Cu2O followed the out-of-plane orientation of the Si substrates 

and the Au buffer layers for all three orientations of Si. Note that the log of intensity is 

plotted in the XRD patterns, so even minor orientations would be seen if they were 

present. 

 

 

 

Figure 5. X-ray diffraction patterns of Cu2O on Au on Si. Out-of-plane orientation of 

electrodeposited (a) Cu2O(111) on Au(111)/Si(111), (b) Cu2O(100) on Au(100)/Si(100) 

and (c) Cu2O(110) on Au(110)/Si(110). 
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The out-of-plane perfection in the samples was also probed using X-ray rocking 

curves (Figure 6). The rocking angle, ω, is defined in Figure S1 of the Supporting 

Information. The rocking curves provide a direct measure of the mosaic spread (or 

distribution) of the films in the out-of-plane direction. The FWHM (full width at half 

maximum) of the rocking curves with a Gaussian distribution is equal to 2(2ln2)
1/2

α, or 

~2.355α, where α is the standard deviation of the mosaic spread. Figure 6a shows rocking 

curves for Au films on Si(111) for various thicknesses of Au. It is seen that the rocking 

curve becomes sharper as the Au film thickness increases, and the curves develop a shape 

with a broad base and sharp peak for the thicker films. In Figure 6b the 28 nm Au film on 

Si(111) that was deposited for 30 minutes is deconvoluted into two Gaussian curves with 

FWHM of 0.15
o
 and 1.07

o
. These results show that the mosaic spread of the Au on 

Si(111) decreases dramatically as the film thickness increases. Figure 6c compares the 

Au rocking curves on Si(111), Si(100), and Si(110). The Au on all three orientations of Si 

was electrodeposited for 30 minutes. The Au rocking curves on the Si(100) and Si(110) 

substrates do not show the two components that were observed on Si(111). The FWHM 

of the Au films on Si(111), Si(100), and Si(110) were 0.15
o
, 2.03

o
, and 1.29

o
. Hence, the 

highest quality Au films are deposited on Si(111), and the quality of the film increases as 

the film thickness increases. Figure 6d shows rocking curves for 120 nm of Cu2O that 

was deposited onto the three Au/Si orientations shown in Figure 6c. The FWHM of the 

Cu2O rocking curves on Au(111)/Si(111), Au(100)/Si(100) and Au(110)/Si(110) was 

1.15
o
, 1.84

o
, and 1.25

o
, respectively. Again, the Cu2O with the smallest mosaic spread is 

observed on Au(111)/Si(111). 
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Figure 6. X-ray rocking curves of Au and Cu2O on Si measure out-of-plane mosaic 

spread. (a) Rocking curves of Au on Si(111) as a function of deposition time. (b) Rocking 

curve of 30 minute Au on Si(111) deconvoluted into two Gaussian fits showing a mosaic 

spread of 0.15
o
 and 1.07

o
. (c) Rocking curves of Au(111) on Si with FWHM of 0.59

o
, 

Au(100) with 2.03
o
 and Au(110) with 1.29

o
. (d) Rocking curves of Cu2O on Au/Si(111) 

with FWHM of 1.15
o
, Cu2O(100) with 1.84

o
 and Cu2O(110) with 1.25

o
. 

 

 

A high-resolution TEM micrograph is shown in Figure 7 for a 120 nm thick film 

of Cu2O deposited onto a 25 nm thick Au buffer layer on miscut Si(111). The micrograph 

viewing direction is along the [112̅] zone axis. Figure 7a is a view showing all three 

materials, Figure 7b is a close-up of the Cu2O(111)/Au(111) interface, and Figure 7c is a 

close-up of the Au(111)/Si(111) interface.  A fairly sharp transition is seen at both 

interfaces. There are also no obvious dislocations or twins in the Au buffer layer. The 
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measured d-spacings for Au and Cu2O are consistent with the bulk values.  Most notable 

is the lack of an SiOx interlayer at the Au(111)/Si(111) interface. We attribute this to the 

fact that the Si(111) electrode was pre-polarized at -1.9 V vs. Ag/AgCl before deposition 

of Au. Electron diffraction patterns of the Si and Au are shown in Figure S2 of the 

Supporting Information. 

The out-of-plane and in-plane orientations of the Au buffer layer and Cu2O film 

can be determined by X-ray pole figures. Because X-rays penetrate through the Au and 

Cu2O layers and into the Si substrate, the pole figures can be used to determine the  

 

 

 

Figure 7. High-resolution cross-sectional TEM of Cu2O(111) and Au(111) on Si(111). (a) 

TEM cross-section of Cu2O(111)/Au(111)/Si(111) layers. (b) Cu2O and Au high 

resolution TEM image with lattice spacings in agreement with bulk values and [111] 

growth direction is shown. (c) Au and Si high resolution TEM with lattice spacing in 

agreement with bulk values and no noticeable SiOx interlayer. 
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epitaxial relationships of the film and buffer layer with respect to the Si substrate. In a 

pole figure, planes other than those parallel with the substrate surface are probed by 

selecting the Bragg angle, θ, for the plane of interest and then tilting the sample through a 

series of tilt angles, χ, from 0
o
 to 90

o
 and rotating the sample through a series of 

azimuthal angles, φ, from 0
o
 to 360

o
. The measurement geometry for the pole figures is 

shown in Figure S1 of the Supporting Information. For films with in-plane order, peaks 

occur in the pole figure when the Bragg condition is satisfied, whereas for textured films 

with no in-plane order, rings are observed in the pole figure. X-ray pole figures of 

Si(111), Si(100), and Si(110) substrates with a 28 nm buffer layer of Au and a 120 nm 

film of Cu2O are shown in Figure 8. In Figures 8a-c the (220) poles of Si(111), Au(111), 

and Cu2O(111) are probed. The assignment of peaks in the pole figures was achieved by 

comparing the pole figures to calculated stereographic projections that are shown in 

Figure S3 of the Supporting Information. The Si pole figure in Figure 8a shows the 

expected 3 spots separated azimuthally by 120
o
 at a tilt angle of 35.5

o
, consistent with the 

angle between the [111] and [220] directions in a cubic system. The (220) pole figures of 

the Au buffer layer and Cu2O films shown in Figures 8b and 8c also show spots at the 

expected tilt angle of 35.5
o
, however there are now six spots that are separated 

azimuthally by 60
o
. These (220) pole figures show that the Si, Au, and Cu2O all have a 

[111] out-of-plane orientation, and that the Au and Cu2O are aligned in-plane both 

parallel and antiparallel with the Si substrate. The parallel and antiparallel in-plane 

orientations can also be described as rotation twins. Azimuthal and tilt scans of 

Cu2O(111) on Au(111)/Si(111) are shown in Figure S4 of the Supporting Information. 

Epitaxial relationships consistent with these pole figures are Cu2O(111)[10 1̅ ]||Au-
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(111)[101̅]||Si(111)[101̅] and Cu2O(111)[101̅]||Au(111)[101̅]||Si(111)[ 1̅01]. In Figures 

8d-f the (111) poles of Si(100) Au(100), and Cu2O(100) are probed. All three pole figures 

show four spots separated azimuthally by 90
o 

at a tilt angle of 54.0
o
 consistent with the 

54.74
o
 tilt between the [111] and [100] directions in a cubic system. The epitaxial 

relationship based on the major spots in the pole figures is Cu2O(100)[011]||Au-

(100)[011]||Si(100)[011]. In addition to the major spots at the expected tilt angle, 

however, there are also 4 spots at a tilt angle of 15.65
o
 and 8 spots at a tilt angle of 78.0

o
. 

These additional spots are due to reflection twins with a [221] orientation.
21,46

 That is, the 

[221] direction of the twinned crystallite is parallel to the [100] direction of the original 

crystallite. The (221) reflection is not observed in the 2θ plot in Figure 1b, because 

mixed-index reflections (i.e., even-even-odd) are systematically absent in an fcc 

structure. The higher-order (442) reflection should be observed, but it would occur at a 2θ 

value that exceeds our instrumental capability. Hence, the pole figure on the Si(100) 

sample shows both the epitaxial relationship, and it shows that the sample is twinned. A 

similar result is seen on Si(110). In Figures 8g-i the (111) poles of Si(110) Au(110), and 

Cu2O(110) are probed. All three pole figures show two spots separated azimuthally by 

180
o 

at a tilt angle of 34.5
o
, consistent with the expected 35.26

o
 tilt between the [111] and 

[110] directions in a cubic system. The epitaxial relationship based on the major spots in 

the pole figures is Cu2O(110)[001]||Au(110)[001]||Si(110)[001]. In addition to the major 

spots at the expected tilt angle, however, there are also 4 spots at a tilt angle of 57.0
o
 and 

2 spots at a tilt angle of 75.0
o
. These additional spots are due to reflection twins with a 

[411] orientation.
21,46

 That is, the [411] direction of the twinned crystallite is parallel to 

the [110] direction of the original crystallite. The (411) reflection is also not observed in 
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the 2θ plot in Figure 1c, because it is a mixed-index reflection. Hence, the pole figures 

show that the Au buffer layers and Cu2O films follow the out-of-plane and in-plane 

orientations of the Si(111), Si(100), and Si(110) substrates. In addition, the pole figures 

show that reflection twinning occurs in the samples on the Si(100) and Si(110) substrates 

but not on the Si(111) substrate. Reflection twinning on the Si(111) substrate would 

produce a [511] orientation,
21,46

 which is not observed in the pole figures. 

 

 

 

Figure 8. In-plane orientation of Au and Cu2O on Si from X-ray pole figures. (a-c) (220) 

pole figures of Si(111), Au(111) and Cu2O(111). (d-f) (111) pole figures of Si(100), 

Au(100) and Cu2O(100) and (g-i) (111) pole figures of Si(110), Au(110) and Cu2O(110).  

The radial grid lines in the pole figures represent 30
o 
increments of the tilt angle. 
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At this point, it is instructive to review the twinning relationships in a cubic 

system. Additional detail on the twinning transformation matrices is provided in the 

Supporting Information. Twinning can be described by the matrix, T(hkl), by the 

relationship 

(𝑃𝑄𝑅) = 𝑇(ℎ𝑘𝑙)(𝑝𝑞𝑟) (4) 

where (PQR) is a column matrix for the lattice plane in a twinned crystallite that 

corresponds to the lattice plane, (pqr), of the original crystallite after twinning on (hkl). 

The general twin matrix for cubic systems is 

𝑇(ℎ𝑘𝑙) =  (
1

ℎ2 + 𝑘2 + 𝑙2
) (

ℎ2 − 𝑘2 − 𝑙2 2ℎ𝑘 2ℎ𝑙
2ℎ𝑘 −ℎ2 + 𝑘2 − 𝑙2 2𝑘𝑙
2ℎ𝑙 2𝑘𝑙 −ℎ2 − 𝑘2 + 𝑙2

) 
(5) 

In face-centered cubic crystal structures, twinning occurs on {111} slip planes, 

and the twinning matrix becomes, 

𝑇(111) = (
1

3
) (

−1 2 2
2 −1 2
2 2 −1

) 
(6) 

Hence, by using the twin matrix in Equation 6 and solving Equation 4, the 

twinning relationships shown in Equations 7-9 result. 

(𝑝𝑞𝑟) = (300); (𝑃𝑄𝑅) = (1̅22) (7) 

(𝑝𝑞𝑟) = (330); (𝑃𝑄𝑅) = (114) (8) 

(𝑝𝑞𝑟) = (3̅33); (𝑃𝑄𝑅) = (51̅1̅) (9) 

The pole figures in Figure 8 show that reflection twinning of Au occurs on the 

Si(100) and Si(110) substrates, but not on the Si(111) substrate. The pole figures also 

show that this twinning on Au(100) and Au(110) is transferred to the Cu2O films on these 

buffer layers. This is especially obvious in the pole figure in Figure 8i for the Cu2O films 
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deposited on Au(110) on Si(110).  Hence, the twin orientation is present at the surface of 

the twinned Au films. There is not a simple explanation for why reflection twinning does 

not occur on the [111]-oriented substrate, whereas it does occur on the [100]- and [110]-

oriented substrates, because the Au/Si lattice mismatch is the same on all three substrates. 

One possible explanation is that the [111] direction is both the thermodynamically and 

kinetically preferred growth direction for Au, because the (111) planes are the close-

packed planes. This [111] orientation will develop even on polycrystalline or amorphous 

substrates. Hence, the Au films on the [100] and [110] substrates may be twinning as they 

slowly evolve into [111]-oriented films. As shown in the Supporting Information 

(Supporting Information, Figure S5), a thick (~5 μm) film of Au electrodeposited onto 

[110]-oriented Si does eventually develop a [111] orientation, consistent with this 

hypothesis. 

The Cu2O/Au/Si system is an interesting example of epitaxy. In this epitaxial 

system, Cu2O with lattice parameter 0.42696 nm and primitive space group Pn3̅m is 

deposited onto Au with lattice parameter 0.40786 nm and fcc space group Fm3̅m, which 

is deposited onto Si with lattice parameter 0.54309 nm and diamond cubic space group 

Fd3̅m. The lattice mismatch ((dfilm-dsubstrate)/dsubstrate) between Cu2O and Au is +4.7% and 

the lattice mismatch between Au and Si is -24.9%. Because all of the materials have 

cubic structures and the Au and Cu2O on a given Si substrate both have the same out-of-

plane orientation as the substrate, the lattice mismatch is independent of the Si 

orientation. The +4.7% mismatch in the Cu2O/Au system is reasonable, and would be 

expected to produce a Cu2O layer with moderate compressive in-plane strain and tensile 

out-of-plane strain. Interface models for the Cu2O/Au interfaces for the three orientations 
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are shown in Figure S6 of Supporting Information. The -24.9% mismatch in the Au/Si 

system is too excessive, however, to produce a simple 1x1 epitaxial system. The epitaxy 

in the Au/Si system can be explained by the formation of coincident site lattices (CSLs) 

in which 4 unit meshes of Au coincide with 3 unit meshes of Si. These CSLs are shown 

in Figure 9, in which the surface Si atoms are blue and the Au atoms are gold. The out-of-

plane and in-plane directions in these CSLs were directly measured from the pole figures 

in Figure 8. The CSLs produce Moiré patterns on each of the Si surfaces. The lattice 

mismatch (i.e., (4dAu(hkl) -3dSi(hkl))/3dSi(hkl)) in the CSLs on all three Si orientations is 

reduced from -24.9% for the 1dAu(hkl)x1dSi(hkl) lattice to +0.13% for the 4dAu(hkl)x3dSi(hkl) 

CSL. In these CSLs the Au film would have very small compressive in-plane and tensile 

out-of-plane strains. Note that this same CSL was observed by Sayed et al. for epitaxial  

 

 

 

Figure 9. Interface models of Au on Si. (a) Au(111) on Si(111), (b) Au(100) on Si(100) 

and (c) Au(110) on Si(110) Moiré patterns result from 4 unit meshes of Au coinciding 

with 3 unit mesh of Si with a coincidence site lattice mismatch of +0.13%. 
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Au on Si produced by galvanic displacement
37

 and by Li and Zuo for epitaxial Ag on Si 

produced by electron beam evaporation.
47

 

In agreement with the CSL discussed above for Au on Si, the out-of-plane  

d-spacing as measured by XRD for very thin layers of Au on Si is greater than the bulk 

value of Au. Figure 10 shows the measured d111 for Au as a function of Au deposition 

time. The blue horizontal dashed line in Figure 10 corresponds to the d111 for bulk Au.  

 

 

 

Figure 10. Evidence for out-of-plane tensile strain in ultra-thin Au(111) films on Si(111). 

Out-of-plane d111 spacing measured for Au(111) on Si(111) deposit as a function of 

deposition time showing out-of-plane tensile strain for short deposition times. The blue 

horizontal dashed line corresponds to d111 for bulk Au. 

 

 

For deposition times from 5 minutes to 30 minutes, the measured out-of-plane d-spacing 

agrees well with the bulk value. The thickness of Au varies from 7.7 to 28.6 nm in this 
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range (see Figure 2). For deposition times shorter than 5 minutes we were not able to 

measure the film thickness, because the Au had not coalesced into a smooth film. At 

these shorter times the d111 is larger than the bulk value, consistent with compressive in-

plane and tensile out-of-plane strains. This is also consistent with the CSL. If the 

mismatch were -24.9% as for a 1dAu(111)x1dSi(111), the in-plane strain would be tensile and 

the out-of-plane strain would be compressive. 

 

CONCLUSIONS 

We show that nanometer-thick electrodeposited epitaxial layers of Au on Si(111), 

Si(100), and Si(110) can serve as a platform for the electrodeposition of epitaxial thin 

films of Cu2O. We exploit the fact that Si wafers with a high degree of perfection and 

well-defined orientation are both readily available and inexpensive. The highly-ordered 

Au/Si substrates cost a small fraction of the cost of bulk Au single crystals because of the 

low mass of Au that is used, they can conceivably be made as large as a Si wafer, and 

they may allow for the integration of electrodeposited functional ceramics with 

traditional semiconductor devices. A 28.3 nm thick film of Au on a 1 cm
2
 substrate 

contains only 54 μg of Au.  Films of Au deposited onto degenerate Si produce ohmic 

contacts, whereas films deposited onto moderately-doped n-type Si(111) produce a 

rectifying contact with a barrier height of 0.85 eV. 

We use the method that Allongue and coworkers developed to deposit ultrathin 

Au films onto miscut Si(111).
38,39

 The deposition is done at room temperature in a 

solution containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM H2SO4 and 0.1 M K2SO4 using a 

Si electrode that is pre-polarized at -1.9 V vs. Ag/AgCl before inserting it in the 
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deposition solution. The pre-polarization of the Si prevents the formation of an 

amorphous layer of SiOx on the Si surface, as shown by cross-sectional TEM. The 

highest quality Au films are deposited onto Si(111). They are smooth enough to allow for 

thickness measurement by low-angle X-ray reflectivity and Laue oscillations, they are 

free of reflection twins, and they have an out-of-plane mosaic spread as low as 0.15
o
.  

The Au/Si interface is an interesting example of epitaxy, because high-quality, 

smooth Au epitaxial films are produced even though there is a -24.9% lattice mismatch 

between the Au film and Si substrate. The epitaxy in the Au/Si system can be explained 

by the formation of coincident site lattices (CSLs) in which 4 unit meshes of Au coincide 

with 3 unit meshes of Si. The lattice mismatch in the CSLs on all three Si orientations is 

reduced from -24.9% for the 1dAu(hkl)x1dSi(hkl) lattice to +0.13% for the 4dAu(hkl)x3dSi(hkl) 

CSL. 

Epitaxial Cu2O is deposited onto the Au/Si substrates by cathodic 

electrodeposition from an alkaline tartrate bath. The Cu2O follows the out-of-plane and 

in-plane orientations of the Si substrates and Au buffer layers, as determined by X-ray 

pole figures. The Au and Cu2O films deposited on Si(100) and Si(110) are both twinned. 

The films grown on Si(100) have reflection twins with a [221] orientation, and the films 

grown on Si(110) have reflection twins with a [411] orientation.  

The method we have outlined for the deposition of epitaxial Cu2O on Au/Si 

should be applicable to a very wide range of semiconductor and ceramic materials. It is 

especially well suited for applications that require a conducting back contact (e.g., solar 

cells) or require integration with single-crystal Si (e.g., solid-state memory). 
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MATERIALS AND METHODS 

Si wafers and etching procedures. Si wafers with [111], [100] and [110] 

orientations were used to study epitaxial Au and Cu2O electrodeposition. Phosphorous 

doped single-side polished n-Si(111) was miscut 0.2 degrees towards [11 2̅ ] with 

resistivity of 1.15 ohm-cm. Phosphorus doped n
++

-Si(100) with a resistivity of 0.001 

ohm-cm and boron doped p
++

-Si(110) with a resistivity less than 0.005 ohm-cm was used 

for the study of epitaxy. All wafers were obtained from Virginia Semiconductor Inc. 

Aluminum was sputtered on the back of Si wafers to form an ohmic contact, and silver 

wire with silver paste (GC electronics, silver print II) was used to make the back contact 

for all orientations. Either silicone paste or nail polish was used as an insulating and inert 

layer on the back of Si to prevent contact in the electrolyte during electrodeposition. All 

wafers prior to use were etched in 5% hydrofluoric acid solution for 30 seconds to 

dissolve the native oxide, then soaked in hot DI water (ca. 80-90 
o
C) for 15 minutes to 

passivate the surface with SiOx layer and then etched again with 5% hydrofluoric acid for 

30 seconds and buffered hydrofluoric acid for 30 seconds to produce a hydrogen-

terminated surface. Ethanol was used to clean any organic residue and rinsed with DI 

water prior to deposition. All depositions were performed immediately after the etching 

process to avoid any surface passivation.  

Electrodeposition of Au and Cu2O films. Au was electrodeposited from a 

plating solution containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM H2SO4, and 100 mM 

K2SO4 in deionized (DI) water. The solution was prepared by adding 10 mL of a stock 

solution containing 1 mM HAuCl4, 10 mM KCl, and 10 mM H2SO4 to 90 mL of DI 

water. Lastly, 100 mM K2SO4 was added as a supporting electrolyte to produce a final 
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solution with a pH of about 3. A -1.9 V vs. Ag/AgCl pre-polarized bias was applied at 

ambient temperatures with 200 rpm stirring. All depositions used an Ag/AgCl reference 

electrode and an Au coil as a high surface area counter electrode. The requisite step 

during deposition was the pre-polarization of the Si electrode prior to immersion in the 

electrolyte to avoid native oxide formation and also to prevent deposition of Au on Si by 

galvanic displacement. After the deposition, films were rinsed with DI water and dried in 

air. Cu2O was electrodeposited from a plating solution containing 0.2 M CuSO4, 0.2 M 

C4H6O6 (tartaric acid), and 3.0 M NaOH. A cathodic current density of 1.0 mA cm
-2

 was 

passed for 100 seconds at a temperature of 30°C and a stir rate of 200 rpm. Cu2O films on 

all orientations were deposited to a charge density of 0.1 C cm
-2

.  Electrodeposition of Au 

and Cu2O films was done using either an EG&G Model 273A or an Autolab 30 

potentiostat/galvanostat. 

X-ray diffraction measurements and interface models. All XRD measurements 

were made with a Philips X’Pert Materials Research Diffractometer with Cu Kα1 

radiation source (λ=1.54056 Å). All 2theta-omega (out-of-plane orientation) scans were 

done using a 2-bounce hybrid monochromator with a Ge 220 monochromator and Ni 

0.125 mm automatic beam attenuator and a 0.18
o
 parallel plate collimator diffracted 

optics. Pole figures were measured using a crossed slit collimator with 2 mm divergence 

slit and 2 mm mask with a Ni filter and a 0.27
o
 parallel plate collimator. Rocking curves 

(omega scans) were measured using the hybrid monochromator incident optics and a 

triple axis diffracted optics. X-ray reflectivity scans were measured using X-ray mirror 

Cu module with Ni 0.125 mm beam attenuator and a 0.18
o
 parallel plate collimator. 

Lattice constants for interface models and X-Ray measurements were obtained from 
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JCPDS card no. 027-1402 for Si, no. 004-0784 for Au, and no. 005-0667 for Cu2O. All 

the interface models for Au on Si and Cu2O on Au were made in VESTA (visualization 

for electronic and structural analysis) software ver. 3.3.2. 

SEM measurements. Plan-view SEM images were obtained at 5 kV using a 

Helios NanoLab DualBeam instrument for the Au(111) film, and at 15 kV on an Hitachi 

S4700 instrument for the Au(100) and Au(110) films. 

TEM measurements. Focused ion-beam milling for TEM sample preparation 

was done using the Helios NanoLab DualBeam. Prior to focused ion-beam milling, the 

films were sputtered with a thin AuPd layer to protect the Au and Cu2O films during the 

milling process, and to provide a contrast difference to determine the thickness of films 

accurately.  High-resolution TEM images and electron diffraction patterns for individual 

layers were measured using the Tecnai F20 transmission electron microscope.  

Measurement of interfacial energetics. All J-V and Mott-Schottky curves were 

measured using a PARSTAT 2273 potentiostat/galvanostat with Au coil as top contact 

(schematic shown in the inset of Figure 3a) and Mott-Schottky scans were collected at a 

50 mV/s scan rate and 1 MHz modulation frequency. 
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Figure S1 – X-ray diffraction geometry showing θ, ω, φ, χ angles 

Figure S2 – Electron diffraction patterns of Si and Au 

Figure S3 – Stereographic projections of Si, Au and Cu2O  

Figure S4 – Azimuthal (φ) and tilt (χ) scans of Cu2O and Au on Si(111) 
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X-ray measurement geometry showing θ, ω, φ, χ angles  

X-ray rocking curves, azimuthal scans and pole figures are texture analysis tools 

for highly ordered crystalline materials. All of these scans require 2θ angle fixed at the 

peak of interest. For example, 2θ = 47.304° for probing the Si(220) plane(s). The sample 

stage is tilted or rotated in different directions and angles in order to determine the in-

plane and out-of-plane order of the sample. As shown in Figure S1, rocking the sample 

along the axis perpendicular to the source-sample-detector plane is known as the ω scan 

or rocking curve. Rocking curves determine the mosaic spread of the out-of-plane 

orientation. Rotation of the sample around the sample normal is the φ scan, or the 

azimuthal scan. Tilting the sample along the axis orthogonal to both the ω and the φ axes 

is the χ scan (or sometimes referred to as the ψ scan). Diffraction signals collected from 

the azimuthal scans (φ = 0° to 360°) at each tilt angle (χ = 0° to 90°) can be used to 

construct a pole figure.  

 

 

 

Figure S1. X-ray diffraction geometry showing θ, ω, φ, χ angles 
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Figure S2. Electron diffraction patterns of Si and Au. Electron diffraction patterns of Si 

along zone axis [112̅] and Au along zone axis [101̅] showing spot pattern. Convergent 

beam diffraction was performed for Au because of lower thickness of the film (~30 nm). 

 

 

Stereographic projections of Si, Au and Cu2O 

The out-of-plane and in-plane orientations of films relative to substrates can be 

determined from X-ray pole figures. Stereographic projections display the expected peak 

positions in each X-ray pole figure pattern. The stereographic projections shown in 

Figure S3 were simulated using CaRine software. Figure S3-a is the stereographic 

projection of Si(220) poles on the Cu2O/Au/Si(111) sample. Because of the three-fold 

symmetry around the [111] direction, three spots (φ = 120° apart) are expected and 

shown as the closed circles in Figure S3-a. The tilt angle of these three spots is χ = 

35.26°, which is the angle between [111] and [110]. Due to the narrow diffraction peaks 

of the Si substrates, the peaks at χ = 90° are usually not observed. Figure S3-b represents 

the stereographic projection for the domain that is antiparallel to the domain in Figure S3-

a. The antiparallel domain is only seen in the electrodeposited Au and Cu2O layers. 
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Notice that the pattern of the antiparallel domain (shown as open circles) is rotated 180° 

with respect to the pattern of the parallel domain. When both domains are present in a 

sample, the resulting stereographic projection becomes the combination of both, as 

shown in Figure S3-c. The closed circles enclosed by the open circles represent the 

overlapping pattern between parallel and antiparallel domains. 

Figure S3-d shows the simulated Si(111) poles on the Cu2O/Au/Si(100) sample. 

The 4-fold symmetry along the [100] out-of-plane direction results in 4 spots separated at 

φ = 90°. The tilt angle of χ = 54.74° originates from the angle between [100] and [111]. 

The (111) poles of Au and Cu2O are at identical positions as the Si(111) poles of the 

same sample. The red triangles in Figure S3-e are also the Au(111) or Cu2O(111) poles, 

but their out-of-plane direction is [221], which is the twin of [300]. The triangles at 

different tilt angles are attributed to different angles between different directions. The tilt 

angle from [221] to [111] is 15.79°, to [111̅] is 54.74°, and to [1̅11] and [11̅1] is 78.90°. 

Rotating the pattern of this twin 4-fold around the [221] direction results in the pattern 

(open triangles) shown in Figure S3-f.  

Figure S3-g represents the simulated Si(111) poles on the Cu2O/Au/Si(110) 

sample. Two spots at χ = 35.26° are due to the angle between [110] and [111], and the 2-

fold symmetry around the [110] pole results in φ = 180° separation of the spots. The 

same pattern is observed in Au(111) and Cu2O(111) stereographic projections of the 

same sample. The [330] has a twin of [411]. The stars in Figure S3-h represent a set of 

the (111) poles from the twin. The tilt angle from [411] to [111] is 35.26°, to [111̅] and 

[11̅1] is 57.02° and to [11̅1̅] is 74.21°. The 2-fold rotation symmetry around the [411] 

direction results in the other set of (111) poles, indicated as the open stars in Figure S3-i. 
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Figure S3. Stereographic projections of (a-c) (220) poles on the Cu2O/Au/Si(111) sample, 

(d-f) (111) poles on the Cu2O/Au/Si(100) sample, and (g-i) (111) poles on the 

Cu2O/Au/Si(110) sample. The patterns from the parallel domains are shown as closed 

circles whereas the patterns from the antiparallel domains are shown as open circles. For 

the [111] out-of-plane sample, the (220) poles of Cu2O, Au and Si all exhibit the same 

pattern as in (a). However, the deposited Cu2O and Au have antiparallel domains whose 

pattern is shown in (b). The resulting pattern is the combination of both (a) and (b), which 

is shown in (c). For the [100] out-of-plane sample, the (111) poles of Cu2O, Au and Si all 

have the same pattern as in (d). Cu2O and Au films on the Si(100) substrate have twins 

whose out-of-plane is [221]. One set of the (111) poles of the twin is shown in (e). 

Rotating the pattern in (e) 4-fold around the out-of-plane direction results in the pattern in 

(f), where the circles are from the parallel and antiparallel (100) domains, and the 

triangles are from the twin (221) domains. For the [110] out-of-plane sample, the (111) 

poles of Cu2O, Au and Si all have the same pattern as in (g). The twins in Cu2O and Au 

layers are [411] out-of-plane, and one set of their (111) poles are shown as stars in (h). 

Because of the 2-fold symmetry around the out-of-plane direction, the overall patterns for 

Cu2O and Au layers are presented in (i), where the circles are from the parallel and 

antiparallel (110) domains, and the stars are from the twin (411) domains. 
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Figure S4. Azimuthal and tilt scans of Cu2O and Au on Si(111). (a) Azimuthal scan (φ-

scans) of Au on Si(111) (red) and Cu2O on Au/Si(111) (blue) was performed for 0 to 

360
o
 φ at a tilt angle of 35.3

o
. FWHM of Au on Si(111) is 2.59

o
 and Cu2O on Au/Si(111) 

is 2.33
o
. (b) Tilt scans (χ-scans) of Au on Si(111) (red) with a FWHM of 3.08

o
 and Cu2O 

on Au/Si(111) (blue) with a FWHM of 3.25
o
 was performed for 0 to 90

o
 χ. 
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Figure S5. X-ray diffraction pattern of thick Au on Si. Out-of-plane orientation of thick 

(ca. 5 µm) Au on Si(110). A strong epitaxial Au[110] orientation is observed with minor 

Au[111] orientation. 
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Figure S6. Interface models of Cu2O on Au. Interface models of Cu atoms of Cu2O (blue 

colored) overlay on Au atoms (gold colored) for (a) Cu2O(111)/Au(111), (b) 

Cu2O(100)/Au(100) and (c) Cu2O(110)/Au(110) orientations. A lattice mismatch of 

+4.7% is observed for 1 x 1 unit mesh of Cu2O on Au for all orientations. 
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Transformation matrices for twinning in face-centered cubic systems  

Twinning can be described by the matrix, T(hkl), by the relationship 

(𝑃𝑄𝑅) = 𝑇(ℎ𝑘𝑙)(𝑝𝑞𝑟) (1) 

where (PQR) is a column matrix for the lattice plane in a twinned crystallite that 

corresponds to the lattice plane, (pqr), of the original crystallite after twinning on (hkl). 

The indices of reciprocal lattice point (PQR) for the twinned crystal will be related to the 

point (pqr) in the reciprocal lattice of original crystal after twinning on (hkl) plane by the 

following general expression: 

𝑃 =
𝑝(ℎ2 − 𝑘2 − 𝑙2) + 𝑞(2ℎ𝑘) + 𝑟(2ℎ𝑙)

(ℎ2 + 𝑘2 + 𝑙2)
 

𝑄 =
𝑝(2ℎ𝑘) + 𝑞(−ℎ2 + 𝑘2 − 𝑙2) + 𝑟(2𝑘𝑙)

(ℎ2 + 𝑘2 + 𝑙2)
 

𝑅 =
𝑝(2ℎ𝑙) + 𝑞(2𝑘𝑙) + 𝑟(−ℎ2 − 𝑘2 + 𝑙2)

(ℎ2 + 𝑘2 + 𝑙2)
 

In the matrix form (𝑃𝑄𝑅) = 𝑇(ℎ𝑘𝑙)(𝑝𝑞𝑟) can be represented as a general twin 

matrix 

𝑇(ℎ𝑘𝑙) =  (
1

ℎ2 + 𝑘2 + 𝑙2
) (

ℎ2 − 𝑘2 − 𝑙2 2ℎ𝑘 2ℎ𝑙
2ℎ𝑘 −ℎ2 + 𝑘2 − 𝑙2 2𝑘𝑙
2ℎ𝑙 2𝑘𝑙 −ℎ2 − 𝑘2 + 𝑙2

) (2) 

In face-centered cubic crystal structures, twinning occurs on {111} slip planes, 

and the twinning matrix becomes, 

𝑇(111) = (
1

3
) (

−1 2 2
2 −1 2
2 2 −1

) (3) 
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Twin plane for Au on Si(100): 

(𝑝𝑞𝑟) = (300) and (ℎ𝑘𝑙) = (111) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

−1 2 2
2 −1 2
2 2 −1

) (
3
0
0

) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

3̅
6
6

) = (
1̅
2
2

) 

Twin plane for Au on Si(110):     

(𝑝𝑞𝑟) = (330) and (ℎ𝑘𝑙) = (111) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

−1 2 2
2 −1 2
2 2 −1

) (
3
3
0

) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

3
3

12
) = (

1
1
4

) 

Twin plane for Au on Si(111):     

(𝑝𝑞𝑟) = (3̅30) and (ℎ𝑘𝑙) = (111) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

−1 2 2
2 −1 2
2 2 −1

) (
3̅
3
3

) 

(
𝑃
𝑄
𝑅

) = (
1

3
) (

15
3̅
3̅

) = (
5
1̅
1̅

) 

Thus, using the general matrix and applying the twin plane matrix transformation, 

the following twinning planes result. 

(𝑝𝑞𝑟) = (300); (𝑃𝑄𝑅) = (1̅22) 

(𝑝𝑞𝑟) = (330); (𝑃𝑄𝑅) = (114) 

(𝑝𝑞𝑟) = (3̅33); (𝑃𝑄𝑅) = (51̅1̅) 
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SECTION 

2. CONCLUSIONS  

To reduce the CO2 emission while meeting the global energy demand, there must 

be invention, development, and deployment of schemes for large scale carbon-neutral 

energy production. Solar energy is an abundant resource, and one promising scheme is to 

convert solar energy into chemical potential. The work presented in this dissertation 

provides useful information for the development of solar energy conversion and storage. 

Paper I introduces the electrodeposition of β-Co(OH)2 by reducing tris(ethylenediamine)-

cobalt(III) in alkaline solution. The kinetically inert Co(III) complex, [Co(en)3]
3+

, is 35 

orders of magnitude more stable than the kinetically labile Co(II) complex, [Co(en)3]
2+

. 

When [Co(en)3]
3+

 is electrochemically reduced to [Co(en)3]
2+

 in alkaline solution, Co(II) 

reacts with excess hydroxide ion to produce β-Co(OH)2. The surface of β-Co(OH)2 is 

converted to CoOOH at potentials where oxygen evolution occurs. 

The full conversion of Co(OH)2 to CoOOH and Co3O4 is described in Paper II. 

Co(OH)2 can be fully converted to CoOOH by electrochemical oxidation at 95°C in 1 M 

KOH and to Co3O4 by thermal decomposition at 300°C in air. The overall morphology is 

retained upon conversion, but micro- cracks and pores develop due to the volume 

shrinkage (24.5% from Co(OH)2 to CoOOH and 28.6% from CoOOH to Co3O4). Tafel 

analysis compares the catalytic activity towards OER between CoOOH and Co3O4, and 

Co3O4 appears to be the superior catalyst. However, when the observed current densities 

were corrected for the measured electrochemically active areas, the linear regions of the 
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two Tafel plots fell on the same line—suggesting that the active species, likely Co(IV), 

for the OER is the same on both materials. 

Paper III describes the electrodeposition of ultrathin Au films on Si substrates. 

The smooth Au films can be deposited from 7 nm to 28 nm (determined by low-angle X-

ray reflectivity and X-ray Laue oscillations) and are epitaxial to the Si. The Au/Si system 

can serve as an inexpensive and convenient alternative to single crystal gold substrates. 

Moreover, high-resolution TEM indicates no SiOx layer between the Si and Au. The 

Au/n-Si junction exhibits Schottky behavior which may be useful in the applications of 

photoelectrochemical devices. 
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