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Abstract

In the transition away from non-renewable energy sources, the use of fluctuating
power sources such as wind and solar are increasing. This creates a need for
temporary storage of excess energy when production exceeds demand. Excess energy
can be used to electrochemically convert water into hydrogen and oxygen, which has
several uses and can easily be converted back to electricity in a fuel cell.

The current state of the art PEM water electrolyzers contain various expensive
components, one of which is the Ir catalyst at the anode. Reducing the initial
investment cost of water electrolyzers will help reducing the overall cost of an energy
grid based on renewable sources. There are currently no viable replacements for the
Ir catalyst at the anode, so cost reduction must necessarily come from reducing the
usage without sacrificing performance.

Core/shell catalysts where Ir is applied as a thin film on a suitable substrate is
a promising way to significantly reduce the Ir usage without sacrificing perfor-
mance. Galvanic displacement has emerged as a suitable method to prepare such
catalysts.

In this thesis, we explore how galvanic displacement can be used to prepare core/Ir-
shell catalysts for the oxygen evolution reaction at PEM water electrolyzer anodes.
We show how Ni-core/Ir-shell electrocatalysts easily can be prepared in an aqueous
procedure and how the initial particle size of the Ni core is a critical parameter in the
synthesis. Further, we show how Cu can be used as a template- and reducing agent
to prepare Cu-core/Ir-shell electrocatalysts, where the procedure is more robust than
when using Ni.

Electrocatalysts are preferably distributed on a support as nanoparticles to maximize
the electrochemical surface area (ECSA) per geometric surface area. We show
that insufficient electronic conductivity in the support will render the catalyst
inactive.

Through galvanic displacement of Cu monolayers on Au and Pd electrodes, and
Au and Pd nanoparticles with Ir, we show how thin films of Ir can be prepared on
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suitable substrates. The resulting catalysts are highly active towards the oxygen
evolution reaction and demonstrate how not only the activity, but also the stability of
the catalysts are of critical importance. Moreover, we show how hydrogen absorption
into Pd can be utilized to cover Pd with metallic Ir.

We also show how microkinetic simulations are a powerful tool which allows us
to model both kinetics and mass transport in galvanic displacement reaction sys-
tems.

In the end, a procedure for preparation of oxide supported core/Ir-shell electrocata-
lysts are suggested.
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Preface

This thesis is a summary of research carried out at the department of Materials
Science and Engineering at the Norwegian University of Science and Technology
between August 2016 and March 2021.

The thesis is divided into four main parts. Part I contains two chapters; Introduction
and Experimental methods.

Chapter 1: Introduction, is a summary of the most important literature which forms
the basis for the research in parts II and III. Chapter 2 contains a short introduction
to the most important experimental methods used in this thesis.

Parts II and III are separated into eight chapters in total, and contains the scientific
work presented in this thesis.

Chapters 6, 9 and 10 are written up as complete manuscripts or first drafts, and
contains therefore introductions summarizing the most important literature related
to the work presented in the chapter.

Chapter 3: Galvanic displacement of carbon supported Ni by Ir; contains a summary
of work carried out spring/summer 2017. Carbon supported Ni nanopartickles
were prepared by postdoctoral researcher Dr. Maidhily Manikandan. Imaging of the
samples in a S(T)EM was done by postdoctoral researchers Dr. Maidhily Manikandan
and Dr. Gurvinder Singh. All other work was performed by myself.

Chapter 4: Galvanic displacement of Cu and Ni on titanium oxides by Ir; contains
a summary of work carried out from spring 2017 until autumn 2018. Doped and
exsolved titanium oxides were prepared by researcher Dr. Julian Richard Tolchard
from SINTEF Industry, Sustainable Energy. Imaging of samples in the S(T)EM was
done by, or with the assistance of, Dr. Julian Richard Tolchard. All other work was
performed by myself.

Chapter 5: Galvanic displacement of Cu by Ir; contains a summary of work performed
from autumn 2017 to spring 2018, where all the work was performed by myself.
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Chapter 6: Ir deposition by galvanic displacement of Cu in a one-pot configuration:
This chapter contains a summary of work performed from 11th of October 2018 until
spring 2019. It is written up as a complete manuscript intended for submission to
Journal of the Electrochemical Society, but with one important detail missing. It
became clear that DFT calculations were necesarry in order to answer an important
question related to different aqueous complexes involed in the experiments. This
was outside the scope if this thesis, and so the calculations are currently being
performed by professor Svein Sunde. The results from those calculations will be
included in the final submission, but is expected to only cause minor changes to the
discussion. AFM was performed under supervision by master student Jens Sørensen.
All electrochemical experiments was performed by myself.

Chapter 7: Investigation of the Ir-Cu SLRR system: This chapter is a natural
continuation of chapter 6 and was performed autumn 2019, and three days in June
2020. It contains a somewhat crude optimization of a procedure for preparation
of Au/Ir core/shell electrocatalysts presented in chapter 6. The intention was to
demonstrate a scalable procedure to prepare the aforementioned catalysts. This
work was unfortunuately cut short due to the Covid-19 lockdown, but conclusions
can nevertheless be drawn from the available data. All the work in this chapter was
performed by myself.

Chapter 8: Ir deposition onto Pd by SLRR of Cu: During the work on preparing
Au/Ir core/shell electrocatalysts, an opportunity to travel to the Diamond Light
Source appeared. Due to overlapping X-ray adsorption energies of Ir and Au, the
Au core had to be replaced by Pd. This required some of the experiments from
chapter 7 to be repeated. The work in this chapter was performed from January
to March 2020, until the Covid-19 lockdown cut the work short and postponed the
intended trip to Diamond. The most important results are nevertheless presented.
One palladium catalyst sample was provided by researcher Dr. Thulile Khoza
from SINTEF Industry, Sustainable Energy. The sample itself was prepared by Dr.
Jørgen Svendby on a different project years prior. All other work was performed
by myself. Preparation of Pd/Ir core/shell catalysts is being continued by engineer
Agnes Digranes in order to have samples ready for when a new opportunity to travel
to Diamond opens up.

Chapter 9: Ir deposition onto Pd by galvanic displacement of PdHx: This chapter
is an offspring of chapter 8 and was performed in parallel, from January to March
2020. During exploratory work on galvanic displacement of underpotentially de-
posited copper on palladium by iridium, we realized that copper could be replaced
by palladium hydride in the procedure. The intention was for the work to culmi-
nate in a demonstration of a simple, scalable procedure for preparation of Pd/Ir
core/shell catalysts. This work was unfortunuately also cut short due to the Covid-19
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lockdown. One palladium catalyst sample was provided by researcher Dr. Thulile
Khoza from SINTEF Industry, Sustainable Energy Technology. The sample itself
was prepared by Dr. Jørgen Svendby on a different project years prior. All other
work was performed by myself.

Chapter 10: Simulation of SLRR reactions: This chapter contains work that was
performed during the Covid-19 lockdown from March to May 2020, and a few days in
March 2021. With the labs closed until further notice, it was decided to numerically
simulate the experiments from chapter 7. It was believed this would provide much
needed insight into the electrode processes that is much discussed in the rest of this
thesis.

Part IV: Supplementary information; contains supplementary information which
may be of interrest to the reader.

Kristian Fredrik Klepp Thorbjørnsen

Trondheim, 26. March 2021
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Introduction, literature and
experimental methods
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Chapter 1

Introduction

1.1 The Hydrogen Economy
As power generation from renewable sources such as wind and solar is increasing,
so is the need for intermittent storage when supply exceeds demand [1]. This can
be achieved in numerous ways such as flywheels, compressed air, supercapacitors,
batteries, hydrogen or pumped-hydroelectric storage [2]. Due to the fluctuant nature
of such sources, the energy storage system must be able to respond rapidly to those
fluctuations. Hydrogen production by water electrolysis is a promising technology
for grid stabilization where excess power is electrochemically converted to oxygen-
and hydrogen, which can be stored for long periods of time [1]. Another alternative
is large-scale battery units which are charged and discharged as the supply and
demand for power fluctuates.

In order to replace internal combustion engines, both fuel cells and batteries wil be
important technologies with different advantages and disadvantages. While batteries
face challenges related to availability and production of important elements (e.g. Li,
P and Co) and recycling [3], fuel cells require high quality hydrogen as fuel, and
scarce and costly noble metal catalysts.

About 500 billion cubic meters of hydrogen was produced annually in 2019, of which
96 % was from non-renewable fossil fuels [4]. Hydrogen production from fossil fuels
is mainly achieved by steam reforming of methane [4,5], which yields hydrogen of
low purity with contaminants such as carbon monoxide. This process is dependent
on fossil fuels and contributes to the emission of greenhouse gasses. Electrochemical
conversion of water to oxygen and hydrogen, water electrolysis (WE) produces
hydrogen of high quality, but at about 5 times the cost of fossil fuel dependent
methods [4]. This will be elaborated more in detail in the following sections.
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Chapter 1. Introduction

1.2 Water electrolysis
Water can be converted to oxygen and hydrogen using electricity. The overall reaction
is given in reaction (1.1).

H2O(l)−−*)−−H2(g)+ 1
2

O2(g) (1.1)

In an acidic media, the anodic- and cathodic half cell reactions can be described as
reactions (1.2) and (1.3), respectively expressed as reduction reactions.

2H+(aq)+ 1
2

O2(g)+2e− −−*)−−H2O(l) (1.2)

2H+(aq)+2e− −−*)−−H2(g) (1.3)

There are three main technologies available, alkaline water electrolysis (AWE), solid
oxide water electrolysis (SOWE) and polymer electrolyte membrane electrolysis
(PEMWE).

1.2.1 Thermodynamics
Some thermodynamic quantities of reaction (1.1) are given in table 1.1 [6]. The
reaction is endothermic, meaning that the reaction absorbs heat from the surround-
ings.

Table 1.1: Standard values of gibbs energy, enthalpy and entropy of the conversion
of liquid water and water vapor to oxygen and hydrogen [6].

H2O(l) H2O(g)

∆rG−◦ 237 kJmol−1 229 kJmol−1

∆rH−◦ 286 kJmol−1 242 kJmol−1

∆rS−◦ 163.5 JK−1 mol−1 44.5 JK−1 mol−1

The standard potential, E−◦ , of reaction (1.1) at standard conditions (25 °C and 1 atm
pressure) is given by equation (1.4). This is the thermodynamically minimum voltage
required to electrochemically convert water to oxygen and hydrogen.

E−◦ = ∆rG−◦

ne ×F
= ∆rH−◦ −T ×∆rS−◦

ne ×F
= 237×103 Jmol−1

2×96485Cmol−1 = 1.228V (1.4)
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1.2. Water electrolysis

The reaction consumes electrical energy, Wel, equal to ∆rG−◦ at E−◦ . The heat
consumed,Q, is given by the entropy term, Q = T∆rS−◦ . The thermoneutral volt-
age, Etn, is defined as when the system does not exhange heat with the surround-
ings, i.e. Q = 0. At standard conditions, Etn is given by equation (1.5) where
Q = T ×∆rS−◦ = 0.

Etn = ∆rH−◦

ne ×F
= 286×103 Jmol−1

2×96485Cmol−1 = 1.482V (1.5)

Figure 1.1 plots the enthalpy (∆rH), entropy (∆rS), gibbs free energy (∆rG), ther-
moneutral voltage and standard potential as a function of temperature.
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Figure 1.1: Entropy, enthalpy, gibbs energy and the corresponding potentials of the
water electrolysis reaction as a function of temperature.

1.2.2 Alkaline water electrolysis
Alkaline water electrolysis (AWE) was first discovered by Troostwijk and Diemann
in 1789 [5]. Although alkaline water electrolysis is the dominant industrial elec-
trolysis method, most hydrogen produced is through steam reforming of hydrocar-
bons [5].
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An AWE cell is comprised of two electrodes immersed in a liquid alkaline electrolyte,
20 %-30 % KOH, separated by diaphragm. This technology has three major draw-
backs, all related to the liquid electrolyte and diaphragm. The diaphragm suffers
from some crossover of product gasses, leading to lower efficiency and safety risks.
AWE units are also not able to operate at high current densities due to high ohmic
losses over the liquid electrolyte and diaphragm. The design is also quite bulky.
The diaphragm is not selectively permeable to hydroxyl ions. Increasing the op-
erating pressure at the cathode increases the crossover rate of hydrogen gas over
to the anode compartment which is dangerous due to the low explosion limit of
H2(g)/O2(g) mixtures. Both the anodic and cathodic reacitons are typically catalyzed
by transition metals such as Ni, Fe and Co [5].

1.2.3 Solid oide water electrolysis
A solid oxide electrolyzer (SOWE) was first reported by Dönitz and Erdle in the 1980s
[5]. The structure is conceptially the same as other electrolyzer cells. Two porous
ceramic electrodes separated by a dense O2– or H+ conducting ceramic membrane,
where the H+ conducting oxides are still in the early development stage [7,8]. Both
planar and tubular designs are possible. Solid oxide water electrolyzers operate at a
much higher temperatrue than AWE and PEMWE, typically 600 °C to 850 °C. This is
necessary to achieve good ionic conductivity. Because of the high temperature, SOWE
operate at lower cell potentials, higher current densities and with high efficiency
than AWE and PEMWE [7]. SOWE are also not dependent on precius metals such
at Pt and Ir.

1.2.4 PEM water electrolysis
Replacing the diaphragm in alkaline water electrolyzers with a proton conducting
membrane allows many of the drawbacks of the alkaline technology to be overcome.
First developed by General Electric in the 1960s [9], PEMWEs utilize a polymer
electrolyte membrane (PEM) to achieve a compact design with low gas crossover, high
current densities and the ability to operate at high pressure [5]. The PEM is much
thinner than the diaphragm in AWE, usually 20 µm-300 µm thick, and the proton
transport across the membrane can respond much more rapidly to fluctuations in
the power grid than the heavier hydroxyl ions in the liquid electrolyte of AWE units.
The main drawbacks of PEMWEs is the highly corrosive enviroment requiring the
use of expensive materials, increasing the initial cost of investment and reducing the
lifetime of the components. Both the cathode and the anode reactions are catalyzed
by expensive platinum group metals (PGM), Pt at the cathode and Ir at the anode.
At the anode, the high potentials and low pH renders IrO2 as the only catalyst with
a sufficent activity and stability. With iridium being much less abuntant than e.g.
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1.2. Water electrolysis

gold and platinum, this drives up the cost of PEMWE units. Even though IrO2 is
the current catalyst of choice on the anode, no known material has sufficient activity
and stability for use on PEMWE anodes [1].

A schematic of a PEMWE unit is given in Figure 1.2 [5].

Figure 1.2: Schematic of a EM water electrolyzer. Reprinted from [5] with permis-
sion.

To reduce the cost of PEMWE units, the current strategies are to do so through
design and the construction of larger stacks. As the cost of a stack is decreasing, the
noble metal catalysts share of the total cost will increase. Thus, decreasing the noble
metal loading becomes a vital part in reducing the total cost of a stack. However, a
membrane electrode assembly (MEA) with a low catalyst loading suffers from more
rapid degradation than that of a MEA with a higher catalyst loading [1].

Ever since 1973, the catalyst of choice has been IrO2, due superior stability [10]
compared to the more electrochemically active RuO2 [9,11]. Ir is one of the least abun-
dant stable elements in the earth’s crust and the high loading of around 3 mgcm−2 on
the anode (compared to 0.5-1 mgcm−2 Pt/C on the cathode) opens up for substantial
cost reductions though reductions in the Ir loading. Moreover, availability of Ir is
a significant bottleneck if one is to reach hydrogen production by PEMWE on a
terrawatt scale in the future [12]. Due to the high Ir loading, lack of support and
low surface area, the Ir utilization on the anode is quite low [5]. However, IrO2
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Chapter 1. Introduction

dissolves at higher anodic overpotentials [1, 13] meaning that there is a tradeoff
between catalyst loading and MEA stability [1].

1.3 Electrode kinetics
The rate of a redox reaction consisting of a single elementary step with transfer of
one electron, reaction (1.6),

O(aq)+e−
kc−−*)−−
ka

R(aq) (1.6)

is given by equation (1.7) [14–16]

−v = j
F

= aσRk−◦
a exp

[(
1−β) F

RT
E

]
−aσOk−◦

c exp
[
−β F

RT
E

]
(1.7)

where k−◦
c and k−◦

a are the standard cathodic and anodic rate constants, and aσO and
aσR are the activities of O(aq) and R(aq) at the electrode surface, respectively. β is
the symmetry factor. F, R and T are Faradays constant, the universal gas constant
and temperature, respectively. E is the electrode potential. From here on out, we
will assume the activity to be equal to the concentration, ai ≈ ci. Equation (1.7)
is commonly expressed as equation (1.8), known as the Butler-Volmer equation
[14–16].

j = j0

{(
cσR
c∞R

)
exp

[(
1−β) F

RT
(E−E−◦ )

]
−

(
cσO
c∞O

)
exp

[
−β F

RT
(E−E−◦ )

]}
(1.8)

where c∞O and c∞R are the bulk concentrations of O(aq) and R(aq), respectively. E−◦

is the standard reduction potential of reaction (1.6). Equation (1.8) is found by
some algebra after replacing E in equation (1.7) with E = Eeq +η, where η is the
overpotential defined as the difference between the electrode potential, E, and the
equilibrium potential, Eeq, in equation (1.9).

η= E−Eeq (1.9)

Eeq is given by the Nernst equation, equation (1.10),

Eeq = E−◦ − RT
F

ln

(
c∞R
c∞O

)
(1.10)
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which can be derived by setting equation (1.7) equal to zero and solving for the
potential. The exchange current density, j0, is given by equation (1.11).

j0 = F
(
k−◦

a
)β (

k−◦
c
)(1−β) (

c∞R
)β (

c∞O
)(1−β) (1.11)

At high anodic overpotentials, where exp
[−β F

RT (E−E−◦ )
]≈ 0, one can approximate

equation (1.8) as equation (1.12)

(E−E−◦ )= a+b log( j) (1.12)

where a =− ln
(
j0

cσR
c∞R

)
RT

(1−β)F and b = ln(10) RT
(1−β)F . A similar derivation can be made

for high cathodic overpotentials. b = ∂E
∂ log( j) is usually known as the Tafel slope.

At low overpotentials, a linearized form of equation (1.8) is obtained as equation (1.13)
[14]

j = j0
F

RT
η (1.13)

It should be noted that the above relations are only valid for a single elementary
step. Most reactions consist of multiple elementary steps such as electron transfer,
adsorption, dissociation, etc. To obtain an expression of the rate of such a reaction,
one must analyze the kinetics under the assumption of a rate determining step
(rds)1. This usually leads to multiple rate expressions, which may be compared
to experimental data. Good examples of this are given in [15] and [17]. High-
and low overpotential approximations similar to equations (1.12) and (1.13) can be
done on the more complex rate expressions, but will be valid in different potential
regions. This gives different expressions for the Tafel slope than given above [17].
It is important to remember that for any sequence of elementary steps, the rate
determining reaction may change with potential, so application of a rate expression
over a wide potential range must be done with care.

1.4 Electrochemistry of some noble metals
Noble metals such as Pt, Pd, Au, Ag, Ru and Ir have a wide usage, including electro-
chemical applications due for their corrosion resistance and catalytic properties. The
following sections will give a quick glance at the electrochemical properties of some
noble metals relevant for this thesis.

1A series of reactions may also be treated as an initial value problem where the assumption of a
rate determining step is not necessarry.

9



Chapter 1. Introduction

1.4.1 Gold

Gold is a noble metal forming a trivalent oxide, accoring to reaction (1.14) [18], where
E−◦

Au2O3/Au = (1.362±0.002)V and E−◦
Au3+/Au

= 1.52V [19]

1
2

Au2O3(s)+3H3O+(aq)+3e− −−*)−−Au(s)+6H2O(l) (1.14)

More accurately, the oxidation product of Au is hydrated Au(OH)3 or Au2O3 ·3H2O
at 1.457 V [18] and anhydrous Au2O3 at 1.511 V [18]. A typical voltammogram of
polycrystalline gold in sulfuric acid is shown in figure 1.3 [18]. The voltammogram
show no notable features between 0 V and 1.36 V in the anodic sweep. Monolayer
formation of Au2O3 commences as 1.36 V and is identified by the rising anodic
current. The position of the corresponding cathodic peak depends on the upper
potential limit used in the voltammogram [20].

Figure 1.3: Typical voltammogram of a polycrystalline gold disc electrode in
1 moldm−3 H2SO4 at 25 °C recorded at 50 mVs−1. Reprinted from [18] with per-
mission.

The region between 0 V and 1.36 V in the anodic sweep in the voltaommogram in
figure 1.3 may appear featureless, however; sulfate and bisulfate adsorbs onto gold,
appearing as peaks in the double layer region [21–25]
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1.4. Electrochemistry of some noble metals

1.4.2 Palladium
Oxide formation and dissolution

Palladium may take oxidation states ranging from +1 to +6, where only +2 and
+4 is stable in aqueous solutions [19]. Formation of Pd(II) hydroxides and oxides
proceeds according to reactions (1.15) and (1.16) [19], where Pd(IV) also forms oxides
and hydroxides which may be reduced to Pd(s), PdO(s), Pd(OH)2(s) or Pd2+(aq)
[19].

Pd(OH)2(s)+2H+(aq)+2e− −−*)−−Pd(s)+2H2O(l)E−◦ = 0.897V (1.15)
PdO(s)+2H+(aq)+2e− −−*)−−Pd(s)+H2O(l) E−◦ = 0.79V,0.917V (1.16)

A typical voltammogram of polycrystalline palladium in acid is given in figure 1.4
[26].

Figure 1.4: Typical voltammograms of a polycrystalline palladium disc electrode
in 0.5 moldm−3 H2SO4 at 298 K recorded at 50 mVs−1. Reprinted from [26] with
permission.

Palladium simultaneously starts to form oxides and dissolve around 0.75 V in the
anodic scan, and is reduced in the cathodic scan where the cathodic peak potential
depends on the upper potential limit used in the voltammogram [27,28]. At potentials
less positive than 0.4 V, hydrogen is adsorbed as HUPD and absorbed as the α and β

hydride phases form.
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Hydride formation

Palladium is perhaps most known for it’s ability to absorb hydrogen as palladium
hydride (PdHx) [29–31].

Palladium hydride can be formed both physically [32–35] and electrochemically
[33,34,36–39] at room temperature. As hydrogen enters the Pd lattice, two phases
form; the dilute PdHα phase and the PdHβ phase. Both phases co-exist, but the
hydrogen content is significantly different. In the α phase, the H/Pd ratio is ≈ 0.015,
whereas in the β phase it is ≈ 0.7 [31]. The α phase, which is actually a solid solution,
forms at low H2(g) partial pressure before a phase transition to the hydride β phase
takes place over a wide miscibility gap. The minimum and maximum values of α
and β in PdHα and PdHβ is particle size dependent [34,37], where the width of the
miscibility gap is reduced for smaller particles. Electrochemically, the α phase is
formed at E < 300mV. The PdHβ forms at potential less positive than PdHα, right
before the onset of hydrogen evolution, around 40 mV [36–39]. Figure 1.5 shows the
atomic ratio of adsorbed+absorbed hydrogen to palladium in acid as a function of
electrode potential for different palladium film thicknesses.

Figure 1.5: Total hydrogen adsorption/absorption isotherms for different palladium
film thicknesses as a function of potential in 0.5 moldm−3 H2SO4. Reprinted from
[38] with permission.

A simple scheme describing formation of palladium hydride is given in reactions (1.17)
and (1.18) [39], although the actual mechanisms involved in the formation of the α-
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and β− phases are more complex [40].

H+(aq)+Pdsurface +e− −−*)−−PdHads (1.17)
PdHads +Pdsubsurface −−*)−−Pdsurface +PdHabs (1.18)

1.4.3 Iridium
Metallic Ir is a very hard noble metal with a high melting point and excellent
corrosion resistance [41]. It is used as an alloying element with other noble metals, in
surgical instruments, electronics and in high temperature thermocouples [42]. When
oxidized to iridium oxides, IrOx, a range of other uses appear. Possible and current
uses of IrOx films includes; in supercapacitors [43–45], as an electrochromic material
[46–48], in pH-electrodes [49–52], biomedical devices [53] and most important for
this thesis; as a catalyst for the oxygen evolution reaction [5,17,54–61]

Chemical and thermal formation of IrOx

Thin films and powders of iridium oxides may be prepared by numerous methods such
as sputtering [44,62], electrochemical deposition [46,53,63,64], the Adams Fusion
method [65–67], hydrolysis [17] or polymeric precursor synthesis [68]. Polymeric
precursor synthesis has been shown to produce Ir/IrO2 core/shell catalsysts if heat
treated under insufficient oxygen supply [68].

Electrochemical formation of IrOx - AIROF

When subjected to potential cycling in acid or base, metallic Ir is oxidized to IrOx.
This form of IrOx is also known as Anodically Formed Iridium Oxide Films, AIROF.
Unlike RuO2 on Ru which can be grown potentiostatically [69], IrOx must be grown
layer-by-layer by potential cycling or potential switching [48, 70, 71]. Initially, a
compact oxide layer is grown on the bare Ir metal. The outer monolayer of the
compact oxide layer is further oxidized and hydrated at potentials above 1.2 V. This
hydrated layer blocks further oxidation of the compact oxide layer. Upon reduction,
the inner oxide layer is reduced to Ir metal while the outer hydrated layer is reduced
to hydrous Ir2O3. With continued potential cycling or switching, this process is
repeated at the metal - hydrous oxide interface, causing the hydrous oxide layer to
grow. About half of the metallic surface atoms can be converted to hydrous oxide in
one growth cycle [72]. The lower and upper potential limits which must be exceeded
for the hydrous layer to grow is 0.3 V and 1.15 V. AIROF will typically have a
cracked-mud like structure [69,73,74].
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The transition between Ir(III) and Ir(IV), with a formal potential of E−◦
Ir(IV)/Ir(III) =

0.97V [75], is usually associated with incorporation of ions from the electrolyte, as
according to reaction (1.19) [76,77] (also printed as reaction (2.3)).

IrO2 ·nH2O+(1+δ)H++δA−+e− −−*)−− IrO1−δ(OH)1+δAδ ·mH2O+(n − m)H2O (1.19)

This transition is also associated with coloring and bleaching of the film [47, 48]
and a switch from an insulating (Ir(III)) to a conductive state (Ir(IV)) [78]. While
the Ir(III) state is transparent, the color of the film changes to blue-black upon
oxidation to Ir(IV). If the film reaches a sufficient thickness, it stays blue-black
at all potentials [70]. A typical voltammogram of AIROF grown on metallic Ir in
a solution containing H2SO4 is given in figure 1.6 [69]. The main pair of anodic
and cathodic peaks around 1 V shows the transition between Ir(III) and Ir(IV). The
anodic and cathodic peaks below 0.5 V show underpotential deposition of hydrogen
at the underlaying Ir metal [48]. The protons inserted into the film upon reduction
from Ir(IV) to Ir(III) are mobile within the film [48], and thus IrOx is in a sense
transparent to protons.

Figure 1.6: Typical voltammograms of a polycrystalline iridium electrode in
1 moldm−3 H2SO4 at 295 K. Growth of AIROF is shown as the transition from
monolayer to multilayer growth of hydrous IrOx. Reprinted from [69] with permis-
sion.

The reversibility of reaction (1.19) depends on the film thickness and the potential
sweep rate [79]. The main peak potentials in voltammograms similar to figure 1.6
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are independent on the potential sweep rate up to some limit, which decreases with
increasing film thickness.

1.5 Underpotential deposition
Underpotential deposition (UPD) of metal monolayers is the deposition of a mono-
layer of a metal M onto a different metal N at potentials well positive of the reversible
potential for deposition of M onto itself, through reaction (1.20). This is depicted
graphically in figure 1.7.

Mm+(sol)+me− −−*)−−MUPD (1.20)

Figure 1.7: Schematic representation of a the current-potential profile of underpoten-
tial (UPD) and overpotential (OPD) deposition of a metal (orange) onto a substrate
(black) at potentials well positive of the reversible potential for OPD. Figure reprinted
from [80] with permission.

The Nernst reversible potential for deposition of M onto itself, Erev
Mm+/M, is given by

equation (1.21)

Erev
Mm+/M = E−◦

Mm+/M − RT
mF

ln
(

aM

aMm+

)
(1.21)
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The difference between the onset of UPD, EUPD, and Erev
Mm+/M, ∆EUPD, is related to

the difference in work function between the substrate N and the depositing metal M
through equation (1.22) [80,81]

∆EUPD =
(
EUPD −Erev

Mm+/M

)
≈ 1

2
∆Φ (1.22)

where ∆Φ= (ΦN −ΦM).

The equilibrium potential of reaction (1.20) depends on the coverage of M on the
substrate, θ, and can be described through several types of adsorption isotherms
such as Langmuir, Temkin-Frumkin or more complex models taking into account
multiple surface states and partial charge transfer [82].

Erev
UPD = Eθ→0 − RT

mF
ln

(
θ

1−θ

)
Langmuir (1.23)

Erev
UPD = Eθ→0.5 − RT

mF

[
ln

(
θ

1−θ

)
+ f θ+ gθ3/2

]
Temkin Frumkin (1.24)

In equation (1.24), f and g is the Temkin and Frumkin parameters representing
adatom-substrate interactions and adatom-adatom interactions [82].

Underpotential depositon of Cu onto Au is a well known system, where anions
present in the electrolyte greatly influence both the onset potential of underpotential
depositon and the structure of the forming adlayer [80]. Figure 1.8 shows voltam-
mograms of underpotential deposition of copper onto gold in H2SO4 [83]. The left
voltammogram is onto a polycrystalline Au disc electrode and the right is onto a
4 wt% Au/C catalyst. EXAFS revealed that at the onset of Cu overpotential deposi-
tion onto Au nanoparticles, the Cu structure was that of clusters at the Au surface.
This was in contrast to the monolayer predicted from single crystal studies [83].

1.6 Galvanic Displacement
Galvanic displacement, also known as galvanic exchange, is the coupled oxidation
of a metal M and and the reduction of a more noble metal cation Nn+ [84,85]. The
reaction can be expressed as reaction (1.25) where the reaction stoichiometry is
determined by oxidation state of M and N, m and n, respectively.

nM(s)+mNn+(aq)−−*)−− nMm+(aq)+mN(s) (1.25)
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Figure 1.8: Cyclic voltammograms showing underpotential depositon (red curve) of
Cu onto a polycrystalline Au disc electrode (a) and a 4 wt% Au/C calayst electrode
(b) in 0.5 moldm−3 H2SO4 and 2 mmoldm−3 CuSO4. Reprinrinted from [83][https:
//pubs.acs.org/doi/10.1021/ja206763e] with permission. Further permissions
related to the material excerpted should be directed to the ACS.

Reaction (1.25) can be written as the two half-cell reactions, reactions (1.26) and (1.27).

Mm+(aq)+me− −−*)−−M(s) (1.26)
Nn+(aq)+ne− −−*)−−N(s) (1.27)

Alternatively, MOm/2 may grow under conditions where this is the stable product
from oxidation of M [84,86], written here in reaction (1.28).

nM(s)+Nn+(aq)+ nm
2

H2O(l)−−*)−− nMOm/2(s)+mN(s)+n mH+(aq) (1.28)

Electrocatalysts have previously been prepared by galvanic displacement of for
example Ni with Ir [86–92], Co with Ir [92], Ti with Ir [86] or Cu with Pd, Pt
and Au [93]. The resulting morphology will range from dendrites to dense thin
films, core/shell or hollow structures, depending on experimental conditions [84,85,
93].

1.6.1 Thermodynamics
∆rG−◦ of the galvanic displacement reaction, reaction (1.25), is expressed as equa-
tions (1.29) to (1.32)
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∆rG−◦ = n∆ f G−◦
Mm+ +m∆ f G−◦

N(s) −n∆ f G−◦
M(s) −m∆ f G−◦

Nn+ (1.29)

∆rG−◦ = n
(
∆ f G−◦

Mm+ −∆ f G−◦
M(s)

)
−m

(
∆ f G−◦

Nn+ −∆ f G−◦
N(s)

)
(1.30)

∆rG−◦ = n
(−mFE−◦

M
)−m

(−nFE−◦
N

)
(1.31)

∆rG−◦ = mnF
(
E−◦

N −E−◦
M

)
(1.32)

It is easy to see from equation (1.32) that the main driving force for galvanic displace-
ment is the difference in standard reduction potential between N and M [84].

1.6.2 Kinetics
Galvanic displacement is analogous to a corrosion reaction. From charge conser-
vation, the total current related to oxidation of a metal M, reaction (1.26), must
equal the total current related to reduction of the cation Nn+, reaction (1.27). This is
expressed in equation (1.33), where each J is the total current for each reaction, and
E is the electrode potential.

JN (E)+ JM (E)= 0 (1.33)

If assuming both reactions (1.26) and (1.27) to follow Butler-Volmer kinetics, equa-
tion (1.8), one may derive an expression for the rate of the galvanic displacement
reaction [84]. However, as noted earlier in section 1.3, such an expression will
not account for reaction mechanisms or transient mass transport. More complex
expressions for JN (E) and JM (E) may be derived in a similar manner to the rate
expression for oxygen evolution on IrOx in acidic conditions, equation (1.54) in sec-
tion 1.9 [17,55]. The assumption of a rate determining step must be applied with
care, as the rate of an electron transfer reaction is potential dependent. If one of the
reactions are known to be mass transport limited, a much simpler expression may
be obtained [84].

1.6.3 Surface Limited Redox Replacement
Surface limited redox replacement (SLRR) is when the leaving metal M is restricted
to a single monolayer prepared by underpotential deposition (UPD, reaction (1.34))
onto a substrate. The leaving metal M is typically Pb [94–108] or Cu [94, 99, 100,
104, 105, 108–139]. Other metals such as Te, Co and Ag has also been utilized
[140–142].

Mm+(aq)+me− −−*)−−MUPD (1.34)
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The SLRR reaction is generally described by reaction (1.35) involving the metal
cation Nn+ with a charge n+ and the aforementioned less noble metal M.

mNn+(aq)+nMUPD −−*)−− mN(s)+nMm+(aq) (1.35)

This method originating from Adzic’s pioneer work [109] and has since spawned
numerous publications [83,94–102,104–106,108,110,111,113–132,134–136,138–
141,143–146].

This method is usually employed to prepare one or multiple layers of a metal
on a substrate by shuffling the working electrode between electrochemical cells
containing different solutions. A UPD layer is formed in one cell, and the working
electrode is moved to another cell containing noble metal cations where the galvanic
displacement reaction proceeds [111]. The working electrode is usually rinsed in DI
water and/or H2SO4, HClO4 or HNO3 when moved between the cells, and the whole
setup is ideally placed in a glove box or a similar construction to avoid unwanted
side reactions related to oxygen [111,147,148]. Layered structures may be prepared
as well, with the use of additional beakers containing different metal cations. The
method is shown schematically in figure 1.9.

Figure 1.9: Schematic representation of the conventional SLRR proceedure. The
working electrode is characterized in cell A, before a UPD layer is formed on the
working electrode in cell B. The SLRR reaction proceeds in cell C, before the working
electrode is once again characterized in cell A. Reprinted from [111] with permission.

SLRR has also been applied to flow cells [132,139] and one-pot methods [103,106,107,
134,137,144]. A flow cell can be set up in a very complex manner. The predictable
hydrodynamics, switchable electrolytes and possibility for in-situ monitoring by
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scanning probe microscopy and other methods allows for very sophisticated experi-
ments [149]. A completely automated SLRR setup in a flow cell with a controlled
atmosphere and in-situ monitoring renders flow cells very suitable for characteriza-
tion of thin films of multiple layers, or multiple layers of multiple metals.

The one-pot or single-cell approach exploits the difference in the rate of the half
cell reactions reactions (1.27) and (1.34). This is a significant simplification over
the traditional shuffling approach and the aforementioned flow cell approach. The
working electrode is immersed in a solution containing both the UPD forming
Mm+(aq) and more noble metal cations Nn+. A fast- forming UPD layer of M is formed
during a short potential hold where the rate of noble metal deposition is very low and
the amount of N deposited by direct electrolysis is negligible [98,106,149]. The main
drawbacks of this method is direct electrolysis of noble metals and incorporation of
sacrificial metal impurities in the noble metal film [98,149].

While the one-pot method is a significant simplification over the traditional and flow
cell approaches, it suffers from contamination of the leaving metal in the noble metal
film. This can be alleviated by removing the leaving metal alltogether. Hydrogen
may be underpotentially deposited onto some metal surfaces such as Pt, Au or Pd
and subsequently replaced by another noble metal in a one-pot setup [102,144].

Gram-scale methods for preparation of core/shell electrocatalysts, typically Pd/PtML,
usually involves forming a Cu-UPD layer in a custom cell followed by addition of a
platinum precursor solution [115–117,119,121,130]. The reaction vessel used for
gram-scale preparation of core/shell electrocatalysts is typically a titanium cylinder
[116] or a glass cell equiped with a large carbon sheet electrode [130]. Different
additives has been added to the displacement solution to improve the morphology of
the noble metal deposit [119,130,131,150] which in reality is often particulate in
nature [119,122,130].

1.6.4 Monitoring of galvanic displacement and SLRR reac-
tions

The most widely used method to monitor galvanic displacement and SLRR reactions
in-situ is the open circuit potential of the working electrode [96,97,99–103,106,124].
Other methods such as surface reflectivity [106], EQCM [101] and EXAFS/XANES
[122] has also been employed.

1.6.5 Modelling of SLRR reactions
Reports on modelling of SLRR reactions has been done by expressing the fraction
coverage of M on the substrate, θM as an initial value problem, equation (1.36)
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1.6. Galvanic Displacement

[99,106,124], where kN is a rate constant and N is the reaction order with respect
to θM.

∂θ

∂t
=−kNθ

N (1.36)

The following relationships, equations (1.37) to (1.39), was obtained to express the
value of θM as a function of time where θ0 represents θ at t = 0.

θ (t)= θ0 −k0t N = 0 (1.37)
θ (t)= θ0 ×exp(−k1t) N = 1 (1.38)

θ (t)= θ0 × 1−N
√

(N −1)kN t N > 1 (1.39)

More general expressions correcting for multiple reactions, i.e. multiple species
reacting with M was found as

∂θ

∂t
=

N∑
i=0

−kiθ
i (1.40)

The potential of the working electrode was modelled by inserting the expression for
θ (t) into a Temkin-Frumkin type isotherm (see equation (1.24) in section 1.5), here
printed in equation (1.41).

E = Eθ→0
UPD − RT

mF

[
ln

(
θ (t)

1−θ (t)

)
+ f θ (t)+ gθ (t)

3
2

]
(1.41)

The modelled potential transients were compared and fitted to experimentally ob-
tained open circuit potential transients. The obtained expressions for θ (t) appeared
to be consistent with in-situ surface reflectivity measurements [106].

1.6.6 Galvanic displacement of palladium hydride

Zolfaghari and Conway [151] first reported electroless deposition of Pt onto Pd
where a PdHx Pd|H|H+(aq) internal reference electrode reacted with [PtCl6]2–

and [PtCl4]2– as according to reactions (1.42) and (1.43), where H is in the PdHx
phase.
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4H|(PdHx)+ [PtCl6]2−(aq)−−*)−−Pt(s)|(PdHx)+6Cl−(aq)+4H+(aq) (1.42)

2H|(PdHx)+ [PtCl4]2−(aq)−−*)−−Pt(s)|(PdHx)+4Cl−(aq)+2H+(aq) (1.43)

Low concentrations of [PtCl6]2– (aq) led to the formation of Pt(s) dendrites due to
diffusion-controlled reduction of [PtCl6]2– (aq).

This concept was later refined by Cappillino et al. [152] who recognized the simplicity
of electroless atomic layer deposition (E-ALD) by galvanic displacement of palladium
hydride. PdHα were prepared chemically by exposing Pd(s) powder suspended in
0.1 moldm−3 H2SO4 to 1 % H2(g) in N2(g). Subsequent addition of RhCl3(aq) or
(NH4)2(PtCl4) resulted in a high fractional coverage of Rh or Pt on the Pd surface.
This phenomenon, where hydrogen absorbed into the bulk of Pd participates in the
displacement reaction, has been noted by others as well when multiple monlayers of
Pd was grown onto different substrates by SLRR of HUPD [144]

1.7 Chemistry of Ir-aquo-chloro systems
Ir(III) and Ir(IV) may form many six-coordinated octahedral aquo-chloro complexes
in aqueous solutions [153–157] on the form given in reactions (1.44) and (1.45),
where hydroxy ligands (OH– ) has been omitted for readability.

IrCl3−6 (aq)+H2O(l)−−*)−− Ir(OH2)xCl−3+x
6−x (aq)+xCl−(aq) (1.44)

IrCl2−6 (aq)+H2O(l)−−*)−− Ir(OH2)xCl−2+x
6−x (aq)+xCl−(aq) (1.45)

Rapid exchange of 192Ir between IrCl3–
6 (aq) and IrCl2–

6 (aq) has been observed us-
ing tracer solutions of 192Ir, even though both complexes are substitution inert
with blocked coordination spheres, and it is likely that exchange of 192Ir between
IrCl3–

6 (aq) and IrCl2–
6 (aq) occurs by an electron transfer mechanism [158]. The rate

of aquation decreases with an increasing number of aquo ligands [153–156], where
the reaction follows the SN1 mechanism and the slow step is the removal of the Cl–

ligand [156]. IrO2(s) tends to precipitate from solutions containing the Ir(OH2)3Cl3
complex at elevated temperatures [156]

The Ultraviolet–Visible (UV-Vis) spectroscopy adsorption spectra of different Ir(III)-
chloro complexes are quite similar. Solutions of Ir(III)-chloro complexes show two
separate adsorption peaks between 300 nm and 500 nm, where the exact position of
the peaks vary with the composition of the complex. For solutions of Ir(IV), the shape
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1.8. Electrodeposition of iridium

of the adsorption spectrum depends on the composition of the complex. Solutions of
IrCl2–

6 (aq) exhibit a distinct peak at 488 nm, as well as a pair of peaks at 415 nm and
432 nm [90,153]. Figure 1.10 shows UV-Vis adsorption spectra of Ir(OH2)xCl– 3+x

6– x (aq)
(a) and Ir(OH2)xCl–2+x

6– x (aq) (b) where (A,B,C,D) and (a,b,c,d) correspond to x = 0, 1, 2
and 3, respectively [154]. The molar adsorption coefficient of Ir(IV) is at least one
order of magnitude larger than that of Ir(III) [90,153,154]

(a) (b)

Figure 1.10: UV-Vis adsorption spectra of solutions containing Ir(OH2)xCl– 3+x
6 – x (aq)

(a) and Ir(OH2)xCl–2+x
6– x (aq) (b) where (a,b,c,d) and (A,B,C,D) correspond to x = 0, 1, 2

and 3, respectively. Reprinted from [154] with permission.

1.8 Electrodeposition of iridium
The first systematic work found on electrodeposition of Ir is from 1962 [41], although
mentions have been made earlier [159, 160]. Through galvanostatic electrodepo-
sition of solutions containing H2IrCl6, Na2IrCl6, BrIrCl6, IrCl3, IrCl4, IrBr3 and
IrBr4, metallic Ir deposits were obtained from solutions containing hexachloro- and
hexabromo iridates (IrX2–

6 (aq)). The lower the concentration of H2IrCl6, the higher
the temperature was needed to obtained an Ir deposit. The current efficiency de-
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creased with increasing current density and increased with increased temperature,
although the authors do not mention whether other reactions, i.e. hydrogen evolu-
tion, occurred or electrode potential [41]. The H2IrCl6 solutions used also contained
rather high amounts of Pt, Pd and Rh, which later has been shown to assist in
electroplating of Ir due to deposition of Pt and subsequent underpotential deposition
of hydrogen [161]. Other electroplating studies using aqueous solutions of differ-
ent Ir compounds and substrates have later been released [162–175], where Ir(IV)
compounds appear to be favourable over Ir(III).

Sawy and Birss [176–178] investigated electroplating of Ir from aqueous solutions
containing K2IrCl6 using EQCM gold crystals and cyclic voltammetry. They argued
a three step process, reactions (1.46) to (1.48), where IrCl2 –

6 (aq) is first reduced to
IrCl3–

6 (aq) in a single electron transfer, where the first step, reaction (1.46), is well
known reaction [19]. They showed a decreased faradic efficiency with increased
degree of electrolyte agitation. This was attributed to a slow adsorption step of
IrCl3–

6 (aq), where the flux of IrCl3–
6 (aq) away from the electrode surface increased

with higher rates of electrolyte agitation. At room temperature, the current at-
tributed to reduction of adsorbed Ir(III), reaction (1.48), overlapped with that of
hydrogen underpotential deposition on allready deposited Ir, and was constant with
time [176] at constant potential. It was suggested that underpotentially deposited
hydrogen acted as a reduction agent for the adsorbed IrCl3–

6 (ads). The current
efficiency reached a maximum around 50 % HUPD coverage on Ir, and decreased
at higher and lower values [176–179]. This was in contrast to Pt deposition from
solutions containing PtCl2–

6 (aq), which was reduced directly to Pt0 onto the elec-
trode [177].

IrCl2−6 (aq)+e−
k1−−*)−−
k−1

IrCl3−6 (aq) (1.46)

IrCl3−6 (aq)+S
k2−−*)−−
k−2

IrCl3−6 (ads) (1.47)

IrCl3−6 (ads)+3e−
k3−−*)−−
k−3

Ir(s)+6Cl−(aq) (1.48)

Ahn, Moffat and coworkers [180] investigated electrodeposition of Ir onto Au, Pt
and Ni substrates from aqueous sulfate based solutions containing K3IrCl6. The
electrodeposition process was shown to be quenched at the onset of H2(g) evolu-
tion, with a maximum deposition rate around 50 % HUPD coverage. Reduction of
IrCl3–

6 (aq) was also shown to be thermally activated between 20 °C and 70 °C [180].
By UV-Vis spectroscopy and voltammetry, the authors showed that the IrCl3–

6 (aq)
and Ir(OH2)Cl2–

5 (aq) complexes were present in the K3IrCl6 solutions at elevated
temperatures. Changing from a sulfate based electrolyte to one containing NaCl(aq)
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1.9. The oxygen evolution reaction

effectively quenched to Ir electrodeposition reaction. This was attributed to stabi-
lization of the iridium-chloro complexes and blocking of the elecrode surface by the
additional Cl– (aq), and is consistent with another study on galvanic displacement of
Ni using solutions containing H2IrCl6(aq) and H2IrCl6(aq) + HCl(aq) [90]. Similar
studies on electrodeposition of Ir from solutions containing K3IrCl6(aq) was recently
published [64,181].

Involvement of an adosorption step and reduction involving HUPD has also been
also suggested by others [182]. The overpotential for depositon onto a clean glassy
carbon surface was significantly larger than for one already decorated with Ir nuclei
where HUPD may form [182], and the optimal potential for deposition onto Pt was
where HUPD coverage on Pt was around 50 %. Similarly, co-deposition of Pt allowed
deposition of Ir from solutions containing IrCl3(aq) and PtCl2–

6 (aq) onto glassy car-
bon at potentials where Ir could not be deposited from solutions containing only
IrCl3(aq) [161].

Reduction of Ir(IV) solutions appear to involve formation- and adsorption of Ir(III)
as intermediate steps [176, 177, 180, 182, 183]. Further reduction of Ir(III), reac-
tion (1.48), has been reported to likely consist of a slow step where adsorbed Ir(III)
is reduced to Ir(I) followed by fast reduction to Ir(0) [183], reactions (1.49) and (1.50).
It has also been suggested that Ir(IV) is reduced to Ir(0) via Ir(I) in parallel with
reduction of Ir(IV) to Ir(III), where Ir(I) is very easily oxidized to Ir(III) [184].

IrCl3−6 (ads)+2e−
k3,1−−−*)−−−−−
k−3,1

IrCl3−4 (ads)+2Cl−(aq) (1.49)

IrCl3−4 (ads)+e− )−−−
k−3,2

k3,2−−−−−* Ir(s)+4Cl−(aq) (1.50)

1.9 The oxygen evolution reaction
Oxygen evolution takes place at the anode in acidic conditions, according to re-
action (1.2). The reaction mechanism follows a a series of possible elementary
steps [17,55] as utlined in figure 1.11.

A series of different rate expressions may be derived for the different mechanisms
[17,55], where the electrochemical oxide path (blue diagonal in the figure) in acidic
conditions may be written as reactions (1.51) to (1.53) [17,55,185]

H2O(l)−−*)−−OHad +H+(aq)+e− (1.51)
OHad −−*)−−Oad +H+(aq)+e− (1.52)

Oad −−*)−− 1
2

O2(g) (1.53)
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Figure 1.11: Possible reaction pathways of elementary steps during oxygen evolution
in acidic enviroments. Figure inspired by [17,55].

It has been shown that with reaction (1.52) as the rate determining step, the rate of
oxygen evolution at IrOx is well described by equation (1.54) [17,55]

j =
4FΓik−◦

2 exp
[

(1−α2)F
RT (E−E−◦ )

]
1+KaH+ exp

[− F
RT (E−E−◦ )

] (1.54)

With α2 = 0.5, equation (1.54) predicts a tafel slope of 40 mVdec−1 at low potentials,
and 120 mVdec−1 at higher potentials [17,55]. Equation (1.54) may be expressed in
a simplified form as equation (1.55),

j =
p1 exp

[
(1−α2) F

RT E
]

1+ p2 exp
[− F

RT E
] (1.55)

where

p1 = 4FΓik−◦
2 exp

[
− (1−α2)

F
RT

E−◦
]

(1.56)

p2 = KaH+ exp
[

F
RT

E−◦
]

(1.57)
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1.10. Catalysts for the oxygen evolution reaction

The Tafel slope of equations (1.54) and (1.55) at different potentials is easily visual-
ized by plotting the slope ∂E/∂ log10 ( j) as a function of E.

Figure 1.12 plots equation (1.55) (a) and the and the corresponding Tafel Slope
(b). Values of p1, p2 and α2 were obtained from [17, 55], where rate expressions
for different reaction mechanisms were compared to experimental data at different
pH.
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Figure 1.12: (a) Plots of equations (1.54) and (1.55) and (b) the corresponding Tafel
slope of the oxygen evolution reaction on IrO2 at different pH. The constants used
for plotting the rate expression, equation (1.55), were approximated from [55] with
permission.

1.10 Catalysts for the oxygen evolution reaction
In order to improve the durability of OER catalysts, lower the cost or reduce the
anode overpotential, many different approaches has been attempted. IrO2 and
RuO2 has been diluted by physical mixtures or by preparation of mixed oxides with
materials such as such as NiO2 [186,187], SnO2 [188–190], TiO2 [191], Nb2O5 [192],
Sb2O5 [190], MnO2 [55] or Ta2O5 [193, 194]. Alloys has been made with more
abuntant materials, followed by post-synthesis-treatment such as de-alloying or
surface enrichment [187,195,196], or the use of core-shell structures [195–197].

Various IrOx based catalysts have also been supported on oxides and other materials
in order to increase utilization of Ir at the anode [58, 64, 196, 198–205], where
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antimony-doped tin oxide (ATO) has been identified as the most promising material
for use as catalyst support on PEMWE anodes [201,202].

The oxygen evolution reaction involves many intermediates, where the binding
energy of the intermediates are linearly dependent through the so-called scaling
relations [12,185]. This imposes a fundamental limit on the catalytic efficiency, which
has caused the catalysts for OER to improve only incrementaly for decades [12].
Figure 1.13 shows the theoretical activity for four charge transfer steps of oxygen
evolutution on an oxide surface as a funtion of binding energy. The activity of each
step depends on the binding energy of the intermediates involved. This forms a
volcano in the lower right part, where RuO2 is near the top.

Figure 1.13: Figure showing the relation between the theoretical activity for four
charge transfer steps of oxygen evolution on an oxide surface as a function of binding
energy. Figure reprinted from [185] with permission.

Although highly active catalysts exist, there is often an inverse relationship between
activity and stability [206, 207]. High stability of the anode catalyst is of utmost
importance for a water electrolysis cell, which must operate in corrosive conditions
for a long time. A recent large scale DFT study [13] identified 68 oxides (out of 47814
studied) which may be acid-stable. In general, Sb/Ti/Sn/Ge/Mo/W based systems was
found to be acid-stable.

28



Chapter 2

Experimental methods

2.1 Cyclic voltammetry
Cyclic voltammetry (CV) is a very usefull surface sensitive technique. In a cyclic
voltammetry experiment, a triangular waveform is imposed on the working electrode
potential, as depicted schematically in figure 2.1.

Time

E
le

ct
ro

de
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te
nt

ia
l

Ec

Ea

0

Figure 2.1: Schematic representation of the triangular potential-time waveform
imposed in the working electrode in a cyclic voltammetry experiment. Figure inspired
by [208].

The electrode potential is cycled linearly between two vertex potentials, Ec and Ea,
while the total current at the electrode is recorded. This is repeated continiously
for as many cycles as desired. Only scanning from one potential to another is
known as linear sweep voltammetry (LSV). The current response is the sum of
all faradic (electron transfer) and non-faradic (i.e. charging of the double layer)
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currents at the electrode, where the reactions contributing to the total current may
involve the electrode itself and species in solution. The positive going direction,
when the potential is increasing with time, is often refered to as the anodic sweep.
Consequently, the negative going direction is often refered to as the cathodic sweep.
A typical voltammogram of a polycrystalline Pt electrode is given in figure 2.2, where
the current is presented as a function of the electrode potential.

Figure 2.2: Cyclic voltammogram of a polycrystalline Pt electrode in a solution con-
taining 1 moldm−3 H2SO4 at 25 °C. The voltammogram was recorded at a potential
sweep rate of 50 mVs−1. Reprinted from [209] with permission.

In figure 2.2, formation of PtOH and PtO in the positive going sweep is seen as an
increasing current at potentials positive of 0.8 V. The opposite reaction, reduction of
PtOH and PtO to metallic Pt, is represented by a cathodic peak around 0.8 V in the
negative going sweep. The anodic and cathodic peaks seen at potentials negative
of 0.4 V is from underpotential deposition of hydrogen, HUPD, at Pt metal. Between
0.4 V and 0.8 V, the current in the positive going sweep is constant. This plateu
is usually refered to as the double layer region, where the current, jdl , is equal to
equation (2.1) [208]

jdl = Cdl
∂E
∂t

(2.1)

where Cdl is the capacitance of the double layer and ∂E/∂t is usually taken as the
electrode potential sweep rate, ν. The charge of the currents within an interval ∆E
can be obtained by integrating the area under the curve by equation (2.2),
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Q∆E =
∫
∆E

j (E)dt (2.2)

which is commonly used to quantify the amount of material involved in a reaction,
or to determine the surface area of electrodes from the anodic stripping charge
of adsorbed or underpotentially deposited species such as COads, HUPD or CuUPD
[80,208,210,211].

Steady state polarization curves may be approximated by employing a sufficiently
low potential sweep rate. This is commonly used when evaluating the activity of a
catalyst, where only the steady state (i.e. time-independent) current response is of
interrest.

2.2 Determination of electrochemical surface area
The oxide region, 0.4 V-1.4 V, in voltammograms of IrO2 and RuO2 is normally
associated with a proton insertion reaction such as reaction (2.3) in which A– is an
anion present in the electrolyte.

IrO2 ·nH2O+ (1+δ)H++δA−+e− −−*)−− IrO1−δ(OH)1+δAδ ·mH2O+ (n − m)H2O (2.3)

The voltammetric charge associated with reaction (2.3), q or Q, is potential sweep
rate dependent [188,212] and is thought of has having two contributors; the easily
accessible outer regions, qs or Qs, and less acessible inner regions (pores, cracks,
etc), qi or Q i. As the potential sweep rate is increased, more and more of the inner
regions are excluded. At infinite sweep rate, only the easily accessible regions are
included. Determination of the most easily accessible outer regions are typically
done by extrapolating equation (2.4) to ν→∞

q = qs +b
1p
ν

(2.4)

where q is experimentally obtained values, ν is the electrode potential sweep rate
and b is an arbitrary constant.

As the potential sweep rate goes towards zero, all of the inner regions are included.
The sum of qi and qs, qt, are estimated by extrapolation of equation (2.5) to zero
sweep rate,
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1
q
= 1

qt
+a

p
ν (2.5)

where a is an arbitrary constant. The above relations, equations (2.4) and (2.5),
are phenomenological. They assume the inclusion of deep regions to be diffusion
dependent, and thus q is inversely proportional to

p
ν. Equations (2.4) and (2.5)

were obtained by assuming semi infinite linear diffusion of protons to the inner
regions [212].

qi is simply estimated from equation (2.6).

qi = qt − qs (2.6)

This method is often used to normalize the current on electrodes of IrOx in order to
compare different electrodes [17,55].

2.3 Fitting of polarization curves
The simplified rate expression for the oxygen evolution reaction, equation (1.55)
(reprinted below in equation (2.7)), can be fitted to polarization curves obtained in
the region 1.3 V through 1.65 V. The values of log10 (p1), log10 (p2) of equations (1.56)
and (1.57) (reprinted below as equations (2.8) and (2.9)) and α2 are then optimized
using the Trust Region Reflective algorithm [213] as implemented in the curve fitting
procedure included in the optimization module of Scipy [214]. The optimizer is sup-
plied an analytical jacobian, constructed from the partial derivatives of equation (2.7)
with respect to log10 (p1), log10 (p2) and α2 given in equations (2.10) to (2.12). Python
code is available upon request.

j =
p1 exp

[
(1−α2) F

RT E
]

1+ p2 exp
[− F

RT E
] (2.7)

where

p1 = 4FΓik−◦
2 exp

[
− (1−α2)

F
RT

E−◦
]

(2.8)

p2 = KaH+ exp
[

F
RT

E−◦
]

(2.9)

and
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2.3. Fitting of polarization curves

∂ j
∂ log10 (p1)

|E = p1
exp[(1−α2) f E] ln(10)

1+ p2 exp[− f E]
(2.10)

∂ j
∂ log10 (p1)

|E =−p1 p2
exp[−α2 f E] ln(10)
(1+ p2 exp[ f E])2 (2.11)

∂ j
∂α2

|E =−p1 f E
exp[(1−α2) f E]
1+ p2 exp[− f E]

(2.12)

where f = F
RT .

33



Chapter 2. Experimental methods

34



Part II

Galvanic displacement of Cu, Ni
and Cu and Ni on titanium oxides

by Ir
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Chapter 3

Galvanic displacement of carbon
supported Ni by Ir

3.1 Experimental

3.1.1 Materials and equipment

All electrochemical experiments were performed in a glass cell. A glassy carbon ro-
tating disc electrode (GC RDE) (5 mm internal diameter, PTFE shroud; Pine) served
as working electrode. The electrode was polished to a mirror finish with successively
0.3 µm and 0.05 µm alumina suspensions (Allied) on a microcloth (Buehler) and
rinsed using DI water (Millipore, 18.2 MΩ@25 °C) prior to each experiment. The
working electrode was mounted on a Pine Standard RDE Shaft (12 mm OD PTFE
shroud, stainless steel rod) attached to a Pine MSR rotator. The potentiostat used
was a Gamry reference 600. The ohmic drop was determined by the built in utility, of
which 85% was compensated through positive feedback compensation. The counter-
and reference electrodes were Pt-foil and a reversible hydrogen electrode (RHE),
respectively. All potentials reported are versus RHE. The current sampling in the
potentiostat was set to surface, where the measured current is the average of the
entire voltage step.

The electrolyte was 0.5 molL−1 H2SO4 (96.3%, VWR). The electrolyte was purged
using Ar(g) for at least 30 min prior to each experiment and kept under an Ar(g)
atmosphere for the duration of the experiments.

Ni nanoparticles supported on carbon Vulcan XC/72 (Ni/C) were provided by Maidhily
Manikandan [215]. The synthesis involved reduction of Ni(acac)2 by oleyliamine and
is described elsewhere [215]. The formal Ni/C weight ratio was 33 wt% or 20 wt% Ni
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to carbon, and the mean Ni particle size was either 100nm or 25 nm, respectively.
The two batches of Ni/C are labelled Ni/C100 and Ni/C25, respectively.

Ir precursor was a H2IrCl6 solution(Heraus, 20.56 wt% Ir), diluted in DI water to
desired concentration.

Ultraviolet–Visible (UV-Vis) spectrophotometry adsorption spectra of H2IrCl6 solu-
tions before and after the galvanic displacement experiments was obtained ex-situ
using a Fischer Scientific Evolution 220 UV-Visible Spectrophotometer with plastic
cuvettes (Eppendorf UVette, 220 nm - 1600 nm).

X-ray diffractograms of the resulting Ir@Ni/C catalysts were obtained with a Bruker
D8 Advance Da-Vinci with a LynxEye Xe detector, using CuKα radiation. The XRD
samples were prepared by applying a droplet of the Ir@Ni/C catalyst suspended in
isopropanol to a Si single crystal sample holder.

A HITATCHI S-5500 Scanning (Transmission) Electron Microscope, S(T)EM, equipped
with a Bruker XFlash EDX detector was used to image the samples on a TEM grid.
The S(T)EM imaging was performed by Gurvinder Singh (Ir@Ni/C) and Maidhily
Manikandan (Ni/C).

3.1.2 Preparation of Ir@Ni/C catalysts
In a typical synthesis, Ni/C was added to N2(g) saturated solution of H2IrCl6. The
temperature of the H2IrCl6 solution was kept constant in a thermostat controlled
water bath. The details of each experiment are given in table 3.1. The reaction
mixture was stirred by N2(g)-bubbling, and the product was rinsed using DI water
by decanting and centrifugation five times. The experimental setup is imaged in
figure 3.1. The final, washed IrNi/C product was suspended in isopropanol and dried
in a heating cabinet at 60 °C overnight. Samples 3-5 were small samples intended
for S(T)EM and UV-Vis analysis only.

3.2 Electrochemical characterization
Inks of the (Ir-Ni)/C catalysts were prepared by mixing catalyst with 250 µLmg−1

DI water, 125 µLmg−1 isopropanol and 10 µLmg−1 5wt% Nafion solution followed by
sonication for 20 min. Electrodes were prepared by pipetting 2 aliquots of 10 µL onto
a glassy carbon roatating disc electrode mounted on an inverted rotator [216–218].
The rotation rate of the electrode was slowly increased to 700 rpm [217], and each
droplet was dried fully before the next one was applied. The total catalyst loading on
the electrode was 265 µgcm−2.

The Ir@Ni/C catalyst was first transformed IrOx (anodically formed iridium oxide
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3.2. Electrochemical characterization

Table 3.1: Overview of IrNi/C catalysts prepared by galvanic displacement of Ni/C by
a H2IrCl6 solution. The columns, from left to right, contains batch no., Ni/C sample,
concentration of the H2IrCl6 solution, duration and temperature of the experiment,
and sample name.

# Ni/C nIr
nNi

CIr/mmoldm−3 t/h T/°C Name

1 Ni100C 5:1 1.6 1 60 IrNi100C:60
2 Ni100C 5:1 1.6 1 85 IrNi100C:85

3 Ni25C 1:1 0.6 72 25 IrNi25C:1
4 Ni25C 1:1 0.6 4 60 IrNi25C:2
5 Ni25C 1:1 0.6 4 85 IrNi25C:3
6 Ni25C 5:1 1.6 4 60 IrNi25C:4

Figure 3.1: The experimental setup used for galvanic displacement of carbon sup-
ported Ni by Ir.
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film, AIROF) by potential cycling between 0.05 V and 1.45 V at 50 mVs−1 until the
voltammogram did not change significantly from one cycle to the next. The amount
of IrOx in some sense close the the surface was evaluated from voltammograms
performed at sweep rates 10 mVs−1 through 500 mVs−1, as per the method outlined
earlier in section 2.2. The electrode impedance was also measured at a fixed fre-
quency of 1 Hz over the same potential range. Activity towards the OER reaction and
stability was evaluated by a slow potential cycle from 1.45 V to 1.65 V at 5 mVmin−1.
Voltammograms between 0.05 V and 1.45 V was obtained at 50 mVs−1 prior and
after the slow potential cycle.

3.3 Results
Figures 3.2 and 3.3 show UV-Vis adsorption spectra of the H2IrCl6 solutions before
and after the galvanic displacement experiments described above in table 3.1. The
solutions at 1.6 mmoldm−3 were diluted with 1 part solution and 9 parts DI water to
circumvent problems with signal saturation in the spectrophotometer. The spectra
obtained before the addition of Ni/C all show the typical peaks characteristic for so-
lutions of IrCl2–

6 (aq) [90,153], with clear peaks at 415 nm,432 nm and 488 nm. This
is similar to spectra the of IrCl2–

6 (aq) shown in figure 1.10 (b). After the galvanic
displacement with H2IrCl(aq) where IrCl2–

6 (aq) was in in excess in equation (3.1),
experiment 1 and 2 6, the magnitude of the IrCl2–

6 (aq) peaks in figure 3.2 (a,b) and
figure 3.3 (IrNi25C:4) were reduced, but the overall shape and features was the same.
In experiments 3-5 where IrCl2–

6 (aq) was the limiting reactant in equation (3.1), fig-
ure 3.3 (IrNi25C:1, IrNi25C:2, IrNi25C:3), the adsorption spectrum appear as that of
a IrCl3–

6 (aq) solution [90,153], and all IrCl2–
6 (aq) appear to have been depleted.

IrCl2−6 (aq)+2Ni(s)−−*)−− Ir+2Ni2+(aq)+6Cl−(aq) (3.1)

Figure 3.4 shows X-ray diffractograms of Ni100C, IrNi100C:60 and IrNi100C:85. Peaks
consistent with metallic Ni are present in the diffractogram of Ni100/C. After deposi-
tion of Ir, the spectra of IrNi100C:60 and IrNi100C:85 show a shift in the Ni peaks to
lower values of 2θ. The peaks are also broadened. For IrNi100C:85, the peaks are
almost gone.

Figure 3.5 shows a S(T)EM image of IrNi100/C:60 and an EDS linescan across a
particle. The particle appears brigther at the periphery. This is usually associated
with an Ir shell on a dense or hollow Ni core [196,219]. The intensity of the Ir and
Ni signals weakens towards the center of the particle, and is likely an effect of the
shape of the particle or a hollow core. Images of Ni100/C are given in figure A.1.

Figure 3.6 show S(T)EM a image of IrNi100/C:85 and an EDS linescan across the
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Figure 3.2: UV-Vis adsorption spectra of 1.6 mmoldm−3 H2IrCl6 before and after
galvanic displacement with 33 wt% Ni100/C at 60 °C (a) or 85 °C (b) for 1 h. Solutions
were diluted with 1 part solution and 9 parts DI water for UV-Vis analysis.
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Figure 3.3: UV-Vis adsorption spectra of 0.16 mmoldm−3 H2IrCl6 before (black) and
after (blue, orange, red, green) galvanic displacement with 20 wt% Ni25/C at 25 °C
for 72 h (IrNi25C:1), 60 °C for 4 h (IrNi25C:2), 95 °C for 4 h (IrNi25C:3). IrNi25C:4 was
prepared with 1.6 mmoldm−3 H2IrCl6 at 60 °C for 4 h, and the product supernatant
was diluted with 1 part solution and 9 parts DI water for UV-Vis spectroscopy.
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Figure 3.4: X-ray diffractogram of of Ni100C, IrNi100C:60 and IrNi100C:85
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(a) (b)

(c)

Figure 3.5: S(T)EM image and EDS linescan across a particle of of IrNi100/C:60.
S(T)EM was operated by Dr. Gurvinder Singh
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particle. The particle appears brigther at the periphery. This is usually associated
with an Ir shell on a dense or hollow Ni core [196,219]. The intensity of the Ir and
Ni signals weakens towards the center of the particle, and is likely an effect of the
shape of the particle or a hollow core. There appear to be one or more holes in the
particle, consistent with pinhole dissolution of the core.

(a) (b)

(c)

Figure 3.6: S(T)EM image and EDS linescan across a particle of IrNi100/C:85.
S(T)EM was operated by Dr. Gurvinder Singh

Samples 3-6, IrNi25C:1-IrNi25C:4, were reported to contain either only Ni/C (samples
3-5) or only C (sample 6) (Dr. Gurvinder Singh, private communication, S(T)EM
analysis).

Figure 3.7 shows the first voltammogram of freshly prepared electrodes of IrNi100C:60
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and IrNi100C:85 Voltammograms were obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1.
IrNi100C:60 displayed a cathodic hydrogen underpototential wave and a correspond-
ing anodic stripping peak between 0.05 V and 0.4 V, which diminished with potential
cycling. IrNi100C:85 displayed a hydrogen underpotential stripping peak of the same
magnitude, but also showed a symmetrical pair of broad peaks centered around 1 V,
as well as an anodic prepeak at 0.6 V.
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Potential/V vs RHE
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IrNi100C:85

Figure 3.7: Voltammograms of freshly prepared electrodes of IrNi100C:60 (black) and
IrNi100C:85 (red), obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1.

Figure 3.8 shows a Mott Schottky plot together with a voltammogram of IrNi100C:60
(a) and IrNi100C:85 (b) after transformation to IrOx by potential cycling, as described
earlier. Both voltammograms display a symmetrical pair of peaks centered slightly
cathodically of 1 V, as well as an anodic prepeak around 0.6 V, both of which is
characteristic for AIROF. [48,220] [48,70,72,73,76,77,221–228]. The Mott Schottky
plots of both IrNi100C:60 and IrNi100C:85 display a flat band potential, i.e. the
potential where the inverse of the squared capacitance goes towards zero, coinciding
with the onset potential of the anodic prepeak around 0.6 V. This is also consistent
with IrOx prepared by other methods [78]. The geometric current density in the
voltammogram of of IrNi100C:85 is roughly 3 times that of IrNi100C:60. The initial
metallic state of IrNi100:60 before potential cycling and transformation to IrOx with
potential cycling is consistent with previous reports on galvanic displacement of Ni
with Ir [89,91,229].

The total amount of IrOx participating in the proton insertion reaction, reaction (2.3),
was estimated as (3.8±0.7) mC and (10.5±0.9) mC for IrNi100C:60 and IrNi100C:85,
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Figure 3.8: Voltammograms and Mott Schottky plots of IrNi100C:60 (a) and
(IrNi100C:85 b), obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1 after the voltammo-
grams did not change significantly with further cycling.

respectively using 3 electrodes of each catalyst and the method outliner earlier in
section 2.2 [212]. The voltammograms and linearization to equations (2.4) to (2.6) is
given in figures A.2 to A.4.

Figure 3.9 shows a pair of polarization curves of IrNi100C:60 a and IrNi100C:85
b, after transformation to IrOx by potential cycling, obtained by a slow potential
sweep cycle from 1.45 V to 1.65 V at 5 mVmin−1 in 0.5 moldm−3 H2SO4 while ro-
tating the electrode at 1600 rpm. At currents above 40 mAcm−2, the rate of O2(g)
oxygen formation exceeded the rate of oxygen removal and the electrode was quickly
covered in a large bubble, as can be seen in figure 3.10 and the polarization curve in
figure 3.9 (b). The geometric current density of IrNi100C:85 is roughly twice that of
IrNi100C:60, whereas the charge-normalized and mass-normalized current densities
of IrNi100C:60 are roughly the same. On the reverse (cathodic) sweep, both samples
show a lower current density compared to the forward sweep. This is attributed
to blockage of the active sites due to buildup of oxygen gas, and degradation of the
electrode. The mass specific activities are lower than what has been reported for
other IrNi@IrOx core/shell electrocatalysts previously [219]. The charge specific ac-
itvities are higher than what has been reported previously for different compositions
of IrxRu1– xO2 [17,55].

Figure 3.11 displays voltammograms of IrNi100C:60 and IrNi100C:85 similar to
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Figure 3.9: Polarization curves of IrNi100C:60 a and IrNi100C:85 b, after transfor-
mation to IrOx by potential cycling, obtained by a slow potential sweep cycle from
1.45 V to 1.65 V at 5 mVmin−1 in 0.5 moldm−3 H2SO4 while rotating the electrode
at 1600 rpm.
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Figure 3.10: Bubble formation during oxygen evolution at IrNi100C:85. A large
bubble is seen covering most of the electrode surface, blocking most of the surface.

those in figure 3.8, obtained before and after the polarization curves in figure 3.9.
The overall shape of the voltammograms are preserved, but the magnitude of the
Ir(III)/Ir(IV) peaks at 1 V is reduced.

Figure 3.12 shows a voltammogram of IrNi25/C:C1 obtained after extensive potential
cycling between 0.05 V and 1.4 V in 0.5 moldm−3 H2SO4 at 500 mVs−1. A pair of
ill-defined peaks may be present around 1 V.

3.4 Discussion
Preparation of Ni/Ir@C core/shell electrocatalysts by galvanic displacement in aque-
ous solutions appear to primarily yield core/shell particles. The S(T)EM images and
EDS linescan in figures 3.5 and 3.6 indicate that both IrNi100C:60 and IrNi100C:85
contain core/shell particles, possibly with hollow cores. This is evident from the
dark-field transmission images being brigter at the particle periphery, where the
electrons travel through more material. The signal for both Ir and Ni in the lines-
cans across the particles shows a higher intensity at the periphery, which is also
indicative of more material in this area. As Ir grows on the particle surface, the Ni
core is dissolved through pinhole dissolution with electrons traveling through the
particle.

Some of the Ir in IrNi100C:85 is likely the result of hydrolysis and condensation of
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Figure 3.11: Voltammograms of IrNi100C:60 and IrNi100C:85 before and after oxygen
evolution. Voltammograms were obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1
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Figure 3.12: Voltammogram of IrNi25/C:C1 in 0.5 moldm−3 H2SO4 after extensive
cycling at 500 mVs−1
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the H2IrCl6 solution at 85 °C [90,230]. The pair of peaks centered around 1 V and
the HUPD peak in the voltammogram of freshly prepared electrode films in figure 3.7
indicates that IrNi100C:85 was comprised of both IrOx and metallic Ir before any
potential cycling, i.e. formation of AIROF, had taken place. The voltammogram
of IrNi100C:60 did not show a peak around 1 V and was comprised of only metallic
iridium. Additionally, the electrodes of IrNi100C:85 appear to contain more Ir in total
compared to IrNi100C:60, as is seen in the higher geometric current density in fig-
ures 3.8 and 3.9 and the total charge of IrOx determined earlier. The additional IrOx
is likely from the increased temperature causing hydrolysis and condensation.

Although the UV-Vis adsorption spectra in figure 3.2 indicate that the H2IrCl6
solutions consists of primarily IrCl2 –

6 (aq); not Ir(OH2)Cl–
5 (aq) or higher aquation

products [153], the spectra were obtained ex-situ and does not represent the state
of the H2IrCl6 solution during displacement. pH changes locally at the surface
of each Ni particle from reaction (3.2) may contribute to precipitation of IrOx or
Ir(OH)x [90,231–234].

Ni(s)+2H+(aq)−−*)−−Ni2+(aq)+H2(g) (3.2)

The low concentration of H2IrCl6 and consequently high pH in experiment 3-5
prevented Ir(IV) to be reduced to a lower oxidation state than Ir(III). The UV-Vis
spectra in figure 3.3 (Ni25/C:1, Ni25/C:2, Ni25/C:3) indicate that all the IrCl2–

6 (aq)
was reduced to IrCl3–

6 (aq) when Ni as Ni25/C was in excess and the concentration
of H2IrCl6 was low. The consumption of IrCl2–

6 (aq) implies that the Ni surface
was active and not covered in a passivating oxide film. A reported absence of Ir
in the samples after displacement (S(T)EM analysis, private communication, Dr.
Gurvinder Singh) implies that reduction of Ir(IV) did not proceed further than
Ir(III). The apparent inertness of the formed Ir(III) species in experiment 3-5 is
likely due to the specific composition of the reaction solution. Depending on the
excact solution composition, the complexes of Ir(IV) and Ir(III) is more correctly
expressed as Ir(OH)x(OH2)yCl– (2+y)

6– x – y and Ir(OH)x(OH2)yCl– (3+y)
6– x – y. In other words, the

exact H2IrCl6 concentration used likely lead to unfavorable values of x and y, where
Ir(IV) was not reduced beyond Ir(III).

The results indicate that when the Ni nanoparticles are sufficiently small, they are
consumed by proton etching and reduction of Ir(IV) to Ir(III) before any significant
amount of Ir(0) is formed. The UV-Vis spectra of IrNi25C:4 in figure 3.3 is similar to
that of IrNi100C:60 and IrNi100C:85 in figures 3.2a and 3.2b, except the consumption
of Ir(IV) appear to be somewhat higher. A reported absence of both Ni and Ir from the
S(T)EM analysis (Dr. Gurvinder Singh, private communication) does not represent
the average of the entire sample, only a few isolated particles. The pair of ill-defined
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peaks around 1 V in the voltammogram of IrNi25C:4 in figure 3.12 may indicate the
presence of some Ir, although in smaller amounts. Likely, the smaller size of Ni
in Ni25/C compared to Ni100/C results in most of the Ni being consumed by proton
etching and the first reduction of Ir(IV) to Ir(III) before further reduction to Ir(0)
had time to proceed to any significant extent.

While the results above indicate the feasibility of galvanic displacement of Ni
nanoparticles to produce Ni/Ir core/shell catalysts, simplification is desired. The
Ni nanoparticles used in this work were prepared by reduction of oleylamine in a
schlenk line. Conducting the galvanic displacement reaction in an aqueous solu-
tion is an unnecessary extra step, complicating the preparation of Ni/Ir core/shell
catalysts. A more logical approach is addition of an Ir precursor like iridium(III)
acetylacetonate to the reaction vessel after the formation of Ni cores [235].

We will only make a small comment on the polarization curves in figure 3.9 and
not discuss the results further. The activity appears promising, but the use of
a carbon support and clear signs of degradation (hysterisis in the polarization
curves in figure 3.9 and reduced magnitude in the main Ir(IV)/Ir(III) peak in the
voltammgrams in figure 3.11) means that we will leave the results as such; promising,
and rather refer the reader to the work by Strasser and coworkers [187, 195, 196,
203,219,236] and Sotiropoulos and coworkers [89,229] for more details on oxygen
evolution at Ir-Ni based electrocatalysts.

3.5 Conclusions
Preparation of Ni/Ir core/shell electrocatalysts for the oxygen evolution reaction by
galvanic displacement in aqueous solutions is feasible. The procedure appear to
be sensitive to both the H2IrCl6 concentration, temperature, pH and Ni particle
size. Avoiding precipitation of IrOx due to hydrolysis and condensation requires
optimization of pH, temperature and concentration of H2IrCl6. To avoid premature
dissolution of the Ni core, the particle size need to be optimized as well. A general
recommendation can be drawn from the results of the experiments in table 3.1. Since
the catalyst (Ir) is only applied as a thin film on a (Ni) core, it is not necesarry to
aim for very small nanoparticles. A more robust procedure can be achieved when
the initial nickel cores are somewhat large. To avoid unwanted hydrolysis and
condensation of the Ir precursor solution, it is recommended to keep the solution
temperature within 50 °C-70 °C.

In order to simplify the procedure, it is suggested to to conduct the galvanic displace-
ment procedure in directly after formation of the Ni cores.

51



Chapter 3. Galvanic displacement of carbon supported Ni by Ir

52



Chapter 4

Galvanic displacement of Cu and Ni
on titanium oxides by Ir

4.1 Experimental

4.1.1 Materials and equipment
All electrochemical experiments were performed in a glass cell. A glassy carbon
rotating disc electrode (GC RDE) (5 mm internal diameter, PTFE shroud; Pine)
served as working electrode. The electrode was polished to a mirror finish with suc-
cessively 0.3 µm and 0.05 µm alumina suspensions (Allied) on a microcloth(Buehler)
and rinsed using DI water (Millipore, 18.2 MΩ@25 °C) prior to each experiment. The
working electrode was mounted on a Pine Standard RDE Shaft (12 mm OD PTFE
shroud, stainless steel rod) attached to a Pine MSR rotator. The potentiostat used
was a Gamry reference 600. The ohmic drop was determined by the built in utility, of
which 85% was compensated through positive feedback compensation. The counter-
and reference electrodes were Pt-foil and a reversible hydrogen electrode (RHE),
respectively. All potentials reported are versus RHE. The current sampling in the
potentiostat was set to surface, where the measured current is the average of the
entire voltage step.

The electrolyte was 0.5 molL−1 H2SO4 (96.3%, VWR). The electrolyte was purged
using N2(g) for at least 30 min prior to each experiment and kept under a N2(g)
atmosphere for the duration of the experiments.

Ir precursor was a H2IrCl6 solution(Heraus, 20.56 %).

Cu@TiO2, Cu@NbxTiO2, Ti4O7, Ni@Ti4O7 and Ni@NbxTi4O7 was supplied by re-
searcher Julian Richard Tolchard from SINTEF Industry, Sustainable Energy Tech-
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nology. Prearation of TiO2 based samples involved spray pyrolysis of precursors
followed by heat treatment in hydrogen, leading to reduction and exsolution of
the Cu dopant as Cu metal. The nominal Cu content was 4wt% in Cu@TiO2 and
5wt% in Cu@NbxTiO2. Prearation of Ti4O7 based samples involved spray pyrolysis
of precursors followed by mixing with Ti-metal and heat treatment in hydrogen,
leading to reduction of TiO2 to Ti4O7 and exsolution of the Ni dopant as Ni metal.
The Ni content was 4wt%. Cu@NbxTiO2 was wet-mortared in ethanol until dry upon
reception.

4.1.2 Preparation of (Ir–Cu)@TiO2 and (Ir–Cu)@NbxTiO2

(Ir–Cu)@TiO2 and (Ir–Cu)@NbxTiO2 was prepared by adding Cu@TiO2 or Cu@NbxTiO2
to a 1 mmoldm−3 or 3.4 mmoldm−3 solution of H2IrC6 in a three neck flask equipped
with a water cooled condenser. The solution was kept at 70 °C in a thermostat-
controlled water bath and stirred by a magnet bar. N2(g) was continuously flushed
through the solution to keep the concentration of dissolved O2(g) to a minimum. The
molar ratio of Ir:Cu was 1:1. The reaction mixture was left for 4 h. The finished
product was rinsed with DI water by centrifugation and decanting 5 times, and 1
final time with isopropanol. A small aliquot of the reaction solution was extracted
before addition of the oxide and after the mixture had been centrifuged the first time,
for analysis by UV-Vis spectroscopy.

4.1.3 Preparation of (Ir–Ni)@NbxTi4O7

385 mg Ni@NbxTi4O7 was added to 100 mL N2(g) saturated 1 mmoldm−3 solution of
H2IrCl6 kept at 60 °C. The reaction mixture was stirred by N2(g)-bubling for 60 min
and the product was rinsed using DI water, centrifugation and decanting 5 times.
A small aliquot of the reaction solution was extracted before addition of the oxide
and after the mixture had been centrifuged the first time for analysis by UV-Vis
spectroscopy. The formal Ir:Ni molar ratio was 0.38, i.e., Ni was in a slight with
respect to the galvanic displacement reaction, equation (3.1).

4.1.4 Physical characterization

A HITATCHI S-5500 Scanning (Transmission) Electron Microscope (S(T)EM) was
used to image the samples on a TEM grid (Lacey Carbon covered Cu, 200 mesh, Ems-
diasum). Changes in the H2IrCl6 solution after galvanic displacement experiments
were evaluated by UV-Vis adsorption spectroscopy using a Fischer Scientific Evo-
lution 220 UV-Visible Spectrophotometer with plastic cuvettes (Eppendorf UVette,
220 nm - 1600 nm).
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4.1.5 Electrochemical characterization

Due to problems with preparing inks of Cu@TiO2 and (Ir–Cu)@TiO2, Cu@NbxTiO2
was wet-mortared in ethanol before galvanic displacement and ink preparation. Inks
of different samples were prepared by mixing a known amount of oxide or catalyst
with DI water and isopropanol in different ratios. A small amount of 5wt% Nafion
solution was sometimes added to the ink. One ink was prepared using carbon-black
and (Ir– Cu)@TiO2 at 50 wt% carbon black. with 500 µL DI water, 250 µL isopropanol
and 20 µL 5wt% Nafion solution. The as-prepared inks were sonicated for 15 min
prior to electrode preparation.

Electrodes were prepared by pipetting 2 10 µL aliquots of the sonicated ink onto a
glassy carbon rotating disc electrode mounted on an inverted (upside down) rotator
[216–218]. The droplets were dried at room temperature while slowly increasing
the rotation rate of the electrode to 700 rpm. For inks prepared without addition of
Nafion, 2 10 µL aliquots of 0.5 wt% Nafion in isopropanol was added on the top of the
dried film.

An attempt at finding the optimal water:isopropanol volume:volume ratio was done
by drying 10 µL droplets of water and isopropanol mixtures on a GC RDE as described
above. Optimal here refers to the ability to dry multiple droplets of 10 µl successively
on an inverted GC electrode rotating at 700 rpm in an acceptable time.

The as-prepared catalyst films were then cycled between 0.05 V and 1.45 V at
50 mVs−1 in 0.5 moldm−3 H2SO4 at room temperature. Activity towards the OER
reaction and was evaluated by a slow potential scan from 1.45 V to 1.65 V at
5 mVmin−1.

An overview of the inks prepared is given in table 4.1

4.2 Results

4.2.1 Water- to isopropanol ratio

Table 4.2 gives an overview of the different water- to isopropanol ratios used to asses
the optimal ratio of water- to isopropanol. 7 droplets was used for each composition.
Too much water took too long to dry at room temperature to be practically applicable,
and too much isopropanol proved impossible to deposit a droplet restricted to the
glassy carbon surface on the electrode. This is important when preparing thin films
of known loading on an electrode using multiple droplets. A 2:1 ratio appeared as as
a good compromise.
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Table 4.1: Overview of the different inks prepared for electrochemical characteriza-
tion of TiO2 and Ti4O7 based samples.

TiO2 based

# Sample mcat
Vliq

/mgmL−1 VH2O : Viso−P Naf wt% /solids

1 Cu@TiO2 13 2:1 10
2 Cu@TiO2 1 2:1 10
3 Cu@TiO2 13 2:1 0
4 Cu@NbxTiO2 13 2:1 10
5 Cu@NbxTiO2 1 2:1 10
6 Cu@NbxTiO2 13 2:1 0
7 Cu@NbxTiO2 - 2:1 0
8 (Ir– Cu)@TiO2 5 2:1 25
9 (Ir– Cu)@TiO2 5 0:1 25

10 (Ir– Cu)@TiO2 7.5 0:1 37.5
11 (Ir– Cu)@TiO2 + C 3.4 1:2 38
12 (Ir– Cu)@TiO2 - 2:1 0
13 (Ir– Cu)@NbxTiO2 10 2:1 12.7
14 (Ir– Cu)@NbxTiO2 1 2:1 12.7
15 (Ir– Cu)@NbxTiO2 10 1:0 0
16 (Ir– Cu)@NbxTiO2 10 0:1 0
17 (Ir– Cu)@NbxTiO2 10 2:1 0
18 (Ir– Cu)@NbxTiO2 - 2:1 0

Ti4O7 based

# Sample mcat
Vliq

/mgmL−1 VH2O : Viso−P Naf wt% /solids

1 (Ir– Ni)@NbxTi4O7 12.5 2:1 0
2 Ni@NbxTi4O7 11.2 2:1 0
3 Ni@Ti4O7 15 2:1 0
4 NbxTi4O7 12.5 2:1 0

56



4.2. Results

Table 4.2: Overview of how long a 10 µL droplet of DI water and isopropanol on a
glassy carbon electrode took to dry, and how easy it was to make the droplet stay at
the glassy carbon surface.

H2O:iP Drying time Droplet stability Good droplets

5:1 Long Good 6/7
3:1 Long Acceptable 5/7
2:1 Acceptable Acceptable 5/7
1:1 Acceptable Insufficient 3/7
1:2 Fast Insufficient 2/7

4.2.2 TiO2 based samples
The inks prepared from the TiO2 based samples sedimented too quickly to produce a
reproducible catalyst loading and and an electrode giving reproducible electrochem-
ical measurements. Inks 7, 12 and 18 were prepared by mixing a larger amount
of catalyst with DI water and isopropanol as in table 4.1 followed by sonication.
Most of the material sedimented quickly after. The resulting suspension were used
to prepare electrodes as described earlier. Wet-mortaring of Cu@NbxTiO2 did not
appear to make a difference with respect to sedimentation rate of the the inks,
compared to Cu@TiO2.

Figure 4.1 shows S(T)EM images of Cu@NbxTiO2. The NbxTiO2 support appear to
be covered in spherical particles 100 nm to 200 nm in diameter. These particles were
not present before heat treatment in hydrogen, figure C.1 and can thus be assumed
to be exsolved Cu. The spherical shape of the Cu particles means that Cu does not
wet the oxide support. Figure 4.1 is also expected to be representative for Cu@TiO2
(private communication, Dr. Julian Tolchard).

(a) (b) (c)

Figure 4.1: S(T)EM Images of Cu@NbxTiO2. Images provided by Dr. Julian Tolchard

Figure 4.2 shows UV-Vis adsorption spectra of a 3.4 mmoldm−3 solution of H2IrCl6
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before and after galvanic displacement with Cu@NbxTiO2. The solutions were di-
luted using 200 µL solution and 1800 µL DI water to avoid signal startvation in the
photospectrometer. The concentration analyzed is then approximately 0.34 mmoldm−3.
Both spectra are characteristic of IrCl2–

6 (aq), with peaks at 415 nm, 432 nm and
488 nm [90, 153]. The height of the main peaks were reduced to 1

2 − 1
3 after the

displacement.
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Figure 4.2: UV-Vis adsorption spectra of 1.6 mmoldm−3 H2IrCl6 before and after
galvanic displacement with Cu@NbxTiO2 at 70 °C for 4 h. The solutions were diluted
with 200 µL solution and 1800 µL DI water to avoid signal saturation/startvation in
the photospectrometer.

Figure 4.3 shows S(T)EM images of (Ir – Cu)@TiO2 obtained in SE (a,b), BF trans-
mission (c) and DF transmission (d) mode. The dark and bright dots in figure 4.3
(c,d) suggests that the surface of the TiO2 support was covered in finely distributed
particles, ≈ 2nm, of a heavier element. The surface texture of the ≈ 100nm particles
particles in figure 4.3 (g) appear to be different after the displacement reaction when
compared to figure 4.1.

Figure 4.4 shows S(T)EM images of (Ir – Cu)@NbxTiO2 The main features appear to
be the same as for (Ir – Cu)@TiO2, figure 4.3. Figure 4.4 (d) appear to contained the
same small bright particles as in figure 4.3 (c,d), and the surface texture of the large
≈ 100nm particles appear to be different from figure 4.1.

Figure 4.5 (a,b,c) shows voltammograms of Cu@NbxTiO2 (a), (Ir–Cu)@TiO2 (b) and
(Ir– Cu)@NbxTiO2 (c). In figure 4.5 (a,b), an anodic wave can be observed starting
around 0.3 V-0.4 V in the first (blue) anodic sweep. A second wave grows at potentials
more anodically than 0.8 V. On the reverse sweep, there is a small cathodic wave
at potentials below 0.3 V. The first anodic wave diminishes greatly with cycling. A
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 4.3: S(T)EM Images of (Ir – Cu)@TiO2 obtained in secondary electron
(a,b,e,f,g), brightfield transmission (c) and darkfield transmission (d) mode. (e,f,g)
provided by Dr. Julian Tolchard.
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(a) (b)

(c) (d)

Figure 4.4: S(T)EM Images of (Ir–Cu)@NbxTiO2.
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plateau appears between 0.8 V and 1.2 V in the CV for the 50th cycle, which indicate
capacitive charging in this potential region. A broad pair of peaks also appear around
0.6 V, which is commonly associated with the glassy carbon electrode [237].

The voltammogam in figure 4.5 (c) shows a broad pair of peaks centered around 0.9 V
that are reduced in magnitute upon cycling.

Polarization curves of Cu@NbxTiO2, (Ir – Cu)@TiO2 and (Ir–Cu)@NbxTiO2 are shown
in figure 4.5 (d). (Ir –Cu)@NbxTiO2 display a significantly higher geometric current
density in the oxygen evolution region than Cu@NbxTiO2 and (Ir–Cu)@TiO2. The
current actually decreases for (Ir – Cu)@NbxTiO2 and (Ir–Cu)@TiO2 at potentials
above 1.63 V and 1.6 V.

Figure 4.6 shows voltammograms at 50 mVs−1 of an electrode of (Ir–Cu)@NbxTiO2
obtained before and after the polarization curve in figure 4.5 (d). The broad peaks
around 1 V was gone after the polarization curve, and the voltammogram resembled
that of Cu@TiO2 and (Ir–Cu)@TiO2 in figure 4.5 (a,b).

4.2.3 Ti4O7 based samples

Figure 4.7 shows UV-Vis adsorption spectra of a 1 mmoldm−3 solution of H2IrCl6
before and after galvanic displacement with Ni@NbxTi4O7. The adsorption spec-
tra of H2IrCl6 has been described earlier for figure 4.2, where the main peaks at
415 nm, 432 nm and 488 nm are characteristic for solutions of IrCl2 –

6 (aq) [90, 153].
The adsorption spectra obtained after the galvanic displacement experiment is
similar to that of Ir(III) solutions of IrCl3 and K3IrCl6 [90, 153]. IrCl3–

6 (aq) has
peaks at 360 nm 415 nm [90, 153]. The spectra for (Ir–Ni)@NbxTi4O7 has peaks
at 336 nm and 402 nm. This is likely Ir(OH2)Cl2–

5 (aq) or Ir(OH2)2Cl–
4 (aq), as the

2 peaks of Ir(OH2)xCl(3– x) –
6– x (aq) shifts to lower wavelengths with increasing aqua-

tion [153].

Figure 4.8 shows cyclic voltammograms of Ti4O7 (a), Ni@Ti4O7 (b), Ni@NbxTi4O7 (c)
and (Ir–Ni)@NbxTi4O7 (d). The voltammograms were obtained by cycling a freshly
prepared electrode in 0.5 moldm−3 H2SO4 at 50 mVs−1. The voltammograms show
the same main features. The first anodic sweep is comprised of a rising anodic wave,
with a peak around 1 V. The reverse sweep does not contain a corresponding cathodic
wave, and the voltammogram quickly becomes featureless. This is the same as was
observed for (Ir– Cu)@TiO2 and Cu@NbxTiO2 in figure 4.5 (b,a). We were unable to
obtain good data of Ni@Ti4O7, so the voltammogram in figure 4.8 (b) is not discussed
further, other than pointing out that the CVs in figure 4.8 (b) are similar to those in
figure 4.8 (a,c,d)

61



Chapter 4. Galvanic displacement of Cu and Ni on titanium oxides by Ir

0.0 0.5 1.0
Potential/V vs RHE

−10

0

10

20

30

40

j/µ
A

cm
−2

n=1
n=2
n=50

(a)

0.0 0.5 1.0
Potential/V vs RHE

−10

0

10

20

30

40

j/µ
A

cm
−2

n=1
n=50
n=100

(b)

0.0 0.5 1.0
Potential/V vs RHE

−50

0

50

100

150

j/µ
A

cm
−2

n=1
n=50
n=100
n=150
n=200

(c)

10−2 10−1

j/mAcm−2

1.40

1.45

1.50

1.55

1.60

1.65

Po
te

nt
ia

l/V
vs

R
H

E

Cu@NbxTiO2

Ir – Cu@TiO2

Ir – Cu@NbxTiO2

(d)

Figure 4.5: Cyclic voltammograms (a,b,c) and polarization curves (d) of Cu@NbxTiO2
(a,d), (Ir–Cu)@TiO2 (b,d) and (Ir – Cu)@NbxTiO2 (c,d). Voltammograms were ob-
tained at in 0.5 moldm−3 H2SO4 with a sweeprate of 50 mVs−1. Polarization curves
were obtained after the voltammograms, in the same electrolyte, at 3 mVmin−1 with
an electrode rotation rate of 1600 rpm.
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Figure 4.6: Cyclic voltammograms of (Ir – Cu)@NbxTiO2 obtained before and after
a 3 mVmin−1 potential sweep from 1.4 V to 1.65 V. Voltammograms were obtained
with a sweeprate of 50 mVs−1. Electrolyte was 0.5 moldm−3 H2SO4.
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Figure 4.7: UV-Vis adsorption spectra of 1 mmoldm−3 H2IrCl6 before and after
galvanic displacement with Ni@NbxTi4O7 at 60 °C for 1 h.
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Figure 4.8: Cyclic voltammograms of Ti4O7 (a), Ni@Ti4O7 (b), Ni@NbxTi4O7 (c) and
(Ir– Ni)@NbxTi4O7 (d). Voltammograms were obtained in 0.5 moldm−3 H2SO4 with
a sweeprate of 50 mVs−1.
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4.3 Discussion
Only (Ir –Cu)@NbxTiO2 appears to contain electrochemically active Ir. The pair of
peaks around 1 V in the voltammogram of (Ir–Cu)@NbxTiO2 in figure 4.5c, which is
not present in the voltammogram of Cu@NbxTiO2, figure 4.5a is typical for IrOx in
H2SO4 [48,48,70,72,73,76,77,220–228]. The voltammogram of (Ir–Cu)@NbxTiO2,
figure 4.5c, is also very similar to that of IrO2/Nb0.05Ti0.95O2 in H2SO4 [198]. Ad-
ditionally, (Ir–Cu)@NbxTiO2 show a catalytic activity towards oxygen evolution in
figure 4.5d, where Cu@NbxTiO2 and (Ir – Cu)@TiO2 is basically inactive.

Ir may be present in (Ir – Cu)@TiO2 also, but the conductivity of the undoped oxide
is unsufficient to detect any Ir electrochemically. The presence of small ≈ 2nm
particles of heavier elements on the surface of (Ir–Cu)@TiO2 and (Ir–Cu)@NbxTiO2
in figures 4.3 and 4.4, and the change in surface texture of the large ≈ 100nm Cu
particles when comparing Cu@NbxTiO2 in figure 4.1 to (Ir–Cu)@TiO2 in figure 4.3
and (Ir–Cu)@NbxTiO2 in figure 4.4 is indicative that the surface of (Ir–Cu)@TiO2
and (Ir – Cu)@NbxTiO2 being modified the same way. The main difference between
the two samples is the conductivity of the support, and is likely why any Ir on
(Ir–Cu)@TiO2 is electrochemically inactive.

The electrochemically active Ir in (Ir – Cu)@NbxTiO2 is not from galvanic displace-
memt of H2IrCl6 with Cu. The first potential sweep in figure 4.5 (c) does not show
any sign of underpotential deposition of hydrogen between 0.05 V and 0.4 V. HUPD
on metallic Ir is expected in this potential region [113, 210]. Peaks of HUPD was
present in the Ir/Ni catalysts prepared in chapter 3, figure 3.7.

The larger, ≈ 100nm, particles on (Ir – Cu)@TiO2 and (Ir–Cu)@NbxTiO2 in fig-
ures 4.3 and 4.4 are consistent with the bright spherical Cu particles on Cu@NbxTiO2
in figure 4.1 being modified by galvanic displacement with Ir. The smaller ≈ 2nm
particles on (Ir – Cu)@TiO2 and (Ir – Cu)@NbxTiO2 in figures 4.3 and 4.4 are not.
They can be rationalized by one of:

(i) The oxide is sufficiently conductive so that Cu oxidation and Ir reduction need
not proceed at the same location [84].

(ii) The oxide support itself is oxidized, reducing Ir onto the surface.

(iii) Iridium hydrolyzed and condensed onto the surface of the titanium oxide
support.

The first point is not consistent with the absence of electrochemically active Ir on
(Ir–Cu)@TiO2 in the voltammogram in figure 4.5 (b). The first two points are not con-
sistent with the lack of any HUPD peaks in the voltammogram of (Ir–Cu)@NbxTiO2
in figure 4.5 (c), as mentioned above. Only the last two points are consistent with
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the presence of peaks around 1 V in the first potential sweep of (Ir–Cu)@NbxTiO2 in
figure 4.5 (c) and the absence of any HUPD peaks, which implies that iridium was
present as Ir(IV)/Ir(III), similar to what was argued for Ir/Ni in chapter 3. In other
words; we can conclude that we have not modified the titanium oxides with Ir by
galvanic displacement of Cu, but rather by hydrolysis and condensation.

The titanium oxide based supports all appear to be irreversibly oxidized at potentials
exceeding 0.8 V. Ebonex, a mixture of mainly Ti4O7 and Ti5O7, does not exhibit peaks
between 0 and 2 V vs RHE in 1 moldm−3 H2SO4 at room temperature [238, 239].
The oxidation waves in the first cycles in figures 4.5 and 4.8 are present in both both
TiO2 and Ti4O7, with and without Nb doping. It is then likely related to oxidation of
the oxide surface, which was exposed to a reducing hydrogen atmosphere after spray
pyrolisis in order to exsolve the Cu and Ni dopants. Formation of insulating TiO2
is consistent with the voltammograms exhibiting no distinguishable features, even
with the apparent presence of Ir at the (Ir –Cu)@TiO2 surface. The voltammograms
of Cu@NbxTiO2 and (Ir–Cu)@TiO2, figures 4.5a and 4.5b, are virtually identical.
This means that the apparent Ir nanoparticles at the surface of (Ir–Cu)@TiO2 are
not detected electrochemically. The pair of broad peaks in the voltammogram of
(Ir–Cu)@NbxTiO2, figure 4.5c is likely due to the increased conductivity from the Nb
doping allowing some iridium to be detected electrochemically. After the polarization
curve in figure 4.5d, the voltammogram of (Ir–Cu)@NbxTiO2 also took on the same
shape as the voltammograms of the remaining samples. The Ir present was either
lost, or the surface became completely insulating. At high potentials, > 1.6V, IrOx
is known to corrode [1,13,240]. Catalysts with small nanoparticles of IrOx, as the
finely distributed nanoparticles seen in figures 4.3 and 4.4 can not be expected to be
very stable over time at high potentials.

4.4 Conclusions
We have shown that insufficient conductivity of the catalyst support will render the
catalyst inactive. We have also shown that even though it is possible to create IrOx
nanoparticles finely distributed on a TiO2 based support, the small size severely
reduces the stability of the catalyst. Preparation of TiO2/IrOx-based core/shell
electrocatalysts for oxygen evolution by galvanic displacement did not succeed.
The H2IrCl6 precursor solution appear to have hydrolyzed and condensed onto the
surface of the TiO2-based supports as Ir(OH)3, IrOx or similar. Ti4O7-based supports
appear to not be stable in 0.5 moldm−3 H2SO4 at potentials relevant for oxygen
evolution.
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Galvanic displacement of Cu by
Ir

5.1 Experimental

5.1.1 Electrochemical preparation of Cu/Au(poly) deposits
A gold rotating disc electrode (Au RDE) (5 mm internal diameter, PEEK shroud;
Pine) was polished to a mirror finish using successively 0.3 µm and 0.05 µm alumina
suspensions on a microcloth and rinsed using deionized water(DI water) (Millipore)
prior to Cu deposition. Cu films were prepared from 0.1 moldm−3 CuSO4(>99.0%,
Sigma Aldrich) + 0.1 moldm−3 H2SO4(96.3%, VWR) de-aerated solutions. The elec-
troplating process was performed under potentiostatic control at 0.05 V vs RHE
until a total charge of 500 mC had passed. The resulting Cu/Au film was rinsed by
immersion into DI-water.

5.1.2 Electrochemical preparation of particulate Cu/GC de-
posits

A glassy carbon rotating disc electrode (GC RDE) (5 mm internal diameter, PEEK
shroud; Pine) was polished to a mirror finish using successively 0.3 µm and 0.05 µm
alumina suspensions on a microcloth and rinsed using DI water prior to Cu deposi-
tion. Cu deposits were prepared from 0.1 moldm−3 CuSO4(>99.0%, Sigma Aldrich) +
0.1 moldm−3 H2SO4(96.3%, VWR) de-aerated solutions. The electroplating process
was performed using repeating chronoamperometry with a total of 200 potential
pulses. Cathodic- and anodic potentials were 0.05 V and 0.33 V with hold times of
0.1 s and 2 s, respectively. The resulting Cu/GC film was rinsed by immersion into
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DI water.

5.1.3 Preparation of (Ir-Cu/Au) and (Ir-Cu/GC) films
The as-prepared Cu films were immersed for 30 min in 50 mL de-aerated 1 mmoldm−3

H2IrCl6 (Heraeus) solutions kept at (70±1) °C under a N2(g) atmosphere. The elec-
trodes was either kept stagnant or rotated at 1600 rpm using a Pine MSR rotator
with a 15mm RRDE shaft. The resulting (Ir-Cu)-films were rinsed in de-aerated
1 moldm−3 HCl and DI water to remove any contaminants from the H2IrCl6 solution.
The films are denoted (Ir-Cu/Au)s, (Ir-Cu/Au)r and (Ir-Cu/GC) respectively, where
s and r is short for stagnant and rotation. (Ir-Cu/GC) was prepared with rotation
only.

5.1.4 Physical characterization
The Cu and (Ir-Cu) films were imaged using a Hitatchi S-3400N scanning electron
microscope equipped with an Oxford instruments Aztec Energy-dispersive X-ray
spectroscopy (EDS) system.

5.1.5 Electrochemical characterization
Electrochemical characterization of the (Ir-Cu) deposits was carried out using a
Gamry reference 600 potentiostat, controlled by the Gamry Framework software,
a Pt-foil counter electrode and a reversible hydrogen (RHE) reference electrode in
de-aerated 0.5 moldm−3 H2SO4(96.3%, VWR) solution. The following electrochem-
ical procedure was utilized: The ohmic drop in the electrolyte was determined by
electrochemical impedance spectroscopy (EIS) at open circuit potential using a dif-
ferent GC electrode without any (Ir-Cu) deposit and 85% was compensated using the
built in positive feedback utility. The (Ir-Cu) films were transformed to IrOx by cyclic
voltammetry (CV). CV was performed by sweeping the potential of the electrode
between 0.05 V and 1.3 V (Au RDE) or 1.4 V (GC RDE) vs RHE for 200 cycles at
50 mVs−1. The total, inner and total charge of the resulting IrOx film was found
from CVs performed at sweep rates ranging from 2mVs−1 to 500mVs−1 using the
method outlined in section 2.2 [212]. The impedance of the transformed IrOx films
was measured at a fixed frequency of 1 Hz through the same potential range as the
voltammograms, in potential steps of 10 mV.

The activity for the oxygen evolution reaction was evaluated by linear sweep voltam-
metry from 1.3 V to 1.65 V, using a potential sweep rate of 3 mVmin−1. The rate
expression for the oxygen evolution reaction, equation (1.54), was fitted to the
polarization curves as outlined previously in section 2.3
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5.2 Results

5.2.1 Preparation of (Ir–Cu)@Au

Figure 5.1 depicts a typical Cu-film on Au(poly) prepared potentiostatically. The film
was flat and continuous, but with a rough surface.

(a) (b)

Figure 5.1: A typical Cu@Au film prepared by potentiostatic deposition at 0.05 V in
0.1 moldm−3 CuSO4 + 0.1 moldm−3 H2SO4 de-aerated solutions. The total charge
passed during preparation of the film was 500 mC.

Figure 5.2 shows the electrode surface after performing the galvanic displacement
procedure in stagnant conditions, (Ir-Cu/Au)s. The surface of (Ir-Cu/Au)s was homo-
geneously covered by Ir nanoparticles ≤1 µm in diameter.

Figure 5.2: Ir nanoparticles covering the (Ir-Cu)s-film.

69



Chapter 5. Galvanic displacement of Cu by Ir

Figure 5.3 shows the periphery of the (Ir-Cu/Au)s electrode. The edge of the Au
disc. It was comprised a porous Ir-layer followed by the aforementioned Ir-particles
(figure 5.2). Figure 5.3b is an EDS linescan across the edge of the film and in towards
the centre of (Ir-Cu/Au)s . Starting at the edge, the Ir-Lα signal drops towards
the center. The Cu-Kα signal is inversely proportional to the Ir-Lα signal. This is
consistent with an exchange reaction which rate is limited by the transport of Ir(IV)
towards the surface, where the flux is higher at the disc edge.

(a)

Ir Lα

Cu Kα

(b)

Figure 5.3: SEM image(left) and EDS linescan(right) of the periphery of the (Ir-
Cu)/Aus film.

Upon introducing forced convection to the system, the primary size and morphology
of the Ir-deposits changed.

Figure 5.4 is a SEM image of the electrode surface after displacement under forced
convection, labeled (Ir-Cu/Au)r. In figure 5.4b, the clear edge-effect where a defined
region has more Ir is not present. Figure 5.4a is the centre of the electrode. The
morphology is clearly different than that of (Ir-Cu/Au)s.

5.2.2 Preparation of (Ir–Cu)@GC
A typical particulate Cu/GC film is depicted in figure 5.5. It was comprised of densely
packed Cu particles around 1 µm which covered the entire surface.

Figure 5.6 depicts the electrode surface after replacement of the particulate Cu/GC
film under forced convection, labeled (Ir-Cu/GC). The particulate morphology is
retained. The outer layer of the particles appear brighter, indicative of a hollow
core and an Ir shell. There appears to be no Ir growth onto the glassy carbon
substrate, which is consistent with the high overpotentials needed to deposit Ir on to
GC [161,182]. The particle in figure 5.7 apear to have a solid core.
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(a) (b)

Figure 5.4: SEM image of (Ir-Cu/Au)r. Centre of the electrode(left) and the
edge(right).

(a) (b)

Figure 5.5: SEM image of a particulate Cu/GC film prepared by pulse deposition
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(a) (b)

Figure 5.6: The (Ir-Cu/GC) film prepared by galvanic displacement under forced
convection.

The EDS linescan data in figure 5.7 shows the presence of Ir as well as Cu in the
particles of (Ir-Cu/GC).

Ir Lα
Cu Kα

Figure 5.7: Linescan EDS of (Ir-Cu/GC)
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5.2.3 Electrochemical properties

Figure 5.8 presents cyclic voltammograms(CV, black) and Mott Schottky plot(MS,
red) of (Ir-Cu/Au)r (a), (Ir-Cu/Au)s (b) and (Ir-Cu/GC) (c) after transformation to
IrOx by potential cycling, recorded at 50 mVs−1 (CV) and 1 Hz (MS), in 0.5 moldm−3

H2SO4. All the voltammograms displayed a pair of peaks around 1 V, typical for IrOx
formed by potential cycling [48,220] [48,70,72,73,76,77,221–228]. The apparent
flat-band potential, the potential where 1/C2 goes towards zero, coincides with the
onset of the Ir(III)−−−→ Ir(IV) peak. This is consistent with that of anodically formed
IrOx [78]. The current in the voltammogram of (Ir-Cu/Au)s appear to be one order
of magnitude lower than that of (Ir-Cu/Au)r and (Ir-Cu/GC). The main peaks in
voltammogram of (Ir-Cu/Au)s are not symmetrical. The anodic peak is ≈ 18µAcm−2,
whereas the cathodic peak is ≈ 10µAcm−2

The amount of IrOx participating in the proton insertion reaction, reaction (2.3),
determined using the method outlined in section 2.2 is given in table 5.1. The
voltammograms and extrapolations of anodic charge to zero and infinite sweeprates
are given in figures B.4 to B.6. The total amount of IrOx in (Ir-Cu/Au)r and (Ir-
Cu/GC), qt appear to be approximately 10 times that of (Ir-Cu/Au)s. The fraction of
IrOx at the surface, qsq−1

t is higher for the hollow/core-shell structure of (Ir-Cu/GC)
than that of the porous particulate structure of (Ir-Cu/Au)r and (Ir-Cu/Au)s. This is
consistent with the large amount of residual Cu in (Ir-Cu/Au)s, which was oxidized
in the first few potential cycles in figure B.3, meaning that the galvanic displacement
reaction had not gone to completition.

Table 5.1: Total, outer and inner charge obtained after extrapolating the anodic
charge of the voltammograms in figure B.4 to infinite and zero potential sweep rate.

Sample qt/µC qs/µC qi/µC qsq−1
t /a.u.

(Ir-Cu/Au)r 1389 998 391 0.72
(Ir-Cu/Au)s 146 104 42 0.71
(Ir-Cu/GC) 1519 1288 232 0.85

The polarization curves of the (Ir-Cu) films are shown in figure 5.9 where the rate
expression, equation (1.54), has been fitted to each polarization curve. Parameters
refined to the charge normalized current density are given in table 5.2. The fit
appears good at potentials above 1.56 V. (Ir-Cu/GC) shows a higher charge nor-
malized activity towards oxygen evolution than (Ir-Cu/Au)r and (Ir-Cu/Au)s, where
(Ir-Cu/Au)r is slighly higher than (Ir-Cu/Au)s, but the charge-normalized activities
are all within the same order of magnitude.
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Figure 5.8: Cyclic voltammograms (black) and Mott Schottky plots (red) of (Ir-
Cu/Au)r (a), (Ir-Cu/Au)s (b) and (Ir-Cu)/GC (c). Voltammograms were obtained after
transforming the Ir deposit to IrOx by potential cycling in 0.5 moldm−3 H2SO4 at
50 mVs−1. Mott Schottky impedance data were obtained using single frequency
impedance at 1 Hz.
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Figure 5.9: Polarization curves for (Ir-Cu/Au)s, (Ir-Cu/Au)r and (Ir-Cu/GC) after
transformation to IrOx by potential cycling in 0.5 moldm−3 H2SO4. Polarization
curve was obtained in 0.5 moldm−3 H2SO4 using a sweep rate of 3 mV/min.

Table 5.2: Obtained values after fitting log10 p1, log10 p2 and α2 in equations (1.55)
and (2.7) to the polarization curves in figure 5.9.

Sample log10 p1 log10 p2 α2

(Ir-Cu/Au)r −7.48±0.16 26.88±0.01 0.73±0.01
(Ir-Cu/Au)s −9.34±0.10 26.65±0.01 0.66±0.00
(Ir-Cu/GC) −16.68±0.03 26.44±0.00 0.38±0.00

5.3 Discussion

5.3.1 Morphology and growth
The rate of the galvanic displacement reaction between IrCl2–

6 (aq) and Cu(s) is
affected by the mass transport to and from the reaction surface, as is clear from the
increased Ir growth at the stagnant disc edge in figure 5.3b compared to the more
uniform Ir film across the rotated electrode in figure 5.4. We assume that reduction
of H2IrCl6 follows the reaction scheme given in section 1.8, reactions (1.46) to (1.48),
where Ir(IV) is first reduced to Ir(III) as an intermediate step [90,176,177,183]. When
the electrode was kept stagnant, more of the intermediately formed Ir(III) species
was reduced to Ir(0). At 1600 rpm, the rate of Ir(III) formation was sufficiently high
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so that Ir(III) was present all though the porous (Ir-Cu) electrode and was reduced
directly onto the Au substrate. In figure 5.4b, it may appear as the Ir deposit has
grown directly on the Au substrate. This is only possible if Ir(III) was present at the
surface, which means the rate of formation exceeded the rate of removal.

The lack of Ir-growth extending onto the GC substrate is consistent with the results
reported by Le Vot et al.(2012, 2013) [161, 182], where large overpotentials, well
negative of the onset of hydrogen evolution on Ir, are required to reduce Ir onto
carbon. The mixed potential arising from Cu-oxidation and Ir-reduction is not
sufficient to reduce Ir onto glassy carbon, as it should be higher than ≈0.3 V for Cu
to be oxidized.

The particulate Ir deposit in figure 5.5 appears to have a hollow core/shell struc-
ture. This is similar to the hollow core structure of (Ir-Ni)/C reported earlier in
chapter 3.

Some Cu was present in all the samples, figures 5.3b, 5.7 and B.2. The displacement
reaction did not run to completition during preparation of (Ir-Cu/Au)s, as is clear
from the large amounts of Cu detected by EDS in figure 5.3b and the large amounts
of Cu being oxidized in the first potential sweep in figure B.3b. For (Ir-Cu/Au)r and
(Ir-Cu/GC), the Cu detected by EDS implies either one of;

(i) The galvanic displacement reaction did not reach completition.

(ii) The remaining Cu was protected by a dense Ir overlayer

(iii) The mixed potential arising from oxidation of Cu and reduction of H2IrCl6 was
close to the equilibrium potential for Cu oxidation, leading to alloying [93].

There was no clear signs of large amounts of Cu being oxidized in the first potential
sweeps of (Ir-Cu/Au)r and (Ir-Cu/GC) in figures B.3a and B.3c, but some was still
detected by EDS as stated above. The apparent large overpotentials required to
reduce solutions of Ir(III) and Ir(IV) to the metallic state [161,176,177,180,182] is
consistent with reduction of Ir(III) to metallic iridium being the slow step when the
electrode was rotated at 1600 rpm. This would make it possible to form a protective
Ir film on top of Cu. If the rate of the galvanic displacement reaction is determined
by slow reduction of Ir(III), the mixed potential may have been sufficiently low for
an Ir1– xCux alloy to form since the cathodic direction of the Cu2+/Cu redox couple
would not be negligible. We can not conclude on the last two points, and will leave
this discussion open.

Attempts at replacing a smooth Cu film on glassy carbon were made, but the film
would always deform/peel off the electrode before a displacement experiment, or
crack and fall apart during/after (figure B.1). Hence, we made the switch to the Au
RDE in the above paragraphs.
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5.3.2 Electrochemical properties
The total amount of Cu initially present on (Ir-Cu/Au)s and (Ir-Cu/Au)r equaled to
500 mC. If Ir(IV) had only been reduced to Ir(III) and not futher to metallic Ir, this
would correspond to a reduction in the IrCl2–

6 concentration by 10.4 %. We attempted
to measure the UV-Vis adsorption of the H2IrCl6-solutions before the immersion of
the Cu electrodes and after the completion of the experiment, but water evaporation
during the course of the experiment had a larger effect on the IrCl2–

6 -concentration
than the changes due to the galvanic displacement reaction, as is evident by the
characteristic peak of IrCl2–

6 -peak at 488 nm in figure B.7. Even so, the yield appear
to be quite poor, with the amount of IrOx in table 5.1 being two orders of magnitude
less than the initial amount of Cu.

(Ir-Cu/Au)s and (Ir-Cu/Au)r are thick and porous, whereas the cage/eggshell structure
of (Ir-Cu/GC) behaves more like a thin film, since both the inner and outer part
of the shell is accessible for the electrolyte. The porous structure of (Ir-Cu/Au)s
and (Ir-Cu/Au)r is easily seen in figures 5.3 and 5.4. Pickup and Birss [79] showed
how the voltammogram of AIROF changes from reversible to irreversible depending
on the film thickness and potential sweep rate due to diffusion limitations on the
proton injection reaction reaction (2.3) as the potential sweeprate is increased. A
100 nm film was reversible up to 740 mVs−1. Thicker films showed irreversible
voltammogram behaviour at lower sweep rates. Plotting some of the voltammograms
used to find qt, qs and qi, figure B.4, normalized by the maximum anodic current in
each voltammogram, j/max( j) demonstrates this effect. The main anodic peak in
the voltammograms of (Ir-Cu/Au)s and (Ir-Cu/Au)r, (a, b) shifts to higher potentials
as the potential sweep rate is increased while the voltammograms of (Ir-Cu/GC) (c)
remains fairly constant as the potential sweep rate is increased. This is consistent
with the higher surface fraction of IrOx in (Ir-Cu/GC) compared to (Ir-Cu/Au)s and
(Ir-Cu/Au)r.

This can be seen when plotting the anodic peak potential versus the potential sweep
rate in figure 5.11. Due to the potential limits used, the peak potential appear to
be independent of high sweep rates. This is because the peak was never reached at
high sweep rates. I.e., the peak lies beyond the anodic turnaround potential.

5.4 Conclusions
Cu can be used as a reduction agent to reduce H2IrCl6 solutions to Ir metal on
a substrate by galvanic exchange. The yield of the reaction appear to be quite
poor, and the rate is afffected by the mass transport of the reaction solution. The
resulting Ir deposit appear to be porous, and a true core/shell structure may be hard
to achieve. Use of Ir(III) precursors may prove beneficial in order to improve the
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and figure B.4.
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yield of the galvanic displacement reaction. This is both since one less electron is
required, and since it may reduce the loss from formed Ir(III) diffusing away from the
reaction surface. In order to gain a more fundamental understanding of the galvanic
displacement reaction between Cu and Ir(III)/Ir(IV), a study on displacement of
underpotential deposited monolayers of copper, CuUPD should be conducted. It is
then possible to examine in depth how different parameters, e.g. mass transport,
temperature, choice of Ir precursor, affects the reaction yield and morphology of the
resulting Ir deposit.
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Summary of the work presented
thus far

In this first part, we have shown how different Ir structures (hollow core-shell,
porous films) can be prepared by galvanic displacement of Ni and Cu nano/micro-
particles and tick Cu deposits on different substrates. The results indicate a not-
straighforward reaction scheme where a fundamental understanding is needed if
one is to prepare Ir/core catalysts with a dense Ir shell.

The original intended purpose of this work was to exsolve a dopant metal, e.g. Ni,
Cu, etc, from an oxide such as NbxTiO2 or SbxSnO2 to create an oxide/M core/shell
structure. Galvanic displacement would then be used to form an Ir shell on the
oxide core. As is shown in chapter 4, the use of titanium oxides as supports had
problems related to the durability of the catalyst, the galvanic displacement reaction
and the conductivity of the support itself. In chapters 3 to 5, the results indicated
that as the temperature of the galvanic displacement reaction was increased, the
iridium precursor solution hydrolyzed and condensed onto the surfaces of solids in
the reaction micture as Ir(III) or Ir(IV) compounds.

This all led to the suggestion to perform a series of studies on the galvanic dis-
placement of underpotentially deposited copper on gold, CuUPD/Au using different
precursors of Ir(III) and Ir(IV) to gain a more fundamental understanding of the
different reactions involved.
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Chapter 6

Ir deposition by galvanic
displacement of Cu in a one-pot
configuration

Abstract
We have investigated Ir plating onto a polycrystalline gold electrode by successive
galvanic displacmenet of Cu monolayers. By using low concentrations of H2IrCl6
and IrCl3 in H2SO4, Cu submonolayers could be formed on a Au(poly) rotating disc
electrode by underpotential deposition without any significant direct Ir electrolysis.
The formed Cu submonolayer could then react with the Ir precursor before a new
Cu submonolayer was formed. By evaluating the amount of Cu deposited in each
submonolayer and the resulting Ir deposit, our results indicate that H2IrCl6 is
reduced onto the Au electrode as metallic Ir via the formation of Ir(III). Due to
transport of Ir(III) away from the reaction surface, a low yield is achieved. No Ir
deposited was achieved from IrCl3 solutions, possibly due to adsorption of irreducible
species onto the Au surface.

Au

Ir
CuIrCl2–

6
αIrCl3 –

6
Cum+

(1−α)Ir
(1−α)IrCl3 –

6
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6.1 Introduction
To facilitate the renewable-energy future, efficient and robust hydrogen production is
necessary. The compact PEM water electrolysis (PEMWE) and fuel cell technologies
may play a vital role in the future infrastrucutre. The hydrogen evolution, hydrogen
oxidation and oxygen reduction reactions are all effectively catalyzed by platinum.
Platinum is less active for the oxygen-evolution reation (OER), however. Iridium
oxide is a highly active catalyst for the OER and which is also reasonably stable at
the high potentials and corrosive environment in PEMWE anodes (OER) [5, 241].
Iridium is costly and scarce, and better utilization of it is an obvious point of im-
provement of PEMWE technology. This can be achieved in various ways, such as
dilution by mixing with other cheaper materials such as SnO2 [188] or Ta2O5 [193],
alloying with more abundant metals followed by post-synthesis-treatment such as
de-alloying or surface enrichment [187,195], or the use of core-shell structures [242].

Galvanic displacement is the coupled oxidation of a metal M and the reduction
of a more noble metal cation Nn+(sol) driven by the difference in the electrode
potential of the two components, E−◦

N −E−◦
M > 0V. The reaction may be written as

reaction (6.1).

M(s)+ m
n

Nn+ (sol)−−−→Mm+(sol)+ m
n

N(s), (6.1)

If the sacrificial metal, i.e. the metal M that is being displaced, is present as a
thin layer on a substrate and the latter is thermodynamically stable with respect
to galvanic displacement by the precursor N in reaction (6.1), the layer of N will be
correspondingly thin. Galvanic displacement therefore appears as a particularly
simple method for applying thin layers of noble metals to the surface of nanoparticle
substrates [84, 149], thus offering a straightforward synthesis route to core-shell
structures.

First introduced by Brankovic et al. (2001), the surface limited redox replacement
(SLRR) method restricts the thickness of the layer of the leaving metal M to a single
monolayer by underpotential deposition (UPD) [109]. This allows for the controlled
growth of mono- and multilayers of N on a substrate, as well as multilayered
structures of N1,N2,..Nn using flow-cells or approaches based on multiple electrolytes
[114, 149]. A self-terminated monolayer of metals such as Cu or Pb can easily be
applied to a suitable substrate (Au, Pd, Pt, Ir, Ru) and subsequently displaced by
a more noble metal of choice [149]. Electroless [104] and gram-scale methods have
been reported for this approach [116,117,119,130].

Some reports on Ir deposition through galvanic displacement of Ni by Ir have
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appeared, such as on Ni foil [88,90] and electrodeposited Ni [87,89,91] with Ir. Alia et
al. (2018) exposed Ni and Co nanowires to IrCl4 at 90 °C and removed any excess Ni
or Co by acid wash [92]. PdIr-shell/Ni-core has also been prepared by simultaneous
displacement of the outer layers of Ni nanoparticles with Ir and Pd [135]. Duca et al.
(2013) reported displacement of Ni with Ir from 1×10−3 moldm−3 H2IrCl6 solutions
with a pH of 1, but did not disclose the acid used for acidification [88]. It was most
likely HCl as, this was used to assess the level of Ni leeching due to the low pH. They
reported a slow displacement reaction, with immersion times up to 18 h at room
temperature. Papaderakis et. al.(2016) reported displacement of Ni at 65 °C where
only 15 min was necessary to obtain significant Ir deposits [89]. Mellsop et. al.(2015)
reported a lower yield when Ni was plated with Ir when HCl was added to a H2IrCl6
solution relative to HCl-free H2IrCl6. They also reported that the yield was lower
from IrCl3+HCl solutions compared to H2IrCl6 solutions, but did not assess HCl-free
IrCl3 solutions [90].

Whichever the procedure and substrate employed, the resulting iridium film needs to
be oxidized to IrO2 or possibly a substoichiometric variety [236] before employment
as an OER catalyst. This is easily achieved by cycling the potential of the electrode
supporting the iridium through appropriate potential limits.

Recent results indicate that the SLRR is not necessarily complete in the sense that
a fully reduced metal layer evolves. Yuan et al. (2018) [136] demonstrated that
after Pt deposition on Au(111) through SLRR of Cu-UPD, 60% of the Pt at the
electrode consisted of adsorbed square-planar PtCl2–

4 (ads)-species, Pt(0) clusters of
one monolayer thickness making up the balance. The presence of Pt(II) species at the
surface could be detected i a cyclic voltammogram during the first negative potential
sweep in cathodic direction from the open circuit potential due to reduction to Pt(0).
Such a relation; θPt = θ0

Pt +αθCu where θ0
Pt 6= 0, has also been reported at an earlier

occasion [111].

Štrbac et al. (2018) reported spontaneous deposition of Ir nanoislands onto Au from
IrCl3+H2SO4 solutions without any applied potential or displacement reactions [243],
where an almost full coverage was achieved in a matter of minutes. The deposit
was comprised of adsorbed non-reducible hydrated IrCl3 and some Ir(OH)3. From
these results and those of Yuan et al. (2018) [136], it appears that one may expect
a mixture of partially and fully reduced metal at the surface following an SLRR
procedure.

Any prediction of the outcome of an SLRR involving iridium and an associated ratio-
nal design of synthesis of iridium oxide through this approach require mechanistic
knowledge of the processes involved. For the reduction step some information can
be gathered from the literature on electrodeposition of iridium oxide. Sawy and
Birss (2009) [176] argue that the reaction path during direct Ir electrolysis from
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Ir(IV)-solutions can be described with at least tree distinct steps. (i) The one-electron
reduction of Ir(IV) to Ir(III) followed by (ii): The adsorption of Ir(III) onto the sub-
strate and (iii): The reduction of adsorbed Ir(III) to Ir(0). These steps are given in
reactions (6.2) to (6.4),

IrCl2−6 (aq)+e−
k1−−*)−−
k−1

IrCl3−6 (aq) (6.2)

IrCl3−6 (aq)+S
k2−−*)−−
k−2

IrCl3−6 −S (6.3)

IrCl3−6 −S+3e−
k3−−*)−−
k−3

Ir−S+6Cl−(aq) (6.4)

Later work by Le-Vot et al.(2012) [161,182], Sawy and Birrs(2013) [177,178] and
Ahn et al.(2015) [180] support this mechanism, although the last three-electron
step should in reality be more complex. Both Le-Vot and Ahn demonstrate a high
overpotential for Ir-reduction onto glassy carbon electrodes, possibly related to Ir(III)
species not adsorbing onto glassy carbon. Sawy and Birss(2009) [176] also showed
that an (arbitrarily) increased rate of stirring in the electrolyte increased the mass
gain during H2IrCl6 deposition onto a Au-coated quartz crystal, but reduced the
current efficiency. This was attributed to an increased amount of the Ir(III) formed
diffusing away from the electrode surface due to slow adsorption. Ahn et al. also
show that electroplating of K3IrCl6 on Au is significantly slower in NaCl than in
Na2SO4, consistent with the report in Ni displacement by Ir by Mellsop et al. (2015)
mentioned earlier.

It is unclear whether nickel underpotential deposition takes place at gold substrates
or not, and reports are conflicting [244–246]. Bubendorff et. al [247] reported
Ni UPD on Au(111) in sulfamate baths from adsorbed Ni-sulfamate complexes.
Vaskevich et al. [245] demonstrated Ni UPD at {111}-textured gold electrodes in
dimethyl sulfoxide (DMSO). The deposition mechanism involved the reduction of
DMSO and coadsorption of Ni and sulfur species. The stripping reaction did not
remove the sulfur species, and the authors suggested the formation of a NiAu surface
alloy [245].

Cu-UPD on gold surfaces is widely studied and has been extensively used for studies
on Pt- and Pd plating by SLRR [149]. Using Cu as the sacrificial metal (M in reac-
tion (6.1)) instead of Ni would give a wider pH range in which M is not spontaneously
oxidized or covered by an oxide layer. This is important, since SLRR for iridium at
Ni tends to result in some changes in the electrode morphology not associated with
the deposition of iridium per se [89]. An SLRR synthesis based on displacement of
Cu for iridium would thus be highly desirable.
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SLRR has previously been used to replace Cu monolayers on Pd by Ir, but then only
as a part of the core in core-shell particles with Pt shells, targeting the ORR [113].
This synthesis was based on IrCl3 as the iridium precursor. Due to the difference in
the valence states between Ir3+ and Cu2+, Knupp et al.(2010) reported that a single
replacement event yielded a 2/3 monolayer of Ir [113]. To our knowledge, this is the
only work reported on galvanic displacement of Cu ML prepared by UPD with Ir in
aqueous solution. Galvanic displacement reactions between Cu and Ir in various
organic solvents have been reported, though [248–254].

As is evident by the reaction stoichiometry in reactions (6.5) and (6.6), whether
iridium forms from Ir(IV)

IrCl2−6 (aq)+2Cu(s) )−−−* Ir(s)+2Cu2+(aq)+6Cl−(aq) (6.5)

or from Ir(III),

Ir3+(aq)+ 3
2

Cu(s) )−−−* Ir(s)+ 3
2

Cu2+(aq) (6.6)

a one-to-one exchange with Cu atoms is not compatible with the charge requirements
of the Cu half reaction,

Cu2+(aq)+2e− −*)−−Cu(s) (6.7)

Furthermore, even small traces of chloride at the electrode surface has been reported
to affect the Cu oxidation reaction, reaction (6.7), and stabilize Cu as Cu(I), further
increasing the Cu consumption [99,111, 136]. Stabilization of Cu(I) species is the
reason for the well-known activation of the electrodeposition of copper in the presence
of chlorides [255].

From this one might expect that starting from solutions of IrCl2–
6 (aq) a fraction

of the Ir(III) formed in reaction (6.2) may be transported away from the electrode
and thus not proceed to reactions (6.3) and (6.4). Choosing an Ir3+ compound as
the Ir precursor may then improve the yield due to both the change in reaction
stoichiometry and the elimination of loss due to mass transport. Accordingly, the
yield of Ir plating by galvanic displacement of Cu would be expected to be low when
the Ir(IV) precursors are used, especially in highly stirred systems. With the use
of Ir(III) precursors, a significantly higher yield should be obtained. This may not
be the case, as adsorption of irreducible IrCl3 ·xH2O and Ir(OH)3 species [243] may
inhibit a large fraction of the substrate, significantly reducing the the yield that may
be obtained.

Below we report a one-pot method for Ir plating via successive galvanic displace-
ment of electrochemically prepared Cu-submonolayers formed by underpotential
deposition on polycrystalline Au. Using a polycrystalline Au rotating disc electrode,
we successively form Cu monolayers by underpotential deposition which are subse-
quently displaced by Ir from H2IrCl6 and IrCl3 solutions in the same electrolyte. We
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argue that the galvanic displacement reaction between Cu and Ir(IV) species occurs
via the formation of intermediate Ir(III), leading to reaction yield determined by the
mass transport in the system. Through evaluating the amounts of underpotentially
deposited copper and the corresponding iridium film obtained, we argue that a lot
a of the formed Ir(III) diffuses away from the electroded surface, leading to a low
yield. Furthermore, we suggest that not only the oxidation state but also the choice
of Ir-precursor for any given oxidation state, such as ligands of the metal cation, is of
significant importance to the end results.

6.2 Experimental
All experiments were performed in a glass cell equipped with a water jacket. A
polycrystalline gold rotating disc electrode (Au RDE) (5 mm internal diameter, PEEK
shroud; Pine) or a flat polycrystalline Ir electrode embedded in epoxy served as
working electrodes. The electrodes were polished to a mirror finish with successively
0.3 µm and 0.05 µm alumina suspensions (Allied) on a microcloth(Buehler) and
rinsed using DI water (Millipore, 18.2 MΩ@25 °C) prior to each experiment. The
gold electrode was mounted on a Pine Classic RDE/RRDE Shaft (15 mm OD PEEK
shroud, stainless steel rod) attached to a Pine MSR rotator. The potentiostat used
was a Gamry reference 600. The ohmic drop was determined by the built in utility, of
which 85% was compensated through positive feedback compensation. The counter-
and reference electrodes were Pt-foil and a reversible hydrogen electrode (RHE),
respectively. All potentials reported are versus RHE. SLRR was performed using
solutions of 0.5 molL−1 H2SO4 (96.3%, VWR) + 1 mmolL−1 CuSO4 (Sigma, 99.995 %)
with 10 µmoldm−3 H2IrCl6 (Heraeus) or IrCl3 ·xH2O (Merck). The electrolytes were
purged using Ar(g) for at least 30 min prior to each experiment and kept under an
Ar(g) atmosphere for the duration of the experiments. The electrolyte temperature
was kept at (70±1) °C by circulating water from a water bath through the water
jacket.

Voltammograms of the copper under potential deposition reaction (Cu-UPD) on a
polished Au(poly) RDE in 0.5 moldm−3 H2SO4 + 1 mmolL−1 CuSO4 were obtained
at 70 °C at a sweep rate of 50 mVs−1. The anodic potential limit was always 0.8 V
whereas the cathodic limit was varied from 0.7 V to 0.25 V in steps of −10 mV.

Cu-UPD on Ir(poly) and IrOx was also investigated by cyclic voltammetry of a flat
polycrystalline Ir electrode embedded in epoxy. The electrode was polished following
the same procedure as for the gold electrode above. The polished iridium was
converted to iridium oxide following a similar procedure as above, i.e. by potential
cycling from 0.05 V through 1.35 V in 0.5 moldm−3 H2SO4 at 150 mVs−1 at room
temperature (RT, 24 °C).
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The following potential pulse routine was used to perform SLRR in a single cell:
The potential was held at 0.7 V for 5 s in order to strip off any residual Cu still
left at the surface from the previous experiment. Cu-UPD layers were formed
by applying 0.34 V for 2 s to the working electrode. After each deposition the
open circuit potential (OCP) was recorded for 60 s (in solutions containing H2IrCl6
or IrCl3) or 1800 s (in solutions containing IrCl3 only), thus monitoring the elec-
trode potential during the SLRR reaction. This procedure was repeated 10 times.
Current- and charge was recorded during each potential pulse. The electrode
was then rinsed gently by immersion in DI water thrice, changing the water each
time. The following combinations of electrolytes were used: 10 µmoldm−3 H2IrCl6
and 0.5 moldm−3 H2SO4, 10 µmoldm−3 IrCl3 and 0.5 moldm−3 H2SO4, 1 mmoldm−3

CuSO4 and 0.5 moldm−3 H2SO4, 10 µmoldm−3 H2IrCl6, 1 mmoldm−3 CuSO4, and
0.5 moldm−3 H2SO4, 10 µmoldm−3 IrCl3, 1 mmoldm−3 CuSO4 and 0.5 moldm−3 H2SO4.
To ensure that mass transport was well defined, the electrode was rotated at
1600 rpm during the SLRR experiments experiments.

The iridium deposits emerging from the SLRR procedure were oxidized to iridium
oxide by potential cycling from 0.05 V through 1.35 V in 0.5 moldm−3 H2SO4 at
50 mVs−1 at room temperature (RT, 24 °C) until stable voltammograms character-
istic of those of IrO2 [77, 256] were obtained The first sweep was performed from
the open circuit potential in cathodic direction. The activity of the formed IrOx
film towards oxygen evolution was evaluated using linear sweep voltammetry. The
potential of the electrode was swept from 1.35 V to 1.65 V at 3 mVmin−1. The elec-
trode was rotated at 1600 rpm. The total amount of Ir in the formed IrOx film was
found from CVs performed at sweep rates 10 mVs−1, 25, 50, 100, 150, 200, 250,
300, 350 and 500 mVs−1, using a method outlined by Ardizonne et al. (1989) [212].
Mott-Schottky impedance data of the IrOx films was obtained at 100 Hz at potentials
from 0.1 V to 1.35 V using 10 mV steps and analyzed assuming an R-C series circuit.

Voltammograms of solutions of 10 µmoldm−3 H2IrCl6 + 0.5 moldm−3 H2SO4 and
10 µmoldm−3 IrCl3 + 0.5 moldm−3 H2SO4 was obtained at (70±1) °C using a Au
RDE working electrode rotated at 1600 rpm. The potential of the working electrode
was swept between 0.05 V and 1.2 V (H2IrCl6) or 0.75 V (IrCl3) at 5 mVs−1 for 5
cycles.

The electrode was then rinsed with DI water and transferred to a fresh electrolyte
of 0.5 moldm−3 H2SO4. The electrode was then treated the same way as for the Ir
deposits made my SLRR, as described earlier.

Atomic force microscopy (AFM) micrographs was obtained of the Au(poly) surface
before and after SLRR by H2IrCl6. The instrument was an Agilent 5500 AFM
equiped with a AC mode III module. The tip was an Nanoworld PNP-TR-50 used in
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non-contact mode.

UV-Vis adsorption spectroscopy was performed on a 1 mmoldm−3 solution of H2IrCl6
before and after reduction by a piece of Cu wire(>99.9%). The instrument was a
Thermo Fisher Evolution 220 UV-Visible Spectrophotometer. The light source was
scanned from 700 nm to 290 nm in steps of 1 nm, averaging the signal for 2 s for each
step. The reduction of the H2IrCl6 solution by the Cu metal was carried out at 70 °C
in a three-neck flask in an oil bath overnight. The solution was kept under a N2(g)
atmosphere and the flask was equipped with a water cooled condenser to minimize
evaporation.

The charge data recorded during the SLRR routine was sometimes adjusted for small
background currents as per the method outlined in appendix D.2 unless otherwise
noted.

6.3 Results
Figure 6.1a presents a series of cyclic voltammograms of the Au(poly) RDE in a
solution containing 1 mmoldm−3 CuSO4(aq) and 0.5 moldm−3 H2SO4(aq) at 70 °C
(Voltammograms obtained at room temperature given in figure D.2). The sweep
rate was 50 mVs−1. The initial potential was 0.8 V for each cycle, whereas the
reversal potential was made more negative by −10 mV per cycle. The current became
significantly more negative as the potential was swept to more negative potentials
than approximately 0.6 V, which is above the reversible electrode potential for the
Cu2+/Cu redox couple (reaction (6.7), Erev (

Cu2+ /Cu
) ≈ 0.24V@70°C). At 0.4 V the

current increases slightly and then decreases sharply at 0.34 V. At 0.28 V, there
is a small bump in the cathodic direction of the voltammogram. We associate
the cathodic currents below 0.6 V and above 0.28 V in the negative-going potential
sweep with under-potential deposision (UPD) of Cu and those below 0.28 V with
over-potential deposision (OPD) of Cu [257]. Integration of the anodic current for the
voltammogram with reversal potential of 0.34 V gives the charge 368 µCcm−2, which
we associate with the amount of Cu deposited. We chose 0.34 V as the potential to
underpotentially deposited copper in further experiments in order to minimize any
direct electrolysis of the Ir precursors [176,177].

Figure 6.1b presents a cyclic voltammogram of the Ir(poly) plate electrode in 0.5 molL−1

in aqueous solutions of H2SO4 without and with the addition of 1 mmolL−1 CuSO4.
Results are shown both for the bare iridium electrode and the iridium electrode after
the formation of a layer of iridium oxide (IrOx) at its surface.

A Cu-nucleation loop is clearly seen on the metallic Ir surface(red), while at the IrOx
surface(blue) only a small cathodic current is present at E < Erev(Cu2+/Cu)= 0.25V.
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IrOx appears to have a larger overpotential than Ir for Cu-nucleation.

Unlike the Au(poly) RDE in figure 6.1a, there is no clear indications of Cu-UPD on
Ir(poly) or IrOx at E > Erev(Cu2+/Cu).
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Figure 6.1: (a) Cyclic voltammograms of the Au(poly) RDE in a solution containing
1×10−3 moldm−3 CuSO4 and 0.5 moldm−3 H2SO4 at 70 °C. The sweep rate was
50 mVs−1. The electrode potential was swept from 0.8 V in each cycle, whereas the
reversal potential was made more negative for each cycle. The red curve shows
the voltammogram for which the revesal potential was E0

Cu2+/Cu
= 0.34V. (b) Cyclic

voltammogram of Ir and IrOx in 0.5 molL−1 H2SO4+1 mmolL−1 CuSO4 obtained at
5 mVs−1.

Figure 6.2a shows cyclic voltammograms of the Au(poly) RDE in aqueous solutions of
0.5 moldm−3 H2SO4 with either 10 µmoldm−3 H2IrCl6 or IrCl3 added. The voltam-
mograms were obtained at 70 °C sweeping at 5 mVs−1 with an electrode rotation
rate of 1600 rpm. Cycle 1 (solid) and 5 (dashed) are shown. Neither in the H2IrCl6-
nor in the IrCl3-solution do the voltammograms display any peaks or waves readily
associated with reduction of the iridium precursor in the potential window 0.6 V
through 0.34 V, i.e. the same potential range used for underpotential deposition
of Cu at gold . In the H2IrCl6-containing solutions a significant cathodic current
at potentials lower than 0.2 V vs. RHE indicates electrochemical reduction of the
iridium precursor. Upon reversal of the first sweep, no H-UPD peak is present, but
during further potential-cycling of this electrode H-UPD peaks as well as a reduction
wave between 0.7 V and 0.4 V did gradually appear in the voltammograms. On the
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other hand, the voltammograms for the solution containing IrCl3 do not to indicate
any direct electrolysis of Ir in any of the potential range investigated.

Figure 6.2b presents the current at selected potentials during cathodic sweeps at
5 mVs−1 versus the square root of the angular velocity of the Au RDE in aqueous
solutions of 0.5 moldm−3 H2SO4 and 10 µmoldm−3 H2IrCl6 (green curve) or IrCl3
(blue curve). The rotation rates were 100 rpm, 400 rpm, 900 rpm, 1600 rpm, and
2500 rpm and the temperature was 70 °C. The voltammograms from which the data
were collected are are given in figure D.4 of the supporting information. At all
three potentials, the current in the H2IrCl6 solution is linearly dependent with the
square root of the electrode rotation rate, whereas in the IrCl3 solution the current
is independent of the electrode rotation rate. This is consistent with reaction (6.2)
proceeding at limiting current in the H2IrCl6 solution, with no mass-transport
limited reactions occurring in the IrCl3 solution.
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Figure 6.2: (a): First (solid) and fifth (dashed) cycles during cyclic voltammetry of
a Au(poly) RDE in aqueous solutions of 0.5 moldm−3 H2SO4 containing also either
10 µmoldm−3 H2IrCl6 or 10 µmoldm−3 IrCl3. The voltammograms were recorded at
70 °C. The sweep rate was 5 mVs−1 and the rotation rate was 1600 rpm. (b): Current
at selected potentials versus electrode rotation rate at 100 rpm, 400 rpm, 900 rpm,
1600 rpm, and 2500 rpm.

Figure 6.3 shows cyclic voltammograms of Au(poly) RDE electrodes after having been
subjected to five potential cycles between 0.05 V and 1.2 V (H2IrCl6 or 0.75 V (IrCl3)
in 0.5 moldm−3 H2SO4 and 10 µmoldm−3 of either H2IrCl6 or IrCl3 at 5 mVs−1 at
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70 °C with an electrode rotation rate of 1600 rpm as in figure 6.2. The first (fig-
ure 6.3a) cycle and one obtained after extensive cycling (figure 6.3b) both show
clearly that significantly more Ir was reduced onto the Au(poly) substrate from the
H2IrCl6 solution compared to the IrCl3 solution. The insets show that some Ir was
obtained from the IrCl3 solution. The H-UPD peaks in figure 6.3a show that Ir was
reduced onto the gold electrode as metallic Ir by the potential cycling in figure 6.2a.
The voltammograms in figure 6.3 is similar to those of porous Ir films plated onto Au
substrates at constant potentials before and after transformation to IrOx [176].
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Figure 6.3: Cyclic voltammograms of the modified Au RDE’s in 0.5 moldm−3 H2SO4
at 50 mVs−1 at room temperature. The electrodes were modified by cyclic voltamme-
try between 0.05 V and 0.75 V (IrCl3) or 1.2 V (H2IrCl6) for five cycles in 0.5 moldm−3

H2SO4 + 10 µmoldm−3 H2IrCl6 or IrCl3 at 70 °C with an electrode rotation rate of
1600 rpm. The electrodes were rinsed using DI water before immersion into the fresh
H2SO4 electrolyte. (a) shows the first (solid) and second (dashed) sweeps.(b) shows
the voltammograms obtained after extensive cycling. Inset shows the Ir/Au-IrCl3
voltammograms.

The results above far demonstrate that at potentials of which CuSO4 is reduced onto
the electrode as underpotentially deposited Cu, Ir does not appear to be reduced
onto the gold surface from neither the H2IrCl6- nor the IrCl3 solutions. There are
no apparent currents in figure 6.2a which can attributed to direct reduction of the
Ir precursor solutions at potentials above 0.2 V. The voltammograms in figure 6.3
shows that both the H2IrCl6 and IrCl3 solutions did yield metallic Ir at the gold
surface, which could subsequently be transformed to IrO2, however the H2IrCl6
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solution resulted in significantly larger amounts.

Figures 6.4a to 6.4c presents the OCP transients obtained after 10 successive 2 s
UPD potential holds at 0.34 V with an intermittent time at open circuit for 60 s
between each potential hold in an electrolyte containing either CuSO4, H2IrCl6, and
both, respectively. The electrode prepared as in figure 6.4c is from hereon labeled
(Ir/Au)IV. Figure 6.4c could not be reproduced as a linear combination of figures 6.4a
and 6.4b.
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Figure 6.4: Ten OCP transients recorded over 60 seconds after applying 0.34 V for
2 s to a Au(poly) RDE in 0.5 molL−1 H2SO4 and 1 mmolL−1 CuSO4 (a), 10 µmolL−1

H2IrCl6(b) or 10 µmolL−1 H2IrCl6 and 1 mmolL−1 CuSO4(c).

Figure 6.5 shows the charge passed during each 2 s Cu-UPD potential hold at 0.34 V
in the presence of CuSO4, H2IrCl6 or both, respectively. The OCP of the electrode
was recorded for 60 s between each potential hold.

Figures 6.6a to 6.6c presents 10 open circuit potential transients of a Au(poly) RDE
measured for 60 seconds after 2 s UPD potential holds at 0.34 V in an electrolyte
containing either CuSO4, IrCl3, and both, respectively. The electrode prepared as in
figure 6.6c is from hereon labeled (Ir/Au)III.

Figure 6.7 shows the charge passed during each potential pulse prior to each 60 s
OCP transient in figures 6.6a to 6.6c in the presence of CuSO4, IrCl3 or both,
respectively.

After introducing IrCl3 to the electrolyte, the charge passed before the first dis-
placement event was somewhat lower than in the IrCl3-free electrolyte. The charge
decreased more or less in proportion to the number of preceding displacements.
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Figure 6.5: Total charge passed over time at a Au(poly) RDE during 2 s potential
holds at 0.34 V in aqueous solutions of 0.5 molL−1 H2SO4 and 1 mmolL−1 CuSO4 (a),
10 µmolL−1 H2IrCl6 (b) or 10 µmolL−1 H2IrCl6 and 1 mmolL−1 CuSO4 (c). The open
circuit potential of the electrode was measured for 60 s after each potential hold.
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Figure 6.6: Ten OCP transients recorded over 60 seconds after applying 0.34 V for
2 s to a Au(poly) RDE in 0.5 molL−1 H2SO4 and 1 mmolL−1 CuSO4 (a), 10 µmolL−1

IrCl3(b) or 10 µmolL−1 IrCl3 and 1 mmolL−1 CuSO4(c).
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Figure 6.7: Total charge passed over time at a Au(poly) RDE during 2 s potential
holds at 0.34 V in aqueous solutions of 0.5 molL−1 H2SO4 and 1 mmolL−1 CuSO4
(a), 10 µmolL−1 IrCl3 (b) or 10 µmolL−1 IrCl3 and 1 mmolL−1 CuSO4 (c). The open
circuit potential of the electrode was measured for 60 s after each potential hold.

Figure 6.8 shows all the 60 s potential transients recorded during the SLRR routine.
The different combinations of CuSO4, H2IrCl6 and IrCl3 in the electrolyte are given
in the graph.

There is a significant difference between the different potential transients. In the
the copper sulfate solution, i.e with no iridium precursor present, the potential
increased by no more than 100 mV over the course of 60 s, going from 0.36 V to
0.44 V. The transients recorded with IrCl3 and CuSO4 was similar to those with
CuSO4 only. Transients recorded in solutions containing only IrCl3 were similar to
the the transients in solutions of CuSO4 or CuSO4 and IrCl3, increasing by 200 mV to
stabilize at around 0.58 V. In solutions with H2IrCl6 as the only solute, the potential
rapidly increased by 400 mV over the initial 10 s before it stabilized at ≈ 1.02V. The
potential transients recorded in the presence of both H2IrC6 and CuSO4 differs
significantly. The potential increased slowly from ≈0.4 V to 0.6 V during the first
≈20 seconds, before it increased more rapidly and stabilized at 0.88 V-0.95 V for a
total change of ≈ 500mV.

Figure 6.9 compares the fist two voltammograms of (Ir/Au)IV and (Ir/Au)III, prepared
the same way as those in figures 6.4c and 6.6c. Figures 6.9a and 6.9b corresponds to
(Ir/Au)IV and (Ir/Au)III, respectively.

The electrode prepared by SLRR from H2IrCl6 resulted in a deposit for which the
voltammograms are consistent with metallic Ir, as indicated by the anodic H-UPD
peak in figure 6.9a. The peak current for the anodic H-UPD peak at approximately
0.1 V is slightly smaller in the second sweep than in the first. In the first sweeps
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Figure 6.8: 10 OCP transients recorded over 60 s after applying 0.34 V for 2 s to
a Au(poly) RDE in 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4, 10 µmoldm−3

H2IrCl6, 10 µmoldm−3 IrCl3, 1 mmoldm−3 CuSO4 + 10 µmoldm−3 H2IrCl6 or
1 mmoldm−3 CuSO4 + 10 µmoldm−3 IrCl3. The different electrolytes are marked in
the graph.
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an oxidation wave begins at approximately 0.8 V. For the electrode prepared from
the IrCl3-containing electrolyte (figure 6.9b) only an insignificant anodic current
flows in the potential region corresponding to H-UPD (0.05 V through approximately
0.35 V). An onset of an anodic peak at approximately 0.8 V is apparent also for this
electrode, but more sharply defined in this case. The total magnitude of the currents
for the electrode prepared from IrCl3 in figure 6.9b is smaller than those for the
electrode prepared from H2IrCl6 in figure 6.9a. The anodic oxidation waves in the
first sweeps are all accompanied by broad reduction peaks in the negative-going part
of the voltammogram.
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Figure 6.9: Comparison of the first two voltammetry cycles of the Au(poly) RDE
after performing the SLRR routine using H2IrCl6 and IrCl3. The voltammogram
was obtained at 50 mVs−1 in 0.5 molL−1 H2SO4.

The two electrodes describe above were subjected to repeated potential cycling until
there were no significant changes from one voltammogram to the next. Figure 6.10
compares the final cyclic voltammograms in such a procedure for (Ir/Au)IV and
(Ir/Au)III, prepared as in figures 6.4c and 6.6c. Figures 6.10a and 6.10b corresponds
to (Ir/Au)IV and (Ir/Au)III, respectively. We have included a cyclic voltammogram of
a polycrystalline iridium electrode after potential cycling between 0.05 V and 1.35 V
at 150 mVs−1 for 500 cycles in an aqueous solution containing 0.5 moldm−3 H2SO4,
figure 6.10c for reference.

The appearance of a voltammogram similar to those in figure 6.10c is normally
associated with the formation of an iridium oxide film (anodically formed iridium
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oxide film, AIROF) [48, 220], and the various peaks in the voltammogram with
transitions between oxidation states in the film accompanied by incorporation of
solutions species in the film [48,70,72,73,76,77,221–228].

IrO2 ·nH2O+ (1+δ)H++δA−+e− −−*)−− IrO1−δ(OH)1+δAδ ·mH2O+ (n − m)H2O (6.8)

in which A is an anion present in the electrolyte. Comparison of figure 6.10a
with figure 6.10c indicates that we may associate the SLRR in H2IrCl6-containing
electrolytes and the subsequent potential cycling also with the formation of an
iridium oxide film. For example, both the anodic peaks at 0.65 V and 1 V for the
AIROF are also present in the SLRR-manufactured film, figure 6.10a, albeit with
a different ratio between the peak currents. Also, both voltammograms display
one single reduction wave at approximately 1 V in the negative-going sweep. The
appearance of the voltammogram for the electrode exposed to the same SLRR in
IrCl3-containing solutions (and subsequent cycling), on the other hand, is much
less convincing in terms of the formation of an iridium oxide-like film. Only one
approximately symmetric pair of peaks is present, and at a potential in between the
anodic peaks for AIROF.

Finally, the difference in the amount of Ir deposited is also very different and
demonstrated by comparing figures 6.10a and 6.10b. It thus appears that only a
negligible amount of Ir, if any, was deposited onto the Au(poly) RDE by the SLRR
routine from the IrCl3-containing electrolyte, whereas the electrode exposed to the
SLLR in a solution containing H2IrCl6 shows clear signs of formation of iridium
oxide.

To elucidate whether a longer reaction time was needed for IrCl3 to displace Cu, an
additional experiment was performed using a transient time of 1800 s, from hereon
referred to as (Ir/Au)III

1800. In all other respects the manufacturing procedure was
identical to that for (Ir/Au)III, figures 6.6c, 6.7, 6.9b and 6.10b. Figure 6.11 shows
the potential transients recorded over 1800 s after a 2 s Cu-UPD potential hold at
0.34 V in the presence of CuSO4(aq) and CuSO4(aq) and IrCl3(aq). SLRR transients
1,2, 5 and are 10 shown.

The first displacement potential transient was very similar to that of the Cu-UPD
layer alone.

Figure 6.12 shows the cumulative charge passed during each 2 s UPD potential hold
at 0.34 V prior to each 1800 s transient in figure 6.11 in the absence (a, 1 pulse)
and presence (b, 10 pulses) of IrCl3. These data were not adjusted for background
currents.
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Figure 6.10: Voltammograms of (Ir/Au)IV (b) and (Ir/Au)III (b) after potential cycling
between 0.05 V and 1.35 V at 50 mVs−1 at room temperature in 0.5 moldm−3 H2SO4.
The voltammograms presented (a, b) were obtained in identical conditions. A voltam-
mogram for an AIROF electrode in a solution of 0.5 moldm−3 H2SO4 recorded at a
sweep rate of 5 mVs−1 is included in (c) for comparison.
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Figure 6.11: 10 OCP transients recorded over 1800 seconds after applying 0.34 V
for 2 s to a Au(poly) RDE in 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4 (a) or
1 mmoldm−3 CuSO4 and 10 µmoldm−3 IrCl3 (b, transients 1, 2, 5 and 10 shown).
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The charge passed at the potential at which we deposited Cu by UPD (0.34 V)
decreased in electrolytes containing IrCl3 with respect to the CuSO4 electrolyte
without any IrCl3. For each time the electrode was left at the open-circuit potential
following a Cu-UPD, the charge passed during the subsequent Cu-UPD decreased,
for the first few times quite substantially figure 6.12.
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Figure 6.12: Charge passed over time at a Au(poly) RDE during a 2 s potential
hold at 0.34 V in solutions containing 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4
or 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 IrCl3. Temperature
was 70 °C and the electrode was rotated at 1600 rpm. The OCP of the electrode was
measured for 1800 seconds after each potential hold.

Figure 6.13 shows the first cyclic voltammogram and a voltammogram recorded after
stable voltammograms had been obtained by repeated cycling for (Ir/Au)III

1800.

Very similar to (Ir/Au)III, figures 6.9b and 6.10b, no apparent Ir deposit was produced
from IrCl3 by extending the reaction time from 60 s to 1800 s.

Figure 6.14 shows a voltammogram for (Ir/Au)IV prepared by the SLRR routine in
a solution containing H2IrCl6 and CuSO4 and one electrode subjected to the same
sequence of potential pulses in a solution which contained H2IrCl6 but no CuSO4.
The voltammograms were recorded after a stable response had been obtained. Fig-
ure 6.14 also includes the inverse of the square of the electrode capacitance obtained
at 100 Hz, recorded at potentials from 0.1 V to 1.35 V with 10 mV steps.
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Figure 6.13: Voltammograms of (Ir/Au)III
1800 in 0.5 moldm−3 H2SO4 at 50 mVs−1 at

room temperature. The first two sweeps (a) and one botained after the voltammo-
gram did not change upon further cycling (b are shown. The potential limits were
0.05 V and 1.35 V.

The figure clearly shows the modification of the Au-surface by the galvanic displace-
ment reaction, reaction (6.5) from the solution containing both H2IrCl6 and CuSO4.
The electrode subjected to the potential pulses in the electrolyte containing H2IrCl6,
and a lack of direct electrolysis of the iridium precursor by the repeated application
of the potential used for Cu-UPD (0.34 V) in the solution containing the H2IrCl6
precursor only and no CuSO4.

The capacitance data is consistent with IrOx prepared by other methods [78], where
the inverse squared capacitance goes to zero around the onset of the anodic peak
representing the oxidation of the film according to the the process in reaction (6.8).

Figure 6.15a shows a polarization curve of (Ir/Au)IV prepared by a procedure cor-
responding to that in figures 6.4c and 6.10a. The corresponding slope along the
curve, obtained by differentiating the potential with respect to the base-10 logarithm
of the current, ∂E

∂(log j) , is shown in figure 6.15b. Figure 6.15c are voltammograms
corresponding to the one in figure 6.10a recorded before and after the polarization
curve. The slope is not constant in any current region and increases rapidly above
1.6 V. The Tafel slope is close to 50 mV, which is a value typical for oxygen evolution
at iridium oxide [17,258,259]
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Figure 6.14: Cyclic voltammogram of Au(poly) electrodes that were modified by the
application of ten repeated potential pulses to 0.34 V from the open-circuit potential.
The duration of the 0.34 V pulses were 2 s and the duration of the interleaving periods
at OCP were 60 s. The solutions contained either H2SO4 (0.5 moldm−3), Cu2SO4
(1 mmoldm−3) and H2IrCl6 (10 µmoldm−3) (solid line) or H2SO4 (0.5 moldm−3) and
H2IrCl6(10 µmoldm−3) only (dashed line). The voltammograms were recorded in
0.5 moldm−3 H2SO4 at a sweep rate of 50 mVs−1 and at (23±1) °C. The figure also
includes the electrode capacitance recorded at 100 Hz as a function of electrode
potential for the electrode prepared in the solution containing both CuSO4 and
H2IrCl6 (◦).
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The current density with respect to Ir mass at 1.51 V was 5.5 Ag−1. This significantly
lower than the 100 Ag−1 recently reported by Lettenmeier et al. [57] in similar
conditions (0.5 moldm−3 H2SO4, 25 °C, rotating disc electrode) and about half of the
Ir-black used for reference in the same work. The geometrical current density at
1.51 V was 4.76 µAcm−2. This, rather low value. is by itself indicative a very low
coverage of Ir on the gold surface when compared to the geometrical current density
in the aforementioned work (≈6.5 mAcm−2) [12].

The higher slope above 1.6 V in figure 6.15(a) may be associated with degradation or
the oxygen evolution itself. Such high slopes would result at high potential for exam-
ple if the OER follows the oxide path mechanism [17]. However, at the very highest
potential an ever so slightly backwards bending of the curve is visible indicating
the the amount of iridium oxide at the electrode is diminishing. Voltammograms
before and after the LSV in figure 6.15(c) show that the charge has decreased sub-
stantially during the OER. Potential-cycling did not restore the voltametric response
of the electrode. This indicates that the electrode has actually degraded during the
LSV.

Figure 6.16 shows 1 µm×1 µm AFM images of a Au(poly) RDE before (a) and after
(b) the application of 10 2 s potential holds at 0.34 V with 60 s intermittent time at
open circuit between each pulse, in an aqueous electrolyte of 0.5 moldm−3 H2SO4,
1 mmoldm−3 CuSO4 and 10 µmoldm−3 H2IrCl6 at 70 °C and an electrode rotation
rate of 1600 rpm. Figure 6.16b correspond to (Ir/Au)IV before potential cycling and
transformation to IrOx. The root mean square (rms) surface roughness, given by the

rms of the deviation from average height, zrms =
√

1
n

∑n
i=1 (z− z)2, was 4.81 nm and

7.70 nm for figures 6.16a and 6.16b, respectively.

The surface appears to be more particulate after the galvanic displacement routine,
as is also indicated by the increased surface roughness.

The total amount of Ir obtained by the SLRR routine was evaluated by assuming
that the voltammograms for the electrode after conversion of the iridium deposits
to iridium oxide correspond to the intercalation process in reaction (6.8) [77]. δ is
unknown for our samples, but in cases in which it has been evaluated it tends to
be small, in the order of 0.1 through 0.35. In this work we therefore consider δ
negligible. Here, δ<< 1. Also, we assumed that the intercalation process is diffusive.
Following the approach of Ardizzone et al. [212] we thus evaluated the surface charge
q∗

S by extrapolation of plots of the voltammetric charge q∗ vs. the inverse of the
square root of the sweep rate v to 1/

p
v = 0, i.e. from

q∗ (v)= q∗
S + A′ 1p

v
(6.9)
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Figure 6.15: (a): Polarization curve of an IrOx film made by potential cycling of an
Ir deposit obtained by SLRR of H2IrCl6 and CuSO4. The sweep was performed at
3 mVmin−1 while rotating the electrode at 1600 rpm. The potential was increased
in steps of 1 mV The measurements were performed in an aqueous electrolyte
containing 0.5 moldm−3 H2SO4. (b): Derivative of the potential with respect to the
base ten logarithm of the current in (a). (c): Cyclic voltammograms of (Ir/Au)IV in
0.5 moldm−3 H2SO4 before and after OER. The sweep rate was 50 mVs−1.
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Figure 6.16: AFM micropraphs of the Au(poly) surface before(left) and after(right)
deposition of Ir by galvanic displacement of Cu using H2IrCl6.

The charge q∗ was evaluated by integration of the anodic part of the voltammograms
in figure D.1 from 0.3 V through 1.3 V. The total charge, q∗

T was evaluated from

1
q∗ (v)

= 1
q∗

T
+ A

p
v (6.10)

By this procedure we found the total and outer (surface) charges to be (410±2) µCcm−2

and (394±1) µCcm−2, respectively, for an IrOx-covered electrode as obtained by
conversion of a (Ir/Au)IV electrode by potential cycling. This gives a fraction of
q∗

S/q∗
T = 0.962, which indicates that majority of the iridium atoms in the oxide par-

ticipates in the intercalation process and therefore are in some sense close to the
surface of the oxide.

The total yield of the galvanic displacement reaction appears to be low, 33 %-
45 %,

The total amount of Cu plated on to the Au RDE is given by

nCu = ncy

(
QUPD

mCuF

)
(6.11)

where nCu is the total number of moles of Cu, ncy is the number of potential
cycles, QUPD is the charge passed during copper underpotential deposition at 0.34 V,
mCu is the number of electrons transferred in the copper oxidation reaction (c. f.
reaction (6.7)) and F is Faraday’s constant. Consequently, the maximum amount of

108



6.4. Discussion

Ir that may be obtained by galvanic displacement of Cu is given

nmax
Ir = mCu

zIr
nCu = mCu

zIr
ncy

(
QUPD

mCuF

)
= ncy

zIr

(
QUPD

F

)
(6.12)

where zIr is the oxidation state of the Ir precursor, either 3 or 4. The amount of Ir
on the electrode is expressed as equation (6.13), where QIrOx is the charge obtained
by linear regression of equation (6.10) and nIr is the amount of Ir in moles.

nIr =
QIrOx

F
(6.13)

Hence, the yield of the displacement reaction, ξ, may be expressed as equation (6.14).

ξ= nIr

nmax
Ir

= zIr

10
QIrOx

QUPD
(6.14)

The resulting yield is calculated to be ξ= 45% and ξ= 33% using QUPD = 368µCcm−2

and QIrOx = 410µCcm−2 for zIr = 4 and zIr = 3, respectively.

Figure 6.17 shows UV-Vis adsorption spectra of 1 mmoldm−3 H2IrCl6 before and
after reduction by a piece of Cu wire at 70 °C overnight, After completely covering
the Cu surface with an Ir layer, the galvanic displacement reaction stopped. The
complete removal of the characteristic peak at 488 nm and the appearance of ad-
sorption spectra characteristic of Ir(III) solutions [90,153] shows that reaction (6.2)
proceeded until there was no IrCl2–

6 was left.

6.4 Discussion
The most important finding in this work is that the results demonstrate that a
one-pot Ir plating procedure involving repeated galvanic displacement of Cu-UPD
layers on Au by H2IrCl6 is feasible. This means that OER catalyst preparation via
galvanic displacement using gram scale one-pot methods may be achievable.

This is shown clearly by the voltammogram in figure 6.14 where H2IrCl6 could not
be reduced onto the Au electrode in any significant amounts without applying a
Cu-UPD layer as an intermediate step.

The absence of any iridium layer forming from IrCl3-containing solutions is likely
to be related to Ir(III) species adsorbing on the Au [243] and thereby preventing
the copper access. This prevents the Cu-UPD by the Ir(III) species blocking the Au
surface, and therefore no galvanic displacement reactions are possible. Therefore, if
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Figure 6.17: UV-Vis adsorption spectra of a 1 mmoldm−3 H2IrCl6 solution before
and after reduction by Cu.

SLRR is to be performed from IrCl3 precursors the Cu-UPD will have to be performed
in a separate step.

In Knupp et. al (2010) [113], a Cu-UPD layer were formed on Pd before addition
of IrCl3. The reported 2/3 coverage of Ir on Pd was consistent with the reaction
stoichiometry in reaction (6.6). This is different from our procedure, where IrCl3 was
already present before the attempted formation of Cu-UPD layers. This is supported
by the fact that the charge passed during the UPD pulse in figures 6.7 and 6.12
was significantly lowered after the addition of IrCl3, even before any displacement
event had occurred. The oxidation waves and lack of IrOx on electrodes (Ir/Au)III and
(Ir/Au)III

1800 (figures 6.9b, 6.10b, 6.13a and 6.13b) correspond well with adsorbed Ir(III)
species being oxidized to Ir(IV), which is slowly lost to the bulk of the electrolyte
over time.

The iridium that forms on the surface by SLRR of solutions of H2IrCl6 is metallic.
This follows from the voltammograms in figure 6.9.

Starting from the open circuit potentials, the first cathodic sweeps in figure 6.9 does
not show any cathodic peaks other than H-UPD in figure 6.9a, corresponding to
(Ir/Au)IV. This implies that no adsorbed Ir(IV) or Ir(III) species was reduced to Ir(0)
during the first cathodic sweep [136]. The oxidation waves seen in the first sweep
in the voltammograms in Figures 6.9 and 6.13a all indicates that Ir species were
present at the surface of the Au electrode after the SLRR routine. Only (Ir/Au)IV,
figure 6.9a, showed a H-UPD peak indicative of metallic Ir at the surface. Hence, we
attribute the oxidation wave in figure 6.9a to the formation of IrOx.
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The one-pot procedure does not appear to involve any direct reduction of iridium
species, but is a true galvanic displacement reaction involving reactions of the type
in reactions (6.2) to (6.4) and (6.7).

A direct evidence for this is that no Ir was deposited during the pulse procedure
in the absence of Cu2+. The cyclic voltammogram in figure 6.14 clearly show the
absence of IrOx at the Au electrode surface after the pulse procedure in the absence
of CuSO4. In addition, the voltammogram of the H2IrCl6 electrolyte in figure 6.2
does not appear to contain any significant currents that can be attributed to other
reactions than reaction (6.2) at potentials above 0.34 V.

This is consistent with earlier reports on electrodeposition of Ir [176,180,182,260],
meaning that the applied potential of 0.34 V is insufficient to reduce any significant
amount of Ir onto the substrate.

The growth of Ir is therefore controlled by the amount of Cu deposited onto the Au
substrate, whereas the morphology of the Ir deposit is not necessarily controlled by
the Cu layer morphology.

This follows from the reaction stoichiometry of the exchange reaction in reac-
tions (6.2) to (6.4), since this reaction dictates that at least two Cu atoms must
be removed to supply the required charge to reduce one Ir(IV) to Ir(0).

Reduction of Ir(IV) during SLRR proceeds via the formation of Ir(III). Reaction (6.2) is
well known [176,180], and electron transfer steps involving more than one electron
is unlikely. Reaction (6.4) likely proceeds via multiple elementary steps. The
intermittently formed Ir(III) may diffuse away from the electrode surface and thus
lower the yield. This is consistent the reaction scheme in reactions (6.2) to (6.4) [176]
and our low obtained yield.

The significant- and counter intuitive difference in the yield of the SLRR routine
using Ir(IV) and Ir(III) could be indicative of a reaction mechanism as suggested
in reaction (6.15), where β represents the probability of IrCl2–

6 (aq) overcoming an
activation energy barrier for direct reduction to Ir(s).

On the contrary, this is not consistent with the lack of direct Ir(IV) electrolysis, nor
the displacement of Cu on Pd using IrCl3 by Knupp et al. (2010) [113]. Mayne et
al.(1984) [184] proposed the reduction via Ir(I), and that formation of Ir(III) was a
competing bi-reaction, but this is also not consistent with the above arguments.

IrCl2−6 (aq)+ 3+β
n

CuUPD −−*)−− βIr(s)+ (1-β)IrCl3−6 (aq)+ 3+β
n

Cun+ (6.15)
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The Ir(III) formed during reduction of the H2IrCl6 solution, reaction (6.2), is likely
differently coordinated than the species present in the IrCl3 solution. The latter
has a formal coordination of IrCl3(OH2)3 and does not contain sufficient chloride
to exist as more than 50 % IrCl3–

6 (aq), which would require the other 50 % to exist
as Ir(OH)x(OH2)(3– x)+

6– x (aq). Aquation of K3IrCl6 in H2SO4 at pH=3 by Van Ooy and
Houtman [156] showed that a K3IrCl6 solution contains mostly IrCl3(OH2)3(aq)
with some IrCl4(OH2)–

2 (aq) and IrCl2(OH)+
4(aq) after 30 h at 75 °C. IrCl3–

6 (aq) and
IrCl5(OH2)2– (aq) was quickly depleted from their solution. It is therefore likely
that our IrCl3 solution consists of mainly IrCl3(OH2)3(aq) with smaller amounts
of higher aquation products. Due to the slower aquation of IrCl2–

6 (aq) compared
to IrCl3–

6 (aq) [153, 154, 157], not progressing past IrCl4(H2O)2(aq) in 2N H2SO4
[157], it is likely that reduction of Ir(IV) species in our electrolyte proceeds via
IrCl3–

6 (aq), IrCl5(OH2)2– (aq) and/or IrCl4(OH2)–
2 (aq), which is not present in the

IrCl3 electrolyte. Aquation of the formed Ir(III) species is sufficiently slow for them
to be further reduced. This is also supported by the work done by Mellsop et al. [90]
where the peak position and height in the UV-Vis spectra of IrCl3 +HCl and H2IrCl6 +
HCl after galvanic displacement with Ni platelets are different. This is indicative of
differently coordinated Ir(III) aquo-chloro complexes [153, 154]. Ligand exchange
and redox-reactions in the Ir(IV)/Ir(III) aquo-chloro system is shown schematically
in figure 6.18. Hydrolysis has been omitted. All (OH2)x is short for (OH)h(OH2)x – h,
i.e. IrCl5(OH2)1–

2 is short for Ir(OH)hCl5(OH2)(1– h) –
2– h .

[IrCl6]2 – [IrCl5(OH2)1]1– [IrCl4(OH2)2]0 [IrCl3(OH2)3]+ [IrCl2(OH2)4]2+

[IrCl6]3 – [IrCl5(OH2)1 ]2– [IrCl4(OH2)2 ]1– [IrCl3(OH2)3 ]0 [IrCl2(OH2)4 ]1+

Ir Ir Ir Ir Ir

– e– + e– –e– + e– – e– + e– –e– + e– –e– + e–
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Figure 6.18: Reaction possible reaction paths during reduction chloride iridium
complexes. Compiled from information from [153–157].

The particulate nature of the Ir deposit seen in the AFM micrograph in figure 6.16
suggests that Ir grows preferentially onto already formed Ir sites. Over 10 consec-
utive SLRR cycles in 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3

H2IrCl6 at 70 °C, the charge passed during 2 s at 0.34 V in figure 6.5c appears quite
constant. The absence of evidence for underpotential deposition of Cu onto polycrys-
talline Ir and IrOx in figure 6.1b and the aforementioned constant charge passed,
suggests that Ir grows preferentially on already formed Ir-sites, keeping the surface
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area of Au relatively constant. Our high surface fraction of ca. 96% suggests other-
wise. We can not conclude with confidence with our current data and suggest that
similar studies using single crystals as the substrate would be more appropriate for
these evaluations.

6.5 Conclusions
We have shown that Ir plating via surface limited redox replacement of Cu in a
one-pot procedure is feasible at 70 °C in H2SO4 using concentrations of H2IrCl6 as
low as 10 µmoldm−3. The galvanic displacement reaction occurs via Ir(III) formation.
A major fraction of the formed Ir(III) is not reduced further to Ir metal, but is lost
in the bulk of the electrolyte. This results in a low yield for the procedure. The
resulting deposit is Ir metal. Our results indicate that adsorption of irreducible
Ir(III) species from IrCl3 solutions inhibits polycrystalline gold surfaces, excluding
the use of IrCl3 as a precursor for the reported one-pot procedure electrolyte. The
obtained Ir metal film apppears to be particulate in nature, with a fraction of surface
atoms as high as 96%. The activity towards oxygen evolution after transformation of
IrOx is intermediate, probably owing to rapid degradation of the oxide layer at high
potentials during oxygen evolution.
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Chapter 7

Investigation of the Ir-Cu SLRR
system

7.1 Experimental

All electrochemical experiments were performed in two almost identical glass cells,
one of which was equipped with a water jacket. A polycrystalline gold rotating
disc electrode (Aupoly RDE) (5 mm internal diameter, 15 mm outer diameter PEEK
shroud; Pine), a glassy carbon rotating disc electrode (GC RDE) (5 mm internal di-
ameter, 15 mm outer diameter PEEK shroud; Pine) modified with Au nanoparticles
(Aunp) or a flat polycrystalline Ir electrode embedded in epoxy served as working elec-
trodes. The electrodes were polished to a mirror finish with successively 0.3 µm and
0.05 µm alumina suspensions (Pine) on a microcloth and rinsed using DI water (Mil-
lipore, 18.2 MΩ@25 °C) prior to each experiment. The RDEs was mounted on a Pine
Classic RDE/RRDE Shaft (15 mm OD PEEK shroud, stainless steel rod) attached to
a Pine MSR rotator. The potentiostat used was a Gamry reference 600. The ohmic
drop was determined by the built in utility, of which 85% was compensated through
positive feedback compensation. The counter- and reference electrodes were a Pt-foil
and a reversible hydrogen electrode (RHE), respectively. All potentials reported are
versus RHE. SLRR was performed using solutions containing 0.5 molL−1 H2SO4
(96.3%, VWR) + 1 mmolL−1 CuSO4 (Sigma, 99.995 %) with 10 µmoldm−3 K2IrCl6
(Sigma, 99.99 %) or K3IrCl6 (Sigma). The electrolytes were purged using Ar(g) for
at least 30 min prior to each experiment and kept under an Ar(g) atmosphere for
the duration of the experiments. The electrolyte temperature was kept at either
room temperature (25±1) °C or (70±1) °C. Heating was achieved by circulating
water from a water bath through the water jacket. The concentrations were always
0.5 moldm−3 for H2SO4, 1 mmoldm−3 for CuSO4 and 10 µmoldm−3 for K2IrCl6 and
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K3IrCl6.

To ensure a reproducible surface, the Apoly RDE was cycled between −0.1 V and
1.7 V at 50 mVs−1 in 0.5 moldm−3 H2SO4 at room temperature for 50 cycles prior to
each experiment. The charge of the cathodic Au reduction peak around 1.15 V, QAu,
was determined to normalize variations in the surface area of Aupoly RDE from one
experiment to another.

Voltammograms of the copper underpotential deposition reaction (CuUPD) on a
polished Aupoly electrode in 0.5 moldm−3 H2SO4 + 1 mmolL−1 CuSO4 were obtained
at 50 mVs−1 at room temperature and at 70 °C. The anodic potential limit was
always 0.8 V whereas the cathodic limit was varied from 0.7 V to 0.2 V in steps of
−10 mV.

The open circuit potential of the Aupoly working electrode was monitored while
K2IrCl6 or K3IrCl6 was added to the H2SO4 + CuSO4 electrolyte under Ar(g) mixing
while rotating the electrode at 1600 rpm. The gas-mixing was terminated after
≈ 30s.

The one-pot SLRR procedure was as follows; The potential of the working electrode
was held for 5 s at 0.7 V followed by a 2 s hold at 0.3 V or 0.34 V. This was followed
by an intermittent time at open circuit (120 s - 300 s) at open circuit, where the
open circuit potential (OCP) was recorded. The procedure was repeated 10 times
consequtively. The electrode rotation rate was 0 rpm, 100 rpm, 400 rpm, 900 rpm or
1600 rpm and the electrolyte was kept at room temperature or 70 °C. The electrolyte
contained H2SO4 and K2IrCl6 or K3IrCl6 (blank experiments) or H2SO4, CuSO4 and
K2IrCl6 or K3IrCl6. The electrode was then rinsed by immersion into H2SO4 and DI
water. These two potential holds with a following intermittent time at open circuit
are refered to as one displacement event.

Au nanoparticles, Aunp, were prepared using a modified(inverse) Turkevich method
[261] in a three neck flask equipped with a water cooled coiled condenser, placed
in a heating mantle. Briefly, a small amount of an aqueous solution of HAuCl4 (>
99.9%, Sigma) was added to a refluxing solution of 75 % trisodium citrate dihydrate
(≥ 99.0%, Sigma) and 25 % citric acid (≥ 99.5%, Sigma) under vigorous stirring. The
citrate solution was refluxed for 15 min before Au precursor addition. After the
solution turned wine red [262], the flask was removed from the heating mantle
and the suspension cooled down to room temperature. More details regarding the
preparation of Aunp are given in appendix E.17

Aunp were deposited onto a GC RDE by depositing 2×20µL droplets of the cooled
Aunp suspension onto the glassy carbon surface. Each droplet was dried in a heating
cabinet at 60 °C while covered with a beaker for protection.
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7.1. Experimental

The electrodes prepared by the SLRR routine were subjected to potential cycling
between 0.05 V and 1.35 V in 0.5 moldm−3 H2SO4 at room temperature until the
voltammogram did not change significantly over 10 cycles. Potential sweep rate
was 50 mV. The charge of hydrogen underpotential deposition, QH, was determined
by integrating the anodic peak between 0.05 V and 0.4 V in the first potential cycle.
The potential cycling transformed any Ir deposit to IrOx (anodically formed iridium
oxide films, AIROF). The total amount of electrochemically available IrOx, Qt, was
estimated from voltammograms obtained at potential sweep rates 5 mVs−1 through
500 mVs−1 using a methoud outlined previously in section 2.2. Briefly, the anodic
charge between 0.4 V and 1.4 V in voltmmograms obtained at different potential
sweep rates was extrapolated to infinite and zero potential sweep rate.

Polarization curves of the electrodes prepared by the SLRR experiments were ob-
tained after the aformentioned potential cycling. The electrode potential was slowly
increased in steps of 1 mV from 1.45 V to 1.65 V at 5 mVmin−1 in 0.5 moldm−3

H2SO4. The electrode was rotated at 1600 rpm unless noted differently. Voltam-
mograms were obtained as previously described before and after the polarization
curve.

An overview of the SLRR experiments conducted using a Aupoly RDE as the working
electrode are given in table 7.1. Experiments conducted without CuSO4 added to
electrolyte was to evaluate to which extent Ir was reduced directly onto the electrode
through reactions (1.46) to (1.48)

Table 7.1: Overview of the experiments conducted with the one-pot SLRR routine
using a Aupoly RDE as the working electrode. Columns designate, from left to right,
experiment no., electrode rotation rate, electrolyte temperature, the potential used
to form CuUPD in a 2 s potential hold, Ir precursor salt, and whether CuSO4 was
present in the electrolyte.

Experiment no. ωrpm/rpm T/°C EUPD/V Ir precursor CuSO4

1 1600 25 0.3 K2IrCl6 x
2 1600 70 0.3 K3IrCl6 -
3 1600 70 0.3 K3IrCl6 x
4 1600 70 0.3 K2IrCl6 -
5 1600 70 0.3 K2IrCl6 x
6 1600 70 0.34 K2IrCl6 -
7 1600 70 0.34 K2IrCl6 x
8 0 70 0.34 K2IrCl6 x
9 400 70 0.34 K2IrCl6 x

10 900 70 0.34 K2IrCl6 x
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Chapter 7. Investigation of the Ir-Cu SLRR system

An overview of the SLRR experiments conducted using a Aunp/GC RDE as the work-
ing electrode are given in table 7.2. Experiments 12 and 13 were indentical.

Table 7.2: Overview of the experiments conducted with the one-pot SLRR routine
using a Aunp/GC RDE as the working electrode. Columns designate, from left to
right, experiment no., electrode rotation rate, electrolyte temperature, the potential
used to form CuUPD in a 2 s potential hold, Ir precursor salt, and whether CuSO4
was present in the electrolyte.

Experiment no. ωrpm/rpm T/°C EUPD/V Ir precursor CuSO4

11 0 70 0.34 K2IrCl6 x
12 400 70 0.34 K2IrCl6 x
13 400 70 0.34 K2IrCl6 x
14 1600 70 0.34 K2IrCl6 x

7.2 Results

7.2.1 Underpotential deposition of copper
Figure 7.1 shows cyclic voltammograms of Aupoly and Aunp in solutions containing
(a) 0.5 moldm−3 H2SO4 and (b) 1 mmoldm−3 CuSO4 + 0.5 moldm−3 H2SO4 at room
temperature. The currents have been normalized to the area under the Au reduction
peak around 1.15 V for easier comparison.

In figure 7.1 (a), the Aunp oxidation wave starting at 1.3 V overlaps with oxidation of
the GC substrate. Figure 7.1 (b) shows formation and stripping of CuUPD on Aupoly
and Aunp, similar to what was shown earlier in figure 1.8 in section 1.5 and figure 6.1
(a) in chapter 6. The voltammogram of CuUPD on Aunp is superimposed with the
relatively large double layer capacitance seen at E ≤ 1V in (a).

Figure 7.2 shows a cyclic voltammogram of a flat Ir electrode in 0.5 moldm−3 H2SO4.
The voltammogram was obtained at 5 mVs−1 after 500 potential cycles. AIROF
are known to form a cracked-mud like structure [69, 73, 74]. Between 0.4 V and
0.05 V, HUPD peaks are present, indicative that metallic Ir are still exposed to the
electrolyte. The prepeak around 0.65 V and the pair of anodic and cathodic peaks
around 1 V are typically associated with the transition between Ir(III) and Ir(IV)
in IrOx and incorporaton of species from the solution into the film, reactions (1.19)
and (2.3) [48,48,70,72,73,76,77,220–228]

Figure 7.3 (a,b) presents cyclic voltammograms of Aupoly in 1 mmoldm−3 CuSO4(aq)
+ 0.5 moldm−3 H2SO4(aq) at room temperature(a) and 70 °C (b). Sweep rates was
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Figure 7.1: Cyclic voltammograms of Aupoly and Aunp in (a) 0.5 moldm−3 H2SO4 and
(b) in 1 mmoldm−3 CuSO4 + 0.5 moldm−3 H2SO4 at room temperature. Potential
sweep rate was 50 mVs−1. The current axes have been normalized to the area under
the Au reduction peak around 1.15 V.

0.0 0.5 1.0
Potential/V vs RHE

−100

−50

0

50

100

J/
µA

Ir(poly)

Figure 7.2: Cyclic voltammogram of a polycrystalline Ir electrode embedded in
epoxy in 0.5 moldm−3 H2SO4 at room temperature. Voltammogram was obtained at
5 mVs−1 after 500 potential cycles.
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Chapter 7. Investigation of the Ir-Cu SLRR system

50 mVs−1 and the electrode was rotated at 1600 rpm. The anodic limit was always
0.8 V, whilst the cathodic limited was shifted in steps of −10 mV per cycle. The
voltammograms with a cathodic limit of 0.3 V and 0.34 V is highlighted i red and
blue, respectively. The anodic stripping charge of each voltammogram, corrected for
the double layer capacitance between 0.65 V and 0.75 V, is shown in (c).

Below 0.6 V, at potentials positive of the reversible potential for the Cu2+/Cu redox
couple (Erev,25°C

Cu2+/Cu
≈ 0.25V), the current in the negative-going sweep became progres-

sively more negative as the potential was swept in the cathodic direction. At room
temperature (a), the current became exponentially more negative at potentials below
the reversible potentials which we associate with overpotential deposition (OPD)
of Cu. At 70 °C (b), the current became rapidly more negative at potentials below
the standard potential of the Cu2+/Cu redox couple, 0.34 V. A small bump in the
cathodic sweeps can be seen between 0.25 V and 0.3 V, which we associate with the
onset of overpotential deposition of Cu.

7.2.2 Effect of Ir precursor and UPD formation potential
Figure 7.4 (a) shows the open circuit potential transients obtained in experiments 1
through 7 in table 7.1. The transients shown from each experiment are number 1 out
of 10, where all the transients obtained in each experiment are shown individually
in figures E.6, E.10, E.16, E.23, E.29, E.36 and E.42. Figure 7.4 (b) shows all ten
transients obtained successively in experiment 5.

Experiments 2, 4 and 6 in figure 7.4 (a) are blank experiments where no CuUPD can
form due to the absence of CuSO4 in the electrolyte, and any Ir deposit obtained
is from direct electrolysis of K3IrCl6 (exp. 2) or K2IrCl6 (exp. 4 and 6) through
reactions (1.46) to (1.48) during the 2 s potential hold at 0.3 V (exp. 2 and 4) or
0.34 V (exp. 6). The potential rapidly increased towards a steady state value around
1.05 V (exp. 4 and 6 K2IrCl6) or 0.7 V (exp. 2, K3IrCl6). This is consistent with the
open circuit potential of the electrolyte 30 min after addition of K2IrCl6 or K3IrCl6,
figure E.94.

When the electrolyte contained K3IrCl6 + CuSO4 (exp. 3), the potential increased
slowly from 0.35 V to 0.5 V. Within this potential range, the fractional coverage of
CuUPD is non-zero, as seen in the voltammograms in figure 7.3 (b). This is consistent
with our previous work using similar solutions containing IrCl3 in chapter 6

With the electrolytes containing K2IrCl6 + CuSO4 (exp. 1, 5 and 7), the potential
first increased rapidly up to ≈ 0.55V before it increased more rapidly and stabilized
towards a steady value around 1.05 V. This is consistent with similar one-pot SLRR
experiments in chapter 6 where the Ir precursor was a similar solution containing
H2IrCl6. In experiments 5 and 7 (K2IrCl6 + H2SO4, 70 °C, 1600 rpm), the potential
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Figure 7.3: Cyclic voltammograms (a,b) of a Au(poly) RDE in 1×10−3 moldm−3

CuSO4 + 0.5 moldm−3 H2SO4 at room temperature (a) and at 70 °C (b). Sweep rate
was 50 mVs−1. The electrode was rotated at 1600 rpm. The anodic limit was 0.8 V,
and the cathodic limit was varied between 0.7 V and 0.2 V in steps of 10 mV. (c) is
the anodic stripping charge of each voltammogram.
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Chapter 7. Investigation of the Ir-Cu SLRR system

increased more slowly between 20 s and 100 s for each sucessive displacement event.
This is seen in figures 7.4b and E.29b (exp. 5) and figure E.42b (exp. 7) where all the
10 sucessively obtained potential transients are shown.

Figure 7.5 shows the current (a) and total charge (b) passed during each potential
hold at 0.3 V in experiment 5.

The reactions contributing to the total charge passed at 0.3 V are the formation of
a CuUPD adlayer on Aupoly and reduction of the K2IrCl6 solution, reactions (1.46)
to (1.48). In the first potential hold, there was a slight shoulder around 0.25 s. The
shoulder shifted to longer times for each displacement event, and the current at the
end of the potential hold increased. The cumulative charge, (b) appear to increase
linearly for each consequtive displacement event. This shoulder in the current
transients is only present in solutions containing CuSO4 or CuSO4 and K2IrCl6 or
K3IrCl6 at 70 °C, figures E.2a, E.15a, E.28a, E.41a, E.48a, E.55a and E.62a. The
charge passed at 0.7 V also appear to increase, although this appear not the be
the case in runs 1-4 and 6-10 in figures E.6a, E.10a, E.16a, E.23a, E.36a, E.42a,
E.49a, E.56a and E.63a where the charge passed at 0.7 V did not increase for each
displacement event.

The voltammograms in figure 7.6 shows the first potential sweeps obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1 of electrodes 1-7 prepared in experiments 1 through
7 in table 7.1. The currents have been normalized to QAu (a), Qt (b) and QH (c) for
each electrode, respectively. Electrode 1 is not shown in (b,c) as QIr = 0 and QH = 0.
The voltammograms in (a) are given individually in figures E.7, E.11, E.17, E.24,
E.30, E.37 and E.43. The voltammograms and extrapolations to zero- and infinite
sweep rates used to determine Qt are given in figures E.12, E.18, E.25, E.31, E.38
and E.44.

The voltammograms in figure 7.7, except electrode 1, show a cathodic wave and
anodic peak between 0.05 V and 0.4 V. The anodic sweeps show a varying degree of an
oxidation wave followed by a wide peak positive of 1 V in the following cathodic sweep.
The cathodic wave and anodic peak between 0.05 V and 0.4 V in the first potential
cycles are consistent with underpotential deposition of hydrogen on polycrystalline
Ir metal [113,210].

The voltammograms in figure 7.7 shows 50th potential sweeps obtained in 0.5 moldm−3

H2SO4 at 50 mVs−1 of electrodes 1-7 prepared in experiments 1 through 7 in ta-
ble 7.1. The currents have been normalized to QAu (a), Qt (b) and QH (c) for each
electrode, respectively. Electrode 1 is not shown in (b,c) as QIr = 0 and QH = 0.
The voltammograms in (a) are given individually in figures E.7, E.11, E.17, E.24,
E.30, E.37 and E.43. The voltammograms and extrapolations to zero- and infinite
sweep rates used to determine Qt are given in figures E.12, E.18, E.25, E.31, E.38
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Figure 7.4: (a) Open circuit potential transients obtained in experiments 1 through
7 in table 7.1. The electrolyte was a solution containing 0.5 moldm−3 H2SO4,
1 mmoldm−3 CuSO4 (1,3,5,7) and 10 µmoldm−3 K3IrCl6 (2,3) or K2IrCl6 (1,4-7). The
potential transients were obtained after a 2 s potential hold at 0.3 V (1-5) or 0.34 V
(6,7). The electrolyte was kept at room temperature (1) or 70 °C (2-7). The electrode
was rotated at 1600 rpm. (b) shows all ten transients obtained successively in exper-
iment 5.
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Figure 7.5: (a) Current versus time during each potential hold at 0.3 V in a solution
containing 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6 at
70 °C with en electrode rotation rate of 1600 rpm. (b) Total charge passed in each
current transient in (a).

and E.44.

The voltammograms in figure 7.7, except electrode 1, show a pair of peaks centered
around 1 V and a prepeak around 0.65 V.

The pair of peaks centered around 1 V is usually associated with AIROF in H2SO4,
and the voltammograms in figure 7.7 (a,b,c) is similar to the voltammogram of the
flat Ir electrode in figure 7.2 [48,48,70,72,73,76,77,220–228].

Figure 7.8 compares the values of QAu, Qt and QH of electrode 2-7 prepared in
experiments 2-7 through the ratios (a) QtQ−1

Au, (b) QHQ−1
t and (c) QHQ−1

Au. The
columns are grouped, from left to right, electrodes (2,3), (4,5) and (6,7). The ratios
are only qualitative values used to compare electrodes. QtQ−1

Au relates the amount of
eletrochemically available IrOx to the amount of Au on the electrode surface, i.e. it
relates the total amount of Ir deposit to the surface area of the substrate. QHQ−1

t
relates the number of surface Ir atoms in the freshly prepared electrode to the total
amount of IrOx after transformation to AIROF by potential cycling, i.e. it relates the
surface area to the volume of the Ir deposit. QHQ−1

Au similarly relates the number of
surface Ir atoms in the freshly prepared electrode to the number of Au atoms on the
electrode before deposition of Ir, i.e. it relates the surface area of the Ir deposit to
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Figure 7.6: Voltammograms of electrodes 1-7 prepared in experiments 1 through 7
by the SLRR procedure. The voltammograms shown are the first potential cycle in
0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to QAu (a), Qt
(b) and QH (c) for each electrode, respectively. Electrode 1 is not shown in (b,c) as
Qt = 0 and QH = 0.
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Figure 7.7: Voltammograms of electrodes 1-7 prepared in experiments 1 through 7
by the SLRR procedure. The voltammograms shown are the 50th potential cycle in
0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to QAu (a), Qt
(b) and QH (c) for each electrode, respectively. Electrode 1 is not shown in (b,c) as
Qt = 0 and QH = 0.
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the surface area of the Aupoly substrate.

Some Ir was reduced directly onto the electrode at 0.3 V or 0.34 V at 70 °C through
reactions (1.46) to (1.48) in experiments 2, 4 and 6 (blank experiments). Including
CuSO4 in the electrolyte increased the amount of Ir obtained in experiments 3, 5
and 7 (SLRR) when compared to the blank experiments. The yield appear to be
greater when using K2IrCl6 compared to K3IrCl6.

7.2.3 Effect of electrode rotation and mass transport
Figure 7.9 shows the open circuit potential transients obtained in experiments 7
through 10 in table 7.1, at a rotating electrode for various rotation rates. The tran-
sients shown are number 1 out of 10, where all the successively obtained transients
are shown individually for each experiment in figures E.42, E.49, E.56 and E.63.
Experiment 7 is reprinted from figure 7.4.

The potential transients obtained from the SLRR procedure at 0 rpm, 400 rpm,
900 rpm and 1600 rpm are similar to what was shown before in figure 7.4. The
potential increases more rapidly with time as the electrode rotation rate is increased.
The potential where the transient starts to flatten out also appear to increase as the
electrode rotation rate is increased.

The voltammograms in figure 7.10 show the first potential sweeps of electrodes 7-10
obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to
QAu (a), Qt (b) and QH (c) for each electrode, respectively. Electrode 7 is reprined from
figure 7.6. The voltammograms in (a) are given individually in figures E.43, E.50,
E.57 and E.64. The voltammograms and extrapolations to zero- and infinite sweep
rates used to determine Qt are given in figures E.44, E.51, E.58 and E.65.

The voltammograms in figure 7.10 show a cathodic wave and anodic peak between
0.05 V and 0.4 V. The anodic sweeps show a varying degree of an oxidation wave
followed by a wide peak anodically of 1 V in the cathodic direction. The cathodic
wave and anodic peak between 0.05 V and 0.4 V in the first potential cycle are
consistent with underpotential deposition deposition of hydrogen on polycrystalline
Ir metal [113,210].

The voltammograms in figure 7.11 show the 50th potential sweeps of electrodes 7-10
obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to
QAu (a), Qt (b) and QH (c) for each electrode, respectively. Electrode 7 is reprined from
figure 7.7. The voltammograms in (a) are given individually in figures E.43, E.50,
E.57 and E.64. The voltammograms and extrapolations to zero- and infinite sweep
rates used to determine Qt are given in figures E.44, E.51, E.58 and E.65.

The voltammograms in figure 7.11 all show a pair of peaks centered around 1 V and
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Figure 7.8: Comparisons of QAu, Qt and QH from electrodes 2-7 prepared in experi-
ments 2-7 through the ratios (a) QtQ−1

Au, (b) QHQ−1
t and (c) QHQ−1

Au. QtQ−1
Au relates the

amount of eletrochemically available IrOx to the amount of Au on the electrode sur-
face, i.e. it relates the total amount of Ir deposit to the surface area of the substrate.
QHQ−1

t relates the number of surface Ir atoms in the freshly prepared electrode to
the total amount of IrOx after transformation to AIROF by potential cycling, i.e. it
relates the surface area to the volume of the Ir deposit. QHQ−1

Au similarly relates the
number of surface Ir atoms in the freshly prepared electrode to the number of Au
atoms on the electrode before deposition of Ir, i.e. it relates the surface area of the Ir
deposit to the surface area of the Aupoly substrate.
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Figure 7.9: Open circuit potential transients obtained during experiments 7 through
10 in table 7.1. The electrolyte was a solution containing 0.5 moldm−3 H2SO4,
1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6. Potential transient was obtained
after a 2 s potential hold at 0.34 V. The electrolyte was kept at 70 °C and the electrode
was rotated at 0 rpm, 400 rpm, 900 rpm or 1600 rpm.

a prepeak around 0.65 V.

The pair of peaks centered around 1 V is typical for voltammgrams of AIROF in
H2SO4, and the voltammograms in figure 7.11 are similar to the voltammogram of
the polycrystalline Ir electrode in figure 7.2 and the previously shown voltammo-
grams of electrodes 1-7 in 7.7 [48,48,70,72,73,76,77,220–228].

Figure 7.12 compares the values of QAu, Qt and QH from experiments 7-10 through
the ratios (a) QtQ−1

Au, (b) QHQ−1
t and (c) QHQ−1

Au. The Ir deposits prepared in exper-
iments 7 through 10 were obtained at a rotating electrode using various rotation
rates. QHQ−1

t relates the number of surface Ir atoms in the freshly prepared elec-
trode to the total amount of IrOx after transformation to AIROF by potential cycling,
i.e. it relates the surface area to the volume of the Ir deposit. QtQ−1

Au relates the
amount of eletrochemically available IrOx to the amount of Au originally on the
electrode surface, i.e. it relates the total amount of Ir deposit to the surface area of
the substrate. QHQ−1

Au similarly relates the number of surface Ir atoms in the freshly
prepared electrode to the number of Au atoms on the electrode before modification
with Ir, i.e. it relates the surface area of the Ir deposit to the surface area of the
Aupoly substrate.
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Figure 7.10: Voltammograms of electrodes 7-10 prepared in experiments 7 through
10 by the SLRR procedure. The voltammograms shown are the first potential cycle
in 0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to QAu (a),
QIr (b) and QH (c) for each electrode, respectively.
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Figure 7.11: Voltammograms of electrodes 7-10 prepared in experiments 7 through
10 by the SLRR procedure. The voltammograms shown are the 50th potential cycle
in 0.5 moldm−3 H2SO4 at 50 mVs−1. The currents have been normalized to QAu (a),
QIr (b) and QH (c) for each electrode, respectively.
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The yield of the SLRR procedure, QtQ−1
Au, appear to be inversely proportional to the

electrode rotation rate, with a maximum at 400 rpm. The number of surface Ir atoms
in the freshly prepared electrode to the total amount of IrOx after transformation
to AIROF by potential cycling, QHQ−1

t , also appears to be inversely proportional to
the electrode rotation rate. A low electrode rotation rate also appear to increase the
surface area of the Ir deposit relative to the surface area of the underlying Aupoly
substrate.

Figure 7.13 shows polarization curves of electrodes 3, 5 and 7 (a), and 7-10 fig-
ure 7.13b, after transformation to AIROF by potential cycling in 0.5 moldm−3 H2SO4.
The potential was increased from 1.45 V to 1.65 V at 5 mVmin−1 in 0.5 moldm−3

H2SO4, rotating the electrode at 1600 rpm. The currents are normalized to Qt. The
dashed lines show plots of equation (1.54), fitted as described in section 2.3. The
fitting was restricted to 1.5V ≤ E ≤ 1.6V, as we assume the upwards bend above
1.6 V is due to degradation of the electrode. The current at E = 1.55V and values of
log10 (p1), log10 (p2) and α2 obtained by the fitting are given in table 7.3. The values
are consistent with previously reported values [17,55].

Table 7.3: The current at E = 1.55V and values of log10 (p1), log10 (p2) and α2 ob-
tained by fitting the polarization curves in figure 7.13a to the rate expression for the
electrochemical oxide path, equation (1.54) [17, 55], using the method outlined in
section 2.3.

Electrode no. j1.55V/mAC−1 log10 (p1)/a.u. log10 (p2)/a.u. α2

3 84.5 −18.54 25.89 0.33
5 77.4 −6.26 26.81 0.78
7 67.0 −14.35 26.01 0.49
8 79.7 −17.14 26.04 0.38
9 61.9 −16.53 26.10 0.41

10 57.5 −15.68 26.03 0.44

Figure 7.14 shows voltammograms of an electrode prepared in experiment 7 in
table 7.1. The voltammograms are similar to the voltammograms in figure 7.7
(a,b,c). 5 The voltammograms were obtained before and after the polarizaiton curves
in figure 7.13, at 50 mVs−1 in 0.5 moldm−3 H2SO4. Similar voltammograms of
electrodes prepared in experiments 3, 5 and 7-10 before and after the polarization
curves in figure 7.13 are given in figures E.20, E.33, E.46, E.53, E.60 and E.67.

The area under the anodic and cathodic peaks around 1 V were significantly reduced
after exposure to potentials over 1.6 V. The double layer region below 0.4 V remained
relatively constant.
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Figure 7.12: Comparisons of QAu, Qt and QH from electrodes 7-10 prepared in
experiments 7-10 through the ratios (a) QtQ−1

Au, (b) QHQ−1
t and (c) QHQ−1

Au. QIrQ−1
Au

relates the amount of IrOx to amount of Au on the electrode surface. 5 QHQ−1
Ir relates

the number of surface Ir atoms in the freshly prepared electrode to the total amount
of IrOx after transformation to AIROF by potential cycling. QHQ−1

Au compares the
number of surface Ir atoms in the freshly prepared electrode to the number of Au
atoms on the electrode before deposition of Ir.
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Figure 7.13: Polarizaton curves of electrodes 3, 5 and 7 (a), and 7-10 (b) after
transformation to AIROF by potential cycling in 0.5 moldm−3 H2SO4. Polarization
curves were obtained by sweeping the electrode potential from 1.45 V to 1.65 V at
3 mVmin−1 in 0.5 moldm−3 H2SO4. The electrode was rotated at 1600 rpm. Dashed
lines show fits to the rate expression of the electrochemical oxide path path [17,55].
The current axes are normalized to the total amount of electrochemically available
IrOx, QIr.
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Figure 7.14: Voltammograms of an electrode prepared by the SLRR routine, experi-
ment 7, before and after oxygen evolution. Potential sweep rate was 50 mVs−1 and
the electrolyte was 0.5 moldm−3 H2SO4.

7.2.4 Au nanoparticles
The value of QAu for gold nanoparticles, Aunp/GC, was determined by integrat-
ing the charge of the Au reduction peak around 1.15 V in voltammograms similar
to figure 7.1a for electrodes of different mass loadings. This was determined as
(91±10) µC for an electrode loaded with 40 µL Aunp suspension. Charge at different
loadings is given in figure E.96.

Figure 7.15 shows the open circuit potential transients obtained in experiments 11,
12/13 and 14 in table 7.2 with Aunp/GC as the working electrode The first (solid
lines), fifth (dashed lines) and tenth (dotted lines) transients are shown, where the
all the transients for each run are shown individually in figures E.70, E.77, E.84
and E.90.

The open circuit potential transients obtained with Aunp/GC show the same features
as those obtained with the Aupoly electrode in figures 7.4 and 7.9. The potential
transient appear to stabilize at a lower potential when the electrode rotation rate is
reduced. The slope of potential versus time increases between 0.5 V and 0.6 V. The
potential increases more slowly for each consequtive potential transient, and more
slowly as the electrode rotation rate is reduced.

The voltammograms in figure 7.16 show the first potential sweeps obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1 of electrodes 11, 12/13 and 14 as prepared in
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Figure 7.15: Open circuit potential transients obtained i experiments 11, 12/13
and 14 in table 7.1 with Aunp/GC as the working electrode. The electrolyte was
a solution containing 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3

K2IrCl6. The potential transient were obtained after a 2 s potential hold at 0.34 V.
The electrolyte was kept at 70 °C and the electrode was rotated at 0 rpm, 400 rpm or
1600 rpm.
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esperiments 11, 12/13 and 14 in table 7.2 with Aunp/GC as the working electrode.
The currents have been normalized to QAu (a), Qt (b) and QH (c) for each electrode,
respectively. The voltammograms in (a) are given individually in figures E.71, E.78,
E.85 and E.91. The voltammograms and fits to zero- and infinite sweep rates used to
determine Qt are given in figures E.72, E.79, E.86 and E.92

The voltammograms in (a,b,c) show a cathodic wave and anodic peak between 0.05 V
and 0.4 V.

The cathodic wave and anodic peak between 0.05 V and 0.4 V in the first potential
cycle are consistent with underpotential deposition of hydrogen on polycrystalline Ir
metal [113,210].

The voltammograms in figure 7.17 show the 50th potential sweep obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1 of electrodes 11, 12/13 and 14 as prepared in
esperiments 11, 12/13 and 14 in table 7.2 with Aunp/GC as the working electrode.
The currents have been normalized to QAu (a), Qt (b) and QH (c) for each electrode,
respectively. The voltammograms in (a) are given individually in figures E.71, E.78,
E.85 and E.91. The voltammograms and fits to zero- and infinite sweep rates used to
determine Qt are given in figures E.72, E.79, E.86 and E.92

The voltammograms in (a,b,c), all show a pair of peaks centered around 1 V and
a prepeak around 0.65 V. The pair of peaks centered around 1 V is typical for
voltammgrams of AIROF in H2SO4 [48,48,70,72,73,76,77,220–228].

Figure 7.18 compares different ratios of Qt, QH and QAu for Ir/Aunp electrodes
11, 12/13 and 14 prepared with the SLRR routine at 0.34 V using solutions of
0.5 moldm−3 H2SO4, 10 µmoldm−3 K2IrCl6 and 1 mmoldm−3 CuSO4 kept at 70 °C.
The electrode was rotated at 0 rpm, 400 rpm or 1600 rpm during the SLRR procedure.
The results are consistent with what has been presented for a polycrystalline gold
electrode previously, i.e. there appears to be a maximum in the yield, QtQ−1

Au, at
400 rpm.

Figure 7.19 (a) shows a polarization curve of an IrOx/Aunp electrode prepared at
400 rpm, experiment 12/13, as described above. The polarizarion curve was ob-
tained by sweeping the potential from 1.35 V to 1.65 V and back at 5 mVmin−1

in 0.5 moldm−3 H2SO4. The eletrode was kept stagnant. The current in the
forward sweep at 1.55 V was (79±16) mAC−1. The dashed lines show the fits
of equation (1.54) to the forward (dotted), reverse (dash-dots) and full (dashed)
sweep. The fitted values of log10 (p1), log10 (p2) and α2 in the forward sweep was
log10 (p1)=−18.97±0.23, log10 (p2)= 25.92±0.03 and α2 = 0.31±0.01 and is consis-
tent with previously reported values and the values obtained on the polycrystalline
electrode [17, 55]. The foward sweep in figure 7.19 (a) shows an upwards bend at
higher potentials. The reverse sweep does not overlap with the forward sweep.
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Figure 7.16: Voltammograms of electrodes 11, 12/13 and 14 prepared by the one-pot
SLRR routine at 0 rpm, 400 rpm or 1600 rpm with Aunp on a GC RDE. Voltammo-
grams shownthe first potential cycle obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1.
The currents have been normalized to QAu (a), QIr (b) and QH (c) for each electrode,
respectively.
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Figure 7.17: Voltammograms of electrodes 11, 12/13 and 14 prepared by the one-pot
SLRR routine at 0 rpm, 400 rpm or 1600 rpm with Aunp on a GC RDE. Voltammo-
grams shown are after potential cycling in 0.5 moldm−3 H2SO4, which transformed
any Ir deposits to IrOx. Potential sweep rate was 50 mVs−1. The currents have been
normalized to QAu (a), QIr (b) and QH (c) for each electrode, respectively.
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Figure 7.18: Comparisons of QAu, Qt and QH from electrodes 11, 12/13 and 14
through the ratios (a) QtQ−1

Au, (b) QHQ−1
t and (c) QHQ−1

Au. QIrQ−1
Au relates the amount

of IrOx to amount of Au initially present on the electrode surface. 5 QHQ−1
Ir relates

the number of surface Ir atoms in the freshly prepared electrode to the total amount
of IrOx after transformation to AIROF by potential cycling. QHQ−1

Au relates the
number of surface Ir atoms in the freshly prepared electrode to the number of Au
atoms initially present on the electrode surface before depositon of Ir.
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Figure 7.19 (b) shows voltammograms similar to those in figure 7.17 obtained before
and after the polarization curve in (a). The magnitude of the main pair of peaks
around 1 V in the voltammograms was significantly reduced after the slow potential
cycle between 1.35 V and 1.65 V.

The yield of Ir obtained in experiments 7-10 (QtQ−1
Au, figure 7.8) was inversely

proportional to the rotation rate of the electrode. The rate of consumption of Ir(III),
reactions (1.47) and (1.48), is assumed to be very slow relative to the rate of formation
[176], reaction (1.46). In solutions containing K2IrCl6, the bulk conentration of Ir(III)
is close to zero. The flux of Ir(III) away from the electrode surface, NIr(III), is then
given by equation (7.1),

NIr(III) = DIr(III)
cσIr(III)

δN
(7.1)

where DIr(III) is the diffusion coefficient of Ir(III), cσIr(III) is the concentration at the
electrode surface, and δN is the width of the Nernst diffusion layer [16].

δN is proportional to the inverse of the square root of the electrode rotation rate,
δN ∝ω−1/2, and equation (7.1) can be written as equation (7.2) [16]

NIr(III) = 0.62×D2/3
Ir(III) ×ν−1/6 × cσIr(III)ω

1/2 = Aω1/2 (7.2)

where ν is the kinematic viscosity of the solvent (water) and A = 0.62×D2/3
Ir(III) ×

ν−1/6 × cσIr(III)

The total flux balance of Ir(III) is then given as equation (7.3)

vIr(IV)/Ir(III) = vIr(III)/Ir(0) +NIr(III)

vIr(IV)/Ir(III) = vIr(III)/Ir(0) + A
p
ω (7.3)

where vIr(IV)/Ir(III) is the rate of formation of Ir(III) (reaction (1.46)), vIr(III)/Ir(0) is the
rate of consumption of Ir(III) (reactions (1.47) and (1.48)) and NIr(III) and A

p
ω is the

flux away from the electrode defined in equation (7.2).

Re-organizing and integrating each term of equation (7.3) from 0 to t,
∫ t

0 vi dt =Q i
gives equation (7.4),
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Figure 7.19: (a) Polarization curve of an IrOx/Aunp electrode prepared by the SLRR
routine using K2IrCl6 at 400 rpm and 70 °C. The polarization curve was obtained
after transformation of the Ir deposit to IrOx by potential cycling. The electrode
potential was swept from 1.35 V to 1.65 V and back at 5 mVmin−1 in 0.5 moldm−3

H2SO4. The eletrode was kept stagnant. (b) Cyclic voltammograms of an electrode
before and after the polarization curves in (a). Potential sweep rate was 50 mVs−1

and the electrolyte was 0.5 moldm−3 H2SO4.
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∫ t

0
vIr(III)/Ir(0) dt =

∫ t

0
vIr(IV)/Ir(III) dt−

∫ t

0
A
p
ωdt

QIr(III)/Ir(0) =QIr(IV)/Ir(III) − A
p
ωt (7.4)

where QIr(III)/Ir(0) represents Qt as defined previously.

Figure 7.20 shows plots of QtQ−1
Au, QHQ−1

t and QHQ−1
Au from figure 7.12 versus

p
ω.

ω = 0 has been included in the figure, but equation (7.4) is not valid for ωrpm <
100rpm [16]. QtQ−1

Au versus
p
ω shows good agreement with equation (7.4). We have

also included QHQ−1
t and QHQ−1

Au. QHQ−1
t relates the number of Ir surface atoms

in the as-prepared film to the total amount of IrOx after potential cycling, i.e. it
relates to surface area to the volume. QHQ−1

Au relates the total surface area of the
as-prepared Ir deposit to the surface area of the underlying Au substrate. Both
relations are inversely proportional to the electrode rotation rate.
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Figure 7.20: The different measures of the yield of the SLRR routine obtained in
experiments 7 through 10 plotted versus the electrode rotation rate.

It is of interest to relate the total charge passed during the potential holds at
0.7 V and 0.3 V or 0.34 V in experiments 1-10 to the number of successive displace-
ment events. In experiments 5 and 7-10, the total charge passed at 0.3 V or 0.34 V
increased proportionally with the number of successive displacement events. Fig-
ure 7.21 (a) plots the total charge passed in each potential hold at 0.34 V in exper-
iments 7 through 10. Experiments 1 thorugh 10 are given in figures E.6a, E.10a,
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E.16a, E.23a, E.29a, E.36a, E.42a, E.49a, E.56a and E.63a. The total charge passed
as 0.34 V appear to increased linearly with each displacement event with slope
∂QUPD/∂n, where the slope ∂QUPD/∂n appear to be a function of the electrode rota-
tion rate for ω > 0, as seen in figure 7.21 (b). The dashed lines and colored areas
show linear regressions with one standard deviation.
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Figure 7.21: (a) The total charge passed during each potential hold at 0.34 V in exper-
iments 7 through 10. The electrolyte contained 0.5 moldm−3 H2SO4, 1 mmoldm−3

CuSO4 and 10 µmoldm−3 K2IrCl6. (b) The slopes obtained from the linear regres-
sions of the data in (a).

The slope of potential versus time in the open circuits potential transients from
experiments 1, 5 and 7 through 10 in figures 7.4 and 7.9 incresed around 0.6 V. This
is the same potential where the charge in the CuUPD isotherms given previously
in figure 7.3c approaches zero. It is therefore of interrest to relate the time of
which the slope ∂E/∂t in the open circuit potential transients of from experiments
7 through 10 (figures E.42b, E.49b, E.56b and E.63b) reaches a maximum to the
number of successive displacement events. Figure 7.22a relates the time of which the
slope ∂E/∂t in the open circuit potential transients of from experiments 7 through
10 (figures E.42b, E.49b, E.56b and E.63b) reached a maximum to the number of
successive displacement events. There appears to be a linear correlation.

Since the two correlations above were both linear, we also plotted the aforementioned
time as a function of the aforementioned charge in figure 7.23. There appears to be a
linear correlation between the charge passed at 0.34 V and the time of which the slope

144



7.3. Discussion

2.5 5.0 7.5 10.0
Cycle number n

20

40

60

80

100

T
im

e/
s

0rpm
400rpm
900rpm
1600rpm

(a)

0 5 10
ω/s−1

−2

0

2

4

6

∂
t/∂

n/
s

(b)

Figure 7.22: (a) Time at which a maximum appeared in the slope of potential versus
time, ∂E/∂t in the open circuit potential transients obtained in experimetns 7 through
10 as a function of successive displacement eventds. (b) The slopes obtained from
the linear regressions of (a).

∂E/∂t in the following open circuit potential transient reached a maximum.

7.3 Discussion
The decrease in yield with increased electrode rotation rate indicates that a reaction
intermediate is transported away from the electrode. Ir(III) formed by reduction
of Ir(IV) through reaction (1.46) escapes the electrode surface, lowering the overall
yield of the procedure. This was argued previously when defining equation (7.4).
The slow consumption of Ir(III) through reactions (1.47) and (1.48) means that more
Ir(III) formed through reaction (1.46) escapes the electrode surface when the rotation
rate of increassed. This is consistent with the yield of experiments 7 through 10
which was inversely proportional with the square root of the electrode rotation rate,
figure 7.20 and a slow consumption of Ir(III) [176]. At room temperature, experiment
1, no Ir was obtained.

The results above suggests that the Ir(III) complexes formed through reduction of
solutions containing K2IrCl6 (exp. 1, 4, 5 and 6-10) is different from those present in
solutions containing K3IrCl6 (epx. 2 and 3) . More Ir was obtained from solutions
containing only K2IrCl6 (exp. 4 and 6) than with solutions containing only K3IrCl6
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Figure 7.23: The time of which the slope ∂E/∂t in the open circuit potential transients
obtained in experiments 7 through 10 reached a maximum versus the charge passed
in the preceeding potential hold at 0.34 V.

(exp. 2 and 4) when considering both the total amount of IrOx (figure 7.8 (a)) and
the charge of the HUPD peaks (figure 7.8 c)). The reaction mechanism for reduction
of Ir(IV) could be different from that of reduction of Ir(III), but reaction (1.46) is
a well known reaction with a standard reduction potential of E−◦

Ir(IV)/Ir(II)=0.86 V
[19,90,176,177,180,183]. Reactions (1.47) to (1.50) [176,183] is also consistent with
our previous argument; Ir(III) formed in reaction (1.46) appear to diffuse away from
the electrode surface. With the above arguments that reduction of both Ir(III) and
Ir(IV) solutions should follow reactions (1.46) to (1.48), the difference between the
solutions containing Ir(III) and Ir(IV) must be the complexes formed in aqueous
solutions containing CuSO4 and/or H2SO4.

CuUPD appears to grow onto Ir metal, where the surface area of Ir increases for every
displacement event. The total charge passed during each potential hold at 0.34 V
in figure 7.21 (a) (exp. 7 through 10) increased with each following potential hold
(figures E.42, E.49, E.56 and E.63). The electrolyte used in experiments 7 through
10 contained CuSO4 and K2IrCl6. The charge also increased for each successive
potential hold at 0.3 V in experiment 5 (figure E.29), where the electrolyte contained
CuSO4 and K2IrCl6. The charge did not increase when the electrolyte contained
K2IrCl6 only (exp. 4 and 6, figures E.23 and E.36), K3IrCl6 only (exp. 2, figure E.10)
or K3IrCl6 and CuSO4 (exp. 3, figure E.16). Experiments 2 through 10 was conducted
at 70 °C. The charge did not increase at room temperature when the electrolyte
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contained CuSO4 and K2IrCl6, (exp. 1, figure E.6)). The charge increased only in
experiments 5 and 7 through 10, i.e. in the presence of both K2IrCl6 and CuSO4 at
70 °C. The slope and intercept of the linear regressions of charge versus the number
of consequtive potential holds was inversely proportional to the electrode rotation
rate only in the presence of both K2IrCl6 and CuSO4 at 70 °C. The yield of the SLRR
reaction in experiments 7-10 was also inversely proportional to the electrode rotation
rate (figure 7.20). This implies that the increased charge passed at 0.3 V or 0.34 V
for each displacement event is not solely due to nucleation and growth of Ir, i.e. the
charge does not increase because the surface area where reactions (1.46) to (1.48)
occured increased. For each consequtive open circuit potential transient, the time
of which the slope ∂E/∂t reached a maximum, figure 7.22a, was proportional to the
total charge that passed in the preceeding potential hold only in the presence of both
K2IrCl6 and CuSO4 at 70 °C. This implies that either the kinetics of the reactions at
the electrode surface was changed as more Ir was deposited onto the surface, or that
more CuUPD was deposited onto the electrode surface as more Ir was present.

There was no apparent changes in the current transients at 0.3 V or 0.34 V in the
blank experiments (2, 4 and 6) with each consecutive potential hold at 0.3 V or
0.34 V figures E.9, E.15, E.22 and E.35, so we can assume that the kinetics of
reactions (1.46) to (1.48) did not change significantly when some Ir is deposited onto
the surface. Furthermore, we associate the shoulder in the current transients at
0.3 V and 0.34 V (exp. 5, 7-10, figures E.28a, E.41a, E.48a, E.55a and E.62a) with the
CuUPD reaction, as it is clearly visible in current transients obtained from solutions
containing only H2SO4 + CuSO4 (figure E.2) [263]. This means that the shoulder
in the current transients in figures E.28a, E.41a, E.48a, E.55a and E.62a shifting
to longer times for each consequtive potential pulse is due to CuUPD forming on
Ir metal, of which the surface area is growing for every displacement event. It is
possible that CuUPD forms onto Au and a continiously forming Ir layer during the
potential holds at 0.30 V or 0.34 V.

The Ir deposits appear to be thin, or adhere poorly to the Au substrate. The upwards
and backwards bend of the polarization curves in figures 7.13 and 7.19 at E ≥ 1.6V is
indicative of the electrode degrading. The bend predicted by the reaction mechanism
is seen in the dashed curves, and is much less prominent than the one observed
experimentally. IrOx is known to degrade at potentials above 1.6 V [1, 13]. This
is consistent with the voltammograms obtained before and after the polarization
curves, figures 7.14 and 7.19b. The pair of peaks around 1 V dissapeared after
the polarization curves, while the capacitive currents in E ≤ 0.4V did not change
significantly. This means that the active material, IrOx, contributing to the peaks
around 1 V was lost during the polarization curve. This would not be observed to a
large extent for a thick film of IrOx, because dissolution of the active material would
simply expose more active material. When the IrOx film is sufficiently thin, dissolu-
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tion exposes the much less active Au substrate. This causes the total current on the
electrode to decrease as the potential is increased above 1.6 V. The voltammograms
obtained at different potential sweep rates normalized to the anodic peak current
around 1 V, figures E.13, E.19, E.26, E.32, E.39, E.45, E.52, E.59 and E.66 show that
the peak potential does not shift with sweep rate, and is indicative that the films are
indeed thin [79].

The one-pot SLRR proceedure appear to produce Ir deposits on Aunp as expected
from the results obtained on Aupoly. The open circuit potential transients measured
on Aunp/GC in figure 7.15 show the same trends as those measured on Aupoly in
figures E.29, E.42, E.49, E.56 and E.63 where the potential increases more slowly for
each consequtive potential transient, and more slowly for lower electrode rotation
rates. The current passed at Aunp/GC at 0.34 V in figures E.69, E.76, E.83 and E.89
appear the same as for Aupoly figures E.28, E.41, E.48, E.55 and E.62, where a
shoulder between 0 s and 1 s shifts to longer times for each consequtive potential
hold, and more charge is transferred in total after each displacement event. The
voltammograms in figures 7.16a to 7.16c show an anodic peak typical for HUPD
between 0.4 V and 0 V and pair a of peaks around 1 V is present in figures 7.17a,
7.17b and 7.18c. This is similar to Aupoly in figures 7.7 and 7.11 and has been
discussed previously.

The polarization curve in figure 7.19a show that the Ir/Aunp catalyst either degrades
or dislodges from the glassy carbon surface when the potential is increases above
1.6 V. The currents on the reverse sweep does not overlap with the forward sweep
and is indicative that active material has been lost. This is confirmed by the voltam-
mograms obtained prior to- and after the polarization curve, figure 7.19b.

7.4 Conclusions
We have again showed how a one-pot surface limited redox replacement procedure
can be used to prepare thin films of Ir on bulk and nanocrystalline Au via galvanic
displacement of underpotentially deposited Cu. The results indicate that the yield of
the procedure is inversely proportional to the degree of agitation in the electrolyte,
due to transport of reaction intermediates. Contrary to intuition, the yield of the
procedure is higher with Ir(IV) precursor solutions than with Ir(III) precursor so-
lutions, likely due to differences in the Ir(III) complexes formed by reduction of
Ir(IV) compared to those present in solutions allready containing Ir(III). The Ir
films formed by the one-pot procedure is thin, and therefore degreades rapidly at
potentials positive of 1.6 V in 0.5 moldm−3 H2SO4.
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Chapter 8

Ir deposition onto Pd by SLRR of
Cu

8.1 Experimental

Materials and equipment
All experiments were performed in a glass cell equipped with a water jacket. A poly-
crystalline palladium rotating disc electrode (Pdpoly RDE) (5 mm internal diameter,
PEEK shroud, exchangeable disc; Pine) or a glassy carbon rotating disc electrode
(GC RDE) (5 mm internal diameter, PEEK shroud, fixed disc; Pine) covered with
a thin film of Pd/C (10 wt% Pd on activated carbon, Alfa Aesar) served as working
electrodes. The electrodes were polished to a mirror finish with successively 0.3 µm
and 0.05 µm alumina suspensions (Allied) on a microcloth (Buehler) and rinsed using
DI water (Millipore, 18.2 MΩ@25 °C), followed by gentle sonication of the surface
and finally rinsed using DI water a second time prior to each experiment. The elec-
trode was mounted on a Pine Classic RDE/RRDE Shaft (15 mm OD PEEK shroud,
stainless steel rod) attached to a Pine MSR rotator.

The potentiostat used was a Gamry reference 600. The ohmic drop was determined by
the built in utility, of which 85% was compensated through positive feedback compen-
sation. The counter- and reference electrodes were a Pt-foil and a reversible hydrogen
electrode (RHE), respectively. All potentials reported are versus RHE.

Experiments were performed using solutions containing 0.5 molL−1 H2SO4 (96.3%,
VWR), 1 mmolL−1 CuSO4 (Sigma, 99.995 %), and 10 µmoldm−3 K2IrCl6 (Heraeus).

All electrolytes were always purged using Ar(g) for at least 30 min prior to each
experiment and kept under an Ar(g) atmosphere for the duration of the experiment.
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The electrolyte temperature was kept at (70±1) °C by circulating water from a water
bath through the water jacket, or room temperature TRT ≈ (23±1)°C.

Polycrystalline palladium

The polished Pdpoly electrode was cycled at 50 mVs−1 between 0.2 V and 1.2 V in
0.5 moldm−3 H2SO4 at room temperature until the voltammogram did not change
significantly over 10 cycles. A one-pot SLRR routine was employed as described
in chapters 6 and 7. The electrolyte was a solution containing 0.5 molL−1 H2SO4,
1 mmolL−1 CuSO4 and 10 µmoldm−3 K2IrCl6 kept at 70 °C. The electrode potential
was held at 0.7 V for 5 s, followed by a 2 s hold at 0.34 V. The open circuit potential
(OCP) of the electrode was then recorded for 200 s. This procedure of 2 potentials
holds and time at OCP was repeated successively 10 times. The electrode was rotated
at 1600 rpm.

10 wt% Pd/C

Inks were prepared with 1 mgmL−1 Pd/C in DI water and isopropanol (1:1 by volume)
and 20 wt% Nafion to solids (5 wt% Nafion 117 Solution, Sigma).

Electrodes were prepared by pipetting 4 aliquotes of 5 µL onto a glassy carbon
rotating disc electrode mounted on an inverted rotator [216–218] and allowed to
dry in ambient conditions while the electrode rotation rate was slowly increased to
700 rpm. Each droplet was fully dried before the next one was applied. The electrode
mass loading was 102 µgcm−2.

The as-prepared electrode was then cycled between 0.05 V and 0.4 V in 0.5 moldm−3

H2SO4 at 50 mVs−1 until the voltammogram did not change upon further cycling.

SLRR experiments were conducted at 70 °C in solutions as mentioned previously. A
single displacement event was performed by adding K2IrCl6 to the electrolyte after
forming CuUPD by a potential hold at 0.34 V. Multiple displacements was performed
as described for the polycrystalline electrode above.

Electrochemical characterization

The as-prepared IrPdpoly and IrPd/C electrodes were rinsed in 0.5 moldm−3 H2SO4
and transferred to a cell containing 0.5 moldm−3 H2SO4. Voltammograms were
obtained in different potential regions, before any Ir-deposits was transformed to IrOx
by potential cycling between 0.05 V and 1.2 V (IrPdpoly) or 1.45 V (IrPd/C).
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8.2 Results

8.2.1 Polycrystalline palladium
Figure 8.1 shows voltammograms of Pdpoly in solutions containing (blue) 0.5 moldm−3

H2SO4 at room temperature, and 0.5 moldm−3 H2SO4 + 1 mmoldm−3 CuSO4 at (or-
ange) room temperature and (green) 70 °C. Potential sweep rate was 50 mVs−1.

In only H2SO4 (blue line), the cathodic current increased drastically as the poten-
tial became less positive below 0.35 V. This was accompanied by an anodic peak
around 0.25 V upon potential sweep reversal. This lower potential region is typically
association with the formation of palladium hydride [33, 34, 36–39]. The current
between 0.35 V and 0.75 V appear constant with potential, i.e. there is only double
layer charging.

In all the voltammograms in Figure 8.1, there is an anodic wave starting at about
0.75 V, which we associate with formation of palladium oxides [26–28]. The corre-
sponding cathodic peak around 0.75 V represents reduction of Pd oxides formed in
the anodic wave.

With the addition of CuSO4 at room temperature (orange line), the current in the
cathodic sweep became more negative as the potential became less positive than 0.6 V.
There is a small shoulder in the cathodic wave around 0.35 V. The anodic sweep
shows peaks at 0.28 V, 0.38 V, 0.55 V and a shoulder around 0.62 V. We associate
these extra features with underpotential deposition of copper, CuUPD [143,264].

At 70 °C (green line), the currents related to the CuUPD reaction changed compared
to room temperature. The cathodic current became negative more rapidly as the
potential became less positive than 0.6 V. A cathodic peak appeared at 0.45 V. Upon
scan reversal, the anodic sweep was quite symmetrical to the cathodic sweep. An
anodic peak appeared around 0.47 V.

Figure 8.2 (a) shows the open circuit potential of a Pdpoly RDE during each displace-
ment event in the one-pot SLRR routine. Each potential transient was preceded by a
5 s potential hold at 0.7 V and 2 s potential hold at 0.34 V. The sequence of 5 s at 0.7 V
- 2 s at 0.34 V - and 200 s at open circuit was repeated 10 times consecutively.

Figure 8.2 (b) shows the derivative of the potential in (a) with respect to time,
(∂E/∂t).

The potential transients in figure 8.2 (a) show the same characteristics as was shown
for similar experiments using a Aupoly RDE in chapters 6 and 7. The potential
initially increased continuously, until it stabilized towards a steady state value
around 0.92 V. For the increasing part, the slope (∂E/∂t) was initially high, but then
decreased before increasing again. The slopes in (b) thus show a single peak that
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Figure 8.1: Cyclic voltammograms of Pdpoly in solutions containing 0.5 moldm−3

H2SO4 at room temperature, and 0.5 moldm−3 H2SO4 + 1 mmoldm−3 CuSO4 at
room temperature and 70 °C. Potential sweep rate was 50 mVs−1.

decreases in magnitude, broadens, and is shifted to longer times for each successive
displacement event.

Figure 8.3 shows the current (a,b) and charge (c,d) passed at a Pdpoly RDE dur-
ing the potential holds at 0.7 V (a,c) and 0.34 V (b,d) in the one-pot SLRR routine.
Each line correspond to a (a,c) 5 s potential hold at 0.7 V and a (b,d) 2 s potential
hold at 0.34 V before each corresponding open circuit potential transient (1-10) in
figure 8.2. The insets show the final (total) charge at the end of each potential
hold. The dashed black line in the inset show a linear fit to the final charge as
a function of potential hold number. The electrode was rotated at 1600 rpm in an
electrolyte containing 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3

K2IrCl6 kept at 70 °C.

The charge and current passed during the potential holds at 0.7 V was cathodic.
Formation of palladium oxides does not commence until 0.75 V. In potential holds
2-10, the potential was stepped to 0.7 V from the open circuit potential around 0.92 V
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Figure 8.2: (a) 10 open circuit potential transients recorded over 200 s after holding
the potential of a Pdpoly RDE first at 0.7 V for 5 s and then at 0.34 V for 2 s followed
by 200 s at open circuit in a solution containing 0.5 moldm−3 H2SO4, 1 mmoldm−3

CuSO4 and 10 µmoldm−3 K2IrCl6 kept at 70 °C. The electrode was rotated at
1600 rpm. The potential holds and time at open circuit was performed successively
10 times. (b) show the derivative of the potential in (a) with respect to time.

(figure 8.2). This correspond to potentials where there are no more CuUPD left at the
surface. Reaction (1.46) proceeds in the cathodic direction at 0.7 V. There appears to
be no change in the charge passed with each following displacement event.

At 0.34 V, the currents and the total charge passed was one order of magnitude
larger than at 0.7 V. The charge passed also increased linearly with each following
displacement event. There was a shoulder in the current transient around 0.2 s that
shifted to longer times for each successive displacement event

Figure 8.4 shows voltammograms of a Pdpoly and Ir/Pdpoly RDE, as prepared above.
The electrolyte was 0.5 moldm−3 H2SO4 and potential sweep rate was 50 mVs−1.
Pdpoly show the same features as described previously in figure 8.1. The first cycle
in the voltammogram of Ir/Pdpoly shows no peaks or waves at potentials above
0.3 V. After 50 potential cycles, an anodic wave and a cathodic peak appeared, both
centered around 0.75 V. Compared to Pdpoly, the onset of the anodic wave in the
voltammogram of Ir/Pdpoly appears to be shifted to higher potentials and the cathodic
peak is reduced in magnitude.All the voltammograms show a cathodic wave and
an anodic peak between 0.2 V and 0.35 V, where the magnitude of the anodic peak
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Figure 8.3: Current (a,b) and charge (c,d) passed over time at a Pdpoly RDE during
5 s potential holds at 0.7 V (a,c) and during 2 s potential holds at 0.34 V (b,d) in
a solution containing 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3

K2IrCl6. Temperature was 70 °C and the electrode was rotated at 1600 rpm. The
electrode was held at 0.7 V and then and 0.34 V. The open circuit potential of the
electrode was measured for 200 s after each potential hold at 0.34 V. The potential
holds at 0.7 V and 0.34 V and intermittent time at open circuit was performed
successively 10 times. The insets show the final charge at the end of each potential
hold.
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increases in the order Ir/Pdpoly(n = 1)< Ir/Pdpoly(n = 50)<Pdpoly.

0.5 1.0
Potential/V vs RHE

−400

−200

0

200

j/µ
A

cm
−2

Pd
Ir/Pd n=1
Ir/Pd n=50

Figure 8.4: Cyclic voltammograms of Pdpoly and Ir/Pdpoly in 0.5 moldm−3 H2SO4.
Potential sweep rate was 50 mVs−1. n=1, and n=50 designate potential cycle number
for Ir/Pdpoly.

8.2.2 10 wt% Pd/C
Figure 8.5 shows voltammograms of Pd/C in 0.5 moldm−3 H2SO4 and 1 mmoldm−3

CuSO4 at 70 °C. In H2SO4, the cathodic current becomes more negative with po-
tential below E < 0.25V. There is a pair of anodic and cathodic peaks between 0 V
and 0.05 V, and a shoulder around 0.2 V in the anodic sweep. We associate these
features with formation of palladium hydrides and underpotential deposition of
hydrogen [33, 34, 36–39, 113]. The voltammogram shows no noticeable features
at potentials higher than 0.25 V. In H2SO4 + CuSO4, a reduction wave appears
below 0.5 V with a corresponding oxidation peak between 0.4 V and 0.5 V, which we
associate with underpotential deposition of Cu [143,264].

Single displacement event

Figure 8.6 shows the open circuit potential of a Pd/C electrode during a single dis-
placement event of CuUPD by K2IrCl6. The electrode was held at 0.34 V for 60 s in
0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4 kept at 70 °C while rotating the elec-
trode at 1600 rpm. K2IrCl6 was then added so that the final concentration of K2IrCl6
was 10 µmoldm−3. After a few seconds of mixing by the joint action of bubbling of Ar
gas through the solution and rotating the electrode, the frit through which the gas
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Figure 8.5: Voltammmograms of Pd/C in an electrolyte containing 0.5 moldm−3

H2SO4 or 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4. The electrolyte was kept at
70 °C and the electrode was rotated at 1600 rpm. Potential sweep rate was 50 mVs−1.

was supplied was lifted out of the electrolyte and kept above it. The electrode rotation
was stopped. This resulted in a small dent in the potential transient around t = 20s.
The electrode, denoted Ir1Pd/C, was then kept at open circuit for 450 s, emmersed
from the electrolyte, rinsed in 0.5 moldm−3 H2SO4 and transferred to a separate
cell containing 0.5 moldm−3 H2SO4 kept at room temperature. The horizontal lines
show the stable open circuit potential of Pd/C and Ir1Pd/C in 0.5 moldm−3 H2SO4
after the transfer and at room temperature. The open circuit potential increased
slowly from 0.34 V to about 0.75 V, with no notable features.

Figure 8.7 (a,b) shows cyclic voltammograms of Pd/C and Ir1Pd/C obtained at
50 mVs−1 in 0.5 moldm−3 H2SO4. The anodic potential limit was either 0.4 V (a)
or 1.45 V (b). Figure 8.7 (a) shows voltammgrams of Pd/C and Ir1Pd/C between
10 mV and 400 mV. Both voltammograms show a pair of peaks centered around
50 mV, where the peaks are sharper and less separated for Ir1Pd/C. Pd/C display
a pair of peaks around 250 mV, which are not present for Ir1Pd/C. Figure 8.7 (b)
was obtained in a wider potential range. The voltammograms of Pd/C and Ir1Pd/C
both display an anodic wave starting around 0.8 V and a corresponding cathodic
peak around 0.65 V. Both voltammograms also show anodic and cathodic features at
potentials below 0.3 V, as described previously for (a). An anodic peak appeared on
Ir1/Pd around 0.6 V after 40 cycles. This is usually associated with the carbon sup-
port [237]. The corresponding cathodic peak overlaps with the previously mentioned
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Figure 8.6: Open circuit potential transient of a Pd/C electrode during a single
displacement of CuUPD by K2IrCl6. The electrode potential was held at 0.34 V for
60 s prior to the displacement. The electrolyte during the potential hold contained
0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4. The electrolyte during the displace-
ment also contained 10 µmoldm−3 K2IrCl6, which was added between t = 0s and
t = 20s. The electrolyte was kept at under an Ar(g) atmosphere and at 70 °C. The
electrode was kept stagnant. The horizontal lines anodically of 0.7 V and 0.8 V are
the open circuit potential for the Pd/C and Ir1Pd/C samples, respectively after trans-
fer to an electrolyte containing 0.5 moldm−3 H2SO4 at room temperature.

peak corresponding to reduction of palladium oxide.

3 successive one-pot displacements

Figure 8.8 shows the charge (a) and potential transients (b) obtained during 3
successive displacement events using the same one-pot method as described earlier
for Pdpoly. A Pd/C electrode was immersed in a solution containing 0.5 moldm−3

H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6 kept at 70 °C at under an Ar
(g) atmosphere. The potential was successively kept at 0.7 V for 5 s and 0.34 V for
2 s followed by 900 s at open circuit. This was repeated three times. The electrode
was rotated at 1600 rpm. Figure 8.8a (a) shows the charge passed at 0.34 V, where
the inset shows the final charge at t = 2s as a function of number of potential
pulses. Figure 8.8 (b) shows the open circuit potential transients obtained after each
potential holds at 0.34 V.

Figure 8.9 shows cyclic voltammograms of Pd/C, Ir1Pd/C, Ir2Pd/C and Ir3Pd/C in
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Figure 8.7: Cyclic voltammograms of Pd/C and Ir1Pd/C. (a) was obtained before (b),
where (IrOx)1Pd/C is Ir1d/C after 50 potential cycles. Voltammograms obtained at
room temperature in 0.5 moldm−3 H2SO4 at 50 mVs−1.

0.5 moldm−3 H2SO4 in a narrow (a) and wide (d,c) potential region. Some electrode
material appear to have been physically lost the first time the electrode was moved
between electrolytes, as the double layer region (E > 0.3V) of Ir1Pd/C, Ir2Pd/C and
Ir3Pd/C in (a) is lower in magnitude than for Pd/C. The double layer current was not
decreased in figure 8.7 (and other similar voltammograms in chapter 9), although
the Pd/C electrode was prepared using the same electrode, method and materials.
We therefore assume the decrease in double layer current was due to loss of active
material. Figure 8.9 (b) therefore shows the same voltammograms as figure 8.9a,
but normalized to the anodic currents at E = 0.35V for easier comparison.

The voltammogram of Pd/C in figures 8.9a and 8.9b shows a pair of peaks centered
around 0.25 V which is not present for IrnPd/C. The voltammograms of IrnPd/C show
a pair of peaks around 0.1 V - 0.15 V which appears to grow with each displacement
event. The pair of anodic peaks between 0 V and 0.1 V shown by Pd/C are replaced
by a single peak around 0.05 V for IrnPd/C.

Figure 8.9 (d, c) shows voltammograms similar to (a), but with the anodic potential
limit increased from 0.4 V to 1.45 V. Potential cycling between 0.05 V and 1.45 V in
0.5 moldm−3 H2SO4 is a destructive test for Pd nanoparticles, as some Pd is dissolved
for each potential cycle [26,28,265–270]. This is clear from the wide voltammogram
of Pd/C, figure 8.9 (d). The peaks below 0.4 V related to formation and oxidation of
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Figure 8.8: Charge (a) and open circuit potential transients (b) obtained during 3
successive displacement events using the one-pot SLRR routine with a Pd/C working
electrode. A Pd/C electrode was immersed in a solution containing 0.5 moldm−3

H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6 kept at 70 °C at under an Ar
(g) atmosphere. The potential was successively kept at 0.7 V for 5 s and 0.34 V for 2 s
followed by 900 s at open circuit. This was repeated three times. The electrode was
rotated at 1600 rpm.

HUPD and PdHx are lost after 20 potential cycles. The Pd oxidation wave above 0.6 V
and reduction peak at 0.65 V also disappeared with potential cycling. Only a pair of
peaks centered around 0.6 V associated with the carbon support was left [237].

In the voltammogram of Ir3Pd/C, figure 8.9 (c), the Pd reduction peak at 0.65 V is
never present, but an anodic HUPD peak is clearly seen at potentials lower than
0.3 V. An additional pair of peaks around 1 V can bee seen after 50 potential cycles.
This pair of peak peaks was not seen for the pure Pd/C. Similarly to (a,b), the HUPD
area, E < 0.4V, is characterized by peaks around 0.25 V and 0.05 V for Pd/C and only
0.05 V for Ir3Pd/C.

8.3 Discussion
The one-pot SLRR procedure appears to have successfully modified a polycrystalline
Pd electrode with Ir. The charge-time curves and potential transients in figures 8.2
and 8.3 bear a strong resemblance to what has been shown for almost identical
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experiments on a polycrystalline Au electrode in chapters 6 and 7. The potential
transients in figure 8.2 (a) goes towards a potential where solutions of K2IrCl6 are
not reduced to metallic iridium [161,176,177,180,182].

The Ir deposit obtained on Pdpoly likely covered most of the Pd surface. The first
voltammogram of Ir/Pdpoly in figure 8.4 did not show any anodic waves or cathodic
peaks around 0.75 V related to formation and reduction of palladium oxides. After
potential cycling, the Ir deposit is transformed to IrOx/AIROF which usually formes
a cracked-mud like structure [69, 73, 74]. This would expose the underlying Pd
substrate to the electrolyte. This is consistent with the emergence of an anodic wave
and a cathodic peak at 0.75 V after potential cycling. IrOx/AIROF is also a proton
conductor. The magnitude of the anodic peak around 0.25 V for Ir/Pdpoly increased
after potential cycling. This is consistent with more of the underlying Pd substrate
being exposed to protons.

CuUPD appears to grow onto Ir. The open circuit potential transients obtained
from the one-pot SLRR routine with the polycrystalline palladium electrode are
consistent with what we observed with seemingly identical experiments in chapters 6
and 7 using a Aupoly working electrode. A more detailed discussion can be found in
chapter 7. Briefly, the potential in the open circuit potential transients in figure 8.2
shifting to longer times for each successive displacement event and the charge passed
during the potential hold at 0.34 V increasing for each successive displacement event
is consistent with CuUPD growing onto a growing Ir deposit.

The following points are consistent with galvanic displacement of CuUPD by IrCl26(aq);
(i) The peaks of (∂E/∂t) in figure 8.2 (b) shifts to longer times with a decreased
magnitude for each displacement event. (ii) The potential in the transients in
figure 8.2 (a) increase more slowly for each displacement event. (iii) The potential in
figure 8.2 (a) corresponding to the time of each peak in figure 8.2 (b) is consistent
with the onset of CuUPD formation in figure 8.1. Suppression of the anodic wave-
and cathodic peak related to formation and reduction of Pd oxide around 0.7 V in
figure 8.4 is as expected for a palladium surface covered with Ir [113]. Further
potential cycling in H2SO4 dissolves- and re-deposits some Pd for each cycle [26,
28,265–270]. This effectively brings the Ir sub-surface while the Pd oxide features
re-emerges [113].

The Pd/C catalyst was successfully modified with Ir by the SLRR routine. The
voltammogram of Ir3Pd/C in figure 8.9c contains a single peak related to HUPD
around 0.1 V even in the absence of peaks related to Pd above 0.5 V. This single peak
is also different from the pair of peaks shown by Pd/C in figure 8.9d. This indicates
that metallic Ir was present at the surface. This is consistent with a pair of peak
emerging around 1 V after potential cycling. This is consistent with IrOx in H2SO4
and our previous work on Ir deposition onto Au by SLRR of CuUPD in chapters 6
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and 7 [48,48,70,72,73,76,77,220–228]. The open circuit potential of Ir1Pd/H2SO4
in H2SO4 in figure 8.6 was almost 100 mV higher than Pd/C at room temperature
in H2SO4. This is consistent with the standard reduction potential of Ir3+/Ir being
higher than Pd2+/Pd, and is thus consistent with Ir present at the surface [19].

8.4 Conclusions
It appears that the previously one-pot SLRR routine can be utilized to modify Pd
nanoparticles with Ir. This is not of direct importance for water electrolysis, as a
Pd/Ir core/shell catalyst would not be long-term stable due to Ir dissolution exposing
the Pd core. This is important because it should allow for in-situ and ex-situ XAS and
EXAFS studies of the galvanic displacement reaction between CuUPD and solutions
of K2IrCl6 and other Ir-precursors.
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Figure 8.9: Cyclic voltammograms of (a, b) Pd/C, Ir1Pd/C, Ir2Pd/C and Ir3Pd/C, (c) of
Ir3Pd/C and (d) of Pd/C where n designate potential cycle number. Potential sweep
rate was 50 mVs−1 and the electrolyte was 0.5 moldm−3 H2SO4.
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Chapter 9

Ir deposition onto Pd by galvanic
displacement of PdHx

9.1 Introduction
Replacing the underpotentially deposited metal (Cu, Pb, etc) in the one-pot SLRR
method [103,106,107,134,137,144] with underpotentially deposited hydrogen, HUPD,
provides one distinct advantage; The preparation of noble metal films free of mediator
metal impurities [102,144].

Palladium hydride (PdHx) has been previously used both as an electron source for
PbUPD formation [104] and as a reduction agent directly [144,151,152].

Ambrozik and Dimitrov [104] used a palladium hydride (PdHx) electrode in liu of a
potentiostat for Pt deposition on Au by surface limited redox replacement of Pb. In
this work, the PdHx phase was not the reduction agent directly, but rather served as
an electron source to form PbUPD on Au.

Achari, Ambrozik and Dimitrov [144] noted that during displacement of HUPD by Pd
on Au and PdnML, both adsorbed and absorbed HUPD participated in the displace-
ment reaction when n > 2. In other words; Pd growth by HUPD displacement was
restricted by the amount of hydrogen on the surface of HUPD/Au and HUPD/PdnML/Au
when n = 1,2. During HUPD formation on HUPD/PdnML/Au with n > 2, a PdHx phase
was formed which provided additional hydrogen to act as a reduction agent for the
growing Pd film.

Zolfaghari and Conway [151] reported electroless deposition of Pt onto a PdHx
reference electrode by galvanic displacement of PdHx. Pt dissolved as PtCl2–

6 and
PtCl2–

4 in a Cl– (aq) containing electrolyte during voltammetric cycling had reacted
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with the PdHx reference electrode and covered the surface in Pt.

Cappillino, Robinson and coworkers [152] introduced a facile scalable approach to
atomic layer deposition much similar to surface limited redox replacement. PdHα was
formed by bubbling dilute H2(g) in N2(g) through a suspension of Pd/C. Subsequent
addition of Rh- or Pt-salt allowed the α-hydride phase to serve as the reduction agent
for a growing adlayer. This method carries two distinct advantages over the SLRR
method. (i) The amount of adlayer obtained in a single displacement event is not
limited solely by the stoichiometry of the displacement reaction, which is a limiting
factor during Ir(IV) plating by Cu displacement. (ii) Formation of the material to be
oxidized, i.e. the α-hydride phase, is a more facile procedure as it only requires a
H2(g) stream.

Palladium hydride can be formed both physically [32–35] and electrochemically
[33,34,36–39] at room temperature. The α phase, which is actually a solid solution,
forms at low H2(g) partial pressures before a phase transition to the hydride β

phase takes place. The minimum and maximum values of α and β in PdHα and
PdHβ is particle size dependent [34,37]. Electrochemically, the α phase is formed
at < 300mV. The PdHβ forms at potential less positive than PdHα, right before the
onset of hydrogen evolution, around 40 mV [36–39].

A simple scheme describing formation of palladium hydride is given in reactions (9.1)
and (9.2) [39], although the actual mechanisms involved in the formation of the α-
and β− phases are more complex [40].

H+(aq)+Pdsurface +e− −−*)−−PdHads (9.1)
PdHads +Pdsubsurface −−*)−−Pdsurface PdHabs (9.2)

A typical voltammogram of polycrystalline Pd in H2SO4 is given in figure 9.1. It
is visually very similar to that of Pt above 0.4 V. Palladium simultaneously starts
to form oxides and dissolve around 0.75 V in the anodic scan, and is reduced in the
cathodic scan, where the cathodic peak potential depends on the upper potential
limit used in the voltammogram [27, 28]. Below 0.4 V, hydrogen is adsorbed and
absorbed as HUPD and the aforementioned PdHx phases.

Reactions between IrCl(z –6)
6 (aq) and adsorbed hydrogen, Hads, or CuUPD is given in

reactions (9.3) and (9.4), where z = 3 or z = 4.

IrCl(z−6)
6 (aq)+zHads −−*)−− Ir(s)+zH+(aq)+6Cl−(aq) (9.3)

IrCl(z−6)
6 (aq)+ z

2
CuUPD −−*)−− Ir(s)+ z

2
Cu2+ (aq)+6Cl−(aq) (9.4)
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Figure 9.1: Typical voltammograms of a polycrystalline palladium disc electrode
in 0.5 moldm−3 H2SO4 at 298 K recorded at 50 mVs−1. Reprinted from [26] with
permission.

We can reasonably expect Ir-chloro complexes such as those formed in aqueous solu-
tions of K2IrCl6 and K3IrCl6 to be reduced by the hydrogen in PdHx at temperatures
lower than 70 °C. HUPD and PdHx is stable at potentials less positive than CuUPD,
< 0.4V, hence the electrochemical driving force of reaction (9.3) is expected to be
stronger than reaction (9.4). This should allow reaction (9.3) to proceed at a lower
temperature than reaction (9.4). Ideally at room temperature.

The use of PdHx as a reduction agent carries a second advantage over CuUPD; It may
be possible to achieve full coverage of Ir on the Pd substrate. At most, a 2/3 coverage
can be achieved in a single displacement event of CuUPD by Ir(III) [113], as is obvious
from the stoichiometry in reaction (9.4) when z = 3. Charge storage in PdHx is not
restricted to only the surface, and the Ir coverage will vary with x in PdHx. The
electroless procedure introduced by Cappillino, Robinson and coworkers [152] is
simple and scaleable, and thus Ir deposition by displacement of hydrogen absorbed
in palladium should be explored.

9.2 Experimental
Materials and equipment

All electrochemical experiments were performed in glass cells, one equipped with
a water jacket. The working electrode was a glassy carbon rotating disc electrode
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(GC RDE) (15 mm outer diameter, 5 mm internal diameter, PEEK shroud; Pine) or
a change-disc electrode with a palladium disc insert (15 mm outer diameter, 5 mm
disc diameter, PEEK shroud; Pine). The electrodes were polished to a mirror finish
with successively 0.3 µm and 0.05 µm alumina suspensions (Allied) on a microcloth
(Buehler) and rinsed using DI water (Millipore, 18.2 MΩ@25 °C) prior to each exper-
iment. The electrodes were mounted on a Pine Classic RDE/RRDE Shaft (15 mm
outer diameter PEEK shroud, stainless steel rod) attached to a Pine MSR rotator.
The potentiostat used was a Gamry reference 600. The ohmic drop was determined
by the built in utility, of which 85% was compensated through positive feedback
compensation. The counter- and reference electrodes were Pt-foil and a reversible
hydrogen electrode (RHE), respectively. The counter electrode was separated from
the main electrolyte by a porous glass frit. All potentials reported are versus RHE.
The electrolytes were purged using Ar(g) for at least 30 min prior to each experiment
and kept under an Ar(g) atmosphere for the duration of the experiments. The elec-
trolyte temperature was kept at either room temperature (23±1) °C or (50±1) °C by
circulating water from a water bath through the water jacket.

Polycrystalline Pd RDE

A Pd(poly) RDE (Pdpoly) was prepared as described above. The potential of the
electrode was swept between 0.3 V and 1.45 V in 0.5 moldm−3 H2SO4 at room tem-
perature until the voltammogram did not change significantly from one cycle to the
next. PdHx was then formed either by a potential hold ar −0.1 V or a slow potential
scan from 0.7 to −0.1 V. After formation of PdHx, the electrode was quickly trans-
ferred to a separate cell containing 0.5 moldm−3 H2SO4 and 10 µmoldm−3 K2IrCl6
kept at either room temperature or 50 °C. The electrode was rotated at 1600 rpm
while the open circuit potential was measured. The electrode was then rinsed in
DI water and transferred back to a cell containing H2SO4, where the PdHx phase
was removed by a long potential hold at 0.5 V. The IrPdpoly deposits was then trans-
formed to IrOxPdpoly by potential cycling between 0.3 V and 1.45 V in 0.5 moldm−3

H2SO4, as described later.

The surface of the Pdpoly working electrode was imaged using a Hitatchi S-3400N
scanning electron microscope equipped with an Oxford instruments Aztec EDS
system.

Carbon supported palladium catalysts

Two different sources of Pd supported on carbon was used. Pd/C (10 wt% Pd on
activated carbon, Alfa Aesar) and Pd/KB (40 wt% Pd on carbon Ketjenblack 300.
Prepared by Dr. Jørgen Svendby in a different project).
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Inks were prepared using 1 mgmL−1 Pd/C or Pd/KB DI water and isopropanol (1:1
by volume) and 20 wt% Nafion to solids (5 wt% Nafion 117 Solution, Sigma).

2 (Pd/KB) or 4 (Pd/C) aliquotes of 5 µL was pipetted onto a glassy carbon rotating disc
electrode mounted on an inverted rotator [216–218] and allowed to dry in ambient
conditions while the electrode rotation rate was slowly increased to 500 rpm. The
electrode mass loading was 51 µgcm−2 (Pd/KB) or 102 µgcm−2 (Pd/C).

The as-prepared electrode was then cycled between 0.01 V (Pd/C) or 0.05 V (Pd/KB)
and 0.4 V in 0.5 moldm−3 H2SO4 at 50 mVs−1 until the voltammogram did not
change upon further cycling.

PdHx was formed with a potential sweep from 0.4 V to −0.1 V at 5 mVs−1 while
rotating the electrode at 1600 rpm.

The electrode was then quickly transferred to a separate cell containing 0.5 moldm−3

H2SO4 and 10 µmoldm−3 K2IrCl6 kept at room temperature or 50 °C, where the
open circuit potential was measured while rotating the electrode at 1600 rpm.

When the open circuit potential had increased to ca 0.72 V, the electrode was em-
mersed from the solution, rinsed in 0.5 moldm−3 H2SO4 and transferred back to the
cell containing only H2SO4.

A voltammogram in the double-layer and PdHx region, 0.01 V (Pd/C) or 0.05 V
(Pd/KB) to 0.4 V, was then obtained at 50 mVs−1.

This procedure of PdHx formation and displacement with K2IrCl6(aq) followed up
by a voltammogram of the PdHx region was repeated five times.

Charge-potential curves of Pd/C and Ir5Pd/C were obtained by integrating the anodic
charge of voltammograms performed at 5 mVs−1 from 0.4 V with the cathodic limit
being varied from 0.35 V to 0.01 V in −10 mV steps.

Transformation to IrOx

The final IrPdpoly, Ir5Pd/C and Ir5Pd/KB deposits were transformed to IrOx/Pd by
potential cycling between 0.3 V (polycrystalline Pd) or 0.05 V (Pd/C and Pd/KB) and
1.45 V 0.5 moldm−3 H2SO4 at 50 mVs−1 until there was no apparent changes from
one voltammogram to the next. The samples were then named IrOxPdpoly IrOxPd/C
and IrOxPd/KB.

The amount of electrochemically available IrOx was evaluated from voltammo-
grams obtained at different potential sweep rates, 5 mVs−1 through 500 mVs−1 in
0.5 moldm−3 H2SO4 after transformation to IrOx using a method outlined previously
in section 2.2 [212]. Briefly, the anodic charge between 0.4 V and 1.4 V in voltam-
mograms obtained at different potential sweep rates was extrapolated to zero and
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infinite potential sweep rate in order to estimate the total amount and surface area
of IrOx.

9.3 Results
Polycrystalline palladium disc electrode

Figure 9.2 show the potential of a polycrystalline PdHx electrode rotated at 1600 rpm
in a solution containing H2SO4(aq) + K2IrCl6(aq) at room temperature. PdHx had
been formed by a 5 min potential hold at −0.1 V in H2SO4. After 3.5 h, the electrode
was rinsed in DI water, transferred to a different cell containing H2SO4 only, and
the Ir deposit was transformed to IrOx by potential cycling as decribed previously.
The hydride phase was recharged as before and the electrode was again left in
H2SO4(aq) + K2IrCl6(aq) for an additional ≈ 15 h. The electrode was then emmersed
from the solution, rinsed in DI water and transferred to a different cell containing
H2SO4 only where the Ir deposit was transformed to IrOx by potential cycling as
decribed previously. The Ir deposits obtained after 3.5 h and 15 h are labelled
IrPdpoly:3 and IrPdpoly:15, respectively. After transformation to IrOx by potential
cycling, the electrodes are labelled IrOxPdpoly:3 and IrOxPdpoly:15
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Figure 9.2: Open circuit potential of a polycrystalline PdHx immersed in a solution
of 0.5 moldm−3 H2SO4 and 10 µmoldm−3 K2IrCl6 at room temperature ((23±1) °C).
The electrode was rotated at 1600 rpm.

Figure 9.3 shows voltammograms of Pdpoly, IrOxPdpoly:3 and IrOxPdpoly:15 at 50 mVs−1

in 0.5 moldm−3 H2SO4. The voltammogram of Pdpoly exhibit a large reduction peak
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at 0.7 V, and an oxidation wave starting at 0.7 V. This corresponds to formation- and
reduction of palladium oxides [26–28]. After 3.5 h of displacement, the voltammo-
gram of IrOxPdpoly:3 appear as that of Pdpoly, except a small ill-defined wide cathodic
peak around 0.9 V, but with no clear corresponding anodic peak. The surface area
appear to have increased, as the overall volume of the voltammogram increased, but
the size of the palladium reduction peak appear to be approximately the same as
for Pdpoly. After 15 h of displacement, a pair of peaks around 0.9 V appeared in the
voltammogram of IrOxPdpoly:15, and the Pd reduction peak was reduced in magni-
tude. This pair of peaks around 0.9 V-1 V are typical for deposits of Ir transformed to
IrOx by potential cycling in H2SO4, and have been shown numerous times previously
in chapters 3 and 5 to 8 [48,48,70,72,73,76,77,220–228].
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Figure 9.3: Cyclic voltammograms of a Pd(poly) RDE before and after immersion
into 0.5 moldm−3 H2SO4 + 10 µmoldm−3K2IrCl6 for 3.5 h and an additional 15 h at
room temperature, (23±1) °C, while rotating the electrode at 1600 rpm. The voltam-
mograms were obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4 after transformation of
any Ir deposits to IrOx by potential cycling.

Figure 9.4 shows the potential of a polycrystalline PdHx electode immersed in a
solution containing 0.5 moldm−3 H2SO4(aq) + 10 µmoldm−3 K2IrCl6(aq) at 50 °C
for 1 h. The electrode was rotated at 1600 rpm. PdHx had been formed by a
5 mVs−1 potential scan from 0.7 V to −0.1 V in 0.5 moldm−3 H2SO4, rotating the
electrode at 1600 rpm. The resulting electrode is labelled IrPdpoly:50 before and
IrOxPdpoly:50 after transformation to IrOx by potential cycling in H2SO4, as outlined
previously.
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Figure 9.4: Open circuit potential of a polycrystalline PdHx electrode immersed in
a solution of 0.5 moldm−3 H2SO4 and 10 µmoldm−3 K2IrCl6 at 50 °C. The electrode
was rotated at 1600 rpm.

Figure 9.5 shows voltammograms Pdpoly and IrOxPdpoly:50. Voltammograms shown
were obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1 after transforming the obtained
iridium deposit to iridium oxide by potential cycling until the voltammogram did
not change significantly between cycles. At 0.7 V, there is a cathodic peak present
in both voltammograms. This corresponds to reduction of Pd oxidized at potentials
above 0.7 V and appear to be of the same magnitude in both voltammograms. Pdpoly
also show an oxidation wave starting around 0.7 V. IrOxPdpoly:50 show a pair
of wide peaks around 0.95 V. This pair of peaks is typical for AIROF in H2SO4
[48, 48, 70, 72, 73, 76, 77, 220–228]. The capacitance of IrOxPdpoly:50 appear to be
much larger than Pdpoly.

Figure 9.6 displays SEM micrographs of IrPdpoly:50 before (a) and after (b) trans-
formation to IrOx. IrPdpoly:50 was covered in a contiguous layer of Ir, comprised
of smaller particles (more images in figure F.2). It does not appear as a dense,
protective film, but rather as particles that have grown homogeneously across the
surface. After transformation to IrOx, the surface had a cracked-mud like structure,
typical for AIROF [73,74].

The total amount of electrochemically active IrOx in IrOxPdpoly:50, figures 9.5
and 9.6, was estimated from the voltammograms in figure F.1 by the method outlined
earlier[ardizzone] [212]. The total, surface bound and inner charge was determined
to as qt = 17.9mCcm−2, qs = 14.5mCcm−2 and qi = 3.5mCcm−2. This gives a frac-
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Figure 9.5: Cyclic voltammogram of Pdpoly and IrPdpoly:50 obtained at 50 mVs−1 in
0.5 moldm−3 H2SO4. The voltammograms were obtained after potential cycling until
the voltammogram did not change significantly upon further cycling. IrPdpoly:50
was prepared by charging Pdpoly with hydrogen, PdHx, using a 5 mVs−1 potential
scan from 0.7 V to −0.1 volt in 0.5 moldm−3 H2SO4 and an electrode rotation rate
of 1600 rpm. The charged PdHx electrode was then immersed at open circuit in
0.5 moldm−3 H2SO4(aq) + 10 µmoldm−3 K2IrCl6(aq) at 50 °C for 1 h while rotating
at 1600 rpm.

(a) (b)

Figure 9.6: SEM images of IrPdpoly:50 before (a) and after (b) transformation to IrOx.
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tion of iridium atoms in some sense close the surface of 0.81. Taking the thickness
of an AIROF film to be 14 nmmC−1 cm2 [74], this corresponds to a thickness of
251.3 nm for our film.

Carbon suppported palladium

Figure 9.7 displays the current on (a) IrnPd/C and (b) IrnPd/KB during 5 mVs−1

linear sweeps from 0.4 V to −0.1 V in 0.5 moldm−3 H2SO4. The working electrode
was rotated at 1600 rpm. Large H2(g) bubbles was observed at the working electrode
at negative potentials. The HER+PdHx current increased after each displacement
event with iridium, indicative of modification of the surface. This is consistent with
the higher activity towards HER of iridium to that of palladium [271].
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Figure 9.7: 5 mVs−1 linear sweeps from 0.4 V to −0.1 V in 0.5 moldm−3 H2SO4.
Working electrode was a glassy carbon rotating disc electrode with a thin film of (a)
IrnPd/C or (b) IrnPd/KB rotated at 1600 rpm.

figure 9.8 displays voltammograms of the H-UPD and PdHx region of (a) IrnPd/C
and (b) IrnPd/KB working electrodes after each successive displacement event at
50 °C. Voltammograms were obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1.

The oxidation peaks around 50 mV on IrnPd/C (a) was shifted to less positive po-
tentials after the first displacement event. This potential shift is consistent with
submonolayers of Ir on Pd nanoparticles [113]. The potential of the corresponding
reduction peak remained constant at ca 0.05 V. A pair of reduction- and oxidation
waves appeared at ca 0.1 V and increased in magnitude for each displacement. The
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PdHα peak at ca 0.25 V was reduced in magnitude after the first displacement event
and remained constant thereafter.

The PdHα peak at ca 0.25 V on IrnPd/KB (b) was reduced in magnitude after the
first displacement event and remained constant thereafter. The cathodic and an-
odic waves at potentials below 0.2 V increased in magnitude for each displacement
event.

Figure 9.9 shows the anodic charge of the H-UPD/PdHx-region, 0.01 V to 0.4 V, as a
function of the cathodic potential limit in voltammograms of Pd/C and Ir5Pd/C in
figure F.6. The charge was obtained by integrating the anodic part of the voltam-
mograms and removing the double layer capacitance between 0.35 V and 0.4 V. The
voltammograms were obtained as the ones in figure 9.8 above, but with the cathodic
limit being made more negative by steps of −10 mV for each voltammogram, start-
ing at 350 mV and ending at 10 mV. The anodic limit was always 400 mV. The
charge-potential curves appear identical at potentials positive of 250 mV. Between
0.12 V and 0.25 V, less hydrogen appear to adsorb+absorb onto Ir5Pd/C compared
to Pd/C. At potentials negative of 0.12 V, more hydrogen adsorption+absorption
appear to be enhanced on Ir5Pd/C compared to Pd/C. The right axis indicates the
fraction of hydrogen- to palladium atoms, based on the electrode mass loading and
the adsorption+absorption charge.

Figure 9.10 displays voltammograms of (a) Pd/C and Ir5Pd/C, and Pd/KB and (b)
Ir5Pd/C obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4. Ir5Pd/C and Ir5Pd/KB was
transformed to (IrOx)5Pd/C and (IrOx)5Pd/KB by 20 potential cycles between 0.05 V
and 1.45 V. This is evident from the pair of peaks centered at ca 0.95 V, similar
to those on the iridium-modified polycrystalline palladium electrode in figure 9.5.
Modification of the surface is also indicated by the increased currents in the H-UPD
region below 0.3 V. The Pd-reduction peak around 0.65 V in figure 9.10 (a) was
shifted to slightly less positive potentials after modifying the surface with iridium.
Upon potential cycling of Ir5Pd, the palladium reduction peak in figure 9.10 (a)
disappeared. We associate the broad peaks that emerged around 0.6 V with the
carbon support [237]. The palladium reduction peak in figure 9.10 (b) increased
somewhat in magnitude after the transformation of Ir5Pd/KB to (IrOx)5Pd/KB, and
the voltammogram appear as that of Ir5Pd/KB with the additional IrOx peaks around
0.95 V.
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Figure 9.8: Cyclic voltammograms of IrnPd/C (a) and IrnPd/C (b) during H-UPD
and PdHx formation and oxidation, and after 1, 2, 3, 4 and 5 displacement events
in 10 µmoldm−3 K2IrCl6 and 0.5 moldm−3 H2SO4 at 50 °C. Voltammograms were
obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4.
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Figure 9.9: Charge-potential curves of Pd/C and Ir5Pd/C obtained by integration
of the anodic parts of voltammograms obtained at 5 mVs−1 in 0.5 moldm−3 H2SO4.
The cathodic limit of the voltammograms were decreased in steps of −10 mV, from
0.35 to 0.01 V. The anodic limit was always 0.4 V.
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Figure 9.10: Cyclic voltammograms of (a) Pd/C and Ir5Pd/C and Pd/KB and (b)
Ir5Pd/C before and after transformation to IrOxPd by 20 potentials cycles between
0.05 V and 1.45 V at 50 mVs−1 in 0.5 moldm−3 H2SO4. Voltammograms were ob-
tained at 50 mVs−1 in 0.5 moldm−3 H2SO4.

175



Chapter 9. Ir deposition onto Pd by galvanic displacement of PdHx

9.4 Discussion
Polycrystalline Pd

The apparent capacitance in the voltammograms of IrPdpoly:3, IrPdpoly:15 and
IrPdpoly:50 was larger compared to that of Pdpoly in figures 9.3 and 9.5. This is
attributed to the Ir deposit, as the height of the Pd reduction peak at 0.7 V does not
appear to increase in any of the voltammograms. The increased capacitance can be
attributed to two sources;

• The total surface area increased. The (relatively) thick, cracked film of IrOx
on IrPdpoly:50 in figure 9.6b exposes the underlying Pd substrate. The voltam-
mogram of IrPdpoly:50 in figure 9.5 is then the voltammograms of IrOx and Pd
superimposed.

• Protons intercalate into IrOx, as according to reactions (1.19) and (2.3), which
makes the volume, i.e. thickness, of the film contribute to the currents in the
voltammogram.

The slow reaction at room temperature gave a denser, more uniform Ir film than the
faster reaction at 50 °C. The reduced height of the Pd reduction peak in IrPdpoly:15
and the apparent increased capacitance suggests that some of the Pd was protected
from the electrolyte, while the increased capacitance suggests the same as mentioned
above.

It appears as though the cracked IrOx film on IrPdpoly:50 in figures 9.6 and F.2
may consist of multiple layers. A rough estimate of 60 nm for a single layer may
be estimated from figure F.2 (c,d). This is consistent with the apparent particle
diameter in figure F.2 (b). Multiple layers of 60 nm with a total average height of
251 nm equals four layers.

Effect of temperature

The displacement rate at room temperature was very slow. This is clear from the
small amount of iridium obtained after more than 15 hours of displacement at
room temperature, figure 9.3, relative to what was obtained at 50 °C in one hour,
figure 9.5. This is consistent with thermal activation of K3IrCl6 reduction [180]
followed by formation of an unstable Ir(I) intermediate [183] and our previous work
on displacement of underpotential deposited copper on polycrystalline gold electrodes
from similar solutions of H2IrCl6, IrCl3, K2IrCl6 and K3IrCl6 in chapters 6 and 7.
A comparison of displacement experiments using Pd/KB at room temperature and
50 °C can be seen in figures F.3 to F.5, but the results were somewhat inconclusive as
to whether the palladium nanoparticles were modified at room temperature.
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Carbon supported Pd catalysts

Both Pd/C and Pd/KB was successfully modified with Ir by the PdHx displacement
procedure at 50 °C. The emerging H-UPD wave centered at 0.1 V in figure 9.8 and
cathodic shift of the main HUPD peak are consistent with a mixed Ir/Pd surface [113].
The emergence of a pair of peaks around 0.95 V after transformation to IrOx in
figure 9.10 is typical for IrOx in H2SO4, as has already been argued earlier for the
polycrystalline samples. The voltammgrams in figure 9.8a and charge-potential
curves in figure 9.9 of Pd/C and Ir5Pd/C implies that total adsorpion+absorption of
hydrogen is initially suppressed at potentials positive of 120 mV by an Ir overlayer,
and is enhanced at potentials negative of 120 mV. This is likely due to an increase
in the total surface area from the Ir deposit and an increased contribution from
HUPD.

The largest modification of the Pd surface was after the first displacement event. The
large change in the HUPD /PdHx region in the voltammogram of Ir5Pd/C in figure 9.8
(b) after the first displacement event was followed by small, incremental changes
with successive displacement events. This indicates that the larges modification of
the surface was obtained in the first displacement. This is supported by the HER
currents in figure 9.7 (b) increasing in the same manner.

After transformation of Ir5Pd/KB to (IrOx)5Pd/KB, the Pd-reduction peak at 0.65 V
in figure 9.10 (b) increased in magnitude. This is likely due to oxidation- and re-
deposition of palladium during cycling, as some Pd is expected to dissolve during
potential cycling in H2SO4 [26,28,265–270].

9.5 Conclusions
We have shown how PdHx can be used as a reduction agent to reduce a solution
of K2IrCl6 onto a palladium surface as metallic Ir, and that the reaction proceeds
even at room temperature. This is a significant advantage over the one-pot SLRR
procedure presented in chapters 6 to 8 where CuUPD acts as the reduction agent
because; (i) The possibility of Cu contaminants in the resulting Ir film is eliminated
[102,144], and (ii) The amount of electrons available to reduce Ir onto the surface
is determined by the bulk volume of the Pd core, and not by the surface charge of
CuUPD on the core, and (iii) The procedure can be conducted at room temperature,
although the kinetics are significantly improved at 50 °C.

This work was intended to culminate in preparation of larger batches of IrPd/C
by using hydrogen gas to form the PdHx phase, but the work was cut short due to
the Covid-19 lockdown. The intended procedure is outlined in [152]. PdHx can be
formed by bubbling H2(g) through a suspension of Pd/C. Subsequent addition of an
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Ir precursor solution allows reaction (9.3) to proceed. If the amount of precursor
solution is chosen so that the hydride phase is in excess, this procedure can be
performed successively so that no Ir is reduced by hydrogen in the bubbling step.
The process should then self terminate if a protective Ir shell is formed in the Pd
cores. This can be monitored by keeping an electrode with a Pd/C film, as used in
this work, immersed in the suspension at open circuit.
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Chapter 10

Simulation of SLRR reactions

In this chapter we address some shortcomings in the existing mathematical de-
scription of surface-limited redox replacement (SLRR) reactions in the literature.
In particular, we introduce i) detailed rate equations for both the oxidation of the
sacrificial metal and the reduction of the noble-metal precursor, and ii) the effects of
mass transfer.

10.1 Description of Cu underpotential deposition
It has been shown on Au(111) that underpotential deposition of copper (CuUPD) from
aqueous solutions containing CuSO4 and H2SO4 involves two charge transfer steps
at distinctly different potentials with well defined peaks in cyclic voltammograms
[272]. On polycrystalline gold, the the current contribution from each step are usually
more convoluted [263]. The first step involves both charge- and mass transfer [273]
and can be described through a Langmuir-type adsorption isotherm [263] and may be
well explained by reaction (10.1). The second step occurring at less positive potentials
then the first step involves charge transfer only, and can hence be described by
reaction (10.2). It should be noted that second step, reaction (10.2), has been
described as surprisingly slow [274].

Cu2+(aq)+e−
k+1−−*)−−
k−1

Cu+(ads) (10.1)

Cu+(ads)+e−
k+2−−*)−−
k−2

Cu(ads) (10.2)

The rate of reactions (10.1) and (10.2) is expressed as follows by equations (10.3)
and (10.4),
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v1 = k+1Γiθsc1 −k−1Γiθ1 (10.3)
v2 = k+2Γiθ1 −k−2Γiθ2 (10.4)

where c1 is the concentration1 of Cu2+(aq), θs is the total fractional coverage of
surface sites at which Cu– (ads) be be reduced and θ1 and θ2 are the fractional
coverage of Cu+(ads) and Cu(ads) at the surface.

The rate constants k±1 and k±2 are given in equations (10.5) and (10.6),

k+l = k−◦
+l exp

[
−αl

F
RT

E−αl
∑

i
f l,iθi

]
l = 1,2 (10.5)

k−l = k−◦
−l exp

[
(1−αl)

F
RT

E+ (1−αl)
∑

i
f l,iθi

]
l = 1,2 (10.6)

where subscript i denotes any specie present at the surface and the Temkin parame-
ter f l,i accounts for interactions between surface species.

10.2 Reduction of Ir precursors
We assume that reduction of Ir from hexachloro-complexes in aqueous solution
proceeds through reactions (10.7) to (10.9)

IrCl2−6 (aq)+e−
k+3−−*)−−
k−3

IrCl3−6 (aq) (10.7)

IrCl3−6 (aq)
k+4−−*)−−
k−4

IrCl3−6 (ads) (10.8)

IrCl3−6 (ads)+3e−
k+5−−*)−−
k−5

Ir(s)+6Cl−(aq) (10.9)

where reaction (10.7) is well known [176,177].

Further reaction steps from Ir(III) to Ir(0) are less clear. Sawy and Birss argued
that the reduction goes via slow adsorption of IrCl3–

6 (aq). From electroplating of Ir
onto polycrystalline Au from H2IrCl6 solutions, they reported a reduction in current
efficiency when forced convection was introduced or if the H2IrCl6 concentration was
increased. This was consistent with formed IrCl3–

6 (aq) going away from the electrode.

1We assume that the activity coefficients of all species are approximately equal to one
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An adsorption step is also consistent with Le-Vot et. al [161, 182] who reported a
high overpotential for nucleation of Ir onto glassy carbon electrodes compared to one
with pre-existing Ir or Pt nuclei.

Nie et al. (1992) suggested the reduction of H2IrCl6 to Ir(s) by hydrogen gas to
proceed through Ir(I), with reduction of Ir(III) to Ir(I) as the slow step [183]. They
supported this with an observed reaction order with respect to the Ir precursor
concentration and partial pressure of hydrogen both to be equal to one. After
the initial nucleation stage, hydrogen adsorbed dissociatively on metallic iridium
transferred an electron to the central iridium ion in the IrCl3–

6 complexes though a
chloride bridge. In other words; atomic hydrogen acted as the reduction agent, which
has been suggested by others as well [176,180,182]. This is consistent with previous
reports on Ir electrodeposition, where the potential needs to be brought down to the
H-UPD area for the reaction to proceed at room temperature [161,176,177,182].

The corresponding rate expressions for reactions (10.7) to (10.9) are expressed as
equations (10.10) to (10.12)

v3 = k+3Γiθac3 −k−3Γiθac4 (10.10)
v4 = k+4Γiθ

∗
s c4 −k−4Γiθ3 (10.11)

v5 = k+5 (Γiθ3)Ω3 −k−5 (Γiθ4)Ω4 (10.12)

where c2 and c3 are the concentrations of IrCl2–
6 (aq) and IrCl63– (aq), respectively.

θa is the total fractional coverage of sites at the surface where charge transfer may
occur and θ∗s is the total fractional coverage of sites where IrCl3–

6 (aq) may adsorb
onto. θ3 and θ4 are the fractional coverage of IrCl36(ads) and Ir(s) at the surface.
Ω3 and Ω4 are the reaction orders of equation (10.12) with respect to θ3 and θ4,
respectively2.

We assume that the rate constants for equations (10.10) to (10.12) are given as
equations (10.13) to (10.18),

2Strictly speaking, the reaction orders are potential dependent, so this is formally wrong.
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k+3 = k−◦
+3 exp

[
−α3

F
RT

E−α3
∑

i
f3,iθi

]
(10.13)

k−3 = k−◦
−3 exp

[
(1−α3)

F
RT

E+ (1−α3)
∑

i
f3,iθi

]
(10.14)

k+4 = k−◦
+4 exp

[
−E+a

RT
−

∑
i

f4,iθi

]
(10.15)

k−4 = k−◦
−4 exp

[
−E−a

RT
+

∑
i

f4,iθi

]
(10.16)

k+5 = k−◦
+5 exp

[
−α5,c

F
RT

E−α5,c
∑

i
f5,iθi

]
(10.17)

k−5 = k−◦
−5 exp

[
α5,a

F
RT

E+α5,a
∑

i
f5,iθi

]
(10.18)

where E±a are the adsorption and desorption activation energies of reaction (10.8).
α5,c and α5,a need not obey αa +αc = 1 as reaction (10.9) does not represent an
elementary step. The other constants have previously been defined.

10.3 General model for galvanic displacement of
CuUPD by Ir

We tabulate the species presented earlier in table 10.1 for easy reference.

Table 10.1: Overview of the symbols used to represent the different species in the
model.

Symbol Specie

c1 Cu2+(aq)
c2 IrCl2–

6 (aq)
c3 IrCl3–

6 (aq)
θ1 Cu+(ads)
θ2 Cu(upd)
θ3 IrCl3–

6 (ads)
θ4,ext Ir(s)
θ4 1−exp

(−θ4,ext
)

182



10.3. General model for galvanic displacement of CuUPD by Ir

We also define θs, θa and θ∗s from equations (10.3), (10.10) and (10.11) as

θs = 1−θ1 −θ2 −θ3 (10.19)
θa = 1 (10.20)
θ∗s = 1−θ1 −θ2 −θ3 (10.21)

The first and last relation prevents Ir from growing onto Cu, which is something we
have not taken into account in our model, but Cu and Ir may deposit onto Ir3. The
above relations defines θ∗s = θs.

This defines the general rate expressions in equations (10.3), (10.4) and (10.10)
to (10.12) more accurately as equations (10.22) to (10.26)

v1 = k+1Γi (1−θ1 −θ2 −θ3) c1 −k−1Γiθ1 (10.22)
v2 = k+2Γiθ1 −k−2Γiθ2 (10.23)
v3 = k+3Γi c3 −k−3Γi c4 (10.24)
v4 = k+4Γi (1−θ1 −θ2 −θ3) c4 −k−4Γiθ3 (10.25)

v5 = k+5 (Γiθ3)Ω3 −k−5 (Γiθ4)Ω4 (10.26)

Γi is present in all the rate expressions to remain consistent with the notation
cCuUPD =ΓiθCuUPD .

The governing equations describing change of θi over time are given in equa-
tions (10.27) to (10.30)

Γi
∂θ1

∂t
= v1 −v2 (10.27)

Γi
∂θ2

∂t
= v2 (10.28)

Γi
∂θ3

∂t
= v4 −v5 (10.29)

Γi
∂θ4

∂t
= v5 (10.30)

The total current density at the electrode surface is given in equation (10.31)

3This is primarily of importance if one is to simulate multiple successive displacement experiments
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j = j1 + j2 + j3 + j5 + jdl (10.31)

where j i =−ziFvi and jdl is given in equation (10.32)

jdl = Cdl
∂E
∂t

(10.32)

where Cdl is the double layer capacity, of which we have assumed is constant through
all potential ranges (typically 1 µFcm−2).4

Inserting equation (10.32) and the above definition of j i with z1,2,3 = 1 and z5 = 3
into equation (10.31) gives equation (10.33) which describes the total current density
at the electrode.

j =−F (v1 +v2 +v3 +3v5)+Cdl
∂E
∂t

(10.33)

Assuming the electrolyte is well supported and that electroneutrality is fulfilled at
all times, the change in concentration of an aqueous specie is given by the mass
transport expression for a rotation disc electrode, equation (10.34) [15]

∂ci

∂t
= D i

∂2ci

∂x2 +Bx2∂ci

∂x
(10.34)

Where B = 0.51ν−
1
2ω

3
2 , x is the distance perpendicular to the electrode surface, ω

is the radial rotation rate of the electrode and ν is the kinematic viscosity of the
solvent. D i is the diffusion coefficient of specie ci from table 10.1.

We assume no change in concentration at some very-far away distance from the
electrode

lim
x→∞ ci = ci (t = 0)= c∞i (10.35)

The width of the Nernst diffusion layer, δN , is defined for a rotating disc electrode,
when ω≥ 10.5s−1, as equation (10.36) [16]

4This creates a capacitor with infinite capacity. This is formally wrong, but sufficient for our
formulation.
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δN = 1.61D1/3ω−1/2ν1/6 (10.36)

and equation (10.35) is imposed at some distance outside δN and is implicitly taken
into account through the last term on the right-hand side of equation (10.34).

The flux of ci at the electrode surface, x = 0, is defined by the relevant reaction rates
involving ci. For c1, c2 and c3, this is given as equations (10.37) to (10.39)

D1
∂c1

∂x
|x=0 = v1 (10.37)

D2
∂c2

∂x
|x=0 = v3 (10.38)

D3
∂c3

∂x
|x=0 = v4 −v3 (10.39)

where everything has been defined previously.

This sums up a set of equations, equations (10.22) to (10.30), (10.34), (10.35)
and (10.37) to (10.39)

which may be used to model reactions (10.1), (10.2) and (10.7) to (10.9) at a rotat-
ing disc electrode. If modelling a galvanostatic experiment, i.e. constant current,
equation (10.33) is added to the system.

10.4 Dimensionless variables

Before discretizing the system, we introduce the dimensionless variables
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Ψ= F
RT

E → Potential (10.40)

Cdl =
RT
ΓiF2 Cdl → Capacitance (10.41)

Ci =
re

Γi
ci → Concentration (10.42)

τ= D−◦

r2
e

t → Time (10.43)

Φ= Ea

RT
→ Activation energy (10.44)

ξi =
D i

D−◦ → Diffusion coefficient (10.45)

X = 1−exp
(
−2

x
re

ln2
)

→ Space/Distance (10.46)

V1 = vi
r2

e

ΓiD−◦ → Reaction rate (10.47)

Ji = j i
r2

e

FΓiD−◦ = ziVi → Current density (10.48)

where re is the disc radius on the rotating disc electrode and D−◦ = D1 = 1×10−5 cm2 s−1.
Equation (10.46) elegantly transforms the coordinate map x ∈ [0,∞] to X ∈ [0,1]
[275,276]. Γi typically has a value of 1×10−9 molcm−2.

This transforms the reaction rates vl in equations (10.22) to (10.26) to Vl in equa-
tions (10.49) to (10.53)

V1 = K+1 (1−θ1 −θ2 −θ3)C1 −K−1θ1 (10.49)
V2 = K+2θ1 −K−2θ2 (10.50)
V3 = K+3C2 −K−3C3 (10.51)
V4 = K+4 (1−θ1 −θ2 −θ3)C3 −K−4θ3 (10.52)

V5 = K+5θ
Ω3
3 −K−5θ

Ω4
4 (10.53)

where the rate constants k±l in equations (10.5), (10.6) and (10.13) to (10.18) are
transformed to K±l in equations (10.54) to (10.63)

186



10.4. Dimensionless variables

K+1 = k−◦
+1
Γire

D−◦ exp

[
−α1Ψ−α1

4∑
i=1

f1,iθi

]
(10.54)

K−1 = k−◦
−1

r2
e

D−◦ exp

[
(1−α1)Ψ+ (1−α1)

4∑
i=1

f1,iθi

]
(10.55)

K+2 = k−◦
+2

r2
e

D−◦ exp

[
−α2Ψ−α2

4∑
i=1

f2,iθi

]
(10.56)

K−2 = k−◦
−2

r2
e

D−◦ exp

[
(1−α2)Ψ+ (1−α2)

4∑
i=1

f2,iθi

]
(10.57)

K+3 = k−◦
+3
Γire

D−◦ exp

[
−α3Ψ−α3

4∑
i=1

f3,iθi

]
(10.58)

K−3 = k−◦
−3
Γire

D−◦ exp

[
(1−α3)Ψ+ (1−α3)

4∑
i=1

f3,iθi

]
(10.59)

K+4 = k−◦
+4
Γire

D−◦ exp

[
−Φ+−

4∑
i=1

f4,iθi

]
(10.60)

K−4 = k−◦
−4

r2
e

D−◦ exp

[
−Φ−+

4∑
i=1

f4,iθi

]
(10.61)

K+5 = k−◦
+5

r2
e

D−◦ Γ
(Ω3−1)
i exp

[
−αc,5Ψ−αc,5

4∑
i=1

f5,iθi

]
(10.62)

K−5 = k−◦
−5

r2
e

D−◦ Γ
(Ω4−1)
i exp

[
αc,5Ψ+αc,5

4∑
i=1

f5,iθi

]
(10.63)

(10.64)

The governing equations for θi, equations (10.27) to (10.30), are thus transformed to
equations (10.65) to (10.68)

∂θ1

∂τ
=V1 −V2 (10.65)

∂θ2

∂τ
=V2 (10.66)

∂θ3

∂τ
=V4 −V5 (10.67)

∂θ4

∂τ
=V5 (10.68)
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and the inner boundary conditions for ci at x = 0, equations (10.37) to (10.39) are
transformed to equations (10.69) to (10.71).

ξ1
∂C1

∂X
(1− X ) (2ln2)|X=0 =V1 (10.69)

ξ2
∂C2

∂X
(1− X ) (2ln2)|X=0 =V3 (10.70)

ξ3
∂C3

∂X
(1− X ) (2ln2)|X=0 =V4 −V3 (10.71)

The outer boundary far away from the electrode at x →∞, equation (10.35), is simply
transformed to equation (10.72) at X = 1.

lim
X→1

Ci = Ci (τ= 0)= CX=1
i (10.72)

The main transport equation of ci, equation (10.34), is transformed to equation (10.73).

∂Ci

∂τ
= ξi

∂2Ci

∂X2 (1− X )2 (2ln2)2 +β ln(1− X )2

(2ln2)
∂Ci

∂X
(1− X ) (10.73)

Where β= B r3
e

D−◦ .

Additionally, the current density at the electrode, equations (10.31) and (10.33) is
transformed to equation (10.74)

J =V1 +V2 +V3 +3V5 +Cdl
∂Ψ

∂τ
(10.74)

where J = j
F × r2

e
ΓiD−◦ and each reaction rate vi was transformed as Vi = vi

r2
e

ΓiD−◦ .

The total set of equations in the model are then defined as equations (10.49) to (10.53)
and (10.65) to (10.73)

with equation (10.74) also included if a galvanostatic experiment is modelled.

10.5 Solution procedure
The time- and space-derivatives in equations (10.65) to (10.71) and (10.73) were
discretized and organized as a set of linear equations, as explained in Appendix

188



10.5. Solution procedure

sections G.1.1 and G.1.2, respectively. A program solving the set was written in
Python, where the code is available upon request. The pseudocode is given in
appendix G.2.

The dimensionless transformations was performed inside the model program. The
program accepted real inputs, performed the calculations using dimensionless pa-
rameters, and returned both dimensionless and real values of concentrations, θi,
potential, current and reaction rates. The program then had the capability to ac-
cept experimentally obtained values of time, potential or current, and return the
corresponding simulation.

The values listed in table 10.2 were hard coded as constants in the model pro-
gram.

Table 10.2: Hard coded constants used in the model program.

Symbol Description Value Units

D i Diffusion constant of specie i 1×10−5 cm2 s−1

Γi Initial surface excess 1×10−9 molcm−2

re Typical radius of a rotating disc electrode 0.25 cm
ν Kinematic viscosity of water 1×10−2 cm2 s−1

F Faraday’s constant 96485 Cmol−1

R Universal gas constant 8.314 JK−1 mol
n j Number of steps in space 101 -

We first attempted to fit simulations to experimentally obtained surface limited
redox replacement (SLRR) data. In short, SLRR is the process where an adlayer
of an underpotentially deposited metal is oxidized by a more noble metal cation in
solution. The cations of the more noble metal is in turn reduced onto the electrode.
The open circuit potential of the working electrode is typically recorded during such
experiments. At open circuit, the net current at the working electrode is zero. In this
text, we use the term SLRR also for reactions where the more noble metal cation is
reduced to a lower oxidation state, but remains in solution.

In chapter 7 (Experiment 1 in table 7.1, figure 7.4 (a) and figure E.6 (b)), we presented
SLRR transients where a Au rotating disc electrode initially covered in a CuUPD
layer is kept at open circuit in a solution containing K2IrCl6 at room temperature.
We previously concluded that reduction of Ir(III) species, reactions (6.3) and (6.4), is
negligible at potentials positive of 300 mV at 25 °C (chapter 7). We could therefore
assume k±l = 0 for l = 4,5 at 25 °C. The model program was then used to fit the values
of log10

(
k−◦
±l

)
for l = 1,2,3, log10 (Cdl), f1,i and f2,i to a SLRR transient obtained in

chapter 7 (Experiment 1 in table 7.1, figure 7.4 (a) and figure E.6 (b)). In the
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real experiment, a Au rotating disc electrode was first held at 0.7 V for 5 s. The
potential was then stepped to 0.3 V for 2 s where CuUPD was formed, and then
the open circuit potential of the electrode was recorded for 300 s. The electrolyte
contained 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6 and
was kept at room temperature. The electrode was rotated as 1600 rpm. This is
shown schematically in figure 10.1.
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Cu2+(aq) + 2e– ←−−−CuUPD

EUPD

Cu2+(aq) + 2e– −−−→CuUPD

00 t1 t2 t3

CuUPD + 2IrCl2 –
6 (aq)−−−→Cu2+(aq) + 2IrCl3–

6 (aq)

Figure 10.1: Schematic representation of the SLRR procedure. The first step between
t = 0 and t:1 ensures the electrode to be free of CuUPD, where a CuUPD adlayer is
formed in the second step between t1 and t2. In the third step, between t2 and t3,
the open circuit potential of the electrode is recorded.

During the time at open circuit, the CuUPD adlayer was oxidized by the K2IrCl6
solution. Ir(IV) was reduced to Ir(III) while CuUPD was oxidized to Cu(II).

Fitting of the model to the experimental values was performed through the Trust
Region Reflective algorithm [213] as implemented in the curve fitting procedure
included in the optimization module of Scipy [214]5. The curve fitting procedure
was used with the standard implemented settings, where the initial guess and lower
and upper bounds of the fitted parameters are given in table 10.3. The curve fitting
objective function was on the form 0.5

∑N
i

(
yexp,i − ysim,i

)2, which was minimized with

5We also attempted to use other global minimization algorithms such as simulated annealing, but
this proved to be too computationally expensive given our implementation of the code and available
hardware.
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ones used as weighting factors. The curve fitting program was written so as to
represent the experiment where the experimental data was obtained. The program
first simulated a 5 s potential hold at 0.7 V. The output was used as initial values for
a 2 s potential hold at E2 = 0.3V, where the output again was used as initial values
to simulate an open circuit potential transient, of which was returned to the curve
fitting algorithm. The above fitting was done twice, once by holding f1,i = 0 and
f2,i = 0, and once by refining also these values as described above.

The values used in the curve fitting program are listed in table 10.3

Table 10.3: Overview of the input given to the model in the curve fitting procedure

Parameter Fitting 1 Fitting 2 Initial guess Lower/upper bound Units

k−◦
+1 Fitted Fitted 9 5/15 cm3 s−1

k−◦
−1 Fitted Fitted -4 -8/5 s−1

k−◦
+2 Fitted Fitted 7 -2/10 s−1

k−◦
−2 Fitted Fitted 1 -8/2 s−1

k−◦
+3 Fitted Fitted 12 -8/20 cm3 s−1

k−◦
−3 Fitted Fitted -1 -5/5 cm3 s−1

k±4 0 0 - - cm3 s−1

k−◦
+5 0 0 - - mol1−Ω3 cm−Ω3 s−1

k−◦
−5 0 0 - - mol1−Ω4 cm−Ω4 s−1

Cdl Fitted Fitted -6 -10/-3 Fcm−2

f1,i 0 Fitted 0 -20/50 a.u.
f2,i 0 Fitted 0 -20/50 a.u.
f4,i 0 0 - - a.u.
f5,i 0 0 - - a.u.
c1 1×10−6 1×10−6 - - molcm−3

c2 1×10−8 1×10−8 - - molcm−3

c3 1×10−12 1×10−12 - - molcm−3

αl 0.5 0.5 - - a.u.
ωrpm 1600 1600 - - rpm

T 298.15 298.15 - - K
E2 0.3 0.3 - - V

We then used the values of log10
(
k−◦
±l

)
for l = 1,2,3 and log10 (Cdl) obtained in the first

fitting and simulated SLRR transients and cyclic voltammograms in three sets in
order to investigate the sensitivity to k−◦

±3 and cb
3, as well as the effect of ωrpm.

The SLRR transients were simulated as before; the program first simulated a 5 s
potential hold at 0.7 V. The output was used as initial values for a 2 s potential
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hold at E2, where the output again was used as initial values to simulate an SLRR
transient.

Voltammograms were simulated at 50mVs−1 between 1.5 V and 0 V.

The values of ωrpm, k−◦
±3 and c3were systematically varied, while keeping k−◦

+3/k−◦
−3

and all other parameters constant.

Table 10.4 presents an overview over the values used in the simulations where some
parameters were varied, as describe above. * Indicate that the value was obtained by
the curve fitting procedure described before. ωrpm was set to either set to 1600 rpm
(SLRR transients), 0 rpm (Voltammogram) or varied.

Table 10.4: Overview of the inputs given the model when simulating open circuit
potential transients and voltammograms. * Indicate that the value was obtained
from the first previous curve fitting. SLRR potential transients were simulated at
1600 rpm and voltammograms at 0 rpm.

Parameter Runs 1 Runs 2 Runs 3 Units

k−◦
+1 * * * cm3 s−1

k−◦
−1 * * * s−1

k−◦
±2 * * * s−1

k−◦
±3 ∗× [

10−1−105]
* * cm3 s−1

k±4 0 0 0 cm3 s−1

k−◦
+5 0 0 0 mol(1−Ω3) cm−Ω3 s−1

k−◦
−5 0 0 0 mol(1−Ω4) cm−Ω4 s−1

Cdl * * * Fcm−2

f1,i 0 0 0 a.u.
f2,i 0 0 0 a.u.
f4,i 0 0 0 a.u.
f5,i 0 0 0 a.u.
c1 1×10−6 1×10−6 1×10−6 molcm−3

c2 1×10−8 1×10−8 1×10−8 molcm−3

c3 1×10−12 1×10−15−1×10−8 1×10−12 molcm−3

αl 0.5 0.5 0.5 a.u.
ωrpm 1600/0 1600/0 100-5000 rpm

T 298.15 298.15 298.15 K
E2 0.3 0.3 0.3 V
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10.6 Results
Figure 10.2 shows an experimentally obtained SLRR transient (black circles) ob-
tained by displacement of CuUPD by K2IrCl6 at room temperature, in an electrolyte
containing 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6.
The data is reprinted from chapter 7 (Experiment 1 in figure 7.4 (a) and figure E.6
(b)). The red and blue lines show simulated transients obtained by fitting the values
of (blue) log10 (k±l), l = 1,2,3 and log10 (Cdl) or (red) log10 (k±l), l = 1,2,3, log10 (Cdl),
f1,i and f2,i, i = 1,2 until a best fit was obtained to the experimentally obtained
SLRR transient.

The simulated transients show an excellent agreement with the experimental data,
regardless if the Temkin parameters f l,i is kept at zero or included in the fitting.
The fitted values of f l,i was sensitive to the initial guess provided to the minimizer
algorithm, but the simulated SLRR transient appeared to be insensitive to f l,i.
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Figure 10.2: Experimentally obtained (black circles) and simulated (blue and red
lines) SLRR transients of CuUPD and K2IrCl6 at room temperature while rotating
the electrode at 1600 rpm.

Table 10.5 shows the fitted values of log10 (k±l), l = 1,2,3, log10 (Cdl), f1,i and f2,i,
i = 1,2 after fitting the simulations to experimental data. k−◦

±3 appear to be fairly
insensitive to whether f1,i and f2,i is set to 0 or included in the fitting. The standard
reduction potential of reaction (6.2) calculated from k−◦

±3, E−◦
3 , is fairly consistent

with literature values [19]. E−◦
1 represents the onset potential of CuUPD when c1 = 1.

Calculating Ec1=1mmoldm−3

1 = 0.622V is consistent with voltammograms of CuUPD
on Aupoly in a solution containing 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4 at
room temperature in chapter 7, figure 7.3 (a).
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Table 10.5: The converged values after fitting log10 (k±l), l = 1,2,3, log10 (Cdl), f1,i
and f2,i, i = 1,2 to an SLRR transient obtained experimentally at room temperature.

Parameter Fitting 1 Fitting 2

log10
(
k−◦
+1

)
9.157 9.700

log10
(
k−◦
−1

) −4.488 −3.878
log10

(
k−◦
+2

)
7.948 9.148

log10
(
k−◦
−2

)
1.235 0.712

log10
(
k−◦
+3

)
10.394 10.401

log10
(
k−◦
−3

) −2.455 −2.455
log10 (Cdl) −7.394 −7.379
f1,1 0.000 3.966
f1,2 0.000 1.739
f2,1 0.000 2.702
f2,2 0.000 4.074
E−◦

1 /V 0.807 0.803
Eθi→0.5

2 /V 0.397 0.299
E−◦

3 /V 0.760 0.761

Figure 10.3 shows the same simulated potential transients as in figure 10.2, with
the values of θ1 and θ2 as a function of time. The slope ∂Ψ/∂τ appears to increase
rapidly when θ1 goes towards zero.

The simulations show that while the potential transients are fairly identical, θi (τ)
is affected by f1,i and f2,i. With f1,i = f2,i = 0 in figure 10.3 (a), θ2 decreases mono-
tonically and goes towards zero around τ = 0.0075. θ1 increases initially, until it
reaches θ1 > 0.6 and decreases monotonically towards zero, which is reached around
τ= 0.0125.

With f1,i 6= 0 and f2,i 6= 0 in figure 10.3 (b), θ2 also decreases monotonically until it
reaches zero around τ= 0.0125. θ1 increases initially, but starts to decrease again
after reaching about θ1 = 0.2 and goes toward zero about the same time as θ2.

Figure 10.4 shows the concentration profile of C2, Ir(IV), across the grid at selected
dimensionless potentials during the simulated SLRR transients in figure 10.3. Fig-
ure 10.4 (a) corresponds to f1,i = f2,i = 0 in figure 10.3 (a) and figure 10.2. Figure 10.4
(b) corresponds to f1,i 6= 0 and f2,i 6= 0 in figure 10.3 (b) and figure 10.2.

At Ψ = 15, the surface concentration is about 0.4×CX=1
2 . At Ψ = 20, the surface

concentration is close to the bulk concentration. This means that reduction of Ir(IV)
to Ir(III), reaction (6.2), is not diffusion controlled in these simulations.
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Figure 10.3: (Simulated SLRR transients obtained by fitting the simulations to
experimental data, along with θ1 and θ2 as a function of time during the simulations.
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Figure 10.4: Concentration profile of C2 over the discretized grid at selected poten-
tials from the SLRR simulations in figure 10.3.
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Figure 10.5 shows the current densities of reactions (6.2), (10.1) and (10.2) and equa-
tion (10.32), J1, J2, J3 and Jdl (magnified) during the simulated SLRR transients
in figure 10.3. Figure 10.5 (a) correspond to f1,i = f2,i = 0 in figure 10.3 (a) and
figure 10.2. Figure 10.5 (b) correspond to f1,i 6= 0 and f2,i 6= 0 in figure 10.3 (b) and
figure 10.2.

J3 is fairly identical in figure 10.5 (a) and (b) and goes towards zero quite monotoni-
cally. In both figure 10.5 (a, f1,i = f2,i = 0) and (b, f1,i 6= 0 and f2,i 6= 0), J2 decreases
monotonically. J1 initially increases before it decreases again.
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Figure 10.5: Currents J1, J2, J3 and Jdl (magnified) during the simulated SLRR
transients in figure 10.3.

Figure 10.6 shows simulated voltammograms of reactions (10.1) and (10.2) (J1 and
J2) and reaction (6.2) (J3) simulated at 50 mVs−1 and ωrpm = 1600rpm where other
physical constants were identical to the simulated SLRR transients in figure 10.3.
The important results from this simulation is the current density J3 (green line).
This represents reduction of Ir(IV) to Ir(III), reaction (6.2). J3 is diffusion controlled
at potentials Ψ< 10 and under mixed kinetic and mass transfer control at potentials
positive of Ψ > 10. This is consistent with the concentration gradients shown in
figure 10.4 and indicates that the rate of the simulated SLRR transients are not
purely controlled by diffusion of Ir(IV) through the diffusion layer. This is not
consistent with our results in chapters 6 and 7 which indicated that reaction (6.2)
was diffusion controlled at potentials where θCuUPD > 0.
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We also attempted to fit only log10 (k±l), l = 1,2 and log10 (Cdl) with log10
(
k−◦
+3

)= 16,
log10

(
k−◦
−3

) = 0 and f1,i = f2,i = 0 to ensure that J3 would be diffusion controlled
through the simulation, but an acceptable fit could not be achieved.
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Figure 10.6: Simulated voltammograms of reactions (10.1) and (10.2) (J1 and J2)
and reaction (6.2) (J3) at 50 mVs−1 and ωrpm = 1600rpm. All other parameters were
identical to figures 10.2 and 10.3.

Figure 10.7 (a) shows simulated SLRR transients with the same inputs as the
simulations presented previously in figure 10.3, except ωrpm was varied between
100 rpm and 5000 rpm.

Figure 10.7 (b) shows the time τ at which the slope ∂Ψ/∂τ in figure 10.7 (a) reached
a maximum, as a function of ω−1/2

rpm . The time τ at which the slope ∂Ψ/∂τ reached a
maximum is clearly linearly dependent on ω−1/2

rpm .

Figure 10.8 (a) shows simulated SLRR transients with the same inputs as the
simulations presented previously in figure 10.3, except k−◦

±3 was scaled between
10−1 × k−◦

±3 and 103 × k−◦
±3, while keeping the ratio k−◦

+3/k−◦
−3 constant. The inset axis

shows the same data as the main axis, except the time τ has been normalized to the
time τ at which the slope ∂Ψ/∂τ reached a maximum. Figure 10.8 (b) shows the time
τ at which the slope ∂Ψ/∂τ in figure 10.8 (a) reached a maximum, as a function of
the factor of which k−◦

±3 was scaled, xk−◦
±3

.

The time τ at which the slope ∂Ψ/∂τ in figure 10.8 (a) reached a maximum appear to
scale with x−1

k−◦
±3

when xk−◦
±3

< 10 and to become independent of xk−◦
±3

for xk−◦
±3

> 10.
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Figure 10.7: (a) Simulated SLRR transients with the same inputs as the simulations
presented previously in figure 10.3. ωrpm was varied between 100 rpm and 5000 rpm.
(b) The time τ at which the slope ∂Ψ/∂τ in (a) reached a maximum, as a function of
ω−1/2

rpm
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Figure 10.8: (a) Simulated SLRR transients with the same inputs as the simulations
presented previously in figure 10.3. k−◦

±3 was scaled between 10−1×k−◦
±3 and 103×k−◦

±3,
while keeping the ratio k−◦

+3/k−◦
−3 constant. (b) The time τ at which the slope ∂Ψ/∂τ in

(a) reached a maximum, as a function of the factor of which k−◦
±3 was scaled, xk−◦

±3
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Figure 10.9 shows the concentration profile of C2, Ir(IV), across the grid at selected
dimensionless potentials during a simulated SLRR transient in figure 10.8 (a)
where xk−◦

±3
= 104. The concentration profiles corresponding to xk−◦

±3
= 100 are shown

previously in figure 10.4a

The surface concentration of C2 is close to zero at Ψ= 15 through Ψ= 26, and starts
to increase between Ψ= 26 and Ψ= 28. This correspond to the part of the potential
transients in figure 10.8a where the slope ∂Ψ/∂τ is high. The surface concentration
is close to the bulk concentration at Ψ≥ 33. This means that reduction of Ir(IV) to
Ir(III), reaction (6.2), is diffusion controlled in these simulations.
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Figure 10.9: Concentration profile of C2 over the discretized grid at selected poten-
tials from the SLRR simulation in figure 10.8a where xk−◦

±3
= 104.

Figure 10.10 shows the current densities of reaction (10.1) (J1,a), reaction (10.2)
(J2,b) and reaction (6.2) (J3,c) during the SLRR simulations in figure 10.8 (a) at
selected values of xk−◦

±3
. The x-axes has been normalized to the time which the slope

∂Ψ/∂τ in figure 10.8 (a) reached a maximum. At xk−◦
±3

≥ 102, reaction (6.2) (J3,c)
appear to become constant with time at ττ−1

(∂Ψ/∂τ)|max
. This mean the rate of the SLRR

reaction was controlled by diffusion of Ir(IV) when the rate constants k−◦
±3 was scaled

by a factor larger than 102.

Figure 10.11 shows simulated SLRR transients with the same inputs as the simula-
tions presented previously in figure 10.3, except c3 was varied between 1×10−15 molcm−3

and 1×10−18 molcm−3.

The first part of the SLRR transients, before the sharp increase in potential, appears
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Figure 10.10: Current densities of reaction (10.1) (J1,a), reaction (10.2) (J2,b) and
reaction (6.2) (J3,c) during the SLRR simulations in figure 10.8 (a) at selected values
of xk−◦

±3
.
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be insensitive to the concentration of C3 in the bulk. Only the steady state potential
of which the potential transient appears to converge towards appears to be affected
by the concentration of C3 in the bulk of the electrolyte.
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Figure 10.11: Simulated SLRR transients with the same inputs as the simulations
presented previously in figure 10.3. c3 was varied between 1×10−15 molcm−3 and
1×10−8 molcm−3.

10.7 Discussion
We have demonstrated how open circuit potential transients obtained through SLRR
experiments can be simulated by microkinetic simulations and fitted to experimen-
tally obtained data.

The results indicate that the rate of oxidation CuUPD by K2IrCl6 in solutions con-
taining 0.5 moldm−3 H2SO4, 1 mmoldm−3 CuSO4 and 10 µmoldm−3 K2IrCl6 is con-
trolled by mixed kinetics and mass transport of Ir(IV) to Ir(III) at room tempera-
ture:

i The concentration profiles of Ir(IV) in figure 10.4 and voltammograms in
figure 10.6 show that reduction of Ir(IV) to Ir(III) is not only diffusion controlled
in the potential range where CuUPD is oxidised, and

ii The time τ of which the slope ∂Ψ/∂τ reached a maximum increased linearly
with ω−1

rpm.
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iii When k−◦
±3 was scaled by a factor of 10−1 through 105, the rate of reaction (6.2)

transitioned from mixed control to diffusion control.

The time of which the slope ∂Ψ/∂τ in figure 10.8 (a) reached a maximum scaled
with x−1

k−◦
±3

for xk−◦
±3

< 10. This is consistent with the rate of the SLRR reaction being
controlled by reaction (6.2) under mixed control, where the kinetic contribution is
multiplied by xk−◦

±3
until the reaction becomes limited by mass transport.

The time of which the slope ∂Ψ/∂τ in figure 10.8 (a) reached a maximum became
independent of xk−◦

±3
for xk−◦

±3
> 10. This is consistent with the rate of the SLRR

reaction initially being determined by reaction (6.2) under mixed control, where the
kinetic contribution is increased to such an extent to that mass transport becomes
limiting.

The overall shape of the simulated SLRR transients seems to be insensitive to
whether the total rate is determined by mixed kinetics and mass transport, or mass
transport only. The insets in figure 10.8 (a) appear to overlap, even though the
overall rate transitions from mixed control to pure mass transport control.

We have previously, in chapter 7, argued that reduction of Ir(IV) to Ir(III) is diffusion
controlled if the time of which the slope of ∂Ψ/∂τ reaches a maximum is linearly
dependent with ω−1/2

rpm . The above results show that this is necessarily true. A linear
relation is also observed for reactions under mixed kinetic and diffusion control.

10.8 Conclusions
We have demonstrated how potential transients obtained through surface limited
redox replacement can be simulated using microkinetic simulations, which can serve
as a valuable tool when evaluating the kinetics and reaction mechanisms of SLRR
experiments.

We compared simulations to experimentally obtained potential transients, where
simulations could be fitted to the experimentally obtained values with excellent
results. Also comparing simulations to voltammograms and potentiostatic current
transients coupled with in-situ methods such as reflectivity [106], EQCM [101] and
EXAFS/XANES [122] would arguably provide more extensive insight into the surface
processes occuring during the experiments.
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Summary and outlook

The work in this thesis has shown how galvanic displacement is a powerful tool
for preparing thin films of noble metals onto suitable substrates. Through galvanic
displacement of Ni and Cu with Ir, we have shown how active catalysts can be
prepared in simple procedures, which holds great potential if optimized. The use
of Cu in particular is promising as some of the challenges related to use of Ni is
mitigated.

In order to perform a rational optimization of a galvanic displacement procedure, it
is of great importance to known the mechanism of each reaction involved. Through
galvanic displacement of Cu monolayers on Au electrodes and Au nanoparticles,
we show that the yield of the galvanic displacement reaction appears to reach an
optimium at low electrolyte agitation, and that the yield is, conterintuitively, larger
with Ir(IV) precursor solutions than with Ir(III) precursor solutions.

Last, we demonstrate how microkinetic simulations can be used to model both the
kinetics and the mass transport in such reactions.

Due to the highly corrosive conditions at PEMWE anodes, the Ir catalyst prepared
slowly corroded. A thin layer of Ir on a core/shell catalyst will only expose the core
earlier than a corresponding thick layer of Ir. Perhaps it would be more rational to
first focus on increasing the stability of catalysts for PEM water electrolyzer anodes,
and then to minimize the loading of such a catalyst through the use of porous and
core/shell structures.

Catalyst stability aside, we suggest a method for preparation of larger batches of
oxide supported Ir-based core/shell catalysts. If one prepares a MOx/Au core/shell
substrate where MOx is a stable conducting oxide such as antimony doped tin oxide
(ATO), the methods presented in this thesis can be used to prepare MOx/Au/Ir
electrocatalysts. Exposing an agitated suspension of MOx/Au to an electrode held at
a suitable potential, or a Cu sheet, in a solution containing Cu2+(aq) should cause
an underpotentially deposited layer of CuUPD to form on the Au surface. Subsequent
removal of the electrode or Cu sheet and addition of an Ir precursor solution to the

205



Chapter 10. Simulation of SLRR reactions

suspension should then cause galvanic displacement of CuUPD by Ir. Repeating this
procedure as many times as necesarry has potential for preparing Ir based core/shell
catalyst for oxygen evolution on PEMWE anodes.
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Appendix A

Galvanic displacement of carbon
supported Ni by Ir

Figure A.1 shows S(T)EM images of Ni100/C.

(a) (b)

Figure A.1: S(T)EM images of Ni100/C. Images provided by Dr. Maidhily Manikan-
dan

Figure A.2 show voltammograms of IrNi100C:T60 (a) and IrNi100C:T85 (b) after trans-
formation to IrOx by potential cycling. Potential cycling was done in 0.5 moldm−3

H2SO4 at 50 mVs−1. Sweeprates in the shown voltammograms are 10 mVs−1

through 500 mVs−1.

Figures A.3 and A.4 show the anodic charge between 0.3 V and 1.3 V in figure A.2 as
a function of potential sweep rate, linearized to zero- and infinite sweep rate as per
the method outlined previously[ref] [212].
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Figure A.2: Cyclic voltammograms of IrNi100C:T60 (a), and IrNi100C:T85 (b). Voltam-
mograms were obtained at sweep rates ranging from 10 mVs−1 to 500 mVs−1 after
transforming the Ir deposit to IrOx by potential cycling in 0.5 moldm−3 H2SO4 at
50 mVs−1.
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Appendix A. Galvanic displacement of carbon supported Ni by Ir
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Appendix B

Galvanic displacement of Cu by
Ir

Figure B.1: A cracked film of (Ir-Cu) on glassy carbon. After displacement of a
continious Cu@GC film with 1 mmoldm−3 H2SO4 for 1 h at 70 °C, the formed (Ir-
Cu)@GC film cracked during immersion in DI water, an large pieces was seen falling
off.
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Figure B.3: Cyclic voltammograms of (Ir-Cu/Au)r (a), (Ir-Cu/Au)s (b) and (Ir-Cu)/GC
(c. Voltammograms were obtained 50 mVs−1 in 0.5 moldm−3 H2SO4 at 50 mVs−1.
The first three cycles of the as-prepared electrode are shown.
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Figure B.4: Cyclic voltammograms of (Ir-Cu/Au)r (a), (Ir-Cu/Au)s (b) and (Ir-Cu)/GC (c.
Voltammograms were obtained at sweep rates ranging from 2 mVs−1 to 500 mVs−1

after transforming the Ir deposit to IrOx by potential cycling in 0.5 moldm−3 H2SO4
at 50 mVs−1.
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Figure B.6: Anodic charge of the voltammograms in figure B.4 and linear fit to
q−1 = q−1
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Figure B.7: UV-Vis adsorption spectra of a 1 mmoldm−3 solution of H2IrCl6 before
and after galvanic displacement of Cu deposits on Au and GC rotating disc electrodes.
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Appendix C

Galvanic displacement of Cu and Ni
on titanium oxides by Ir

Figure C.2 is a cyclic voltammogram of (Ir–Cu)@TiO2mixed 50wt% with carbon
black. The voltammogram did not change significantly over 100 cycles between
0.05 V and 1.4 V exhibits a pair of broad peaks centered around 0.6 V, which is
commonly associatiated with the carbon support.

The maximum possible Ir content is given by

xIr =
mIr

mox +mIr
(C.1)

mIr = nIrMIr (C.2)
mox = mcat (1− xM) (C.3)

nIr =
nM

2
(C.4)

nM = xMmcat

MM
(C.5)

xIr =
xMmcat
2MM

MIr

mcat (1− xM)+ xMmcat
2MM

MIr
(C.6)

xIr =
xMmcat

MIr
MM

2mcat (1− xM)+ xMmcat
MIr
MM

(C.7)

xIr =
xM

MIr
MM

2−2xM + xM
MIr
MM

(C.8)
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Appendix C. Galvanic displacement of Cu and Ni on titanium oxides by Ir

(a) (b)

(c) (d)

Figure C.1: S(T)EM Images of CuNbxTiO2, beforefore heat treatment in hydrogen.
Images provided by Dr. Julian Tolchard
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Figure C.2: Cyclic voltammograms of (Ir –Cu)@TiO2 mixed 50 wt% with carbon
black. Voltammograms were obtained at in 0.5 moldm−3 H2SO4 with a sweeprate of
50 mVs−1

xIr (4wt% Cu)=
0.04192.2gmol−1

63.55gmol−1

2−0.08+0.04192.2gmol−1

63.55gmol−1

= 0.0593= 5.9wt% (C.9)

xIr (5wt% Cu)=
0.05192.2gmol−1

63.55gmol−1

2−0.1+0.05192.2gmol−1

63.55gmol−1

= 0.0737= 7.4wt% (C.10)

xIr (4wt% Ni)=
0.04192.2gmol−1

58.69gmol−1

2−0.08+0.04192.2gmol−1

58.69gmol−1

= 0.0639= 6.4wt% (C.11)
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Appendix D

Ir deposition by galvanic
displacement of Cu in a one-pot
configuration

Figure D.1 presents voltammograms of the Ir/Au-deposit produced by SLRR depicted
in figure 6.16b performed at sweep rates from 10 mVs−1 10 mVs−1, 25, 50, 100, 150,
200, 250, 300, 350 and 500 mVs−1.
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Figure D.1: Voltammograms of Ir(SLRR)/Au in 0.5 moldm−3 H2SO4. Sweep rates
was 10 mVs−1, 25, 50, 100, 150, 200, 250, 300, 350 and 500 mVs−1.
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Appendix D. Ir deposition by galvanic displacement of Cu in a one-pot configuration
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Figure D.2: Cyclic voltammograms of the Au(poly) RDE in a solution containing
1×10−3 moldm−3 CuSO4 and 0.5 moldm−3 H2SO4 at 25 °C. The sweep rate was
50 mVs−1. The electrode potential was swept from 0.8 V in each cycle, whereas the
reversal potential was made more negative for each cycle.

D.1 Limiting current of Ir2–
6 + e– −−*)−− IrCl3–

6

The formation of Ir(III) and further reduction to Ir(0) occurs in parallel on the
surface. The maximum flux of Ir(IV) can be estimated using Fick’s 1st law [16],
equation (D.1);

Ji =−D i
dci

dx
(D.1)

Expressed for a rotating disc electrode [16], the flux of Ir(IV) becomes equation (D.2)
when we assume the concentration of Ir(IV) at the surface to be zeroequal to the
initial concentration in the bulk. It was assumed that DIr(IV) = DIr(III).

JIr(IV) =−0.62
D2/3

Ir(IV)ω
1/2

ν1/6 c−◦Ir(IV) (D.2)

The viscosity of water, η was found using equations (D.3) to (D.5) [277] where T is
temperature in °C and η20 = 0.891×10−3 kgm−1 s−1

252



D.2. Adjustment for background currents

log
(
η20

η

)
= A

B
(D.3)

A = 1.37023(T −20)+8.36 ·10−4 (T −20)2 (D.4)
B = 109+T (D.5)

The diffusion coefficient, DIr(IV), was adjusted for temperature using the Stokes-
Einstein relation [277] in equation (D.6) with T−◦ = 293.15K as the reference temper-
ature, D(T−◦ )= 8.3×10−6 cm2 s−1 [278] and η−◦ as aforementioned.

D (T)= D (T−◦ )
(

T
T−◦

)(
η−◦

η (T)

)
(D.6)

ω was the radial rotation rate given by equation (D.7) where Ω is the rotation rate
in rpm

ω= 2π
60
Ω (D.7)

The flux was found using DIr(IV) (T = 70°C) = 2.41×10−5 cm2 s−1, ω= 167.6s−1 and
c−◦Ir(IV) = 1×10−8 molcm−3. ν was calculated from ν (T) = η(T)

ρ
= 3.614×10−3 cm2 s−1

where 999.07 kgm−3 was used for the density of water, ρ. JIr(IV) was estimated to
JIr(IV) =−1.71×10−10 molcm−2 s−1. Multiplying with F gives the limiting current for
Ir(IV) reduction- and Ir(III) formation, reaction (6.2), which equaled to −16.5 µAcm−2.
This is consistent with the voltammogram in figure D.4.

D.2 Adjustment for background currents
In step experiments where the electrode was taken from e.g. 0.7 V to 0.34 V, the
current did not relax to zero, but rather a small, negligible background current. We
attribute this to difficulty in achieving a 100 % O2(g) free electrolyte, reduction of
Ir(IV), reaction (6.2), formation Cu(I) and noise. In the chronocoulometry plot in
figure D.3 showing charge passed versus time, this small current manifests as a
linear tail in the plot. We used linear regression over the last 0.5 s and subtracted
the linear part from the dataset, qadj = q− slope∗ t.
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Appendix D. Ir deposition by galvanic displacement of Cu in a one-pot configuration
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Figure D.3: Charge passed over time after stepping the potential of a Au(poly) RDE
from 0.7 V to 0.34 V in 0.5 moldm−3 H2SO4 + 1 mmoldm−3 CuSO4 at 70 °C.
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D.2. Adjustment for background currents
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Figure D.4: Cyclic voltammograms of 0.5 moldm−3 H2SO4 + 10 µmoldm−3 H2IrCl6,
figures D.4a and D.4c or IrCl3, figures D.4b and D.4d. Sweeps was performed at
5 mVs−1 at 70 °C using a Au(poly) RDE. figures D.4a and D.4b are normalized to the
electrode geometrical surface area. Figures D.4c and D.4d are also normalized to the
square root of the electrode rotation rate, in s−1
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Appendix D. Ir deposition by galvanic displacement of Cu in a one-pot configuration
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Figure D.5: Value of b by linear regression of j (E,ω) = a+ b log(ω) for the voltam-
mograms shown in figure D.4 for H2IrCl6 in figure D.5a and IrCl3 in figure D.5b.
A value of b ≈ 0.5 indicates a current limited by the mass transport towards the
rotating electrode.
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Appendix E

Investigation of the Ir-Cu SLRR
system

E.1 Cu UPD
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Figure E.1: Current (a) and charge (b) versus time during two potential holds at 0.7 V.
The working electrode was a Aupoly RDE. The electrolyte contained 0.5 moldm−3

H2SO4 and 1 mmoldm−3 CuSO4 at 70 °C. The electrode was rotated at 1600 rpm.
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Figure E.2: Current (a) and charge (b) versus time during two potential holds at 0.3 V.
The working electrode was a Aupoly RDE. The electrolyte contained 0.5 moldm−3

H2SO4 and 1 mmoldm−3 CuSO4 at 70 °C. The electrode was rotated at 1600 rpm.
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Figure E.3: Open circuit potential of a Aupoly RDE after a potential hold at 0.3 V
in an electrolyte containing 0.5 moldm−3 H2SO4 and 1 mmoldm−3 CuSO4 at 70 °C.
The electrode was rotated at 1600 rpm.
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E.2. Experiment 1

E.2 Experiment 1
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Figure E.4: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 1.
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Figure E.5: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 1.
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Figure E.6: (a) is the total charge at at the end of the potential holds in (blue squares)
figure E.4 and figure E.5 (orange circles). (b) is the open circuit potential of the
electrode after each potential hold in figure E.5. The figure correspond to experiment
1.
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Figure E.7: Voltammograms of the electrode prepared in experiment 1, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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E.3 Experiment 2
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Figure E.8: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 2.
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Figure E.9: Current (a) and charge (b) versus time during each potential hold at
0.3 V in experiment 2.
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Figure E.10: (a) is the total charge at the end of each potential hold at 0.7 V or 0.3 V
in (blue squares) figure E.8 and (orange circles) figure E.9. (b) is the open circuit
potential of the electrode after each potential hold at 0.3 V in figure E.9. The figure
correspond to experiment 2.
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Figure E.11: Voltammograms of the electrode prepared in experiment 2, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.

262



E.3. Experiment 2

0.0 0.5 1.0
Potential/V vs RHE

−0.10

−0.05

0.00

0.05

0.10

j/m
A

cm
−2

(a) CV charge from run 2

0 200 400
v/mVs−1

0.032

0.033

0.034

0.035

Q
/m

C

(b) Q vs v 2

0.2 0.4
1/
p

v/µV−1/2 s1/2

0.032

0.033

0.034

0.035

0.036

Q
/m

C

data

qs +b
p

v−1

(c) CV charge from run 2

10 20p
v/µV1/2 s−1/2

28

29

30

31

32

Q
−1

/m
C
−1

data

q−1
t +a

p
v

(d) CV charge from run 2

Figure E.12: (a) Voltammograms of an electrode prepared in experiment 2 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.13: The voltammograms from figure E.12 (a) normalized to the anodic peak
current around 1 V.
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E.4 Experiment 3
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Figure E.14: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 3.
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Figure E.15: Current (a) and charge (b) versus time during each potential hold at
0.3 V in experiment 3.
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Figure E.16: (a) is the total charge at the end of each potential hold at 0.7 V or 0.3 V
in (blue squares) figure E.14 and (orange circles) figure E.15. (b) is the open circuit
potential of the electrode after each potential hold at 0.3 V in figure E.15. The figure
correspond to experiment 3.
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Figure E.17: Voltammograms of the electrode prepared in experiment 3, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.18: (a) Voltammograms of an electrode prepared in experiment 3 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.19: The voltammograms from figure E.18 (a) normalized to the anodic peak
current around 1 V.
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Figure E.20: Voltammograms of an electrode prepared in experiment 3 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.21: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 4.
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Figure E.22: Current (a) and charge (b) versus time during each potential hold at
0.3 V in experiment 4.
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Figure E.23: (a) is the total charge at the end of each potential hold at 0.7 V or 0.3 V
in (blue squares) figure E.21 and (orange circles) figure E.22. (b) is the open circuit
potential of the electrode after each potential hold at 0.3 V in figure E.22. The figure
correspond to experiment 4.
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Figure E.24: Voltammograms of the electrode prepared in experiment 4, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.25: (a) Voltammograms of an electrode prepared in experiment 4 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.26: The voltammograms from figure E.25 (a) normalized to the anodic peak
current around 1 V.
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Figure E.27: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 5.
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Figure E.28: Current (a) and charge (b) versus time during each potential hold at
0.3 V in experiment 5.
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Figure E.29: (a) is the total charge at the end of each potential hold at 0.7 V or 0.3 V
in (blue squares) figure E.27 and (orange circles) figure E.28. (b) is the open circuit
potential of the electrode after each potential hold at 0.3 V in figure E.28. The figure
correspond to experiment 5.
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Figure E.30: Voltammograms of the electrode prepared in experiment 5, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.31: (a) Voltammograms of an electrode prepared in experiment 5 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.32: The voltammograms from figure E.31 (a) normalized to the anodic peak
current around 1 V.
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Figure E.33: Voltammograms of an electrode prepared in experiment 5 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.34: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 6.
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Figure E.35: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 6.
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Figure E.36: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.34 and (orange circles) figure E.35. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.35. The
figure correspond to experiment 6.
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Figure E.37: Voltammograms of the electrode prepared in experiment 6, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.38: (a) Voltammograms of an electrode prepared in experiment 6 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.39: The voltammograms from figure E.38 (a) normalized to the anodic peak
current around 1 V.
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Figure E.40: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 7.
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Figure E.41: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 7.
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Figure E.42: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.40 and (orange circles) figure E.41. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.41. The
figure correspond to experiment 7.

0.0 0.5 1.0
Potential/V vs RHE

−50

0

50

j/µ
A

cm
−2

n=1
n=2
n=5

(a)

0.0 0.5 1.0
Potential/V vs RHE

−20

−10

0

10

20

j/µ
A

cm
−2

Ir/Au-K2IrCl6-70 °C

(b)

Figure E.43: Voltammograms of the electrode prepared in experiment 7, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.44: (a) Voltammograms of an electrode prepared in experiment 7 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.45: The voltammograms from figure E.44 (a) normalized to the anodic peak
current around 1 V.
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Figure E.46: Voltammograms of an electrode prepared in experiment 7 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.47: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 8.
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Figure E.48: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 8.
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Figure E.49: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.47 and (orange circles) figure E.48. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.48. The
figure correspond to experiment 8.
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Figure E.50: Voltammograms of the electrode prepared in experiment 8, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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Figure E.51: (a) Voltammograms of an electrode prepared in experiment 8 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.52: The voltammograms from figure E.51 (a) normalized to the anodic peak
current around 1 V.
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Figure E.53: Voltammograms of an electrode prepared in experiment 8 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.54: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 9.
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Figure E.55: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 9.
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Figure E.56: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.54 and (orange circles) figure E.55. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.55. The
figure correspond to experiment 9.
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Figure E.57: Voltammograms of the electrode prepared in experiment 9, obtained in
0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle. (b)
is the voltammogram obtained after extensive potential cycling. Ususally 50 cycles.
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(c) CV charge from run 9
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Figure E.58: (a) Voltammograms of an electrode prepared in experiment 9 performed
at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge of the
voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c) Anodic
charge extrapolated to infinite potential sweep rate. (d) Anodic charge extrapolated
to zero potential sweep rate.
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Figure E.59: The voltammograms from figure E.58 (a) normalized to the anodic peak
current around 1 V.
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Figure E.60: Voltammograms of an electrode prepared in experiment 9 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.61: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 10.
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Figure E.62: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 10.
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Figure E.63: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.61 and (orange circles) figure E.62. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.62. The
figure correspond to experiment 10.
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Figure E.64: Voltammograms of the electrode prepared in experiment 10, obtained
in 0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle.
(b) is the voltammogram obtained after extensive potential cycling. Ususally 50
cycles.
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Figure E.65: (a) Voltammograms of an electrode prepared in experiment 10 per-
formed at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge
of the voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c)
Anodic charge extrapolated to infinite potential sweep rate. (d) Anodic charge ex-
trapolated to zero potential sweep rate.
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Figure E.66: The voltammograms from figure E.65 (a) normalized to the anodic peak
current around 1 V.
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Figure E.67: Voltammograms of an electrode prepared in experiment 10 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.68: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 11.
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Figure E.69: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 11.
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Figure E.70: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.68 and (orange circles) figure E.69. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.69. The
figure correspond to experiment 11.
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Figure E.71: Voltammograms of the electrode prepared in experiment 11, obtained
in 0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle.
(b) is the voltammogram obtained after extensive potential cycling. Ususally 50
cycles.
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Figure E.72: (a) Voltammograms of an electrode prepared in experiment 11 per-
formed at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge
of the voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c)
Anodic charge extrapolated to infinite potential sweep rate. (d) Anodic charge ex-
trapolated to zero potential sweep rate.
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Figure E.73: The voltammograms from figure E.72 (a) normalized to the anodic peak
current around 1 V.
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Figure E.74: Voltammograms of an electrode prepared in experiment 11 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.75: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 12.
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Figure E.76: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 12.
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Figure E.77: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.75 and (orange circles) figure E.76. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.76. The
figure correspond to experiment 12.
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Figure E.78: Voltammograms of the electrode prepared in experiment 12, obtained
in 0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle.
(b) is the voltammogram obtained after extensive potential cycling. Ususally 50
cycles.
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Figure E.79: (a) Voltammograms of an electrode prepared in experiment 12 per-
formed at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge
of the voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c)
Anodic charge extrapolated to infinite potential sweep rate. (d) Anodic charge ex-
trapolated to zero potential sweep rate.
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Figure E.80: The voltammograms from figure E.79 (a) normalized to the anodic peak
current around 1 V.
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Figure E.81: Voltammograms of an electrode prepared in experiment 12 by the
SLRR routine, before and after oxygen evolution. Voltammograms were obtained in
0.5 moldm−3 H2SO4 at 50 mVs−1.
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Figure E.82: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 13.
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Figure E.83: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 13.
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Figure E.84: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.82 and (orange circles) figure E.83. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.83. The
figure correspond to experiment 13.
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Figure E.85: Voltammograms of the electrode prepared in experiment 13, obtained
in 0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle.
(b) is the voltammogram obtained after extensive potential cycling. Ususally 50
cycles.
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Figure E.86: (a) Voltammograms of an electrode prepared in experiment 13 per-
formed at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge
of the voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c)
Anodic charge extrapolated to infinite potential sweep rate. (d) Anodic charge ex-
trapolated to zero potential sweep rate.
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Figure E.87: The voltammograms from figure E.86 (a) normalized to the anodic peak
current around 1 V.
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Figure E.88: Current (a) and charge (b) versus time during each potential hold at
0.7 V in experiment 14.
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Figure E.89: Current (a) and charge (b) versus time during each potential hold at
0.34 V in experiment 14.
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Figure E.90: (a) is the total charge at the end of each potential hold at 0.7 V or 0.34 V
in (blue squares) figure E.88 and (orange circles) figure E.89. (b) is the open circuit
potential of the electrode after each potential hold at 0.34 V in figure E.89. The
figure correspond to experiment 14.
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Figure E.91: Voltammograms of the electrode prepared in experiment 14, obtained
in 0.5 moldm−3 H2SO4 ar 50 mVs−1. (a) is the first, second and fifth potential cycle.
(b) is the voltammogram obtained after extensive potential cycling. Ususally 50
cycles.
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Figure E.92: (a) Voltammograms of an electrode prepared in experiment 14 per-
formed at different potential sweep rates in 0.5 moldm−3 H2SO4. (b) Anodic charge
of the voltammograms between 0.4 V and 1.3 V versus potential sweep rate. (c)
Anodic charge extrapolated to infinite potential sweep rate. (d) Anodic charge ex-
trapolated to zero potential sweep rate.
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Figure E.93: The voltammograms from figure E.92 (a) normalized to the anodic peak
current around 1 V.
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E.16. Open circuit potential of the Au electrode under addition of Ir precursor
solution

E.16 Open circuit potential of the Au electrode un-
der addition of Ir precursor solution
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Figure E.94: Open circuit potential of a Aupoly working electrode during addition
of K3IrCl6 or K2IrCl6 to a solution containing 0.5 moldm−3 H2SO4 or 0.5 moldm−3

H2SO4 and 1 mmoldm−3 CuSO4 at room temperature or 70 °C. A solution contain-
ing 1 mmoldm−3 Ir-precursor and 0.5 moldm−3 H2SO4 was added so that the final
concentration of K3IrCl6 or K3IrCl6 was 10 µmoldm−3.

E.17 Synthesis of Aunp

Aunp was prepared using a modified version of the Turkevich method [279, 280],
where a solution containing HAuCl4 was added to a refluxing citric acid buffer solu-
tion [261]. 15 mL 2.2 mL citric acid (≥ 99.0%, Sigma) and 45 mL 2.2 mL trisodium
citrate (≥ 99.5%, Sigma) was added to a 100 mL three neck flask equiped with a
water cooled condenser, heated by a metal heating mantle. The citrate buffer solution
was refluxed for 15 min under vigorous stirring while kept under a N2(g) blanket.
400 µL of a 25 mmoldm−3 HAuCl4 (> 99.9%, Sigma) solution was then added quickly
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to the refluxing citrate buffer solution. After the solution turned wine red (almost
immediately), the flask was removed from the heating mantle and left to cool down.
The nominal loading of Aunp in the suspension was 32.6 µgmL−1.
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Figure E.95: Voltammograms of an electrode loaded with 40 µL Aunp suspension.
Voltammogram was obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4.
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E.17. Synthesis of Aunp
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Figure E.96: Charge of the Au reduction peak around 1.15 V in voltammograms
of electrodes loaded with 10 µL, 20 µL, 30 µL or 40 µL Aunp suspension, similar to
figure E.95. Voltammograms were obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4.
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Appendix F

Ir deposition onto Pd by galvanic
displacement of PdHx

Figure F.1 (a) shows voltammograms of IrOxPdpoly:50 obtained in 0.5 moldm−3

H2SO4 at sweep rates 5 mVs−1, 10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300,
350, 400, 450 and 500 mVs−1 between 0.3 V and 1.45 V. Figure F.1 (b,c,d) show; (b)
the charge between 0.3 V and 1.3 V in the positive going sweeps of the voltammo-
grams in (a) as a function of potential sweeprate and (c) inverse of the charge as a
function of the square root of the sweep rate, and (d) as a funtion of the inverse of
the square root of the sweep rate.

Figure F.2 shows SEM micrographs of Pdpoly:50 (a,b) and IrOxPdpoly:50 (c,d).

Palladium nanoparticles Pd/KB

Figure F.3 shows the current measured at IrnPd/KB:25 and IrnPd/KB:50 during a
5 mVs−1 potential sweep from 0.4 V to −0.1 V. Electrolyte was 0.5 moldm−3 H2SO4
and the electrode was rotated at 1600 rpm. Large bubbles was observed at the
working electrode at negative potentials. The HER+PdHx current increased after
each displacement event with iridium, indicative of modification of the surface. This
is consistent with the higher activity towards HER of iridium to that of palladium
[271]. Going from a pure palladium surface to one decorated with iridium, the
HER-current increased with roughly 1.5 orders of magnitude.

The voltammograms in figure F.4 displays the H-UPD and PdHx region of IrnPd/KB:25
(b) and IrnPd/KB:50 (a) after each successive displacement event. Voltammograms
were obtained in 0.5 moldm−3 H2SO4 at 50 mVs−1. The Oxidation peak around
50 mV was shifted to more negative potentials and increased in magnitude after
the first displacement event at 50 °C (a), and increased slightly in magnitude upon
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Figure F.1: (a) Voltammograms of IrOxPdpoly:50 obtained in 0.5 moldm−3 H2SO4 at
sweep rates 5 mVs−1, 10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450
and 500 mVs−1 between 0.3 V and 1.45 V. (b) The anodic charge between 0.4 V and
1.4 V in the voltammograms in (a) asa function of potetial sweep rate. (c) The anodic
charge from (b) extrapolated to zero potential sweep rate. (d) The anodic charge from
(b) extrapolated to infinite potential sweep rate.
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(a) (b)

(c) (d)

Figure F.2: SEM micrographs of Pdpoly:50 (a,b) and IrOxPdpoly:50 (c,d).
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Figure F.3: Linear sweep voltammograms of IrnPd/KB:25 and IrnPd/KB:50. Anodic
and cathodic limits was 0.4 V and −0.1 V. Potential sweep rate was 5 mVs−1. Elec-
trolyte was 0.5 moldm−3 H2SO4 and the electrode was rotated at 1600 rpm.

further displacement events. This potential shift is consistent with submonolayers
of Ir on Pd nanoparticles [113]. The onset potential of the corresponding reduction
wave increased in magnitude in a same manner. This not observed to any significant
extent after any number of displacement events at room temperature (b). The pair
of PdHα peaks around 0.25 V was reduced in magnitude after the first displacement
event, and remained constant thereafter in both (a) and (b).

Figure F.5 display cycling voltammograms of Pd/KB, Ir5Pd/KB:25 and IrOxPd/KB:25
(b), and Ir5Pd/KB:50 and IrOxPd/KB:50 (a) obtained in 0.5 moldm−3 H2SO4 at
50 mVs−1.

At about 0.95 V IrOxPd/KB:50 exhibits a pair of peaks typical for IrOx in H2SO4,
consistent with the results obtained on the polycrystalline Pd electrode in fig-
ure 9.5.

In the H-UPD region (≈60 mV), the anodic peak indicating weakly bound Hads
Ir5Pd/KB:50 and IrOxPd/KB:50 appears to be shifted to slightly lower potentials and
has an increased magnitude after the displacement procedure.

The Hads/PdHx-region of Pd/KB and IrOxPd/KB appears fairly identical between
0.1 V and 0.4 V in both figure F.5 (a) and (b). This is consistent with IrOx not ad-
sorbing molecular hydrogen like Pd if the coverage of IrOx on Pd is small. The
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Figure F.4: Cyclic voltammograms of IrnPd/KB:25 (b) and IrnPd/KB:50 (a) during
H-UPD and PdHx formation and oxidation, and after 0, 1, 2, 3, 4 and 5 displacement
events in 10 µmoldm−3 K2IrCl6 and 0.5 moldm−3 H2SO4 at 50 °C (a) or room tem-
perature (b) . Voltammogram obtained at 50 mVs−1 in 0.5 moldm−3 H2SO4.

small HUPD peaks between 0.1 V and 0.2 V in the voltammogram of Pd/KB disap-
peared in both Ir5Pd/KB:25 and Ir5Pd/KB:50. After transformation to IrOx, the
peaks reappeared.

Figure F.6 show cyclic voltammograms of Pd/C and Ir5Pd/C. Potential sweep rate
was 50 mVs−1 and electrolyte was 0.5 moldm−3 H2SO4. The anodic potential limit
was always 0.4 V, whereas the cathodic limited was reduced from 0.35 V to 0.01 V in
steps of −10 mV for each voltammogram.
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Figure F.5: Cyclic voltammograms of Pd/KB, Ir5Pd/KB:25 and IrOxPd/KB:25 (b),
and Ir5Pd/KB:50 and IrOxPd/KB:50 (a). Potential sweep rate was 50 mVs−1 and
electrolyte was 0.5 moldm−3 H2SO4.
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Figure F.6: Cyclic voltammograms of Pd/C and Ir5Pd/C. Potential sweep rate was
50 mVs−1 and electrolyte was 0.5 moldm−3 H2SO4. The anodic potential limit was
always 0.4 V, whereas the cathodic limited was reduced from 0.35 V to 0.01 V in
steps of −10 mV for each voltammogram.
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Appendix G

Simulation of SLRR reactions

G.1 Discrete solution of the transport equation

G.1.1 Discretization

Equations (10.49) to (10.53) and (10.65) to (10.74) are coupled through the surface
reactions, equations (10.49) to (10.53), of which are non-linear with respect to Ψ,
θi and Ci (X = 0). An analytical solution to the differential equations presented in
the previous paragraphs are unatainable. In order simulate the electrode processes
described previously, we discretize the equations using accurate second order cen-
tral differences in space, indexed j, and backward differences in time, indexed k.
Assuming X is equally spaced as ∆X over n j points, we have

X=



X1
X2
X3
...

X j
...

Xn j



T

=



−∆X
0
∆X

...
( j−2)∆X

...
1



T

(G.1)

where ∆X = 1
n j−2 , and τ is discretized over nk points where ∆τk = τk −τk−1
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τ=



τ1
τ2
...
τk
...

τnk



T

=



0
∆τ
...

(k−1)∆τ
...

(nk−1)∆τ



T

(G.2)

Due to the central difference boundary conditions, equations (10.69) to (10.71),
X1 =−∆X at j = 1 is a ghost point inside the electrode, and the electrode surface is
located at X2 = 0, j = 2 [15].

Ci, θi and Ψ are indexed as Ci, j,k, θi,k and Ψk . θi,k is bound to the surface, and so
index j is implicit. Similarly, the reactions Vl , l = 1−5, equations (10.49) to (10.53)
are index as Vl,k.

The indices are tabulated below in table G.1

Table G.1: Overview of the different indexes used in discretizing the model

Index Dimension

i Specie Ci, j,k or θi,k
j Point in space
k Point in time
l Reaction number l = 1,2,3,4 or 5

Equations (10.65) to (10.68) are thus discretized in Equations (G.3) to (G.6)

θ1,k −θ1,k−1

∆τ
=V1,k −V2,k (G.3)

θ2,k −θ2,k−1

∆τ
=V2,k (G.4)

θ3,k −θ4,k−1

∆τ
=V4,k −V5,k (G.5)

θ4,k −θ5,k−1

∆τ
=V5,k (G.6)

and the boundary conditions at X = 0, equations (10.69) to (10.71) are discretized in
equations (G.7) to (G.9)
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G.1. Discrete solution of the transport equation

ξ1
C1,2,k −C1,0,k

∆X1
(1− X2) (2ln2)|X=0 =V1,k (G.7)

ξ2
C2,2,k −C2,0,k

∆X1
(1− X2) (2ln2)|X=0 =V3,k (G.8)

ξ3
C3,2,k −C3,0,k

∆X1
(1− X2) (2ln2)|X=0 =V4,k −V3,k (G.9)

The main transport equation, equation (10.73), are discretized as equation (G.10)

Ci, j,k −Ci, j,k−1

∆τ
=ξi

Ci, j+1,k +Ci, j−1,k −2Ci, j,k

∆X2

(
1− X j

)2 (2ln2)2

+β ln
(
1− X j

)2

(2ln2)
Ci, j+1,k −Ci, j−1,k

2∆X
(
1− X j

) (G.10)

and at all times, the outer boundary at X = 1 is discretized in equation (G.11)

lim
X→1

Ci,n j,k = Ci,n j,0 (G.11)

Finally, the expression for the total dimensionless current are discretized as

Jk =V1,k +V2,k +V3,k +3V5,k +Cdl
Ψk −Ψk−1

∆τ
(G.12)

G.1.2 The linear equation set
With the main transport equation equation (G.10) discretized, we move everything
to the the left hand side, collect the terms and re-organize to obtain

Ci, j,k −Ci, j,k

−ξi
∆τ

∆X2
l

(
1− X j

)2 (2ln2)2 (
Ci, j+1,k +Ci, j−1,k −2Ci, j.k

)
−β ∆τ

2∆X
ln

(
1− X j

)2

(2ln2)
(
1− X j

)(
Ci, j+1,k −Ci, j−1,k

)= 0

(G.13)

where we can collect the terms as
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Appendix G. Simulation of SLRR reactions

(−λi, j +µ j
)
Ci, j−1,k +

(
1+2λi, j

)
Ci, j,k +

(−λi, j −µ j
)
Ci, j+1,k −Ci, j,k−1 = 0 (G.14)

where λi, j = ξi
∆τ
∆X2

j

(
1− X j

)2 ln(4)2 and µ j =β ∆τ
2∆X

ln(1−X j)2

(2ln2)

(
1− X j

)
The same procedure can be applied to equations (G.3) to (G.9), (G.11) and (G.12)

Depending on whether a potentiostatic or galvanostatic experiment is simulated,
the necessary equations at each grid point j in the system are as follows, where
equation (G.15) is only included in the latter case. X = 0 appears twice, as X =−∆X
is a ghost point inside the electrode [15].

at X = 0, j = 1

I +
(
V1,k +V2,k +V3,k +3V5,k +Cdl

Ψk −Ψk−1

∆τ

)
= 0 In galvanostatic mode (G.15)

θ1,k −θ1,k−1 −∆τ
(
V1,k −V2,k

)= 0 (G.16)
θ2,k −θ2,k−1 +∆τ

(
V2,k

)= 0 (G.17)
θ3,k −θ3,k−1 −∆τ

(
V4,k −V5,k

)= 0 (G.18)
θ4,k −θ4,k−1 −∆τ

(
V5,k

)= 0 (G.19)

C1,2,k −C1,0,k −
∆X

ξ1 ln(2)
V1,k = 0 (G.20)

C2,2,k −C2,0,k −
∆X

ξ2 ln(2)
V3,k = 0 (G.21)

C3,2,k −C3,0,k −
∆X

ξ3 ln(2)
(
V4,k −V3,k

)= 0 (G.22)

Where I is the desired current density at the electrode in a galvanostatic simu-
laiton.

at 0≤ X < 1, 1≤ j < n j(−λ1, j +µ j
)
C1, j−1,k +

(
1+2λ1, j

)
C1, j,k +

(−λ1, j −µ j
)
C1, j+1,k −C1, j,k−1 = 0 (G.23)(−λ2, j +µ j

)
Ci, j−1,k +

(
1+2λ2, j

)
C2, j,k +

(−λ2, j −µ j
)
C2, j+1,k −C2, j,k−1 = 0 (G.24)(−λ3, j +µ j

)
C3, j−1,k +

(
1+2λ3, j

)
C3, j,k +

(−λ3, j −µ j
)
C3, j+1,k −C3, j,k−1 = 0 (G.25)

at X = 1, j = n j

C1,n j,k = C1,n j,0 (G.26)
C2,n j,k = C2,n j,0 (G.27)
C3,n j,k = C3,n j,0 (G.28)
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G.2 Pseudocode

function equations ( c , mode , Z , dt , * constants ) :
# c contain a l l the unknowns
# dt i s step s ize in time
# constants contains rate constants , step s ize in space , etc .
eqs = matrix_size_of ( c )

i f mode i s pstat :
Z i s potent ia l
save Z in eqs [ 0 ]

i f mode i s gstat :
Z i s current
ca lcu late sum of currents J
eqs [ 0 ] = Z − J

eqs [ 1 : : ] = other governing equations
return eqs

#=========================================================
function integrate ( func , t , Z , mode , c , * constants )

c_old = c
c_try = c
c_out = [ ]

f or each dt in gradient ( t ) :
while ( i terat ion <max i te ra t i ons ) and ( error >tolerance ) :

A = jacobian ( func , c_try , c_old , mode , Z , dt , * constants )
b = −func ( c , mode , Z , dt , * constants )
dc = solve (A, b )
c_try = c_try + dc

append c_try to c_out
c_old = c_try

return c_out
#=========================================================

function model ( t , Z , mode , c0 , cb , * constants ) :
i f c0 i s 1 dimensional :

n = number of unknonws at the e lectrode surface
c = matrix_size_ (n , nj )

i f c0 i s 2 dimensionsional :
c = c0
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Appendix G. Simulation of SLRR reactions

simulation = integrate ( equations , t , Z , mode , c , * constants )
return simulation

#=========================================================
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